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Microplastic pollution is commonly found in terrestrial ecosystems, yet few studies have investigated its

impact on agricultural soils. Herein, we examine the effects of emerging contaminants and high-density

polyethylene (HDPE) microplastics (<1 mm) on soil microbial community composition, soil enzyme

activity, and strawberry plant growth. The study was conducted outdoors over the span of two years

near Montreal, Canada. We found that soils containing emerging contaminants had a significant

weighted UniFrac distance from control soils (q = 0.0076). However, when the emerging contaminants

were in the presence of 100 mg kg−1 HDPE microplastics, the distance from the control was no longer

significant (q = 0.1862). This suggests that HDPE microplastics may mitigate the impact of the emerging

contaminants on the soil microbial community. Conversely, no significant differences among treatments

were observed in the Shannon's diversity index of the soil microbial community throughout the study.

Significant differences in the soil enzyme activity among treatments were rare. At the end of each year's

growing season, there were no significant differences in the dry plant biomass, strawberry yield, and the

number of leaves and flower stalks between treatments. Many of the endpoints measured showed no

significant differences between treatments. Nonetheless, sharing the results of this two-year study,

performed outdoors using environmentally relevant concentrations, is important to prevent biased

literature and the repetition of resource intensive experiments.
Environmental signicance

Many plastics are released into the environment upon disposal where they break down over time into microplastics. The widespread use of pharmaceutically
active compounds has led to their detection in wastewater. During the wastewater treatment process these microplastics and compounds can enter the sewage
sludge, which can then be converted into biosolids for use in agricultural soils as fertilizer. Therefore, it is important to understand their effects on agricultural
soils. In our study performed outdoors over two growing seasons we found that the pharmaceutically active compounds were able to alter the soil microbial
community but were unable to do so when HDPE microplastics were present, indicating that the microplastics may play a role in mitigating the impact of these
compounds.
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1 Introduction

The occurrence of microplastics (plastic particles less than 5 mm
in size) in our terrestrial and aquatic systems is an environmental
problem that is expected to persist even if global plastic use were
to end.1 A survey of the literature found that less than 10% of
scientic publications on microplastic pollution focused on
terrestrial systems whereby most studies focused on aquatic
systems.2Meanwhile, in Europe, it is estimated that 4–23 times as
much plastic waste is released into continental environments
when compared to oceans.3 Microplastics have even been found
in remote catchments of the Pyrenees mountain range and have
been shown to travel up to 95 km via atmospheric transport.4 A
Environ. Sci.: Adv., 2023, 2, 629–644 | 629
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survey of soils from an industrial area in Sydney, Australia, found
that microplastic concentrations varied from 300 to 67 500 mg
kg−1.5 Moreover, besides landlls, urban areas, and beaches,
agroecosystems are suspected to be the most plastic-
contaminated terrestrial system.6 For instance, Piehl et al.
measured the quantity ofmicroplastics found in agricultural soils
in which microplastic-containing fertilizers and plastic applica-
tions were never used and found 0.34 microplastic particles per
kg dry soil, with polyethylene being the most common plastic.7 In
general, microplastic concentrations in the environment vary
greatly. A study measuring microplastic concentrations in ood-
plain soils from 29 locations across Switzerland determined that
the average microplastic concentration in the soils was 5 mg
kg−1, but could reach as high as 55.5 mg kg−1.8 Despite
increasing evidence that microplastics are ubiquitous in terres-
trial environments, there is little work being done to determine
their environmental and socioeconomic consequences.9

Agricultural soils can be contaminated with microplastics
through a variety of routes. For instance, plastic mulch lms
with a thickness of ∼10 mm are used to cover agricultural elds
to help regulate soil temperatures, retain soil moisture, and
control the growth of weeds.6 While these plastic mulch lms
are present on agricultural elds, they may degrade into
microplastics through abrasion and erosion.9 Earthworms have
also been shown to break down microplastics into even smaller
microplastics, likely through ingestion.10 UV irradiation is also
known to physically and chemically degrade certain plastics
into microplastics.9 Microplastics also have the potential to
interact with other compounds. For instance, polyethylene
microplastics have been shown to sorb polychlorinated biphe-
nyls and polycyclic aromatic hydrocarbons.11 Potential human
pathogens, such as Vibrio parahaemolyticus, have also been
observed on various types of microplastics found in the North
Sea and Baltic Sea.12

Biosolids application and the use of wastewater for irrigation
of agricultural soils are also becoming increasingly common.13

Microplastics that enter wastewater treatment plants generally
end up in the settled sludge which may then be applied to agri-
cultural soils as a fertilizer in the form of biosolids.14,15 Nizzetto
et al. estimated that 107 000 to 730 000 tonnes of microplastics
make their way into agricultural soils through biosolids every year
in North America and Europe.16 Similarly, several emerging
chemical contaminants are oen present in wastewater and end
up in biosolids.13 The behaviour of these contaminantsmay differ
in the presence of plastic particles. For example, Liu et al. found
that polystyrene nanoplastics were able to enhance the transport
of nonpolar and weakly polar compounds in soil, while polar
compound transport was unaffected.17 Similarly in our work, we
chose chemical contaminants that cover a wide range of polari-
ties to investigate their ability to impact the soil ecosystem in the
absence or presence of high-density polyethylene (HDPE)
microplastics. Fu et al. published a comprehensive literature
review on the adsorption of various organic pollutants to micro-
plastics, which also includes several of the compounds examined
in our study.18

Microorganisms, such as bacteria and fungi, are an important
source of soil enzymes.19 Therefore, it is important to measure
630 | Environ. Sci.: Adv., 2023, 2, 629–644
changes to the soil microbial community, in conjunction with
soil enzyme activity, to determine whether there are any links
with changes in plant growth. Soil enzyme activity has long been
used as a measure of soil health due to the importance of extra-
cellular soil enzymes in the carbon, nitrogen, sulfur, and phos-
phorus cycles.19 For instance, b-glucosidase (EC 3.2.1.21) is
responsible for the degradation of organic matter and plant
residues; in particular, it degrades cellulose, providing the soil
microbial community with simple sugars.20 Likewise, chitinase
(EC 3.2.1.14) (alternative name: b-N-acetylglucosaminidase)
degrades chitin.21 Xylan 1,4-b-xylosidase (EC 3.2.1.37) is involved
in hemicellulose degradation.22 Alkaline (EC 3.1.3.1) and acid (EC
3.1.3.2) phosphatase are responsible for the degradation of
organophosphates.23 Monitoring changes in the soil microbial
community composition and soil enzyme activity over time will
allow us to gain a deeper understanding of how selected
emerging, pharmaceutically-active contaminants can affect the
soil ecosystem and strawberry plant growth in the presence and
absence of HDPE microplastics.

