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ABSTRACT

One of the main sources of plastic pollution in agricultural fields is the plastic mulch used by farmers to improve
crop production. The plastic mulch is often not removed completely from the fields after harvest. Over time, the
plastic mulch that is left of the fields is broken down into smaller particles which are dispersed by the wind or
runoff. In the Region of Murcia in Spain, plastic mulch is heavily used for intensive vegetable farming. After har-
vest, sheep are released into the fields to graze on the vegetable residues. The objective of the study was to assess
the plastic contamination in agricultural soil in Spain and the ingestion of plastic by sheep. Therefore, three re-
search questions were established: i) What is the plastic content in agricultural soils where plastic mulch is com-
monly used? ii) Do livestock ingest the microplastics found in the soil? iii) How much plastic could be
transported by the livestock? To answer these questions, we sampled top soils (0-10 cm) from 6 vegetable fields
and collected sheep faeces from 5 different herds. The microplastic content was measured using density separa-
tion and visual identification. We found ~2 x 10 particles-kg " in the soil and ~10° particles-kg " in the faeces.
The data show that plastic particles were present in the soil and that livestock ingested them. After ingesting plas-
tic from one field, the sheep can become a source of microplastic contamination as they graze on other farms or
grasslands. The potential transport of microplastics due to a herd of 1000 sheep was estimated to be ~10°
particlessha='-y ™. Further studies should focus on: assessing how much of the plastic found in faeces comes di-
rectly from plastic mulching, estimating the plastic degradation in the guts of sheep and understanding the po-

tential effects of these plastic residues on the health of livestock.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

* Corresponding author at: Soil Physics and Land Management Group, Wageningen

University & Research, P.0. Box 47, 6700AA Wageningen, the Netherlands.

Microplastics have been detected in many matrices and in all differ-

E-mail address: nicolas.beriot@wur.nl (N. Beriot). ent environments: from oceans to remote mountains, from earthworms

https://doi.org/10.1016/j.scitotenv.2020.142653
0048-9697/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.142653&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.scitotenv.2020.142653
mailto:nicolas.beriot@wur.nl
https://doi.org/10.1016/j.scitotenv.2020.142653
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv

N. Beriot, J. Peek, R. Zornoza et al.

to wild birds (Wu et al., 2019). Microplastics are also present in food
(Prata et al., 2020) and human stools (Schwabl et al., 2019). Plastic
can be transported from one environment to another by wind and
water (Horton and Dixon, 2018) and by other organisms. Microplastics
entering the food chain in aquatic environments have been extensively
studied (Wang et al., 2019). However, only a few studies have described
the transfer of microplastics via terrestrial organisms. Earthworms were
the first soil-dwelling organisms to be studied for ingesting
microplastics (Huerta Lwanga et al., 2017a; Rillig et al., 2017). Huerta
Lwanga et al. (2017b) demonstrated that microplastics could be trans-
ferred from the soil (0.87 £ 1.9 particles-g~!) to earthworms (14.8 +
28.8 particles-g ') and chickens in traditional Mayan home gardens in
Southeast Mexico. Chae and An (2020) demonstrated the transfer of
nanoplastic particles from the soil (10-100 mg-kg™!) to leaves of mug
beans and snails (few particles, number not reported). Microplastics
are identified in many agricultural fields (Yang et al., 2020) but no stud-
ies assessed the ingestion of microplastics by grazing livestock.

Microplastics can enter agricultural fields via many ways: primary
use of plastic in the fields, amendment with products contaminated
with microplastics or transport from other environments (Xu et al.,
2020). On one hand, plastic provides many services in agriculture and
is extensively used in modern managements (Liu et al., 2014). For ex-
ample plastic mulch is used for increasing soil temperature, controlling
weeds, and improving water use efficiency while plastic nets are used
for crop protection and plastic pipes provide irrigation. These plastics
undergo degradation in the field. The degradation depends on abiotic
reactions such as thermal degradation, photo-degradation, oxidation,
hydrolysis and mechanical degradations (e.g. wind or ploughing)
(Crawford et al., 2017). Due to the degradation of agricultural plastics,
fragments of plastic may accumulate in the soil. On the other hand
microplastics may enter agricultural fields through the application of
biofertilizers contaminated with plastics. Indeed sewage sludge
(Corradini et al., 2019b) and composts (Weithmann et al., 2018) may
contain high contents of microplastics. Finally microplastics can be
transported by the wind (Zhang et al., 2020) and flooding waters
(Bldsing and Amelung, 2018) in and out of the soil system.

