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a b s t r a c t
The growing evidence of microplastic pollution in terrestrial ecosystems reveals adverse effects of microplastics
on soil biota and plant growth. However, since large scale assessments are lacking, it is possible that the laboratory based experiments conducted have assumed unrealistic microplastic concentrations in soils. In this paper we
present regional scale data on the presence of microplastics in soils under different land uses in the central valley
of Chile, which is characterized by urbanization, agricultural, and mining operations. We identiﬁed microplastics
in soils under four different land use systems having different management intensities (crop lands, pastures,
rangelands, and natural grasslands), and all somewhat prone to accumulate microplastics from different sources.
We analyzed 240 soil samples from Chile's central valley, trying to identify the most probable sources of the
microplastics. Our hypothesis was that microplastics were ubiquitous in the environment and that their concentration peaks follow the intensity of fertilizer use (phosphorus), soil heavy metals concentrations derived from
nearby mining operations (Zn and Cu), and distance to roads and urban areas. We did ﬁnd evidence of
microplastic pollution in crop lands and pastures (306 ± 360 and 184 ± 266 particles kg−1, respectively), but
we did not observe pollution of rangelands and natural grasslands. Distance to mining operations, roads, or
urban areas did not increase the microplastic particles count. Our observations contradict the common belief
that microplastics are ubiquitous in the environment and relate the pollution problem more to agricultural activities. However, our data do not provide sufﬁcient evidence to identify the pollution source. This is the ﬁrst study
that reports on microplastic occurrence in soils at a broad geographical scale. For greater insight on this topic
more studies that contribute monitoring data about microplastics in soils are urgently needed.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction
In recent years the scientiﬁc community has recognized plastic pollution as a major environmental threat (Isobe et al., 2019). Their concerns eventually reached society (Henderson and Green, 2020) and, as
a consequence, policy-makers began drafting the ﬁrst regulations to
mitigate the problem at its source (e.g. EU Directive 2019/904). In the
ﬁrst years, pollution of aquatic ecosystems by microplastics (particles
less than 5 mm in diameter) monopolized the debate, since scientists
ﬁst observed these pollutants in marine ecosystems (Carpenter and
Smith, 1972). After four decades, soil scientists revealed a new angle
to the problem by exposing the presence of microplastics in terrestrial
environments (Rillig, 2012). Today, soil scientists are still working to
better understand the problem and its ramiﬁcations, primarily focusing
on determining the magnitude of the problem (i.e. frequency of occurrence and potential effects). In their work, they stress the need for
more ﬁeld data on the occurrence of microplastics.
To date, soil scientists have gathered evidence that suggests the
major pathways by which microplastics are introduced into soils. The
evidence indicates that the application of soil amendments such as
compost (Cattle et al., 2020; Watteau et al., 2018; B. Zhou et al., 2020)
and sludge (Corradini et al., 2019b; Edo et al., 2020; van den Berg
et al., 2020; Zhang et al., 2020) transfer and disperse microplastics
from sinks of urban wastes to agricultural lands. Plastic mulches used
in agriculture constitute another major source of pollution (Ding et al.,
2020; Huang et al., 2020). Other pollution sources have received less attention. For example, few studies explore the atmospheric deposition of
microplastics in soils (Zhang et al., 2019), although the presence of
microplastics in all atmospheric compartments has been documented
(Mbachu et al., 2020).
The efforts made to identify the pathways by which microplastics
are introduced to soils lag behind the efforts made to assess the frequency of occurrence of such pollution. Most studies have focused on
the identiﬁcation of speciﬁc pollution sources under one land use condition (agriculture), and seldom report large scale assessments. Scheurer
and Bigalke (2018) published the only study to date that assessed
microplastic pollution at a regional level. The authors sampled ﬂoodplain soils in Switzerland and quantiﬁed the microplastics pollution.
Although their study shed light on the ubiquity of microplastics in terrestrial ecosystems, scientists have seldom tested the hypothesis in
other—different—environments (see Zhang et al. (2019) for one of the
few examples).
Along with the evidence gathered on microplastic sources and fate
in terrestrial ecosystems, soil scientists have reported the effects that
microplastics soil pollution has on crops, soil biota, and the trophic
chain. These studies have primarily taken place under laboratory
conditions where researchers use incubation techniques to measure
toxicological effects of microplastics alone or combined with other pollutants. As a result, scientiﬁc journals have begun to amass evidence on
the hyperaccumulation of agrochemicals (Ramos et al., 2015) and heavy
metals (Yu et al., 2020; Zhou et al., 2019) on microplastics' surfaces, and
the adverse effects of microplastics on soil biota growth and development (Huerta Lwanga et al., 2016; Jiang et al., 2020; Qi et al., 2018;
Selonen et al., 2020; Y. Zhou et al., 2020). However, as Piehl et al.
(2018) acutely strongly argued, laboratory-based toxicological studies
can be criticized as their methods presuppose concentrations that may
be unrealistic. The authors contend that studies and evidence of soil
microplastic pollution needs to cover different ecosystems and land
uses to overcome this limitation.
Based on the research done to date, the presence of microplastics
across different land uses remains unknown. This unknown jeopardizes
the chances of more ambitious research questions dealing with toxicology and/or mitigation on larger scale. We set out to address this knowledge gap. Therefore, we conducted a regional scale study on the
presence of microplastics in the topsoil under a variety of land uses
with different management activities in Chile's central valley. In

