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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Macroplastics displacement was com-
parable with bulk soil displacement.

• A profound impact of tillage implement
was found on macroplastics distribution.

• Tillage process drove the abundance of
microplastics.
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A B S T R A C T

Soil is polluted with plastic waste from macro to submicron level. Our understanding of macroplastics (> 5 mm)
occurrence and behavior has remained comparatively elusive, mainly due to a lack of a tracing mechanism. This
study set up a methodology to trace macroplastic displacement, which combined magnetic iron oxide-tagged soil
and macroplastic pieces tagged by an adhesive passive radiofrequency identification transponder. By utilizing
these techniques, a field study was carried out to analyze the effect of tillage implement and plastic sizes on
plastic displacement, to understand the fate of macroplastics in arable land. Results indicated that the
displacement of macroplastics did not depend upon plastic sizes but did depend upon the tillage implement used.
The mean macroplastics displacement per tillage pass was 0.36 ± 0.25 m with non-inversion chisel tillage and
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0.15 ± 0.13 m with inversion disk tillage, which was similar to bulk soil displacement. However, only inversion
disk tillage caused fragmentation (41 %) of macroplastics and generated microplastics (< 5 mm). In contrast,
both tillage implements drove to similar burial of surface macroplastics into the tilled layer (74 % on average).
These results highlight that tillage is a major process for macroplastics fate in arable soils, being one of the first
studies to investigate it.

1. Introduction

Earth faces increasing pollution with macroplastic pieces (> 5 mm),
which are the primary source of microplastics (< 5 mm) and nano-
plastics (< 5 µm) particles. Moreover, these macroplastics can release
hazardous substances during weathering processes, harming ecosys-
tems’ health [1]. Most studies on plastics in terrestrial ecosystems have
focused on microplastics and nanoplastics distribution [2] and transport
[3], their impacts on soil biota and key soil functions [4], and phyto-
toxicity [5]. However, few studies have investigated the effect of mac-
roplastics on soil physical properties compared to microplastics [6].
Even analytical methods have also focused on micro(nano)plastic
tracing and detecting in soil [7–10]. Although analytical techniques for
measuring macroplastics in the environment are not complicated due to
their detectability with the naked eye, accurate macroplastic quantifi-
cation remains challenging in terrestrial ecosystems. Individual macro-
plastic pieces may be covered by soil and cannot be detected from
remote and proximal sensors [11–13]. Despite their abundance in soil
and their high potential for fragmentation and redistribution by
anthropogenic and environmental processes, macroplastics remain an
elusive and understudied domain in soil compared to microplastics and
nanoplastics.

Sources of macroplastics are attributed to littering and intentionally
used plastic in terrestrial environments. Littering of macroplastics
(packaging, bottles, cigarette butts, and others) is found in roadside
ditches in New York State [14]; it was estimated that 13 kg ha− 1 yr− 1 of
polyethylene terephthalate are added alongside roads in Switzerland
[15], measuring 73.5 to 1484 million plastic pieces per kg (3.60 to
72.67 % dry w/w) in soil contaminated with marine litter in Norway
[16], from 22 to 167 tons yr− 1 of urban wastewater discharged into the
Greater Paris catchment [17], or macroplastics deposition in riverbanks
due to flooding (e.g., on the Meuse River plain) [18]. Intentionally used
plastic in agriculture (plasticulture) ranges from mulch films to silage
foils. Conventional plastics have useful applications in arable systems,
including mulch films, low and high tunnels, shading and safety nets,
irrigation pipes and drip tapes, pots and nursery trays, sacks and storage
bins, silage foils, and many others. Biodegradable plastic products for
farm systems are developing, but their development and use are neither
complete nor global. Only plastic greenhouses and mulch films cover
27.4 Mha (2–3 %) of global arable land [19], twice England’s size.
Compost and sewage sludge application are direct pathways of macro-
plastics accumulation in agricultural soils [20–22]. Secondary macro-
plastics from intentionally used plastics in farmlands accumulates in
large quantities during the year of their consumption in the soil envi-
ronment, thus 206 to 9247 pieces of plastic ha− 1 have been reported in
Germany [20,23], 0.5 to 5.5 kg plot− 1 (50 × 30 m) in Tanzania [24], 16
pieces kg− 1 of soil in Turkey [25], 431 pieces ha− 1 (6 kg ha− 1) in
Hungary, or 50 to 260 kg ha− 1 in China [24]. Likewise, on-farm agri-
cultural plastic waste bothers farmers due to off-site plastic waste
management stations [26]. As consequences, soil macroplastics affected
the inhabitation of specific soil microbial communities [27], the risk of
N leaching [28] or soil water flow [29], water uptake by plants and
nutrient availability [28,30], and plant biomass production and crop
yield [28,31]. This could pose a serious risk to the sustainability of fertile
land, food security, and soil ecosystem functioning across all land uses.
Thus, understanding the fate of macroplastics in soil due to tillage op-
erations could help us identify the most affected domains for sustainable
plastic use, soil management, and tillage practices.