In the region of Murcia in south-eastern Spain, plastic mulch has been
used to prevent evaporation in vegetable fields for more than 20 years.
Although this semiarid region suffers from severe lack of water owing
to a semiarid Mediterranean climate, it is nonetheless an intensively irri-
gated horticultural area, commonly known as the “European garden” (tr.
“Huerta de Europa”). On average, two crops per year are grown in each
field. Plastic mulch is used in the summer and sometimes in the winter.
Due to the intensive use of plastic mulch and its incomplete removal
after harvesting, many agricultural fields are contaminated with plastic
debris. Moreover, some plastic bags and plastic films (used for silage or
packaging) can be lost in the fields, for example, due to oversight during
vegetable wrapping at mobile harvesting stations. After harvest, a com-
mon practice is to bring sheep to eat the crop residues. In Murcia,
~638,000 sheep were bred in 2019 for meat production (Direccién
General de Producciones y Mercados Agrarios, 2020). Most of the sheep
farming relies heavily on crop residue grazing and fallow land grazing
and little fodder is provided. Few sheep farms own land and grow fodder
to feed the herd that stays in the sheepfold. The food residence time in a
sheep's digestive system is about 35 h (Huston et al.,, 1986). Therefore,
we can expect that plastic particles ingested in one field are transferred
to another field when the sheep defecate. This transport is particularly
relevant when a herd first grazes an agricultural field contaminated
with plastic and then moves to fallow land or a natural area.

The objective of the study was to assess the microplastic pollution in
an agricultural area owing to intensive management practices. We fo-
cused on the light density microplastic contamination in the lithosphere
and the biosphere with two representative samples: vegetable agricul-
tural soil samples and faeces of sheep grazing in fields where plastic
mulch was used. Therefore, three research questions were established:
i) What is the light density microplastic content in farm soils where
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plastic mulch is commonly applied? ii) Do livestock ingest microplastic?
iii) How much plastic is transported by the livestock? We hypothesized
that the soil would be contaminated with plastic particles coming from
mulch debris and the sheep would then ingest the plastic and excrete
microplastic particles in their faeces, thus contributing to the dispersion
of plastic debris in the environment.

2. Materials and methods
2.1. Study site

The study was carried out in the countryside of the Murcia region (SE
Spain, Fig. 1). Soil samples were collected from 6 vegetable fields where
light density polyethylene plastic mulch was applied at least once per
year over the last 10 years. All the fields had similar crop rotation history
which included melons in summer and lettuces, broccoli and fennel in
winter, among others. Some farms used plastic much twice a year to
cover soil during the winter and summer crop cycles. Five different
herds of sheep were selected in the same region for faecal collection.
There were approximately 1000 sheep per herd. The first four herds
(A, B, C, D, Fig. 1) grazed crop residues at surrounding vegetable farms,
grass in fallow lands and ate additional feed at their sheepfolds. The
herds A, B, C, D visited several vegetable farms and fallow lands at the vi-
cinity of their sheepfold, depending on the available crop residues and
grass. Most cattle breeders in the region do not owe land for agriculture,
so they depend on neighbour farmers so their cattle can graze on the
vegetable residues left on the farms after harvest. The fifth herd
(E) stayed at the sheepfold all year and grazed in the fields of the sheep-
fold daily. The herd E was fed with crop residues brought to the farm and
locally produced corn, hay and silage. The shepherds where interviewed
about the potential consumption of plastic by the sheep.

