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Soil erosion is a potentially important source of microplastic (MP) entering aquatic ecosystems. However, little is
known regarding the erosion and transport processes of MP from agricultural topsoils. The aim of this study is to
analyze the erosion and transport behavior ofMPduringheavy rainfall events,whereas a specific focus is set to pref-
erential MP transport and MP-soil interactions potentially leading to a more conservative transport behavior. The
study is basedon a series of rainfall simulations onpaired-plots (4.5m×1.6m) of silty loamand loamy sand located
in Southern Germany. The simulations (rainfall intensity 60 mm h−1) were repeated 3 times within 1.5 years. An
amount of 10 g m−2 of fine (MPf, size 53–100 μm) and 50 g m−2 of coarse (MPc, size 250–300 μm) high-density
polyethylene as common polymerwas added to the topsoil (<10 cm) of the plots. The experiments show a prefer-
ential erosion and transport of the MP leading to a mean enrichment ratio of 3.95 ± 3.71 (MPc) and 3.17 ± 2.58
(MPf) in the eroded sediment. Therewas a higherMP enrichment on the loamy sand but a higher sediment delivery
on the silty loam resulting in nearly equalMPdeliveries fromboth soil types. An increasing interactionwithmineral
soil particles or aggregates leads to a decreasingMPdelivery over time.Within 1.5 years, up to 64%of the erodedMP
particles were bound to soil particles. Overall, more of the MPc was laterally lost via soil erosion, while for the MPf
the vertical transport below the plough layer was more important. In general, our study indicates that arable land
susceptible to soil erosion can be a substantial MP source for aquatic ecosystems.

© 2021 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/).

1. Introduction

In the Anthropocene, plastic has replacedmany traditional materials
such aswood, glass andmetal. The diverse properties of plastics and low

production costs, explain the strong dominance of this material.
However, longevity of plastic also poses a threat to our environment
(Ng et al., 2018). Since conventional synthetic plastic is hardly biode-
gradable and larger particles slowly decay into micro- (MP) and
nanoplastic, small particles accumulate in all environmental systems
(Gasperi et al., 2018; Horton et al., 2017; Saling et al., 2020). As a result,
plastic waste has become a major environmental issue of our time and
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there is growing concern of global MP pollution (Lambert and Wagner,
2018; Tagg and do Sul, 2019; Xu et al., 2020). Most MP studies focus on
oceans (Ajith et al., 2020; Liu et al., 2020; Saling et al., 2020), beach sed-
iments (Coppock et al., 2017; Li et al., 2019; Stolte et al., 2015) and in-
land waters (Besseling et al., 2017; Koelmans et al., 2019; Lambert and
Wagner, 2018); and the results have received wide public attention. In
comparison terrestrial systems, especially soils, are still understudied
(Blasing and Amelung, 2018; Rillig and Bonkowski, 2018; Zhou et al.,
2020). However, soil contamination should be treated with the same
global concern as marine and freshwater ecosystems, since arable soils
alone are likely to contain more MP than the oceans (de Souza
Machado et al., 2018; Nizzetto et al., 2016b; Rillig and Lehmann,
2020). Arable soils can be polluted with MP via several pathways. On
the one hand side MP is entering agricultural soils with intentionally
used soil amendments, e.g. sewage sludge (Corradini et al., 2019; van
den Berg et al., 2020), compost (Braun et al., 2020) and digested resi-
dues (Weithmann et al., 2018) or via tire wear (Baensch-Baltruschat
et al., 2020) and atmospheric deposition (Dris et al., 2015). On the
other hand sideMP in agricultural soils results from the decay of plastic
materials used in agriculture, such as mulch films (Espí et al., 2016; Qi
et al., 2020) or bindingmaterial in special crops (Rehm et al., 2018). De-
spite our general knowledge regarding potential MP sources in agricul-
tural soils, there is not sufficient data of in-situ soil contamination
mostly because of the difficulty to detect MP in the soil matrix
(da Costa et al., 2019; Li et al., 2020; Moeller et al., 2020). Nevertheless,
most estimates based on MP input into soils consider agricultural soils
to be a significant MP sink (Rochman, 2018; Waldschläger et al., 2020;
Zubris and Richards, 2005). Whether the accumulation of MP in the
soil leads to a permanent sink (until the plastic disintegrates after cen-
turies), or is lost again through leaching into the groundwater or
through surface runoff and erosion, is often discussed, but it is hardly
quantified (Mai et al., 2018; Nizzetto et al., 2016a; Rillig et al., 2017a).
Since agricultural soils in particular are affected by erosion, the possible
transport of MP via surface runoff is of great interest. Initial studies sug-
gest a significant MP delivery from agricultural soils (Crossman et al.,
2020). In the Rhône River, a peak in plastic transport was measured a
few days after precipitation events, indicating that surface runoff may
have an important effect of MP input to water bodies compared to
other processes (Castro-Jiménez et al., 2019).

The major aim of this study is to shed light on the behavior of high
density polyethylene (HDPE) MP particles once they have entered the
plough layer of agricultural soils if subjected to severe soil erosion. A
PE polymer was used in this study as it was identified as the potentially
most common plastic type to be expected in arable soils (Koutnik et al.,
2021; Huerta Lwanga et al., 2018; Piehl et al., 2018). This study will test
the following hypotheses: (i) Due to the comparatively low density of
plastic particles, preferred erosion leads to an accumulation of MP in
the delivered sediments compared to the parent soil contaminated
with MP. (ii) The MP enrichment will increase with decreasing MP
size, while overall MP enrichment is more pronounced if the MP is in
the same or a smaller size range as the mineral soil particles. (iii) Over
time, MP delivery will decrease as MP-soil interactions (aggregation
and binding to mineral particles) increase and topsoil MP concentra-
tions will decline due to subsequent erosion events and vertical trans-
port below the plough layer.

