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Environmental significance

Microbial degradation of bioplastic (PHBV) is
limited by nutrient availability at high microplastic
loadingsT
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Biodegradable plastic offers an alternative to conventional plastic for use in agriculture. However, slower
degradation in the environment compared to industrial composting and high production of microplastics
is of growing concern and poses the question whether they represent a viable replacement. It remains
unclear whether observed effects of biodegradable plastics on the soil microbial community and plant
nutrient uptake are from biodegradation or from the abiotic effects of the microplastics themselves. The
aim of this study was to quantify the biodegradation of the bioplastic poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV), at increasing microplastic loadings (0.06-3.2% w/w) via pyrolysis/gas
chromatography-mass spectrometry (Py/GC-MS) alongside effects on soil health and plant growth (Zea
mays L.). Between 1.5 and 5% of PHBV microplastic was degraded in soil after 8 weeks, with the rate
declining with increasing PHBV concentrations due to microbial nitrogen (N) limitation, demonstrated by
increased investment in N-cycling enzymes. Plants were also limited by both N and phosphorus (P).
Greater extractable soil ammonium and nitrate contradicted N limitation, however, increases in soil
hydrophobicity likely limited mobility, and thus plant and microbial utilisation. As a result, increased C
from PHBV degradation did not result in a concurrent increase in microbial biomass, which was reduced
under higher PHBV microplastic loading, indicating low microbial carbon use efficiency. While high
PHBV microplastic loadings resulted in significant effects on the microbial community size and structure,
soil properties and plant growth, there were minimal effects at low PHBV concentrations (0.06% w/w).
Observations of nutrient limitation at higher plastic loadings has significant implications for the design of
standard biodegradation assays, which must consider both abiotic and biotic effects of microplastic on
soil nutrient cycling.

Biodegradable plastics may be a significant source of microplastics in the environment due to abiotic fragmentation, and potentially slow degradation rates
under soil conditions compared to standardised biodegradation tests. Studies have suggested high inputs of biodegradable microplastics significantly disrupt

soil biogeochemistry and plant development, yet it remains unclear the mechanism behind this: carbon released from biodegradation, or the effect of
hydrophobic microplastic themselves. To address this, we combined direct quantification of bioplastic degradation using pyrolysis-gas chromography-mass

spectrometry with assessments of soil nutrient cycling and plant nutrient uptake. Our study highlights that the hydrophobic environment created by biode-
gradable microplastics alters soil and plant nutrient availability, however, not at realistic plastic loadings in agricultural soils. The finding of nutrient limitation

of biodegradation has significant implications for the design of standard biodegradation assays.
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Microplastic (=5 mm) contamination in soil is of growing
concern, and the terrestrial environment represents a potential
sink for microplastics, with inputs into soils far exceeding that
of aquatic settings." Microplastics formed from conventional
plastics, such as polyethylene (PE) and polypropylene (PP) have

1 Electronic  supplementary information (ESI) available. See DOL long residence times, ranging from decadal to centurial-scales.”
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Therefore, biodegradable plastics, particularly biobased ones
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such as polyhydroxyalkanoates (PHAs), are of interest as an
alternative to petroleum based and persistent polymers. One
promising PHA is poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV), which can be produced by bacteria from sugars and
lipids.* PHBV has comparable Young's modulus (i.e. stiffness)
and tensile strength to PP and PE, with further improvement of
this mechanical property via inclusion of natural fibres or other
biodegradable polymers.**

As a natural polymer, PHBV is used for carbon (C) storage in
a range of bacterial taxa, and the ability to degrade PHAs has
been observed in a range of bacteria and fungi.*” During
biodegradation, biodegradable plastics, including PHBYV,
should be converted to carbon dioxide (CO,) and microbial
biomass.® However, conditions (e.g. moisture, temperature, pH,
microbial community, nutrient availability) in the natural
environment may not be optimal to facilitate degradation.’
Instead, abiotic fragmentation from physical damage and UV
irradiation may yield more microplastics on a shorter timescale
than conventional counterparts.’®*> Several studies have
demonstrated changes in the soil microbial community and
biogeochemistry in the presence of biodegradable micro-
plastics. C released during biodegradation of PHBV micro-
plastics has been shown to prime the soil microbial community
and increase nitrogen (N) immobilisation and microbial
biomass, which may limit plant available N.* Divergent effects
of PHBV on microbial community activity have been observed,
with both increases''* and decreases,"” alongside the same
trends in bacterial alpha diversity. This is despite consistent
increases in the abundance of Acidobacteria and Verrucomicro-
bia phyla under PHBV microplastic addition.’*** In field-based
experiments of PHBV at lower loadings (0.01% w/w) under
winter barley (Hordeum vulgare L.), no effects on available N or
microbial community structure were observed,'® indicating that
at more realistic microplastic input levels affects of PHBV
microplastics on soil function may be minimal. However, it
remains unclear if the effects on the soil microbial community
structure and function are a result of biodegradation of the
bioplastic input, or indirect effects arising from the micro-
plastics, such as change in moisture or transport of nutrients."”
Varying rates of biodegradation of PHBV in soil have been
observed, controlled by moisture, temperature, and soil
type.”**?° However, there has not been a combined study
quantifying the effects of PHBV at varying concentrations on
soil function and microbial community structure, plant devel-
opment and the degree of degradation of biodegradable
microplastics.

Biodegradation of microplastics can be observed via indirect
approaches, such as CO, evolution or oxygen demand, stand-
ardised for plastics in soil under 1SO17556.* However, the input
of biodegradable plastic-derived C may result in mining of soil
organic matter (SOM) for N and phosphorus (P), and not all CO,
evolved may be plastic-derived,* resulting in the overestimation
of biodegradation. Direct quantification of biodegradation, e.g.
using stable isotope**** or radiolabelling,* can enable source
attribution for evolved CO,, although these methods are often
limited by substrate availability and cost.*® An alternative
approach is to directly quantify the remaining PHBV in soil via
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pyrolysis/gas chromatography-mass spectrometry (Py/GC-MS).>®
This approach is widely applied to microplastics in environ-
mental settings for conventional plastics (e.g. LDPE, PP) in
soils.?”** Furthermore, this approach can also be used to detect
nanoplastics (<1 pm) in environmental matrices.*> Therefore,
the application of Py/GC-MS to biodegradable plastics in soils
will enable direct monitoring of biodegradation and quantifi-
cation of remaining plastic contamination.

