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Microplastics pollution has been threatening the global environmental security, in which
agricultural activities are considered as a main source of microplastics occurrence in
soils. However, little is known about the occurrence characteristics of microplastics
in agricultural soils with long-term plastic film mulching. Therefore, the abundance,
distribution, and composition of microplastics were investigated by analyzing 225 soil
samples collected from typical maize (Zea mays L.) planting zones with and without
long-term (>20 years) plastic film mulching in northern China. Microplastics abundance
in mulched soils (754 + 477 items kg~') was significantly higher than that in non-
mulched soils (376 + 149 items kg~"), which indicated that plastic film mulching
contributed half of microplastics in soils. Moreover, microplastics abundance was
significantly positively related to the length of time with film mulching applied. The
percentage of microplastics <0.5 mm in mulched soils (50.9%) was significantly lower
than that in non-mulched soils (62.2%). Microplastics abundance and size in mulched
and non-mulched soils decreased with increased soil depth. Most microplastics were
fragments of polypropylene, films of polyethylene, and fibers of polyester. The proportion
of films in mulched soils was significantly higher than in non-mulched soils, whereas
that of fibers was significantly higher in non-mulched soils. This study confirmed that
long-term plastic film mulching increases microplastics pollution in agricultural soils,
warranting further evaluation of the associated ecological risks of microplastics in
Soil ecosystems.

Keywords: microplastics, maize, plastic film mulching, farmland soils, distribution characteristics

INTRODUCTION

Global plastic production has increased from 230 to 359 million tons between 2005 and 2018, and
China accounted for 30% of that production (Statista, 2020). However, with recycling rates that are
generally low, plastic waste is considered a global environmental pollution issue because of its low
degradability (Barboza et al., 2018). Although plastics can remain in the environment permanently,
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they decompose into increasingly smaller pieces of plastic debris
under the actions of biological, physical, and chemical processes,
such as decomposition by intestinal microorganisms and insects,
agriculture cultivation, weathering, and oxidative degradation
under ultraviolet irradiation (Sul and Costa, 2014; Rillig et al,,
2017; Ahmed et al., 2018). Microplastics are plastic particles
<5 mm, and because of their small size and large quantities,
they are widely distributed in freshwater, marine, terrestrial, and
other environments (Peng et al., 2018; Sighicelli et al., 2018; Gong
and Xie, 2020). As new environmental pollutants, microplastics
have received special attention and are listed as the second
most important scientific issue in the ecology and environmental
science (Farrell and Nelson, 2013; Horton et al., 2017). Much
research has been conducted on the occurrence, fate, and effects
of microplastics in aquatic environments (Vaughan et al., 2017;
Tang et al., 2018; Wang and Wang, 2018). Although soils are
the major and direct sources of microplastics, much remains
unknown regarding microplastics in terrestrial environments
(Rillig, 2012; Horton et al., 2017).

The major sources of microplastics in soils include residues
of agricultural plastic film, sludge and sewage application,
wastewater irrigation, organic fertilizer application, surface
runoff, and atmospheric deposition (Zubris and Richards,
2005; Blasing and Amelung, 2018; He et al., 2018; Zhang
J. J. et al, 2021). The annual discharge of microplastics to
terrestrial systems is 4 to 23 times that to the marine systems
(Horton et al., 2017). When discharged from agricultural or
industrial production activities, microplastics can remain in soils
and be directly absorbed by various soil organisms, posing
a threat to their reproduction and growth and accumulating
in food chains and causing damage to soil biota in different
trophic levels (Rillig, 2012; Rillig and Lehmann, 2020). In
agricultural soils of Northwest China, the concentrations of
microplastics range from 1,430 to 3,410 items kg=! (Ding
et al, 2020). According to Yu et al. (2020), the abundance
of microplastics in vegetable farmland soils of northern China
averaged 1,444 items kg~!, ranging from 310 to 5,698 items
kg_l. Plant roots [i.e., wheat (Triticum aestivum L.) and
lettuce (Lactuca sativa L.)] can absorb micron and submicron-
sized microplastics through specific crack-entry modes and
then transport the microplastics to shoots (Li et al., 2020).
In addition, some microplastics migrate horizontally to rivers
(in runoff), the atmosphere, or other parts of the land
through the actions of wind and water, whereas others
remain in the soil and migrate vertically to deeper soil
(Huerta Lwanga et al, 2016; Scheurer and Bigalke, 2018).
Microplastics can also absorb pollutants in soils, including
antibiotics, pesticides, heavy metals, and persistent organic
pollutants. These pollutants can cause serious toxic effects
when transported into organisms, increasing the long-term
harmful effects (Avio et al, 2015; Hiiffer et al, 2018).
Therefore, microplastics may threaten soil ecological functions
and adversely affect food production (Turner and Holmes,
2015; Li et al, 2018). Because of the negative effects of
microplastics on soil ecosystems, it is urgent to identify the
distribution and characteristics of microplastics pollution in
soils in order to maintain ecological security, promote green

development, and ultimately implement effective mitigation and
prevention measures.