addition, using the new data, we evaluated the possible concurrence between microplastics pollution and intensive agricultural practices, dry/
wet deposition as a result of offsite transport from roads/urban areas,
and aeolian transport from mining activities.
2. Materials and methods
2.1. Study area
2.1.1. General description
The soil samples analyzed in this research were collected from
Chile's Región Metropolitana, an area of 1,539,658 ha situated at the
north end of Chile's central valley (Fig. 1). The samples were collected
during a previous soil monitoring effort (2017) and were archived to
be available for other study purposes. The study area comprised soils
under one of the following land uses: arable soils (crop lands) used for
agriculture (228,284 ha), pastures (19,523 ha), rangelands dominated
by shrubs (244,817 ha), or natural (native) grasslands (22,735 ha)
(CONAF and CIREN, 2013). Chile's Región Metropolitana lacks a comprehensive soil survey. However, the government provides information
about soils used or with potential use for agriculture, which correspond
with our study area. According to those soil maps, Mollisols predominate (70%), followed by Alﬁsols (11%), Inceptisols (13%), Entisols (2%),
and Vertisols (4%) (CIREN, 1996).
The Köpen-Geiger climate classiﬁcation map indicates a ‘warm
temperate’ climate with warm summers and low precipitation (map
unit = Csb) (Kottek et al., 2006). Mean annual precipitation is about
300 mm, and the average annual temperature is 15 °C, with 23 °C maxima and 10 °C minima. Due to the climate, the soils within the study area
present a xeric moisture regime and a thermic temperature regime
(CIREN, 1996). The predominant wind direction changes throughout
the year together with changes in circulation and precipitation. Northerly winds predominate during autumn and winter—the rainy season.
The Paciﬁc High causes shifts in the wind direction to South-West during the spring and summer (Olivares et al., 2002).
Three topographical features characterize the region. The Andean
range rises to the East, while another mountain range deﬁnes the
landscape to the West; the Chilean coastal cordillera. Between these
mountain ranges two major basins compose a valley at 600 m amsl.
This valley is disconnected from what is toit's the North and South,
since the coastal cordillera intrudes towards the valley reaching the
Andes at the region's boundaries. Two major rivers drain the valley.
The Maipo River (92.3 m3 s−1), ﬂowing East-West, drains the valley's
southern part. The Mapocho River (6.1 m3 s−1), ﬂowing North-South,
drains the northern side of the valley reaching the Maipo River as a
right-bank tributary.
Santiago—Chile's largest city—lays in the central-East part of the valley. It is home to 5.6 million inhabitants. Since the city has a relevant role
in the country economy, there is an extensive road network in its
surroundings totaling 2296 km of asphalt (Albers and Albers, 2019).
Mining is Chile's primarily economic activity. Within Chile's Región
Metropolitana, there are nine ongoing major mining operations. Three
of them exploit ore veins in the Andean range, while the other six do
so in the costal cordillera (Albers and Albers, 2019).
2.1.2. Possible pathways for microplastics introduction to soils in the
study area
We considered four potential sources of microplastics pollution. Agriculture, mining, roadways and the urban environment.
We suspected that agricultural activities might increase microplastic
counts. There is evidence that supports this regarding the use of plastic
mulch or sewage sludge as fertilizers (Piehl et al., 2018; B. Zhou et al.,
2020). In the study area—according to the records of the Chilean
Agricultural and Livestock Service—none of the sites from which the
samples came were used for sludge disposal or had cropping systems
that involved the use of plastic mulches or plastic covers. Although
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Fig. 1. Study area. Left: general location map with the country borders. Chile's Región Metropolitana is highlighted in orange. Top-left (a): Región Metropolitana with contour lines every
250 m. Red triangles mark the place of ongoing mining operations. Top-right (b): Región Metropolitana and its asphalted roads, and urban areas. Bottom-left (c): River networks of Región
Metropolitana. Bottom-right (d): sampling points by land use. Red circles mark crop land, green diamonds mark pastures, white circles mark grasslands dominated by shrubs, and blue
squares mark natural grasslands. Coordinates are WGS 84 / UTM zone 19S in kilometers. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

government information on land use stands as an indicator of agricultural activities, it does not say anything about their intensity. We used
soil P concentrations as a gauge of anthropic pressure, since previous
scientiﬁc reports have reported that the area undergoes overfertilization practices with phosphate fertilizers (Corradini et al., 2019a). In
other words, we expected the highest microplastic counts in crop
lands, and that the counts would increase together with soil P.
Also regarding agriculture, we consider compost as a potential introduction pathway of microplastics to soils. It has been reported that
compost can transport microplastics to soils (Watteau et al., 2018).
Although farmers did not use sewage sludge as an organic amendment
in the crop lands within our study area, some of them may have used
compost. In the study we used archived samples (see Section 2.2), and
unfortunately the samples' accompanying information did not report
management information, such as compost use. However, compost is
sometimes used by farmers in the area and scientiﬁc studies indicate
that compost increases soils' EDTA and total Zn and Cu after repetitive
applications (Cambier et al., 2019). Therefore, we expected higher
microplastic counts in soils that had relatively higher Zn or Cu than
other soils of the region.
Besides the effect of agriculture, we considered mining as a potential
source of microplastics pollution. Plastic pipes are used during mineral