As previously discussed, microplastics have been shown to
interact with chemical compounds11 and bacteria.12 Our goal is
to determine if such interactions can have an impact in an
agricultural setting. Herein, we report our ndings on the
effects of eight common wastewater chemical contaminants on
soil microbial community composition, soil enzyme activity,
and strawberry plant growth in HDPE microplastic-
contaminated soil in a two-year outdoor study. The chemical
contaminants covered a wide range of octanol–water partition
coefficients, allowing them to interact, to varying degrees, with
the components of the soil ecosystem, water, and microplastics.
A unique aspect of our study is that the experiments were per-
formed outdoors, and the soil was reused in the second year
aer being exposed to winter conditions near Montreal, Can-
ada. Moreover, we measured the impact of these chemical
contaminants on the soil ecosystem, in the presence and
absence of HDPE microplastics, to determine if the micro-
plastics can inuence any effects of the chemical contaminants.
We used microplastic concentrations that are typically found in
non-urban soils as these are more representative of the
concentrations one may expect to nd in agricultural soils.
Strawberry plants were chosen because it is a high-value agri-
cultural product. The global strawberry market had
a compound annual growth rate of 5% from 2007 to 2016.24 The
inherent variability of outdoor conditions (e.g., changes in
temperature, light, precipitation, the presence of animals, etc.)
may make it difficult to characterize certain system responses
which would otherwise have been detected in a controlled
laboratory environment.

2 Experimental
2.1 Production of high-density polyethylene microplastics

High-density white polyethylene sheets (48′′ × 96′′ × 1/16′′,
McMaster-Carr 8619K112) were cut into strips of approximately
15 cm× 3 cm and washed with 70 v/v% ethanol and rinsed with
reverse osmosis water (Type II, >1 MU) (Mar Cor Purication
reverse osmosis water purier). The ethanol wash was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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performed to remove any dust, oil, or bacteria that may have
accumulated on the surface of the HDPE sheets during trans-
portation, storage, or handling. In a single batch, three strips
were placed in a 500 W glass blender (T-fal Blendforce) and the
blender was lled with water until the HDPE strips were
approximately half submerged. The blender was then operated
in pulse mode for up to 10 min or until there was no further
visible degradation of the HDPE strips. The contents of the
blender were then passed through a ∼1 mm stainless steel
mesh into a clean glass tray. The HDPE microplastics oated as
a thin layer on the water in the glass tray. To retrieve the HDPE
microplastics, a scoop made from the same HDPE sheet was
used to skim the surface layer of HDPE microplastics off the
water. An aluminum weighing dish was then used to scrape any
HDPE microplastics off the scoop where they were le to dry in
the dark at room temperature for several days until there was no
more weight change so that the dry mass of the HDPE micro-
plastics could be measured before application to soils. The
HDPE microplastics were also imaged using an Olympus SZX16
microscope to visualize the variety of microplastic shapes
produced by the blending process.

To determine the mass-weighted size distribution in each
year of the experiment, the dried HDPE microplastics were
passed through a series of 500 mm, 250 mm, and 125 mm sieves.
The mass of HDPE microplastics retained by each sieve was
recorded.

2.2 Preparation of contaminated soils

Soil (sand: 30%, silt: 31%, clay: 38%) was collected from an
agricultural site at the Macdonald campus of McGill University
(Sainte-Anne-de-Bellevue, Canada) and had a pH of 6.9 based on
the pH of 8 g of soil in 40 mL of 0.01 M CaCl2 solution.25 Eight
chemical contaminants known to be found in wastewater and
covering a range of octanol–water partition coefficients (KOW)
were examined; namely, sulfanilamide (log KOW = −0.62),26

caffeine (log KOW = −0.07),27 acetaminophen (log KOW = 0.46),27

sulfamethoxazole (log KOW = 0.89),27 carbamazepine (log KOW =

2.45),28 ibuprofen (log KOW = 3.97),29 gembrozil (log KOW =

4.24),30 and triclosan (log KOW = 4.76).31 To ensure the homog-
enization of these chemical contaminants in soil, 4.2 mL of
a chemical contaminants stock solution (Table S1†) containing
these mixed contaminants in acetone was added to 220 g of soil
in a glass beaker. For treatments without chemical contami-
nants, the stock solution consisted of only acetone. Additional
acetone was then added until the soil was completely
submerged and was then shaken to allow for mixing of the
contaminants in the suspended soil. The mixture was le to dry
overnight in a fume hood aer which the acetone had evapo-
rated, resulting in 220 g of contaminated dry soil. From this
batch, 40 g of chemically contaminated (or control) dry soil
would be added to ∼18 kg of fresh uncontaminated soil as
described in the following section.

2.3 Strawberry eld experiment

Plant pots (L × W × H: 81 cm × 22 cm × 17 cm) were wrapped
in aluminum with holes at the bottom for drainage. Pots were
© 2023 The Author(s). Published by the Royal Society of Chemistry
positioned in 6 rows and 5 columns in a randomized design.
The treatments and controls were randomly distributed such
that each column contained one pot from each treatment, and
two control pots. In early June 2018, 40 g of the dry soil as
prepared in section 2.2 (with or without chemical contami-
nants) and 0, 180, or 1800 mg of HDPE microplastics were
mixed with ∼18 kg of fresh soil in each pot. The ve treatments
were: control (CTRL), 10 mg HDPE microplastic kg−1 soil (P10),
100 mg HDPE microplastic kg−1 soil (P100), chemical contam-
inants (C), and chemical contaminants + 100 mg HDPE
microplastic kg−1 soil (CP100). Each column contained 2 CTRL
pots, and 1 P10, P100, C, and CP100 pot for a total of 6 pots per
column. Considering there were 5 columns, the experiment
therefore contained 10 CTRL pots and 5 P10, P100, C, and
CP100 pots for a total of 30 pots. For some treatments at certain
time points, a subset of the pots was used due to occasional
sample losses or resource constraints. Therefore, the actual
sample size for each experiment, treatment, and time point is
mentioned in their respective sections. The concentration, log
KOW, molar mass, and chemical structure of the contaminants
in C and CP100 soils are listed in Table S2.† The soil was then
transferred into an aluminum wrapped pot and these pots were
placed ∼1.5 m apart from each other. Each pot was elevated on
a wooden platform that allowed for the collection of soil
leachate from the bottom of each pot into a metal container.
Four strawberry bare root plants (Fragaria x ananassa cv.
Seascape) (Production Lareault Inc.) were planted into each pot
with two drip irrigation sources. Irrigation was applied on days
with no rain, and fertilizers (Table S3†) were applied twice
a week through the irrigation system. In September 2018, the
end of the rst year's growing season, the strawberry plants were
removed from the pots. The pots were then covered with
aluminum foil and le outdoors. In June 2019, the start of the
second year's growing season, the pots were uncovered, and the
same treatments were reapplied to the same pots containing the
same soil from the rst year by removing the soil from the pot
into a wheelbarrow and mixing in the respective amount of
HDPE microplastics and/or chemical contaminants. Strawberry
bare root plants were once again planted in the samemanner as
the previous year. A schematic diagram of the eld layout is
shown in Fig. S1.† The placement of strawberry plants, drip
irrigation, and soil sampling locations in each pot is shown in
Fig. S2.†
2.4 Soil sampling