However, most research on microplastics has focused on ocean
and water pollution (Sul and Costa, 2014; Vaughan et al., 2017;
Peng et al., 2018). Although microplastics have been investigated
in soils of flood zones, industrial areas, vegetable fields, facility
agricultural soils and in riverine soils, little research has been
conducted in soils with grain crops (Fuller and Gautam, 2016;
Scheurer and Bigalke, 2018; Amrutha and Warrier, 2020; Chen
et al, 2020). Maize (Zea mays L.) is the largest grain crop
in China, and Hebei Province is one of the main provinces
for maize production (Zhang et al, 2017). Low accumulated
temperature and little rain are the main factors limiting high
maize yields in the northern of the province. Therefore,
to overcome these constraints, the cultivation techniques of
agricultural plastic film mulching have been adopted for more
than 20 years. Long-term applications of plastic mulching can
result in large amounts of plastic debris remaining in farmland
soils that gradually decompose into smaller-sized fragments
and form microplastics (Astner et al., 2019). However, the
pollution status of microplastics in maize farmland soils that
use plastic film mulching is unknown. The authors hypothesized
that accumulated microplastics in soils with long-term plastic
film mulching would be higher than that in non-mulched
farmland soils because of the fragmentation of residual films,
and microplastics size and shape would also be significantly
different. Therefore, this systematical study was conducted with
the purpose of investigating the distribution and characteristics
of microplastics pollution in mulched and non-mulched maize
farmland soils in northern China. The abundance, size, and
others that indicate possible sources of microplastics such as
polymer composition, color, and shape were determined.

MATERIALS AND METHODS

Study Area and Soil Sample Collection

Pingquan City (40°24'00"N to 40°40'17N, 118°21'03"E to
119°15'34”E) is in the northeast part of Hebei Province and
at the subsidence zone at the eastern end of the Yanshan
Mountains. The elevation of the planting area is 450 to 800 m.
The city has a continental monsoon climate. Springs are dry
with little rain, summers are rainy and hot, autumns are
cool with drought, and winters are cold with little snow. The
average annual precipitation is 523 mm, and the average air
temperature is 7.3°C. The frost-free period is 110 to 125 d per year,
and the accumulated temperature is 2500 to 2850°C (>10°C).
Maize is the main food crop in suburban farmlands and the
most important source of agricultural products for circumjacent
inhabitants. Maize is monocropped in Pingquan City. In the
northern part of the city, due to low accumulated temperature
and little rain, the cultivation techniques of agricultural plastic
film mulching have been adopted for more than 20 years.
However, plastic film mulching has never been used in the
southern part. Maize is sown in late April to early May and
harvested in late September to early October. In Pingquan
City, the total area planted to grain crops in 2019 was
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40.81 x 10° ha, and the annual production was 210.67 x 10
t. Maize accounted for 96.0% of the total area planted and
91.5% of the annual yield. As of 2019, the annual quantity of
agricultural plastic film for maize planting in the city exceeded
50 tons and covered approximately 7 x 103 ha (Hebei Statistics
Bureau, 2020). The thickness of plastics films used in this area
generally ranged from 0.004 to 0.006 mm. Local farmers usually
collect the plastic film after maize harvest, with a recycling
rate of 70 to 80%.

Soil samples were collected in October 2020 from 15
villages, each with 10 km? of farmland planted to maize.
Ten villages had mulched farmland soils and five had non-
mulched farmland soils (Supplementary Figure 1 and Table 1).
Five representative sampling sites were selected from the
maize farmlands of each village, and the soil samples from
each site were composed of three subsamples. In these sites,
farmland soils had broken plastic films on the surface and
were surrounded by discarded plastics (e.g., polyfoams, nylon
nets, plastic bags, and other domestic garbage) (Supplementary
Figure 2). In each sampling site, soil samples were collected
from the arable layer in a 0.5 X 0.5 m area using a stainless-
steel shovel. Sampling was stratified, and soils were collected
at 0-10, 10-20, and 20-30 cm depths, with depths measured
accurately with calipers. Therefore, fifty and twenty-five sites
were sampled in mulched and non-mulched farmland soils,
respectively, and with the three depths, a total of 150 and 75
samples were obtained from the mulched and non-mulched
farmland soils, respectively. After removing large visible garbage
(>5 cm), approximately 2 kg of soil was collected from
each soil layer in each sampling site. All soil samples were
stored in labeled aluminum boxes and then transferred to the
laboratory for analyses.