extraction for cooling and ventilating processes. It has been reported
that plastic pipes may release plastics to the environment as they abrade
during their lifetime (Sargand et al., 2013). Therefore, mining could be a
source of microplastics as wind might carry microplastics from decaying
pipes—or other industrial operations—to offsite soils. Since mining
activities enrich nearby soils with Cu by aeolian processes (Neaman
et al., 2020), we expected microplastic counts to increase wherever
soil Cu concentrations increased.
The other two potential introduction pathways were also related
with aeolian deposition of microplastics. On the one hand, based on
the argument of Bläsing and Amelung (2018), we considered roads.
We expected microplastic counts to increase as distance to roads
decreased. On the other hand, we considered the city of Santiago as a
potential source of microplastics. Researchers have recognized the city's
role as a pollution source for nearby ecosystems (Cereceda-Balic et al.,
2012). Therefore, we expected microplastic counts to increase as the
location of the soil samples approached urban area.
2.2. Archived soil samples
All the soil samples analyzed for this study came from a previous soil
monitoring effort conducted by the Chilean Agricultural and Livestock
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Service (Corradini et al., 2019a). The service took 480 samples distributed across different land uses and soil types within Chile's Región
Metropolitana for monitoring purposes and archived the samples in
2017. Sample locations were deﬁned by a conditional Latin hypercube
algorithm. The algorithm stratiﬁes the sampling according to exhaustive
ancillary data and provides full coverage of the range of each variable,
assuring representativeness of the underlying information (Minasny
and McBratney, 2006). Corradini et al. (2019a) report all sampling campaign details. Brieﬂy, they used land use, land cover, and soil survey
maps together with topography to place the sampling points in representative places within the basin. They collected a total of 480 samples
from which, for this study, we randomly selected half of the samples
for every land use considered. We analyzed 100 samples from crop
lands, 100 from pastures, 30 from rangelands dominated by shrubs,
and 10 from natural grasslands.
2.3. Soil analysis
Since the soil samples came from a previous monitoring effort, they
were ready for analysis (i.e. they were dried and sieved <2 mm). The
Chilean Agricultural and Livestock Service had measured available
phosphorus (P) by the Olsen method, thus, to test our study hypothesis
we needed to analyze in addition total zinc (Zn), and total copper (Cu).
To measure Zn and Cu, 2 g of soil per sample were acid-digested (EPA
Method 3050B, EPA (1996)) and analyzed by ﬂame atomic absorption.
2.4. Microplastics analysis
We used two different methods to detect microplastics in the soil
samples. Both have a similar extraction procedure (Section 2.4.1), but
use different instruments to detect microplastics, and have different
purposes. On the one hand, we used a visual identiﬁcation and sorting
method to count microplastic particles (Section 2.4.2). On the other
hand, we reanalyzed the samples in which we found microplastics
(n = 93) with an FTIR microscope to identify the frequency of different
polymer types (Section 2.4.3).
2.4.1. Extraction
The extraction steps followed to prepare the samples for the visual
identiﬁcation method were the same as reported for a previous study
(Corradini et al., 2019b). Brieﬂy, glass centrifuge tubes holding 5 g of
soil and 20 ml of water (1.00 g cm−3) were centrifuged (15 min at
2000 rpm) and the supernatant ﬁltered through Whatman No.42 ﬁlter
paper. After the supernatant recovery, the tubes holding the remaining
sediments were ﬁlled with 20 ml of sodium chloride (5 M ρ =
1.20 g cm−3), stirred (30 s at 21,000 rpm) and centrifuged to ﬁlter the
supernatant a second time. The tubes with the sediments were ﬁlled a
third time with 20 ml of zinc chloride (5 M, ρ = 1.55 g cm−3), stirred
and centrifuged one last time. The supernatant was then ﬁltered
through the same ﬁlter used the previous two times. After the extraction, the ﬁlters were saved in Petri dishes for optical inspection.
To prepare the samples for the FTIR microscope, we used a method
also based on density separation. Here, the glass tubes held 1 g of soil
and 10 ml of zinc chloride (ZnCl2 5 M, ρ = 1.55 g cm−3). The tubes
were placed in an ultrasonic bath for 10 min and then agitated in a
vortex shaking machine at 2000 rpm for 15 s. Later, the tubes were
shaken in an orbital shaker for 20 min at 180 oscillations per minute.
Before ﬁltration, the tubes were centrifuged 10 min at 2500 rpm. The
supernatant was vacuum ﬁltered through Whatman™ Cyclopore™
Polycarbonate Membrane Filters (diameter = 25 mm, pore size =
0.4 μm). The tubes were re-ﬁlled with zinc chloride and underwent
the same steps described once again. After ﬁltration, the polycarbonate
membrane ﬁlters were rinsed with distilled water to transfer the
captured particles to Whatman® Anodisc inorganic ﬁlter membranes
(diameter = 25 mm, pore size = 0.4 μm, with a polypropylene support
ring). This step was needed since the polycarbonate membranes cannot