The primary aim of this study was to quantify degradation of
PHBV, with increasing microplastic addition and the effects on
soil microbial community diversity and function and Zea
mays L. development. Microplastic loadings represented real-
istic plastic loadings (0.06% w/w), a hotspot (0.6% w/w), and
future accumulation under low degradation scenarios (1.6%,
3.2% w/w). Degradation of PHBV was quantified via Py/GC-MS.
Soil nutrient and potential extracellular enzyme activity
measurements were used to reveal effects on microbial nutrient
cycling, while phospholipid fatty acid (PLFA) analyses were used
to indicate effects on microbial biomass, combined with 16S
rRNA gene amplicon sequencing for microbial community
structure and diversity. Plant development was monitored
throughout the experimental period, and nutrient analyses
used to reveal effects on plant nutrient acquisition. We
hypothesise that: (i) PHBV degradation will be a contributor of C
to the microbial community, but degradation will be limited at
higher concentrations due to nutrient limitation, (ii) C inputs
from degradation will prime the microbial community, with
increased enzymatic activity to acquire other essential nutrients
(N, P), and (iii) plant nutrient uptake will be reduced with higher
plastic loadings, due to microbial immobilisation of nutrients.
An alternative hypothesis is that the introduction of hydro-
phobic microplastics into soil will reduce soil moisture, which
will feedback on available nutrients, plant nutrient acquisition
and the size of the microbial community.

Materials and methods
PHBV degradation experiment

Soil was collected to a depth of 10 cm of a Lolium perenne L.
dominated grassland located at Henfaes Research Station
(Abergwyngregyn, Wales, 53°14’19.7" N, 4°00'54.4" W). The site
is a flat lowland field with no notable surface runoff, and has no
prior history of external microplastic input, except unavoidable
atmospheric deposition (37 microplastic particles per 1 g soil at
a depth of 0-10 cm). The most prevalent polymer types present
were polyamide, polypropylene, and rubber. The soil is classi-
fied as a Eutric Cambisol,* with a sandy clay loam texture and
crumb structure. Soil was sieved to 9 mm to remove stones and
roots, and air-dried. General soil properties are presented in
Table S1.}

The PHBV microplastics were between 1 and 80 pm in
diameter (average particle size = 23.5 pm; ENMAT Y1000;
Ningbo Tianan Biologic Materials Ltd, Ningbo City, China). The
ratio of PHB to PHV was 99 : 1. Four plastic concentrations were
used: 0.06%, 0.6%, 1.6% and 3.2% (w/w), which represent low
inputs e.g. single use of a biodegradable plastic (0.06%, based
on the mass of plastic mulch film to cover the surface area of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mesocosm experiment), a hotspot of plastic pollution (0.6%),
and future potential pollution extremes (1.6% and 3.2%).**
While we acknowledge that biodegradable plastics are, by
definition, intended to decompose to microbial biomass and
CO,, previous studies (between 40 and 100 days) in soils have
indicated slow degradation of biodegradable plastics,”*® hence,
there is potential for a net accumulation at sites with repeated
use. Microplastics were homogenised into the soil by adding the
equivalent weight required to soil, resulting in a combined total
weight of 1.5 kg in a 2 L terracotta pot. A sand treatment with
3.2% (w/w) of acid-washed quartz sand (125-300 pum) (Sigma-
Aldrich, UK) was also included to account for potential
changes in soil structure, alongside a negative soil control with
no plastic or sand. No difference was observed between the sand
treatment relative to the negative control, hence these results
are presented together. All treatments were conducted with 5
replicates.

All treatments received 50 kg N ha™" (as NH,NO;) one week
prior to sowing the seeds; no P and potassium (K) were initially
applied as the soil had sufficient P and K concentration,
according to RB209 guidelines (Table S1t).*® A random block
design was used in watering trays in the greenhouse, and the
terracotta pots were rotated weekly to account for any position
effects. Watering was conducted every 2 to 3 days from the base
of the pots, to keep the absorbent fabric at the base of the pots
saturated and allow sufficient water uptake from plants
throughout the experiment. Maize (Zea mays L. cv. Humboldt)
seeds were germinated for 4 days before sowing in the meso-
cosms (2 per pot). The experiment was conducted in a green-
house for 8 weeks with a 16: 8 light-dark cycle and an average
light intensity of 207 W m > before being destructively harvested.
The average temperature during this growing period was 24.5 °C
and the relative humidity was 34.6%. At 5 weeks, mesocosms
were fertilised at a rate equivalent to 50 kg N ha™' (NH,NO3), 55
kg P ha™' (Na,H,PO,) and 150 kg K ha™" (KCI), due to the
appearance of foliar anthocyanin production. Throughout the
experiment, plant height and leaf chlorophyll content were
determined weekly. Chlorophyll content was determined using
a Soil Plant Analysis Development (SPAD-502 PLUS) chlorophyll
meter (Konica-Minolta, Japan) on the newest fully extended leaf.
The experiment was ended after 8 weeks by removing the plants.