2. Materials and methods

2.1. Experimental design

This study was carried out at two experimental farms representing
intensively used arable land in Southern Germany, located in Freising
(latitude 48°24′16″; longitude 11°41′42″) and Strass (latitude 48°42′
28″; longitude 11°03′05″). Both sites show distinctively different soil
textures, namely a silty loam (16% sand, 59% silt, 25% clay) with some-
what higher mean topsoil organic carbon contents of 1.3% in Freising

and a loamy sand (72% sand, 18% silt, 10% clay)with lowermean topsoil
organic carbon contents of 0.9% in Strass. At both sites, slopes of 3°were
chosen, where two paired rainfall simulation plots were installed in
August 2018 to study the lateral transport of HDPE particles in a size
of 53–100 μm and 250–300 μm. The choice of MP size was based on
the fraction sizes of soil micro- and macro-aggregates (see
Section 2.5). The plots had a dimension of 1.6 m × 4.5 m and were
boarded by metal plates reaching 0.15 m deep into the soil. At the
downslope end of the plots a stainless-steel funnelwas installed tomea-
sure runoff during the experiments (Fig. 1). Next to the plots six
stainless-steel cylinders (0.25 m diameter, 0.5 m height) were inserted
into the soil for 0.45 m to study vertical movement of the same HDPE
microplastic particles (Fig. 1). To investigate whether the MP used in
this study degraded during the 1.5-years experimental phase, MP sam-
ples of 250–300 μm HDPE were buried in stainless-steel mesh bags
(30 mm × 60 mm, 180 μm mesh size) at a depth of 0.05 m.

The plots and the cylinders were spiked with the two different MP
size fractions. Commercially available dry milled HDPE (Schaetti AG;
Wallisellen, Switzerland) without additives, at a density of 0.975 g
cm−3 and a melting point of 127–135 °C was dry-sieved in the labora-
tory to obtain a fine MP with a diameter of 53–100 μm (MPf) and a
coarse MP with a diameter of 250–300 μm (MPc) fraction. Especially
HDPE particles were used for pragmatic reasons as its production cost
are much lower compared to low density polyethylene (LDPE) due to

Fig. 1. Top and side viewof the set up in thefield for a 1.5 years experiment for lateral (left
side) and vertical (right side) high density polyethylene (HDPE) microplastic (MP)
movement observation. For lateral movement, MP (MPf is fine MP, 53–100 µm; MPc is
coarse MP, 250–300 µm) was added to the topsoil of paired plots (A and B) and treated
with a series of rainfall simulations. For vertical movement, stainless-steel cylinders
were inserted into the soil to study the vertical movement of MP.
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easier milling procedures. The size distribution within each MP fraction
was determined using a digital microscope (Keyence VHX 6000, Japan)
and proofed for normal distribution using QQ-plots.

At the beginning of the experimental phase, 10 g m−2 of MPf and
50 g m−2 of MPc was added to all plots. Due to the known properties
of the MP, this corresponds to 1.02·109 (MPf) and 40.7·106 (MPc) par-
ticles added per plot (Fig. 1). To ensure spatial homogeneity within
the plots, the same amount of MP was added per m2 on the surface
using a fine meshed kitchen strainer. After surface application the MP
was mixed into the upper 10 cm of topsoil by ploughing using an elec-
tric garden hoe (Hecht 745; Hecht; Germany) followed by a 30 kg
lawn roller (Hecht 501; Hecht; Germany). The topsoil of the stainless-
steel cylinders was loadedwith the sameMP concentrations. In contrast
to the plots, the upper 5 cm of the topsoil was removed, MP was mixed
into the 3–5 cm layer and covered by 2 cm of MP free topsoil, to avoid
potential MP loss via splash or wind erosion (Fig. 1). At each study
site, three of six cylinders were loadedwithMPf and the other three cyl-
inders were loaded with MPc. The stainless-steel mesh bags nets were
filled with 0.2 g of MPc only.

The topsoil of the plots were loaded with a relatively high MP
concentration (MPf: about 77 mg or 1.1·106 particles kg−1 soil; MPc:
about 385 mg or 4.35 104 particles kg−1 soil) for three reasons:
(i) Adding MP was only done at the beginning of the experimental pe-
riod to determine changes in erosion and transport behavior over
time. As such, the MP concentrations needed to be high enough to en-
sure that even after a series of rainfall simulations and a potential loss
below the plough layer a substantial amount of MP was left in topsoil.
(ii) The added concentrations were also high enough to avoid potential
bias via minimal background concentrations. (iii) The concentrations
needed to be above the detection limit of the used MP measurements
(see Section 2.7). Even if the used MP concentrations are relatively
high, similar concentrations are documented in heavily contaminated
soils, e.g. Vollertsen and Hansen (2017) found concentrations up to
2.4 105 MP (10–500 μm) particles kg−1 soil in farmland soils in
Denmark.

2.2. Rainfall simulation – lateral MP fluxes

The rainfall simulation (RS) was carried out with a ‘Weihenstephaner
Schwenkdüsenregner’ after Kainz and Eicher (1991). The rainfall simula-
tor works with four swivelling nozzles (Veejet 80/100) producing a me-
dian drop diameter of 1.9 mm, a mean (± standard deviation) kinetic
energy of 19.1 ± 2.3 J m−2 mm−1 rain and a mean drop falling velocity
of 6.8 ± 0.82 m s−1 (Auerswald et al., 1992; Kainz et al., 1992). In four
test runs the rainfall simulator was calibrated to reach a near constant
rainfall intensity of 60.9±5.28mmh−1,while spatial homogeneous rain-
fall coverage of the plot areawas shownusing 96 cups placed in a 0.3m×
0.3 m grid (mean coefficient of variation within the plot for four simula-
tions: 8.66%).

At both test sites, three series of rainfall simulationswere carried out
in August 2018 (RS1), July 2019 (RS2) and November 2019 (RS3). One
RS consisted of a sequence of two 30-min runs (rainfall intensity
60.9 mm h−1) with a gap of 30 min in between to simulate heavy rain
on dry (dry run) and wet (wet run) soil. This rainfall sequence roughly
equals a rainfall event with a recurrence interval of 50 to 100 years at
both test sites (Junghänel et al., 2010). During each RS run, the surface
runoff was collected via the covered plot outlets (Fig. 1). From the mo-
ment that the first runoff reached the plot outlet, a water sample of 2-
liters was taken every 2 min in a glass bottle with plastic-free screw
caps.