Tracing soil studies can help define critical parameters for inte-
grating arable land to evaluate macroplastics fragmentation and redis-
tribution in the tillage process. The physiochemical and mechanical
processes might be driving factors in understanding the fragmentation
and distribution of macroplastics in the soil environment. Environ-
mental fragmentation and degradation of plastic are triggered by
exposure to UV light that fragments it into progressively smaller pieces
known as microplastics and nanoplastics [1]. Due to chain scission, UV
aging oxidizes polymer, inducing cross-linking by creating cracks and
voids on the polyethylene film surfaces [32]. Environmental UV-aged
macroplastics (high-density polyethylene, polypropylene, and
extruded polystyrene) in salt marsh habitats turns into fragments [33].
Likewise, UV-aging of macroplastics followed by mechanical abrasion
leads macroplastics fragment to the submicron level [34]. Tillage op-
erations are usually applied after crop harvesting and partial collection
of the utilized plastic. Meanwhile, residual macroplastics remain in the
soil exposed to UV light for several months and degrade to a certain
level. Soil tillage might have a high potential for macroplastics frag-
mentation and subsurface burial during the process, as reported for crop
residue fragmentation and incorporation [35], soil carbonation distri-
bution [36], and pesticide leaching [37]. Macroplastics degradation
requires a robust UV-light-dependent photo-degradation process [38].
The potential burial of macroplastics by the tillage process could restrict
their degradability, stopping physicochemical degradation by obstruct-
ing or ending UV light exposure or affecting the bioturbation processes.
However, macroplastics fate during the tillage process remains elusive,
and the reason might be the lack of a tracing technique to evaluate
displacement. Macroplastics could behave differently than soil particles
during translocation by tillage due to the contrasting characteristics of
the plastic: it has a lighter weight and a different shape and interaction
of surface forces (e.g., friction) compared to soil minerals, coarse frac-
tions, and organic matter. Hence, tracing the redistribution of macro-
plastics and appraising their fragmentation with a robust approach
during the soil tillage process is critical for studying macroplastics fate in
the soil environment.

Comparative tracing of macroplastics and soil particles could further
facilitate understanding the tillage operation impact on macroplastics’
fate, including macroplastics redistribution in tillage layer depth. For
tracing soil, magnetic iron oxide tagging represents non-selective
transport relative to soil particles. Thereby, magnetic iron oxide
revealed soil particles concentration and deposition zones at relatively
high resolution in the till layer [39–42]. For tracing macroplastics, a
passive radio frequency identification (RFID) transponder could be a
feasible approach to understanding macroplastics behavior’s underlying
mechanisms and processes on land surfaces and dynamic environments.
RFIDs offer fast-tracing of individual pieces with non-destructive
monitoring, are produced commercially, and existing standard
communication protocols with unique identification numbers, and ease
of data collection manually or remotely without technical expertise [43,
44]. Low-density polyethylene (LDPE) mulch film is the most widely
used plastic on arable land worldwide [19,45]. Furthermore, it is very
fragile and hard to remove without fragmentation. Therefore, LDPE
mulch films are a substantial- or the highest input of plastic to soils.

In this study, horizontal and vertical redistribution of LPDE macro-
plastics and their fragmentation due to tillage operations, performed
with different tillage implements, were measured and analysed, using
untagged and RFID-tagged macroplastics. To compare macroplastics
redistribution with previous studies focusing on soil redistribution, this
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was also measured using a magnetic iron oxide tracer, with all mea-
surements carried out in a flat agricultural field (0◦ slope) to avoid any
slope-related movement during the tillage operations. We will test the
following hypotheses: (1) the redistribution of macroplastics due to
tillage is different from the redistribution of bulk soil, (2) the horizontal
and vertical redistribution of plastic by tillage will depend on the size of
the macroplastic pieces, and (3) type of tillage implement will affect
plastic redistribution and fragmentation.

2. Materials and methods

2.1. Experimental site and tillage and macroplastics treatments

The experiment was conducted at the Institute for Sustainable
Agriculture (IAS-CSIC) experimental farm in Cordoba (Andalusia,
southern Spain). Annual averages of maximum, minimum, and mean
daily temperatures recorded during an 23 years (2001–2023) at the
Córdoba agroclimatic station [46], located about 600 m from the
experimental plot, were 25.1, 11.2, and 17.8 ºC, respectively. Mean
annual precipitation was 573 mm, and the annual average of daily solar
radiation was 17.9 MJ m− 2. During the experimental period (July 10 to
14, 2023), daily averages of maximum, minimum, mean temperature,
humidity, and radiation were 42.1 ºC, 20.4 ºC, 31.96 ºC, 28.2 %, and
29.2 MJm− 2, respectively, with no precipitation. A flat agricultural field
(0◦ slope) was selected to avoid slope-related plastic movement during
tillage operations. The topsoil had a loam texture with negligible stone
content. The site has no existing history of any type of plastic input,
including macroplastics.

Experimental design consisted of a set of experimental plots, which
allowed controlled conditions with standardization and consistency in
replicates and detailed and accurate measurements. Eight plots of 5 × 2
m (length and width; Fig. 1) were established after plowing the exper-
imental field to homogenize the soil and remove any existing vegetation
(weeds, crop residues). The eight experimental plots had a similar
topsoil (0–0.15 m) bulk density of around 1200 kg m− 3 and a low topsoil
gravimetric moisture of around 4.15 % due to drought conditions (Table
S1). Tillage treatments were applied in a set of three consecutive tillage
passes, keeping tillage direction, tillage speed (4.5 km h− 1), and tillage
depth (15 cm) constant. For a set of four experimental plots (P1, P2, P7,
and P8) inversion disk tillage was used, while for the other set of four
plots (P3, P4, P5, and P6) non-inversion chisel tillage (Fig. 1 and S1).
Tillage treatments were performed from July 10 to 14, 2023. Prior to the
tillage treatments, untagged macroplastics and RFID-tagged macro-
plastics of different sizes were located within the experimental plots
(Fig. 1, S2, and S3), which were traced after the set of three tillage passes
with the two different implement types. Magnetic iron oxide was used as
a tracer to determine soil displacement due to tillage treatments. Thus,
each tillage implement treatment had four replicates, two with untagged
macroplastics and two with RFID-tagged macroplastics. Meanwhile,
magnetic iron oxide soil tagging had two replicates for each tillage
implement treatment.

