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ABSTRACT: Soils are essential components of terrestrial
ecosystems that experience strong pollution pressure. Micro-
plastic contamination of soils is being increasingly docu-
mented, with potential consequences for soil biodiversity and
function. Notwithstanding, data on effects of such contami-
nants on fundamental properties potentially impacting soil
biota are lacking. The present study explores the potential of
microplastics to disturb vital relationships between soil and
water, as well as its consequences for soil structure and
microbial function. During a 5-weeks garden experiment we
exposed a loamy sand soil to environmentally relevant
nominal concentrations (up to 2%) of four common
microplastic types (polyacrylic fibers, polyamide beads,
polyester fibers, and polyethylene fragments). Then, we measured bulk density, water holding capacity, hydraulic conductivity,
soil aggregation, and microbial activity. Microplastics affected the bulk density, water holding capacity, and the functional
relationship between the microbial activity and water stable aggregates. The effects are underestimated if idiosyncrasies of
particle type and concentrations are neglected, suggesting that purely qualitative environmental microplastic data might be of
limited value for the assessment of effects in soil. If extended to other soils and plastic types, the processes unravelled here
suggest that microplastics are relevant long-term anthropogenic stressors and drivers of global change in terrestrial ecosystems.

■ INTRODUCTION

Soils mediate a multitude of services such as carbon
sequestration, biogeochemical cycling and biodiversity promo-
tion.1,2 An important underlying engine powering most of
these services is the activity of soil microbes, which catalyze
many of the biogeochemical transformations that yield human
societal goods, for example, increasing food security.3 In turn,
the function of such microbes is strongly influenced by the
physical and chemical conditions to which these organisms are
exposed. For instance, the arrangement of soils into various
functional aggregates, pore space configuration, and hydro-
logical properties are known to affect microbial metabolic rates
and organic matter decomposition.4 In other words,
fundamental properties affecting the soil biophysical environ-
ment are important for soil processes and function. Our
mechanistic understanding of the effects of emerging
ecosystem stressors such as microplastics on soil functional
changes lags behind comparable studies in aquatic ecosys-
tems,5 and soil biophysical factors may be the linchpin for
understanding these effects.

Microplastics represent potential threat for soil biota if
contamination would cause changes on the soil habitat.
Empirical calculations suggest that about 32% of all plastic
produced is environmentally available in continental systems,6

and certain authors argue that soils might store more
microplastic litter than oceanic basins.7 A variety of human
activities and environmental sources might contribute to
terrestrial contamination,8 for example. plastic mulches,9,10

contaminated water courses,11 atmospheric precipitation,12

and compost used as an agricultural amendment.13 Micro-
plastics have been found in soils from nonurban natural
reserves including mountainous and inhabited areas with a
baseline level up to 0.002% of soil dry weight.14 Upon arrival at
the soil surface, microplastics can be effectively incorporated to
the soil matrix by bioturbation,15−17 soil management
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practices,10 and water percolation,18 among other processes.19

It is currently not possible to determine accurately the final fate
for this contaminant in soils.8 However, at time scales relevant
for human life and pollution management, it is reasonable to
assume a near-permanent and increasing microplastic
terrestrial pollution.20 In highly contaminated top soils
concentrations as high as 7% of microplastic weight have
been reported.21 To the best of our knowledge, the potential
changes in soil biophysical properties triggered by microplastic
contamination have not been studied.
The non-natural properties and persistence of microplastic

terrestrial pollution might qualify these particles to be drivers
of environmental change. Therefore, it is important to
investigate the impacts of this contaminant on the natural
relationships between soil particles and its biota. The present
study examines the potential of microplastics to disturb natural
biophysical properties of the soil environment. Using tradi-
tional and well-established proxies of soil health and function,
we here report results on the effects on basic soil physical
parameters, as well as soil structure and microbial function. We
discuss the environmental significance of such novel micro-
plastic impacts on soil properties, elaborating on the
limitations of this initial assessment, and highlighting future
research required for testing the possible broad consequences
of the present results in a global change context.

