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Abstract
In recent decades, the use of plastic mulch in agriculture has largely increased to meet the growing demand for food. Despite 
their potential benefits, it is still unknown the long-term impact of mulches on soil microbiome. In this study, we compared 
at a mesocosm level the effects of polyethylene (Plastic) and Mater-bi® (Bioplastic) mulches on the soil physico-chemical 
(i.e., pH, soil water content, Fourier transform infrared-attenuated total reflection-FTIR), microbiological, and biochemical 
(i.e., microbial respiration, enzymatic activities, abundances and composition of bacterial, fungal and microarthropod com-
munities) properties after 6 and 12 months. The analysis of the microbiome revealed an increase in bacterial richness and 
diversity in the 12-month-treated bioplastic soils. Members of Solirubrobacterales, Vicinamibacterales, Nitrososphaerales, 
Crenarchaeota, and Clostridiales were the most abundant following the bioplastic treatment. While the fungal and microar-
thropod communities varied over time, neither of them was affected by the type of mulching. Further longer-term research 
is needed to clarify the impact of bioplastic and plastic mulches on the soil microbiome, including microarthropods, and its 
dynamics over time.
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Introduction

The use of plastics in agriculture has increased consider-
ably in recent decades because the application of plastic 
mulches contributes to weed growth prevention, soil erosion 
and higher soil temperature (Zhang et al. 2013; Blaise et al. 

2021). Despite these potential advantages, the widespread 
and long-term use of plastic mulches combined with a lack 
of systematic collection and management may cause their 
accumulation in soils (Steinmetz et al. 2016). Plastic weath-
ering causes the release of macro- (> 5mm) and micro-
plastics (100μm < MPs < 5mm) that negatively impact the 
soil quality (de Souza Machado et al. 2018; Buks and Kau-
penjohann 2020; Pathan et al. 2020; Ren et al. 2020; Wang 
et al. 2021). Enzyme activities are sensitive to environmental 
changes and may affect soil C and N cycles (Adetunji et al. 
2017; Feng et al. 2019). Moreover, although enzyme activi-
ties represent some stepwise processes of complex biogeo-
chemical cycles (Nannipieri et al. 2018), they are widely 
used as indicators for organic matter turnover.

Polyethylene is the non-degradable plastic material con-
ventionally used for agricultural mulch (Hayes et al. 2012) 
and thus it is the major source of microplastics (MPs) in 
agricultural soils (Kasirajan and Ngouajio 2012; Blasting 
and Amelung 2018; Wang et al. 2021). The addition of poly-
ethylene to soil reduces both microbial activity and richness 
(Fei et al. 2020; Shi et al. 2022). The use of environmen-
tally friendly biodegradable plastics might be a promising 
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substitute for conventional non-degradable plastics (Qin 
et al. 2021). However, fragmentation of bioplastic mulches 
can also occur under a range of environmental conditions 
with the subsequent release of micro-bioplastics into agri-
cultural soils (Li et al. 2014; Qin et al. 2021). Micro-bioplas-
tics provide selective niches for soil microorganisms because 
they can be used as an exogenous carbon source (Brodhagen 
et al. 2015; Zhou et al. 2021), and as such they can influence 
soil microbial community composition more than MPs (Qi 
et al. 2020; Wang et al. 2022).

According to some studies, the effect of biodegradable 
mulch on the microbial community is minimal and insig-
nificant (Kapanen et al. 2008; Masui et al. 2011; Adhikari 
et al. 2016; Bandopadhyay et al. 2020; Sintim et al. 2020, 
2021). For instance, Masui et al. (2011) did not observe any 
increase in total bacteria abundance or any change in bac-
teria community composition where poly-lactic acid (PLA) 
was buried in the soil after its use. Besides, Adhikari et al. 
(2016) observed no significant differences in soil bacterial 
biomass and diversity after two years of exposure to PLA. 
However, it is unknown how conventional plastic and bio-
plastic mulches affect the activity and diversity of the micro-
biome and microarthropods in soil.

To date, only two studies report behavioral effects on soil 
microarthropods due to mulch-derived MPs. Maaß et al. 
(2017) showed how collemboli (Folsomia candida and Proi-
sotoma minuta) were able to transport MPs both horizontally 
and vertically leading to an increase in their dispersion along 
the soil column. Likewise, this transport/dispersion may be 
enhanced (Zhu et al. 2018) due to predator-prey relation-
ships (Hypoaspis aculeifer and Folsomia candida). In con-
trast, no evidence has been reported on the effects of MPs on 
soil microarthropod biomass and species richness.

The present study was performed on soils exposed to 
both conventional and biodegradable mulches over a 1-year 
period with the aim of shedding light onto the effects of 
plastic mulching on soil physicochemical properties and 
enzymatic activities, as well as on the biomass, richness, and 
composition of soil bacteria, fungi, and microarthropods. 
The starting hypotheses of this research are as follows: (Hi) 
mulching, both with polyethylene and bioplastics, differen-
tially changes the abiotic properties of the soil compared to 

the control; (Hii) due to these differential changes in soil 
abiotic properties, the biomass and the functional diversity 
of microbial community are lower in soils covered by con-
ventional mulches than in control soils and those covered by 
bioplastic mulches; (Hiii) microarthropods are affected by 
plastic mulching, although to a lower extent than bacteria 
and fungi.