Soil was sampled vertically at three locations in each pot
(Fig. S2†) while ensuring that ∼24 h had passed since the last
rainfall or irrigation. The three soil cores (diameter: 1.5 cm,
height: 12 cm) were homogenized in an aluminum tray to create
a single sample (e.g., N = 1). Soil samples were then dried in an
aluminum weighing tray overnight at room temperature. The
soil was then passed through a 2 mm stainless steel sieve to
remove any large materials such as rocks or plant roots. Soil for
enzyme activity assays were used immediately. Soil for micro-
bial community assays were stored at −80 °C until further use.
Soil used for the detection of chemical contaminants was stored
Environ. Sci.: Adv., 2023, 2, 629–644 | 631
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at −20 °C until further use. In each year, the soil was sampled
just before the application (or reapplication for year 2) of
treatments (i.e., day 0), and aer approximately 1 week, 1
month, 2 months, and 3 months. For contaminant concentra-
tion analysis in soil samples, the soil was also sampled just aer
the application of the chemical contaminants at the start of
each growing season to establish a starting point for C and
CP100 samples relative to the CTRL.

2.5 Chemical contaminants analysis

Chemical contaminants were measured over time in two types
of samples: (1) excess water that was released from holes at the
bottom of the pot and subsequently captured (referred to as
leachate samples), and (2) contaminants measured in soil
samples.

The extraction of contaminants from leachate samples con-
sisted of sampling directly in the eld with a syringe, followed
by ltration through a 0.22 mm PTFE lter (polytetrauoro-
ethylene, Chrom4; Thuringen, Germany) into HPLC amber
glass vials (Agilent Technologies). The sample size on days 3, 8,
51, and 391 was N = 3, whereas the sample size on days 366,
369, 372, 377 and 384 was N = 5.

The extraction of contaminants from soil samples consisted
of shaking 1 g of soil in 2 mL of acetonitrile for 30 min, followed
by centrifugation (2240g, 5 min, 20 °C) and ltration of the
supernatant through a 0.22 mm PTFE lter into HPLC glass
vials. The sample size was N = 3.

Samples were analyzed using a 1290 Innity II LC System
coupled with a 6545 Q-TOF mass spectrometer (Agilent Tech-
nologies) operating once in positive (ESI+) and again in negative
(ESI−) electrospray ionization modes. The liquid chromatog-
raphy separation was conducted on an InnityLab Poroshell 120
(Phenyl-Hexyl, particle size: 2.7 mm, inner diameter: 3 mm,
length: 100 mm, Agilent) tted with an InnityLab Poroshell 120
(EC-C18, particle size: 2.7 mm, inner diameter: 3 mm, length: 100
mm, Agilent) guard column. The mobile phase (0.4 mL min−1)
consisted of a mixture of water (solvent A) and acetonitrile :
methanol (1 : 1 volume ratio, solvent B). Both solvents contained
5 mM ammonium acetate. In positive mode, 0–0.5 min: 99% A;
0.5–2 min: B increased from 1 to 50%; 2–4 min: B increased from
50 to 100%; 4–8 min: 100% B; 8–9 min: 99% A. In negative mode,
0–0.5 min: 95% A; 0.5–3 min: B increased from 5 to 100%; 3–
7min: 100% B, 7–9min: 95%A. The injection volume was 4 mL in
ESI+ mode and 10 mL in ESI− mode. The column temperature
was maintained at 30 °C. Nitrogen was used as the drying gas
(positive mode: 150 °C, 11 L min−1; negative mode: 175 °C, 10
L min−1). The fragmentor voltage was 125 V. Mass spectrometry
data was acquired in the 50–750 mass-to-charge ratio (m/z) range
in the full scan mode. Any values recorded below the instrument
detection limit (IDL) were converted to IDL/2. Detection param-
eters of the individual chemical contaminants (e.g.,m/z, retention
time, etc.) are listed in Table S4.†

2.6 Soil microbial community composition

For each time point and treatment for which soil microbial
community composition was measured, soil samples from
632 | Environ. Sci.: Adv., 2023, 2, 629–644
three different pots were used (N = 3). Microbial genomic DNA
was extracted from soil using a DNeasy PowerSoil Pro Kit
(QIAGEN). Double stranded DNA concentration was then
quantied using a Quant-iT PicoGreen dsDNA assay kit (Invi-
trogen) to ensure that the concentration of the samples met the
submission requirements of Genome Quebec (Montreal, Can-
ada). Polymerase chain reaction (PCR) was performed to
amplify the extracted DNA and was sequenced using Illumina
MiSeq (PE250) at Genome Quebec using the 515 F (5′-
GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGAC-
TACHVGGGTWTCTAAT-3′) primers to target the V4 region of
the 16S rRNA. Data from Genome Quebec was provided in
FASTQ format. Analysis of FASTQ data was performed using
Qiime2.32 There were 39221–225826 sequences per sample with
a median of 119503 sequences per sample. Aer denoising this
was reduced to 12463–70304 sequences per sample with
a median of 36989 sequences per sample. To ensure that all
samples had an equal number of sequences, a sampling depth
of 12462 was used (i.e., one lower than the sample with the least
number of denoised sequences). The sequence of commands
used in Qiime2 to process the data and calculate the weighted
UniFrac distances (and its subsequent principal coordinate
analysis (PCoA)), phylum-level taxonomy, and Shannon's
diversity index can be found in the ESI† – Qiime2 commands.