Before each RS, the ploughing and rolling procedure as described in
Section 2.1 was repeated to establish the same starting conditions on
each plot. After soil preparation, the topsoil was sampled for bulk den-
sity and MP concentration. The bulk density was determined with the
core method using standard sharpened steel 100 cm3 sized Kopecky
rings (diameter 57 mm, height 40.5 mm). Before each RS, the MP

concentration of each plot was measured three times (à 50 g) from a
composite topsoil (< 1 cm) sample taken at 10 randomly distributed
plot locations to calculate the enrichment ratio (ER) comparingMP con-
centration of the topsoil and the sediment delivered during each RS.

ER ¼ mean MP concentration in sediments
mean MP concentratin in topsoil

ER values >1 indicate an enrichment, and values <1 a depletion of
MP in the delivered sediment. In addition, soil moisture of the topsoil
(< 6 cm) was measured before and 15 min after each run (dry and
wet) at ten locations within each plot using a Soil Moisture Sensor
(ML3 ThetaProbe, Delta-T devices, UK).

Between RSs the plots were covered with a weed tile fleece (GTM
13013, 80 g m−2, color: brown, material: Polypropylene) to suppress
plant growth. The water permeable fleece was stretched over the
plots without surface contact. Hence, the soil was exposed to natural
rain amounts but drop energy was minimized to avoid splash erosion,
soil crusting and hence minimize potential surface runoff. Moreover,
MP loss via wind erosion or photo degradation was avoided.

2.3. MP degradation and vertical fluxes

In December 2019, following the last rainfall simulation RS3, the
stainless-steel cylinders were excavated (after being buried for 475
days). The soil monoliths were extracted from the cylinders and sliced
into 1 cm increments. To avoid overestimation of verticalMPmovement
potentially resulting from preferential transport along the soil-steel in-
terface, only an inner square section (12 cm × 12 cm) of the cylinders
were analysed. It is assumed that the relative vertical loss from the
soil layer of MP application (depths: 3–5 cm) in the stainless-steel cyl-
inders represents the potential loss from the plough horizon of the
plots (depths: 0–10 cm). This is acceptable as the soil was ploughed sev-
eral times in the course of the experiments so that the 0–10 cm top layer
can be considered to be well-mixed.

Themesh bagswere also excavated (after being buried for 475 days)
and quantified based onmass and the outer appearance of theMPc par-
ticles (Section 2.5).

2.4. Prevention of MP contamination

To avoid MP contamination of the samples, potential contact with
plastic materials was reduced to a minimum during the entire experi-
mental process. Nevertheless, there were potential sources of MP con-
tamination by pre-contamination of the soil, during the RS and the lab
work, as there were no cleanroom conditions. To ensure that there
was no pre-contamination of the plots, a 50 g composite sample out of
10 topsoil samples for each plot were taken before adding MP to the
plots. Based on the procedures to extract and determine HDPE
microplastic (see Sections 2.5 and 2.6), no pre-contaminationwith sim-
ilar MP as the referencematerial could be found. The sediment and run-
off samples were transported, dried (60 °C) and stored in 2-liter glass
jars. The only plastics used during lab work were wash bottles (PE)
and the density separation unit made of polyvinyl chloride (PVC). For
both wash bottles and density separator, we used colored plastic be-
cause the added MP particles were white and their color was one of
the criteria used for their detection in the soil and sediment. In addition,
the particle sizes of the MP particles used in this study are too large to
become airborne in the laboratory. As a result, the chance of airborne
contamination with similar particles during laboratory work was mini-
mized. Aswe did notfind anyMPf andMPc particles in the topsoil before
contaminating, generally proofs that any contamination with similar
particles during sample handling is minimal to neglectable. Together
with the high MP concentrations used, our method should be sufficient
in avoiding remarkable sample contamination.
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2.5. MP extraction from soil, sediment samples and mesh bags

To investigate whether theMP transport is influenced by soil aggre-
gation, the sediment samples were separated into micro- (53–100 μm)
andmacro-aggregates (250–300 μm) (Fig. 2). The applied fractionation
scheme follows Six et al. (1999), whereas aggregates in dried soil were
separated by wet sieving through a series of two sieves (250 and 53
μm). The sediment samples were submerged in distilled water on top
of the 250 μm sieve for 15 min. Samples were sieved under distilled
water by gently moving the sieve 3 cm vertically 50 times over a period
of 2 min through distilled water in a shallow pan. The material remain-
ing on the sieve was added to a first density separation (DS I). Sediment
passing the 250 μm sieve and remaining in the shallow pan was trans-
ferred to the 53 μm sieve and the process was repeated. Sediment re-
maining on the 53 μm sieve was also added to DS I (Fig. 2). During DS
I the MP particles which were not bound to soil particles or aggregates
were separated (MPfree). MP together with organic material float to
the surface, while the mineral soil particles and boundedMP (MPbound)
particles sinks to the bottom.

The density separation was performed using a Sediment-
Microplastic-Isolation (SMI) unit (for details see Coppock et al., 2017).
The SMI consists of 30 cm long PVC pipe with a diameter of 5 cm (vol-
ume = 0.5 l), which was hot-air bound on a PVC plate. In the centre
of the pipe, a ball valve was installed to separate floating and sinking
particles. The SMI was filled with distilled water (density at 20 °C:

0.998 g cm−3) as floating media and the respective soil/sediment frac-
tion. After 12 h, the ball valvewas closed and thewaterwith thefloating
organic and MPfree particles were poured over a 350 μm and subse-
quently a 53 μm stainless steel sieve. To prevent MPfree particles
attaching to the SMI, its upper part was extensively washed out with
distilled water. Sieving through the 350 μm sieve was performed to re-
move larger organicmatter particles, while all MPfree particles (MPc and
MPf) should pass the sieve. Due to the second sieving through 53 μm all
MPfree particles remain in the sieve. From the 53 μmsieve theMPfree and
left organicmaterialwas poured on black colored paper filterswith a di-
ameter of 8 cm (Fig. 3 a, c). The filter size was adapted to themaximum
scanning area (10 × 10 cm) of the digital microscope (Keyence VHX
6000, Japan). Black filters were used to improve the color contrast be-
tween filter and white reference MP particles. The MP and organic par-
ticles were fixed with hairspray on the still wet filter. The filters were
dried at 30 °C and stored in a flat aluminium can until they were
analysed with the digital microscope.