Material and methods

Experimental setup and sample collection

Limestones of different sizes (Ø = 1–4 cm) taken from a 
quarry near Caserta (Italy) was put in mesocosms (Ø = 1 
m). In November 2020, 50 kg of fresh soil (equivalent to 
approximately 30 kg of dry weight, d.w.) was collected from 
the respective agricultural sites, thoroughly mixed in order 
to obtain a representative sample, and placed (height = 30 
cm) on top of the limestones (height = 20 cm) of each exper-
imental pot (height = 60 cm). Polyethylene plastic (thick-
ness: 40 μm) was chosen as conventional mulch (plastic) and 
Mater-bi® (thickness: 18 μm) as biodegradable mulch (bio-
plastic). In January 2021, five pots were treated with a con-
ventional plastic sheet and other five with a bioplastic sheet 
(40 × 40 cm). Both plastics were placed on the soil surface 
of each pot as 16 squares (10 × 10 cm). Four mesocosms 
were left uncovered and referred as control treatments. All 
experimental pots were left outdoors on the terrace of the 
Biology Department of the University of Naples Federico 
II for 12 months without irrigation and fertilization. Table 1 
reports of the overview of the monthly rainfall, humidity and 
average air temperature for the investigated period.

At the beginning of the experiment (0 months: January 
2021) and prior to placing the mulching sheets, soil samples 
were collected from the top 10 cm of each experimental pot 
by a corer device (10 cm Ø) and then sieved (2 mm Ø). After 
6 (6 months: July 2021) and 12 (12 months: January 2022) 
months, soil cores (top 10 cm) were sampled under one of 
the squares of the respective mulching sheets and at a ran-
dom from the control pots. The first sampling time was after 
6 months because the degradation of bioplastic occurs after 

Table 1  Monthly precipitation (mm), mean values of humidity (%), and air temperature (°C) in the months of soil samplings (http:// www. ilmet 
eo. it/). Soil temperature (°C) and moisture (% d.w.) at the sampling times for the different treatments (control, bioplastic and plastic)

Rainfall
(mm)

Humidity
(%)

Air T
(°C)

Soil T
(°C)

Soil Moisture
(% d.w.)

Control Bioplastic Plastic Control Bioplastic Plastic

January 2021 6.70 73.3 9.27 8.50 ± 0.213 10.3 ± 0. 33 10.6 ± 0.67 40.8 ± 0.63 39.9 ± 0.12 37.7 ± 1.36
July 2021 0.94 59.6 26.6 27.3 ± 0.156 27.0 ± 0.23 28.0 ± 0.57 38.5 ± 1.50 36.6 ± 0.88 37.2 ± 0.73
January 2022 31.0 65.5 9.00 8.67 ± 0.012 10.0 ± 0.57 10.7 ± 0.14 41.2 ± 0.96 39.4 ± 1.12 42.2 ± 0.74

http://www.ilmeteo.it/
http://www.ilmeteo.it/
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this period (Nissa et al. 2019). Soil samples were divided 
into three parts: the first part was stored at room temperature 
prior to the physicochemical analyses; the second part was 
kept at 4 °C prior to biological and biochemical analyses, 
and the third one was kept at −80 °C prior to the molecular 
analyses. Plastic degradation was assessed as weight loss 
with respect to the initial (0 months) mass of sheet squares 
randomly collected from the pots at each sampling time (6 
and 12 months).

Soil Fourier transform infrared‑Attenuated total 
reflection (FTIR‑ATR) spectra

The infrared spectra of the control soil and the soils treated 
with plastic or bioplastic was analysed by FTIR-ATR spec-
tra, in the 4000–700  cm−1 range, recorded by solid phase 
by JASCO FT/IR −4700 Spectrometer using HATR crys-
tal zinc selenide (Flat Plate, PN 022–2020–45) using PIKE 
Technologies. Each spectrum was measured 128 times, at 
resolution 4  cm−1.

Soil physico‑chemical, biological, and biochemical 
analyses

Soil pH was measured by an electrometric method using a 
distilled water suspension (1:2.5, volume:volume). Water 
content (WC) was determined gravimetrically by drying 
fresh soil at 105 °C until constant weight. Organic total C 
 (Corg) was measured by a CNS Analyzer (Thermo Finni-
gan, Italy) after treatment of soil samples with HCl (10%) 
to remove carbonates. Total C and N concentrations were 
measured by CNS Analyzer (Thermo Finnigan, Italy) using 
oven-dried (105 °C) and grounded (Fritsch Analysette Spar-
tan 3 Pulverisette 0) soil samples.

Microbial respiration (Resp) was assessed using the 
MicroResp® assays (Macaulay Scientific Consulting, Aber-
deen, UK) (Campbell et al. 2003). Five technical replicates 
of each biological soil sample (circa 0.3 g dry weight) were 
incubated in a 96-deep well microplate (Fisher Scientific 
E39199, Illkirch France) (Santini et al. 2022).

Fluorescein diacetate (FDA) activity was determined 
as reported by Adam and Duncan (2001) and dehydroge-
nase activity (DHA) as reported by Memoli et al. (2018); 
β-glucosidase activity (β-glu) was determined as reported 
by Tabatabai (1982) and urease activity (Ure) as indicated 
by Kandeler and Gerber (1988).

Phytotoxicological assays were performed according to 
EPA (1996) using Sorghum saccharatum L. and Lepidium 
sativum L. as test organisms and assessed using fresh and 
sieved (2 mm Ø) soil samples. Ten seeds were placed in Petri 
dishes containing fresh soil equivalent to 10 g of oven-dried 
soil (d.w.); subsequently the soil was saturated with water. 
Standard soil (OECD 1984) and  K2Cr2O7 were used as 

negative and positive controls, respectively. After incubation 
under darkness (72 h, at 25 °C), the number of germinated 
seeds and the root elongation were measured as described 
by Santini et al. (2022).