In addition to the previously mentioned treatments,
a pseudo-treatment was formed from a composite sample of the
uncontaminated soils (day 0), since they were sampled before
any treatments were applied. This is referred to as pre-treatment
(PRE) and was only used for the microbial community compo-
sition analysis.
2.7 Soil enzyme activity measurements

Soil enzyme activities were measured according to previously
reported methods,33,34 with some modications. Dry soil (∼1.6
g) was mixed into 50 mM sodium acetate buffer (pH 6.9, ∼100
mL) in a glass jar such that the nal concentration of soil in
buffer was 16 g L−1. The exact volume of buffer was based on the
measured mass of the dry soil to ensure a consistent concen-
tration throughout experiments. The resulting soil slurry was
placed on an orbital shaker at 240 rpm for 30 min and was then
centrifuged at 4000g for 2 min. This soil extract (i.e., the
supernatant) was then used for further analysis.

Soil extracts, containing the natural enzymes found in the
soil, were mixed with 4-methylumbelliferone (MUB) or 4-
methylumbeliferyl-linked substrates (MUB-substrates) (Table
S5†). Stock solutions of 5 mM MUB and 30 mM MUB-substrate
were prepared in dimethyl sulfoxide and stored at 4 °C. The
stock solutions were diluted in 50 mM sodium acetate buffer
(pH 6.9) (hereaer referred to simply as “buffer”) to a concen-
tration of 10 mM MUB and 200 mM MUB-substrate which was
then used in the enzyme activity assay. In a 96-well black
microplate (Corning Costar), 200 mL of soil extract was mixed
with 50 mL of MUB, MUB-substrate, or buffer solution. To
account for the uorescence and uorescence quenching effects
of the soil extract, similar wells containing 200 mL buffer in
place of soil extract were also prepared. The prepared plate was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Size distribution on a mass basis of HDPE microplastics in
both years of the study. Microplastics were first passed through
a ∼1 mm mesh size sieve before further use

Sieve mesh size 2018 HDPE microplastic 2019 HDPE microplastic

>500 mm 69.8% 79.5%
250–500 mm 25.3% 17.2%
125–250 mm 4.4% 3.1%
<125 mm 0.4% 0.2%
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kept in darkness at room temperature for 2 h (while the soil
enzymes catalyze their respective MUB-substrates), aer which
10 mL of a 1MNaOH solution was added to each well to enhance
uorescence. The plate was then immediately analysed in
a Tecan Innite m200 Pro microplate reader at excitation/
emission wavelengths of 365/450 nm. The concentration of
MUB in buffer at the time of measurement (i.e., 1.92 mM) was
shown to be within its linear uorescence range (Fig. S3†). CTRL
samples had a sample size of N# 10, whereas P10, P100, C, and
CP100 treatments had a sample size of N # 5. A more detailed
description of the enzyme activity calculation procedure can be
found in the ESI† – calculation of enzyme activity.

2.8 Strawberry plant growth

Data was recorded from one plant in each pot (chosen from the
middle). Plant parts were wrapped individually with aluminum
foil and placed in a zippered storage bag. The samples were
stored at −20 °C or lower. The fresh mass (marketable and non-
marketable) of strawberry fruit produced by the plant over the
course of the growing season was measured. The remaining
plant biomass was dried, and the dry biomass was recorded.
The number of leaves and ower stalks were counted every
week. For the measurement of dry biomass (both years),
strawberry yield (year 1) and the number of leaves (year 1) and
ower stalks (year 1), CTRL samples had a sample size of N = 6,
whereas P10, P100, C, and CP100 treatments had a sample size
of N = 3. For the measurement of strawberry yield (year 2) and
the number of leaves (year 2) and ower stalks (year 2), CTRL
samples had a sample size of N = 10, whereas P10, P100, C, and
CP100 treatments had a sample size of N = 5.

2.9 Statistical analysis

Data is reported as the mean ± 2 standard errors of the mean
unless stated otherwise. When samples are taken from pots,
a sample size of N refers to the number of pots being used
unless stated otherwise. In other words, even if a single pot was
sampled multiple times, it would still count as a single sample
(N = 1). For each dependant variable at each time point,
statistical tests were performed to determine any signicant
differences in the distributions between treatments at that time
point. The following procedure applies to these dependant
variables: dry biomass, strawberry yield, number of leaves,
number of ower stalks, each enzyme's respective activity, each
chemical contaminant's measured mass in leachate and
measured concentration in soil, Shannon's diversity index, and
phylum-level relative abundance of the soil microbial commu-
nity. The Shapiro–Wilk test was performed to verify that the
residuals of the data were normally distributed. If all the
residuals were equal then the Shapiro–Wilk test was not per-
formed, and the data was considered not normally distributed.
Bartlett's test was performed to verify that the variance of the
data from each treatment was equal. If any treatment had
a variance of 0, then Bartlett's test was not performed, and it was
considered that the variance among treatments were not equal.
If the data was determined to have normally distributed resid-
uals (Shapiro–Wilk test: p > 0.05) and equal variance among
© 2023 The Author(s). Published by the Royal Society of Chemistry
treatment groups (Bartlett's test: p > 0.05), then a one-way
ANOVA was performed, otherwise a Kruskal–Wallis H test was
performed. If any treatment group had N < 5, and the congu-
ration (i.e., number of treatments and number of samples in
each treatment) could not be found in a lookup table or the p-
value would be higher than the highest p-value in the lookup
table, then the result of the Kruskal–Wallis H test was deemed
insignicant in that there were no signicant differences in the
means between treatments. If all the values in the data were
equal (e.g., all values were below the limit of detection), then no
signicance test was performed, and a symbolic p-value of 1 was
assigned to the test. A baseline for signicance was a = 0.05.
Since for each dependent variable, a statistical test was per-
formed at each time point, a Holm–Bonferroni correction was
applied to a such that aHB # a, whereby the correction factor
was equal to the number of time points. Therefore, a result of p
< aHB was determined to be signicant. Signicant differences
observed in a one-way ANOVA were followed by Tukey's HSD
test. Signicant differences observed in a Kruskal–Wallis H test
were followed by the Mann–Whitney U test with Bonferroni
correction. Tables S8–S16† contain the results to these tests.
These tests were performed in Python 3.9.7 using numpy
1.21.2,35 pandas 1.3.3,36 scipy 1.7.1,37 and statsmodels 0.13.1
packages.38 Plots were made using matplotlib 3.4.2.39

To determine if the weighted UniFrac distances of the soil
microbial communities' amplicon sequence variants (ASVs)
(i.e., 100% similarity operational taxonomic units) between two
treatments across all time points was signicant, PERMANOVA
was performed with q < 0.05 being considered signicant. A
principal coordinate analysis (PCoA) was performed on the
weighted UniFrac distances as well to visualize the data.