2.2. Sample collection

Soil sampling was carried out after the winter harvest and before the
soil preparation for the summer crop cycle in 2018. Three parcels of
~0.5 ha were selected from each vegetable farm and 3 sampling points
were uniformly dispersed in each sampling parcel. Soil from the top
0-10 cm was collected for each sampling point. Fresh sheep faeces
were randomly collected from each herd in the field (herd A, B, C, D) or
in the sheepfold (herd E). We sampled 8-18 faecal samples for each herd.

Fig. 1. Approximate locations of the 6 vegetable fields (in red circles: 1-6) and the 5 sheep
herds (in blue squares: A-E) in the region of Murcia (SE Spain, in order to maintain the an-
onymity of the owners the sites are presented approximately).
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2.3. Microplastic extraction

Samples were air dried and analysed to assess the presence of light
density microplastics. The procedure for light density microplastic ex-
traction and identification was adapted from Zhang et al. (2018) and
Corradini et al. (2019b). Briefly, 5 g of dried sample were placed into a
50 mL tube with 30 mL of distilled water and shacked at 150 rpm for
30 min in a platform shaker. Tubes were then centrifuged at 3000
RPM for 10 min. The supernatant was transferred onto a Whatman
No. 42 filter paper. Tubes were refiled with distilled water, shacked
again and put in an ultrasonic bath for 10 min to further break down
soil aggregates. The samples were centrifuged again, and the superna-
tants were poured onto the same filters. The filters were then air dried
for 24 h before microplastic identification and quantification were car-
ried out. Additionally, six blanks were performed without samples
along the analysis (every ~20 samples) to detect an eventual contami-
nation during the extraction and identification procedure.

2.4. Microplastic identification

All materials present on a filter were brushed carefully onto a glass
plate and gathered in the centre of the plate while trying to avoid super-
position of particles. A stereo microscope (ZEISS Stemi 508) equipped
with a digital camera (CMEX-18 PRO) was used to take a picture of
the particles. Pictures were taken with x6 magnification. The glass
plate was then put onto a hot plate at 130 °C for 10s and a second picture
was taken. The plastic particles were then identified among other soil
particles and organic matter by looking at their shape, colour, brightness
and response to heat (Zhang et al., 2018).

2.5. Calculations

The number of plastic particles per sample was presented in terms of
number of microplastics per kilogram of dry matter (particles.kg— ') and
displayed with the function ggplot of R version 3.6.1 for the two different
matrices and for the different fields and herds. The order of magnitude
for microplastics was estimated as the smallest power of 10 used to rep-
resent that number. We performed a Shapiro-Wilk's test for the soil and
faeces samples independently with the R function shapiro.test.

The number of microplastics potentially transported by a herd of 1000
sheep grazing in 1 ha of land in one day (MPyq in particlesha™!-d 1) was
calculated using Eq. (1):

MPherg = MPrgeces < Faecesgima % Defecationg,y x Animalpey
x Herdgielq (1)

where MPrgeces is the number of microplastics per kg of fresh faeces
(particles-kg™ 1), Faecesanima is the faecal production per sheep per day
(~1 kg per sheep and per day according to Ogejo et al. (2010)),
Defecationgeq is the sheep defecation percentage that occurs in the field
(~36% of 1 kg per sheep, according to Taylor et al. (1987)), Animalpeq is
the number of sheep per herd (~1000 per herd; Agudo et al. (2010) ob-
served an optimal production for a herd size between 1200 and 2000
heads) and Herdpelq is the surface grazed by the herd in one day
(~1 ha for an herd of ~1000 sheep; (Rakkar and Blanco-Canqui,
2018)).Eq. (1) is suitable for other grazing animals with adapted values.
The number of microplastics potentially transported (MPyeq) Was ex-
trapolated to a year by considering that each field was grazed two times
(winter crop and summer crop) per year.

3. Results and discussion
3.1. Microplastics in agricultural soils

Microplastics were found in all soil samples (Fig. 2). The distribution
of microplastics in the dry soil followed a normal distribution
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Fig. 2. Microplastic content in agricultural soil (in red: 1-6) and in sheep faeces (in blue:
A-E) per field and herd. The dots represent individual measurements (n = number of
replicates).

