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Abstract

Plastic is an essential component of agriculture globally, becoming a concerning form of pollution. Biodegradable alternatives
are gaining attention as a potential replacement for commonly used, non-degradable plastics, but there is little known
about the impacts of biodegradable plastics as they age and potential leachates are released. In this study, different types
(conventional: polyethylene and polypropylene and biodegradable: polyhydroxybutyrate and polylactic acid) of micro- and
meso-films were added to soil at 0.1% (w/w) prior to being planted with Lolium perenne (perennial ryegrass) to evaluate the
plant and soil biophysical responses in a pot experiment. Root and shoot biomass and chlorophyll content were reduced when
soil was exposed to plastics, whether conventional or biodegradable, pristine, aged or when just their leachate was present.
The pH and organic matter content of soil exposed to these plastics and their leachates was significantly reduced compared
to control samples; furthermore, there was an increase in CO, respiration rate from soil. In general, meso (>5 mm) and
micro (<5 mm) plastic films did not differ in the impact on plants or soil. This study provides evidence that conventional
and biodegradable plastics have both physical and chemical impacts on essential soil characteristics and the growth of L.

perenne, potentially leading to wider effects on soil carbon cycling.
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Introduction

Plastic pollution, recognised by the United Nations
Environment Program (UNEP) as a major threat to soil
health and global food security (FAO and UNEP 2021),
has raised growing concerns, with research by the Food
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and Agriculture Organisation of the UN (FAO) and UNEP
indicating that agricultural soils may receive higher volumes
of microplastics (particles <5 mm in size (Frias and Nash
2019)) than oceans (FAO and UNEP 2021). Globally, the
use of plastic in agriculture is increasing. The FAO (2021)
estimates that the current annual global consumption of
plastic within the agricultural industry is 12.6 million
tonnes, making agricultural soil particularly prone to
microplastic contamination. There are several pathways for
plastic contamination into agroecosystems, including from
fertiliser in the form of sewage sludge (Corradini et al. 2019),
atmospheric deposition and precipitation (Dris et al. 2016;
Bergmann et al. 2019), and plastic agricultural equipment,
particularly the use of mulching sheets (Blasing and Amelung
2018; Huang et al. 2020; Kumar et al. 2020; Lozano et al.
2020; Wang et al. 2022). The use of plastic in mulch films has
become a fundamental part of intensive agriculture (Ekebafe
etal. 2011). The FAO (2021) states that the agricultural plastic
industry predicts that the current global plastic film demand
of 6.1 million tonnes (2018) will rise by 50% to 9.5 million
tonnes in 2030. Mulch films can improve crop productivity and
yield by regulating soil temperatures, retaining soil moisture,


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-024-31838-9&domain=pdf
http://orcid.org/0000-0001-9333-4613

Environmental Science and Pollution Research (2024) 31:11766-11780

11767

preventing soil erosion and subsequently nutrient loss and
reducing the need for fertiliser, pesticide and herbicide use
by inhibiting weed growth and minimising contact with pests
and diseases (Kasirajan and Ngouajio 2012; Viljoen et al.
2023). According to Zhou et al. (2023), the lifespan of these
films, however, is short (<1 year for outdoor mulches and
ca. 5 years when used within greenhouses), due to a series
of aging mechanisms, such as light (UV) degradation, wind
and water erosion and microbial decomposition (Wang et al.
2021). The breakdown of mulch films potentially causes the
accumulation of smaller plastic pieces such as microplastics
and meso-plastics (Liu et al. 2018). Polyethylene (PE) and
polypropylene (PP) are the most frequently found polymers
in soil globally, corresponding to commonly used mulch film
polymers (Kasirajan and Ngouajio 2012; Huang et al. 2020).

Biodegradable plastics have gained significant attention
as a potential replacement for non-degradable, conventional
plastics (Qin et al. 2021). For example, biodegradable plastic
mulch films have been developed to replace those made from
conventional plastics (PE and PP) (Bandopadhyay et al. 2018).
Common polymers used in these biodegradable mulches
include polylactic acid (PLA) and polyhydroxyalkanoates
(PHA), such as polyhydroxybutyrate (PHB) (Kasirajan and
Ngouajio 2012). Biodegradable polymers are, in theory,
susceptible to microbial hydrolysis (Brodhagen et al. 2015),
meaning that soil microorganisms can completely metabolise
these bioplastics into microbial biomass, CO, and water
(Lucas et al. 2008; Bano et al. 2017; Luyt and Malik 2019).
This degradation is controlled by environmental factors
such as temperature, moisture levels and the presence of
plastic-degrading microorganisms (Brodhagen et al. 2015);
however, it is possible that plastic-degrading bacteria do not
always respond to bioplastics and, even when biodegraded,
additive residues may remain in the soil (Goel et al.,
2021). In practice, research suggests that full degradation
of biodegradable materials is often not achieved in the
environment under natural conditions (Kubowicz and Booth
2017; Viera et al. 2020).

Despite the increasing use of biodegradable mulching
films, preliminary research shows that, when compared to
conventional polymers, biodegradable plastics may have
equal impacts to the following: the germination and growth
of ryegrass (Lolium perenne) (Boots et al. 2019), common
bean (Phaseolus vulgaris L.) (Meng et al. 2021) and wheat
(Triticum aestivum) (Qi et al. 2018, 2020b); soil physico-
chemical properties including structure, bulk density, poros-
ity, and water holding capacity (Qi et al. 2020a); and soil
invertebrates, such as earthworms (Aporrectodea rosea
and Eisenia fetida) (Boots et al. 2019; Ding et al. 2021).
Different plastics have elicited differing responses in both
soils and plants, likely due to their different compositions
(including chemical additives added to the polymer), sizes,
differing deposition rates (Xu et al. 2020; Liu et al. 2023a)

and differing degradation rates (bioplastics may break down
into microplastics faster than conventional plastics (Brod-
hagen et al. 2015)). For example, Boots et al. (2019) found
PLA exposure (0.1% w/w) to decrease the germination of
L. perenne seeds by 6% decrease, while there was no sig-
nificant change observed with HDPE (Boots et al. 2019).
Boots et al. (2019) also report a decrease in soil pH with
exposure to (high density) PE microplastics (0.1% w/w),
hypothesising that this change could be due to microplastic
particles altering soil cation exchange capacity by enabling
the free exchange of protons in the soil water, resultant from
their large surface area. In contrast, Zhao et al. (2021) found
conventional microplastic films (0.4% w/w) to increase soil
pH, potentially due to increases in soil aeration and poros-
ity (Lozano et al. 2021). An altered soil pH can affect soil
microbial growth and metabolism (Bahram et al. 2018;
Crowther et al. 2019), which could be detrimental to eco-
logical processes such as nutrient cycling and soil organic
matter decomposition (Yan et al. 2017a; Kang et al. 2021).
Despite plastic mulching being widely used in agricul-
ture, and thus leading to the accumulation of microplastic
films in soil (Steinmetz et al. 2016), there exists a strong
research focus on fibrous microplastics, with microfilms
being largely neglected (Lehmann et al. 2021; Zhao et al.
2021). Several studies have identified the size distribution
of agricultural plastic deposits (Giindogdu et al. 2022; Hu
et al. 2022; Xu et al. 2022a), but few have directly compared
the effects caused by different sizes of plastic films, such as
micro- versus meso-plastics. This is especially important if
biodegradable plastics are to be considered as substitutes for
conventional plastics (Qin et al. 2021), because it remains
uncertain whether size has an effect on plastic toxicity.
Many unknowns in the underlying mechanisms of
microplastic effects exist; to date, polymer additives have
received little consideration, especially regarding biodegradable
plastics. Chemical compositions of biodegradable plastics
are often kept confidential by manufacturers, but evidence
suggests that during degradation, these plastics can release
toxic additives that may harm soil biota (Kim et al. 2020; Wang
et al. 2022). Both conventional and biodegradable plastics
often contain additives in the form of plasticisers, antioxidants,
stabilisers and pigments that are integrated into the polymeric
matrix during the manufacturing process to improve their
functionality (Bejgarn et al. 2015; Hahladakis et al. 2018; Tang
et al. 2023). Additives play a crucial role, especially in the case
of polymers sourced from natural materials or microorganisms,
as PHA and PLA are. This is due to these polymers having
inherent limitations in terms of their physical properties,
such as their ability to withstand high temperatures (Beach
et al. 2013; Khan et al. 2017; Zimmermann et al. 2020; Cao
et al. 2023). These additives are known to be leached from
plastics, having negative impacts on soil ecosystems (Wang
et al. 2013); phthalates, a common plasticising agent, have been
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observed to inhibit microbiological activity and be taken up
by plants, upon being leached from PE and PP during natural
weathering (Sun et al. 2015; Wang et al. 2016; Blasing and
Amelung 2018). This highlights the need to understand the
effect of leachate from biodegradable plastics, compared to
that from conventional plastics, on soil ecosystems. Almost
all microplastics in agricultural soils are considered “aged”
(Gao et al. 2021); this has been evidenced in research (Li et al.
2020b; Yang et al. 2023) due to the noted visible cracks seen
in field-collected plastics. Despite this, many previous studies
have focused on the impact of “‘unaged”, also commonly known
as “pristine” microplastics, on soil ecosystems (Qiu et al.
2022). Research on toxic effects of aged plastics, as opposed to
pristine plastics, within soil ecosystems is less common, posing
questions on whether it is the physical effect of the plastic or the
chemical effect of the leachate additives having the discussed
ecotoxicological impacts.