A repository of this work's data can be found at https://
doi.org/10.20383/102.0678 which includes the 16S rRNA
sequences in FASTQ format, uorescence measurements from
enzyme activity experiments, and the Python code used to
generate statistics and gures found in this work.
3 Results and discussion
3.1 Characterization of HDPE microplastics

Microscope images of the HDPE microplastics are shown in
Fig. S4.† The mechanical weathering caused by the blender
resulted in HDPE microplastics, not only of varying size, but
also of vastly diverse shapes and aspect ratios, ranging from
simple at micrometer-sized fragments to long twisted micro-
bres. Therefore, a size distribution was measured on a mass
Environ. Sci.: Adv., 2023, 2, 629–644 | 633
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basis by sieving the HDPE microplastics through a series of
meshes and recording the mass retained by each mesh (Table
1). The initial mesh size used to separate the HDPE micro-
plastics from the larger HDPE particles was ∼1 mm. Any plastic
retained by this mesh was discarded and not used in experi-
ments. The particle size distribution in both years was relatively
similar, with decreasing mass proportion with decreasing size.

Although the size distribution shows a decrease in mass
concentration as microplastic size decreases, the opposite may
be true when considering a particle count concentration. For
instance, a 500 mm spherical microplastic would have the same
mass as sixty-four 125 mm spherical microplastics. This would
suggest that there could be more microplastic particles in the
125–250 mm range than there are >500 mm. A study by Wang
et al. examined the distribution of several microplastic prop-
erties in agricultural soils, whereby they also observed a trend of
increasing microplastic particle concentration as size decreased
Fig. 1 Leachate mass data for (a) gemfibrozil, (b) triclosan, (c) carbamaz
inants + 100 mg HDPE microplastic kg−1 soil (CP100), and chemical c
intervals including day 52 – 363, 392 – 456. For each time point, treatme
Markers represent individual samples. Grey squares represent the means

634 | Environ. Sci.: Adv., 2023, 2, 629–644
from 1 mm to 0.02 mm.40 They also found that polyethylene was
the most prevalent microplastic found in the soil, making up
21% of microplastics found, followed closely by polyamide at
20%.40 They classied 54% of the microplastics they found as
fragments and 27% as bres.40 Overall, our results conrm that
we have polydisperse microplastic-sized HDPE for our study.
3.2 Contaminant transport

The chemical contaminants covered a range of octanol–water
partition coefficients (KOW) (Table S2†). The leachate and soil
from the CTRL pots were examined to ascertain any background
presence of these chemical contaminants. It was found that
none of the chemical contaminants were observed in measur-
able quantities (i.e., none were above the instrument detection
limit) in the CTRL soils or leachate at any time point throughout
the study. Overall, the HDPE microplastics had no clear impact
epine, and (d) sulfamethoxazole in control (CTRL), chemical contam-
ontaminants (C) treated soils. No leachate data was collected for the
nts with the same letter have no significant difference between them.
. Error bars show 2 × the standard error of the mean.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Concentration of (a) gemfibrozil, (b) triclosan, (c) carbamazepine, and (d) sulfamethoxazole in control (CTRL), chemical contaminants +
100 mg HDPE microplastic kg−1 soil (CP100), and chemical contaminants (C) treated soils. For each time point, treatments with the same letter
have no significant difference between them. Markers represent individual samples. Grey squares represent the means. Error bars show 2 × the
standard error of the mean.
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on the extent of these chemical contaminants leaching from the
soil (Fig. 1 and S5†). Similarly, no signicant differences in the
concentration of any of the chemical contaminants in soil
between CTRL, C, and CP100 treatments at any time point were
observed (Fig. 2 and S6†). We note that due to having a low
sample size (N = 3) in addition to applying a Holm–Bonferroni
correction, we did not have the statistical power to distinguish
the CTRL concentrations from C and CP100 soils. In year 1,
most of the gembrozil and sulfamethoxazole was no longer
present in the soil by day 35 (Fig. 2a and d). Similarly, ibuprofen
was absent from the soils by day 6 (Fig. S6c†) and caffeine was
almost absent by day 69 (Fig. S6b†). Conversely, triclosan and
carbamazepine were still present in the soil for the duration of
year 1, but did show a decline in concentration over the year
(Fig. 2b and c). This indicates that some chemical contaminants
may only have a short period in which they directly impact the
soil, whereas others may stay in the soil for an extended period.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.3 Effect on soil microbial community composition

Soil microbial communities consist of a variety of bacteria,
many of which play a vital role in the cycling of nutrients – in
part by releasing extracellular enzymes – which can then be
used by the plant.19 Therefore, monitoring changes to the soil
microbial community composition can help explain observa-
tions regarding soil enzyme activity and, in turn, plant growth.
The most abundant phyla were Acidobacteria (24.9%) and
Actinobacteria (22.2%) followed by Chloroexi (13.5%) and
Proteobacteria (13.1%). Values in parentheses represent the
number of reads from that phylum divided by the total reads
across all samples. Phyla that represented less than 1% of the
overall sequence counts across all samples were grouped
together and labelled as “Other”. Acidobacteria engage in the
general breakdown of soil organic matter, specically, genes
have been identied for the production of enzymes that may
decompose cellulose, hemicellulose, chitin, and xylan.41 It has
Environ. Sci.: Adv., 2023, 2, 629–644 | 635
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Fig. 3 Soil microbial community composition based on the relative abundance of phyla found in control (CTRL), 10 mg HDPE microplastic kg−1