Sampling Processing

Microplastics were extracted from soil samples by a modified
density separation method with saturated NaCl solution (1.2 g
cm~3) that has been demonstrated successfully applied for
agricultural soils (Scheurer and Bigalke, 2018; Lv et al., 2019;
Wang et al.,, 2020; Li et al., 2021). Specifically, the soil samples
were air-dried and sieved through a 5-mm stainless steel sieve
to remove plant residues and stones (or large debris). Air-
dried soil subsamples of 50 g were weighted and mixed with
200 mL of saturated NaCl solution in 250 mL clean and
dry glass bottles. The mixtures were stirred thoroughly for
30 min and then kept standing for 24 h. After that, the
supernatants were collected in pre-cleaned beakers. To fully
extract microplastics from soils, the density separation process
was repeated three times. Finally, all collected supernatants
were filtered through 0.45 pm GF/A membranes (Whatman,
United States). All substances on filter papers were washed
with 50 mL of 30% H,O, solution into 100 mL glass beakers
to digest organic matters, and the beakers were placed on a
graphite electric heating plate for digestion at 60°C for 24 h.
After digestion, the solutions were filtered through 0.45 pm GF/A
membranes and rinsed with deionized water. Finally, all filter

papers with attached microplastics were put into glass petri dishes
and dried at room temperature. Filter papers were observed
under a microscope.

Observation and Identification of

Microplastics

Microplastics on filter papers were inspected visually using
a stereomicroscope (SZ760-DM500). In order to reduce the
possibility of microplastics misidentification, the classification
criteria developed by Hidalgo-Ruz et al. (2012) and Peng et al.
(2017) were used in the visual identification. The particles
with clear shapes and colors were selected and identified as
potential microplastics according to the criteria. While other
particles that were difficult to be identified but had similar
shapes were considered to be suspected microplastics. All
these particles were hand-sorted using stainless steel fine-
tip tweezers under the stereomicroscope, and the suspected
particles were stored separately. The number of these particles
were counted (items kg_l), and the shapes, sizes, and
colors were recorded. To separate microplastics from other
materials, the polymer composition was determined by a micro-
Fourier Transform Infrared Spectrometer (u-FTIR, Spotlight
400, PerkinElmer, United States). The spectrum ranging from
650 to 4,000 cm~!' was used to scan samples 32 times at
a resolution of 4 cm~! in transmission mode. The spectra
of all selected samples were identified using the Spectrum
software and compared with the standard spectral libraries of
polymers (i.e., Sadtler Infrared Spectral library) to determine
the polymer compositions. When the matching degree exceeded
70%, the sample corresponding to the spectrum was considered
microplastics, and the corresponding polymer was confirmed
accordingly (Liu et al., 2018).

Quality Assurance and Quality Control in

Experiments

To avoid potential plastic pollution of artificial and airborne
and ensure the reliability of the experimental results, strict
quality control was performed during the experiment. All plastic
materials were avoided during the entire pretreatment process,
and all materials used for analysis were made of glass (e.g.,
stirrer rods, funnels, and petri dishes). All equipment and
containers were carefully rinsed with deionized water for more
than three times, and all samples were always sealed with
aluminum foil between separate experimental steps to minimize
possible pollution from indoor air. During the entire experiment,
researchers wore cotton lab coats and gloves. In addition, blank
experiments were performed to check the possible pollution of
ultrapure water and air in the laboratory during the operation.
No microplastics were detected in the blank controls.

A recovery experiment was performed to verify the separation
method with saturated NaCl solution. Some commercial
polyethylene (PE), polypropylene (PP), and polystyrene (PS)
plastic products were selected and ground into microplastic
particles (200 to 2000 pm) with a mill in the laboratory. A 50-
g relative clean soil was mixed with 30 counts of the polymer
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TABLE 1 | Abundance statistics of microplastics at different soil layers in mulched and non-mulched farmlands in Pingquan City, Hebei Province, China.