■ MATERIAL AND METHODS
Our test soil was a loamy sand, collected at the experimental
facilities of the Freie Universita ̈t Berlin (52°27′58” N,
13°18′10” E; Berlin, Germany) in October 2016 and stored
in the greenhouse (∼21 ± 2 °C). Further properties of this soil
were already reported in Supporting Information (SI) S1B and
elsewhere.22,23 In May 2017, this soil was sieved at 5 mm to
remove gravel and large roots, and then manually disag-
gregated by vigorously grinding (∼5 min kg of soil−1) the soil
in a metal container with a stone (∼10 cm diameter) from the
same soil origin. This partially disaggregated soil was dry-
sieved at 630 μm for removal of large aggregates, and the
fraction passing this sieve was used for the experiment. The
selection of soil particles smaller than 630 μm for the
experiment aimed at increasing the likelihood of detecting
changes in soil aggregation levels as assessed with the methods
described below.
Microplastic Addition to Soil. Four types of microplastic

particles were considered in the current experiment (Figure 1).
The diversity of particle models used here aimed at a broad
representation of potential mechanisms of microplastic effects
on soils. Thus, the various particle models considered here
increase the validity of the statements on whether microplastic
particles can affect the soil properties considered. Unravelling
whether polymer, particle size, or any covariate property are
the responsible for the observed effects is beyond the scope of
the current article, and such speculations are avoided
throughout the text. The polyacrylic fibers were obtained
manually cutting 100% acrylic “Rozetti Puzzle” yarn (product
number 233−01, Himalaya Co. Turkey). These fibers had an
average length of 3756 μm (min = 1260 μm, max = 9100 μm,
N = 47) and an average diameter of 18 μm (min = 12 μm, max
= 24 μm, N = 47). Polyamide beads of 15−20 μm diameter
(product AM306010) were acquired from Good Fellow
(Cambridge, United Kingdom). Microscopic inspection
confirmed that those particles were reasonably spherical and
had diameters with little deviation from the nominal size.

Polyester fibers were manufactured by manually cutting 100%
polyester wool “Dolphin Baby” (product number 80313,
Himalaya Co. Turkey). Polyester fibers had an average length
of 5000 μm (min = 1540 μm, max = 6300 μm, N = 47) and an
average diameter of 8 μm (min = 6 μm, max = 10 μm, N = 47).
Finally, polyethylene high-density fragments with an average
largest dimension of 643 μm (min = 160 μm, max = 1200 μm,
N = 7) were fabricated by the Bundesanstalt für Materi-
alforschung und -prüfung (Berlin, Germany) by cryo-milling
pristine industrial pellets. As the self-manufactured micro-
particles of polyacrylic, polyester, and polyethylene presented
size variability larger than 10 μm, their particle size
distributions are presented in SI Figure S1 A. For practical
reasons, we refer hereafter to the particle type by its polymer
matrix or whether its physical structure was linear (fibers) or
nonlinear (beads and fragments).
Each microplastic type was microwaved for 3 min to

minimize microbial contamination and then added to the
experimental soil at four nominal concentrations. The particles
did not seem to be physically affected by the microwave
procedure as confirmed by steromicroscope inspection.
Polyacrylic and polyester fibers were tested by adding,
respectively, 0.05%, 0.10%, 0.20%, and 0.40% of soil dry
weight in microplastic particles. The upper limit concentration
was determined based on the highest concentration at which
soils experienced minor changes in volume after the addition of
linear microplastics. Polyamide and polyethylene microplastics
were tested at 0.25%, 0. 50%, 1.00%, and 2.00% or nominal
microplastic weight. The upper limit concentration of
nonlinear microplastics was determined based on maximum
microplastic contamination in which no visual changes in soil
after microplastic addition could be detected, that is, these
particles completely blended into the soil matrix. These
contamination levels are environmentally relevant as soils up to
7% of microplastic fragments have been reported.21 The
mixing of plastic and soil was performed in a glass beaker by
manually stirring with a metal spoon ∼700 g of experimental
soil during 10 min. An additional control treatment was
included, with no plastic addition but equivalent 10 min
stirring.
We estimated the number of microplastic particles, surface

area and volume based on average particle size and polymer
density (i.e., polyacrylic = 1184 kg m−3, polyamide = 1350 kg
m−3, polyester = 1370 kg m−3, and polyethylene high-density =
970 kg m−3). It is important to mention that despite the fact