This study, therefore, was designed to assess the impacts of
plastic contamination on the development of Lolium perenne
(perennial ryegrass) and its soil environment. L. perenne, is
known to be one of the most ecologically and agronomically
important grass species in terms of pasture and forage in
temperate regions, such as the UK, due to its high feed value
and perenniality (Matzrafi et al. 2021) and is useful as a
model species in ecotoxicology (Holmes 1980). The effects
of micro- and meso-plastics, manufactured of polyethylene,
polypropylene (both conventional types of plastic),
polyhydroxybutyrate and polylactic acid (both biodegradable
types of plastic) were assessed using mesocosm systems,
providing controlled conditions. Three experiments tested the
hypotheses that the addition of conventional and biodegradable
micro- and meso-plastics, in either (i) pristine or (ii) aged or
(iii) as leachate would alter the (a) shoot and root biomass, (b)
chlorophyll-a and -b contents of L. perenne and (c) pH, organic
matter content and respiration rate of the soil. The pristine
experiment was designed to test both physical and chemical
elements of plastic pollution, as pristine plastics leach out their
chemical additives when naturally aged in the soil. In contrast,
the aged and leachate experiments distinctively tested the
physical and chemical elements of plastic pollution. The aged
experiment specifically examined the physical presence of
aged plastics, which inherently have fewer additives available
to leach out due to their age. The leachate experiment focused
on testing the effects of additive leaching.

Materials and methods
Experimental design and setup
Three separate mesocosm experiments were carried out using

perennial ryegrass (Lolium perenne, Cotswold Grass Seeds
Direct, UK), grown in topsoil (Westland Horticulture Ltd.
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UK). Experiment 1 used pristine micro- and meso-plastic
films, Experiment 2 used aged micro- and meso-plastic
films and Experiment 3 used leachate from micro- and
meso-plastic without films present. Commercially available
plastic films of PE, PP, PHB (0.01 mm thickness) and PLA
(0.05 mm thickness) (Goodfellows, Cambridge, UK) were cut
in micro (~15 mm?) and meso (~213 mm?) sizes (~3.8 and
~14.6 mm in side length, respectively) (Figure S1)—these
approximate sizes were chosen as they are the median values
of microplastic and meso-plastic size ranges (4-25 mm?
and 25-400 mm?, respectively) (Hartmann et al. 2019). The
topsoil used was a rich clay loam soil with a pH of 6.05+0.03
(mean + SEM, n=35) and an organic matter content of
20.6 +0.3% (mean + SEM, n=>5). It is important to note
that topsoil likely contains microplastics, given that they are
sourced from the different locations within the environment
and combined. The use of control samples with the same
topsoil (with thorough homogenisation between bags) allows
the comparison of treatment effects while acknowledging
the possible presence of other microplastics in the substrate.
For each separate mesocosm experiment—pristine, aged and
leachate—there were two treatment factors “Polymer” and
“Size”. Polymer had five levels: PE, PP, PHB, PLA and a
shared Control, which had no added polymers. Size had two
levels: micro and meso (see Figure S2 for more detail). All
treatments were replicated five times (n=5, N=45).

For all experiments, the soil was air-dried, sieved (2-mm
mesh size) and homogenised by hand. For Experiment 1,
pristine plastics were added to soil at a concentration of
0.1% (w/w). Thus, 0.5 g of each plastic type was mixed into
500 g of soil for each mesocosm (polypropylene plant pot:
1.3 L capacity; height=13.0 cm, top diameter=12.5 cm,
bottom diameter=10.2 cm) to reach a dry bulk density of
1.1 g cm™. Concentrations used to leach additives from
plastics, simultaneously producing “aged” plastics, has var-
ied remarkably among published studies (e.g. from 2 g L™!
(Lee et al. 2022) to 100 g L~! (Esterhuizen et al. 2022);
these values represent the mass of plastic per litre of water),
but has been primarily based on measured concentrations
of environmental plastic pollution in the field (Coffin et al.
2018; Bridson et al. 2021). The environmental aging of MP
cannot be fully simulated by mechanical stress alone, as
photodegradation also plays a significant role (Liu et al.
2021). To mimic plastic weathering by aging the plastics
in an accelerated laboratory setting, 2.5 g each plastic was
shaken in 1 L deionised water (a concentration of 0.25%
(w/v), corresponding to the lower values in literature) at
120 rpm at 50 °C under a UV light, for 2 weeks (Rum-
mel et al. 2019; Kim et al. 2020; Esterhuizen et al. 2022).
From each leaching chamber, 0.5 g plastic in 200 mL water
was extracted, with the plastic added to soil of Experi-
ment 2, at a concentration of 0.1% (w/w), and the result-
ing leachate (the by-product from the aging process) used
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for Experiment 3, at a concentration of 0.25% (w/v). The
leachate was added to each pot across 10 watering events
(0.4% v/w): day 0 and then every 3 days until harvest at day
30 (20 mL leachate per watering event). Each mesocosm
received approximately 100 (0.18 g) L. perenne seeds, a
planting density of 0.81 seeds cm™2. The mesocosms were
randomly assorted and periodically rotated at random to
ensure uniformity in growth. The plants were grown for
30 days from 25/10/2022 until 24/11/2022 indoors next to
a north-west-facing window and, under natural light condi-
tions, received a daily photosynthetically active radiation
average of 11.5 umol m~2 s~!. For all experiments, soils
were watered with deionised water to obtain 60% water
holding capacity (WHC) at every watering event. WHC was
determined gravimetrically from separate, dedicated pots.

Above and below ground biomass and chlorophyll
content of L. perenne

At the end of the experiment, shoots were cut at soil level
and wet biomass was determined, along with dry biomass,
after being oven-dried at 105 °C for 24 h. Plant roots were
removed during a 5-min manual search per pot; roots were
sieved, washed and dried at 105 °C to measure biomass.
Prior to biomass analysis, samples for the measurement of
chlorophyll content were prepared by extracting a subsample
(0.2 g) of shoots from each mesocosm in 95% ethanol solution
for 18 h in darkness. Chlorophyll-a and -b contents were
determined by measuring the extractant at an absorbance of
664 nm and 647 nm, respectively, using a spectrophotometer
(Jenway 6300 Spectrophotometer) (Harmut 1987; Wang
et al. 2020). The chlorophyll concentrations were calculated
following equations by Jeffrey and Humphrey (1975)
(chlorophyll-a: 11.93 X A¢gsnm — 1.93 X Ag47,m and chlorophyll-b:
20.36 X Agq70m — 5-50X Aesanm)-

Soil pH, organic matter and respiration
measurements

Soil pH was determined using a Hanna HI 991300 pH meter
at a soil to water ratio of 1:1, after mechanical shaking for
1 h and centrifuging at 3000 g for 3 min (Rowell 1994). Soil
organic matter content was determined by calculating the
loss on ignition: 10 g soil was oven-dried at 105 °C for 18 h
to achieve a constant dry weight and then was combusted
at 350 °C for 12 h in a muffle furnace and reweighed. The
weight loss during ignition in the furnace is proportional to
the quantity of organic matter in the sample (Rowell 1994).
Soil respiration rates were measured following plant har-
vest methods in Rowell (1994): moist soil was incubated
with NaOH at 20 °C for 1 week. Following this, BaCl, and
deionised water were added to the NaOH and titrated against
HCI, using phenolphthalein indicator.