Soil type Sample area No.* Soil depth (cm) Abundance statistics (items kg=?)
Min Median Average + Standard Deviation Max
Mulched farmland soils 1 0-10 320 440 600 + 306 1080
10-20 400 440 640 + 325 1160
20-30 280 400 400 + 147 640
2 0-10 1040 1400 1512 + 541 2320
10-20 960 1640 1744 + 689 2590
20-30 720 1080 1080 + 348 1640
3 0-10 400 760 864 + 537 1680
10-20 600 880 960 + 419 1680
20-30 320 560 632 + 363 1240
4 0-10 440 600 648 + 249 1040
10-20 200 640 704 + 434 1400
20-30 240 400 416 + 166 680
5 0-10 960 1400 1440 + 391 2000
10-20 520 640 688 + 163 880
20-30 320 520 616 + 272 960
6 0-10 1360 1600 1928 + 602 2600
10-20 960 1120 1360 + 571 2360
20-30 680 840 1024 + 477 1840
7 0-10 440 600 712 £ 370 1360
10-20 560 640 816 + 418 1560
20-30 320 360 536 + 395 1240
8 0-10 200 360 368 + 188 680
10-20 160 360 376 £ 173 640
20-30 200 400 376 £ 115 520
9 0-10 160 280 280 + 102 400
10-20 280 320 368 + 95 520
20-30 400 440 512 £ 168 800
10 0-10 160 440 360 + 136 480
10-20 120 360 360 + 210 640
20-30 120 280 296 + 115 400
Average 240 553 754 £+ 477 2253
Non-mulched farmland soils iRl 0-10 200 360 304 £78 360
10-20 160 320 312 £ 91 400
20-30 200 400 352 + 87 400
12 0-10 260 420 472 + 186 720
10-20 120 340 324 +£ 136 480
20-30 60 300 248 + 143 400
13 0-10 200 720 684 + 340 1140
10-20 160 320 404 + 243 800
20-30 140 220 244 +128 460
14 0-10 300 560 540 + 264 940
10-20 140 500 432 £ 176 560
20-30 100 260 356 + 290 780
15 0-10 200 280 424 + 263 800
10-20 160 320 336 + 134 520
20-30 120 200 216 £ 103 380
Average 173 373 376 + 149 800
Total Average 173 493 628 + 436 2253

*Each area included five sampling sites.

particles. The mixture was pretreated and analyzed using the
separation method as described above. Five replicates were settled
for each type of microplastic. The recovered MP particles were
counted under a stereomicroscope and the recovery rates for the
MP particles were above 90%.

Statistical Analyses

Statistical analyses were performed using SPSS software (Version
23.0, IBM). The figures were plotted using Microsoft Excel
(2016), SigmaPlot (14.0), and R (“ggplot2” package, version

3.3.3). Independent samples t-test was adopted to determine
the differences in microplastics abundances, sizes, shapes, and
colors between the mulched and non-mulched farmland soils
at the 95% confidence level. The PROC GLM procedure was
used to determine the differences in particle size of microplastics
among different soil layers in the mulched and non-mulched
farmland soils. One-way ANOVA was used to determine the
differences in microplastics abundances among different soil
layers and the differences in the percentages of microplastics
among different soil layers in each size range in the mulched
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and non-mulched farmland soils. Average values were compared
using the least significant difference (LSD) test at p < 0.05. Linear
regression analysis was used to quantify the relationship between
the microplastics abundances and the length of time with film
mulching applied.

RESULTS

Abundance and Vertical Distribution of

Microplastics in Maize Farmland Soils
Microplastics were detected in different soil layers at all sampling
sites. On average, the microplastics abundance of 754 £ 477 items
kg~! (range: 240 to 2,253 items kg~ !) in mulched farmland soils
was significantly higher than the abundance of 376 + 149 items
kg~! (range: 173 to 800 items kg~ !) in non-mulched farmland
soils (p < 0.05, Figure 1A and Table 1).

Average abundances of microplastics at 0-10 cm, 10-20 cm,
and 20-30 cm in mulched farmland soils were 871 £ 641 items
kg™! (range: 160 to 2,600 items kg~!), 802 + 561 items kg~!
(range: 120 to 2,600 items kg~!), and 589 =+ 363 items kg~!
(range: 120 to 1,840 items kg’l), respectively (Figure 1B). In
non-mulched farmland soils, at the same depths, the abundances
were 485 4 257 items kg~! (range: 200 to 1,140 items kg~!),
362 £ 158 items kg~! (range: 120 to 800 items kg~!), and
283 + 164 items kg~ ! (range: 60 to 780 items kg~ !), respectively.
The vertical distributions of microplastics in mulched and non-
mulched farmland soils were similar. Microplastics abundance
in the two farmland soils decreased gradually with the increase
in soil depth, and the abundance at 0-10 cm was significantly
greater than that at 20-30 cm (p < 0.05, Figure 1B). Of
all sampling areas, the highest concentration of microplastics
was 2,600 items kg~! at 0-10 cm in area 6 of the mulched
farmland soils (Table 1). The lowest abundance of microplastics
was only 60 items kg~! at 20-30 c¢m in area 12 of the non-
mulched farmland soils. In addition, microplastics abundance
was significantly positively related to the length of time with film
mulching applied (R? = 0.43, p < 0.05) (Figure 2).