Figure 1. Four microplastic types considered in the current study.
Polyacrylic fibers (A), polyamide beads (B), polyester fibers (C), and
polyethylene high-density fragments (D). The white bar in each panel
represents 1 mm size.
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that the control treatment represents no addition of
experimental plastic (nominal concentration 0%), it does not
represent absolute absence of microplastics in the soil. In fact,
as the soils were originally collected from an urban area, actual
levels of microplastics in the control could possibly be close to
the lower concentrations of microplastics added. Notwith-
standing, our lower exposure levels are in the range of the
highest contamination reported (see review8). In this sense,
the lower exposure concentrations might at least represent
significant shifts in the main polymer and particle type, while
the higher exposure treatments represent also substantial
increases in total microplastics content of the soils.
Quantifications of plastics were not performed as there is no
established methodology for extraction and simultaneous
quali-quantitative nontargeted measurement of microplastic
concentrations in soils24 and analytical approaches are
currently being developed.25 Therefore, soil exposure based
on the nominal concentrations will be presented hereafter.
Experimental Set up and Proxies of Soil Biophysical

Environment. For each experimental replicate 70 ± 1 g of
soil or soil-microplastic mixture was added to black
polypropylene preweighted pots of 5.5 cm height and 5.7 cm
diameter (Pöppelmann GmbH, Germany). Control (N = 10)
and microplastic treatments (N = 5) were then partially buried
in a randomly assigned position within an area of ∼4 m2 (SI
Figure S1 B) in the experimental garden of Freie Universitaẗ
Berlin (52° 27′ 25.55” N, 13° 18′ 6.28’’ E, Berlin- Germany).
There were four holes in the bottom of the pots (∼1 cm
diameter) covered with mesh DuPont Plantex (DuPont de
Nemours, Luxemburg) that allowed drainage, while the upper
portion was open (Supporting Informaiton Figure S1B), thus
allowing the experimental soils to undergo near-natural diurnal
temperature and humidity variation. All the experimental units
were covered with fresh above-ground biomass of locally
available grass (mostly Elymus repens) and remained in the
garden for ∼5 weeks (29 of May to 03 of July, 2017).
Upon removal from the soil, each pot was stored at 4 °C for

4 days. Any organisms visible at the soil surface as well as
germinating seedlings within the pots were removed. The
general microbial activity was then assessed in 0.5 g of the
surface of experimental soil using hydrolysis of fluorescein
diacetate (FDA)26 with three analytical replicates and
adaptations for a 96 wells microplate reader (Tecan; Infinite
M200, Man̈nedorf, Switzerland).
The whole soil remaining structurally intact in the pot was

analyzed for several established proxies of soil function
regarding hydrological and structural properties. Hydraulic
conductivity (K) was measured using the flow induction with
constant head method27 described in details in the SI Figure
S1B. Bulk density was computed by measuring the volume of
soil within the pot and soil dry weight. Soil structure was
assessed by gently pushing the whole soil through a set of
stacked sieves (mesh opening of 4000 μm, 2000 μm, 1000 μm,
630 μm). After recording the weight of each sieved fraction, we
reconstituted the whole sample and assessed water stable
aggregates in a ∼4.0 g aliquot using a wet sieving apparatus
(Eijkelkamp Co., Giesbeek, The Netherlands) to evaluate soil
stability against water as disintegrating force (mesh opening of
250 μm)28 while correcting for coarse matter larger than 250
μm.
Statistical Inference. All results reported here were

compiled in a data table provided as SI S2. All the statistical
inference and data plotting was done in R version 3.4.4.29 The

library “dplyr”30 with built-in and user-defined functions was
used for data handling. Statistical inference of significant effects
was tested with functions “lm” (for traditional linear models29),
“gls” (for generalized linear models31), or ‘lmer” (for
generalized linear mixed-effects models32), whenever appro-
priate. Generally, the measured end point (e.g., soil bulk
density) was modeled as a function of microplastic
concentration, particle type, particle number, particle volume,
and particle surface area. During the determination of random
and fixed structures for each linear model the functions
“anova” and library “MuMIn”33 were used for model
comparisons. In all cases the significance threshold was 5%
(α = 0.05), and p values presented in the main text refer to the
slope of the respective fixed factor. The process of model
selection resulted in several linear models. Thus, readers
interested in specific model structures are encouraged to check
the table with statistical inference pipeline in SI 1 (Table S1B)
and the R script with all statistical analyses provided as
Supporting Information. The libraries “ggplot2″ ,34
“ggthemes”,35 and “cowplot”36 were used for data visualization.