Statistical analysis

The data analysis followed Green et al. (2016). Using R v
4.1.0 (R Core Team 2021), normality, homoscedasticity and
equality of variance were tested using Shapiro-Wilkinson
tests, residual plots and Levene’s tests (from the car package
(Fox and Weisberg 2018)), respectively. For each mesocosm
experiment, the experimental design was asymmetric with
two orthogonal factors “Polymer” and “Size”, with a single
control group “Control”. Therefore, results for each experi-
ment were analysed by using the mean squares from two
independent analyses of variance (ANOVA), which involved
the partitioning of variance for individual mesocosm experi-
ments (pristine plastics, aged plastics and plastic leachates).
Firstly, a one-way ANOVA with all treatments as separate
levels (a=9, n=5, N=45) was calculated, followed by a
two-way ANOVA of “Polymer” by “Size” (P X S) with the
level “Control” removed from the dataset (a=4,b=2,n=5,
N=40). The 1st ANOVA produced residuals which were
then used to estimate any differences between “Polymer”
and “Size” in the 2nd ANOVA, enabling the determination
of any variation between the Control and the other treat-
ments (“Control versus Others”), contrasted at one degree
of freedom (Underwood 1997). When a significant effect (at
P <0.05) was found in the “Control versus Others” contrast,
a Dunnett’s test (from the DescTools package (Signorell
et al. 2021)) was used to determine where the significant
difference existed by contrasting the Control with each level
of the significant term. When the main terms were signifi-
cant (at P <0.05), Tukey HSD tests were used for pairwise
comparisons between the “Polymer” and “Size” in the 2nd
ANOVA. The in-text results are described as a percentage
change, as a measure of effect size, and are presented in
Table 1, 2, and 3 and Figs. 1,2, 3,4,5,6,7, 8,and 9.

Results
Effects of pristine plastics
Biomass and chlorophyll content of L. perenne

Overall, the plants grown in the control had a greater bio-
mass compared to those exposed to pristine plastics. The
dry biomass of L. perenne roots after 30 days exposure to
pristine plastics was 35-71% less than the control (Fig. 1a),
which was significantly different for all treatments (Con-
trol vs Others, Fi36= 109, P <0.001). Mirroring this, the
dry biomass of L. perenne shoots was 22-51% less than the
control (Fig. 1b). This was also significantly less than the
control for all treatments (Control vs Others, F,36=109,
P <0.001). The type of plastic added to the soil influenced
shoot biomass. In particular, the shoot biomass of L. perenne
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Table 1 Soil physicochemical characteristics pH and loss on ignition
(LOI) as an estimation for soil organic matter content after 30 days
exposure to 0.1% (w/w) pristine micro- and meso-plastics. Data are
means (+ SEM, n=5) and ANOVA results are included

Table 3 Soil physicochemical characteristics pH and loss on ignition
(LOI) as an estimation for soil organic matter content after 30 days
exposure to 0.25% (w/v) micro- and meso-plastic leachate. Data are
means (+ SEM, n=5) and ANOVA results are included

Treatment pH LOI (%)

Control 6.15+0.03 18.1+0.1
Micro PE 4.81+0.04 9.0+0.3

Meso PE 5.00+0.03 7.6+19

Micro PP 4.85+0.04 11.7+0.5
Meso PP 5.08+0.01 14.5+0.9
Micro PHB 5.16+0.05 14.1+£0.2
Meso PHB 5.47+0.05 14.4+0.7
Micro PLA 5.35+0.04 15.1+0.4
Meso PLA 5.41+0.05 14.6+0.4

Source of variation

Treatment pH LOI (%)

Control 6.15+0.03 18.1+0.1
Micro PE 5.62+0.06 11.7+0.4
Meso PE 5.66+0.05 11.4+0.2
Micro PP 5.63+0.06 12.2+0.4
Meso PP 5.67+0.05 12.0+0.3
Micro PHB 5.71+£0.04 14.4+0.3
Meso PHB 5.93+0.03 142+0.2
Micro PLA 5.70+0.04 13.0+0.2
Meso PLA 5.69+0.05 12.5+0.4

Source of variation

Treatment Fg36=98.0, P<0.001  Fg4,=57.8, P<0.001
Control vs Others F3=527,P<0.001  F, =159, P<0.001
Polymer (P) F3=67.7, P<0.001 F,3,=87.8, P<0.001
Size (S) F334=45.6, P<0.001 F;3,=11.2, P=0.002
PvsS F33=3.03, P=0.042 F;3;,=9.45, P<0.001

Treatment Fg36=14.2, P<0.001  Fg4,=45.2, P<0.001
Control vs Others F3=82.9, P<0.001 F,3=271,P<0.001
Polymer (P) F;5,=06.08, P=0.002 F;4,=29.8, P<0.001
Size (S) F34=4.97, P=0.032 F, ;,=1.66, P=0.205
PvsS F33=2.43, P=0.081 F;3;,=0.09, P=0.963

Table 2 Soil physicochemical characteristics pH and loss on ignition
(LOI) as an estimation for soil organic matter content after 30 days
exposure to 0.1% (w/w) aged micro- and meso-plastics. Data are
means (= SEM, n=5) and ANOVA results are included

Treatment pH LOI (%)

Control 6.15+0.03 18.1+0.1
Micro PE 5.58+0.03 13.2+0.3
Meso PE 5.67+0.03 13.6+0.6
Micro PP 5.68+0.04 14.1+0.3
Meso PP 5.74+0.02 13.8+0.4
Micro PHB 5.84+0.04 179+2.3
Meso PHB 5.59+0.02 149+0.2
Micro PLA 5.42+0.05 14.6+0.4
Meso PLA 5.45+0.05 14.1+0.8

Source of variation

Treatment Fy36=40.4, P<0.001  Fy;=11.8, P<0.001
Control vs Others  F, 33=207, P<0.001  F, 3,=81.9, P<0.001
Polymer (P) Fj36=28.3, P<0.001  F,,4=1.68, P=0.188
Size (5) Fi36=0.64, P=0.431 F, ;=103 P=0318
PvsS F33=10.3,P<0.001 F;;=2.17, P=0.109

when exposed to microPE was significantly lower than
some other treatments (microPE vs microPP, microPHB,
P <0.001), with the microPE treated soil having a 35-36%
less shoot biomass than the compared treatments. Some
other significant differences in shoot biomass were found
between Size, micro and meso, and Polymer, PE, PP, PHB
and PLA (Table S1).

Plants grown in the control group had more chlorophyll
than those exposed to pristine plastics. The chlorophyll-a
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content of L. perenne shoots after exposure to pristine plas-
tics was 10-14% less than the control (Fig. 2a), which was
significantly different for all treatments (Control vs Others,
F;36=112, P<0.001). Similarly, the chlorophyll-b content
of L. perenne shoots after 30 days exposure to pristine plas-
tics was 21-60% less than the control (Fig. 2b). This was also
significantly less than the control for all treatments (Control
vs Others, F| ;5=112, P<0.001). The type of plastic added
to the soil influenced chlorophyll-b content. In particular,
the chlorophyll-b content of L. perenne when exposed to
microPE and mesoPE was significantly lower than some
other treatments (microPE vs microPLA, P=0.003; mesoPE
vs mesoPP, mesoPHA, mesoPLA, P= <0.001-0.041), with
the microPE treated soil having a 37% lower chlorophyll-b
content and the mesoPE treated soil having a 32-49% lower
chlorophyll-b content than the compared treatments. Some
other significant differences in chlorophyll-b content were
found between Size, micro and meso, and Polymer, PE, PP,
PHB and PLA (Table S1).

Soil pH, organic matter and respiration rate

Overall, the control soil had a greater pH and organic
matter content and a lower respiration rate than the soils
exposed to pristine plastics. Soil pH after 30 days exposure
to pristine plastics was 0.68—1.34 units (12-22%) lower
than the control (Table 1), which was significantly dif-
ferent for all treatments (Control vs Others, F; 3¢ =527,
P <0.001). After 30 days exposure to pristine plastics,
soil organic matter content was 16-58% lower than the
control (Table 1). This was also significantly less than the
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Fig.2 a Chlorophyll-a content (mg g~' dry biomass) and b chlo-
rophyll-b content (mg g~' dry biomass) of L. perenne after 30 days
exposure to 0.1% (w/w) pristine micro- and meso-plastics. The white
bars (left) represent the control; light grey bars represent microplastic

control for all treatments (Control vs Others, Fi36= 159,
P <0.001). The type of plastic added to the soil also influ-
enced organic matter content. In particular, the organic
matter content of soil exposed to microPE and microPP
was significantly less than some of the other treatments
(microPE vs microPP, microPHB, microPLA, P <0.001;
microPP vs microPHB, microPLA, P= <0.001-0.015),
with the microPE treated soil having 23-40% less soil
organic matter and microPP treatment having 17-23%
less soil organic matter than the compared treatments. The
respiration rate of soil after exposure to pristine plastics
was 39-52% higher than the control (Fig. 3) which was
significantly different for all treatments (Control vs Others,
F36=151, P<0.001). Some significant differences in soil
pH, organic matter content and respiration rate were found
between Size, micro and meso, and Polymer, PE, PP, PHB
and PLA (Table S1).