Size Distribution of Microplastics

The size of microplastics particles ranged from 0.03 to 5 mm.
The size distribution of microplastics in different soil layers
in mulched and non-mulched farmland soils was generally
similar, and the percentage of size distribution decreased with
the increase of particle size (Figures 3A,C and Supplementary
Table 2). In mulched soils, 50.9% of the particles were <0.5 mm,
18.5% were 0.5-1.0 mm, 17.9% were 1.0-2.0 mm, and 12.6%
were 2.0-5.0 mm. In non-mulched soils, 62.2% of the particles
were <0.5 mm, 13.3% were 0.5-1.0 mm, 12.8% were 1.0-
2.0 mm, and 11.6% were 2.0-5.0 mm. The percentage of
microplastics <0.5 mm in mulched soils was significantly lower
than that in non-mulched soils (Figure 3E). In the mulched
and non-mulched farmland soils, the highest percentage of
microplastics <0.5 mm was at 20-30 cm, with averages of
57.9 & 9.0% and 66.1 £ 9.8%, respectively. The percentage of
microplastics <0.5 mm was significantly different between 0-10
and 20-30 cm in mulched farmland soils (p < 0.05, Figure 3A).

For the particles 2.0-5.0 mm, their percentages tended to decrease
with the increase of soil depth in mulched and non-mulched
farmland soils, and the percentage at 20-30 cm was significantly
lower than that at 0-10 cm in non-mulched farmland soils
(p < 0.05, Figure 3C).

In mulched soils, the average size of microplastics was
1.03 £ 1.08 mm, 0.83 = 0.85 mm, and 0.82 & 0.89 mm at 0-
10 cm, 10-20 cm, and 20-30 cm, respectively. In non-mulched
soils, the average size was 1.07 + 1.27 mm, 0.86 + 0.87 mm,
and 0.78 £ 0.72 mm at 0-10 c¢cm, 10-20 cm, and 20-30 cm,
respectively (Figures 3B,D). The average size of microplastics at
0-10 cm in the two farmland soils was significantly larger than
that at 10-20 cm and 20-30 cm (p < 0.05, Figures 3B,D).

Shape Characteristics of Microplastics

Four shapes of microplastics were detected: fragment, fiber, film,
and pellet (Figure 4). The distributions of microplastics shapes
in mulched and non-mulched farmland soils were different
(Figures 5A,B). Fragments were the highest percentage (37.7%)
of microplastics in mulched and non-mulched soils, followed
by films (33.9%), fibers (21.9%), and pellets (6.6%) in mulched
soils, and fibers (29.6%), films (24.3%), and pellets (4.2%) in
non-mulched soils. The percentage of films in mulched soils was
significantly higher than that in non-mulched soils, whereas that
of fibers was significantly higher in non-mulched soils (p < 0.05,
Figure 5C). Fragments, fibers, and films were found in all soil
samples, whereas pellets were detected in 70.0% of mulched soils
and 60.0% of non-mulched soils (Supplementary Table 2).

Color Characteristics of Microplastics

Five colors of microplastics were detected: white, transparent,
yellow, blue, and black. Overall, the distributions of different
colors of microplastics at different soil depths in mulched
and non-mulched soils were similar (Figures 6A,B and
Supplementary Table 2). Most microplastics were white in
mulched (40.2%) and non-mulched (43.3%) soils, followed by
those that were transparent (36.4 and 39.5%, respectively),
yellow (16.7 and 11.8%, respectively), and blue (4.4 and 3.2%,
respectively). Black microplastics were detected at the lowest
frequency, with average percentages of only 2.2 and 1.6% in
mulched and non-mulched soils, respectively. No significant
difference was observed in the proportion of different colors
between mulched and non-mulched soils.

Polymer Composition of Microplastics

The polymer composition of microplastics included polyethylene
(PE), polypropylene (PP), polyester, poly(ethylene terephthalate)
(PET), rayon, poly(ethyl acrylate) (PEA), cellophane, and
polyacrylonitrile/acrylic acid (PAN) (Figure 7A). Of the
microplastics, 36.9% were composed of PP, 26.5% of PE, 17.1%
of polyester, 10.9% of PET, 4.7% of rayon, 1.8% of PEA, 1.2% of
cellophane, and 0.9% of PAN. Notably, the dominant polymer
types were PP, PE, and polyester.

