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Abstract: Plastic mulch is a commonly employed technique in agriculture to enhance crop production.
Given the persistence of plastic residues in soil, bioplastics offer a potential alternative. Unfortunately,
little is known about the medium-term consequences of both plastic and bioplastic mulches on soil
properties. This study aimed to assess the medium-term consequences of plastic and bioplastic
mulches and their replacement on soil properties. To this aim, the impact of conventional plastic
(polyethylene, CP) and biodegradable plastic (BP) mulches on soil’s abiotic (pH, water content, total
and organic carbon and total nitrogen contents) and biotic (microbial biomass, microbial respiration,
enzymatic activities and microarthropod communities) properties after 2 years of exposure (T1) and
after 3 (T2) and 6 (T3) months of mulch replacement was investigated. Moreover, uncovered soils
were assessed as a control. The results highlighted that the samples were more significantly impacted
by exposure time to mulches than by the different kinds of mulches. The replacement of both mulches
(T2 and T3) decreased the content of C and increased the microbial biomass and activities; moreover,
the mulch replacement changed the microarthropod community composition with a decrease of
Collembola and an increase of Oribatida and Gamasida, especially in soils covered by biodegradable
plastic mulches. Further investigations are needed to better understand the long-term impact of
mulches on soil biota in order to prove the potential ecological implications of transitioning to
sustainable alternatives.

Keywords: soil biodiversity; bioplastics; mesocosm trial; enzymatic activities

1. Introduction

Plastic mulches have been widely used in agricultural soils in order to improve crop
productivity and to inhibit the growth of undesired plant species [1]. Plastic mulches play
a significant role in agricultural systems, encompassing the regulation of soil temperature,
the mitigation of erosion and the optimization of nutrient uptake for crop growth [2].
By shielding the soil, plastic mulches protect it from erosive climatic and environmental
phenomena and from compaction that could inhibit root growth and delay overall crop
development [3]. Plastic mulches also represent a practical solution in reducing weed
infestation and water loss, and in improving soil percolation and retention rate.

Unfortunately, their widespread and prolonged use as well as their improper dis-
posal after harvest raise several environmental concerns. For instance, plastic mulches
in polyethylene (PE), being difficult to dispose of after harvest [4], persist as residual
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parts, threatening the soil’s vitality [5] and impacting the soil’s ecosystem by releasing
microplastics. Due to their size, microplastics infiltrate soil and interact with various or-
ganisms, including bacteria, fungi, nematodes and earthworms [6]. Research has shown
that microplastics can alter the composition and function of a soil’s microbial communities,
reducing microbial biomass and diversity, and thereby affecting nutrient cycling and soil
fertility [7]. Additionally, soil organisms can transport microplastics deeper into the soil,
influencing their distribution and potential impact on groundwater systems [8]. Moreover,
the physical presence of plastics in the soil can alter its structure and properties, such as
porosity and water-holding capacity, leading to negative effects on plant and crop health [9].
However, to date, data about changes in soil properties due to plastic mulches show con-
trasting effects, as it is highly context-dependent [10]. Some research reports reduction in
soil porosity [11], excessive consumption of soil water, acceleration of soil organic carbon
mineralization, a loss of carbon pool and a decrease in soil quality [12–14]; conversely, other
research reports the promotion of soil macro-aggregates [15] and an increase in soil carbon
reserve [16]. These findings underscore the complex interplay between plastic mulches and
soil properties, highlighting the need for further comprehensive research to optimize the
use of plastic mulches in agricultural practices.

Due to the increasing global concern surrounding plastic pollution [17], bioplastic
mulches can be used as an alternative as they are composed of fossil-sourced polyesters [18]
and are easily and quickly degraded by microorganisms [19]. Bioplastic mulches exhibit
surface barrier effects similar to those of plastic ones, but their fate is different [20]. After
the growing season, plastic mulches should be removed from the soil’s surface, whereas
the bioplastic ones are meant to be tilled in and biodegraded by microorganisms [21].
Actually, the limited recent research conducted in this area highlights significant impacts
of bioplastics on soil moisture and on soil’s microbial community composition and diver-
sity [22–25]. The application of bioplastics involves further investigations and technologies
aimed at reducing CO2 emissions from their biodegradation [26]. Biodegradable mulches
degrade in soil primarily through microbial activity and hydrolysis, facilitated by enzymes
produced by soil bacteria and fungi, which break down the polymer chains into simpler
compounds [27,28]. These processes are influenced by environmental conditions and the
mulch’s material properties.

According to Liu et al. [29], it is too early to promote bioplastic mulches as their
consequences are still scarcely known. So, it is essential to better understand the impact of
both plastics and bioplastics on soil and their temporal fate in order to ensure the proper
functioning of vital processes such as organic matter decomposition, carbon sequestration
and nutrient cycling [30,31]. Within this framework, our research aimed to evaluate the
medium-term impact of both conventional and biodegradable plastic mulches on soil
biota. To this aim, the impact of conventional (polyethylene, PE) and biodegradable plastic
mulches on soil abiotic (pH, water content, total and organic carbon and total nitrogen
contents) and biotic (microbial biomass, microbial respiration, enzymatic activities and
microarthropod communities) properties after 24 (T1), 29 (T2) and 32 (T3) months of
exposure was investigated.