Quantification of residual PHBV in soils using Py/GC-MS

Py/GC-MS was used to directly quantify the amount of PHBV
remaining in soil. The low thermal stability of PHBV enabled
pyrolysis without prior extraction from the soil, as pyrolysis
products from the soil at the optimum temperature (350 °C) did
not interfere with the analysis. This facilitated minimal sample
preparation and reduced potential for losses during extraction
of remaining PHBV. Furthermore, the resulting pyrolysis
products are derived from intact microplastics and any nano-
plastics or free oligomers which had been produced due the
degradation process. Therefore, this captures all remaining
PHBV which has yet to be incorporated into microbial biomass
or converted to CO, and is not limited to a certain size range, as
are many other commonly used methods.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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All soils and PHBV samples were weighed into quartz tubes
and quartz wool, which were pre-furnaced at 1000 °C for 2 h to
remove any organic contamination. Tetramethylsulfonium
hydroxide (TMSH; 2.5% in methanol, 10 pL, Sigma-Aldrich, UK)
was used for in situ methylation of pyrolysis products via ther-
mochemolysis. Py/GC-MS analyses were conducted using a CDS
Pyroprobe 6200 fitted with a drop autosampler and interfaced
with a GC-MS (GC Trace 1310, MS ISQ 7000). The pyrolysis
interface was held at 300 °C and sorbent trap at 50 °C. The
pyrolysis ramp was 20 °C ms~ " and the temperature was 350 °C,
held for 20 s. The pyrolysis chamber was flushed with helium
(He) for 2 min to transfer pyrolysis products onto the sorbent
trap. This was then desorbed at 300 °C for 4 min to transfer
pyrolysis products to the GC-MS via the GC transfer line held at
310 °C. The GC inlet was split/spitless, held at 300 °C with a split
flow of 40 mL min ™" and split ratio of 20. The GC was fitted with
a HP-1 column (Agilent Technologies, 60 m x 0.32 mm i.d., 25
um film thickness) with He carrier gas at 2.0 mL min~". The
temperature programme, initiated when the trap desorption
started, was 40 °C (6 min) to 310 °C at 15 °C min~" (15 min). The
GC was interfaced to the MS via the MS transfer line, held at
300 °C. The scan time was 0.2 s, the scan range was m/z 50-650,
the ion source was held at 310 °C and the ionisation mode was
EI at 70 eV.

Quantification was achieved through a combination of an
internal standard and external calibration. The internal stan-
dard (anthracene-d;,) was used to normalise individual anal-
yses to account for potential between-run differences in
pyrolysis and transfer to the GC-MS. The external calibration of
PHBV, which was also normalised to the internal standard, was
then used for quantification of PHBV in soil, using the sum of
methyl-3-butenoate, cis-methyl-2-butenoate and trans-methyl-2-
butenoate derived from the PHB portion of the co-polymer
(Fig. 1). These were the most abundant pyrolysis products and
initial calibrations with PHBV indicated they were linear across
the concentration range (Fig. S1t). There was low presence of
PHYV pyrolysis products (e.g. methyl-3-pentenoate and methyl-3-
methoxybutanoate) observed in the pure PHBV standards ana-
lysed (Fig. 1b). However, due to the low ratio of PHB to PHV (99 :
1 PHB: PHV), at soil-relevant concentrations, the PHV-derived
pyrolysis products were not detectable (Fig. 1c). Control soils
were analysed to confirm there were no natural sources of PHB
pyrolysis products (Fig. 1a). Matrix effects with increasing soil
mass for pyrolysis were observed (Fig. S27), therefore, soils
spiked with PHBV were used for quantification. PHBV-spiked
soils were prepared by dissolution of PHBV in chloroform
(0.5 mg mL™") and spiking of soils with the PHBV solution.
Chloroform was evaporated (50 °C), and soils ground to ensure
PHBV was homogeneously mixed in the soil, reflecting the
distribution of PHBV in the experimental soils. The dissolved
PHBYV standard solution was compared to a calibration of solid
PHBYV alone to confirm complete dissolution prior to spiking
the soils to generate the soil-PHBV calibration standards. The
calibration range used was 0.5 pg to 15 pg, and the respective
mass of soil for each microplastic loading was 10 mg (0.06%),
1 mg (0.6%), 0.2 mg (1.6%) and 0.1 mg (3.2%). The experimental
soils were lyophilised, after which any visible plant material was
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Fig. 1 Partial total ion pyrograms of control soil (A), pure PHBV (41 pg) (B) and soil spiked with 0.1% PHBV (C) pyrolyzed at 350 °C. IS indicates
internal standards used to normalise for differences between pyrolysis runs. Unlabelled peaks in (A and C) are soil derived compounds.

removed, and then the soil was ground. Individual replicates
were analysed five times, to account for potential variation in
the distribution of PHBV. Control soils were also analysed in the
same way as the 0.06% soil, which required the highest mass for
pyrolysis, to check for any natural sources of the pyrolysis
products used for quantification.

Plant and soil properties

Plant and soil properties were determined as outlined in Graf
et al. (2023).** Roots were washed with water, then root and
shoot biomass were determined by oven drying (80 °C, until

136 | Environ. Sci.; Adv,, 2025, 4, 133-146

constant mass). Dried shoot and root samples were ground (<63
um). Total C and N was analysed using a TruSpec Leco C/N
analyser (Leco Corp., St. Joseph, USA). Phosphorus (P), potas-
sium (K) and sulphur (S) content was determined using total
reflection X-ray fluorescent spectrometry (TXRF) (S2 Picofox,
Bruker, Billerica, USA).

Soil gravimetric water content was determined by oven
drying (105 °C, 24 h). Bulk density was determined using 9.8
em?® plastic cylinder rings as described in Rowell (1994).3 Soil
hydrophobicity was determined using air dried soil (10 g),
spread evenly across a Petri dish, and ethanol (50 pL) added at
increasing v/v volumes in water (0, 3, 5, 8.5, 13, 24, 36, 50, 100%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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v/v), until drops penetrated in <3 s.*” Soil pH and electrical
conductivity (EC) were measured in a 1:2 (w/v) soil:water
suspension. Soils were extracted with 0.5 M K,SO, (1 : 5w/v) and
ammonium (NH,'), and nitrate (NO;~) concentrations were
determined colorimetrically according to the salicylic acid
procedure®® and vanadium chloride procedure of Miranda et al.
(2001),* respectively. Available phosphate (PO,>~) was extracted
using 0.5 M acetic acid (1:5 w/v) then quantified using the
molybdate blue method.*® Dissolved organic carbon (DOC) was
measured on a Multi-N/C Series TOC/TN analyser (Analytik-
Jena, Jena, Germany).