DNA extraction and qPCR analyses

DNA was extracted from 0.5 g of soil using FastDNA™ 
SPIN Kit for Soil (MP Biomedicals) as reported by Cec-
cherini et al. (2007). The yield (ng DNA  g−1 soil) and the 
purity of the extracted DNA were determined using spec-
trophotometry  (NanodropTM); DNA quality was assessed by 
agarose gel electrophoresis.

Specific primers were used to quantify eubacteria (16S 
rDNA) (Muyzer et al. 1993; Simmons et al. 2007), fungi 
(18S rDNA) (Chemidlin Prévost-Bouré et al. 2011), and 
certain bacterial groups involved in the N-cycle:  N2-fixing 
bacteria (nifH) (Poly et al. 2001); ammonia-oxidizing bacte-
ria (amoA) (Mintie et al. 2003); ammonia-oxidizing archaea 
(archamoA) (Francis et  al. 2005); denitrifying bacteria 
(nirK) (Henry et al. 2004). qPCR was performed in 25-μL 
reactions containing 2X SYBR Green qPCR mix (low rox) 
(GDSBio, Guangzhou, China), 10 μM each forward and 
reverse primers, 40 ng of template DNA and sterile  ddH2O 
to reach the appropriate volume. Sterile  ddH2O was used as 
a non-template control. Each sample was assayed by AriaMx 
Real-time PCR System (Agilent Research Laboratories, CA, 
USA). The run efficiencies ranged from 79.7 to 130.1% with 
R2 values ranging from 0.961 to 0.996. In addition, melting 
curves were performed: temperature ranged from 55 to 95 
°C with increments of 0.5 °C; the temperature conditions 
were kept for 5 s. Nanograms of the target gene were nor-
malized to dry grams of soil in order to compare the different 
functional groups under the mulching treatments.

NovaSeq sequencing and bioinformatics pipeline

To characterize the bacterial and fungal microbial com-
munities, the 16S V4 and ITS2 gene regions, respectively, 
were sequenced from each soil sample’s DNA extract by 
Novogene (Cambridge, UK). The primer sets 515F/806R 
(Caporaso et al. 2011) and ITS3/ITS4 (Bellemain et al. 2010) 
were used for bacteria and fungi, respectively. Sequencing 
was performed on a NovaSeq 6000 instrument using PE250 
(250 bp × 2 paired-end) approach. Sequencing data were 
deposited in the SRA under project number PRJNA868341.

Sequences were demultiplexed and trimmed off adapt-
ers, barcodes and primers by Novogene. A table of ampli-
con sequence variants (ASV) was obtained using DADA2 
pipeline (version 1.18, Callahan et al. 2016) according to 
the standard protocol provided by the developers on GitHub 
(version 1.16). Firstly, sequences with ambiguous base pairs 
and those sequences exceeding an expected error rate of > 
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2 (maxEE) were removed from the dataset. Error models 
were predicted from randomly selected samples from the 
run and both forward and reverse reads were curated based 
on the error profiles. Sequences were then merged; chimeric 
sequences were removed. For fungi, reads < 220 bp were 
removed from the dataset. For each dataset, bacteria and 
fungi, a frequency ASV table was generated giving the rela-
tive read abundances of ASVs in each sample. For bacte-
rial ASVs, their taxonomic assignment was obtained from 
SILVA reference database v.138.1 by using the assignTax-
onomy function in DADA2, which implements RDP naive 
Bayesian classifier (Quast et al. 2013). Both bacterial and 
fungal sequences that were not annotated at phylum level 
(NAs) were discarded. Sequences annotated to the phylum 
Eukaryota were also removed. For fungal ASVs, their tax-
onomy was assigned based on the UNITE reference database 
(version 10.05.2021). A total of 12,095 bacterial ASVs and 
2769 fungal ASVs were detected across all samples. For 
bacteria, the sequencing depth (35,000 ± 14,000 sequences) 
did not differ with regards to the experimental factors 
(time: F1,40 = 1.927; p = 0.173; treatment: F2,39 = 2.991; 
p = 0.0619). For fungi, the sequencing depth significantly 
differed over time (F1,31 = 4.987; p = 0.0329; 0 months: 
26,000 ± 7,500; 6 months: 48,000 ± 11,000; 12 months: 
31,000 ± 12,000 sequences). Microbial community analysis 
was performed using the R package vegan (2.6-2; Oksanen 
et al. 2019). Richness and α-diversity were estimated as 
the number of observed ASVs and Shannon index (1948), 
respectively. β-diversity was estimated by non-metric mul-
tidimensional scaling (NMDS) on Bray-Curtis distances in 
order to evaluate the differences in bacterial and fungal com-
positions between mulch types over time. The correlation 
between the experimental factors (mulch types and time) 
and environmental variables, respectively, and the micro-
bial community composition was analyzed using Adonis2 
(Permutational Multivariate Analysis of Variance Using Dis-
tance Matrices). Environmental variables were plotted on 
the NMDS by using envfit command. Permutational models 
were selected by variable addition following previous knowl-
edge; only models with exclusively significant variables in 
the linear predictor were interpreted.

For the following analysis, only ASVs detected in three 
out of four control samples and in four out of five soil sam-
ples treated with either plastic or bioplastic mulching were 
considered. Venn diagrams were generated in order to visu-
alize the number of ASVs shared among sample groups or 
unique to a sample group (Hulsen et al. 2008). Indicator 
species were identified by calculating a generalized linear 
model using ALDEx2 (Fernandes et al. 2013). Principal 
Component Analysis (PCA) was performed by a singular 
value decomposition of the centred and scaled data matrix 
so as to evaluate the differences in the soil properties with 
regards to the treatment and time. Univariate variables were 

analyzed using ANOVA and the significant differences 
among pairwise sample groups were determined using post-
hoc Tukey HSD test. ANOVA assumptions of normality and 
homogeneity of variances were checked using residual diag-
nostics. Colours were chosen from RColorBrewer (Neuwirth 
2014). All statistical analyses were performed by R 4.2.1 (R 
Core Team 2022).