2.2. Determining macroplastics displacement: untagged macroplastics

Pristine low-density polyethylene (LDPE) mulch film with a thick-
ness of 25 µmwas cut into pieces of three sizes: 2 × 2 cm, 4 × 4 cm, and

Fig. 1. Schematic of (a) experimental layout of the untagged macroplastic and magnetic tagged soil trench in the disk plow plot (P1 and P2) and chisel plow plot (P3
and P4). (b) Experimental layout of the RFID-tagged macroplastic trench in the chisel plow plot (P5 and P6) and disk plow plot (P7 and P8). Dimensions are not
according to scale.
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8 × 8 cm (hereinafter referred to as small, medium, and large macro-
plastic sizes, respectively). Individual macroplastic pieces were marked
with numbers to differentiate their recovery based on their original
depth. The three sizes of untagged macroplastics were placed at 8-cm
soil depth and on top of the soil (hereafter referred to as subsurface
and surface, respectively; Figure S2). In total, 120 pieces of macroplastic
(20 of each size at each soil depth) were placed in each trench
(8 cm × 25 cm × 160 cm; depth, length, and width, respectively) made
in the experimental plots P1, P2, P3 and P4 (Fig. 1a). After the three
tillage passes, macroplastics were recovered in two steps: i) hand-
picking of visible macroplastic on the soil surface, considered as sur-
face macroplastic pieces, and ii) a 25 × 25 cm grid was drawn for sub-
surface recovery of macroplastics up to 3 m from the trench and towards
the tillage direction, sieving then the soil with a mesh size of 5 mm,
considered as subsurface macroplastic pieces. However, the fragmented
pieces in both steps are considered regardless of recovery depth. The
location of the recovered macroplastics during the sieving step was
assigned to the center of the grid where it was recovered. The
displacement distance to the trenches (in the tillage direction and
perpendicular to the trench) was measured after three consecutive
tillage passes for both steps. Afterward, measured displacement was
used to calculate the average macroplastics displacement per tillage
pass.

2.3. Determining macroplastics displacement: RFID-tagged macroplastics

RFID transponders of 125 kHz frequency of two characteristics were
used (model 1 and model 2, acquired to rfidspecialist.eu, Slovenia).
RFID transponders (1) flat and stick-able with a diameter of 38 cm and
thickness of 0.84 mm (hereafter referred to as RFID stickers), and (2) flat
and non-stick RFID chips with a diameter of 25 cm and thickness of
1 mm (here referred to as non-stick RFID; Figure S3). The RFID stickers
were pasted on the macroplastic pieces. Each trench (one in each plot
P5, P6, P7, and P8; Fig. 1b) had 102 RFID transponders, i.e., macro-
plastics (4 × 4 cm, n = 16, and 8 × 8 cm, n = 19) RFID-tagged and RFID
chips (n = 16), 51 placed on the surface and 51 in the subsurface (Fig. 1b
and S3). RFID chips and RFID stickers are made from polyvinyl chloride
(PVC) material. Individual RFID-tagged macroplastic pieces were
marked with numbers for differentiating their recovery based on their
original depth. RFIDs were recovered using an RFID detection antenna
(Rolling Stone, TECTUS, Germany) to detect transponders up to 0.20 m
soil depth (Figure S4). Likewise, non-stick RFID chips had a maximum
detection depth of 0.1 m due to their smaller size. Therefore, the soil
layer was removed after detecting the RFIDs at a depth of 0 to 10 cm and
up to 3 m from the trench in the tillage direction and scanned again with
the RFID detection antenna. Individual displacement of RFID-tagged
macroplastics and RFID chips was measured with a measuring tape
once they were detected, after the set of three tillage passes, as for the
untagged macroplastics. Afterward, measured displacement was used to
calculate the average macroplastics displacement per tillage pass.
Meanwhile, fragmented pieces of macroplastics were collected on soil
surface.

2.4. Determining bulk soil displacement

Magnetic iron oxide was used as a tracer to determine soil movement
during tillage operations. Four trenches of 15 cm × 15 cm × 120 cm
(depth, length, and width, respectively) were dug, one in each plot P1,
P2, P3, and P4 (Fig. 1a). Soil was collected from each trench and air-
dried after removing any coarse fragments of plant material. Through
serial dilutions, 152 kg of soil was mixed with magnetic iron oxide
(Fe3O4) to increase its magnetic susceptibility compared to the back-
ground soil concentration by two orders of magnitude, from 3.1 × 10− 7

to 1.4 × 10− 5, following the protocols developed by Guzmán et al. [40].
The soil mixture was then applied back to the same trenches where it
had been collected (Fig. 1a and S5). The volumetric soil magnetic

