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Abstract: Microplastics (MPs) have emerged as a significant pollutant, threatening agricultural
ecosystem sustainability and global food security. However, relatively few studies have investigated
biochar remedial effects on plant growth and biochemical properties in soils contaminated with MPs.
In polyethylene microplastic (PE-MP)-contaminated soil, we investigated corn stover biochar effects
on soybean growth, soil nutrient content, enzyme activity, and microbial biomass and assessed its
impact on soil microbial resource limitations. The addition of MPs inhibited soybean growth in
various forms across four stages. Conversely, the addition of biochar to MPs improved soybean
growth to some extent, where above-ground biomass increased by 5.82% after adding biochar to
soils containing microplastics. In soil treated with MPs and biochar, nitrate nitrogen (N), available
phosphorus (P), and available potassium (K) increased by 20.1, 27.4, and 57.2%, respectively, while
available nitrogen significantly decreased to 128.3 mg kg−1 compared to the MP-only treatment.
PE-MPs alone significantly reduced soil carbon (C), N, and P enzyme activities, as well as microbial
biomass, with β-glucosidase, leucine aminopeptidase, and acid phosphatase activities decreasing
by 29.9, 27.8, and 25.5%, respectively. Interestingly, biochar addition to MPs significantly alleviated
these detrimental effects. Microbial biomass C, N, and P increased by up to 56.0, 22.5, and 96.6%,
respectively, following biochar addition to soils containing MPs. Analysis of vector lengths, vector
angles, and scatter plots indicated that the presence of MPs reduced soil N and P availability. Overall,
while MPs inhibited soybean development, biochar addition alleviated this effect to some extent.
Furthermore, partial least-squares path modeling revealed that MPs negatively affected soil chemical
properties, microbial biomass, and enzyme activities, whereas biochar positively influenced soil
enzyme activities.

Keywords: biochar; enzymatic activity; microplastics; soil nutrients; soybean

1. Introduction

Microplastics (MPs), defined as plastic fragments smaller than 5 mm, are emerging
pollutants whose environmental impact has garnered global attention from researchers [1].
They have been detected in all environmental media and their pollution has become a
worldwide environmental issue. Polyethylene (PE), polypropylene (PP), and polyvinyl
chloride (PVC) are the most widely produced and commonly used plastics worldwide [2].
Furthermore, they are the most wasted plastics and the most released into the environ-
ment [3]. An estimated 80–90% of plastic waste is transported to terrestrial environments
and aquatic systems via diverse pathways [4]. Thus far, MPs have been found in almost
all soils worldwide, including cities and industrial areas [5], natural reserves [6], and agri-
cultural fields [7]. Moreover, agricultural soils may store more MPs than oceans, although
further research on their effects on agricultural ecosystems is required [8]. PE film has been
widely adopted in cultivation to meet increased global demand for plant-food production
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in response to the MPs’ source scenario [9]. The presence of PE-MPs in soil negatively
impacts plant growth and productivity [10], while also altering the rhizosphere microbial
community and soil chemical properties [11].

Incorporation and accumulation of MPs in soil directly and indirectly affect soil
functions. MPs, characterized by their small particle size, large specific surface area,
and strong hydrophobicity, can disperse within soil and potentially alter its physical
properties, such as porosity, aggregation, bulk density, and water-holding capacity [12].
MPs influence soil nutrient cycling [13–15] and increase dissolved organic carbon (DOC)
content, which can further impact nutrient dynamics [16]. MPs may alter soil nitrogen
forms (e.g., ammonium, nitrate, and nitrite); however, the specific changes caused by
MP exposure remain inconsistent across studies [17,18]. The addition of PE-MPs has
been shown to affect soil physicochemical properties, microbial community diversity, and
enzyme activities [19]. For example, a 5% PE-MP treatment reduced soil water content
and the availability of carbon (C) and phosphorus (P), while increasing soil pH and C
storage [20], the researchers also found that PE-MPs addition lowered soil available and
total P, while elevating NH4