soil (P10), 100 mg HDPE microplastic kg−1 soil (P100), chemical contaminants + 100 mg HDPE microplastic kg−1 soil (CP100), and chemical
contaminants (C) treated soils. PRE (pre-treatment) is a composite sample of the uncontaminated soils. Row labels have the following
nomenclature: A-B-C, where A is the treatment, B is the sample ID, and C is the time point.
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also been suggested that Acidobacteria can be manipulated to
increase the productivity of agricultural crops.41 Actinobacteria
has been shown to play a role in plant growth promotion as
well.42 Interestingly, some Chloroexi bacteria are organohalide
respirers,43 while forms of Proteobacteria play a role in nitrogen
636 | Environ. Sci.: Adv., 2023, 2, 629–644
xation.44 Signicant differences in the phylum-level microbial
community were rare, occurring only on day 35, whereby C soils
had a signicantly lower relative abundance of Proteobacteria
than CTRL and P10 soils, and on day 397, whereby C, CP100,
and P10 soils had a signicantly higher relative abundance of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Principal coordinate analysis (PCoA) of the weighted UniFrac
distance of the soil microbial communities' ASVs in control (CTRL),
10 mg HDPE microplastic kg−1 soil (P10), 100 mg HDPE microplastic
kg−1 soil (P100), chemical contaminants + 100 mg HDPE microplastic
kg−1 soil (CP100), and chemical contaminants (C) treated soils. PRE
(pre-treatment) is a composite sample of the uncontaminated soils.
Ellipses represent the zone where 95% of samples from a bivariate
normal distribution with the same mean and covariance matrix as the
respective treatment would be drawn from. Numbers in brackets
indicate the amount of variance explained by that principal coordinate
(PC).
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Actinobacteria than CTRL soils. The complete phylum-level
taxonomy data is shown in Fig. 3.

The alpha and beta diversity of the soils' microbial
community composition based on ASVs were assessed. There
were no signicant differences in the Shannon's diversity index
of the soil microbial community (Fig. S7†) among treatments
for any of the time points measured. A PERMANOVA was per-
formed on the pairwise weighted UniFrac distances of the soils'
ASVs. The complete results can be found in Table S6.† The
chemical contaminant (C) soils had a signicant weighted
UniFrac distance from the CTRL (q= 0.0076), P100 (q= 0.0050),
PRE (q= 0.0062), and CP100 (q= 0.0329) treatments. The CP100
treatment also had a signicant weighted UniFrac distance
from the PRE (q = 0.0062) soils. However, the most noteworthy
observation is the fact that although the CTRL-C pair showed
a signicant distance (q= 0.0076), no signicance was observed
in the CTRL-P100 pair (q = 0.421) or the CTRL-CP100 pair (q =

0.186). Moreover, the signicant distance observed in the C-
CP100 pair (q = 0.0329), but not the CTRL-P100 pair (q =

0.421) clearly shows that the HDPE microplastics only play
a role in the composition of the microbial community in the
presence of the chemical contaminants. This suggests that
HDPE microplastics may play a role in minimizing the impact
of chemical contaminants on the microbial community
composition of soils, especially since an increase in signicance
(i.e., a decreasing q-value) is observed when moving from the
CTRL-P100 pair (q = 0.4214) to the CTRL-CP100 pair (q = 0.186)
to the signicant CTRL-C pair (q = 0.0076). These results are
similar to those found by Kleinteich et al. whereby polyethylene
microplastics were able to reduce the impact of polycyclic
aromatic hydrocarbons, such as phenanthrene and anthracene,
on the bacterial community of freshwater sediments.45 A
previous study by Rochman et al. found that HDPE micro-
plastics, alongside low-density polyethylene (LDPE) and poly-
propylene, had particularly high sorption capacity towards
polychlorinated biphenyls and polycyclic aromatic hydrocar-
bons, compared to polyvinyl chloride and polyethylene tere-
phthalate microplastics in San Diego Bay, California.11

Considering that all the compounds in our study contain some
form of aromatic structure (Table S2†), it is likely that a similar
mechanism is at play in our study. We hypothesize that the
HDPE microplastics may have adsorbed a portion of the
chemical contaminants, making them less bioavailable to the
soil and in turn, lessening the impact that these chemical
contaminants may have had on the soil microbial community.

To visualize these results, a principal coordinate analysis
(PCoA) of the weighted UniFrac distances is shown in Fig. 4. We
note that the rst and second principal coordinate axes
combined only account for 28% of the total explained variance,
and therefore the signicant distances mentioned previously
are not easily visible in the PCoA plot. Interestingly, Fig. S8†
shows that changes in the soil microbial community composi-
tion over time are readily apparent. This helps conrm the
validity of our microbial community analytical methods, since
these temporal changes were easily distinguishable.

In a study by Lin et al., LDPE with a volume-weighted mean
diameter of 37 mmwas applied to eld soil at concentrations up
© 2023 The Author(s). Published by the Royal Society of Chemistry
to 15 g m−2 and the soil was then sampled aer 287 days.46 They
found that the addition of LDPE was associated with a signi-
cant decrease in the abundance of various types of micro-
arthropods and nematodes, but had no signicant impact on
the overall abundance of microorganisms.46 Previously, Huang
et al. exposed soil to 76 mg kg−1 LDPE microplastic lms (2 mm
× 2 mm × 0.01 mm) over 90 days, and observed a change in the
taxonomic composition of the soil microbial community
composition.47 However, they did not see any change in the
Shannon's diversity index between the control soil and the soil
exposed to LDPE microplastics. Similarly, Li et al. conducted
a microplastic study on the sediments found in the Huangjinxia
Reservoir and saw no signicant difference in the Shannon's
diversity index between sediment samples containing less than
400 microplastics per kg and those sediment samples contain-
ing over 600 microplastics per kg.48

The effects of chemical contaminants on soil microbial
communities have also been assessed previously. Liu et al.
showed that 100 mg kg−1 sulfamethoxazole can reduce the
Shannon's diversity index of the soil microbial community
relative to the control aer 7 days of exposure, but this effect
disappeared aer 21 days.49 Meanwhile, Park et al. found that
triclosan (10 or 50 mg kg−1 soil) had a minimal effect on the soil
microbial community composition and, similar to our ndings,
observed that time played a greater role in soil microbial
community composition changes than triclosan.50 Zhang et al.
found that wastewater treated with 250 mg L−1 caffeine reduced
the bacterial community diversity during a 210 days exposure in
a wetland system.51
Environ. Sci.: Adv., 2023, 2, 629–644 | 637
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In our study, we saw no effect of any of the treatments on the
Shannon's diversity index of the soil microbial community
(Fig. S7†). This is in agreement with scientic literature on the
impact of microplastics on the Shannon's diversity index of soil,
however, the literature suggests that the presence of chemical
contaminants can increase or decrease the Shannon's diversity
index of the soil. Since our study consisted of an exposure
involving eight chemical contaminants simultaneously, it is
perhaps not so surprising that they collectively had no effect on
Fig. 5 (a) b-Glucosidase, (b) chitinase, and (c) xylan 1,4-b-xylosidase acti
HDPE microplastic kg−1 soil (P10), 100 mg HDPE microplastic kg−1 soil
(CP100), and chemical contaminants (C) treated soils. For each time p
between them. Markers represent individual samples. Grey squares repr