Potential enzyme activities in the rhizosphere were deter-
mined for the negative soil control, 0.6%, 1.6% and 3.2%
treatments only according to Marx et al. (2001).* The 0.06%
treatment was excluded as there were minimal effects on soil
properties compared to the soil control. Adhered soil from roots
was collected after removal to obtain root-zone soil. A soil slurry
(1:100 w/v) produced with sterile deionised water (250 rpm, 30
min). For the assay, 50 L of soil suspension, 100 uL of 200 uM
substrate and 50 pL of buffer (0.05 M Trizma, pH 7.8 for 7-
amino-4-methyl coumarin (AMC), and 0.1 M MES, pH 6.1 for 4-
methylumbelliferone (MUF) substrates) were added to a 96 well
microplate and incubated at 20 °C. Fluorescence was measured
at an excitation wavelength of 355 nm and an emission wave-
length of 460 nm, and a slit width of 20 nm (Cary Eclipse
Fluorescence Spectrophotometer, Agilent Corp., Santa Clara,
CA). Potential enzyme activities were measured after incubation
times of 0 min, 1 h and 2 h, and the difference between emis-
sion at 2 h and 1 h was used to determine AMC/MUF release and
thus enzyme activity in nmol AMC/MUF per g dry soil per h. The
selected enzymes, and their respective substrates were: leucine
aminopeptidase (LAP, r-leucine-7-AMC), phosphatase (PHOS, 4-
MUF-phosphate), B-xylosidase (XYL, 4-MUF-B-p-xylopyrano-
side), B-p-glucuronidase (BDG, 4-MUF-B-p-glucuronide), B-
glucosidase (BG, 4-MUF-B-p-glucoside), and N-acetyl-B-gluco-
saminidase (NAG, 4-MUF-N-acetyl-B-glucosaminide).

Soil microbial community analyses

Similarly to potential enzyme activities, the 16S rRNA gene
amplicon sequencing was determined for the soil control, 0.6%,
1.6%, and 3.2% treatments only (n = 3). The analysis was con-
ducted as outlined in Graf et al. (2023).** Briefly, soil was frozen
at —80 °C then lyophilised and prokaryotic DNA was extracted
using the Zymo Research Quick DNA Fecal/Soil Microbe Mini-
prep Kit (Zymo Research, Irvine, CA) according to manufac-
turer's instructions. Bacterial 16S rRNA genes were PCR-
amplified using modified forward primer F515 (5'-
GTGBCAGCMGCCGCGGTAA-3') and reverse R806 prokaryotic
primer (5-GGACTACHVGGGTWTCTAAT-3').*> PCRs were per-
formed using OneTaq DNA Polymerase (New England Biolabs,
Ipswich, MA) with no-template negative controls.** Following
purification using the QIAEX II Gel Extraction Kit (Qiagen,
Hilden, Germany), amplicons were sequenced using the Illu-
mina MiSeq (Illumina Inc., San Diego, CA) with a 500 cycle v2
chemistry kit (2 x 250 bp paired-end reads). Raw sequences
were read and processed,”* then taxonomically classified

© 2025 The Author(s). Published by the Royal Society of Chemistry
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using Silva (v. 132) as the reference database. Analysis of the
most abundant taxonomic groups was performed using in-
house R scripts, for groups with a relative abundance = 2%.
Selection started at the genus level and groups were added to
the immediate upper taxonomic level when none of the samples
of that group reached the 2% threshold, and this process
continued until the relative abundance of the examined taxo-
nomic level was =2%. The NCBI BioProject accession number is
PRJNA1128446.

To quantify microbial biomass, PLFA analyses were con-
ducted on lyophilized ground soil (2 g) as previously described
in Graf et al. (2023).>* The total lipid extract was obtained in the
organic phase following sonication extraction using a modified
Bligh Dyer solution (15 mL of 2:1:0.8 (v/v/v) methanol,
dichloromethane (DCM), and phosphate buffer). Lipid frac-
tionation was achieved with activated silica columns, condi-
tioned with chloroform (5 mL). Neutral lipids (NLFAs) were
eluted using 5 mL chloroform, glycolipids were eluted using
10 mL acetone, and the phospholipid fraction (PLFAs) was
eluted with 5 mL methanol, with n-nonadecane added as an
internal standard. The PLFA fraction underwent catalysed
methylation to obtain fatty acid methyl esters (FAMEs) using 5%
(v/v) HCI in methanol (5 mL, 50 °C for 2 h). The FAMEs were
extracted into n-hexane (3 x 3 mL), using saturated sodium
chloride solution (5 mL) to exert phase separation prior to GC
and GC-MS analysis in n-hexane (50 pL). The GC was fitted with
a VF23-ms column (60 m, 0.32 um i.d., 0.15 pm film thickness),
and the temperature programme was: 50 °C (1 min) to 100 °C
(10 °C min™") to 250 °C (4 °C min~", 15 min hold), with a He
carrier gas flow of 2.0 mL min~". The injection volume was 1 pL.
The MS operated in electron ionisation mode (70 eV) with a full
scan range (m/z 50-650) and a scan time of 0.2 seconds. Data
was acquired and analysed using Xcalibur (version 4.1).
Assignment of PLFAs between C;, and C,, chain length was
based on Frostegard et al. (1993) and Joergensen (2022).**** The
sum of Firmicutes-derived PLFAs (i14:0, i15:0a, i16:0a, i17:0,
i18, a15:0, a16:0, a17:0, a18:0, a19:0) and actinobacteria-derived
PLFAs (10Me16:0, 10Me17:0, 10Me18:0) were used to represent
Gram positive bacteria. The sum of cy17:0, cy19:0, 16:1w7,
16:1w9, 17:1w8, 18:1w7 PLFAs was used to represent Gram
negative bacteria. The sum of 16:1w5c, 18:1w9¢, 18:2w6c, and
18:3w6,9,12 PLFAs was used to represent fungi, and the 14:0,
15:0, 16:0, 17:0, 18:0, 20:0, 20:406,9,12,15 PLFAs were classed as
unspecified.

Statistical analysis

All data analysis was performed in R (v4.4.0)*¢ unless otherwise
stated. Normality of the data was determined by the Shapiro-
Wilk test (p = 0.05) and homogeneity of variance of the data was
visually checked using residuals vs. fitted plots. One-way
ANOVAs were used to test the effect of microplastic loading
on end soil and plant properties (p < 0.05). Mixed effect models,
using the Imer function in the ImerTest package,*” with plastic
loading as a fixed effect and time as a random effect, were used
for plant growth measurements. Models were checked for
normality, via QQ plots, and heteroscedasticity, by plotting
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residuals vs. fitted values. Data was transformed by natural
logarithmic transformation if there was heteroscedasticity
observed in the untransformed data. Microbial graphs for
relative abundance were created using MS Excel and Affinity
Designer (v1.10.5.1342). Dendrograms (using bray distance and
ward criterion) and rarefaction curves were created using nor-
malised data in the SHAMAN web-based application.”®* The
difference in species richness, Shannon diversity and Simpson
diversity between treatments was determined with a Kruskal-
Wallis test (p = 0.05). For richness, a follow-up Dunn test was
performed with Bonferroni correction. One-way ANOVAs were
used to test the effect of microplastic concentration on the
relative contribution of taxa, with a Tukey HSD post hoc test with
a 95% confidence interval (p < 0.05).