+-N and soil organic carbon (SOC) [21]. Soil enzyme activity
plays a pivotal role in the nutrient cycling process, as these enzymes are primarily produced
by microorganisms [22]. Consequently, MPs induced alterations in soil physicochemical
properties, such as pH, and shifts in microbial community composition can influence
enzyme activity, ultimately affecting soil ecosystem functions [23]. For instance, MPs have
been reported to inhibit key enzymes like urease and acid phosphatase [24]. Enzymes
involved in the cycling of C, nitrogen (N), and P, which originate from microbial and plant
root metabolites, are crucial for the decomposition of organic matter and biogeochemical
cycling of essential elements [25]. Additionally, the relative resource needs of microbial
communities can be inferred by analyzing enzyme activity ratios. These ratios can be
translated into vector lengths and angles, which provide insights into energy (C) limitations
and nutrient (N or P) constraints within the soil environment [26].

Biochar is a solid material obtained from the thermochemical conversion of biomass
under oxygen-limited environments. Biochar can be applied to the soil as a soil amendment,
which may increase crop productivity by mitigating crop damage by adsorbing soil pol-
lutants [27]. Biochar can also improve nutrient retention, microbial diversity, soil enzyme
activity and plant growth [28,29]. The substantial role of biochar in alleviating MP-induced
inhibitory effects on plant root development, as well as rhizosphere bacterial diversity
and function, has also been demonstrated. The application of biochar can substantially
enhance the expression of key genes related to antioxidant activity, lignin synthesis, nitro-
gen transport, and energy metabolism. This response helps mitigate the adverse effects of
MPs root contamination, including reactive oxygen species stress, root structure damage,
nutrient transport limitations and disruptions to energy metabolism [30]. Similarly, studies
have demonstrated that the presence of PVC-MPs adhering to lettuce roots significantly
inhibits its growth and development, however, the addition of appropriate corncob biochar
has been shown to mitigate these negative effects, alleviating yield reductions [31]. Ad-
ditionally, the application of softwood pellet biochar to MP-contaminated soils has been
observed to significantly enhance urease activity and increase the diversity index of soil
bacterial communities, suggesting improvements in soil biochemical functionality and mi-
crobial ecosystem health [32]. However, studies exploiting the effects of agri-waste biochar
on plant growth and soil biochemical properties in MP-contaminated agricultural soils
are rare.

Soybean (Glycine max, L.), one of the most important global agriculture crops [33],
is affected by MPs, leading to reduced shoot nitrogen and shoot biomass at the podding
stage. Additionally, PE-MP treatment inhibited aboveground soybean biomass during
the flowering and pod stages [34]. Furthermore, biochar addition increased aboveground
plant biomass in soils contaminated with MPs [35]. Biochar mitigates harmful effects
and maintains soil microbial functionality. In this study, PE-MPs and corn straw biochar
were incorporated into black soil in a controlled indoor experiment to investigate their
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effects on soybean growth and soil properties. The study focuses on the following key
aspects: (1) the mitigating effects of biochar addition on soybean growth at different stages
under MP pollution, (2) the exploration of changes in physical and chemical properties of
MP-contaminated soil following biochar application, and (3) the investigation of changes
in soil enzyme activity and the types of microbial resource limitations in the soil. Given
the potential impact of PE-MPs on soil, we hypothesized that the incorporation of biochar
would lead to significant alterations in soil nutrient content and enzyme activity compared
to soils solely contaminated with microplastics, thereby influencing soybean growth.

2. Materials and Methods
2.1. Materials

Soil samples were obtained from the topsoil layer (0–20 cm) of farmland (47◦27′ N,
126◦55′ E) in Hailun, northeastern China. This region is characterized by a typical temperate
continental monsoon climate, with hot, rainy summers and cold, dry winters. The soil in
this region predominantly originates from sedimentary parent materials, characterized by
a loamy loess composition, and is classified as Mollisols under the USDA soil taxonomy.
The soil samples were air-dried and sieved through a 2 mm sieve to remove larger gravels.