638 | Environ. Sci.: Adv., 2023, 2, 629–644
the microbial biodiversity of the soils as their individual abili-
ties to increase or decrease diversity may have negated each
other to some extent. From the weighted UniFrac distances, it
was clear that the presence of the chemical contaminants was
able to signicantly alter the microbial community composition
of the soil relative to the control (CTRL-C pair, q = 0.0076), but
was unable to signicantly change it in the co-presence of
100 mg kg−1 HDPE microplastics (CTRL-CP100 pair, q =

0.1862).
vities over the course of two growing seasons in control (CTRL), 10 mg
(P100), chemical contaminants + 100 mg HDPE microplastic kg−1 soil
oint, treatments with the same letter have no significant difference
esent the means. Error bars show 2 × the standard error of the mean.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.4 Effect on soil enzyme activity

The enzyme activity of four extracellular soil enzymes were
measured. Fig. 5 shows the enzyme activities for b-glucosidase,
chitinase, and xylan 1,4-b-xylosidase for each treatment and
time point. The enzyme activity for phosphatase (day 0 and day
69 onward) can be found in Fig. S9.†No signicant difference in
xylan 1,4-b-xylosidase activity between treatments were
observed at any time point. The only signicant differences
observed were on day 6 whereby chitinase activity was signi-
cantly higher in P10 soils than CTRL and CP100 soils. Also, on
day 425, b-glucosidase activity was signicantly higher in CP100
and C soils when compared to CTRL and phosphatase activity
was signicantly higher in C and P10 soils when compared to
CTRL. It is important to note that there were no signicant
differences in enzyme activity observed at day 0, which signies
that the soil in all the treatments had similar baseline enzyme
activities, since day 0 measurements were taken just before the
addition of HDPE microplastics and/or chemical contaminants.

A study by Fei et al. showed that soil containing 10 000 mg
kg−1 LDPE microplastics (678 mm) for 50 days exhibited an
increase in soil urease and acid phosphatase activity and
a decrease in uorescein diacetate hydrolase activity.52

Furthermore, Huang et al. treated soil with a relatively low dose
of 76 mg kg−1 LDPE microplastic lms (2 mm × 2 mm × 0.01
mm) over 90 days, and found that urease and catalase activity
increased while invertase activity showed no signicant
change.47 In another study, it was shown that 70 000 mg kg−1

polypropylene microplastics (<180 mm) contaminated soil can
increase uorescein diacetate hydrolase activity, but does not
affect phenyl oxidase activity aer 30 days.53 These studies have
shown that microplastics can have a variety of effects on the
activity of different soil enzymes ranging from decreasing
activity to increasing it, or having no effect altogether.

The observed effects of some of the chemical contaminants
on soil enzyme activity have been previously reported in the
literature. Waller and Kookana measured the effects of triclosan
(1–100 mg kg−1 soil) on soil enzyme activity.54 They found that
triclosan increased acid phosphatase activity in sandy soil, but
not clay soil, and alkali phosphatase activity was largely unaf-
fected in both soil types.54 They also noted that triclosan typi-
cally reduced b-glucosidase activity in sandy soil, but not clay
soil, and that chitinase activity decreased signicantly in clay
soil when exposed to 50–100 mg triclosan kg−1 soil.54 Liu et al.
also studied the effects of triclosan (0.1–50 mg kg−1 soil) and
found that its initial addition to the soil inhibits phosphatase
activity, but this activity slowly recovers over time.55 They sug-
gested that this could be due to the degradation of triclosan in
the soil over time.55 In a separate study, sulfamethoxazole (1–
100 mg kg−1 soil) was shown to inhibit soil phosphatase activity
over a 22 days exposure period.56 These studies reveal that tri-
closan has been shown to have variable effects on soil enzyme
activity, whereas sulfamethoxazole may decrease it. In our
study, we added 1.42 mg kg−1 sulfamethoxazole and 3.14 mg
kg−1 triclosan along with six other chemical contaminants to
soil (Table S2†), but signicant effects were rare. This could be
due to the outdoor exposure conditions of our experiment
© 2023 The Author(s). Published by the Royal Society of Chemistry
which could have affected the transport or degradation of these
chemical contaminants in our soils. For instance, we observed
greater leaching of sulfamethoxazole from soil in year 1 relative
to year 2 (Fig. 1d). Heavy rain could also cause these contami-
nants to leach out faster than they may have otherwise under
drip irrigation alone or in an indoor environmental chamber.
Therefore, although the same mass of chemical contaminants
was applied to the soil in each year, the amount present at each
time point was likely variable.
3.5 Effect on strawberry plant growth

The total yield of fresh strawberries, the dry biomass of the
remaining plant (i.e., without any strawberry fruit remaining),
the number of leaves, and the number of ower stalks at the end
of each year was measured (Fig. 6). No signicant differences
were observed in any of these endpoints between any of the
treatments at any time point suggesting that any impact of the
HDPE microplastics and/or chemical contaminants on these
endpoints was smaller than the general variance that occurs
from growing strawberries under outdoor conditions. This
variance can be caused by several factors such as the interaction
of the strawberry plants with birds, land animals, and insects,
as well as variations in the weather, precipitation, and
temperature which would not be present in a climate-controlled
lab environment.