2. Materials and Methods
2.1. Mesocosm Set-Up

The experiment was conducted in mesocosms represented by 14 pots that were 1 m in
diameter and filled to a height of approximately 40 cm with limestone debris of different
granulometry picked up in a quarry near Caserta (Southern Italy). In addition, fresh soil
(0–20 cm in depth) was collected from different agricultural sites from the Napoli district
(Southern Italy), which was mixed to obtain a representative sample, and placed in each
pot (50 kg each for an approximate height of 30 cm). For the experiment’s aim, 14 pots were
built-up according to the Randomized Complete Block Design (RCBD). A mulch made
of polyethylene (HDPE) was placed to cover the entire surface in 5 out of the 14 pots for
the conventional treatment (CP), whereas a mulch of a commonly used biodegradable
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plastic (BP) (made of modified starch) was placed on the surface of 5 other pots. No
plastic mulches were placed in the last four pots, which were considered as the control
(C) of the experiment (Figure 1). The mesocosms were left outdoors on the terrace of the
Department of Biology of the University of Naples Federico II so that they were exposed
to weather conditions. The terrace is a clean and cemented site, providing a controlled
environment while still being subject to natural weather variations. Data on the climatic
conditions were obtained from two websites: mean temperature data were obtained from
https://www.ilmeteo.it/ (accessed on 30 June 2024) while monthly rainfall data were
gathered from https://www.3bmeteo.com/ (accessed on 30 June 2024) (Figure 2).
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2.2. Sample Collection

The experiment lasted 3 years, from the initial installation up until the final sampling.
The mesocosms were built up in November 2020 and the soil was left for 2 months to
stabilize its condition. In January 2021, the soil (0–10 cm in depth) was sampled before
the placement of plastic mulches (T0). This was then repeated after 2 years of exposure
(T1: 24 months of exposure) in February 2023. Successively, in April 2023, mulches were
replaced, and soil samples were collected in July 2023 (T2: 29 months of exposure) and
October 2023 (T3: 32 months of exposure). Surface soil samples were collected using soil
cores (5 cm in diameter and 10 cm deep) from each pot, sieved (mesh: 2 mm) and then
stored at 4 ◦C to proceed with analyses in the laboratory. Further cores (5 cm in diameter
and 5 cm deep) were also collected from each pot to perform microarthropod extraction.

2.3. Soil Abiotic Analyses

Soils were characterized for the following parameters: pH, water content (WC), total
carbon (C) and nitrogen (N) content and organic carbon (Corg). The soils’ pHs were
measured with a water distilled solution 1:2.5 using an electrometric method and measured
using a pH-meter. The soils’ WC were determined gravimetrically: 5 g of fresh soil was
weighed and then dried at 105 ◦C until it achieved a consistent weight. The WCs were
expressed as the percentage of the dry weight of the samples. The Corg was measured using
a CNS Analyzer (Thermo Finnigan, Somerset, NJ, USA) on soil samples previously treated
with HCl (10%) to exclude carbonates [32]; the C and N concentrations were evaluated
on oven-dried (105 ◦C) and grounded (Fritsch Analysette Spartan 3 Pulverisette 0) soil
samples using a CNS Analyzer [33].

2.4. Soil Biological Analyses

For biotic analyses, soils were preserved at 4 ◦C and analyzed in 10 days for the fol-
lowing parameters: microbial biomass, microbial respiration and four enzymatic activities
(hydrolase, dehydrogenase, β-glucosidase and urease). Total soil microbial biomass (DNA
yield) was extracted using a FastDNATM SPIN Kit for Soil (MP Biomedicals, Auckland,
New Zealand) and the DNA quality was assessed by agarose gel electrophoresis [34].

Microbial respiration was measured using MicroResp® (Macaulay Scientific Consult-
ing, Aberdeen, UK) assays [35].

Hydrolase activity (HA) was determined by adding fluorescein diacetate (FDA) as a
substrate, as reported by Adam and Duncan [36].

Dehydrogenase activity (DHA) was determined using 1.5% 2,3,5-triphenyltetrazolium
chloride (TTC) dissolved in 0.1 M TrisHCl buffer (pH 7.5), as reported by Memoli et al. [24].

β-glucosidase activity (β-glu) was determined by adding modified universal buffer
(MUB, pH 6), as reported by Tabatabai et al. [37].

Urease activity (U) was determined using 0.1 M urea as a substrate, as reported by
Kendeler et al. [38] and Alef et al. [39].