Treatment (Size)

treatments; dark grey bars represent meso-plastic treatments. Data are
means (+SEM, n=35), the superimposed dots represent the raw data
and ANOVA results are included (C vs O =Control vs Others)

Effects of aged plastics
Biomass and chlorophyll content of L. perenne

Overall, the plants grown in the control had a greater bio-
mass compared to those exposed to aged plastics. The dry
biomass of L. perenne roots after 30 days exposure to aged
plastics was 45-71% less than the control (Fig. 4a), which
was significantly different for all treatments (Control vs Oth-
ers, Fj 34=263, P<0.001). Correspondingly, the dry bio-
mass of L. perenne shoots after 30 days exposure to aged
plastics was 21-39% lower than the control (Fig. 4b). This
was also significantly less than the control for all treatments
(Control vs Others, Fy 35=54.7, P<0.001). The type of plas-
tic added to the soil influenced root biomass. In particular,
the root biomass of L. perenne when exposed to microPE
was significantly lower than some other treatments (microPE
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Fig. 3 Respiration rate (gCO, g~! s™!) (x 1071%) of soil after 30 days
exposure to 0.1% (w/w) pristine micro- and meso-plastics. The white
bars (left) represent the control; light grey bars represent microplastic
treatments; dark grey bars represent meso-plastic treatments. Data are
means (+SEM, n=5), the superimposed dots represent the raw data
and ANOVA results are included (C vs O =Control vs Others)
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Fig.4 a Dry root biomass (mg) and b dry shoot biomass (mg) of L.
perenne after 30 days exposure to 0.1% (w/w) aged micro- and meso-
plastics. The white bars (left) represent the control; light grey bars
represent microplastic treatments; dark grey bars represent meso-
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Fig.5 a Chlorophyll-a content (mg g~! dry biomass) and b chlo-
rophyll-b content (mg g~ dry biomass) of L. perenne after 30 days
exposure to 0.1% (w/w) aged micro- and meso-plastics. The white
bars (left) represent the control; light grey bars represent microplastic
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vs microPP, microPHB, microPLA, P <0.001-0.025), with
the microPE treated soil having 31-45% less root biomass.
Plants exposed to mesoPE and mesoPP also had a sig-
nificantly lower root biomass than some other treatments
(mesoPE vs mesoPLA, P <0.026; mesoPP vs mesoPHB,
mesoPLA, P<0.001-0.002), with the PE treated soil hav-
ing 21% less biomass and the PP treated soil having 38-53%
less root biomass than the compared treatments. Some other
significant differences in root biomass were found between
Size, micro and meso, and Polymer, PE, PP, PHB and PLA
(Table S2).

The plants grown in the control group had more chloro-
phyll than those exposed to aged plastics. The chlorophyll-
a content of L. perenne shoots after 30 days exposure to
aged plastics was 17-22% lower than the control (Fig. 5a),
which was significantly different for all treatments (Control
vs Others F| 3,=69.4, P <0.001). The chlorophyll-b content
of L. perenne shoots after 30 days exposure to aged plastics
was 18-33% lower than the control (Fig. 5b). This was also
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plastic treatments. Data are means (+SEM, n=35), the superimposed
dots represent the raw data and ANOVA results are included (C vs
O=Control vs Others)
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treatments; dark grey bars represent meso-plastic treatments. Data are
means (+SEM, n=35), the superimposed dots represent the raw data
and ANOVA results are included (C vs O =Control vs Others)
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Fig.6 Respiration rate (gCO, g~! s™!) (x 1071%) of soil after 30 days
exposure to 0.1% (w/w) aged micro- and meso-plastics. The white
bars (left) represent the control; light grey bars represent microplastic
treatments; dark grey bars represent meso-plastic treatments. Data are
means (+SEM, n=35), the superimposed dots represent the raw data
and ANOVA results are included (C vs O =Control vs Others)

significantly less than the control for all treatments (Control
vs Others, Fl36= 21.4, P<0.001).

Soil pH, organic matter and respiration rate

In summary, the control soil had a greater pH and organic
matter content and a lower respiration rate than the soils
exposed to aged plastics. Soil pH after 30 days exposure to
aged plastics was 0.31-0.73 units (5-12%) lower than the
control (Table 2), which was significantly different for all
treatments (Control vs Others, F; ;5=207, P <0.001). Soil
organic matter content after exposure to aged plastics was
1-27% less than the control (Table 2). This was also sig-
nificantly less than the control for all treatments (Control vs
Others, F, 3=381.9, P<0.001). The respiration rate of soil
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CvsO: Fy36= 402, P < 0.001
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Fig.7 a Dry root biomass (mg) and b dry shoot biomass (mg) of L.
perenne after 30 days exposure to plastic leachate. The white bars
(left) represent the control; light grey bars represent microplastic

after 30 days exposure to aged plastics was 37-50% higher
than the control (Fig. 6) which was significantly different
for all treatments (Control vs Others, F; 5s=144, P<0.001).
Some significant differences in soil pH, organic matter con-
tent and respiration rate were found between Polymer, PE,
PP, PHB and PLA (Table S2).

Effects of leachate from plastics
Biomass and chlorophyll content of L. perenne

The plants grown in the control had a greater biomass com-
pared to those exposed to plastic leachate. The dry biomass
of L. perenne roots after 30 days exposure to plastic lea-
chate was 51-77% less than the control (Fig. 7a), which was
significantly different for all treatments (Control vs Others,
F| 36=402, P <0.001). Similarly, the dry biomass of L. per-
enne shoots after 30 days exposure to plastic leachate was
30-50% less than the control (Fig. 7b). This was also sig-
nificantly less than the control for all treatments (Control vs
Others, F| 36=41.7, P<0.001). The type of plastic added to
the soil influenced root biomass. In particular, the root bio-
mass of L. perenne when exposed to microPE and mesoPE
was significantly lower than some other treatments (microPE
vs microPHB, microPLA, P=0.006-0.030; mesoPE vs
mesoPP, mesoPLA, P<0.001-0.047), with the microPE
treated soil having 35-39% less root biomass and the mes-
oPE treated soil having 31-47% less root biomass than the
compared treatments. Some other significant differences in
root biomass were found between Size, micro and meso, and
Polymer, PE, PP, PHB and PLA (Table S3).

Plants grown in the control had more chlorophyll com-
pared to those exposed to plastic leachate. The chlorophyll-a
content of L. perenne shoots after 30 days exposure to plas-
tic leachate was 19-28% lower than the control (Fig. 8a),
which was significantly different for all treatments (Control

b) 80 Treatment: Fga6= 6.40, P < 0.001
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treatments; dark grey bars represent meso-plastic treatments. Data are
means (+SEM, n=35), the superimposed dots represent the raw data
and ANOVA results are included (C vs O =Control vs Others)
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Fig.8 a Chlorophyll-a content (mg g~! dry biomass) and b chlo-
rophyll-b content (mg g~' dry biomass) of L. perenne after 30 days
exposure to micro- and meso-plastic leachates. The white bars (left)
represent the control; light grey bars represent microplastic treat-
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Fig.9 Respiration rate (gCO, g~! s!) (x 1071%) of soil after 30 days
exposure to plastic leachate. The white bars (left) represent the con-
trol; light grey bars represent microplastic treatments; dark grey bars
represent meso-plastic treatments. Data are means (+SEM, n=5),
the superimposed dots represent the raw data and ANOVA results are
included (C vs O =Control vs Others)

vs Others, F; 35=136, P <0.001). Similarly, the chlorophyll-
b content of L. perenne shoots after 30 days exposure to
plastic leachate was 18-39% lower than the control (Fig. 8b).
This was also significantly less than the control for all treat-
ments (Control vs Others, F, 3c=25.2, P<0.001). The type
of plastic added to the soil influenced chlorophyll-b content.
In particular, the chlorophyll-b content of L. perenne when
exposed to microPE was significantly different to micro-
PLA (microPE vs microPLA, P <0.001), with the microPE
treated soil having a 25% lower chlorophyll-b content than
microPLA. Some other significant differences in chloro-
phyll-b content were found between Size, micro and meso,
and Polymer, PE, PP, PHB and PLA (Table S3).
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ments; dark grey bars represent meso-plastic treatments. Data are
means (+SEM, n=35), the superimposed dots represent the raw data
and ANOVA results are included (C vs O =Control vs Others)

Soil pH, organic matter and respiration rate

Overall, the control soil had a greater pH and organic matter
content and a lower respiration rate than the soils exposed to
plastic leachates. Soil pH after 30 days exposure to plastic
leachate was 0.22-0.53 units (4-9%) lower than the control
(Table 3), which was significantly different for all treatments
(Control vs Others, F; ;¢=282.9, P<0.001). Soil organic
matter content after 30 days exposure to plastic leachate
was 21-37% less than the control (Table 3). This was also
significantly less than the control for all treatments (Control
vs Others, F| 35=271, P<0.001). The type of plastic added
to the soil also influenced organic matter content. In particu-
lar, the organic matter content of soil exposed to microPHB
was significantly different to some other treatments (micro-
PHB vs microPE, microPP, P <0.001), with the PHB-treated
soil having an 18-23% higher organic matter content than
the compared treatments. The respiration rate of soil after
30 days exposure to plastic leachate was 26-34% higher than
the control (Fig. 9) which was significantly different for all
treatments (Control vs Others, F, 3=37.9, P <0.001). Some
significant differences in soil pH and organic matter content
were found between Size, micro and meso, and Polymer, PE,
PP, PHB and PLA (Table S3).