susceptibility of P1, P2, P3, and P4 plots was measured from the mag-
netic trench up to 5 m in the direction of tillage on a 0.2 × 0.5 m (X, Y)
grid using an MS2D field probe in conjunction with an MS2 sensor
(Bartington Instruments, UK), before and after the set of three tillage
passes. In addition, 30 soil samples were taken from the plowed layer
(0–0.15 m) within each of the four plots, at 15 locations, before and after
the tillage passes. Each of these soil samples was subdivided into six
subsamples to measure the accuracy and reliability of the laboratory
magnetic susceptibility measurement by the MS2B dual-frequency
sensor. After a set of 10 readings, the sensor was recalibrated. After-
ward, laboratory measurements were converted to mass magnetic sus-
ceptibility, evaluated, and used to calibrate the volumetric magnetic
susceptibility of the field probe. It allowed us to convert a tracer’s
volumetric to mass magnetic susceptibility. Additional details about
magnetic tracers as a proxy to simulate soil and sediment transport and
this methodology can be found at [47,48]. Mass magnetic susceptibil-
ities of the two plots per each tillage implement were combined to
calculate soil displacement. Soil movement was considered as the
measured distance between the trench and the threshold point of mass
magnetic susceptibility. The threshold point is an area of mass magnetic
susceptibility that becomes constant without any variability. Afterward,
the mean displacement of soil per tillage pass was calculated from the
mass displacement of the magnetic tracer (g kg− 1 soil) using weightage
by multiplying the mass concentration of the magnetic tracer. The
flowchart of soil displacement calculation is presented step by step in
Figure S6.

2.5. Data analysis

The mean displacement of macroplastics per tillage pass was calcu-
lated from the direct displacement measurements. The Gaussian kernel
function was used to derive the probability density function (PDF)
without any smoothness factor, to compare the displacement of soil and
macroplastics. Soil redistribution rate was calculated using the model

proposed by Govers et al. [49] as Q = Dρb d
→
; where Q is the soil redis-

tribution rate for a single tillage pass (kg m− 1 tillage-pass− 1), D is the

tillage depth (m), ρb is the bulk density (kg m− 3) and d
→

is the mean
displacement of soil (m). One-way ANOVA was conducted (after
normality was checked) to assess whether there were differences in the
measured data (e.g., macroplastics recovery) between the different
levels of the comparison groups (e.g., macroplastic sizes, RFID-tagged
and untagged macroplastics, and tillage implements). When ANOVA
yielded significant differences (p < 0.05), the Bonferroni post-hoc test
was conducted to check for response differences among different levels
of corresponding group. All data analyses were performed in
STATA®17.0 (StataCorp, USA). Experimental raw data of macroplastics
are presented in a supplementary file.

3. Results

3.1. Macroplastics redistribution

Significant macroplastics redistribution occurred after a set of three
tillage passes, with a notable preferential burial of macroplastic pieces in
the subsurface layer. Recovery of macroplastic was high for both un-
tagged and RFID-taggedmacroplastics, with mean total recovery rates of
90 % and 93 %, respectively, including all macroplastic sizes and depth
of recovery (Table 1). Macroplastic pieces didn’t reflect any systematic
relationship between their sizes and recovery rates. Likewise, for both
tillage implements (chisel and disk), the recovery rate of the macro-
plastic pieces was very high and similar (94 ± 4 % and 89 ± 3 %,
respectively). Only 17 ± 10 % of macroplastics were recovered on the
soil surface. Macroplastic pieces burial has been found at the subsurface,
accounting for an average of 74 ± 9 % of the total recovery of macro-
plastic pieces (for a total average of 91 ± 4 %), although, compared to
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the original depth, 29 ± 12 % of the macroplastic pieces were trans-
ferred from surface to subsurface (Table 1). Meanwhile, only a few (5 %)
of the macroplastic pieces translocated from surface to surface compared
to subsurface to subsurface (58 %). Subsurface burial of macroplastic
pieces was similar for both tillage implements, although slightly higher
for inversion disk tillage plots (79 %) compared to non-inversion chisel
tillage plots (70 %). A macroplastic pieces exchange occurred during
plowing, with a mean of 31 % based on the differences between the total
recovery and translocation rates relative to the original depth (Table 1).
The apparent burial of macroplastic pieces with non-inversion chisel
tillage and inversion disk tillage indicated soil as a sink of macroplastics.

All the macroplastic pieces showed a significant horizontal
displacement (relative to their original location) after the set of three
tillage passes, up to 2.55 m for the non-inversion chisel tillage and
1.00 m for the inversion disk tillage, in terms of 95-percentiles. Mac-
roplastic pieces recovery at each soil depth (surface and subsurface) for
their original placement depth showed no significant difference
regardless of RFID-tagged or untagged macroplastic, neither for
different macroplastic sizes, nor for the tillage implement used
(p > 0.05, Table 2). Therefore, surface and subsurface data from RFID-
tagged and untagged macroplastic pieces were combined for each
macroplastic size and tillage implement to determine macroplastics
displacement. Change in macroplastic size did not significantly influ-
ence macroplastics displacement for untagged and RFID-tagged mac-
roplastic (p > 0.05, Table 3), regardless of the tillage implement used.
However, the type of tillage implement used significantly influenced the
displacement of macroplastic pieces of all sizes (p < 0.001, Table 3),
untagged or RFID-tagged. RFID-tagging of macroplastics did not modify
the mean macroplastics displacement compared to untagged macro-
plastic (Table 4). Moreover, the shape characteristics of the probability
density function (PDF) curves for the displacement of untagged and
RFID-tagged macroplastics for each tillage implement used, for each
macroplastic size, showed a comparable pattern (Fig. 2). The mean
displacement of macroplastic pieces per tillage pass in the non-inversion
chisel tillage plots (0.36 ± 0.25 m; 95-percentile 0.85 m) was 140 %
greater (p < 0.001) compared to inversion disk tillage plots (0.15

± 0.13 m; 95-percentile 0.33 m). Large macroplastic pieces showed the
lowest mean displacement per tillage pass (0.33 ± 0.24 m, 95-percentile
0.80 m, for chisel, and 0.14 ± 0.13 m, 95-percentile 0.33 m, for disk),
while medium macroplastic pieces showed the highest mean displace-
ment per tillage pass (0.38 ± 0.24 m, 95-percentile 0.87 m, for chisel,
and 0.17 ± 0.16 m, 95-percentile 0.41 m, for disk). However, the
different sizes of macroplastic did not significantly influence macro-
plastics displacement (Fig. 2).