■ RESULTS AND DISCUSSION
The polyacrylic, polyester, and polyethylene particles seemed
intact when observed at the stereomicroscope after the 5-week
period (Figure 2). These particles were incorporated into the

soil matrix in a distinct manner, however. While polyethylene
fragments interacted very loosely with other soil particles
(Figure 2B), the linear shape of polyacrylic and polyester fibers
formed the skeleton for larger clumps of soil. The implications
of such findings are not easy to extrapolate for environmental
conditions (see SI S1C). Notwithstanding, it might be
reasonable that such impacts of microplastics on the formation
of larger or smaller soil clumps could have consequences for
soil erosion worthy of further investigation.
Most of the polyacrylic, polyester and polyethylene particles

could be easily identified with the stereomicroscope. However,
polyamide beads could not be conclusively distinguished from
soil particles (SI Figure S1 D). As a significant degradation of

Figure 2. Integration of microplastic particles to the soil biophysical
environment. Structure of control soil (A) was not visually distinct
under the stereomicroscope from soil contaminated with polyamide
beads (SI S1D). Polyethylene fragments (B), and polyester (C) or
polyacrylic fibers (D) resulted in visually apparent soil features. The
white bar in each panel represents 1 mm size.
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such polymers is unlikely under our experimental conditions,37

polyamide beads were likely effectively incorporated into the
soil matrix. This calls for a critical evaluation of available
literature that relies strongly on visual cues for quali-
quantitative assessments of microplastics in soils without

assessments of the effectiveness procedures for extraction of
small microplastics.

Microplastics Effects on the Soil Biophysical Environ-
ment. All tested particles affected soil bulk density (p < 0.001,
Figure 3 C), and the polyester fibers were observed to cause a

Figure 3. Effects of microplastic particles on soil bulk density. (A) Visualization of the impact of microplastics on bulk density over the range of
treatment concentrations. (B) Focusing on effects of microplastic concentration irrespective of microplastic type. For A and B, data were
represented by mean and standard error (N = 5 per microplastic treatments, 10 for controls). (C) Summary of effect range of microplastic types for
bulk density combining treatment concentration. Data distribution was depicted by violin plots with median, interquartile range and 95%
confidence interval overlaid. Dots represent outlying data. Microplastic types are color-coded: controls (dark gray), polyacrylic (yellow), polyamide
(green), polyester (red) and polyethylene (blue) treatments (i.e., linear microplastics are in warm colors- yellow and red, nonlinear microplastics
are in cold colors- blue and green).

Figure 4. Effects of microplastic particles on water holding capacity. (A) Visualization of the impact of microplastics on water holding capacity over
the range of treatment concentrations. (B) Focusing on effects of microplastic concentration irrespective of microplastic type. For A and B, data
were represented by mean and standard error (N = 5 per microplastic treatments, 10 for controls). (C) Summary of effect range of microplastic
types for bulk density combining treatment concentration. Data distribution was depicted by violin plots with median, interquartile range and 95%
confidence interval overlaid. Dots represent outlying data. Microplastic types are color-coded: controls (dark gray), polyacrylic (yellow), polyamide
(green), polyester (red), and polyethylene (blue) treatments (i.e., linear microplastics are in warm colors: yellow and red, nonlinear microplastics
are in cold colors: blue and green).
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concentration dependent response (F = 6.32, p < 0.05). These
shifts in bulk density might be partially explained by the fact
that plastics are often less dense than many natural minerals
predominant in soils. Indeed, the control soils presented a bulk
density of about 1439 ± 86 kg m−3 at the end of our
experiment while the densest microplastic polymer used here
was the polyester (∼1370 kg m−3). There might be an
additional role of microplastic type in affecting the pore space
and particle interaction within the soil, however. Polyacrylic
fibers and polyethylene fragments did not trigger as marked
decreases in bulk density as did polyester fibers despite that
these polymers present only ∼86% and ∼71% of polyester
density, respectively. Within the microplastic levels tested here,
the semiquantitative exposure metrics (Figure 3B, SI Figure
S1E) do not reveal a statistically significant trend.
Polyester fibers also affected water holding capacity of the