Discussion

The effects of plastic contamination on shoot and root bio-
mass and chlorophyll content of L. perenne and soil pH,
organic matter content and respiration rate were indistin-
guishable based on the state of the plastics (pristine, aged
or leachate), indicating that both the physical plastic and the
chemical leachate play a role in the observed effects.
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Responses of L. perenne to different types, sizes
and age of plastics in the soil

Several growth responses of L. perenne were altered when
plastics manufactured of PE, PP, PHB and PLA in physical
and chemical forms were incorporated into the soil matrix.
A decrease in root biomass could compromise the ability of
plants to obtain water and necessary nutrients from the soil.
Recent studies have focused on the ability of plants to inter-
nalise plastic particles. Li et al. (2020a) demonstrated that
Triticum aestivum (wWheat) and Lactuca sativa (lettuce) can
uptake nanobeads (200 nm) and microbeads (2.0 um) from
the root to the shoot through transpirational pull. This may
be possible if the plastics in the present study have begun
to degrade into smaller pieces in the soil. Due to the size
of the plastics used in the present study, however (micro-
plastics, ~ 3.8 mm, and meso-plastics, ~14.6 mm in length),
root entanglement with films is more probable, and this may
impede root development. Plastic mulch films have been rec-
ognised for their potential to become entangled with plant
roots, posing challenges in post-harvest removal (Zhao et al.
2017; Li et al. 2022). This entanglement not only presents
difficulties during removal but also holds the potential to
impede root development, as evidenced by the decreased
root biomass of L. perenne grown in soils exposed to pris-
tine and aged plastics. In addition to the complications aris-
ing from root entanglement, our study reveals an additional
impact on plant development. Specifically, when examining
L. perenne exposed to plastic leachate, a distinct reduction
in root biomass was observed. This outcome suggests that
the influence of plastic on plant performance extends beyond
the physical entanglement of roots; the presence of plastic
additives is observed to be detrimental to soil ecosystems,
underscoring a multifaceted influence of plastic exposure
on plant growth.

The current body of literature places a limited emphasis
on the impacts of biodegradable leachates on plants, with a
more predominant focus on conventional plastics, particu-
larly in terms of phthalate esters, bisphenol A, nonylphenol
compounds and polybrominated diphenyl ethers (Cao et al.
2023). The presence of phthalate esters in soil, for example,
has been shown to reduce the contents of total phosphorus,
total nitrogen, and available potassium (Cao et al. 2023),
inducing phytotoxic effects, decreasing germination rates
and inhibiting root development of plants (Zou et al. 2017,
Gao et al. 2021). In a study by Esterhuizen et al. (2022),
Lolium multifiorum (Italian ryegrass) planted in soil contain-
ing (3% w/w) pristine and naturally aged (high-density) PE
fragments (4 mm), and their leachates (0.44% w/v), resulted
in roots and shoots with a 77-83% lower fresh weight than
the controls. Similar to the results of the present study,
Esterhuizen et al. (2022) found the inhibition of root and
shoot growth to be comparable, irrespective of exposure to

particles or leachates of the same plastic. Esterhuizen et al.
(2022), however, also looked at artificially aged (high-den-
sity) PE fragments, finding the difference between new and
aged microplastics and leachates to indicate that the aging
of the plastic significantly decreases the toxicological effect
on root and shoot growth. These results, as well as those
conducted by others within their group (Pflugmacher et al.
2020, 2021a, 2021b), indicate a correlation between aging
and a decrease in phytotoxicity, conflicting the results of
the present study, where the suppression of root and shoot
biomass was similar, regardless of whether the exposure was
to pristine or aged films of the same polymer. L. perenne
exposed to conventional PE films in pristine, aged and lea-
chate forms had significantly lower biomasses than some of
the biodegradable PHB and PLA treatments.

Changes in the contents of photosynthetic pigments,
such as chlorophylls, are commonly used as biomarkers to
indicate plant stress (Pavlovi¢ et al. 2014). Yang and Gao
(2022) found the effects of conventional and biodegradable
microplastics from mulch films to both inhibit photosyn-
thetic rate and chlorophyll content of Oryza sativa (rice).
Notably, PE exhibited a greater negative effect than poly-
butylene adipate terephthalate (PBAT). Similarly, in the
present study, despite all plastic forms and types repressing
chlorophyll content, L. perenne exposed to conventional PE
films in pristine and leachate forms had significantly lower
chlorophyll-b contents than some of the biodegradable PHB
and PLA treatments. Xu et al. (2022b) found conventional
microplastics to cause a significant decrease in chlorophyll-a
and -b content by accelerating the breakdown of chlorophyll
through its conversion to phytol. Chlorophyll-a serves as the
primary pigment in the reaction centres, while chlorophyll-b
acts as an accessory pigment, broadening the range of light
that can be utilised for the synthesis of organic compounds,
subsequently enhancing the efficiency of photosynthesis
(Katz et al. 1978; Bjorn et al. 2009). Chlorophyll is there-
fore essential in the primary production of agroecosystems
and maintaining a stable state of chlorophylls is essential for
the process of photosynthesis in plants (Wang et al. 2020).
When exposed to plastic particles and plastic leachates,
plants undergo a state of heightened stress, having poten-
tially detrimental causal effects at the ecosystem level.

In this experiment, the thickness of the PLA (0.05 mm)
used was greater than that of the PE, PP and PHA (0.01 mm).
This meant that the surface area of the PLA was 2% greater
than the other polymers for microplastics and 0.5% greater
for meso-plastics. Soils treated with PE, PP and PHA
therefore had approximately 5—7 times more plastic pieces
within the 0.5 g addition than those treated with PLA, based
on the density of the plastics and the known masses used
(Table S4). This difference may elucidate the significant
differences in respective chlorophyll-b content and biomass
of L. perenne grown in soil treated with pristine and aged
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PLA, in contrast to conventional plastics. Notably, these dif-
ferences were also observed between conventional plastics
and PHA. Despite PHB and the conventional plastics shar-
ing the same thickness, PHB exhibits a greater density than
these plastics, with 1.3—1.4 times more plastic pieces within
the 0.5 g addition compared to those treated with PE and
PP. The exploration of the effects of plastic film thickness
and density on soil ecosystems is currently understudied,
and the findings of the current study present an opportunity
for further research to investigate plastic film thickness and
density as an independent variable.

Effects of different types, sizes and age of plastics
on soil physico-chemical properties

A lowered soil pH has also been reported by Wang et al.
(2020), who found a reduction in pH with increasing HDPE
from 0.1 to 1.0%. However, Wang et al. (2020) found soil pH
to increase with increasing PLA dose (0.1 to 10%), whereas
Boots et al. (2019) found the incorporation of PLA (0.1%
w/w) to have no influence on soil pH, contrasting the results
of the present study, which found biodegradable plastics to
also lower soil pH. Mortula et al. (2021) found that a low
pH is destructive to plastics, promoting leaching, which, in
turn, could create a feedback loop: a lowered soil pH due to
the presence of plastics causes more plastic leaching which
further lowers the soil pH, as the present study found both
particles and leachates to decrease soil pH. The availability
of nutrients to plants through the solubility of nutrients in
the soil solution is impacted by soil pH. A decrease in soil
pH can also cause the immobilisation of plant nutrients,
leading to a delayed nutrient release to the plant (Souza
and Billings 2022). The decrease in soil pH may therefore
cause plant stress, which is demonstrated by the reduction
in L. perenne biomass and chlorophyll content, as seen in
the present study.