3.2. Differences in macroplastics and soil displacement

A comparison of macroplastic pieces displacement and soil
displacement for each tillage implement used and depending on the
macroplastic sizes is shown in Fig. 3, using probability density function
(PDF) and cumulative PDF. Probability distribution curves (including
peak and unimodal shape characteristics) for the horizontal displace-
ment of the soil and the different macroplastic sizes per tillage pass were
compared, showing a comparable probability distribution pattern
(Fig. 3a, b) that expected only on a flat agricultural field (0◦ slope) [50].
Macroplastics displacement by tillage translocation showed a concen-
trated range of up to 0.25 m for the inversion disk tillage and a dispersed
range of up to 0.50 m for the non-inversion chisel tillage (shown by the
right bound of the grey-shaded area; Fig. 3c, d) covering 80 % of the
distribution area of the tillage-induced displacement for all the macro-
plastic pieces. The orange-shaded area represents the range of
displacement of the macroplastic pieces between 80 % of the total pieces
and their 95-percentiles. Soil translocation distance followed a similar
distribution pattern compared to that of different macroplastic sizes. The
threshold point of soil displacement was 2.5 m for non-inversion chisel
tillage and 1.5 m for inversion disk tillage, after the set of three tillage
passes (presented as supplementary raw data). Soil displacement for the
threshold points was 64 % greater in non-inversion chisel tillage plots
compared to inversion disk tillage plots (mean of 0.36 m, 95-percentile
0.94 m, and 0.17 m, 95-percentile 0.56 m, respectively, per tillage pass).
Furthermore, the mean displacement of soil was comparable to that of

Table 1
Recovery rates (%) of different sizes of untagged and RFID-tagged macroplastic pieces, according to the tillage implement used.

Tillage
implement Tracer

Macroplastic
size

Macroplastic pieces per
original depth (#)

Recovered
fragmented
macroplastic (#)

Translocation and recovery of macroplastic after three tillage passes

Total pieces recovery (%) Recovery relative to original depth (%)

Surface
(0.0 m)

Subsurface
(0.08 m)

Surface
(0.0 m)

Subsurface
(0.01-
0.15 m)

Surface to
surface

Subsurface to
subsurface

surface to
subsurface

Chisel Untagged

Small 40 40 0 9 85 1 77 16
Medium 40 40 0 21 73 6 56 31
Large 40 40 0 30 56 12 32 42

Inversion
Disk Untagged

Small 40 40 15 9 80 1 68 20
Medium 40 40 35 5 86 1 75 15
Large 40 40 44 5 78 0 62 20

Chisel
RFID-
tagged

Small 32 32 0 27 66 10 49 33
Medium 32 32 0 25 73 5 53 40
Large 38 38 0 34 64 10 37 51

Inversion
Disk

RFID-
tagged

Small 32 32 2 13 77 2 65 23
Medium 32 32 29 14 77 3 67 20
Large 38 38 58 17 76 3 56 34

Table 2
One-way ANOVA p-value results for recovery depth of macroplastic pieces vs.
original depth (for untagged, RFDI-tagged, and both combined) for each mac-
roplastic size and tillage implement.

Macroplastic size

Untagged RFID-tagged Combined

Chisel Disk Chisel Disk Chisel Disk

Small 0.618 0.612 0.055 0.793 0.060 0.597
Medium 0.083 0.049 0.620 0.055 0.370 0.009
Large 0.255 0.310 0.298 0.721 0.741 0.822

Table 3
One-way ANOVA p-value results for untagged and RFID-tagged macroplastic
displacement for macroplastic size (for each tillage implement) and tillage
implement (for each macroplastic size).

Macroplastic size Tillage implement

Chisel Disk Small Medium Large

Untagged 0.080 0.125 0.000 0.000 0.000
RFID-tagged 0.915 0.563 0.000 0.000 0.000
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the different macroplastic pieces, both for the inversion disk and
non-inversion chisel tillage (Fig. 4). Tillage-induced macroplastics and
soil displacement by non-inversion chisel tillage substantially exceed

inversion disk tillage by a factor of 2.4 and 2.1 respectively, under fixed
tillage depth, speed, and topography. The soil redistribution rate was
65 kg m− 1 and 31 kg m− 1 per tillage pass for the non-inversion chisel
and inversion disk tillage, respectively.

3.3. Macroplastics fragmentation

Our observations indicate significant elongation and fragmentation
of macroplastics due to tillage operation, which depended on the type of
tillage implement. In non-inversion chisel tillage plots, not a single piece
of fragmented macroplastics, including untagged and RFID-tagged
macroplastics, was recovered. However, macroplastics fragmentation
was high in the inversion disk tilled plots (n = 183; 41 %; Table 1).
Number of fragmented macroplastics in inversion disk-tilled plots
increased with increasing macroplastic sizes. The highest fragmentation
affected the large-sized macroplastic pieces (76 % for RIFD-tagged and
55 % for untagged), followed by the medium-sized macroplastic pieces
(44 % for RIFD-tagged and untagged). Plastic fragments were broken off
and widespread in the plots from the original macroplastic pieces
(Fig. 5d and S7). Inversion disk tillage caused significant elongation of
the macroplastic pieces from their original sizes and smaller fragmented
regions. Fragmented regions in the macroplastics were > 1 cm,
1–0.5 cm, and< 0.5 cm known as microplastics (Fig. 5 abc and S7). The
shape and size of the fragmentation region of macroplastic pieces
showed that microplastic was produced during inversion disk tillage.