Results
PHBYV degradation

Py/GC-MS was used to directly quantify the amount of PHBV
remaining in soil after 2 months (Fig. 2). Absolute degradation
(Fig. 2a) increased with higher microplastic loadings, from
0.031 %+ 0.003 mg g ' of soil at 0.06% w/w microplastic loading
to 0.43 & 0.06 mg g~ of soil at 3.2% w/w microplastic loading
over the experimental period. The degradation of PHBV
increased in proportion to the amount of microplastic added
from 0.06% to 0.6% w/w (8.8 times higher). However, degrada-
tion in the 1.6% w/w treatment (0.39 & 0.04 mg g~ ') was only 1.4
times higher than the 0.6% w/w treatment (0.27 + 0.02 mg g~ ),
and was also comparable to the 3.2% w/w treatment (0.43 +
0.6 mg g '). A similar trend was observed for the relative
degradation of PHBV, with comparable percentage degradation
for the 0.06 and 0.6% w/w treatments, and decreasing at higher
plastic loadings (Fig. 2b).

PHBV microplastic effects on soil properties
The effect of microplastics on soil properties are shown in

Fig. 3. There was no effect of PHBV microplastics on pH (p =

A

0.51
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View Article Online

Paper

0.813), EC (p = 0.658) or bulk density (p = 0.492). Hydropho-
bicity significantly varied between treatments (p < 0.001), with
the 1.6% and 3.2% treatments significantly higher than the
control (p = 0.006 and p < 0.001, respectively). However, there
was no effect on soil moisture content (p = 0.692). Available
NH," was significantly higher at 0.06% and 0.6% loading of
PHBV (p = 0.38 and p = 0.027, respectively). Available NO;~ was
significantly affected by microplastics (p = 0.046) and was
higher than the control at all concentrations. Extractable
phosphate was lower for the 1.6% and 3.2% microplastic
loadings, however, this was not significant (p = 0.243), and
there was no effect on DOC concentration (p = 0.72).

PHBV microplastic effects on plant growth

Plant biomass and nutrient contents are shown in Table 1.
Shoot biomass decreased at higher microplastic loading (p <
0.001), and biomass was significantly lower for 1.6% and 3.2%
loadings (p = 0.021 and p = 0.002, respectively). Root biomass
was also significantly reduced (p < 0.001), which was significant
at lower plastic loadings (0.6%, p = 0.047) compared to shoot
biomass. In addition to biomass changes, there were also effects
on the nutrient content of the plant material. C and N content
were both reduced with higher microplastic loading (p < 0.001
and p = 0.011, respectively). Shoot P content was also reduced
for the 1.6% and 3.2% treatments (p = 0.034 and p = 0.047,
respectively), although there was no effect on shoot K (p =
0.747) or S content (p = 0.123). For belowground biomass, N
content was lower for the 3.2% treatment (p = 0.002), while root
K content increased above 0.6% microplastics compared to the
control (p = 0.048). There was no effect of microplastics on root
C(p=0.174),P (p =0.191) or S (p = 0.177). The plant height and
SPAD were determined across the experimental period (Fig. S2
and S37 respectively). Plant height significantly varied across
the growth period (p < 0.001), and decreased with increasing
microplastic concentration, although at 0.06% microplastic
loading, the plant height was comparable to the control. SPAD
was also significantly affected by microplastic loading (p <
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Fig.2 Degradation mass of PHBV (A) and percentage degradation of added PHBV (B) in soil over 8 weeks. All values are mean =+ SE, based on true
replication (n = 5), while each individual replicate was also measured five times as analytical replicates.
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Fig. 3 Effect of PHBV concentrations on soil end properties of (A) soil pH, (B) EC, (C) hydrophobicity, (D) bulk density, (E) moisture content, (F)
available ammonium, (G) available nitrate (H) extractable phosphate and () DOC. All values are mean + SE (n = 5). The p value is the microplastic
concentration determined by one-way ANOVA analyses. Significant values (p = 0.05) are highlighted in bold and significant differences between

treatments are indicated by different lowercase letters.

0.001), with lower chlorophyll content at higher plastic loading,
although the SPAD for higher microplastic concentrations
(0.6%, 1.6% and 3.2%) converged with the control and 0.06%
treatment at the end of the experimental period.

Soil enzyme potential activities

Potential soil enzyme activities and ratios are presented in Fig. 4.
For C cycling enzymes, all analysed enzymes were affected by the
addition of microplastic. For XYL, potential activity was signifi-
cantly increased for all PHBV concentrations (p < 0.001)
compared to the control. Potential BG activity was significantly
higher for the 1.6% and 3.2% treatments (p = 0.004 and p =

© 2025 The Author(s). Published by the Royal Society of Chemistry

0.031, respectively), but did not vary relative to the control for
0.6% w/w PHBV. Potential BDG activity was lower than the
control at 1.6% microplastic content (p = 0.008), although other
microplastic treatments were comparable to the control. For N
cycling enzymes, both LAP and NAG potential activities were
higher in the microplastic treatments than the control (p < 0.001
and p = 0.002, respectively), except LAP activity for the 3.2%
microplastic loading, which was comparable to the control.
PHOS activity was also elevated compared to the control (p =
0.004), which was significant at 0.6% concentration (p = 0.007).
Due to differing changes in potential activities of enzymes asso-
ciated with C, N and P cycling, the relative cycling of C, N and P
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Table 1 Effect of PHBV concentrations on above- and below-ground plant biomass and nutrient contents. All values are expressed on dry
weight basis and represent mean =+ SE (n = 5). The p value is the microplastic concentration determined by one-way ANOVA analyses. Significant
values (p = 0.05) are highlighted in bold and significant differences between treatments are indicated by different superscript letters

Microplastic concentration (% w/w)