be used with the FTIR microscope due to their low transparency. The
Whatman® Anodisc membranes were dried at 40 °C for 12 h before
the FTIR inspection.
2.4.2. Identiﬁcation – optical microscope
After the extraction process, the ﬁlters were inspected using a stereo
microscope (model SMZ 745 T coupled with a NI-150 high intensity
illuminator, Nikon, Tokyo, Japan) at 20×. All microplastic particles
collected on each ﬁlter were counted twice. Objects with shiny surfaces,
strong colors, and sharp geometrical shapes were considered to be
microplastic particles. Objects with smooth sides and strong colors,
were considered to be synthetic ﬁbers, as described by (Horton et al.,
2017). Particles were classiﬁed according to their shapes as: ﬁbers, fragments (angular and solid), ﬁlms (ﬂexible and thin), or pellets (rounded
and solid). Every microplastic particle observed was photographed
(Micrometrics® camera model 519CU CMOS 5.0 Megapixel, ACCUSCOPE Inc., NY, USA) to measure the length if ﬁbers and the surface
area if ﬁlm, fragment, or pellet. ImageJ 1.5 software was used for this
purpose (Schneider et al., 2012). Results were reported as number of
microplastic particles per g of dry soil.
2.4.3. Identiﬁcation – FTIR microscope
After the extraction process, the ﬁlter membranes were scanned in
an Agilent μFTIR Microscope and Bench that combines both a microscope (Cary 620) and the analytical bench (Cary 670) capabilities for
Fourier Transform Infrared Spectroscopy (FTIR) (Agilent Technologies,
Inc. CA, USA). The equipment records the infrared absorbance spectra
of all the particles that lay on top of a target membrane. It does so by
registering the transmittance of a laser beam that goes through—step
by step—all the particles that lay on top of the membrane at each of
the coordinates of the microscope tray. The spectra are recorded in a
grid of pixels, each pixel representing a given coordinate on the microscope tray. The area that each pixel represents depends on the objective
lens placed in the microscope and is reported as the length of the
pixel side.
The images captured by a FTIR microscope can be used to identify
(and count) microplastics by contrasting the spectra of a particle with
the reference spectra of a known polymer. Reference libraries that compile spectral signals for different polymers are available for microplastic
analysis (Primpke et al., 2018). Bulk search algorithms, and other computational methods, use these libraries to automatize the process
of identifying plastic polymers (Primpke et al., 2019; Wander et al.,
2020). The soil samples were analyzed in transmission mode with a
spectral resolution of 8 cm−1 through a spectral range from 3500 to
1300 cm−1 and 8 co-added scans. Data was recorded in absorbance
(%). The microscope magniﬁcation was x4 for a pixel size resolution of
20.6 μm.
We used an automated image classiﬁcation approach to identify
microplastics among the buoyant particles that were trapped on the
membranes and registered in the μFTIR images. The approach consisted
of a library search routine based on the spectral angle mapper algorithm. It included image pre-processing, spectral matching, and image
post-processing. The image pre-processing involved three steps; scaling
the spectra, calculating its ﬁrst derivative using a Savitzky-Golay ﬁlter,
and resampling the spectra to cut out the CO2 peak. The spectral
matching, or image classiﬁcation, was done using the spectral angle
mapper algorithm. The algorithm ﬁnds the best match for each pixel
by contrasting the pixels' spectra with all polymers available in the
reference library. It summarizes the likeness as an angular degree; the
smaller the degree, the greater the likeness. The algorithm recognizes
different polymers successfully (Wu et al., 2020), and to this end the
waste recycling industry has used it for over 15 years (Kulcke et al.,
2003). The post-processing included clipping the image to remove the
membrane's polypropylene support ring, ﬁltering all pixels that did
not have a good match with any of the reference polymers (angular
degree ≥ 1.2°), and smoothing the image using a 3 × 3 moving window
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(i.e. kernel convolution). The process output is the number of particles
classiﬁed by polymer type and their area. Following this procedure,
the limit of detection is 1273μm2. The complete process is implemented
in the R package ‘uFTIR’ (Corradini, 2020), which works within the R environment for statistical computing (R Core Team, 2019).
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The algorithm was confused in 1% of the cases when it classiﬁed the
polypropylene cup, wrongly attributing 88 pixels to polyethylene (i.e.
1% of the total). The analysis of the polyethylene bag had the lowest
success rate, misclassifying 4% of the pixels. However, the algorithm attributed those pixels to ethylene-vinyl-acetate, which is a polymer composed by polyethylene and vinyl-acetate in a ratio from 10:1 to 10:4.