The microarthropod communities were sampled separately with soil corers (0–5 cm depth),
carefully transported to the laboratory for extraction, ensuring that the soil structures
were not disturbed. The microarthropods were extracted according to the Macfadyen
method [40], over a period of 7 days: the temperature above the samples increased during
extraction from 35 ◦C (2 days) to 45 ◦C (3 days) and then to 60 ◦C (2 days), whereas the
temperature below the samples was kept at 5 ◦C. After extraction, microarthropods were
preserved in 70% ethanol. The microarthropods were observed under a stereomicroscope,
identified to order level and described in terms of density (individual number × m−2 of
soil), richness (number of taxa at each site) and relative abundance of orders.

2.5. Integrative Biological Response Index (IBR)

The soils’ microbial activities and microarthropod communities were combined into
the IBR, according to Beliaeff and Burgeot [41]. In more detail, the successive data-
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processing steps to the final score were as follows: for each property, the general mean (m)
and the standard deviation (s) were calculated to obtain Y:

Y = (X − m)/s (1)

where X was the mean value of a sole property. Then, Z was calculated as:

Z = −Y (2a)

or
Z = Y (2b)

where Equation (2a) was used in case of inhibiting effects, and Equation (2b) was used
in case of stimulating effects. In particular, for this study, hydrolase, dehydrogenase,
β-glucosidase, urease, soil respiration, DNA yield and microarthropod density and richness
were considered to decrease within adverse conditions.

The minimum value |Min| for each property was then added to Z, resulting in the
score (S) calculated as:

S = Z + |Min| (3)

where S ≥ 0, and |Min| is the absolute value of the minimum value for Y.
Then, star plots were created to show the score results (S), and to calculate the IBR as:

IBR = ∑n
i:1 Ai (4)

Let Si and Si+1 represent two consecutive clockwise scores (radius coordinates) in the
star plot, and let n be the total number of radii corresponding to the properties. The area Ai
formed between two consecutive scores was calculated as follows:

Ai =
Si
2

sin β(Sicos β + Si+1sin β) (5)

where β was calculated as:

β = tan−1(
Si+1sin α

Si − 1Si+1cos α
) (6)

and α was calculated as:
α = 2π/n (7)

EXCEL software (Microsoft 365) was used for all calculations and SigmaPlot12 15.1.1
was used for the star plots (Figure S1).

2.6. Soil Quality Index (SQI)

The soil quality index (SQI) was calculated considering the soils’ chemical and biologi-
cal properties, which were ranked from 0 to 1 (score), respectively, reflecting low and high
quality, according to [42]. The selected soil parameters for the index were the following:
pH, water content, hydrolase, dehydrogenase, β-glucosidase, urease and DNA yield. For
each site, the SQI was calculated, summing the parameter scores, and dividing for the
number of parameters, as reported by [43]:

SQI = ∑n
i=1

Si
n

(8)

where S is the score assigned to each parameter and n is the number of the investigated
parameters. Under the proposed framework, an ideal soil would have an SQI value of 1,
while a severely degraded soil would have a value of 0.
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2.7. Statistical Analyses

As the investigated soil properties did not match the basic assumptions of normality
and homoscedasticity required for parametric statistics (Wilk–Shapiro test for α = 0.05),
the data were normalized applying the Log10 function to perform statistical analyses.
The two-way Anova repeated measures (Two-way RM-Anova, for α = 0.05; n = 14) were
performed to assess the differences of each investigated soil property at different sampling
times (T0, T1, T2 and T3) and for each treatment (C, CP and BP).

The non-parametric Spearman correlation rank methodology was used to avoid the
bias of correlation between variables with non-normal distribution, in order to explore the
relationship between abiotic and biotic soil properties.

The pairwise PERMANOVA analysis (pairwise.perm.anova function) was performed
on the basis of all the abiotic and biotic properties, in order to highlight the significant (at
least p < 0.05) separation of samples according to exposure time (T0 and T1 considered
together as the pre-mulch replacement and T1 and T2 considered together as the post-mulch
replacement) and treatment (C, CP and BP) and their interactions.

The statistical analyses and box plots were performed by the R 4.3.1 programming
environment with vegan and gg plot 2 packages, while the graphs about climate conditions
and microarthropod abundances were generated using the SigmaPlot12 software (Jandel
Scientific, San Rafael, CA, USA).

3. Results
3.1. Soil Chemical and Physical Properties

The results from the statistical analyses showed that all soil abiotic properties were
affected by the experiment time. Only the pH was affected by the treatments (C, CP and BP),
and the interaction between time and treatment influenced both the pH and the nitrogen
content (N) (Table 1).

Table 1. F-values of the Two-way RM-Anova performed to evaluate the impact of experiment time,
the treatments used and the interaction between these factors on soil abiotic properties.

Time Treatment Interaction Time × Treatment

pH 143.6 *** 30.13 *** 23.45 ***
WC 397.5 *** 0.55 2.40

C 36.62 *** 1.20 0.23
N 46.23 *** 0.44 2.43 *

Corg 148.8 *** 1.37 1.39
* p < 0.05; *** p < 0.001.