Microarthropod sampling and analyses

Microarthropod analyses were done on soil cores (10-cm 
depth and 10 cm Ø) at the beginning (0 months: January 
2021) and after 12 months (January 2022) of the trial from 
each experimental pot, in order to determine the animals to 
adapt to the new environment. The microarthropods were 
extracted using the MacFadyen method over a one-week 
period, sorted using a dissecting stereomicroscope, counted, 
and identified according to the class or order. The results of 
each group were reported in terms of density (i.e., individual 
number  m−2 soil), taxa richness and percentage of relative 
abundance of each taxon. On the basis of the microarthro-
pod abundance and diversity, the Shannon (1948) and Pie-
lou (1969) indices were calculated. For each microarthropod 
taxon, the trophic preferences (detritivores, predators) were 
attributed as already reported (Dindal 1990; Brussaard 1997; 
Lavelle and Spain 2001; Parisi et al. 2005) and showed as 
the relative abundances (expressed as percentage of the total 
abundance) of microarthropod trophic preferences.

Results

Physicochemical properties, microbial abundances, 
and activities over time and among treatments

The FTIR-ATR spectra revealed differences in the position 
and the intensity of specific bands due to plastic and bio-
plastic treatments (Fig. 1A). Those changes occurred in the 
peak intensity relative to the 1000–1010  cm−1 region, which 
is assigned to C-O-C bending of carbohydrates and/or poly-
saccharides. In particular, the plastic-treated soil showed a 
significant higher average ratio of R-areas  (A1010/A1536 = 4) 
(Fig. 1B) as compared to control and bioplastic-treated soils 
with ratios of 2 and 3, respectively.

The weight loss of the conventional plastic sheet was 
0.1% (± 0.2 s.d.) and 6.9 % (± 2.0 s.d.), and that of the bio-
plastic sheet was 1.7% (± 1.2 s.d.) and 52.9% (± 9.9 s.d.), 
respectively at 6 and 12 months. Irrespective of the treat-
ment, the soil samples were characterized by a water content 
of around 40% (Table 1) and a slightly alkaline pH (Table 2) 
over the course of the trial. The microbial abundances at 
each sampling time and treatment are reported in Table 2. 
DNA yield after 12 months increased significantly in the 
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control, moderately plastic-treated soils and remained almost 
constant over time in the bioplastic-treated soils (Table 2). 
The bacterial (EUB) and fungal (Fungi) abundances sig-
nificantly decreased after 6 months for control, bioplastic 
and plastic, respectively and increased after 12 months in 
all treated soils (Table 2). N fixers abundances decreased 
after 6 months and then increased after 12 months in all 
the soils. AOA abundance increased after 12 months in all 
the soils with values 4-, 11-, and 7-fold greater than at the 
beginning of the trial in the control, bioplastic-treated, and 
plastic-treated soils, respectively. AOB decreased after 6 
months in all the soils and then remained almost constant 
in the control and plastic-treated soils, while increased in 
the bioplastic-treated soils after 12 months. Den abundance 
decreased after 6 months in all the soils and then it decreased 
in the control soils, increased in the bioplastic-treated soils 
and remained almost constant in the plastic-treated soils 
after 12 months (Table 2). Microbial respiration approxi-
mately doubled after 6 months and then remained almost 
constant in all soils (Table 2). HA activity decreased after 6 
months and then increased at the end of the experiment in all 
soils; DHA activity reached higher values after 12 months 
in the control soils, while it decreased after 6 months and 
increased after 12 months in both bioplastic- and plastic-
treated soils without reaching the initial values. Ure activity 
increased after 6 months in all soils; β-glu activity peaked 
after 6 months in both treated soils (Table 2).

PCA plot revealed that the soil samples were primarily 
grouped according to the exposure time rather than by the 
mulch treatment (Fig. 2). Soil pH, urease activity, and the 
abundances of EUB and AOA were the variables that corre-
lated most strongly with the first component (PC1) (Fig. 2). 
Total N,  Corg, β-glucosidase activity, respiration, and AOB 
abundance appeared to be strongly correlated with PC2 
(loading scores > 0.3) (Fig. 2 and Table S1).

The comparison of the investigated soil properties among 
treatments highlighted that EUB, AOA, AOB and Den 
abundances specifically differed after a 12-month exposure 
(Table 2 and Table 3 ) with values lower in the control soils. 
Instead, Resp was lower in the plastic-treated soils compared 
to the other treatments.

Bacterial communities in bioplastic‑treated soils 
diverged from plastic and control ones over time

Actinobacteriota and Proteobacteria were the dominant 
phyla across all samples (Fig. 3A) accounting for 38.5% 
and 27.5% of all reads, respectively. Acidobacteriota and 
Firmicutes accounted for 7.8% and 6.4% of the bacterial 
community composition (Fig. 3A). Other phyla, such as 
Gemmatimonadota, Crenarchaeota, Chloroflexi, Bacteroi-
dota, Myxococcota, and Verrucomicrobiota contributed with 
a lower percentage (< 4%) to the overall composition. On 
a class level, members of Thermoleophilia and Actinobac-
teria were the most representative of the phylum Actino-
bacteriota, accounted for 22.8% and 12.1% for all samples. 
Among Firmicutes, Bacilli represented the most dominant 
class accounting for 5.5% of the total reads, whereas among 
Proteobacteria the dominant bacterial classes were Alpha- 
and Gamma-proteobacteria (16.5% and 11.4% of the total 
reads, respectively) (Table S2).