2.5. Quality control
2.6. Statistical analysis
2.5.1. Visual identiﬁcation of microplastics
Each set of samples (n = 20) included one reagent blank. The ﬁlter
corresponding to it was saved in a Petri dish and inspected at the end
of the analysis. This way, the blank accounted for both the quality of
the reagents used and contamination inside the lab (Mahon et al.,
2017; Scheurer and Bigalke, 2018). All materials used in the analysis
were made of glass (funnels, Petri dishes, centrifuge tubes) and the stirrer rod was made of stainless steel. White cotton lab coats were used by
analysts during analysis and sample manipulation. We observed plastic
particles in 5 out of 15 blanks. One count per each of the 5 polluted
blanks. All of them were ﬁbers (mean length = 1 μm).
Regarding the method's repeatability, the standard deviation of the
mean ranged between 0.05 and 0.10 particles per gram. The expected
difference between replicates (standard deviation) from 0.10 to
0.20 particles/g.
As previously described, the samples came from a previous monitoring effort and were stored in PET ﬂasks for two years before the analysis.
This circumstance hampers microplastics analysis since in lab contamination might occur and yield false positives. However, we only observed
one polyester particle in the μFTIR analysis (Section 3.2) and ﬁbers were
the most commonly found plastic shape (Section 3.1). Both results suggest a low degree of sample contamination due to sample storage.
2.5.2. FTIR microscope – image acquisition
Each set of samples (n = 28) included two blanks. All of them (n = 8)
had 0 particle counts except one that had one plastic particle of rubber
(area = 1360 μm2). However, no rubber particles were found in any of
the 93 soil samples scanned. Therefore, we considered cross contamination for this method negligible.
2.5.3. FTIR microscope – validation test for image processing and polymer
recognition
The spectral angle mapper algorithm discriminates well between
polymers, and both scientists and industry have used it to classify plastic
polymers (Wu et al., 2020). However, we tested whether it was correctly implemented in the ‘uFTIR’ package. To do so, we recorded the
spectra of one polyethylene bag, two plastic cups—one made of polypropylene and the other made of polystyrene—and a polystyrene standard
ﬁlm (VARIAN P/N 883-9120). A single image of 128 × 128 pixels was
recorded and analyzed for each polymer with the same settings we
used to acquire the image of our samples. We expected the program
to match the polymer we placed in the microscope tray for all the pixels
in the image. This was the case for all polymers with a tolerance of 4%
(Table 1). The package ‘uFTIR’ correctly classiﬁed all pixels of the standard polystyrene ﬁlm, and almost all pixels of the polystyrene cup.

Table 1
Polymers scanned and analyzed in the validation test: number of particles detected (part.),
total area, proportion of the total area, other polymers identiﬁed in the same image, and
the area of those other polymers.
Polymer

Polyethylene
Polypropylene
Polystyrene
Polystyrene standard

Part.

Area
2

n

pixel

2
1
1
1

15,705
16,296
16,351
16,384

Other

Area

Prop.

–

pixel2

0.96
0.99
>0.99
1

Ethylene vinyl acetate
Polyethylene
polypropylene
–

679
88
33
0

To test whether microplastics were ubiquitous in the study area,
we checked whether microplastic pollution could be expected in all
land uses and whether or not the pollution chances were equal
across them. We used descriptive statistics—median and interquartile range—to check whether all land uses had at least one sample
polluted with microplastics. We used a logistic model to check
whether the chance of pollution was equal across land uses. The
logistic model regressed microplastic pollution on land use. Sample
distance to roads and urban areas were used as a covariable.
Microplastic pollution was considered a dichotomous variable
equal to 0 when no microplastics were observed in a sample, or 1
otherwise. Land use was a categorical variable with four levels
reﬂecting each land use. Distance to roads and urban areas were
continuous variables expressed in meters. In its output, the logistic
model tells whether land use affects the chances of ﬁnding
microplastics in a sample, and how much the chance increases or
decreases compared to a base or reference class (land use). The reference class we deﬁned for the analysis was rangelands dominated
by shrubs. Regarding samples' distance to roads and urban areas,
the analysis tells whether the distance to them affects the chance
of ﬁnding microplastics, and how much these chances increase or
decrease as distance increases by one unit. Signiﬁcance was evaluated at p-value <0.05.
We did a Kruskal-Wallis test to look for differences in microplastic
counts between land uses. The goal of the test was to test the signiﬁcance of the observed differences in the counts, given that a sample
was polluted. Therefore, only samples that had a positive—non zero—
microplastics count were considered for the tests. In other words, the
Kruskal-Wallis test evaluated differences in microplastic counts between crop lands and pastures when we observed counts greater than
0. Natural grasslands and rangelands dominated by shrubs where not
considered in the Kruskal-Wallis test, as they had only a few observations with counts greater than 0.
To check whether the concentration peaks of microplastics concur
with the overaccumulation of fertilizers (P) or human-related heavy
metals (Zn, Cu), we did a correlation test. Microplastic counts (visual
method) were correlated with P, Zn and Cu concentrations (Spearman
correlation). Asymptotic p-values determined the correlation signiﬁcance (<0.05).
3. Results
3.1. Frequency of occurrence and expected quantities
Less than half of the samples analyzed contained microplastics
(43%). The occurrence of microplastics varied by land use (Fig. 2).
Microplastics polluted more than half the samples from crop lands
(57%), and a little less than half of the samples from pastures (44%).
Microplastic pollution was less frequent in natural grasslands (20%)
and rangelands dominated by shrubs (3%) (Table 2).
The logistic model also showed that land use affects the chances of
ﬁnding microplastics in a soil sample. Samples from crop lands and pastures had, respectively, a 38% and 23% higher chance of presenting
microplastic pollution than samples from rangelands dominated by
shrubs and natural grasslands. Neither distance to urban areas nor distance to roads inﬂuenced the chances of ﬁnding microplastics in the
soil samples.
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Fig. 2. Boxplot showing the median, interquartile range, minimum, and maximum counts
of microplastics observed by land use.