This study found all polymer forms and types to reduce
soil organic matter, but soil exposed to conventional films
in pristine and leachate forms had a lower organic matter
content compared to some of the biodegradable treated
soils. In the pristine and leachate experiments, some con-
ventional plastics caused a greater decrease in soil organic
matter content than biodegradable plastic treatments. Liu
et al. (2023b) report in their meta-analysis (168 publica-
tion observations) that the presence of non-biodegradable
microplastics increases soil respiration by 18%, which sug-
gests that these conventional plastics have the potential to
give rise to the soil organic carbon loss. This is confirmed in
the present study by the decrease in organic matter content
and increase in respiration rate in soils treated with both
non-biodegradable (conventional) and biodegradable plas-
tics and their leachates. Biodegradation of plastics is usually
assessed by measuring the conversion of organic carbon into
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CO, (Sander 2019), an observation potentially elucidated by
the findings presented here. Due to the conventional and bio-
degradable plastics exhibiting comparable effects in terms of
these measured soil physico-chemical parameters, it could
be inferred that the degradation of bioplastics has not initi-
ated. This might be attributed to regulation by a limiting
environmental factor, such as temperature, moisture levels
and the presence of plastic-degrading bacteria (Brodhagen
et al. 2015). A possible pathway for the increased CO, flux
from the soil, indicated by the increased respiration rate,
could be altered microbial activity. The decrease in soil pH
observed in plastic-treated soils, relative to the control, may
alter microbial biomass and activity (Pietri and Brookes
2008), in this case, potentially enhancing these microbial
properties, which could contribute to the observed decrease
in soil organic matter content. Soil microbes play a criti-
cal role in ecological processes such as the biogeochemical
cycling of vital nutrients crucial for plant growth, as well as
the decomposition of soil organic matter, potentially also
influencing the decreased growth parameters seen in the
present study (Yan et al. 2017a, b; Kang et al. 2021). Rillig
et al. (2019) hypothesise that plastics affect plant growth by
changing soil properties, impacting water availability and
microbial activity. The results from the present study sug-
gest that this mechanism is a likely cause of the impact on
soil ecosystems, particularly on plant growth and stress. Soil
organic matter is typically protected within soil aggregates,
which physically shield the organic matter from degradation.
The presence of microplastics may indirectly compromise
the protective ability of soil aggregates by influencing soil
structure and microbial activity, as suggested by de Souza
Machado et al. (2018) and Boots et al. (2019).

Wider implications and recommendations

This research contributes to the existing body of evidence,
highlighting several potentially detrimental physical and
chemical effects of plastics in terrestrial ecosystems, using
a model system based on L. perenne. Conventional and bio-
degradable plastics have both physical and chemical impacts
on essential soil characteristics and the growth of L. per-
enne, potentially leading to wider effects on soil ecosystem
functioning and adding to the growing body of evidence
highlighting the negative consequences of biodegradable
plastic pollution in terrestrial environments. In general, meso
(>5 mm) and micro (<5 mm) plastic films did not differ in
the impact on plants or soil. The key finding of this work is
that the effects of conventional and biodegradable plastics on
plant and soil properties were indistinguishable based on the
state of the plastics (pristine, aged or leachate), indicating
that both the physical plastic and the chemical leachate play
a role in the observed effects. This highlights the impor-
tance of accounting for plastic leachate when evaluating
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the potential impacts of plastic pollution on soil and plant
health, emphasising the need for further research to examine
the toxicological impacts of specific conventional, and more
importantly, biodegradable plastic additives. These effects
may have significant implications for crop quality and pro-
duction in agriculture, as it is now known that physical plas-
tics and their leachates can impact plant development and
alter the surrounding soil environment. As the application of
plastic mulching increases, this study underscores the need
for a more thorough understanding of the potential risks
associated with biodegradable plastics (Qin et al. 2021),
as observed with conventional plastics (Qiang et al. 2023),
particularly with regard to their leaching properties, before
they are more widely adopted in agriculture.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11356-024-31838-9.

Acknowledgements The authors would like to show their appreciation
to B. Olah-Kovacs for assisting with sample processing and the
laboratory technicians at the School of Life Sciences at Anglia Ruskin
University, particularly L. Stone, G. Brown, J. Mackenzie and C. Bugg.
This work was funded by Anglia Ruskin University Vice Chancellor’s
Ph.D. Scholarship.

Author contribution ACMW: conceptualisation, methodology,
investigation, formal analysis, writing—original draft.

BB: conceptualisation, methodology, writing—review and editing,
supervision.

TCI: conceptualisation, methodology, writing—review and editing,
supervision.

DSG: conceptualisation, methodology, writing—review and editing,
supervision.

Funding This work was funded by Anglia Ruskin University Vice
Chancellor’s Ph.D. Scholarship. The authors declare that no other
funds, grants, or other support were received during the preparation
of this manuscript.

Data Availability Data is available on request.

Declarations
Ethical approval Not applicable.

Consent to participate All authors consent to participate in the
manuscript publication.

Consent for publication All authors approved the manuscript to be
published.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not

permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Bahram M, Hildebrand F, Forslund SK, Anderson JL, Soudzilovskaia
NA, Bodegom PM, Bengtsson-Palme J, Anslan S, Coelho LP,
Harend H, Huerta-Cepas J (2018) Structure and function of the
global topsoil microbiome. Nature 560(7717):233-237

Balestri E, Menicagli V, Ligorini V, Fulignati S, Galletti AMR, Lar-
dicci C (2019) Phytotoxicity assessment of conventional and
biodegradable plastic bags using seed germination test. Ecol
Ind 102:569-580

Bandopadhyay S, Martin-Closas L, Pelacho AM, DeBruyn JM (2018)
Biodegradable plastic mulch films: impacts on soil microbial
communities and ecosystem functions. Front Microbiol 9:819

Bano K, Kuddus M, R Zaheer M, Zia Q, F Khan M, Gupta A, Aliev
G (2017) Microbial enzymatic degradation of biodegradable
plastics. Curr Pharm Biotechnol 18(5):429-440

Beach ES, Weeks BR, Stern R, Anastas PT (2013) Plastics additives
and green chemistry. Pure Appl Chem 85(8):1611-1624

Bejgarn S, MacLeod M, Bogdal C, Breitholtz M (2015) Toxicity
of leachate from weathering plastics: an exploratory screening
study with Nitocra spinipes. Chemosphere 132:114-119

Bergmann M, Miitzel S, Primpke S, Tekman MB, Trachsel J, Gerdts
G (2019) White and wonderful? Microplastics prevail in snow
from the Alps to the Arctic. Sci Adv 5(8):eaax1157

Bjorn LO, Papageorgiou GC, Blankenship RE, Govindjee (2009) A
viewpoint: why chlorophyll a? Photosynth Res 99:85-98

Blasing M, Amelung W (2018) Plastics in soil: analytical methods
and possible sources. Sci Total Environ 612:422-435

Boots B, Russell CW, Green DS (2019) Effects of microplastics in
soil ecosystems: above and below ground. Environ Sci Technol
53(19):11496-11506

Bridson JH, Gaugler EC, Smith DA, Northcott GL, Gaw S (2021)
Leaching and extraction of additives from plastic pollution to
inform environmental risk: a multidisciplinary review of ana-
lytical approaches. J Hazard Mater 414:125571

Brodhagen M, Peyron M, Miles C, Inglis DA (2015) Biodegradable
plastic agricultural mulches and key features of microbial deg-
radation. Appl Microbiol Biotechnol 99(3):1039-1056

Cao X, Liang Y, Jiang J, Mo A, He D (2023) Organic additives
in agricultural plastics and their impacts on soil ecosystems:
compared with conventional and biodegradable plastics. TrAC
Trends Anal Chem 166:117212

Coffin S, Dudley S, Taylor A, Wolf D, Wang J, Lee I, Schlenk D
(2018) Comparisons of analytical chemistry and biological
activities of extracts from North Pacific gyre plastics with UV-
treated and untreated plastics using in vitro and in vivo models.
Environ Int 121:942-954

Corradini F, Meza P, Eguiluz R, Casado F, Huerta-Lwanga E, Geis-
sen V (2019) Evidence of microplastic accumulation in agri-
cultural soils from sewage sludge disposal. Sci Total Environ
671:411-420

Crowther TW, Van den Hoogen J, Wan J, Mayes MA, Keiser AD, Mo
L, Averill C, Maynard DS (2019) The global soil community and
its influence on biogeochemistry. Science 365(6455):eaav0550

de Souza Machado AA, Lau CW, Till J, Kloas W, Lehmann A, Becker
R, Rillig MC (2018) Impacts of microplastics on the soil biophysi-
cal environment. Environ Sci Technol 52(17):9656-9665

Ding W, Li Z, Qi R, Jones DL, Liu Q, Liu Q, Yan C (2021) Effect
thresholds for the earthworm Eisenia fetida: toxicity comparison

@ Springer


https://doi.org/10.1007/s11356-024-31838-9
http://creativecommons.org/licenses/by/4.0/

11778

Environmental Science and Pollution Research (2024) 31:11766-11780

between conventional and biodegradable microplastics. Sci Total
Environ 781:146884

Dris R, Gasperi J, Saad M, Mirande C, Tassin B (2016) Synthetic fibers
in atmospheric fallout: a source of microplastics in the environ-
ment? Mar Pollut Bull 104(1-2):290-293

Ekebafe LO, Ogbeifun DE, Okieimen FE (2011) Polymer applications
in agriculture. Biokemistri 23(2):81-89

Esterhuizen M, Vikfors S, Penttinen OP, Kim YJ, Pflugmacher S (2022)
Loliummultiflorum germination and growth affected by virgin,
naturally, and artificially aged high-density polyethylene micro-
plastic and leachates. Front Environ Sci 10:2174

FAO (2021) Assessment of agricultural plastics and their sustainability
— A call for action, Rome