To destroy the macro- and micro-aggregates and separate MPbound
from soil aggregates a plastic-free magnetic stirrer was added to the
under chamber of the SMI and the complete SMI was placed alternately
on a magnetic stirrer plate and in an ultrasonic bath (130/300 W,
40 kHz). The dispersing procedure was as followed: 5 min magnetic
stirrer, 5 min ultrasonic bath, 5 min magnetic stirrer, 5 min ultrasonic
bath, short stirring pulses to stir up the settled sediment again to release
trapped MP particles. After the dispersing procedure, the upper cham-
ber of the SMI was refilled with distilled water for the second density
separation DS II (Fig. 2). This releases the MPbound particles that were
previously bound to soil particles or incorporated in micro- and
macro-aggregates (Fig. 2). As after DS I, the suspended MPbound and or-
ganic material after DS II was filtered and transferred on black filters,
fixedwith hairspray and dried at 30 °C. The soil minerals that remained
in the lower part of the SMI were dried at 105 °C. and weighed. After
each density separation, the SMI was disassembled and the individual
parts were first cleaned in a laboratory dishwater and then rinsed
with distilled water.

In contrast to the sediment samples, no aggregate fractionation was
applied to the soil samples taken fromtheplots and the verticalMPmove-
ment in the steel cylinders. The dried soil samples (50 g)werewet sieved
through a 2 mm sieve to remove the stone content. The sieved soil sam-
ples were mixed in 500 ml beakers filled with about 400 ml distilled
water. MP potentially attached to soil aggregates, mineral substances
were treated in a magnetic stirrer, and ultrasonic bath same as the sedi-
ment samples as described above. After this procedure a single density
separation (DS I) was performed followed by sieving with a 350 μm and
a 53 μm sieve and lastly placing on black colored paper filters.

The mesh bags were cleaned from soil and roots and washed with
distilled water. Afterwards they were treated three times for 15 min
with an ultrasonic bath (130/300W, 400 kHz) to remove small soil par-
ticles from theMPc. Afterwards the MPc samples were weighted for po-
tential weight loss and reviewed optically under the digital microscope.
Therefore, we used a precision balance (Excellence Plus XP6, Mettler
Toledo, USA; 0.000 mg) and a digital microscope (Keyence VHX-6000,
Japan) with a magnification of 200×.

2.6. Microscopic MP detection

The black paper filters with MPfree andMPbound were analysed using
a digital microscope (Keyence VHX 6000, Japan)with amagnification of
20×, an incident light ring illumination of the 10 cm × 10 cm scan area
and the ability to control the lens height (Z stage control) to adjust the
focus automatically. Therefore, sharp images can be produced even
when filters were uneven (Fig. 3). With a panorama scan function a
whole filter can be captured in one picture (Fig. a, b). The picture was
further analysed with an automatic image processingwithin themicro-
scope to detect and count particles. Because the color of the particles
used was known the extraction of the MP particles could be specified

Fig. 2. Scheme of the laboratory extraction of high density polyethylene (HDPE)
microplastic (MP) from the soil samples, considering the micro- and macro-aggregates
(MPfree is MP not bound to soil particles and aggregates; MPbound is MP bound to soil
particles or aggregates). MPf is fine MP, 53-100 µm; MPc is coarse MP, 250-300 µm. Grey
boxes represent filters that have been analysed with the digital microscope.
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manually according to particular image brightness, hue and saturation.
The white colored HDPE microplastic was detected in its full size using
brightness, saturation and hue values of 150–250, 5–50 and 0 respec-
tively. At these settings, the organic matter could be excluded due to
contrast differences (Fig. 3 b, d). A contamination of the filters through
naturalMP pollution of the soil was excluded by a preliminary soil sam-
pling and high start concentration to make the possible error negligibly
small (see Section 2.4).

Themicroscope outputs a complete size distribution (μm2) of all sin-
gle detected MP particles. Further data analysis was performed in
R: Development Core Team (2021). The area size distribution (μm2) of
the used reference MP were known by a pronounced size distribution
of the pure MPf and MPc via the digital microscope and amount to
1000 to 10,000 μm2 forMPf and 50,000 to 100,000 μm2 forMPc particles.
Therefore, all detected particles <1000 μm2 were excluded. Particles
>10,000 μm2 but <50,000 μm2were interpreted as clusteredMPf. Parti-
cles >100,000 μm2 were interpreted as clustered MPc. To estimate the
number of single particles within a cluster, the cluster surface area
was divided by the median surface area of MPf or MPc.

2.7. Quality control of MP extraction and microscopy detection

To assess the quality of the MP extraction and detection procedure, a
pilot study was performed to detect the recovery rates of the reference
MP particles. For this reason, soil samples of both field sites were sieved
<2mm to remove stones and thus imitate eroded sediment samples. Af-
terwards 20 g soil blanks were taken and mixed with four different MP

concentrations I-IV (Table 1). For each concentration, MP size and soil
type 3 replicates were prepared. The concentrations between 0.01 and
0.2 mg MPf g−1 soil and 0.25–5 mg MPc g−1 soil were used to cover the
range of the start concentration in the field with 0.08 mg MPf and
0.38 mg MPc g−1 soil. The mean recovery rate for MPc reached 85 ±
1.68% (± standard deviation, n= 24) and 83 ± 5.43% (n = 24) for MPf.