In particular, the mean value of soil pH was 7.36 at T0 and, after a decrease at T1,
it increased for all the treatments (C, CP and BP) with the statistically highest values at
T3 (C: 7.61; CP: 7.69; BP: 7.73). The comparison among treatments at each sampling time
highlighted that the pH was statistically higher in BP soil at T1 and in C soil at T2, whereas
there were no statistically differences among treatments at T3 (Figure 3; Table 1).

The mean value of soil water content was 39.4% d.w. at T0, it remained almost constant
till T1 (C: 41.5% d.w.; CP: 38.5% d.w.; BP: 38.3% d.w.), then it statistically decreased at T2
(C: 3.56% d.w.; CP: 6.37% d.w.; BP: 7.33% d.w.) and increased at T3 (C: 30.0% d.w.; CP:
31.3% d.w.; BP: 28.4% d.w.). The comparison among treatments at each sampling time
highlighted statistically significant differences only at T1, when C soils showed the highest
water content (Figure 3; Table 1).

Carbon content was 4.15% d.w. at T0; it was slightly higher at T1 (C: 4.87% d.w.; CP:
4.52% d.w.; BP: 4.63% d.w.) and lower at T2 (C: 4.25% d.w.; CP: 4.21% d.w.; BP: 4.31% d.w.)
and T3 (C: 3.93% d.w.; CP: 3.87% d.w.; BP: 3.98% d.w.) (Figure 3; Table 1).

The mean value of organic carbon content was 3.29% d.w. at T0 and it slightly increased
at T1 (C: 3.29% d.w.; CP: 3.47% d.w.; BP: 3.68% d.w.) and T2 (C: 3.49% d.w.; CP: 3.33%
d.w.; BP: 3.26% d.w.), then it repristinated to its original values at T3 (C: 3.22% d.w.; CP:
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3.10% d.w.; BP: 3.23% d.w.). The organic carbon content did not statistically differ among
treatments or over time (Figure 3; Table 1).

The mean value of the nitrogen content was 0.37% d.w. at T0 and significantly de-
creased over time as compared to T0 (Figure 3). The nitrogen content did not statistically
vary either among treatments at each sampling time nor for the same treatment at different
sampling times (Figure 3; Table 1).
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Figure 3. Box plot reporting median (black dash), mean (blue dash), minimum and maximum of pH,
water content, carbon, nitrogen and organic carbon contents in uncovered soils (green plots) and soils
covered by conventional (light blue plots) and biodegradable (dark rose plots) plastic mulches. The
soils were collected at the beginning of the mesocosm setting up (T0), after 24 (T1), 29 (T2) and 32 (T3)
months of exposure. The vertical line indicates the separation between the first application of plastic
mulches and their replacement after 26 months. The capital and small letters indicate significant
differences among exposure times within each treatment and among treatments within each exposure
time, respectively, for p values < 0.05 (Two-way RM-Anova).
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3.2. Soil Microbial Biomass and Activities

The results from the statistical analyses showed that all the soils’ biotic properties,
with the exception of the dehydrogenase activity, were affected by the experiment time.
Specifically, only soil microbial respiration was affected by the treatments (C, CP and
BP), and the interaction between time and treatment influenced β-glucosidase and Urease
activities (Table 2).

Table 2. F-values of the Two-way RM-Anova performed to evaluate the impact of experiment time,
the treatments used and the interaction between these factors on soil biotic properties.

Time Treatment Interaction Time × Treatment

DNA yield 7.13 *** 0.71 1.45
Resp 176.1 *** 4.21 * 1.72

Hydrolase 69.54 *** 0.29 0.58
Dehydrogenase 4.48 0.24 2.43
β-glucosidase 260.7 *** 3.15 1.12 *

Urease 8107.8 *** 0.05 3.38 **
* p < 0.05; ** p < 0.01; *** p < 0.001.

The microbial biomass, namely DNA yield, was initially (T0) 13,047 ng g−1 d.w. and it
statistically increased over the time, with the highest values at T3 (C: 28,457; CP: 28,574;
BP: 21,849 ng g−1 d.w.) (Figure 4). The DNA yield did not statistically differ among the
treatments at each sampling time (Table 2).
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Figure 4. Box plot reporting median (black dash), mean (blue dash), minimum and maximum of
microbial biomass and microbial respiration in uncovered soils (green plots) and soils covered by
conventional (light blue plots) and biodegradable (dark rose plots) plastic mulches. The soils were
collected at the beginning of the mesocosm setting up (T0), after 24 (T1), 29 (T2) and 32 (T3) months
of exposure. The vertical line indicates the separation between the first application of plastic mulches
and their replacement after 26 months. The capital and small letters indicate significant differences
among exposure times within each treatment and among treatments within each exposure time,
respectively, for p values < 0.05 (Two-way RM-Anova).

Microbial respiration (Resp) was 0.13 mg CO2 g−1 h−1 at T0, increased at T1 reaching
values ranging from 0.29 and 0.37 mg CO2 g−1 h−1 and remained almost constant till
T3 (Figure 4). Except for T1, when the respiration was statistically higher in C (0.37 mg
CO2 g−1 h−1) than in CP and BP soils (0.29 mg CO2 g−1 h−1 and 0.31 mg CO2 g−1 h−1,
respectively), it did not statistically vary among treatments at the other sampling times
(Figure 4; Table 2).