FAO and UNEP (2021) Global assessment of soil pollution — summary
for policy makers. Italy, Rome

Fox J, Weisberg S (2018) An R companion to applied regression.
Sage publications

Frias JP, Nash R (2019) Microplastics: finding a consensus on the
definition. Mar Pollut Bull 138:145-147

Gao M, Xu Y, Liu Y, Wang S, Wang C, Dong Y, Song Z (2021)
Effect of polystyrene on di-butyl phthalate (DBP) bioavailabil-
ity and DBP-induced phytotoxicity in lettuce. Environ Pollut
268:115870

Green DS, Boots B, Sigwart J, Jiang S, Rocha C (2016) Effects of
conventional and biodegradable microplastics on a marine ecosys-
tem engineer (Arenicola marina) and sediment nutrient cycling.
Environ Pollut 208:426-434

Goel V, Luthra P, Kapur GS, Ramakumar SSV (2021) Biodegradable/
bio-plastics: myths and realities. Journal of Polymers and the
Environment 29:3079-3104

Giindogdu R, Onder D, Giindogdu S, Gwinnett C (2022) Plastics
derived from disposable greenhouse plastic films and irrigation
pipes in agricultural soils: a case study from Turkey. Environ Sci
Pollut Res 29(58):87706-87716

Hahladakis JN, Velis CA, Weber R, Iacovidou E, Purnell P (2018)
An overview of chemical additives present in plastics: migration,
release, fate and environmental impact during their use, disposal
and recycling. ] Hazard Mater 344:179-199

Harmut AJME (1987) Chlorophylls and carotenoids: pigments of pho-
tosynthetic membranes. Methods Enzymol 148:350-383

Hartmann NB, Huffer T, Thompson RC, Hassellov M, Verschoor A,
Daugaard AE, Rist S, Karlsson T, Brennholt N, Cole M, Herrling
MP (2019) Are we speaking the same language? Recommenda-
tions for a definition and categorization framework for plastic
debris. Environ Sci Technol 53(3):1039-1047

Holmes W (1980) Grass, its production and utilization. The British
Grassland Society, Blackwell Scientific Publications, Oxford

Hu J, He D, Zhang X, Li X, Chen Y, Wei G, Zhang Y, Ok YS, Luo
Y (2022) National-scale distribution of micro (meso) plastics
in farmland soils across China: implications for environmental
impacts. J Hazard Mater 424:127283

Huang Y, Liu Q, Jia W, Yan C, Wang J (2020) Agricultural plastic
mulching as a source of microplastics in the terrestrial environ-
ment. Environ Pollut 260:114096

Jeffrey ST, Humphrey GF (1975) New spectrophotometric equa-
tions for determining chlorophylls a, b, cl and c2 in higher
plants, algae and natural phytoplankton. Biochem Physiol Plants
167(2):191-194

Kang H, Yu W, Dutta S, Gao H (2021) Soil microbial community com-
position and function are closely associated with soil organic mat-
ter chemistry along a latitudinal gradient. Geoderma 383:114744

Kasirajan S, Ngouajio M (2012) Polyethylene and biodegradable
mulches for agricultural applications: a review. Agron Sustain
Dev 32(2):501-529

@ Springer

Katz JJ, Norris JR, Shipman LL, Thurnauer MC, Wasielewski MR
(1978) Chlorophyll function in the photosynthetic reaction center.
Annu Rev Biophys Bioeng 7:393-434

Khan B, Bilal Khan Niazi M, Samin G, Jahan Z (2017) Thermoplas-
tic starch: A possible biodegradable food packaging material—a
review. J Food Process Eng 40(3):e12447

Kim SW, Waldman WR, Kim TY, Rillig MC (2020) Effects of different
microplastics on nematodes in the soil environment: tracking the
extractable additives using an ecotoxicological approach. Environ
Sci Technol 54(21):13868-13878

Kubowicz S, Booth AM (2017) Biodegradability of plastics: challenges
and misconceptions. Environ Sci Technol 51(21):12058-12060

Kumar M, Xiong X, He M, Tsang DC, Gupta J, Khan E, Harrad S,
Hou D, Ok YS, Bolan NS (2020) Microplastics as pollutants in
agricultural soils. Environ Pollut 265:114980

Lee TY, Kim L, Kim D, An S, An YJ (2022) Microplastics from shoe
sole fragments cause oxidative stress in a plant (Vigna radiata) and
impair soil environment. J Hazard Mater 429:128306

Lehmann A, Leifheit EF, Gerdawischke M, Rillig MC (2021) Micro-
plastics have shape-and polymer-dependent effects on soil aggre-
gation and organic matter loss—an experimental and meta-analyt-
ical approach. Microplastics Nanoplastics 1(1):1-14

Li L, Luo Y, Li R, Zhou Q, Peijnenburg WJ, Yin N, Yang J, Tu C,
Zhang Y (2020a) Effective uptake of submicrometre plastics by
crop plants via a crack-entry mode. Nat Sustain 3(11):929-937

Li W, Wufuer R, Duo J, Wang S, Luo Y, Zhang D, Pan X (2020b)
Microplastics in agricultural soils: extraction and characteriza-
tion after different periods of polythene film mulching in an arid
region. Sci Total Environ 749:141420

Li S, Ding F, Flury M, Wang Z, Xu L, Li S, Jones DL, Wang J (2022)
Macro-and microplastic accumulation in soil after 32 years of
plastic film mulching. Environ Pollut 300:118945

Liu M, Lu S, Song Y, Lei L, Hu J, Lv W, Zhou W, Cao C, Shi H,
Yang X, He D (2018) Microplastic and mesoplastic pollution
in farmland soils in suburbs of Shanghai, China. Environ Pollut
242:855-862

Liu P, Shi Y, Wu X, Wang H, Huang H, Guo X, Gao S (2021) Review
of the artificially-accelerated aging technology and ecological risk
of microplastics. Sci Total Environ 768:144969

Liu X, Li Y, Yu'Y, Yao H (2023b) Effect of nonbiodegradable micro-
plastics on soil respiration and enzyme activity: a meta-analysis.
Appl Soil Ecol 184:104770

Liu M, Feng J, Shen Y, Zhu B (2023a) Microplastics effects on soil
biota are dependent on their properties: a meta-analysis. Soil Biol
Biochem 178:108940

Lozano YM, Aguilar-Trigueros CA, Onandia G, Maal3 S, Zhao T, Rillig
MC (2021) Effects of microplastics and drought on soil ecosystem
functions and multifunctionality. J] Appl Ecol 58(5):988-996

Lozano YM, Lehnert T, Linck LT, Lehmann A, Rillig MC (2021)
Microplastic shape, polymer type, and concentration affect soil
properties and plant biomass. Front Plant Sci 12:616645

Lucas N, Bienaime C, Belloy C, Queneudec M, Silvestre F, Nava-
Saucedo JE (2008) Polymer biodegradation: mechanisms and
estimation techniques—a review. Chemosphere 73(4):429-442

Luyt AS, Malik SS (2019) Can biodegradable plastics solve plastic
solid waste accumulation? In: Plastics to energy. William Andrew
Publishing, pp 403-423

Matzrafi M, Preston C, Brunharo CA (2021) Evolutionary driv-
ers of agricultural adaptation in Lolium spp. Pest Manag Sci
77(5):2209-2218

Meng F, Yang X, Riksen M, Xu M, Geissen V (2021) Response of
common bean (Phaseolus vulgaris L.) growth to soil contaminated
with microplastics. Sci Total Environ 755:142516

Mortula MM, Atabay S, Fattah KP, Madbuly A (2021) Leachability of
microplastic from different plastic materials. J Environ Manage
294:112995



Environmental Science and Pollution Research (2024) 31:11766-11780

11779

Pavlovi¢ D, Nikoli¢ B, Purovi¢ S, Waisi H, Andelkovié¢ A,
Marisavljevi¢ D (2014) Chlorophyll as a measure of plant health:
agroecological aspects. Pestic Phytomed 29(1):21-34

Pflugmacher S, Sulek A, Mader H, Heo J, Noh JH, Penttinen OP, Kim
Y, Kim S, Esterhuizen M (2020) The influence of new and artifi-
cial aged microplastic and leachates on the germination of Lepidi-
umsativum L. Plants 9(3):339

Pflugmacher S, Tallinen S, Kim YJ, Kim S, Esterhuizen M (2021a)
Ageing affects microplastic toxicity over time: effects of aged
polycarbonate on germination, growth, and oxidative stress of
Lepidiumsativum. Sci Total Environ 790:148166

Pflugmacher S, Tallinen S, Mitrovic SM, Penttinen OP, Kim YJ,
Kim S, Esterhuizen M (2021b) Case study comparing effects of
microplastic derived from bottle caps collected in two cities on
Triticumaestivum (Wheat). Environments 8(7):64