soil (Figure 4A). Compared to other microplastics, increasing
concentrations significantly enhanced this parameter (F = 7.07,
p < 0.05). Under the experimental conditions tested here, none
of the other particles elicited similar effects. These fibers have
potential for long-distance environmental atmospheric12 and
fluvial transport.14 The modest increase in water holding
capacity, if generalizable, might affect soil moisture and
evapotranspiration; important phenomena for ecosystem
services and feedback to the regional and global climate.1

The semiquantitative or qualitative exposure metrics, that is,
microplastic levels disregarding the identity of the particle
polymer, type, and mass, did not reveal any significant trend
(Figure 4 B−F). Despite the noticeable changes in soil bulk
density, and water holding capacity, we did not detect
significant changes in hydraulic conductivity (SI S1E).
Diverse impacts of microplastics on soil structure were also

observed (Figure 5). Soils contaminated with polyester fibers
presented a significant decrease in water stable aggregates with
increasing polyester concentrations (F = 12.04, p < 0.01). In

terms of semiquantitative exposure metrics, no significant
effects were found concerning microplastic mass, particle
number, surface area, or volume, if particle type was
disregarded (Figure 4B, D−F). However, considering qual-
itative exposure metrics (Figure 5C) soils containing
polyacrylic fibers displayed a significant decrease in water
stable aggregates (p < 0.05). Moreover, multiple significant
changes on soil structure after dry sieving were observed (SI
S1F).
Polyester fibers caused most apparent changes in the proxies

of soil biophysical parameters assessed here, for example,
concentration dependent trends for effects on soil bulk density,
water holding capacity, and soil structure. In the absence of
conclusive scientific information to elucidate the mechanisms
of such impacts, we can propose some hypotheses based on
our empirical observations of the larger soil concretions. The
shape of fibers might imply higher potential to change soil
biophysical properties as such linear structures differ
substantially from the nonlinear particles that composed the
bulk of soil mass. A combination of plastic properties and
particle shape means that polyester fibers were more flexible,
and thus blended more effectively and homogeneously within
the soil matrix than their polyacrylic counterparts. In turn, that
would allow more efficient entanglement of soil particles by
polyester fibers. Indeed, polyester-influenced soil concretions
were generally more diverse in sizes than polyacrylic held
clumps when qualitatively observed under stereomicroscope.
Polyester fibers modeled the edges of soil clumps at smaller
spatial scale (Figure 2C), while the edges of polyacrylic-
influenced concretions were more influenced by interaction
among natural soil particles (Figure 2D). Thus, it is plausible
that the ability to form soil clumps and entangle soil particles at
finer spatial scales accounted for the more pronounced effects
of polyester fibers used here.

Figure 5. Effects of microplastic particles on the soil structure. (A) Visualization of the impact of microplastics on bulk density over the range of
treatment concentrations. (B) Focusing on effects of microplastic concentration irrespective of microplastic type. For A and B, data were
represented by mean and standard error (N = 5 per microplastic treatments, 10 for controls). (C) Summary of effect range of microplastic types for
bulk density combining treatment concentration. Data distribution was depicted by violin plots with median, interquartile range and 95%
confidence interval overlaid. Dots represent outlying data. Microplastic types are color-coded: controls (dark gray), polyacrylic (yellow), polyamide
(green), polyester (red), and polyethylene (blue) treatments (i.e., linear microplastics are in warm colors: yellow and red, nonlinear microplastics
are in cold color: blue and green).
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Considerations about the Apparent Nonmonotonic-
ity of Some Responses. An interesting feature of some of
the proxies of soil biophysical environment was an apparent
lack of monotonicity in responses to microplastic contami-
nation. In other words, some of the low concentrations of
microplastic seem to cause stronger effects than high
concentrations compared to the control. Nonmonotonic
responses have been conceptualized and empirically observed
in complex systems38 and soils.39 In the following paragraphs
we explore in a general context how changes in existing
processes, inclusion of new processes, and particulate material
interaction are possible drivers of such patterns.
A typical nonmonotonic example is particulate metal