The polymer composition of microplastics varied with shape
(Figure 7B). Polypropylene was the dominant polymer type in
fragments, accounting for 66.4% of the total polymers, followed
by PE (32.7%) and PEA (0.9%). The polymer types in pellets
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included PE (53.5%), PP (28.6%), and PEA (17.9%), whereas
in films, only PE (67.4%) and PP (32.6%) were identified. In
fibers, polyester (36.7%) was the dominant polymer, follow by
PET (23.4%), PP (19.0%), rayon (10.1%), PE (6.3%), cellophane
(2.5%), and PAN (1.9%).

DISCUSSION

Abundance and Vertical Distribution of

Microplastics in Maize Farmland Soils

This study confirmed the occurrence of microplastics in
maize farmland soils with long-term plastic film mulching in
northern China. The abundance of microplastics in mulched
soils was significantly higher than that in non-mulched soils
(Figure 1A). This apparent distinction can probably be ascribed
to the application of plastic mulching. Moreover, microplastics
abundance was also different among the mulched farmlands,
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FIGURE 2 | Correlation between the length of time with film mulching applied
and microplastics abundance.

with the differences primarily due to the length of time with
film mulching applied. A significant positive linear correlation
was obtained between microplastics abundance and the length
of time with film mulching applied (correlation coefficient
R? = 0.58, p < 0.05, Figure 2). For example, area 6 had the
highest concentration of microplastics (i.e., 2,600 items kg~!)
because of the longest period of plastic mulching (over 35 years)
(Table 1). This was consistent with Huang et al. (2020) who
found that microplastics abundances substantially increased with
plastic mulching continuously employed. These results indicated
that microplastics abundance increased greatly with long-term
application of plastic films. In addition, a certain amount of
microplastics (mainly fragments and fibers) was detected in
non-mulched soils, which has no mulching history, indicating
that plastic film mulch is not the only source of microplastics
in agricultural soils. In the sampling areas, the residues of
plastic package bags, pesticide bottles, broken fertilizer packaging
bags, and residual agricultural film were found whether film
mulching was used or not that could be also a potential source
of microplastics. Apart from these, atmospheric deposition is
also a route of fibrous microplastics entering soils (Bldsing and
Amelung, 2018). All of these can lead to the appearance of
microplastics in non-mulched soils.

To better understand the pollution status of microplastics in
maize farmland soils, the results of this study were compared with
the characteristics of microplastics in different terrestrial systems
that were summarized in the current study (Supplementary
Table 3). The average abundance of microplastics (i.e., 628
items kg~!) in this study is comparable with that in Hebei
coastal soils (i.e., 634 items kg~ 1) and Swiss floodplain soils (i.e.,
593 particles kg™ !) (Zhou et al., 2016; Scheurer and Bigalke,
2018). However, microplastics concentration in maize farmland
soils is relatively high compared with that in other soil types,
including greenhouse and orchard soils, rice-fish co-culture
system soil, agricultural soils amended with pig manure, and
riverine soils (Zhang et al,, 2018; Lv et al., 2019; Amrutha and
Warrier, 2020; Yang et al., 2020). However, the microplastics
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abundance in this study is much lower than that in facility
agricultural soils and vegetable farmland soils (Zhang and Liu,
2018; Chen et al., 2020). Therefore, as demonstrated by the
above studies, microplastics are common contaminants in soil
systems. Although most soils were collected from farmlands,
the concentrations of microplastics varied widely in different
regions, which may be due to many factors, such as crop
rotation, fertilization, tillage, sampling sites, and extraction
methods of microplastics in soils (Chen et al., 2020). In

addition, the distribution of microplastics pollution is also
associated with pollution sources and plastics content (Chen
et al., 2020). Moreover, this study found that microplastics
abundances in both mulched and non-mulched soils decreased
gradually with increased soil depth (Figure 1B). During the
maize planting in sampling areas, soils are usually ploughed
once every two years in mulched farmlands and once per
year in non-mulched farmlands, which might contribute to the
vertical transfer of microplastics between shallow and deep soil
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0.5 mm

FIGURE 4 | Photographs of microplastics with different shapes under the stereomicroscope: fiber (A), fragment (B,C), fim (D,E), and pellet (F).

layers. These results are consistent with those of previous studies
on agricultural soils in Shanghai and Shandong, China (Liu
et al., 2018; Yu et al, 2020). However, they are in contrast
to those of Zhang et al. (2020) who found the abundance
of microplastics at 20-30 cm (400 items kg_l) was much
higher than that in the shallow soil layer (0-20 cm, 100 items
kg~!) in suburban farm soils of Harbin, China. The differences
in the vertical distributions of microplastics abundance in
different studies may be related to many factors, including
crop rotation, sampling depth, precipitation, and biological and
mechanical disturbance.