Pietri JA, Brookes PC (2008) Relationships between soil pH and
microbial properties in a UK arable soil. Soil Biol Biochem
40(7):1856-1861

Qi Y, Yang X, Pelaez AM, Lwanga EH, Beriot N, Gertsen H, Garbeva
P, Geissen V (2018) Macro-and micro-plastics in soil-plant sys-
tem: effects of plastic mulch film residues on wheat (Triticumaes-
tivum) growth. Sci Total Environ 645:1048-1056

Qi Y, Beriot N, Gort G, Lwanga EH, Gooren H, Yang X, Geissen V
(2020a) Impact of plastic mulch film debris on soil physicochemi-
cal and hydrological properties. Environ Pollut 266:115097

Qi Y, Ossowicki A, Yang X, Lwanga EH, Dini-Andreote F, Geissen
V, Garbeva P (2020b) Effects of plastic mulch film residues on
wheat rhizosphere and soil properties. J Hazard Mater 387:121711

Qiang L, Hu H, Li G, Xu J, Cheng J, Wang J, Zhang R (2023) Plas-
tic mulching, and occurrence, incorporation, degradation, and
impacts of polyethylene microplastics in agroecosystems. Eco-
toxicol Environ Saf 263:115274

Qin M, Chen C, Song B, Shen M, Cao W, Yang H, Zeng G, Gong J (2021)
A review of biodegradable plastics to biodegradable microplastics:
another ecological threat to soil environments? J Clean Prod
312:127816

Qiu Y, Zhou S, Zhang C, Zhou Y, Qin W (2022) Soil microplastic char-
acteristics and the effects on soil properties and biota: a systematic
review and meta-analysis. Environ Pollut 313:120183

R Core Team (2021) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna

Rillig MC, Ryo M, Lehmann A, Aguilar-Trigueros CA, Buchert S,
Wulf A, Iwasaki A, Roy J, Yang G (2019) The role of multiple
global change factors in driving soil functions and microbial bio-
diversity. Science 366(6467):886-890

Rowell DL (1994) Soil Science: methods and applications. Prentice
Hall, UK

Rummel CD, Escher BI, Sandblom O, Plassmann MM, Arp HPH,
MacLeod M, Jahnke A (2019) Effects of leachates from UV-
weathered microplastic in cell-based bioassays. Environ Sci
Technol 53(15):9214-9223

Sander M (2019) Biodegradation of polymeric mulch films in agricul-
tural soils: concepts, knowledge gaps, and future research direc-
tions. Environ Sci Technol 53(5):2304-2315

Signorell A, Aho K, Alfons A, Anderegg N, Aragon T, Arachchige
C, Arppe A, Baddeley A, Barton K, Bolker B (2021) DescTools:
tools for descriptive statistics. R package version 0(99):42

Souza LF, Billings SA (2022) Temperature and pH mediate stoichio-
metric constraints of organically derived soil nutrients. Glob
Change Biol 28(4):1630-1642

Steinmetz Z, Wollmann C, Schaefer M, Buchmann C, David J, Troger
J, Muiioz K, Fror O, Schaumann GE (2016) Plastic mulching in
agriculture. Trading short-term agronomic benefits for long-term
soil degradation? Sci Total Environ 550:690-705

Sun J, Wu X, Gan J (2015) Uptake and metabolism of phthalate esters
by edible 5 plants. Environ Sci Technol 49(14):8471-8478

Tang S, Sun P, Ma S, Jin W, Zhao Y (2023) The interfacial behaviors of
different arsenic species on polyethylene mulching film microplastics:
roles of the plastic additives. ] Hazard Mater 442:130037

Underwood AJ (1997) Experiments in ecology: their logical design and
interpretation using analysis of variance. Cambridge University Press

Viera JS, Marques MR, Nazareth MC, Jimenez PC, Castro iB (2020)
On replacing single-use plastic with so-called biodegradable ones:
the case with straws. Environ Sci Policy 106:177-181

Viljoen SJ, Brailsford FL, Murphy DV, Hoyle FC, Chadwick DR, Jones
DL (2023) Leaching of phthalate acid esters from plastic mulch
films and their degradation in response to UV irradiation and con-
trasting soil conditions. J Hazard Mater 443:130256

Wang J, Luo Y, Teng Y, Ma W, Christie P, Li Z (2013) Soil
contamination by phthalate esters in Chinese intensive vegetable
production systems with different modes of use of plastic film.
Environ Pollut 180:265-273

Wang J, Lv S, Zhang M, Chen G, Zhu T, Zhang S, Teng Y, Christie
P, Luo Y (2016) Effects of plastic film residues on occurrence
of phthalates and microbial activity in soils. Chemosphere
151:171-177

Wang F, Zhang X, Zhang S, Zhang S, Sun Y (2020) Interactions
of microplastics and cadmium on plant growth and arbuscular
mycorrhizal fungal communities in an agricultural soil.
Chemosphere 254:126791

Wang T, Ma Y, Ji R (2021) Aging processes of polyethylene mulch
films and preparation of microplastics with environmental char-
acteristics. Bull Environ Contam Toxicol 107:736-740

Wang Q, Adams CA, Wang F, Sun Y, Zhang S (2022) Interactions
between microplastics and soil fauna: a critical review. Crit Rev
Environ Sci Technol 52(18):3211-3243

XuL,XuX, LiC,LiJ, Sun M, Zhang L (2022a) Is mulch film itself the
primary source of meso-and microplastics in the mulching culti-
vated soil? A preliminary field study with econometric methods.
Environ Pollut 299:118915

XuZ,Zhang Y, Lin L, Wang L, Sun W, Liu C, Yu G, YuJ, Lv Y, Chen
J, Chen X (2022b) Toxic effects of microplastics in plants depend
more by their surface functional groups than just accumulation
contents. Sci Total Environ 833:155097

Xu B, Liu F, Cryder Z, Huang D, Lu Z, He Y, Wang H, Lu Z, Brookes
PC, Tang C, Gan J (2020) Microplastics in the soil environment:
occurrence, risks, interactions and fate—a review. Crit Rev Environ
Sci Technol 50(21):2175-2222

Yan Y, Kuramae EE, de Hollander M, Klinkhamer PG, van Veen JA
(2017) Functional traits dominate the diversity-related selection
of bacterial communities in the rhizosphere. ISME J 11(1):56-66

Yang C, Gao X (2022) Impact of microplastics from polyethylene and
biodegradable mulch films on rice (Oryza sativa L.). Sci Total
Environ 828:154579

Yang J, Song K, Tu C, LiL, Feng Y, Li R, Xu H, Luo Y (2023) Distri-
bution and weathering characteristics of microplastics in paddy
soils following long-term mulching: a field study in Southwest
China. Sci Total Environ 858:159774

Zhao YCX, Wen H, Zheng X, Niu Q, Kang J (2017) Research status
and prospect of control technology for residual plastic film pollu-
tion in farmland Trans. Chin Soc Agric Machin 48(6):1-14

Zhao T, Lozano YM, Rillig MC (2021) Microplastics increase soil
pH and decrease microbial activities as a function of microplas-
tic shape, polymer type, and exposure time. Front Environ Sci
9:675803

Zhou J, Jia R, Brown RW, Yang Y, Zeng Z, Jones DL, Zang H (2023)
The long-term uncertainty of biodegradable mulch film residues
and associated microplastics pollution on plant-soil health. ] Haz-
ard Mater 442:130055

Zimmermann L, Dombrowski A, Volker C, Wagner M (2020) Are
bioplastics and plant-based materials safer than conventional

@ Springer



11780

Environmental Science and Pollution Research (2024) 31:11766-11780

plastics? In vitro toxicity and chemical composition. Environ Int
145:106066

Zou X, Niu W, Liu J, Li Y, Liang B, Guo L, Guan Y (2017) Effects
of residual mulch film on the growth and fruit quality of tomato
(Lycopersicon esculentum Mill.). Water Air Soil Pollut 228:1-18

@ Springer

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Impacts of pristine, aged and leachate of conventional and biodegradable plastics on plant growth and soil organic carbon
	Abstract
	Introduction
	Materials and methods
	Experimental design and setup
	Above and below ground biomass and chlorophyll content of L. perenne
	Soil pH, organic matter and respiration measurements
	Statistical analysis

	Results
	Effects of pristine plastics
	Biomass and chlorophyll content of L. perenne
	Soil pH, organic matter and respiration rate

	Effects of aged plastics
	Biomass and chlorophyll content of L. perenne
	Soil pH, organic matter and respiration rate

	Effects of leachate from plastics
	Biomass and chlorophyll content of L. perenne
	Soil pH, organic matter and respiration rate


	Discussion
	Responses of L. perenne to different types, sizes and age of plastics in the soil
	Effects of different types, sizes and age of plastics on soil physico-chemical properties
	Wider implications and recommendations

	Acknowledgements 
	References