4. Discussion

4.1. Macroplastics redistribution by size and tillage implement compared
to soil

The hypothesis falsifies that horizontal and vertical redistribution of
plastic by tillage will depend on the macroplastic sizes (Table 1). In
contrast, regardless of macroplastic pieces size on average, 87 % of
macroplastic pieces were distributed vertically in plow layer after three
tillage passes, 37 % higher than the initial subsurface of macroplastic
pieces, confirming the true hypothesis for inversion and non-inversion
plow. For inversion disk tillage, the burial rate is larger due to the
sideward soil movement by the rear set of disks [51]. Furthermore, soil
and macroplastic pieces are displaced similarly in horizontal redistri-
bution (Fig. 4), and macroplastic pieces should be found without a
specific depth distribution. This indicates that tillage-induced has a
distinct effect on the vertical redistribution of macroplastic pieces
compared to horizontal. Tillage profoundly impacts the vertical distri-
bution of soil constituents in the plow layer, as reported [37,52,53]. The
vertical distribution of macroplastic pieces into the plow layer is an
important new insight that has immense implications on plastic fate, the
bioturbation process, and soil functioning. Based on these results, an
additional hypothesis was formulated: tillage operations can preferen-
tially bury macroplastics. A field-scale cross-chisel experiment in a
two-dimensional plan was conducted only by placing RFID-tagged
macroplastic pieces on the soil surface for robust testing of this hy-
pothesis (Fig. 6). Results supported the hypothesis that the tillage pro-
cess can preferentially bury the macroplastics, as 74 % of macroplastic
pieces were recovered from the subsurface.

4.1.1. Tillage-induced preferential burial of macroplastics, regardless of size
Tillage-induced preferential macroplastics burial might impact plant

performance and crop yield [31,54], soil physical properties [6,30], and
runoff generation processes [29,55]. Moreover, it would delineate
intrinsic and external mechanical limits for bioturbation processes, such
as sub-terrain activities of earthworms and penetration of plant roots
[56]. Various environmental factors control the rate of plastic frag-
mentation and degradation, such as higher temperatures and UV radi-
ation exposure that would accelerate the degradation of plastics, while
low moisture content could reduce the fragmentation rate [57–59].

Fig. 2. Probability density functions for macroplastic pieces displacement for
each combination of tillage implement (chisel and disk) and tracing method
(untagged and RFID-tagged) for each macroplastic size: a) small, b) medium,
and c) large.

Table 4
Macroplastic displacement (m; mean±SD) of untagged and RFID-tagged mac-
roplastic pieces for each macroplastic size and tillage implement, and p-value
results from one-way ANOVA.

Macroplastic
size

Chisel Disk

Untagged Tagged
p-
value Untagged Tagged

p-
value

Small
0.32
± 0.25

0.42
± 0.23 0.094

0.14
± 0.08

0.20
± 0.22 0.045

Medium
0.36
± 0.25

0.40
± 0.24 0.063

0.14
± 0.08

0.17
± 0.17 0.056

Large
0.27
± 0.21

0.41
± 0.23 0.136

0.12
± 0.06

0.19
± 0.14 0.047
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Subsurface soil might vary in temperature, moisture content, or access to
UV light radiation. Tillage-buried plastic (74 %) would restrain its
degradation due to restricted exposure to solar UV radiation. Conse-
quently, plastic would have a longer lifespan, and there would be less
weathering and release of particulate plastic [60] and toxic chemicals

[61] to terrestrial environments compared to soil surface plastic.

4.1.2. Tillage-induced displacement of macroplastics is driven by the type of
implement, not by size of plastic

RFID tagging can be an alternative economic approach with tailored
data collection options for fewer steps in natural settings. Overall, trends
of RFID-tagged macroplastic pieces’ recovery (surface and subsurface),
displacement, and fragmentation were like untagged macroplastics
regardless of sizes with not significantly different (Table 1, Fig. 2 and
S7). Translocation of macroplastics on a flat agricultural field (0◦ slope)
was comparable due to negligible influence of angular motion and
inertia compared to an inclined field [50]. One could speculate that
RFID-tagged macroplastics lead to induced farther macroplastic pieces.
In contrast, the mean displacement of RFID-tagged macroplastic is not
significantly different from untagged macroplastics (Table 4), while
Pareto distribution has thoroughly explained these uncertainties
(Fig. 3). For our experimental results, the Pareto distribution highlights
a skewed system for only 20 % of macroplastics displacement, which
may have caused variability due to long right tail, with macroplastics
concentration at 0.56 m and 0.95 m per tillage pass, for inversion disk
tillage and non-inversion chisel tillage. In comparison, 80 % of macro-
plastics displacement was concentrated up to 0.25 m and 0.50 m in the
tilled layer for inversion disk tillage and non-inversion chisel tillage. The
observed distribution is remarkable, given the general randomness ex-
pected by individual macroplastic pieces. Although changes in macro-
plastic sizes do not significantly influence the Pareto distribution
function, tillage implements do. Thus, RFID tagging would be utilized to
study the fate of plastic pieces at the catchment scale to tailor the
monitoring of plastic litter load pathways from inland to coast to set the
baseline. Moreover, for future experiments, RFIDs and their detection

Fig. 3. Probability density functions (PDF; a, b) and cumulative PDF (c, d) for tillage-induced displacement of soil and different sizes of macroplastic, for each tillage
implement: (a, c) chisel and (b, d) disk. The grey area covers 80 % of the displacement distances achieved (c and d), while orange represents the displacement of soil
and macroplastic pieces between the lines of 80 % of displacement and their 95-percentiles (c and d).