(p-value = 0.33). The average content of microplastics in dry soil was
2116 + 1024 particles-kg™'. The amount of microplastics found in
these soils is comparable to the amount of microplastics found in
other agricultural soils. van den Berg et al. (2020) reported an average
of light density microplastic content of 2130 = 950 particleskg ™! in ag-
ricultural fields used to grow cereals in Eastern Spain. Zhang and Liu
(2018) reported higher microplastic contents, ranging from 7100
particles-kg ™' to 42,960 particles-kg™!, in arable soils near the Chai
river valley (southwestern China). There is not much information
concerning the effect of plastics on the soil function and the processes
remain unclear so it is difficult to foresee the consequences of this plas-
tic pollution on soil quality and long-term land productivity. For exam-
ple, researchers have reported that plastic debris can be detrimental to
plant growth (Qi et al., 2018) and can alter soil physical properties,
(de Souza Machado et al., 2018; Qi et al., 2020)). Hence, further studies
are encouraged to understand the long-term impacts of this pollution.

3.2. Microplastic in livestock faeces

This study provides the first assessment of microplastics in livestock
faeces (Fig. 2). Microplastics were found in all the herds. The distribu-
tion of microplastics in dry faeces did not follow a normal distribution
(p-value <0.001). The average content of microplastics in dry faeces
was 997 + 971 particles-kg™'. We showed that plastics were ingested
by sheep grazing on fields where plastic mulch was applied (Fig. 2,
herds A, B, C, D) as well as by sheep fed at the sheepfold (Fig. 2, herd
E). Shepherds of herds A, B, C and D said that sheep ingested pieces of
plastic when they grazed on the vegetable fields. They reported cases
of sheep eating macroplastic debris (often plastic mulch or plastic
bags) stuck in the vegetation. In fact, we observed a sheep eating a plas-
tic bag while sampling the faeces. The shepherd of herd E, whose sheep
did not directly graze on vegetable fields, reported that macroplastic de-
bris was present in the crop residues, in the corn and in the silage that
were brought to the animals. He also mentioned that the wind carries
macroplastic films (plastic bags, plastic mulch debris, silage sheets de-
bris) to the field where the herd is kept. Sheep ingesting plastic mate-
rials have been described in other studies (Ngoshe, 2012; Otsyina
etal,, 2018) and macroplastics have been found in the digestive systems
of the animals (Mekuanint et al., 2017; Omidi et al., 2012). These studies
focus on livestock in developing country and identify the free roaming
of the animals in the suburbs of cities as the main explanation for plastic
ingestion. In our study we observed plastic contamination in the context
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of intensive agriculture, in a rural area. Calcium and phosphorous defi-
ciency and poor nutritional supplementation are predisposing factors
for plastic ingestion (Priyanka and Dey, 2018). Overall, we cannot iden-
tify a unique source for the microplastics found in the sheep faeces. It is
evident that one clear source of microplastic exposure for animals graz-
ing in vegetable fields is the plastic mulch debris left on the fields (herds
A, B, C, D). Nevertheless, results from herd E shows that indirect path-
ways also exist, for example macroplastics transported by the wind to
the sheepfold or plastic debris present in the feed. On one hand,
microplastics measured in the sheep faeces could have originated
from microplastics in the soil or the feed. On the other hand, the
microplastics could have also come from ingested macroplastics broken
down in the stomachs of the animals. Assessments of the plastic content
in the feed and in the environments where the sheep are kept are re-
quired to fully understand the contamination pathways.

There was a high variation of microplastic content between faecal
samples, from 0 to more than 5000 particles-kg . The variation could
have come from the uncertainty of the measure caused by a variable
amount of organic matter in the faeces or to other factors such as the
age of the sheep. In fact, when it comes to sheep accumulating plastic
debris, we can expect that the older the sheep is, the more plastic
would be found in the faeces. To test this, a better extraction method,
with efficient removal of organic matter and a more detailed sampling,
classifying the faeces according to the age of the sheep, would be
needed.