The temporal trends of the enzymatic activities for each treatment are reported in
Figure 5.
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Figure 5. Box plot reporting median (black dash), mean (blue dash), minimum and maximum of
hydrolase (HA), dehydrogenase (DHA), β-glucosidase (β-glu) and urease (U) in uncovered soils
(green plots) and soils covered by conventional (light blue plots) and biodegradable (dark rose plots)
plastic mulches. The soils were collected at the beginning of the mesocosm setting up (T0), after
24 (T1), 29 (T2) and 32 (T3) months of exposure. The vertical line indicates the separation between the
first application of plastic mulches and their replacement after 26 months. The capital and small letters
indicate significant differences among exposure times within each treatment and among treatments
within each exposure time, respectively, for p values < 0.05 (Two-way RM-Anova).

The hydrolase activity (HA) was, on average, 5.06 mmol FDA min−1 g−1 h−1 at T0, it
decreased at T1 reaching values ranging between 1.65 and 1.72 mmol FDA min−1 g−1 h−1,
then it increased till the initial value (Figure 5). No differences in HA were observed among
treatments at each sampling time (Figure 5).

The dehydrogenase activity (DHA) was, on average, 0.032 mmol TFF min−1 g−1 h−1

at T0, it decreased at T1 and subsequently increased at T3, reaching values similar to the
initial one (Figure 5). No differences in DHA were observed among treatments at each
sampling time (Figure 5).

The β-glucosidase activity (β-glu) was, on average, 4.05 mmol PNP min−1 g−1 h−1 at
T0, it remained almost constant till T1 and then suddenly increased, reaching the highest
values at T3 (C: 12.1 mmol PNP min−1 g−1 h−1; PE: 10.8 mmol PNP min−1 g−1 h−1; M:
10.5 mmol PNP min−1 g−1 h−1). The only differences among treatments were observed at
T3 when β-glu in C soil was statistically higher than in BP and CP soils (Figure 5).

The urease activity (U) was 2.7 × 10−5 mmol NH4
+ min−1 g−1 h−1 at T0 and re-

mained almost constant till T2, then statistically increased, reaching values ranging be-
tween 2.32 × 10−4 mmol NH4

+ min−1 g−1 h−1 and 2.29 × 10−4 mmol NH4
+ min−1 g−1 h−1

(Figure 5). The only differences among treatments were observed at T3 when U in C soil
(2.32 × 10−4 mmol NH4

+ min−1 g−1 h−1) was statistically higher than in BP and CP soils
(2.293 × 10−4 mmol NH4

+ min−1 g−1 h−1 and 2.290 × 10−4 mmol NH4
+ min−1 g−1 h−1,

respectively (Figure 5).
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3.3. Microarthropod Community Analyses

The results from the statistical analyses showed that the microarthropod community
and the taxonomical indices did not vary with time, treatment, or their interactions, except
for the Prostigmata order, which was impacted by interactions between time and treatment
(Table 3).

Table 3. F-values of the Two-way RM-Anova performed to evaluate the impact of experiment time,
the treatments used, and the interaction between these factors on soil microarthropod community.

Time Treatment Interaction Time × Treatment

Density 0.96 0.19 0.62
Richness 0.64 0.82 1.14

Collembola 2.46 0.26 0.13
Gamasida 5.51 0.08 1.06
Oribatida 3.89 0.2 0.44

Prostigmata 2.03 1.57 3.45 **
Coleoptera larva 0.44 0.18 1.24

Diptera 0.62 1.59 0.65
Diptera larva 1.87 2.66 1.17

Hemiptera 0.84 0.88 0.88
** p < 0.01.

Notably, the mean value of microarthropod density was 1172 organisms m−2 at T0
and remained almost constant over the time. No statistical differences occurred among
treatments at each sampling time, except for T1 when the microarthropod density in the BP
soil (1783 organisms m−2) was higher than that of the C and CP soils (509 organisms m−2

and 679 organisms m−2, respectively) (Figure 6; Table 3).
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Figure 6. Box plot reporting median (black dash), mean (blue dash), minimum and maximum of
density and richness in uncovered soils (green plots) and soils covered by conventional (light blue
plots) and biodegradable (dark rose plots) plastic mulches. The soils were collected at the beginning
of the mesocosm setting up (T0) and then after 24 (T1), 29 (T2) and 32 (T3) months of exposure.
The vertical line indicates the separation between the first application of plastic mulches and their
replacement after 26 months.