Fig. 4. Scatter plot of macroplastic and soil displacement (mean ± SD) per
tillage pas for small, large, and medium macroplastic sizes (differentiated in the
three different shapes of scatter points, respectively) for chisel plow plots (dark
red) and disk plow plots (blue). Standard deviation was presented in error bars.
Stars indicate the significance level of the difference between means (ns: p-
value > 0.05, ***: p-value <0.0001).
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antenna with a higher detection range and stickable on plastic pieces
should be utilized.

The hypothesis that tillage-induced horizontal displacement of
macroplastic pieces differs from bulk soil is falsified when comparing the
mean of macroplastics and soil displacement. Instead, the results un-
equivocally demonstrated that tillage-induced macroplastics displace-
ment was not substantially different from soil displacement (Fig. 4). A
far larger soil displacement was found with zero slope gradient, which
showed soil non-cohesiveness (soil moisture content 4.15 % w/w) due
to the drought period during the experiment. The soil-sized micro-tracer
utilised in this study accurately represents the soil particle flux under dry
and disrupted soil conditions [39]. Additionally, the material of the
tillage implement itself has a negligible impact on the redistribution of
tagged soil [48]; having magnetic susceptibility does not mean a mag-
net, so it did not modify or alter bulk soil displacement. This study
highlights that tillage-induced macroplastics displaced by non-inversion
chisel substantially exceed primary inversion disk tillage practices by a
factor of 2.4 under fixed tillage depth, speed, and topography. Likewise,

tillage-induced soil erosion by non-inversion chisel substantially ex-
ceeds primary inversion disk tillage practices by a factor of 2.1. Öttl et al.
[51] reported similar results of tillage-induced soil erosion by a factor of
1.3 to 2.1 between a non-inversion chisel tillage and an inversion
moldboard tillage under constant tillage depth and speed. The
displacement in tillage erosion is sensitive to operational conditions, soil
properties, and topography [62]. Table 5 compares this soil displace-
ment and redistribution rate with previously reported values for other
tillage experiments and controlling factors, including speed, depth, and
slope. These data demonstrate that the soil and macroplastics
displacement would be expected to be greater on sloping landscapes
than on flat ones.

4.2. Macroplastics fragmentation is driven by inversion disk tillage and
plastic size

Inversion disk tillage displaced macroplastic pieces at a shorter dis-
tance than non-inversion chisel tillage but also fragmented them.

Fig. 5. Macroplastic fragmentation during disk plow in untagged macroplastic plots for different plastic sizes: a) small, b) medium, c) large and fragmented pieces of
plastic were collected during the recovery process of untagged macroplastics in the disk plow plots. Similar fragmentation was observed in the RFID-tagged mac-
roplastic plots (Fig. S6). Macroplastic was scanned for image acquisition using Xerox ™ VersaLink C7030 multifunction printer and illustrated in Microsoft Pow-
erPoint 365.
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Multiple drivers can explain the fragmentation process, including
polymer elasticity, tillage implement shape, abrasion force, or soil
conditions. For a given plastic, the stress applied by an inversion disk
tillage must exceed the tensile strength and maximum elongation to
cause fragmentation of plastic (Fig. 5). Lab studies also reported that
increasing the stress applied on pristine LDPE film linearly increased the
number of generated plastic fragments (up to 162 µm) [63]. In addition,
biological fragmentation (e.g., rotifers) due to grinding stress was also
found to be a primary cause of plastic fragmentation in aquatic systems
[64]. Moreover, micro-plowing and micro-cutting occurred during
abrasion with implement edges, leading to surface modification and
fragmentation of macroplastics. It would accelerate with a coarse frac-
tion of soil (i.e., sand or stone) [65] or if macroplastics are embedded
and aggregated in soil [66]. Disk tillage inverts soil by cutting with a
front set of disk plates, so cut plastic and move soil perpendicular to the
tillage direction with a rear set of disk plates (as illustrated [31]).
Likewise, implement type including inversion disks (notched, rippled,
and plain), mulcher, or rotary-star tiller might also be important for
partial to complete fragmentation and distribution of macroplastics in
the soil. This could be relevant to managing biodegradable plastic res-
idue in arable land as fragmentation accelerates degradation.

The hypothesis is true that the tillage implement affects redistribu-
tion pathways and plastic fragmentation. In horizontal distribution
pathways, 80 % of macroplastic pieces were concentrated up to 0.25 m
after inversion disk tillage, while they were spread out to 0.50 m after
non-inversion chisel tillage (Fig. 3). On the other hand, fragmentation of
macroplastic pieces only occurred after inversion disk tillage, which was
size-dependent on plastic pieces (Fig. 5 and S7). On average, 41 %
(maximum 76 %) of fragmented macroplastic pieces were recovered
after the inversion disk tillage (Table 1). Fragmented pieces of macro-
plastic led to a lower recovery rate in the inversion disk tillage plots, as
many fragments were unidentified due to their detachment from mac-
roplastics (Fig. 5d). This could also give practical indications (like
marking the different corners of the large pieces) to allow the tracing of
fragmented macroplastic pieces in future experiments. Fragments were
observed from micro (< 0.5 cm, microplastics) to macro (> 0.5 cm,
macroplasitcs) level in sizes (Fig. 5). This indicates that inversion disk
tillage increases microplastics abundance in arable land, addition to
fragmentation of macroplastics by UV radiation for 17 % of macro-
plastics redistributed on the soil surface. Secondary microplastics
derived from macroplastics are not regulated to reduce plastic pollution

[67], which might have distinct and more harmful impacts in terrestrial
environments. However, further microscopic and sieved-based analysis
would be required for quantitative particle size distribution in future
studies for comprehensively understand macroplastics fragmentation
induced by inversion tillage shape.