Beta-diversity of the bacterial communities of the bio-
plastic-treated soil collected after 12 months differed from 
bacterial communities of the other sample groups (Fig. 3B) 
(p = 0.02, interaction = 22% variance). This clustering 
depended on the abundances (Table 4) of EUB and AOA 
measured via qPCR, which were higher in the bioplastic-
treated samples than in the control and plastic treatments 
at the end of the trial (Table 2). Likewise, the highest val-
ues of bacterial richness and diversity were recorded in the 

Fig. 1.  A ATR infrared absorb-
ance spectra, in the 1850–700 
cm−1 region, of plastic (blue 
line), control (purple line), bio-
plastic (pink line) treated soil. B 
Mean (± s.e.) ratios  A1010/A1536 
for control (violet), bioplastic 
(coral), and plastic (light blue) 
treated soil; Capital letters 
indicate statistically significant 
(ANOVA test; P < 0.05) in each 
treatment
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Fig. 2  Graphical display of 
the first two axes (PC1: 34.5%, 
PC2: 23.8 %) of the principal 
component analysis on the soil 
physico-chemical, biological 
and ecotoxicological properties 
(control: violet stars, bioplastic: 
coral stars, plastic: light blue 
stars) at the beginning (0M: 
circle), after six (6M: triangle) 
and twelve (12M: roar) months 
of the experiment

Table 3  Two-way ANOVA for the soil properties measured in the 
control and the two plastic mulch treatments (bioplastic and plas-
tic) at the beginning of the experiment, after 6 and 12 months of 
exposure. The effect (“Effect”) is the factors percentage of sum of 
squares. Water content (WC), organic C, abundances of eubacteria 
(EUB), ammonia-oxidizing bacteria and archaea (AOA and AOB), 

denitrifiers (Den), microbial respiration (Resp), FDA hydrolysis 
activity (HA), dehydrogenase activity (DHA), urease activity (Ure), 
β-glucosidase activity (β-glu), bacterial richness and Shannon index, 
phytotoxicity of Sorghum saccharatum L. (Sorghum), and Lepidium 
sativum L. (Lepidium)

P-value Effect

Time Treatments Time vs treatments Time Treatments Time vs 
treat-
ments

pH 2.18  10−23 8.97  10−8 1.01  10−5 85.0 6.29 4.93
WC (% d.w.) 4.22  10−4 0.175 0.130 30.9 5.72 11.9
Total C (% d.w.) 6.94  10−2 6.52  10−2 5.87  10−4 8.20 8.41 36.6
Total N (% d.w.) 2.50  10−6 0.218 0.185 47.7 3.90 8.05
C.N (% d.w.) 1.24  10−7 0.401 0.240 56.8 1.99 6.15
Corg (% d.w.) 2.94  10−6 0.177 4.96  10−2 44.8 4.26 12.4
DNA Yield (ng  g−1 d.w.) 6.08  10−3 8.35  10−2 8.89  10−3 17.9 8.06 24.3
EUB_qPCR (ng  g−1 d.w.) 1.36  10−16 6.25  10−3 2.93  10−4 78.5 3.47 8.35
Fungi_qPCR (ng  g−1 d.w.) 1.66  10−9 0.468 5.79  10−2 63.9 1.25 8.20
N.fixers_qPCR (ng  g−1 d.w.) 9.69  10−9 0.642 8.86  10−3 57.6 0.76 13.7
AOA_qPCR (ng  g−1 d.w.) 2.91  10−15 5.24  10−5 4.31  10−7 64.5 7.98 17.8
AOB_qPCR (ng  g−1 d.w.) 2.20  10−7 1.88  10−2 8.60  10−2 49.8 8.86 8.83
Den_qPCR (ng  g−1 d.w.) 1.85  10−4 3.75  10−2 7.26  10−3 28.3 9.12 21.2
Resp (mg  CO2  g−1  h−1) 1.44  10−23 2.42  10−3 2.75  10−2 92.7 1.76 1.51
HA (mmol of FDA  min−1  g−1 d.w.) 1.06  10−4 0.698 7.31  10−2 36.2 1.08 13.9
DHA (mmol of TPF  min−1  g−1 d.w.) 4.61  10−2 0.795 0.120 14.05 0.96 16.5
Ure (mmol of  NH4

+  min−1  g−1 d.w.) 6.99  10-24 0.199 1.69  10−2 94.1 0.39 1.65
β-glu (mmol of PNP  min−1g−1 d.w.) 3.12  10−7 0.550 0.277 55.2 1.38 6.05
Bacterial richness 0.642 4.81  10−3 1.39  10−2 1.47 20.6 24.0
Bacterial Shannon Index 0.275 4.09  10−3 2.05  10−2 4.32 21.0 21.6
L. sativum L. (% effect) 2.31  10−11 4.65  10−3 5.61  10−6 55.0 6.21 22.6
S. saccharatum L. (% effect) 4.60  10−2 0.310 4.29  10−3 11.1 3.99 30.6
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bioplastic mulch treatment after 12 months of exposure 
(Fig. 3C; Table 2). This increased richness was also reflected 
by a high number of unique ASVs detected exclusively in the 
bioplastic-treated soil samples at the end of the experiment 
(Fig. 3D). A total of 306 ASVs were exclusively found in the 
bioplastic treatment, whilst a 138 ASVs were detected in the 
control (138 ASVs) and 29 ASVs in the plastic treatments.