In total, seven orders of microarthropods (Figure S2; Tables S1 and S2; Figure 7)
were identified: Gamasida, Oribatida, Prostigmata (belonging to Acarina), Collembola,
Coleoptera (larva form), Diptera (larva and adult forms) and Hemiptera (larva form).
Among them, Collembola were ubiquitous, except in BP soils at T3, and were the most
abundant at T0 and in all treated soils at T1 (Figure 7; Table 4). Moreover, at T0, only Collem-
bola, Oribatida and Coleoptera were present, whereas the other orders appeared over the
time and in the different treated soils (Figure 7; Table 4). Over time, the microarthropods’
relative abundances showed different trends according to the treatment (Figure 7). Notably,
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in C soil, the relative abundance of Collembola decreased in T2 and T3 (T1: 100%; T2: 25%;
T3: 36%); by contrast, Diptera larva increased in T2 and T3 (T1: 0%; T2: 22%; T3: 16%).
The other orders were found exclusively at certain times (Gamasida at T3 with a relative
abundance of 50%; Oribatida at T2 with a relative abundance of 33% and Prostigmata at
T2 with a relative abundance of 22%). In CP soils, the relative abundance of Collembola
decreased in T2 and T3 (T0: 87%; T1: 72%; T2: 22%; T3: 36%), those of Oribatida and
Diptera increased over the time (T0: 10% T1: 11%, T2: 22% for Oribatida; T0: 0%; T1: 5.5%,
T2: 11%, T3: 12.5% for Diptera). Gamasida appeared at T2 and then decreased (T2: 44%, T3:
25%), and Prostigmata were present only at T3, with a relative abundance of 25% (Figure 7).
In BP soils, the relative abundance of Collembola rapidly decreased (T1: 100%; T2: 23%; T3:
0%). Oribatida were present only at T0 and T2, with relative abundances of 10% and 58%,
respectively; Coleoptera were present only at T0 and T3 with relative abundances of 2% and
22%, respectively; Gamasida were present only at T2 and T3 with relative abundances of
17% and 67%, respectively; Hemiptera with a relative abundance of 11% (Figure 7; Table 3).
Moreover, statistical differences among treatments were observed only for the Prostigmata
order, which was found exclusively in C soils at T2 and in CP soils at T3 (Table 5).
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Figure 7. Relative abundances of microarthropod orders (%) in uncovered (C) and covered soils by
conventional (CP) and biodegradable (BP) plastic mulches collected at the beginning of the mesocosm
setting up (T0) and then after 24 (T1), 29 (T2) and 32 (T3) months of exposure.

Table 4. T-values of the Two-way RM-Anova performed on the soil microarthropods community
within the same treatment (C: uncovered soils; CP: soils covered by conventional plastic mulches, BP:
soils covered by biodegradable plastic mulches) at different sampling time (T1: after 24 months of
exposure, T2: after 29 months of exposure, T3: after 32 months of exposure).

Time within Treatment

C CP BP

T1 vs. T2 T2 vs. T3 T1 vs. T3 T1 vs. T2 T2 vs. T3 T1 vs. T3 T1 vs. T2 T2 vs. T3 T1 vs. T3

Collembola 3.21 3.05 3.05 0.57 <0.001 1.02 0.14 0.57 1.02
Gamasida <0.001 2.29 2.29 1.82 0.78 1.03 0.68 2.05 2.74
Oribatida 1.69 1.69 <0.001 0.50 1.01 0.50 2.64 2.64 <0.001

Prostigmata 2.95 * 2.95 * <0.001 <0.001 2.97 * 2.97 * <0.001 <0.001 <0.001
Coleoptera larva <0.001 <0.001 <0.001 <0.001 <0.001 1.03 <0.001 2.06 2.06

Diptera <0.001 <0.001 <0.001 1.05 2.09 1.05 <0.001 <0.001 <0.001
Diptera larva 2.44 0.61 1.83 <0.001 1.23 1.23 <0.001 <0.001 <0.001

Hemiptera larva <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 2.34 2.34

* p < 0.05.
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Table 5. T-values of the Two-way RM-Anova test performed on the soil microarthropod community
to evaluate differences between treatments (C: uncovered soils; CP: soils covered by conventional
plastic mulches, BP: soils covered by biodegradable plastic mulches) within the same sampling time
(T1: after 24 months of exposure, T2: after 29 months of exposure, T3: after 32 months of exposure).