The effect of microplastics on other plant species has
previously been studied. For instance, our results are similar to
those of a previous study by Meng et al. whereby soil containing
250–1000 mmLDPEmicroplastics at 25 000 mg kg−1 dry soil had
no signicant effect on the shoot, root, or fruit biomass of
Phaseolus vulgaris L. in an outdoor experiment over approxi-
mately 4 months.57 Conversely, Pignattelli et al. examined the
effect of 184 mg kg−1 polyethylene microplastics (<125 mm) on
garden cress (Lepidium sativum) over 21 days.58 They found that
soil containing polyethylene microplastics had a signicantly
higher germination inhibition of 7.1% when compared to 0% in
the control, and reduced shoot biomass by 38% relative to the
control soil; however, there was no signicant effect on the
shoot height or the number of leaves.58 Qi et al. examined the
effect of LDPE microplastics (<1 mm) on wheat (Triticum aesti-
vum) growth.59 Over a 4 month period, there was generally little
or no signicant difference between wheat grown in soil
contaminated with 10 000 mg kg−1 LDPE microplastics and the
control soil over a variety of factors including: plant height,
number of tillers, number of fruits, shoot and root biomass, leaf
area, number of leaves, stem diameter, and relative chlorophyll
content.59 Likewise, our results show that a similar phenom-
enon was observed in strawberry plants with HDPE micro-
plastics, in an outdoor environment over a similar time frame.
Moreover, our study was done at a lower exposure concentration
than these previous studies.

When considering the chemical contaminants added to the
soil, triclosan has previously been shown to have no adverse
effects on maize, soybean, and spring wheat.60 Barbera et al.
exposed rice (Oryza sativa) to a mixture of ibuprofen and
caffeine which resulted in a 51% increase in rice grain yield.61
Environ. Sci.: Adv., 2023, 2, 629–644 | 639
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Fig. 6 (a) Dry biomass of the remaining plant without any strawberry fruit, (b) total yield of fresh strawberries, (c) number of leaves, and (d)
number of flower stalks in control (CTRL), 10 mg HDPE microplastic kg−1 soil (P10), 100 mg HDPE microplastic kg−1 soil (P100), chemical
contaminants + 100 mg HDPE microplastic kg−1 soil (CP100), and chemical contaminants (C) treated soils. For each time point, treatments with
the same letter have no significant difference between them. Markers represent individual samples. Grey squares represent the means. Error bars
show 2 × the standard error of the mean.
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Conversely, sulfamethoxazole (8.0 mM in Murashige and Skoog
solid medium) has been shown to decrease the root length and
shoot biomass of Arabidopsis thaliana by 95% and 90%,
respectively.62 In our work, we added 5.6 mmol sulfamethoxazole
per kg fresh soil along with triclosan, ibuprofen, caffeine, and
other chemical contaminants at various concentrations (Table
S2†). The combination of these growth enhancing and growth
inhibiting effects as well as the nature of the experiment being
outdoors in a highly variable environment is consistent with our
results that indicate that there is no signicant effect of the
chemical contaminants on the dry biomass, strawberry yield,
number of leaves, and number of ower stalks (Fig. 6).
4 Conclusions

The effects of emerging contaminants in the presence and
absence of HDPE microplastics on soil microbial community
640 | Environ. Sci.: Adv., 2023, 2, 629–644
composition, soil enzyme activity, and strawberry plant growth
weremeasured. It was found that the weighted UniFrac distance
between the CTRL-C soils were signicant but were not signif-
icant for the CTRL-CP100 and CTRL-P100 pairs. This suggests
that the presence of HDPE may have mitigated the ability of the
chemical contaminants to alter the soil microbial community
composition. We hypothesize that due to the aromatic nature of
the chemical contaminants, the adsorption of the chemical
contaminants to the HDPE microplastics reduced their
bioavailability, thereby lessening their impact on the soil
microbial community. This is further supported by earlier
work.11 Moreover, signicant differences in the soil enzyme
activity, and the phylum-level soil microbial community
composition among treatments were rare. No signicant
differences between treatments in the strawberry yield, plant
dry biomass, the number of leaves or ower stalks, and the
Shannon's diversity index were observed at any time point.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Other researchers have also observed little or no effect of
microplastics on Tripneustes gratilla larvae survival;63 Lemna minor
growth or photosynthetic efficiency, as well as the mortality or
mobility of Gammarus duebeni that ingested the microplastic-
contaminated L. minor;64 Echinogammarus marinus growth or food
consumption;65 and the foraging activity of Acanthurus triostegus.66

While there were little to no signicant differences among treat-
ments in many of the endpoints studied in this work, we believe
there are several aspects that make this study of interest. For
instance, the study was designed tomimic real world conditions as
closely as possible without having to contaminate an open eld.
This was done by using agricultural soil in pots outdoors over
a long two-year period with environmentally relevant concentra-
tions of microplastics and chemical contaminants. We also
acknowledge that some endpoints were measured with a small
sample size and may have contributed to the lack of observed
effect. It is also important to share “no negative effects” data in an
effort to contribute to an unbiased microplastic literature and to
prevent the duplication of similar resource-intensive experiments
by other researchers.67 We believe the data presented here is
particularly important to the agriculture industry due to the
widespread usage of HDPE and other plastics in agriculture (e.g.,
irrigation parts, plastic mulch, etc.). These results should help in
understanding the pros and cons of plastic use in agricultural soils.
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de recherche du Québec – Nature et technologies (grant no.
286120). We appreciate the support of Environment and
Climate Change Canada, Health Canada, the Canadian Food
Inspection Agency, the Mass Spectrometry Platform at the
Macdonald Campus of McGill University, and Vive Crop
Protection. S. Chahal acknowledges NSERC for a PGS D schol-
arship, McGill University for a MEDA fellowship, the support of
the EUL fund in the Department of Chemical Engineering, and
EcotoQ. V. B. was supported in part by the McGill Engineering
Doctoral Award. The authors would like to thank S. Fan, P.
Gopal, I. Hader, M. Bleho, L. Caralampides, and the team at the
Macdonald Campus Horticulture Research Centre for their
assistance during the eld experiment.

References

1 D.- K. A. Barnes, F. Galgani, R. C. Thompson and M. Barlaz,
Accumulation and fragmentation of plastic debris in global
environments, Philos. Trans. R. Soc., B, 2009, 364, 1985–1998.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2 A. A. de Souza Machado, W. Kloas, C. Zar, S. Hempel and
M. C. Rillig, Microplastics as an emerging threat to
terrestrial ecosystems, Global Change Biol., 2018, 24, 1405–
1416.

3 A. A. Horton, A. Walton, D. J. Spurgeon, E. Lahive and
C. Svendsen, Microplastics in freshwater and terrestrial
environments: Evaluating the current understanding to
identify the knowledge gaps and future research priorities,
Sci. Total Environ., 2017, 586, 127–141.

4 S. Allen, D. Allen, V. R. Phoenix, G. Le Roux, P. Durántez
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