2.8. Statistical evaluation

The data preparation of the digital microscope, the evaluation of the
MP size distribution and the test for normal distribution were carried
out in R (R: Development Core Team, 2021). The statistical evaluation
of the RS runswas carried outwith CoStat (CoHort Software, California).
All data were normally distributed (after Pearson K2 test of normality)
and therefore mean values were presented per run (dry and wet run
separated). To investigate if there were significant differences due to

Fig. 3.After density separation, high density polyethylene (HDPE)microplastic (MP) and organicmatter particles from the sediment sampleswerefiltered out on blackfilters (a, c). For the
detection of the white MP reference particles a digital microscope was used based on color. The white MP particles were captured (green= detected particles), while the brown colored
organic material remained undetected (b, d).

Table 1
Used high density polyethylene (HDPE) microplastic (MP) concentrations (I-IV) (mg g−1

soil) for quality control of the microplastic extraction method. Each concentration was
mixed with 20 g soil and presents 3 replicates in two soil types (total n=48). MPf = fine
MP, 53–100 μm; MPc = coarse MP, 250–300 μm.

Concentration of MP (mg g−1 soil)

I II III IV

MPf 0.01 0.02 0.08 0.20
MPc 0.25 0.50 2.50 5.00
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Fig. 4. Surface run off (a, b), sediment delivery (c, d), coarsemicroplastic (MPc, 250–300 µm)delivery (e, f) andfinemicroplastic (MPf, 53–100 µm)delivery (g, h) of the rainfall simulations
1, 2 and 3 (RS1, RS2 and RS3) in both soil types (silty loam and loamy sand). Each simulation is shownwith two lines, which represent the two installed plots A and B on each soil type. The
X-axis shows the time of a rainfall simulation run (0–30 min dry run, 30–60 min wet run).
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soil type or MP size, a Welch's t-test (unequal variances t-test) was car-
ried out to test the hypotheses of equal means (p< 0.05). To assess the
correlation between soil moisture and the sediment delivery during dry
runs the Pearson correlation coefficient was used and significance eval-
uated at the p < 0.05 level. If means are given, the variability of data is
given as ± standard deviation.

3. Results

3.1. Surface runoff and sediment delivery

The simulations of heavy rainfall produced runoff coefficients of
0.43 ± 0.19 (n=12) and 0.60± 0.09 (n= 12) for dry and wet runs, re-
spectively. Overall, runoff rates weremuchmore variable for the dry runs
(Fig. 4 a, b) due to the high variability in soil moisture at the beginning of
the RSs (Table 2). The wet runs resulted in very similar runoff rates on all
plots (Fig. 4 a, b), which also corresponds to the very similar starting soil
moisture conditions at the beginning of the wet runs (Table 2). Overall,
mean runoff volumes during the wet runs did not significantly differ be-
tween the loamy sand and silty loam plots. It is also important to note
for the interpretation of the data that the two-paired plots (A, B) of each
site and simulation produce very similar runoff volumes (Fig. 4 a, b).

Sediment delivery rates of dry andwet runs in general follow the dy-
namics of surface runoff (Fig. 4 c, d). However, there are noteworthy dif-
ferences especially in case of RS3 on loamy sand and RS2 and RS3 on
silty loam were the highest sediment delivery rates were reached dur-
ing the dry runs with peaks in sediment concentration up to 253 g
min−1 at the beginning of surface runoff. In contrast to surface runoff,
mean sediment delivery during wet runs differ significantly (p =
0.03) between the soils, whereas silty loamplotswere producing on av-
erage 31% more sediments. The mean sediment delivery rates during
wet runs also substantially increase from RS1 to RS3 (Fig. 4 c, d). In
the cases of the silty loam and the loamy sand, the sediment delivery be-
tween the first and the last wet run increased by a factor of 1.54 and
2.96, respectively. This increase was even more pronounced including
the dry runs resulting in an increase by a factor of 2.27 (silty loam)
and 4.45 (loamy sand), respectively. Sediment delivery during dry
runs significantly correlated with soil moisture at the beginning of
these simulations (R2 = 0.36; p = 0.04; n = 82).

3.2. Microplastic delivery

During the dry runs, the MP concentrations were much more vari-
able as compared to the sediment concentrations (Fig. 4). MP concen-
trations peaked in the first runoff reaching the plot outlets, while
runoff wasminimal at this stage of the experiment. Total mean delivery
rates during dry andwet runs ranged between 3± 1·104 (n=12) and
2.9 ± 1.1·104 MPc particles min−1 (n = 12) and 12 ± 3.31·104 (n =
12) and 13 ± 3.47·104 MPf particles min−1 (n = 12) for the silty
loam and loamy sand plots, respectively (Fig. 4 e-h). During the wet
runs there was no significant difference in MP delivery rates for MPc
and MPf caused by soil type, while the total sediment delivery of the

silty loam plots was significantly (p = 0.03) lager by a factor of 1.91 as
compared to the loamy sand plots. In contrast to the increasing sedi-
ment delivery between wet runs of RS1 and RS3, MPc and MPf delivery
decreased over time at both test sites. Overall MPc was delivered more
effectively compared to MPf (Table 3).

3.3. Preferential erosion and transport of MP

The rainfall simulations showed apreferential erosion and transport of
theMPc andMPfwith amean ER of 3.95±3.71 and 3.17±2.58 for all RSs
(n=24), respectively (Fig. 5). Despite the largermean in case ofMPc, the
size ofMPdidnot showany significant difference due to the high variabil-
ity between all the runs (Fig. 5). Evenmore pronounced differences were
found between the two soil typeswith substantially largermeanMPER in
case of loamy sand (MPc ER = 5.90 ± 4.38; MPf ER = 4.72 ± 2.76; n=
12) compared to the mean MP ER of silty loam (MPc ER = 1.99 ± 0.77;
MPf ER=1.63±0.99; n=12). Thesedifferenceswere alsonot significant
due to the high variability of the single sample values (Fig. 5). Overall, the
enrichment factors for MPc and MPf were substantively higher and more
variable during dry runs (MPc ER = 5.45 ± 4.48; MPf ER = 3.90 ±
2.93; n = 12) compared to the wet runs (MPc ER = 2.43 ± 1.69;
MPf ER = 2.44 ± 1.94; n = 12) (p < 0.01).