Treatment within Time

T1 T2 T3

C CP BP C CP BP C CP BP

Collembola
C - - - - - - - - -

CP 1.59 - - 0.07 - - 0.07 - -
BP 0.91 0.72 - 0.07 0.14 - 0.34 0.26 -

Gamasida
C - - - - - - - - -

CP <0.001 - - 1.72 - - 1.45 - -
BP <0.001 <0.001 - 0.64 1.14 - 0.16 1.71 -

Oribatida
C - - - - - - - - -

CP 0.47 - - 0.83 - - <0.001 - -
BP <0.001 0.50 - 0.71 1.64 - <0.001 <0.001 -

Prostigmata
C - - - - - - - - -

CP <0.001 - - 3.11 * - - 2.8 ** - -
BP <0.001 <0.001 - 3.11 * <0.001 - <0.001 2.97 * -

Coleoptera
larva

C - - - - - - - - -
CP 0.97 - - <0.001 - - <0.001 - -
BP <0.001 1.03 - <0.001 <0.001 - 1.94 2.06 -

Diptera
C - - - - - - - - -

CP 0.99 - - 1.84 - - 4.06 - -
BP <0.001 2.71 - 4.06 1.60 - 4.06 3.83 -

Diptera
larva

C - - - - - - - - -
CP <0.001 - - 2.57 - - 0.77 - -
BP <0.001 <0.001 - 2.57 <0.001 - 1.92 1.23 -

Hemiptera
larva

C - - - - - - - - -
CP <0.001 - - <0.001 - - <0.001 - -
BP <0.001 <0.001 - <0.001 <0.001 - 2.21 2.34 -

* p < 0.05; ** p < 0.01.

The mean value of microarthropod richness was 1.4 taxa at T0 and remained almost
constant over time. The microarthropod richness did not statistically vary over time or
among treatments at each sampling time (Figure 6), except at T2 for C soil where the
highest values (2.6 taxa) were calculated as compared to BP and CP soils (1.2 and 1.3 taxa,
respectively) (Figure 6; Table 3).

3.4. Soil Biological Indices

The results from the statistical analyses showed that neither time and treatment nor
their interaction impacted the soil biological indices (Table 6).

Table 6. F-values of the Two-way RM-Anova performed to evaluate the impact of experiment time,
the treatments used, and the interaction between these factors on soil abiotic and biotic properties.

Time Treatment Interaction Time × Treatment

SQI 0.81 0.01 0.07
IBR 0.99 0.03 0.11

The temporal trends of the calculated biological indices are reported in Figure 8.
The mean value of the SQI index was 0.45 at T0 and ranged from 0.45 to 0.57 over time
(Figure 8); finally, that of the IBR index was 1.22 at T0 and ranged from 0.78 and 2.05
over time (Figure 8), with higher values at T1. No statistical differences of the calculated
biological indices were observed among treatments at each sampling time.
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Figure 8. Box plot reporting median (black dash), mean (blue dash), minimum and maximum of
soil quality index (SQI) and integrative biological response (IBR) indices in uncovered soils (green
plots) and soils covered by conventional (light blue plots) and biodegradable (dark rose plots) plastic
mulches. The soils were collected at the beginning of the mesocosm setting up (T0) and then after
24 months (T1), 29 (T2) and 32 (T3) months of exposure. The vertical line indicates the separation
between the first application of plastic mulches and their replacement after 26 months).

The correlation between soil properties was assessed by distinguishing the applied
treatment of soils and are reported in Table S3. Particularly, in C soils, microbial activities
were negatively correlated to water content and carbon and nitrogen concentrations; in
CP soils, β-glucosidase was positively correlated to pH and negatively to water content
and organic carbon concentration; in BP soils, β-glucosidase and microbial respiration
were negatively correlated to nitrogen and organic carbon concentrations. Moreover, in
C soils, the abundance of Collembola was negatively correlated to carbon concentration,
that of Gamasida was negatively correlated to total and organic carbon concentrations; and
Prostigmata were only negatively correlated to water content. In CP soils, the abundance
of Collembola was positively correlated to water content, whereas that of Gamasida was
negative. In BP soils, Gamasida were positively correlated to pH levels and negatively
correlated to organic carbon concentrations.

3.5. Effects of Treatment and Time on Soil Properties

According to PERMANOVA analysis, the samples were significantly impacted (p < 0.001)
by exposure time, but not by treatment. Moreover, the interactions between exposure
time and treatment significantly impacted the samples. Each treatment (C, CP and BP)
significantly differed between the pre-mulch (T0-T1) and post-mulch (T2-T3) replacement
(p < 0.05). Additionally, at T0 and T1, C significantly differed from BP and CP (p < 0.05).
After mulch replacements (T2 and T3), C significantly differed from BP (p< 0.05).

4. Discussion

The presence of plastic and bioplastic mulches, their subsequent replacement and their
exposure time affected soil properties, as underlined by the PERMANOVA analysis. In the
present research, the two kinds of plastics did not differently impact soil abiotic and biotic
properties, according to several studies performed in the medium-term [16,17]. The benefit
of bioplastic mulches on soil fertility would seem to occur in the long-term, when the total
C content increases, due to their degradation, improving soil structure [44]. Additionally,
the use of bioplastics has been associated with increased microbial biomass and activity
due to the biodegradable nature of the material, which provides a carbon source for soil
microorganisms. Moreover, the gradual breakdown of bioplastics contributes to the slow
release of nutrients, improving and ensuring sustained soil fertility [14]. Collectively,
these findings suggest that bioplastic could be a more sustainable option in agricultural
practices [16].
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In the present research, after 24 months since the first placement of plastic mulches,
for both the conventional and the bioplastic varieties, only soil pH exhibited significant
variations among the investigated abiotic properties. As the pH increased over the time in
all soils (those uncovered and covered by both plastic and bioplastic mulches), it can be
supposed that the experiment’s duration and the overall environmental conditions were
the main factors responsible [44,45]. However, the role of the presence of plastic mulches
cannot be excluded, as pH levels were significantly higher in the covered soils [46], with a
major impact induced by bioplastic mulches as further increases in pH levels were observed
in soils covered by this kind of mulch [17]. After 24 months since the first placement of
plastic mulches, the overall decrease of enzymatic activities in the soils was likely due to
the higher nitrogen content as compared to the initial value, which could have slowed
down the nutrient request and then the microbial activity [47].