Microplastics particles <0.5 mm were predominant in this
study (Figure 3), and the percentage of size distribution
decreased with increased particle size. This may be ascribed
to the gradual fragmentation of large pieces into small pieces
by mechanical abrasion, high temperatures, and ultraviolet
radiation, among other factors (Song et al, 2017; Piehl
et al, 2018). The percentage of microplastics <0.5 mm was
significantly higher in non-mulched soils. This is because
although the number of microplastics <0.5 mm in mulched
soils is greater than that in non-mulched soils, the total
abundance is significantly lower in non-mulched soils, leading
to a high percentage of microplastics <0.5 mm. The average
size of microplastics in topsoil of the mulched and non-
mulched farmland was significantly larger than that at deep
soil. In addition, the percentage of small-sized microplastics
(i.e., <0.5 mm) increased with increased soil depth, whereas
that of large-sized particles (i.e., 2.0-5.0 mm) decreased with
increased soil depth (Figures 3A,C). This demonstrated that
the mobility of smaller microplastics was higher than that of
larger microplastics. These results are similar to those of Yu
et al. (2020). This is partially because small-sized microplastics

are liable to migrate to deeper soil layers under the influence
of soil organisms; for example, earthworms can ingest small-
sized microplastics and then excrete them with feces in deep soil
channels (Huerta Lwanga et al., 2017). Small-sized microplastics
are also more susceptible to soil erosion and runoff and can easily
penetrate downward into deep soil layers through tiny cracks and
pores (Blising and Amelung, 2018; Zhang et al., 2018). However,
further research is needed on the transformation and migration
of microplastics in soils.

Morphology and Composition
Characteristics of Microplastics in Maize

Farmland Soils
In this study, white (41.8%) and transparent (38.0%) were
the dominant colors of microplastics in maize farmland soils,
followed by yellow (17.5%), blue (3.8%), and black (1.9%). This is
consistent with previous studies (Piehl et al., 2018; Amrutha and
Warrier, 2020; Yu et al., 2020), although Liu et al. (2018) found
translucent and black microplastics dominated in agricultural
soils. The diversity of color in microplastics is also a reflection of
the diversity of pollution sources (Zhang D. D. etal., 2021). White
and transparent microplastics are from a wide range of sources,
including plastic packaging materials, plastic bags, and plastic
film (Supplementary Figure 2). In addition, polychromatic
microplastics may be weathered and discolored under the actions
of water, heat, and light to form white microplastics (Galafassi
et al., 2019; Liu et al., 2020). However, multicolor microplastics
may be sourced from colorful plastic consumer products, plastic
packaging, clothing, and cosmetics used in daily life.

Across all sample sites, the dominant shapes of
microplastics were fragments (39.8%), films (29.1%), and
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fibers (25.7%) (Figures 5A,B). The result was similar to
some findings previously reported (Amrutha and Warrier,
2020; Dingetal.,2020; Zhou etal, 2020), whereas it was
differed from the results in which microbeads or flakes
microplastics are dominant types (Zhou et al, 2018; Chen
et al, 2020). Such differences in dominant shapes are
likely because the sources of microplastics are different
in different study areas. Polymer types in fragments were
mainly PP and PE, accounting for 66.4 and 32.7%, respectively.
Polypropylene is widely used in snack wrappers and food
packaging, whereas PE is often used in plastic containers, food
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FIGURE 6 | Color distribution of microplastics at different soil depths (cm) in
maize farmlands. Percentages of different colors of microplastics at different
depths in (A) mulched and (B) non-mulched soils [Columns represent the
mean (n = 10 in mulched soils and n = 5 in non-mulched soils]. (C)
Percentages of different microplastics colors in mulched (n = 30) and
non-mulched (n = 15) soils. Box-whisker diagrams show the average, 25th,
50th, and 75th percentiles.