The sediment fractionation and two-step density separation (Fig. 2)
clearly show an increasing interaction betweenMP andmineral particles
over time (Fig. 6). However, this interaction was more dominant in the
case of MPf bound (53.9 ± 12.5% of particles were bound to soil minerals;
n=24) compared toMPc bound (26.4± 12.9% of particles were bound to
soilminerals; n=24) (p<0.01). Considered across all RSs, no significant
difference could be found between the two soil types with regard to the
interaction betweenMPc orMPf and soil. However, including the chrono-
logical sequence fromRS1 to RS3, therewas a significantly higher interac-
tion between MPf and soil minerals/aggregates in the silty loam during
RS1 (p=0.03) but not in RS2 and RS3. For MPc, also the MP-soil interac-
tion was more pronounced for the finer soil matrix (silty loam) but only
was significant in RS3 (p = 0.03). Over time, significant differences
disappear in case ofMPf and arise in case ofMPc. No significant difference
in the interaction between MPc/MPf and soil minerals and/or aggregates
was found between the dry and wet runs. During the last simulation
(RS3) 38.9 ± 10.2% (MPc bound; n = 8) and 62.1 ± 13.1% (MPf bound;
n = 8) of the eroded MP was bound to soil particles or aggregates.

3.4. Degradability and vertical movement

As expected, no significant degradation of the used HDPE particles
was found after being buried in soil for 475 days. The weight of the
MPc buried slightly increased (mean difference + 2.03 ± 1.03%; n =
6) because attached clay particles could not be fully removed with the
ultrasonic treatment. There was also no visible change in particle sur-
face using a microscopy magnification of 200×.

Table 2
Mean soil moisture conditions measured in volume percent (vol.-%) at ten plot locations
(topsoil <6 cm) before starting the rainfall simulations (RS), 15 min after the dry runs and
15 min after the wet runs; within plot moisture, variability is indicated as ± standard
deviation.

Soil RS Before RS
(vol.-%)

After dry run
(vol.-%)

After wet run
(vol.-%)

Loamy sand
1 9.86 ± 2.35 35.4 ± 3.18 35.4 ± 3.56
2 18.4 ± 3.69 35.8 ± 1.65 36.1 ± 1.14
3 34.9 ± 2.94 36.6 ± 2.19 41.0 ± 2.74

Silty loam
1 21.1 ± 4.22 35.6 ± 3.17 36.1 ± 2.92
2 23.0 ± 6.77 39.7 ± 3.40 40.4 ± 2.84
3 33.9 ± 3.83 35.4 ± 3.52 37.8 ± 2.50

Table 3
Mean lateral microplastic (MPf= fineMP, 53–100 μm;MPc= coarseMP, 250–300 μm) loss
after rainfall simulation 1, 2 and 3 (RS1, RS2 and RS3) and mean vertical MPc and MPf loss
(steel cylinders) relative toMPc andMPf amounts added to topsoil at the beginning of the ex-
periment in percent. The lateral loss presents themeanof twoplots per soil type (n=2), ver-
tical loss presents mean ± standard deviation of three pipes per soil type (n= 3).

Rainfall simulation plots Steel cylinders

Lateral loss (%) Vertical loss (%)

RS1 RS2 RS3 Total

MPc
Silty loam 4.70 4.65 4.01 12.8 1.51 ± 1.67
Loamy sand 4.80 3.86 3.75 11.9 2.95 ± 1.17

MPf
Silty loam 0.79 0.80 0.50 2.08 5.01 ± 1.67
Loamy sand 0.84 0.68 0.67 2.18 5.87 ± 3.20
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The observation of the vertical MP movement in the stainless steel
cylinders showed an average MPc loss of 1.51 ± 1.67% (n = 3) and
2.95 ± 1.17% (n = 3) to soil depths below the MP application layer
(3–5 cm) for silty loam and loamy sand, respectively. This vertical trans-
fer wasmore pronounced forMPf, whereas 5.01± 1.67% (n=3) for silt
loam and 5.87± 3.20% (n=3) for loamy sand of appliedMPwas found
below a soil depth of 5 cm.

4. Discussion

4.1. Preferential erosion and transport of MP

In case of the MP particles tested in our experiment (diameter
53–100 μmand 250–300 μm, density 0.957 g cm−3) we found preferen-
tial erosion and transport in comparison to themineral soil, reflected in
amean enrichment ratio > 1 during all RSs (Fig. 5). This verifies our hy-
pothesis that less dense materials are preferentially eroded and
transported. We are not aware of any comparable results on water ero-
sion of MP, but our results are in line with experimental findings focus-
sing on particulate organic matter (POM) erosion (also with densities
below 1.0 g cm−3). For example, Martínez-Mena et al. (2012), Muller-
Nedebock and Chaplot (2015) and Wang et al. (2013) found POM en-
richment ratios between 1.37 and 2.9. Recent work on the mobilization
of MP by wind erosion also confirmed the preferential MP transport of
212 μmparticles with enrichment factors of up to 5 due to the low den-
sity (Bullard et al., 2021).

A higher enrichment of MPc in the delivered sediment can be ex-
plained by the less pronounced connection to soil particles. Based on
the analysis of MPfree and MPbound (Fig. 6) it is obvious that there are

stronger binding forces between the smaller MPf compared to the
coarser MPc and the mineral soil, a fact which generally can be found
for smaller soil particles (He et al., 2008; Hu et al., 2015; Wagner et al.,
2007). This association of MP with soil minerals leads to a less pro-
nounced density-induced MP enrichment in delivered sediments, with
a greater effect on MPf. This is also mirrored in the less pronounced
MP enrichment ratios in case of the silty loam (Fig. 5 b, d) even in case
of the first runs where encapsulation in aggregates can be neglected.