4.3. Implication for tillage and plastic management

The general proposition is that non-inversion tillage (depth
<0.25 m) reduces soil erosion and losses of soil organic matter, and
farmers practice it widely, even in agro-intensive regions, as a soil
conservation practice. This study sheds light on how a non-inversion
chisel tillage substantially enhances macroplastics displacement and
soil compared to an inversion disk tillage. Likewise, inversion disk
tillage leads to the fragmentation of macroplastics into microplastics.
Primary inversion disk tillage is always followed by non-inversion chisel
tillage. Subsequently, tillage processes can pave a pathway for the
widespread plastic pieces. Usually, a tillage event is applied after har-
vesting, and plastic has already photo-degraded can drive an abundance
of microplastic, which is susceptible to transport into different envi-
ronmental compartments (including atmosphere [68], aquatic systems
[69], and vadose zone [70]). Both non-inversion chisel and inversion
disk tillage buried the macroplastic in the plow layer; this sink function
of soil consequences in a long-term microplastic source. This calls for
proper agricultural plastic waste management in extensive plasticulture
farmland to avoid substantial environmental risks. Likewise, this chal-
lenges the general tillage practices in arable land and encourages a shift
from conservation tillage to no-tillage practices. However, this would
not be readily possible to shift, especially in plasticulture. Meanwhile,
low-intensity tillage would be adopted quickly and might be a promising
approach to minimize the widespread macroplastics fragments in soil.
On a landscape scale, tillage erosion might reduce crop yield, amplified
by climate change, as draught conditions accelerate the tillage intensity
and utilization of plastic products [71,72]. In conjunction with the
contamination of macroplastics, tillage practice calls for severe concern.
It provides another reason to shift from maximizing production (food,
feed, and fibre) to sustainable production that seeks to balance pro-
ductivity with environmental stewardship of the soil resource. Our
findings suggest low-intensity tillage or no-tillage practices could reduce
plastic fragmentation and distribution. Therefore, the decline in the
intensity of tillage and depth would reduce the fragmentation and ver-
tical distribution of macroplastics in the plow layer.

5. Conclusions

This study is, to our knowledge, the first attempt to trace the mac-
roplastics fate during the tillage process by evaluating a low-cost RFID-
tagging approach for in-situ utilization. The tagging method is prom-
ising for monitoring and assessing macroplastics fate in dynamic systems
and the earth’s surface processes. The results of this study suggest that
macroplastics displacement is comparable to bulk soil displacement.
Horizontal and vertical distribution was independent of macroplastic
sizes. Preferentially, the tillage process drove the burial of surface
macroplastics into the tilled layer, potentially affecting key soil func-
tions and bioturbation processes, and restricting UV radiation exposure
of plastics. Tillage-induced macroplastic and soil displacements
increased by factors of 2.4 and 2.1, respectively, for non-inversion chisel
tillage compared to inversion disk tillage. Meanwhile, inversion disk
tillage generated fragmentation of plastic depending upon macroplastic
sizes that would increase the abundance of microplastics in arable land.
Therefore, fate of macroplastics in arable land depends upon tillage type
implement, such as non-inversion tillage modulated plastic redistribu-
tion, and inversion tillage modulated fragmentation of plastic. This
raises concerns about the effects of burial and fragmentation of macro-
plastics on soil ecosystems functioning and dynamics, requiring careful
evaluation of the overall benefits and risks. Our findings encourage a

Fig. 6. Translocation of individual (n = 40) RFID-tagged macroplastics (large
pieces) from original location after three sets of cross-tillage pass in direction 1
and direction 2 with chisel plow by same tillage speed (4.5 km h− 1) and tillage
depth (15 cm).
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shift from conservation tillage to no-tillage or less intensive tillage
practices that would have the additional benefit of reducing widespread
plastic fragmentation and soil disturbance. However, perspective work
would be needed to track plastic fate over time, across multiple seasons
and tillage operations to help better understand the pathway frommacro
to microplastics. Moreover, other tillage implements should also be
considered in the analysis of the impact of tillage on the temporal evo-
lution of plastic redistribution and fragmentation in arable land.

Environmental implications

Tillage is a worldwide practice in crop production, and plastic has
become an integral part of cropping systems. Our study highlights that
disk tillage-induced fragmentation of plastic would lead to an abun-
dance of microplastic in soils. Meanwhile, tillage can cause widespread
and preferentially buried plastic. Consequently, plastic would be less
exposed to UV light, affecting soil ecosystem services, including the
bioturbation process and soil key functioning. We recommend adopting
a no-tillage system or a lower tillage intensity to lessen the harm to
plastic-contaminated soil.
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Löhr, A.J., et al., 2023. Macroplastic deposition and flushing in the Meuse river
following the July 2021 European floods. Environ Res Lett 18. https://doi.org/
10.1088/1748-9326/ad0768.

[19] H.F. Castellón Petrovich, The stakes of announced growth Global plasticulture and
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