packaging films, reusable bags, agricultural plastic film, and trays.
With UV exposure, fragmentation is more likely with PP, because
the chemical bond dissociation energy is lower (Song et al., 2017).
Therefore, the fragments microplastics in soils were likely mainly
sourced from the degradation of residual plastic wastes under
long-term weathering. Residues of plastic package bags, pesticide
bottles, broken fertilizer packaging bags, and agricultural film
were found whether film mulching was used or not around the
sampling areas (Supplementary Figure 2). The presence of these
residues suggests they are significant sources contributing to
fragments microplastics in soils.
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The polymer compositions of films included PE (67.4%)
and PP (32.6%). The percentage of films was significantly
higher in mulched soils (Figure 5C). In the present study,
W-FTIR determinations indicated that PE served as the main
polymer composition of agricultural plastic mulching films
(commercial products) used in maize farmland soils with plastic
film mulching. The thickness of plastics films used in agricultural
production in China is generally <0.006 mm, much thinner than
that used in Japan or Europe (i.e., 0.02 mm), and therefore,
films are easily torn during cultivation, and recycling is also
difficult (Zhao et al., 2017). Although local farmers claimed they
would recycle most plastic films after maize harvest, plastic films
remaining in the farmlands may lose integrity and decompose
into increasingly smaller plastic pieces of different sizes, of
which some eventually form microplastics (Briassoulis et al.,
2015; Steinmetz et al., 2016). Therefore, the application of plastic
mulching film was a major contributor to films microplastics with
a dominant component of PE in maize fields.

The polymer composition of fibers was widely variable in
this study. They were composed primarily of polyester and
PET; in addition, PP, rayon, PE, cellophane, and PAN were
also identified in fibers. Notably, although polyester and PET
materials are not widely adopted in agricultural production,
they were found in maize farmland soils. These two polymers
are mainly adopted in textile industries, and they have been
detected at high contents in irrigation water that contains high
levels of plastic fibers produced by laundry (Lusher et al., 2013;
Zhou et al., 2020). Therefore, agricultural irrigation water may
be an important pathway of fibers into the maize fields. In
addition, atmospheric dry and wet deposition are also potential
sources of fiber microplastics in soils (Dris et al., 2016; Leads
and Weinstein, 2019; Liu et al, 2019). In this study, fibers
showed substantially higher percentage in non-mulched soils.

This may be due to the small difference in fibers from the above
sources between mulched and non-mulched soils, and the much
lower abundance of microplastics in non-mulched soils, resulting
in a relatively high proportion of fibers. Although the density
of polyester and PET is slightly higher than that of saturated
NaCl, this study found that some PET and polyester fibers were
extracted, similar findings were also reported by Li et al. (2021)
and Yu et al. (2020). It may be attributed to that the density
of microplastics was changed compared to theoretical plastics
due to the changes of their physical and chemical properties
and occurrence state in the actual environment (Scheurer and
Bigalke, 2018). In addition, the combined action of the surface
tension and buoyancy of small particles may make the saturated
NaCl solution separate microplastics with slightly higher density
(Lietal., 2021).

Pellets were a small percentage of the microplastics (5.4%)
in the study areas, and the main polymer compositions
included PE, and PP, which was consistent with the results
reported by Han et al. (2020). Microplastics are added
as abrasives to many products, including toothpastes and
hand and facial cleaners, which can be discharged into the
environment through domestic sewage (Duis and Coors,
2016). According to studies in Norway, Switzerland, and the
European Union, approximately 6% of liquid skin-cleaning
products contain microplastics, of which 93% are composed
of PE (Gouin et al., 2015). Therefore, the microbeads in
personal cleaning and care products might be the source
of pellet microplastics (Lee et al., 2013; Ding et al., 2020).
In brief, the results of this study demonstrated the different
sources of microplastics in farmland soils. Apart from
plastic film, other agricultural plastic materials should also
be paid more attention to avoid excessive accumulation of
microplastics in soils.

Frontiers in Marine Science | www.frontiersin.org

10

December 2021 | Volume 8 | Article 800087


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Zhang et al.

Microplastics in Maize Mulched Soil

CONCLUSION

Microplastics pollution characteristics was revealed in typical
maize farmland soils with and without long-term plastic film
mulching. Mulched soils contained much higher abundances of
microplastics than non-mulched soils. Microplastics were the
most abundant and the largest in topsoil. Small microplastics
(<0.5 mm) were dominant, and their percentage increased with
increased soil depth, indicating that small-sized microplastics
tended to migrate to deeper soil layers. Mulched soils had much
lower proportion of microplastics <0.5 mm than non-mulched
soils. Microplastics were mainly fragments, films, and fibers, and
mulched soils had much higher percentage of films and lower
percentage of fibers than non-mulched soils. Polypropylene,
PE, and polyester were the dominated polymer compositions.
In addition, the length of time with film mulching applied
was greatly affect the accumulation of microplastics in soils.
Opverall, this study provides an important reference for future
research on ecological risks of microplastics in agroecosystems. In
future, more attention should be paid to related remediation and
management strategies to reduce mulching-based microplastics
pollution in agricultural soils, such as the development of
biodegradable films and efficient recycle technologies.
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