The Kruskal-Wallis test indicated that, among the samples that
were polluted with microplastics, those from crop lands had higher
microplastic counts (540 ± 320 particles kg−1) than those that
belonged to pastures (420 ± 240 particles kg−1). The small proportion
of samples that had positive microplastic counts and belonged either to
rangelands dominated by shrubs (n = 1) or natural grasslands (n = 2)
had only one microplastic per ﬁlter each (i.e. ≤200 particles kg−1).
Across all land uses, ﬁber was the most common microplastic shape
(68%), followed by ﬁlms (23%). Fragments and pellets were observed
less frequently (7% and 2%) (Table 2). The median area for particles
other than ﬁbers was 0.20 mm2, and the median length for ﬁbers was
1.6 mm. The smallest area observed was 0.005 mm2, and the shortest
ﬁber was 0.3 mm. Fig. 3 shows the size distribution for ﬁbers and nonﬁber shapes.
Median concentration of soil available P was 42 mg kg−1, with an interquartile range (IQR) equal to 52 mg kg−1. Total Zn and Cu concentrations showed a median of 150 mg kg−1 and 109 mg kg−1, and an IQR of
119 mg kg−1 and 39 mg kg−1, respectively. No correlation was observed
between microplastic counts and soil available P total Zn, or total Cu.
Table 3 shows the concentration by land use.

Fig. 3. Histograms for particle's area (ﬁlms and pellets) (a), and ﬁbers' length (b).
Measurements done with the optical microscope and ImageJ for all microplastics
identiﬁed by the optical—visual—method despite the land use to which they belonged.

3.2. Commonly found plastic polymers
The μFTIR analysis detected microplastics in a few samples from the
93 samples we scanned. It showed that acrylates, polyurethane, and
varnish were the most common plastic polymers found in the study
area (Table 4). They were primarily observed in samples that belonged

Table 3
Concentration of P-Olsen, Zn, and Cu by land use (mg kg−1).
Land use

Analysis

Median

IQR

mg kg−1
Croplands
Table 2
Microplastics counts by land use (visual method). Total samples by land use (n), number
of samples that had a positive plastic count (p), and total counts of each plastic shape by
land use.
Land use

n

p

Film

Fiber

Fragment

Pellet

Croplands
Pastures
Rangelands
Natural grasslands
Total

100
100
30
10
240

57
44
1
2
104

39
18
0
0
57

101
63
1
2
167

6
10
0
0
16

6
0
0
0
6

Pastures

Rangelands

Natural grasslands

P-Olsen
Total Zn
Total Cu
P-Olsen
Total Zn
Total Cu
P-Olsen
Total Zn
Total Cu
P-Olsen
Total Zn
Total Cu

42
135
58
43
159
57
34
138
42
50
144
57

38
117
32
7
121
44
39
116
40
39
83
15
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Table 4
Total observations by plastic polymer and land use.
Polymer type

Crops

Pastures

Acrylates, polyurethane, and varnish
Polyethylene, and ethylene vinyl acetate
Polypropylene
Nitrile rubber
Polystyrene
Polyethylene chlorinated
Polyester
Polyamide
Polylactide acid