pollution in estuaries. At low riverine discharges particulate
metal in water tends to increase proportionally to riverine flow
due to increased erosion and transport of fine sediments, which
are rich in adsorbed metal.40 However, the hydrodynamics at
higher discharges flushes metals to the sea, which decreases
metal pollution. That decrease is intensified by the high flow
erosion that transports coarser material, which is poor in
adsorbed metal.40 In that sense, the change in existing
processes (e.g., erosion of fine or coarse sediments), or
inclusion of new processes (e.g., hydrodynamic flushing)
explains the lack of monotonicity. As mentioned earlier, the
addition of the various microplastics to control soils represents
a simultaneous change in material, particle type, and particle
numbers of the soils. Each of these drivers may affect different
processes in soils (e.g., pore space, capillarity, wetting
processes, etc.), and their interactions might well yield
nonlinearity. In fact, changes in soil texture with linearly
increasing clay content are known to trigger nonmonotonic
responses in the slope of water retention curves, with resulting
nonmonotonic soil physical properties.39

In a recent study to address lack of monotonicity in an
ecotoxicological context the polydispersivity index, a metric of
particle−particle interaction, was shown to behave non-
monotonically.41 The behavior of the particles was in turn
associated with multiple nonmonotonic biological responses.41

To the best of our knowledge, it is not yet possible to fully
postulate the soil biophysical effects of interactions between
microplastics-microplastics, microplastics-natural matter, and
natural matter-natural matter. Notwithstanding, it is sensible to
propose that in the control pots there would be comparatively
more interactions between natural matter, at lower concen-
trations microplastic particles would interact more with the
natural matter, while at higher concentrations processes
influenced by microplastics−microplastics interactions become
more relevant. Such change in processes might also elicit
nonmonotonicity. In fact, the occurrence of hysteresis,
nonmonotonicity, and tipping points are some common
characteristics of early warning signals for complex systems
under critical transitions.38 It is highly likely that the soil
responses present some of those complex system features, since
the soil environment integrates multiple levels of physical,
chemical, and biological processes.
Unfortunately it is not easy to assess nonmonotonic dose−

responses in experimental data not designed for that purpose.42

Soils are very heterogeneous systems at multiple scales and the
current study was a common garden experiment which
includes naturally enhanced variability and random noise.
Therefore, whereas nonmonotonicity in the responses of soil
biophysical distress caused by microplastics are possible,
further studies are required to clarify this.

Microplastics Change Microbial Function. The above-
reported changes on fundamental properties of soils were
associated with changes in microbial activity. No significant
relationship between concentration of individual microplastic

Figure 6. Effects of microplastic particles on soil microbial activity. (A) Visualization of the impact of microplastics on bulk density over the range
of treatment concentrations. (B) Focusing on effects of microplastic concentration irrespective of microplastic type. For A and B, data were
represented by mean and standard error (N = 5 per microplastic treatments, 10 for controls). (C) Summary of effect range of microplastic types for
bulk density combining treatment concentration. Data distribution was depicted by violin plots with median, interquartile range and 95%
confidence interval overlaid. Dots represent outlying data. Microplastic types are color-coded: controls (dark gray), polyacrylic (yellow), polyamide
(green), polyester (red), and polyethylene (blue) treatments (i.e., linear microplastics are in warm colors: yellow and red, nonlinear microplastics
are in cold colors: blue and green).
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types and microbial activities was observed (Figure 6A).
However, a significant relationship irrespective of particle type
between microplastic concentration (% of soil) and microbial
activity was observed (Figure 6B; F = 6.14, p < 0.05). These
results agree with the microplastic-driven increased microbial
activity found by Liu et al.43 in loess soils contaminated up to
28% of weight with polypropylene smaller than 180 μm.
However, our study differed in multiple aspects, thus
complicating comparisons between both experiments. In our
experiment, different microplastics were used and the lower
microplastic exposures were strongly influenced by linear
microplastics. Therefore, the positive relationship between
microplastic concentration and microbial activity might be
associated with the overall low response of the latter to the
fiber treatments. In fact, the qualitative exposure metrics
(Figure 3C) revealed that both, polyacrylic and polyester,
fibers presented significantly lower microbial activities than
control soils (F = 5.20, p < 0.05) or those exposed to nonlinear
microplastics (F = 10.23, p < 0.001) (Figure 6C). Other
semiquantitative exposure metrics did not reveal any significant
effects with the methods adopted here (Figure 6D−F).
The alterations of the biophysical environment observed in