Plant property p value 0% 0.06% 0.6% 1.6% 3.2%

Shoot biomass (g per pot) <0.001 3.50 + 0.33% 3.55 + 0.69° 2.04 + 0.62%° 1.29 £+ 0.21° 0.66 + 0.2°
Shoot C content (%) 0.001 44.0 + 0.2* 43.8 + 0.3%° 42.6 + 0.4 42.9 + 0.3%° 42.3 + 0.1°
Shoot N content (%) 0.020 1.33 + 0.07° 1.23 4+ 0.13%° 1.23 + 0.15%° 1.08 + 0.08° 0.78 + 0.06"
Shoot C: N ratio 0.006 33.5 + 2.2° 36.7 + 3.2° 37.8 +5.1° 40.6 + 2.9%° 55.4 + 4.1
Shoot K content (mg g ') 0.75 29.4 4 2.1 26.7 £ 1.6 29.7 + 1.8 27.0 + 1.8 28.1 £ 2.3
Shoot P content (mg g~ %) 0.047 3.70 + 0.10° 3.93 + 1.58° 3.87 + 0.87° 2.90 + 1.28" 2.93 + 0.38°
Shoot S content (mg g~ *) 0.12 1.00 + 0.07 0.97 + 0.11 0.96 + 0.15 0.85 + 0.01 0.63 =+ 0.06
Root biomass (g per pot) <0.001 2.53 4 0.2%° 2.87 £ 0.75° 1.5 + 0.27> 1.01 £ 0.07¢ 0.77 =+ 0.09°
Root C content (%) 0.17 37.3 £ 1.6 32.8 £ 1.7 349 + 1.1 32.8 1.2 34+ 1.6
Root N content (%) 0.002 0.79 + 0.02° 0.70 + 0.03° 0.77 + 0.03° 0.72 + 0.03*" 0.60 + 0.04°
Root C: N ratio 0.003 47.4 £ 2.0° 47.1 4+ 2.1° 45.4 + 1.3° 45.9 + 1.1° 56.7 + 2.8°
Root K content (mg g~ ?) 0.008 20.2 + 1.3° 19.4 + 1.6° 25.7 + 1.5% 25.8 + 1.5% 26.9 + 1.9°
Root P content (mg g~ ) 0.19 2.79 + 0.31 2.19 £ 0.30 3.43 +0.38 3.05 £ 0.29 2.95 + 0.33
Root S content (mg kg ™) 0.18 2.61 £ 0.13 2.09 + 0.18 3.02 £ 0.30 2.92 + 0.39 2.51 + 0.21

varied with microplastic addition, as indicated by enzyme ratios
of C:N, and N:P. The enzyme C:N ratio was lower for all
microplastic treatments (p < 0.001), although there was no effect
on the enzyme C:P ratio (p = 0.082). The enzyme N:P ratio
varied with microplastic addition, although this was only
significantly higher for the 1.6% treatment (p = 0.001).

Microbial community biomass via PLFAs

The total PLFA biomass was significantly influenced by micro-
plastic addition (p = 0.043), with all microplastic treatments
showing lower PLFA concentration compared to the control.
The total PLFA concentration was lowest for 1.6% w/w loading,
while it was comparable in the 0.06%, 0.6% and 3.2% w/w
(Fig. 5a). The lower concentration of specific PLFAs was also
observed for Gram+ bacteria (p = 0.047; Fig. S4ct). Within
Gram+ bacteria, the relative decrease in PLFA biomarkers due to
microplastic addition was higher for actinobacteria than for
Firmicutes (Fig. S4a and b¥). Gram— bacteria showed the same
trend as Gram+ bacteria (p = 0.037), with the lowest concen-
tration observed at 1.6% PHBV loading (Fig. S4d¥). For fungal-
derived PLFAs (Fig. S4et), there was no effect in the 0.06%
treatment, however, the concentration of PLFAs was signifi-
cantly lower relative to the control for all other microplastic
treatments (p = 0.026). Fungal PLFAs were lowest in the 0.6% (p
= 0.011) and 1.6% (p = 0.007) treatments, compared to the
control. There was no effect of microplastic addition on the
ratio of Gram+ to Gram— bacteria (p = 0.45; Fig. 5b), however,
the ratio of fungal: bacterial-derived PLFAs was significantly
lower at microplastic concentrations above 0.6% (p = 0.014),
indicating a larger decrease in fungal communities than in
bacterial communities (Fig. 5b).

Microbial relative abundance and diversity via 16S rRNA gene
amplicon sequencing

The rarefaction curve (Fig. S51) showed that samples contained
sufficient read counts to capture an accurate representation of

140 | Environ. Sci: Adv,, 2025, 4, 133-146

the microbial community and diversity within the soil. The total
read count per sample increased with increasing PHBV addition,
with an average read count of 4085 for control and 14 754 for
3.2% w/w (expressed as counts after removal of chloroplasts and
mitochondria). This did not translate into a difference in the
Shannon diversity or the Simpson diversity (Table 2). However,
species richness significantly varied between treatments (p =
0.033), indicating the number of taxa present increased with
increasing PHBV in soil (Table 2). The dendrogram (Fig. S6t)
showed a clear distinction between soil control and PHBV treat-
ments, with additional separation between 0.6% w/w and higher
concentrations, indicating increased differentiation of the
microbial community from the control with increasing PHBV
concentration. The analysis of relative abundance of the most
abundant groups revealed that 16 out of 31 groups showed no
significant change in abundance after addition of PHBV to the
soil, whilst 8 groups increased in abundance with increasing
PHBV concentration, and 7 groups decreased in abundance with
PHBV addition to the soil (Fig. 6). Increase in relative abundance
with PHBV addition compared to control was observed for the
following groups: Terrabacter (3.2x increase), Xanthobacteraceae
(1.7x increase), other Rhizobiales (2.7 increase), Sphingomonas
(5x increase), other Alphaproteobacteria (3.7x increase), Coma-
monadacaeae (6x increase), Oxalobacteraceae (15.6x increase),
and other Gammaproteobacteria (6.8x increase). A decrease in
relative abundance with PHBV addition to the soil compared to
the control was observed for the following groups: Nitro-
sosphaeraceae (5x decrease), Vicinamibacterales (3.5x decrease),
Mycobacterium (1.8x decrease), other Gaiellales (1.8x decrease),
Bacillus (2.1x decrease), Ca. Udaeobacter (3.5x decrease), and
Chloroflexi (3.5% decrease).