The bacterial core across the three treatments consisted 
of a total of 375 ASVs (Fig. 3D). According to Aldex2 
analysis, several ASVs were indicative for the 12 months 

bioplastic-treated sample group (Fig. 4), and included mem-
bers of the orders Streptomycetales, Solirubrobacterales 
(phylum Actinobacteriota), Pyrinomonadales, and Vicina-
mibacterales (phylum Acidobacteria). Within the phylum 
Firmicutes, seven orders including Erysipelotrichales, 
Lactobacillales, Christensenellales, Clostridiales, Lach-
nospirales, Oscillopirales, and Peptostreptococcales were 
also listed as indicator species of the bioplastic mulch soil 
samples collected after 12 months of exposure. Members 
of the orders Bacteroidales (phylum Bacteroidota) and 

29

138

375
38306

62

70

Control PlasticBioplastic

Control PlasticBioplastic Control PlasticBioplastic

C D

A B Stress: 0.187

Fig. 3.  Soil bacteriome overview exposed to different treatments 
(control: violet, bioplastic: coral, plastic: light blue) at the beginning 
(0M: circle), after six (6M: triangle) and twelve (12M: roar) months 
of the experiment. A Distribution of taxa across time course and soil 
samples. Amplicon sequence variants (ASVs) detected by Illumina 
Novaseq sequencing of the 16S V4 were summarized based on their 
phylum annotation. B Non-metric multidimensional scaling (NMDS) 

based on Bray Curtis dissimilarities between the ASV compositions 
of the samples. The correlation of soil physico-chemical, biological, 
and ecotoxicological properties and ASV composition was plotted 
based on Adonis analysis. Lowest stress was 0.177. The iteration con-
verged after 20 tries. C Richness and diversity across soil samples. D 
Venn diagram of soil exposed to bioplastic after 12 months

Table 4  Fit of environmental variables onto the NMDS ordination 
as calculated by permutational analysis. The R2 gives the goodness 
of fit statistic (squared correlation coefficient). P-values are based on 

999 permutations urease activity (Ure), total soil DNA amount: DNA 
Yield and abundances of eubacteria (EUB) and ammonia-oxidizing 
archaea (AOA)

NMDS1 NMDS2 R 2 Pr ( > r)

DNA.Yield (ng  g−1 d.w.) 0.746 0.665 0.199 0.016 *
EUB_qPCR (ng  g−1 d.w.) − 0.782 0.622 0.435 0.001 ***
AOA_qPCR (ng  g−1 d.w.) − 0.830 0.577 0.589 0.001 ***
Ure (mmol of  NH4

+  min−1  g−1 d.w.) 0.559 − 0.828 0.199 0.011*
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Nitrososphaerales (phylum Crenarchaeota) also appeared 
as indicator ASVs of this sample group (Fig. 4).

The composition of fungal communities 
was only influenced by time

Ascomycota was the dominant fungal phylum account-
ing for 96% of the fungal reads. The orders Eurotiales 
(37.6%), Hypocreales (21.6%), and Sordariales (11%) 
were the most abundant in all soil samples (Fig. 5A, B). 
Orders such as Capnodiales (7.9%), Glomerellales (3.4%), 
Pleosporales (3.1%), and Onygenales (3%) were present in 
low percentages (Table S3). Contrarily to bacteria, the soil 

fungal communities solely clustered by time (15% variance, 
pAdonis = 0.001) (Fig. 5C, D). pH was the only variable that 
correlated with fungal composition (p = 0.002, R2 = 0.133).

Microarthropods community were slightly 
influenced by time

At the beginning of the experiment (0 months), the micro-
arthropod density ranged from 815 to 3185 org  m−1 and, at 
12 months between 382 and 1019 org  m−1 (Table 5). The 
Shannon and Pilou’s evenness indexes ranged from 0.11 to 
1.67 and from 0.81 to 1 over the 12-month period, respec-
tively (Table 5). None of the targeted microarthropod 
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Fig. 4  Heatmap illustrating the relative abundance of ASVs indica-
tive for sample groups. Indicator ASVs were identified using Aldex2 
and were ASVs with significant differences among sample groups (p 
< 0.001). The relative abundances of these indicator ASVs were cal-

culated for all sample groups and illustrated in a heatmap. In the heat-
map, data were scaled by rows, thereby allowing the comparison of 
ASV relative abundances among sample groups, but not among ASVs
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groups differed among treatments in terms of abundance; 
and the time of exposure had a significant impact on the 
abundance of Acarina reaching higher values in the con-
trol, bioplastic, and plastic treatments at the end of the 
experiment (Tables 5 and 6).

Discussion

The present study focused on the impact of plastic and bio-
plastic mulches on soil properties, with a special empha-
sis on the biological properties which are more sensitive 

Fig. 5  A Distribution of fungal community composition across time 
course. B Distribution of fungal community composition across 
time course and soil samples. Amplicon sequence variants (ASVs) 
detected by Illumina Novaseq sequencing of the 18S were summa-

rized based on their orders annotation. C, D Non-metric multidimen-
sional scaling (NMDS) based on Bray Curtis dissimilarities between 
the ASV compositions of the samples. Lowest stress was 0.177. The 
iteration converged after 20 tries

Table 5  Mean values (± s.e.) of the soil microarthropod density, 
richness, Shannon and evenness indices, and the relative abundance 
of Collembola, Acarina, Coleoptera larvae, and Pauropoa and the 
trophic preferences (detritivores and predators) measured in the con-

trol and the different plastic mulch treatments (bioplastic and plastic) 
at the beginning of the experiment (0M), and after twelve months of 
exposure (12M)