The replacement of both the plastic mulches did not significantly affect the soils’
microbial communities, as no differences were detected for microbial biomass, respiration
and enzymatic activities. The slight reduction of both the microbial biomass and respiration
observed after 29 months of exposure was suddenly recovered [48]. As the temporal trend
of microbial biomass, respiration and enzymatic activity in soils covered by plastic mulches
was comparable to that in uncovered soils, it can be supposed that the overall environmental
conditions, rather than the presence of plastic mulches, were the main factors responsible
for variations observed in the soils’ microbial communities [49]. The lack of differences in
the enzymatic activities in covered soils as compared to the uncovered ones would suggest
that the presence of plastics influence microbial biomass and activity. In particular, the
bioplastic mulches result in a resource for microorganisms [21]; whereas the increases in
β-glucosidase and dehydrogenase activities over time in soils covered by plastic mulches,
rather than in the uncovered ones, indicate an effectiveness in the metabolisms of their
microbial communities [50]. The increase of the urease activity in both uncovered and
covered soil, could be due to various factors. Indeed, the increase of urease in uncovered
soils, which is associated with a decrease in both carbon and nitrogen contents, would
suggest a conspicuous use of organic matter that stimulated microbial activity [51]. These
findings agree with Bandopadhyay et al. [21], who reported high urease activity, which
resulted in an elevated consumption of nutrients, such as carbon and nitrogen, that in turn
decreased over time [52]. By contrast, plastic mulches seem to exert negative impacts on
organic carbon utilization by soil microorganisms [31].

Although the replacement of plastic mulches did not significantly change microarthro-
pod density and richness, it did prompt a shift in the composition of the microarthropod
communities. Notably, the replacement of bioplastic mulches seemed to cause a more
noticeable impact on microarthropods, promoting the dominance of predators (mainly
belonging to Gamasida, Coleoptera, Diptera and Hemiptera), presenting piercing/sucking
mouth parts. Moreover, the presence of certain larvae could likely have been favored by the
elevated temperature that occurred during the summertime when the bioplastic mulches
were replaced. It can be supposed that the bioplastic mulches had protected them and their
development [53,54]. The subsequent decrease in Collembola was likely due to their sensi-
tivity to soil moisture [55], whereas the increase in Oribatida and Gamasida confirms the
hypothesis that their show of resilience is attributable to environmental conditions [56,57].

Although some of the investigated soil properties changed according to the exper-
iment’s duration and the treatments, SQI and IBR did not provide similar information.
This discrepancy may be because these indices reflect overall soil conditions rather than
individual soil properties. The use of mulch can pose a risk to soil health due to the release
of contaminants. Studies such as those by Santini et al. [58] have highlighted that plastic
mulch can function as vectors for chemical contaminants, such as heavy metals, which can
accumulate in the soil and alter its chemical and biological properties. Furthermore, the
release of microplastics (MP) into the soil can interfere with soil structure, reducing porosity,
and negatively affecting microbial activity [9]. The continuous release of microplastics
not only compromises soil quality but can also enter the food chain, posing a potential
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risk to the health of higher organisms, including humans [59]. However, the stability of
the presented biological indices suggested that the variations in specific soil properties
were not significant enough to impact the overall soil quality, regardless of the treatments
applied [60]. Similarly, the fluctuations in microbial activities observed after the mulch was
replaced may represent only transient responses to disturbance events that microorganisms
quickly re-establish [48].

5. Conclusions

The obtained results highlighted that the exposure time to plastic mulches, but not
the kind, significantly influenced soil biota over the 3-year mesocosm study. Notably, the
replacement of plastic mulches caused an increase in microbial biomasses and enzymatic
activities, which caused a decrease in the total of C content. In addition, the presence and
replacement of plastic mulches did prompt a noticeable shift in microarthropod commu-
nities, with an observed decrease in Collembola abundance and an increase in predators,
such as Gamasida, Coleoptera, Diptera and Hemiptera.

The role of both conventional and bioplastic mulches is not clear. However, the
present research has provided valuable insights into the dynamics of soil abiotic and biotic
properties, highlighting the need for comprehensive risk assessments to understand the
long-term ecological implications of mulching. The findings from the present research
highlight the necessity for investigations into the long-term consequences of mulching and
the need for effective risk management strategies to better understand these consequences
on soil health and to promote sustainable agricultural practices.
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Figure S2: Total abundance of microarthropod community taxa. Tables S1 and S2: T-values of the
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