There are very few assessments of microplastic content in terrestrial
animals. Huerta Lwanga et al. (2017b) measured the content of
microplastics in the soil (0.87 & 1.9 particles-g™'), in the earthworms
(14.8 + 28.8 particles-g™!), and in the chickens (129.8 + 82.3
particles-g ™! in the faeces and 10.2 + 13.8 particles-g ™! in the gizzard)
in traditional Mayan home gardens (Southeast Mexico). The
macroplastic content found in the chickens was 45.82 + 42.6 of debris
per gizzard and 11 4 15.3 of debris per chicken crop (Huerta Lwanga
et al,, 2017b). Zhao et al. (2016) identified similar plastic content in 17
wild birds around Shanghai with an average of 22.8 4+ 33.4 particles
per bird. Recently, Yan et al. (2020) detected nylon fibres and polyeth-
ylene terephthalate particles of size limit of ~1um in five out of ten
chicken faeces from a farm in Nanjing, China but don't provide quantifi-
cation. These three studies showed that microplastics can reach terres-
trial birds through the food chain, in farms, gardens and in the wild.
With our study, we have shown that this concern must be extended
to livestock, especially grazing animals.

3.3. Transport of microplastics

Sheep from the fields A, B, C and D grazed on crop residues and on
fallow lands. By moving from one field to another and to fallow lands
sheep can contribute to the transport of microplastics. The calculated
transport is an estimation of how many plastic particles are excreted
per day by a herd of 1000 sheep grazing on 1 ha. We did not measure
the fragmentation rate and residence time of the plastic particles in
the digestive systems of the sheep therefore, we could not estimate
the ingestion rate based on the plastic content in faeces. We measured
a plastic content of ~500 particles-kg ™! fresh faeces and we could esti-
mate that an average herd of 1000 animals would transport ~180,000
particles-ha='-d™". If we assume that one field is grazed 2 times per
year, the flux is ~0.36 x 10° particles-ha='-y~'. We can compare this
value with two major fluxes of microplastics: sludge application and at-
mospheric deposition. van den Berg et al. (2020) reported a sludge ap-
plication of ~20 t-y ! on cereal agricultural fields in Eastern Spain with a
sludge containing ~5000 particles-kg~". Therefore, sludge application is
an input of ~10® particlesha™':y~!. Zhang et al. (2020) reviewed differ-
ent studies of atmospheric microplastic transportation and in 17 stud-
ies, researchers reported microplastic deposition rates ranging from 0
to 11,130 particless-m 2 d~ . These studies used different extraction
and identification procedures for microplastics, thus making a
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comparison of the studies complicated. We arbitrarily chose the value
of ~60 particlessm—2 d~! reported in the Pyrenees mountains by Allen
et al. (2019) because it was the study that was geographically the clos-
est to our case study. We calculated a flux of ~2 x 108 particles-sha= 'y~
Therefore, sludge application and atmospheric deposition both repre-
sent a microplastic flux 2 orders of magnitude higher than the transport
of microplastics in sheep faeces. Quantifying the flux of microplastics is
important to be able to predict the amount of microplastics in the envi-
ronment and determine effective actions to protect ecosystems. More
studies, using a standardized plastic identification protocol, are needed
to compare the different fluxes of microplastics.

3.4. Potential effects of plastic ingestion on livestock

Until now, only a few studies have been designed to assess the ad-
verse health effects of plastic ingestion on livestock. Among potential ef-
fects, ingested macroplastics can cause indigestion, ruminal impaction,
recurrent ruminal tympany and intestinal obstruction (Kiihn and van
Franeker, 2020; Mekuanint et al., 2017; Priyanka and Dey, 2018). The
fragmentation of the debris in the digestive system could increase the
number of small particles, which are then more likely to be absorbed.
Plastic debris may also loosely sorb toxic chemicals during degradation
(Hiiffer et al., 2019) such as the heavy metals and plasticizers used in
manufacturing or other contaminants. Plastics sorb many organic pol-
lutants including pesticides (Liu et al., 2019). These chemicals can
then contaminate other tissues. For example, Mahadappa et al. (2020)
observed increased level of heavy metals in rumen fluid as well as in
blood, liver, kidney and muscle of buffaloes that ingested macroplastics.
Prata et al. (2020) listed oxidative stress, inflammation, translocation
and cancer as potential adverse human health effects caused by
microplastics. Additionally, the plastic debris could possibly modify
the gut microbiome and alter digestive functions (Fackelmann and
Sommer, 2019). Studies investigating the consequences of plastic inges-
tion are urgently needed.