0M 12M

Control Bioplastic Plastic Control Bioplastic Plastic

Density_MA (n. org.  m−2) 3184 ± 1359 815 ± 345 1019 ± 426 382 ± 218 407 ± 297 1019 ± 227
Richness_MA 1.75 ± 0.23 1.00 ± 0.31 1.00 ± 0.31 0.75 ± 0.41 0.8 ± 0.38 1.20 ± 0.20
Shannon_MA 0.44 ± 0.03 0.11 ± 0.0.2 0.14 ± 0.01 1.67 ± 0.15 0.22 ± 0.11 0.13 ± 0.07
Evenness_MA 0.98 ± 0.01 0.81 ± 0.01 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 0.92 ± 0.02
Collembola 72.5 ± 14.3 93.7 ± 8.94 87.5 ± 5.63 25.0 ± 15.0 50.0 ± 12.0 73.3 ± 21.0
Acarina 10.0 ± 3.20 6.30 ± 2.4 12.5 ± 1.64 75.0 ± 15.0 16.7 ± 10.1 26.0 ± 11.0
Carabidae Larvae 17.5 ± 2.10 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 16.7 ± 10.5 0.00 ± 0.00
Pauropoda 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 16.7 ± 10.5 0.00 ± 0.00
Detritivores 82.5 ± 4.50 100 ± 0.00 100 ± 0.00 100 ± 0.00 83.33 ± 8.30 100 ± 0.00
Predators 17.5 ± 2.30 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 16.67 ± 9.05 0.00 ± 0.00
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to environmental changes than the soil physicochemical 
properties (Barnard et al. 2013). To date, previous stud-
ies on such effects have mostly covered a period of time 
shorter than a year (Ruthi et al. 2020). Our findings indi-
cated that the time of exposure had a larger impact than the 
plastic treatment on most of the investigated soil proper-
ties; however, the presence of both plastics and bioplastics 
cannot be overlooked as it positively affected the abun-
dances of EUB, AOA, AOB and Den.

It is plausible that the effects related to the time of expo-
sure were mediated by seasonal changes over the 12-month 
period. Particularly, seasonality influenced the abundances 
of EUB, N-fixers and AOB showed the same temporal trend 
with a progressive decrease after 6 months of exposure fol-
lowed by an increase until 12 months. However, it cannot 
be excluded the influence of bioplastics in enhancing EUB 
abundance compared to the other treatments. Our findings 
agree with those reported by Ma et al. (2016), who observed 
a higher soil bacterial abundance in soils covered by bio-
plastic mulches than by conventional plastic, probably due 
to the higher content of available organic C as a result of the 
release of biodegradable plastic residues into soil (Bando-
padhyay et al. 2018). In the bioplastic-treated soils, the input 
of organic C associated to the airflow, produced by microbial 
degradation of mulches (de Souza Machado et al. 2018), could 
be responsible for the highest abundance of AOA, involved 
in nitrification (Rillig 2018; Brust 2019). This hypothesis 
is corroborated by the separation of 12 months bioplastic-
treated soils in the beta-diversity analysis. The presence of 
conventional plastic mulches, acting as a barrier on the soil 
surface, modified the soil microclimate and might have caused 
an overall stress condition responsible for the lowest microbial 
respiration detected (Bandopadhyay et al. 2018). Moreover, 
both plastic and bioplastic mulches may cause N losses from 
soil (Qin et al. 2015; Nan et al. 2016), owing to changes in 
soil structure and porosity (Ingraffia et al. 2022). The fact that 

after 12 months the plastic and bioplastic-treated soils showed 
higher abundances of denitrifying bacteria than those in the 
control soils could partly support the occurrence of greater 
N-losses in response to mulching.

As occurred for the soil abiotic properties, the composi-
tion of bacterial communities was similar across the sample 
groups over the course of the trial. Proteobacteriota and 
Actinobacteriota were the dominant phyla and they were 
reported to be involved in plastic degradation (Wu et al. 
2022). Proteobacteria are widespread in soil environments 
being involved in the turnover of various nutrients such as 
C, N, and S cycling (Castañeda and Barbosa 2017); par-
ticularly, Alpha- and Gamma-proteobacteria use organic 
C (Zhao et al. 2018). Similarly, some Actinobacteria can 
degrade mulch sheets (Abraham et al. 2017; Huang et al. 
2019; Zhang et al. 2019; Singh and Singh 2022), potentially 
leading to the presence of microplastics in plastic-treated 
soils (Ren et al. 2020; Singh and Singh 2022).

Despite the abovementioned similarities in community 
composition on a phylum level, beta-diversity analysis 
showed a clear separation of the bioplastic-treated soils col-
lected after 12 months from the plastic-treated and control 
soils, probably because bioplastics, as exogenous carbon 
source provided selective niches for soil microorganisms 
(Zhou et al. 2021). It is also likely that the bioplastics might 
have stimulated nutrient turnover and bacterial growth over 
time (Sun et al. 2022), as suggested by the highest bacterial 
abundance in the bioplastic-treated soils.

In line with previous research (Seeley et al. 2020; Ju 
et al. 2021; Schöpfer et al. 2022), both bacterial richness 
and diversity showed higher values in the bioplastic-treated 
soils at 12 months of exposure than in the respective control 
and plastic-treated soils. The presence of bioplastic mulches 
could have created favorable microclimatic conditions and 
optimized soil water storage, thereby increasing the bacterial 
diversity (Li et al. 2022). Indeed, the Venn diagram showed 

Table 6  P-values (two-
way ANOVA) and effect 
of microarthropod density, 
richness, Shannon, and evenness 
indices, and the relative 
abundances of Collembola, 
Acarina, Coleoptera larvae, 
Pauropoda, and the trophic 
preferences (detritivores and 
predators) for the main factors 
(time, treatment, and their 
interaction)