10
8
4
4
4
2
1
1
1

2
3
2
1
0
1
1
0
0

to crop lands. Polyethylene was the second most common polymer
type. It was followed by polypropylene, nitrile rubber, and polystyrene.
Table 4 shows the comprehensive list of plastic polymers identiﬁed.
Particles observed with the FTIR microscope had an average area of
0.076 ± 0.292 mm2, with a median area of 0.012 mm2. The largest particle area was 2.036 mm2. Particles this large were the exception; the
second largest particle had an area one tenth this size (0.290 mm2). If
the largest particle is not considered in calculating the average, the
area becomes 0.035 ± 0.058 mm2 (an area equivalent to the area of a
circle of diameter 150 ± 190 μm2).
4. Discussion
In this regional scale study evaluating the presence of microplastic
particles in soils under different land uses, we found clear evidence of
microplastic pollution in crop lands and pastures, but not in rangelands
or natural grasslands. This indicates that, while human interventions
increased microplastics accumulation in soils in the study are,
microplastics is not a widespread problem across all land uses. Despite
the evidence of microplastic pollution in managed soils, we could not
identify a possible pollution source nor a covariable to measure along
with microplastics. Microplastic concentrations and occurrence were
not correlated to high available phosphorus, nor total Zn or Cu. Along
the same lines, distance to urban areas and roads did not affect the
chances of ﬁnding a sample polluted with microplastics. In other
words, our data suggest that microplastics pollution of soils happens
in crop lands, regardless of fertilizers use, or compost applications;
And that mining operations, roads and nearby urban areas do not
contribute signiﬁcantly to microplastics soil pollution in this region.
To date, there are no studies that report microplastic pollution on a
regional scale across different land uses. Scientists have focused mainly
on particular land uses or management scenarios. Our study offers the
ﬁrst insights into how widespread microplastics are in terrestrial environments where soils have not received direct inputs of plastics via
sludge applications or plastic mulches. Our study also suggests that
the chance of microplastics pollution is higher in managed lands compared to unmanaged lands. This contrasts with the ﬁndings of another
rather large scale study on microplastics in soils. Scheurer and Bigalke
(2018) sampled Swiss ﬂoodplain soils and observed microplastics in
almost 90% of the samples. Although the soils were unmanaged,
river ﬂoods deposited plastic debris on the soil. The authors found
microplastics also in ﬂoodplains with no human settlements upstream.
They speculated that in those areas aeolian deposition acted as the
transport agent since they observed only small microplastics there
(<500 μm). Our observations did not follow these ﬁndings. We did
observe microplastics as small as 300 μm for ﬁbers and 80 μm for
other shapes in unmanaged lands. However, the frequency of occurrence was considerably lower. We found microplastics in only one sample that belonged to rangelands and two that belonged to natural
grasslands and the count of microplastics for all three samples was the
same: one ﬁber. In fact, contrasting the data with our blanks, it is conceivable that those ﬁbers came from in-lab pollution and not from the
soil samples themselves.
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Our results can be better compared with what Piehl et al. (2018)
observed for a German farm. These authors published the only study
so far that addresses pollution in crop lands without direct (known)
plastic inputs by way of sludge disposal and the use of plastic mulches.
They observed microplastics pollution in soil samples that belonged to a
0.5 ha farm in Germany. As in our case, they found microplastics in the
farm soil, despite there being no clear pollution source. They reported a
maximum of 1.25 particles kg−1 of soil; a number several times lower
than what we observed (540 ± 320 particles kg−1). That said, their analytical methods were different from ours. They looked only for
microplastics over 1 mm in length, and therefore found ﬁbers only
over 2 mm in length. Our observations suggest that such long ﬁbers
are the least common, occurring in 35% of cases in our study (Fig. 3).
Also, the authors sampled a larger volume of soil than we did, which
likely resulted in a considerably lower detection threshold. Using our
method, Piehl et al. (2018) might have misclassiﬁed their farmland as
a false negative. In this regard, the frequency of occurrence we report
in Section 3.1 is rather optimistic.
There are very few studies in the scientiﬁc literature that evaluate
the concurrence of microplastics and other indicators of anthropic pressure. This gap is unexpected since the ﬁrst study that reported
microplastics in soils correlated the occurrence of synthetic ﬁbers with
soil Zn and Cu (Zubris and Richards, 2005). Contrary to what we observed, the authors reported a high correlation with both elements in
their study area. However, that study site was tied to soils under regular
sludge applications, which have the effect of increasing soil Zn and Cu.
Despite this evidence, other studies that relate microplastic pollution
with sludge applications have not addressed the concurrence of
microplastics and Zn, or Cu, or any other pollutant (Corradini et al.,
2019b; van den Berg et al., 2020; Zhang et al., 2020). Beyond sludge
applications, Zhou et al. (2019) published the only study to date that
evaluates the correlation between heavy metals and microplastic pollution. The authors sampled soils under three different land uses and
observed that the higher the concentration of heavy metals the higher
the microplastic count. Their ﬁndings counter ours. However, their
study area comprised only peri-urban soils, where high heavy metal
contents were expected, and thus it is not directly comparable to our
study location.
On crop lands where farmers use fertilizers to increase crop yields, excess application may lead to higher levels of soil nutrients (Corradini
et al., 2019a; Tiecher et al., 2017). However, does fertilizer overuse concur
with other environmental threats such as microplastics accumulation? In
other words, does a soil managed by a farmer who only loosely adheres to
best management practices have more chances of becoming polluted
with microplastics? Our data suggests that this is not the case, but this
is only the ﬁrst time this question has been posed and taken into
consideration.
Piehl et al. (2018) observed that microplastic pollution of crop lands
is higher due to anthropic pressure, even when no plastic covers