the present study in combination with shifts in microbial
activity highlight the potential of microplastic to trigger
functional changes in soils. Effects can likely not be reduced
to just “microplastic” concentrations, since specific particle
properties (linear vs nonlinear, size distributions, polymer,
etc.) seem to matter. For instance, water stable aggregates and
microbial activity constituting two broadly studied proxies of
soil health and function44,45 were significantly affected. In our
experiment, exposure of soils to the various microplastic types
tended to alter this association (Figure 7). For instance, the
exposure of soil to polyethylene fragments comparatively

increased the association between microbial activity and soil
aggregation (F = 22.42, p < 0.001). The contribution of soil
biota to soil aggregation has recently been made evident by a
meta-analysis that shows a generally positive relationship
between these parameters.46 This positive association displays
considerable variability depending on species investigated,
however.46 Lehmann et al.46 concluded that the diversity and
interactions of soil microbes (i.e., bacteria and fungi) are a
significant causal factor in soil aggregation. The microbial
activity index used here is roughly a measurement of metabolic
rate of the entire microbial community,45 and it is reasonable
to suggest that the altered microbial activities may reflect
altered microbial communities. In turn, the changes in the
association between microbial activity and water stable
aggregates might represent either a shift in microbial
community or a modification in the decay of soil organic
matter (e.g., preferential electron donor). Disentangling the
possible underlying mechanisms of such functional changes is
beyond the scope of the present study. Indeed, changes in
both, microbial communities and organic matter fate, are
conceivable. Liu et al.43 suggested that organic matter
degradation was accelerated with high concentrations of
polypropylene, which resulted in distinct metabolite profiles
after 7 and 30 days. Moreover, the fundamental biophysical
properties altered by microplastics in our study are known to
affect microbial communities.4 Therefore, further studies
should clarify the mechanisms of the functional responses of
soil microbes to the changes in biophysical conditions related
to microplastics.

Environmental Implications and Future Directions.
The present results highlight the potential of microplastics to
alter fundamental properties of the soil biophysical environ-
ment with consequences for functional changes in soils. Our
findings might have far-reaching consequences for numerous
terrestrial ecosystem processes. The current study constitutes
the first explorative data-driven analysis of microplastic impacts
on soil function. We discuss some of the environmental
implications based on the current data, highlight the
limitations and suggest future research directions.
To the best of our knowledge, the plastic polymers used in

the present experiment are unlikely to undergo relevant
degradation, disintegration, or leaching of chemical compo-
nents within our experimental time scale.37 The large
microplastic particles seemed intact when observed with the
stereomicroscope (Figure 2). Thus, the impacts on soil
environment and function might be physical outcomes of the
shifts in soil structure, and its subsequent effects on water−soil
interaction and microbial function. An analytical quantification
of microplastics was not performed here due to a lack of
accepted procedures for simultaneously quali-quantitative and
nontargeted microplastic analysis, and control soils might
therefore already contain detectable amounts of microplastic
particles. Nevertheless, microplastic contamination levels
simulated here were within the range of contaminated soils
near anthropogenically affected landscapes.47 Such soil
exposure levels are particularly relevant in the context of the
near-permanent increasing microplastic pollution,20 and
because current assessments might underestimate environ-
mental microplastic levels (see SI S1D).
We report significant changes using methods established for

the assessment of soil function and health. In this context, it is
worth noting that these methods were developed for soils
composed mostly of natural particles. It is unclear whether the