Discussion
PHBV degradation

This study directly quantified the degradation of PHBV micro-
plastics at increasing concentrations alongside their effect on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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) B-glucosidase (BG), (B) B-p-glucuronidase (BDG), (C) B-

xylosidase (XYL), (D) leucine amino peptidase (LAP), (E) N-acetyl-B-glucosaminidase (NAG) and (F) phosphatase (PHOS), and enzyme ratios (G) C:
N enzymes, (H) C: P enzymesand (I) N : P enzymes. All values are mean + SE (n = 3). The p value is the microplastic concentration determined by
one-way ANOVA analyses. Significant values (p = 0.05) are highlighted in bold and significant differences between treatments are indicated by

different lowercase letters.

soil nutrient availability, microbial community function and
structure, and plant growth. The degradation of PHBV via PHB
depolymerase has been previously shown to be expressed in
a wide range of soil environments.*** The degradation of PHBV
microplastic presented here indicated higher degradation of
this polymer when introduced as microplastics, relative to
previous PHBV and PHB macroplastic studies based on mass
loss.”*#2%%1 Biodegradation at 0.06% (realistic) and 0.6% (hot-
spot) w/w were comparable to degradation observed for PHBV
film by indirect CO, monitoring over the same duration,
although this was higher than observed by direct mass loss."

© 2025 The Author(s). Published by the Royal Society of Chemistry

However, biodegradation of microplastics is suggested to
proceed faster than macroplastic, which is first abiotically
fragmented to microplastic,"**> and has a lower surface area to
volume ratio for microbial colonisation and degradation.
Combined with evidence of changes to C cycling in the soil
presented herein, through enhanced potential activity of C
cycling enzymes with microplastic inclusion, we suggest direct
measures of degradation of biodegradable plastics, such as Py/
GC-MS, are required to accurately quantify biodegradation. This
approach captures remaining microplastics and nanoplastics,*®
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Table 2 Effect of soil PHBV microplastic concentration on microbial diversity, determined via species richness, the Shannon index and the
Simpson index. Values are mean =+ SE (n = 3). Significant differences between treatments were determined via Kruskal—Wallis test and where p <
0.05 (highlighted in bold), a post hoc Dunn test was performed with Bonferroni correction, indicated by superscript letters

Treatment P Control 0.60% 1.60% 3.20%
Species richness 0.033 41.6 + 4.06° 59.6 + 3.18%° 70.0 £ 2.5° 73.0 £ 7°
Shannon index 0.35 3.05 £ 0.07% 3.12 £ 0.04% 3.13 +£ 0.1% 3.20 £+ 0.07%
Simpson index 0.41 0.93 + 0.004° 0.92 + 0.004° 0.91 + 0.01° 0.93 + 0.004°
and reduces interference in quantifying biodegradation from microplastics at differing concentrations may regulate
indirect effects on soil nutrient cycling. biodegradation.

The capacity of soil to degrade PHBV was not linear with
increasing microplastic concentrations, likely due to nutrient
limitation and the finite ability of exoenzyme activity and rate of
production.® This has implications for standardised tests for
biodegradation (ISO 17556:2019)** which use plastic loadings
over 1% w/w soil. Standardisation of biodegradation tests is key
to ensuring biodegradable products on commercial markets
meet required biodegradability standards. However, degrada-
tion studies in real-world settings already indicate that while
products may pass required standardised tests, degradation
rates are lower due to varying moisture, temperature, and
nutrient conditions.”*** Our study highlights that the degree of
biodegradation is also related to the microplastic loading in
soil, therefore, realistic concentrations of plastics in soil should
be included in assessments of biodegradation in order to reflect
degradation rates in real-world settings. Even the lowest
concentration used herein (0.06%), which would be equivalent
to one season of plastic mulch film application fragmented into
microplastic, may be an overestimation of biodegradable
microplastic entering the soil system at any one time. However,
with growing concern around biodegradable plastics as a source
of microplastics'® and potential hotspots of biodegradable
microplastics in soil due to abiotic fragmentation (e.g. 0.6% and
above), it is important to consider how the inclusion of

142 | Environ. Sci.: Adv, 2025, 4, 133-146

Effects of PHBV on the soil microbial community

There was considerable release of C from PHBV biodegradation,
equivalent to up to 52% of the size of the soil DOC pool for the
3.2% w/w treatment (Fig. S7t). However, there was no concur-
rent increase in DOC, or microbial biomass, suggesting PHBV-
derived C released during biodegradation was mineralised to
CO,, and that the microbial community exhibited low carbon
use efficiency for PHBV. The rapid assimilation of breakdown
intermediates parallels that seen for native SOM.>* As hypoth-
esised, increased potential enzyme activity for C, N and P
acquiring activity indicated greater investment by the microbial
community in acquiring nutrients,” suggesting a smaller, but
potentially more active soil microbial community. Higher BG
and LAP activities were previously observed in conjunction with
hotspots of nutrient cycling around PHBV microplastics,
although these findings were accompanied by increased
microbial biomass C."* The increased enzyme activity associ-
ated with SOM turnover also observed in this study, alongside
a smaller microbial community, indicated negative effects on
microbial carbon use efficiency due to exogenous C input as
PHBV microplastic. While PHBV is a bioplastic, and potentially
viewed as C neutral,’® increases in turnover of native soil
organic matter to acquire nutrients will have implications for
the stability of C in SOM pools.>”*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of soil PHBV microplastic concentration on the relative abundance (%) of prokaryotic taxa after 16S rRNA gene amplicon
sequencing. Groups with relative abundance < 2% were added automatically to the next higher taxonomic level. Data expressed as mean =+ SE (n
= 3). Different letters indicate significant differences between treatments.