A smaller enrichment of MPf in general in delivered sediments,
might be also an indication of aggregation and encapsulating in aggre-
gates, e.g. following repeated dry and wetting cycles, which might
play an important role for the more limited erosion and transport of
fine MP particles. By splitting the topsoil (before the RS sequence
started) into the different size fractions used for sediment analysis
(Section 2.5), we can assume a potential depletion of micro- (water sta-
ble) and macro-aggregates (non-water stable) in delivered sediments
(ER < 1). Whereas, comparing the sediment size fraction <53 μm
with the soil fraction <53 μm give some indication that, as expected,
non-aggregated particles are preferentially eroded (ER of sediments
<53 μm vs. soil fraction <53 μm; 1.73 ± 0.44 and 2.10 ± 1.01 in case
of silty loam and loamy sand, respectively). Overall, our data indicate
that theMPf used in this study is more strongly bound to mineral parti-
cles andmay also encapsulated in water stable aggregates. The latter ef-
fect cannot be found in case of theMPc, whichmight be encapsulated in
larger aggregates (>250 μm), as the larger soil aggregates are lesswater
stable (Angers et al., 2008; Lal, 2015; Six et al., 1999) and hence are po-
tentially destroyed during erosion and transport.

Overall, MP erosion should be substantially affected by aggregation
between MP and mineral soil particles of different size and properties.

Fig. 5. Microplastic (MP) enrichment ratios of coarse MP (MPc, 250–300 µm) particles (a, b) and fine MP (MPf, 53–100 µm) particles (c, d) in the delivered sediment of two soil types
(loamy sand and silty loam) during the rainfall simulations 1, 2 and 3 (RS1, RS2 and RS3). A preferential erosion of MP is shown by a mean enrichment factor >1 in all simulations.
Boxes present all single sample values during the runs and show the median and the 1st and 3rd quartile, whiskers give the minimum and maximum; the stars present mean values
per run; the dashed line indicates the relative initial concentration in topsoil < 1 cm (factor 1).
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The general tendency to build aggregates was already shown in earlier
laboratory studies indicating both a high intra (with one another) and
inter (with organic matter) binding potential of MP in soils (Bastos
and De las Nieves, 1994; Bouchard et al., 2013; Walker and Bob,
2001). Zhang and Liu (2018) observed up to 72% of MP particles
(> 500 μm) associated with soil aggregates in Nitisol and Gleysol in a
semi-humid region of China. Even if such large aggregates might not
be stable during erosion processes, their findings confirm the general
importance of aggregation in MP stabilisation in the soil.

It is also important to note that the ER of MP during erosion and
transport was generally more pronounced for the dry runs as compared
to the followingwet runs. Thismight have two reasons: (i) Loose,MPfree
on the soil surface resulting from the tillage of the plots before each RS
sequence might be flashed out during the dry runs. This assumption is
partly underlined through the highest MP concentrations measured
right at the beginning of the dry runs (Fig. 4 f, h). (ii) There might
some additional binding forces betweenwet MP andwet mineral parti-
cles in case of the pre-wetted soils in case of thewet runs. This would be
consistent with findings of several studies indicating stronger binding
forces between soil particles under wet conditions (Lehrsch and Jolley,
1992; Luk, 1983; Swanson and Dedrick, 1967).

4.2. Change in MP delivery over time

Over the 1.5 years of the experiment, the enrichment ratio in the
consecutive rainfall simulations decreased for both particle sizes
(Fig. 5). This decrease in ER is mirrored in an increase in the amount
of MPf bound andMPc bound in the delivered sediments over time (Fig. 6).

The near constant mass flux of MP over time for all experiments re-
sulted from decreasing MP concentrations in delivered sediments

whereas overall erosion and sediment delivery increased (Fig. 4). This
increase in sediment delivery over time, most likely results by chance
froman increasing soilmoisture betweenRS1 to RS 3 (Table 2). Interest-
ingly, even under similar initial topsoil moisture conditions (Table 2)
and similar surface runoff in case of the wet runs (Fig. 4 a, b), we still
found an increase in sediment delivery with a factor of 1.54 (silty
loam) and 2.96 (loamy sand) between RS1 and RS3. This might result
from an increase of sediment connectivity (Boardman et al., 2019) dur-
ing these wet runs due to the more substantial erosion during the dry
runs in case of higher initial soil moisture conditions (Fig. 4 c, d;
Table 2).

While theMP concentrations in delivered sediments decreased over
time, the total delivery of MP per (wet) run was more or less stable for
all runs and both soils. The near equal MPc and MPf delivery in case of
both soils occurred by chance from the combination of lowerMP enrich-
ment in case of silty loam (Fig. 5 b, d) and the higher erodibility of silty
soils leading to more erosion and sediment delivery (Fig. 4 c, d). How-
ever, it is important to note that our results indicate that even sandy
soils, typically not classified as very erodible, might be a substantial
MP source.

The MP concentrations in delivered sediments declined over time
due to decreasing enrichment caused by MP-soil binding and/or aggre-
gation and a general reduction of topsoil MP concentrations. The latter
has two main reasons: (i) Topsoil MP concentrations declined due to
lateral loss with surface runoff and erosion. Compared to the start con-
ditions, there was a total loss (dry and wet runs) of 5.20·106 MPc parti-
cles (12.8%) per plot on silty loam (n = 2) and 4.86·106 MPc particles
(11.9%) on loamy sand (n = 2) over all RSs (Table 3). This results in
an average MPc loss of 4.25% (on silty loam) and 3.98% (on loamy
sand) per heavy rain event. For MPf there was a total loss of 21.2·106