Figure 7. Soil functional relationship between microbial activity and
soil aggregation in control (A), or experimentally contaminated soils
containing polyacrylic (B), polyamide (C), polyester (D), and
polyethylene (E). The general association between these two proxies
of soil health is unraveled on panel F (F = 13.01, r2 = 0.13, p < 0.001).
In all panels dark gray, yellow, green, red, and blue colors represent
control, polyacrylic, polyamide, polyester, and polyethylene treat-
ments, respectively (i.e., linear microplastics are in warm colors:
yellow and red, nonlinear microplastics are in cold colors: blue and
green).
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observed changes might reveal increases or decreases in soil
health since we used those methods here to determine impacts
of microplastic particles that present structural and composi-
tional properties quite distinct from natural soil constituents.
For instance, soil bulk density typically correlates with soil
physical quality and rootability,39 that is, higher bulk density
might reduce root growth. However, it is unclear whether the
reduction of bulk density by the polyethylene particles (which
are lighter than average soils) would have positive
consequences for root growth, as it might not necessarily
represent increments in soil porosity. Similarly, decreases in
water stable aggregates are often regarded as impoverishment
of soil structure as it might reduce diversity of soil
microenvironments.4,44 Both microplastic fibers tested here
significantly decreased water stable aggregates (Figure 5) and
the fraction of soil forming dry aggregates larger than 1 mm (SI
1F). Notwithstanding, polyacrylic and polyester microfibers
concurrently increased the formation of large soil clumps and
therefore potentially provided additional macro-structures
absent in the control soil (Figure 2). Therefore, the current
data reveal microplastic-driven alterations of soil function, and
further studies are required to determine whether such changes
result in deleterious environmental consequences.
The most noticeable impacts reported here were associated

with the exposure to polyester fibers. This might constitute the
first experimental result concerning possible effects on
terrestrial systems by one of the commonly produced
environmental microplastics.20 Polyester fibers account for
∼70% of global plastic fiber production and represent one of
the few major plastic contaminants for which there is no
relevant recycling.20 In this sense, the present study introduces
the relevance of a microplastic contaminant8 of likely
worldwide presence as a potential environmental change
factor. Further research is required before this potential can
be assessed in a quantitative manner. For instance, most
biophysical and functional changes seemed to be associated
with idiosyncrasies of microplastic types (e.g., polymer, particle
structure, surface oxidation status, and size). Therefore, future
comparative studies should look at various soil types, climatic
regimes, temporal scales, and microplastic properties to test
whether polyester fibers are an important driver of terrestrial
global change.
Moreover, the idiosyncratic effects of microplastic types on

soil function were not as evident when exposure metrics were
assessed on the basis of semiquantitative or qualitative metrics
that lump microplastic polymer or particle numbers into a
single uniform stressor (Figure 3-6B−C, SI Figure S1 E). This
highlights the relevance of simultaneous qualitative and
quantitative and nontargeted microplastic analyses for scientifi-
cally defensible risk assessment of microplastics on soil.
Semiquantitative or only qualitative metrics are currently the
most common way of reporting environmental microplastic in
both terrestrial and aquatic systems.12,14,48,49 Therefore, many
of the studies that do not consider the individual microplastic
types in a quantitative manner might be of limited value to
assess the potential environmental impacts reported here. The
term “microplastic” might be useful as a category of
contaminants. However, treating all these diverse particles as
a uniform anthropogenic stressor in environmental monitoring
might significantly compromise environmental risk assess-
ments.
In summary, a solid understanding of the potential impacts

of microplastics on terrestrial systems requires special attention

to processes taking place within soils. We observed alterations
in fundamental properties defining the soil biophysical
environment. Such impacts were associated with changes in
microbial activity. Further quantitative studies on terrestrial
microplastic pollution are required to assess whether this might
represent shifts in the diversity of soil microbiota or other
deleterious effects on soil health. Our study highlights that
microplastics could affect the natural functioning of terrestrial
ecosystems in important ways other than eliciting direct lethal
toxicity. If extended to other soils and plastic types, the
processes unravelled here suggest that microplastics are
relevant long-term anthropogenic stressors and drivers of
global change in terrestrial ecosystems.
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