The soil microbial community tends to be C limited,> and
labile C would be released during PHBV degradation, yet
microbial biomass decreased with PHBV addition. Increased
availability of other nutrients (N, P) contradicts limitation of the
microbial community by other nutrients through increased
enzyme investment, therefore other abiotic factors may be
responsible for the observed decreases in the microbial
community. Given the decreased fungal : bacterial ratio, these
changes in soil properties impacted the fungal community
more than the bacterial community. The bacterial groups which
increased in relative abundance, from 16S rRNA analysis,
included a- and y-proteobacteria, which have been observed as
the first colonisers of microplastics in soil* and marine
settings,*"** including PHBV.* Similar increases in proteobac-
teria groups were also observed by Zhou et al. (2021)" with 10%
w/w PHBV. Alongside proteobacteria, Terrabacter sp. also
increased with PHBV inclusion, which has previously been
identified as a degrader of PHB in soils, although other
degrading bacteria for PHB have also been identified in
different soil types.®* Other groups which can produce PHA
depolymerases, such as Bacillus sp.">* decreased, highlighting
differing responses with soil type and/or pre-existing soil
microbial communities. Decreases in Nitrososphaeracaes, which
is ammonium oxidising, Chloroflexi and Acidobacteria, such as

© 2025 The Author(s). Published by the Royal Society of Chemistry

Vicinamibacterales, likely arose due to changes in N cycling in
the soil.*

The inclusion of PHBV into soil also affected its abiotic
properties, which are suggested to feedback on the soil micro-
bial community and plant development. The hydrophobicity of
the soil increased with higher microplastic loading. While the
bulk moisture of the soil was not affected, due to the constant
watering regime, the transport and diffusion of soil water and
nutrients will be influenced by the hydrophobic regions around
microplastics. Reductions in saturated hydraulic conductivity
with 2% poly(butylene adipate-co-terephthalate) (PBAT)/
poly(lactic acid) (PLA) microplastics have previously been
observed.” In the soil, increased investment in N cycling
enzymes relative to C and P enzymes suggests higher competi-
tion for available N and mining of soil macromolecular N to
meet the microbial demand.” The degradability of micro-
plastics is also correlated with the priming effect on SOM,*® and
introducing more degradable microplastic may strengthen the
effect of SOM mining. N limitation may result in the observed
plateau in PHBV biodegradation at higher microplastic load-
ings, which exhibited higher hydrophobicity affecting soil
nutrient transport. Significant correlation of biodegradation of
PHBV with soil N content has been observed across a range of
soil types.® In this soil, with a low N content of 0.24 g kg™ ", N
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limitation to biodegradation was observed for microplastic
loadings above 0.6% w/w, above what inputs would be expected
for one growing season use of plastic. More work is required to
investigate the microplastic interface with soil pore water, and
effects of the hydrophobicity of microplastics on nutrient
transport.

Effect of PHBV on plant growth

Increased soil extractable NH," and NO,;~ was observed with
microplastic addition, yet there were reductions in microbial
biomass, plant biomass and plant N content. While it was
hypothesised that plant growth may be reduced due to micro-
bial nutrient immobilisation, instead, we suggest that reduced
transport of soil nutrients may reduce plant uptake and create
nutrient poor regions resulting in N limitation. Plant N limita-
tion was indicated by reduced chlorophyll content (via SPAD)
and N content, and the observation of red anthocyanins also
indicated both N and P deficiency.” P deficiency resulted in
reduced shoot P observed at 1.6% and 3.2% w/w, alongside
increased potential soil PHOS activity. There was no increase in
investment in P enzymes relative to C and N cycling enzymes,
however, indicating N availability was more limiting of
biodegradation and plant growth than P. There is growing
evidence of toxicity of PHBV and PHB, and their degradation
products for higher plants such as Sorghum saccharatum, Lepi-
dium sativum and Sinapis alba.”>”> There have been no direct
phytotoxicity tests for Zea mays L., although changes in the
shoot metabolome of Zea mays L. has previously suggested
indirect stress (i.e. nutrient and/or water deficiency), as a result
of increasing microplastic content in soil.** Therefore, reduc-
tions in plant growth and biomass observed herein may also be
influenced by stress effects of microplastics on soil biogeo-
chemical cycling and the subsequent changes in plant func-
tioning and metabolic response.*>”* Dose-dependent reductions
in plant growth have been consistently observed for a wide
range of biodegradable microplastics.””*7” This study also
reveals potential changes in the quality of the crop, with
reduced N and P contents, which may have implications for
nutritional value of the crop as it enters the food chain. This
potential impact on food quality and food security of high
microplastic loadings warrants further investigation. However,
potential reductions in biomass or nutritional content was not
observed at low, realistic (0.06%) plastic loadings, as there was
no effect on plant growth or nutrient content. This highlights
that while studies using high plastic loadings are important to
explore potential effects of hot spots, or accumulation of
microplastics, they should also include real-world scenarios
(e.g- additives, aged microplastics), which are relevant on
a wider scale. This is especially important for defining risk
limits for agricultural soils for biodegradable plastic and
prevent negative messaging which is not underpinned by fact.

Conclusions

Here, we demonstrated that, under increasing PHBV addition,
bioplastic degradation is limited both by the acquisition of
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other nutrients and the effect of hydrophobic regions which
may limit the mass flow of water and diffusion of soil nutrients.
We show specifically that:

(1) The inclusion of bioplastic altered the size and structure
of the microbial community, and increased investment in
extracellular enzymes to support nutrient acquisition, while
biodegradation was nutrient limited.

(2) Despite the smaller, more active microbial community, C
inputs from biodegradation were not translated to microbial
biomass and indicated reduced carbon use efficiency.

(3) There may be negative impacts of hotspots of biode-
gradable microplastic inputs into agricultural soils, both for soil
carbon stability and crop yield and quality.

(4) At low, and realistic plastic loadings (i.e. input from
a plastic mulch film over one growing season), there were
minimal effects on the soil microbial community and plant
nutrient uptake.

(5) There is a pressing need for longer-term studies reflecting
a gradual release of microplastics during fragmentation of
biodegradable plastics and to explore the effect of aging/
degradation of microplastics. Such studies must include real-
istic plastic loadings to achieve real-world insights into the
effects of biodegradable microplastics on soil. This is also
essential for standard assays quantifying biodegradability in
soil.

In summary, our results emphasise the importance of
combining quantification of biodegradation of microplastics
alongside soil microbial function and diversity and plant
growth at realistic environmental loadings to assess effects of
both biodegradation and the microplastics themselves on soil
health.
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