Fig. 6. The increasing amount of coarsemicroplastic (MPc bound, 250–300 µm) particles (a, b) and finemicroplastic (MPf bound, 53–100 µm) particles (c, d) in the delivered sediment which
was bound to soil particles or aggregates during the rainfall simulations 1, 2 and 3 (RS1, RS2 and RS3) on two soil types (loamy sand and silty loam). Boxplots present all single sample
values during the rainfall simulation runs and show the median and the 1st and 3rd quartile, whiskers give the minimum and maximum; the stars present mean values per run.
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particles (2.08%) per plot on silty loam (n = 2) and 22.2·106 particles
(2.18%) on loamy sand (n = 2) (Table 3). This leads to a mean MPf
loss of 0.69% (on silty loam) and 0.73% (on loamy sand) for a single
heavy rain event. (ii) Topsoil MP concentrations declined over time
due to vertical loss below the plough layer. Vertical MP transport via in-
filtration and bioturbation is widely discussed and partly observed in
earlier studies, e.g. Rillig et al. (2017b), whereas especially earthworms
play an important role in directly transportingMP via digestion and ex-
cretion (Huerta Lwanga et al., 2016; Huerta Lwanga et al., 2018) or in
preparing preferential flow pathways for MP leaching (Yu et al.,
2019). In our study, the added MPc and MPf was found up to a depth
of 0.42 m in the soil column. The overall loss within 1.5 years from the
application horizon (3–5 cm) was 1.51 ± 1.67% and 2.95 ± 1.17% as
well as 5.01 ± 1.67% to 5.87 ± 3.20% (n = 3) for the MPc and MPf in
the silty loam and loamy sand, respectively. This clearly indicates that
in case of soils prone to erosion larger MPc particles are dominantly
lost via soil erosion, while for small MPf particles erosion is less impor-
tant and moreover these particles are slowly but steadily moved
below the plough horizon.

4.3. Experimental and environmental behavior

Through the experiment design of this study, the investigated trans-
port behavior of the MP particles relates mainly to processes of interrill
erosion. The analysed enrichment of the MP in the delivered sediment
must be seen in connectionwith the plot size. On a landscape scale a dif-
ferent extend of enrichment or depletion of MP in delivered sediments
might occur due to two opposing processes: (i) Non-selective rill and
ephemeral gully erosion may play an important role at the hillslope to
catchment scale leading to a reduction of interill erosion-induced MP
enrichment, while (ii) preferential deposition of heavier mineral parti-
cles within the landscape should increase the enrichment of MP in sed-
iments delivered to surfacewater bodies. To our knowledge there are no
MP studies available to proof this, however, there is some analogy to the
processes of erosion, transport and deposition of soil organic carbon,
which also shows enrichment on the plot to catchment scale (Bertol
et al., 2007; Rhoton et al., 2006).

In our study, we analysed HDPE particles of one material in two size
fractions only, so it is the question if results of our study can be general-
ized. Obviously, other MP particles with similar size, shape and density
should show a somewhat similar behavior during erosion processes. As
the most commonly used plastics materials alongside HDPE, other PE
types, polypropylene (PP) and polystyrene (PS) (Koutnik et al., 2021)
all have lower densities than mineral soils. There should be a similar
size dependent preferential erosion as long as these particles have a
similar shape as the tested HDPE. There might be some differences in
case of the heavier polyethylene terephthalate (PET) (density up to
1.67 g cm−3), especially in depositional areas where particles substan-
tially heavier than water might settle.

Although there are many similar properties, the polymers behave
differently under certain chemical conditions. For example, sorption be-
havior of MP depends on the pH value. While PS is negatively charged
with a pH solution below 7.1 the sorption behavior of PE and PP keeps
more stable and negative up to a pH of 11 (Guo et al., 2018). On the
field sides of this study the pH was 7.1 (silty loam) and 6.9 (loamy
sand) which could cause different kinetic sorption to the soil particles
due to type of polymer. Maybe PS would be more easily eroded due to
a reduced sorption behavior compared to PE (Chen et al., 2021; Guo
et al., 2018).

Another important aspect is the shape of the MP. Especially, in
case of fibers typically found in sewage sludge (Bayo et al., 2016;
Carr et al., 2016; Zubris and Richards, 2005) a more conservative
erosion and transport behavior would be expected. However, this is
somewhat speculative and obviously calls for more research to
shed light on erosion as pathway of MP from soils to surface water
bodies.

5. Conclusion

This study analysed the behavior of a known MP contamination in
soils during the process of soil erosion in a long-term plot experiment
where a series of controlled rainfall simulations were carried out. In
general, HDPE particles of a diameter between 53–100 μm and
250–300 μm were preferentially eroded and transported leading to a
mean enrichment ratio of 3.17 ± 2.58 (n = 12) and 3.95 ± 3.71 (n =
12) in the eroded sediment, respectively.

For bothMP fractions the ER decline from RS1 to RS3. This clearly in-
dicates that MP-soil interactions (binding and/or aggregation in water
stable aggregates in case of finematerials) play a crucial role in MP ero-
sion. This is also underlined through the differences in MP concentra-
tions in delivered sediments depending on soil texture, with lower
concentrations in more fine textured soils. The combination of lower
MP concentrations in delivered sediments from the finer textured silty
loam, with the higher erosion rates of these soils, leads finally to similar
MP fluxes from the silty loam and the loamy sand plots. Therefore, it is
important to note that coarse textured soils, typically not assumed to be
very erosive, still exhibit a substantial potential of MP erosion.

Taking lateral MP loss via erosion and vertical redistribution of MP
below the plough layer into account clearly indicates that the MP
source-sink function strongly depends onMP particle size. In our exper-
iment, MPc was predominantly lost via erosion-induced lateral trans-
port while the MPf was predominantly redistributed below the plough
layer and hence protected from further soil erosion.

There is still a lack of knowledge about the behavior of theMP parti-
cles during runoff and erosion events to estimate realistic MP inputs
from arable land to inland waters. The results of this study allows
some first estimates of transport behavior of HDPE particles during
soil erosion and show relevant interactions due the behavior of MP in
agriculture soils. Especially, the binding to soil minerals, its incorpora-
tion in aggregates and the vertical transport below the plough layer
were important observations to understand the fate of MP in soil. How-
ever, especially the MP/soil interactions need to be studied for a larger
range of MP shapes and chemical properties. Moreover, it is important
to note that the plot experiments focused on interill erosion cannot be
strait away transferred to the catchment scale as other erosion and es-
pecially deposition processes will dominate on this scale. Overall, our
results indicate that soil erosion can be a substantial source ofMP enter-
ing neighboring ecosystems. Simply combining existing erosion esti-
mates or modelling approaches with potential soil MP contaminations
is not sufficient, as our knowledge of MP/soil interactions leading to
preferential or more conservative behavior of MP during erosion, trans-
port and deposition processes is very limited.
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