P-value Effect
Time Treatment Time vs 

Treatment
Time Treatment Time vs 

Treat-
ment

Density_MA (n. org.  m−2) 0.067 0.184 0.07 10.5 10.4 16.5
Richness_MA 0.40 0.703 0.367 2.87 2.80 8.20
Shannon index_MA 0.776 0.609 0.583 0.34 4.19 4.56
Evenness_MA 0.398 0.284 0.202 5.07 30.0 62.2
Collembola 0.052 0.296 0.633 3.68 1.19 1.95
Acarina 0.045 0.226 0.245 4.78 1.65 1.55
Coleoptera Larvae 0.962 0.331 0.106 < 0.01 1.19 2.61
Pauropoda 0.069 0.052 0.052 3.84 3.63 3.63
Detrivores 0.959 0.286 0.069 < 0.01 1.35 3.17
Predators 0.959 0.286 0.069 < 0.01 1.35 3.17
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a higher number of unique ASVs in the 12-month bioplastic-
treated soil. According to the Aldex2 analysis, members of 
Streptomycetales and Solirubrobacterales (affiliated to Act-
inobacteriota), in line with their plastic degrading capability 
(Debroas et al. 2017; Auta et al. 2017; Frere et al. 2018), 
were dominant in these soils. Among the specific members 
of the bioplastic-treated soils at 12 months, Solirubrobac-
terales are involved in organic C metabolism, secondary 
metabolite production and organic nitrogen metabolism 
(Wang et al. 2019; Ren et al. 2020). Other bacterial indica-
tors of the 12-month bioplastic cluster referred to Vicina-
mibacterales (Acidobacteriota) which can utilize carbohy-
drates, carboxylic acids, and amino acids (Liu et al. 2022).

Members of the order Nitrososphaerales (Crenarchae-
ota), which are involved in ammonium oxidation, were also 
identified as indicator species for soils covered with bioplas-
tic for 12 months (Lehtovirta-Morley 2018). Some authors 
report a niche differentiation between AOA and AOB (Di 
et al. 2010; Schleper and Nicol 2010), but the relative cur-
rent knowledge is still scarce (Yin et al. 2022); whereas, 
other bacterial orders such as Christensenellales, Clostridi-
ales, Lachnospirales, Lactobacillales, Oscillospirales, and 
Peptostreptococcales, all of them belonging to Firmicutes 
were indicators of the presence of biodegradable plastics. 
Clostridiales have been found to be associated to the pres-
ence of polyethylene microplastics (Li et al. 2020); whereas 
Bacteroidales, Oscillospirales, and Lachnospirales changed 
the structure of microplastics in the gut of medaka navy 
(Usman et al. 2022).

Previous research on the impact of microplastics on soil 
microbial communities have primarily focused on bacteria 
(Li et al. 2022; Lian et al. 2022; Wang et al. 2022; Sun et al. 
2022; Huang et al. 2023), whilst only few studies have dealt 
with fungal communities (Accinelli et al. 2020; Wang et al. 
2020; Zhou et al. 2022). More than 90% of the fungal taxa 
detected in the investigated treatments were affiliated to the 
phylum Ascomycota, and in contrast to bacteria, changes in 
the composition of fungal communities were driven by the 
time of exposure rather than by the mulch type. The stronger 
impact of bioplastic mulching on the bacterial community 
might be due to their higher turnover rates compared to fungi 
(Zhou et al. 2013; Glassman et al. 2018), which make them 
more sensitive to changing conditions. Consequently, they 
react more quickly than fungi to the physical and chemical 
changes as bioplastic degradation progresses.

As occurred for fungi, neither the plastic nor the bio-
plastic mulch sheets affected the abundance and diversity 
of microarthropod community. This finding does not con-
cur with previous research reporting the positive role of 
plastic mulch on microarthropods (Agustina et al. 2019). 
Plastic mulch is expected to protect the soil from the 
adverse abiotic environment, preserving soil temperature 

variations (Mahmudi and Rianto 2017) and protecting soil 
nutrient drifting (Fahrurrozi 2009). Nevertheless, the sen-
sitivity of microarthropods to mulches and their debris is 
not clear yet, as studies performed in microcosms adding 
polyester and polypropylene microfibers showed no impact 
on the abundance of microarthropods (Barreto et al. 2020) 
despite polyester fibers have been found to negatively 
affect them in short-term laboratory assays (Selonen et al. 
2019). In the present study, regardless of the mulching 
treatment, we found Acarina as the only group influenced 
by time with an increased abundance at the end of the 
trial. The variation in Acarina abundances could be due 
to both the organism life cycle and the different climatic 
conditions (Zhu et al. 2010; Santorufo et al. 2014). Taken 
together, more research is necessary to further evaluate 
whether and how the microarthropod community reacts 
to plastic and bioplastic mulch types depending on the 
time of exposure.

Conclusions

This mesocosm study reveals that (i) based on soil phys-
icochemical and biological properties, temporal variations 
exceeded the effect of both plastic and bioplastic mulching; 
(ii) after 12 months, the presence of plastic and bioplas-
tic mulch sheets enhanced the abundances of eubacteria, 
ammonium-oxidizing archaea and bacteria, and denitrifying 
bacteria. Only after 12 months, the microbiome composition 
of soils covered by bioplastic mulches significantly differed 
from those of the other treatments with Solirubrobacterales, 
Vicinamibacterales, Nitrososphaerales, Crenarchaeota, and 
Clostridiales being indicators of the bioplastic treatment. 
Contrarily to bacteria, fungi and micro-arthropods were only 
sensitive to changes over time. Altogether, this research pro-
vided innovative results about the one-year impact of con-
ventional and biodegradable plastic sheets on soil microbial 
and microarthropod communities. However, further studies 
need to evaluate longer-term impact than that of this study 
and to delineate changes in both microbiome and the trophic 
chains that can affect the microarthropod community.
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