or microplastic-containing fertilizers are used. Unfortunately, they did
not evaluate the relation between high nutrient availability and
microplastic pollution as their study area was limited to half a hectare
and one agricultural management regime. Similarly, the increasing
body of literature that reports (micro)plastic pollution in crop lands
where farmers do use plastic mulch to improve soil conditions also disregards the possible relation between (over)fertilization as an indicator
of anthropic pressure—and loose application of best management practices—and microplastics accumulation (see Qi et al. (2020) for a comprehensive review on the topic). Most certainly, researchers have
disregarded this connection because they have addressed only highly
productive crop lands where fertilizer use is—more or less—similar
across sites.
In this regard, it is important to note that not all nutrient sources—
fertilizers and amendments—transport microplastics to soils. There is
no evidence of inorganic fertilizers being a source of microplastics pollution. To date, the literature attributes this role only to sludge, compost,
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and animal dung (Corradini et al., 2019b; van den Berg et al., 2020;
Watteau et al., 2018). Further research is needed to expand or revise
this claim, as our data points to crop lands as being the most likely
soils to receive microplastics, but did not identiﬁed the pollution source.
Almost all studies that qualify microplastics found in soils report polyethylene and polypropylene as the most common parent materials of the
recovered microplastics (Qi et al., 2020). Our study follows this trend, and
has added polystyrene and acrylates to the list. Our ﬁndings conﬁrm
those of Piehl et al. (2018) who qualiﬁed 12.5% of the microplastics
they observed in their assessment of the German farm as polystyrene.
And we are the ﬁrst to report acrylates in soil samples. This polymer is
used to extrude ﬁbers so, as the most common microplastic shape we observed in our study was ﬁbers, this relationship could be a possible explanation for why acrylates predominate in our results. Previous studies
reporting microplastic ﬁbers in soil samples have not indicated the ﬁbers'
polymer type (Corradini et al., 2019b; van den Berg et al., 2020; Zubris
and Richards, 2005). This is probably because placing a ﬁber of less
than 1 mm in the ATR unit of an FTIR is an analytical challenge. Researchers studying microplastic pollution of aquatic ecosystems solved
this problem by using FTIR microscopes—as we did, although the detection of ﬁbers along poses challenges (Primpke et al., 2019), and was a limitation that affected our observations as well.
Although scientiﬁc reports on the fate and occurrence of microplastics
in terrestrial environments increase every year (compare what was
discussed by Bläsing and Amelung (2018) with the topics proposed by
Qi et al. (2020)), the methods researchers use to address the problem remain inadequate (Wang et al., 2020). The methods we used in this study
were no exception. The extraction of microplastics described in
Section 2.4.1 uses a small volume of soil, which may lead to false negatives as explained when comparing our results with those reported by
Piehl et al. (2018). We accentuated this problem when we scanned the
samples in the FTIR microscope, since the mass of soil from which we extracted microplastics was even smaller than what we used for the visual
sorting. We originally attempted to use the FTIR microscope not only as a
tool to qualify the microplastics, but also to quantify them. However, the
reproducibility of the method was low as the extraction produced several
false negatives. Moreover, ﬁbers challenge the software we used to recognize microplastics, as the kernel convolution algorithm tends to remove
ﬁbers because they are only a couple of pixels wide.
Both our results and our limitations emphasize the need for more research on this topic. In our view, the top priority should be to ﬁnd a reliable method to quantify and qualify microplastics in soils. Although
the use of FTIR microscopes is promising and scientists working on
microplastics pollution of aquatic environments have contributed
largely to its development (Meyns et al., 2019; Mintenig et al., 2017;
Primpke et al., 2019; Primpke et al., 2017; Primpke et al., 2018), a
method to concentrate the samples is needed for soils. Little has been
done on this facet of the problem. The work of Felsing et al. (2018)
with electrostatic separators was a promising breakthrough, but unfortunately discontinued. Along the same lines, ﬁnding a valid covariable
that correlates with microplastics concentration in soils would alleviate
the problem.
The above points aside, this is the ﬁrst study to characterize the magnitude of microplastic pollution at a regional, multi-land use scale. Our
ﬁndings challenge some current thinking, and we suspect that our ﬁndings may not be unique. Therefore, additional and complimentary studies are needed to increase understanding of the problem's magnitude
and environmental consequences.
5. Summary and conclusion
In recent years, scientists have shown increasing interest in studying
microplastic pollution of terrestrial ecosystems. However, studies characterizing the problem across multiple land use contexts are missing,
and the true scale of the problem has yet to be assessed. We offer a
ﬁrst step in bridging this knowledge gap.

Our results contradict the common belief that microplastics are
ubiquitous in the environment, and stresses the role of agricultural
activities in the problem. We observed that microplastic pollution
occurs more often in managed lands and that microplastics are less
likely to reach natural, unmanaged soils, if they reach them at all. Our
results indicate that crop lands are the most likely soils to receive
microplastics, but interestingly did not provide evidence to identify
the pollution source. Additionally, we did not ﬁnd evidence that connects microplastic pollution with other indicators of anthropic pressure.
These ﬁndings, in addition to contradicting some common beliefs, highlight current methodological limitations that are an obstacle to quantifying and identifying microplastics in soils. Finding solutions to these
limitations is a research challenge that needs to be addressed. Finally,
as this is the ﬁrst study to report microplastics occurrence on a broad
geographical scale, we urge the need for more studies that will contribute data about microplastics in soils under different contexts. Better understanding and eventual management of the microplastics pollution
problem will only be possible through increased, real world data.
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