3.5. Limitations of the plastic extraction and identification method

The extraction method successfully identified plastic particles and
gave an order of magnitude to the content of plastic in soil and in
sheep faeces. The method was fast and inexpensive to implement for
both soil and faecal samples. Blanks showed no contamination of the
samples during processing. The potential fragmentation of plastic debris
during the extraction procedure was not assessed since it was not ex-
pected, as reported in previous studies (Corradini et al., 2019b). Zhang
et al. (2018) reported a recovery percentage of >80% for microplastic
identification in soil samples. However, for some faecal samples, the
high content of organic matter may have hidden some plastic particles
and made the recovery of all the plastic particles impossible (Fig. 3).

Overall, we can expect the number of particles in faecal samples to
be under-estimated because of the superposition. Pre-treatments to de-
crease or remove the organic matter are needed to better quantify the
plastic particles. A diversity of methods have been tested to extract
microplastic from complex environmental samples (soil or faeces) and
rely on the diversity of plastic properties (Méller et al., 2020). The den-
sity separation methods, similar to the one we used, require an addi-
tional step to limit the organic material fraction to an appropriate
level. Acidic and Alkaline Digestion, Oxidisation with Hydrogen Perox-
ide or Enzymatic Digestion can be used and combined to reduce the or-
ganic material fraction. For example, Yan et al. (2020), obtained more
than 90% recovery for polystyrene, polyethylene and polyvinyl chloride
microplastics extracted from human and chicken faeces with a density
separation with ethyl alcohol and the use Fenton's reagent and nitric
acid. Other methods such as the magnetic (Grbic et al., 2019), electro-
chemistry (Davies and Crooks, 2020) and oil extraction (Scopetani
et al., 2020) seems to better separate certain plastic types from organic
materials. All these methods have to be adapted to the matrix and
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Fig. 3. Picture of the microplastics and organic material extracted from a faecal sample, before (A) and after (B) heating. Four plastic particles are identified with a red circle. The high
amount of organic matter present in the picture does not allow for a complete assessment of the sample.

plastic type analysed and require internal recovery tests to ensure the
proper extraction of the plastic materials.

The visual identification has been validated in numerous studies
(Moller et al., 2020). However it does not differentiate the type of plastic
and is less suitable for particles with a diameter smaller than 50 pm
(Zhang et al., 2018). Spectral methods (e.g. Raman or Fourier transform
infrared) are used to identify several types of plastic by comparison with
a spectral library (Corradini et al., 2019a; Munno et al., 2020; Sobhani
et al., 2019). Raman microspectroscopy allows microplastic identifica-
tion down to a pixel resolution of 500 nm and could be improved up
to 100 nm with silver colloid for surface-enhanced Raman spectroscopy
(Lv et al., 2020) while micro-FTIR spectroscopy identification of parti-
cles ranges from 10 to 500 um (Moller et al., 2020). The identification
of nanoplastics remains a challenge and new methods have to be vali-
dated in environmental samples.

4. Conclusions

This study reported the first measured content of light density
microplastics in sheep faeces (~10° particles-kg~!). We demonstrated
that livestock could ingest micro- and/or macro-plastic debris from
their environment and from their feed. The light density microplastic
content in the vegetables fields was ~2 x 103 particles-kg~'. We identi-
fied agricultural plastics as one but not the unique source of plastic
contamination. This preliminary study emphasizes the need for stan-
dardized methods for measuring plastic content, assessments of the ef-
fects of plastic debris ingested by livestock, identification of the source
of plastics ingested by livestock and proposals for alternatives to the
plastics used in agriculture. The plastic contamination, from intensive
agriculture management and other sources, is a threat to the fauna
and humans. With the intensification of agriculture we can expect anin-
crease of plastic use leading to an increase plastic contamination and ex-
posure. A paradigm shift is needed in the current crop production to
reverse this trend.
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