PE typically consists of a mixture of similar ethylene-based polymers. As a hydrocar-
bon, PE is inherently colorless to opaque in appearance (in the absence of impurities or
colorants). The PE particles were purchased from Zhonglian Plastics Co., Ltd. (Dongguan,
China). According to the manufacturer’s specifications, the average diameter of PE-MPs
was 68 µm. The biochar we used was prepared by charring corn stalks at 500 ◦C for 3 h.

2.2. Experimental Design

Four treatments were established: CK—no microplastics or biochar were introduced
into the soil, PE—PE-MPs (2% w/w) were incorporated into the soil, BC—biochar (2% w/w)
was incorporated into the soil, and PE+BC—PE-MPs (2% w/w) and biochar (2% w/w) were
incorporated into the soil. Previous studies have demonstrated that 2% (w/w) MPs [36,37]
and 2% (w/w) biochar [30] significantly affect plant growth and soil properties; therefore,
this study adopted 2% (w/w) as a variable. Uniform-sized soybean seeds (Dongnong 63)
were selected and surface-sterilized in 10% hydrogen peroxide H2O2 solution for 15 min.
Prior to sowing, PE-MPs, biochar, and 2.5 kg of soil were thoroughly mixed in ceramic
pots (diameter: 20 cm; height: 15 cm). The soil was maintained at 60% of its field water
capacity by watering with deionized water every two days. The pots were incubated in
a greenhouse under controlled conditions (16 h light/8 h dark cycle, 22 ◦C temperature,
and 60% relative humidity) for seven days. Following incubation, eight soybean seeds
were sown in each pot, and after germination, four uniformly sized seedlings were retained
per pot. To ensure uniform growth conditions, the positions of the pots were randomly
rearranged each week. Plant samples (n = 12) and soil samples (n = 3) were collected at
the seedling stage (20 d); flowering stage (45 d); filling stage (65 d); and harvesting stage
(90 d). This experiment comprised four treatments, each with three replications across
four periods, resulting in a total of 48 pots.

2.3. Soybean Growth Determination

Soybean growth was evaluated at four distinct stages: seedling; flowering; filling; and
harvesting. Growth indicators included shoot height, root length, shoot dry weight and
root dry weight. Shoot height and root length were measured with a steel ruler. Soybean
shoots and roots were placed in a drying oven at 105 ◦C for 30 min and then dried at 60 ◦C
to a constant weight before measuring the biomass.

2.4. Measurement of Soil Nutrients, Microbial Biomass, and Enzymes

Soil properties assessed in this study included soil organic carbon (SOC), total nitrogen
(TN), total phosphorus (TP), total potassium (TK), pH, available nitrogen (AN), available
phosphorus (AP), and available potassium (AK), ammonium nitrogen (NH4

+-N), and
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nitrate nitrogen (NO3
−-N). These parameters were quantified following the methodologies

described in Wu et al. [26].
Soil microbial parameters, including microbial biomass carbon (MBC), microbial

biomass nitrogen (MBN), and microbial biomass phosphorus (MBP), were determined
using the chloroform fumigation–extraction method. The quantities of MBC, MBN and
MBP were calculated as the differences between fumigated and unfumigated soil extracts,
divided by conversion factors of 0.45 (for C) and 0.54 (for N). Microbial stoichiometry was
expressed as the mass ratios of these parameters [38].

Nine soil enzymes, including soil β-glucosidase (S-β-GC), soil saccharase (S-SC), soil
cellulase (S-CL), soil urease (S-UE), soil N-acetyl-β-glycosaminidase (S-NAG), soil leucine
aminopeptidase (S-LAP), soil phosphodiesterase (S-PDE), soil acid phosphatase (S-ACP)
and soil alkaline phosphatase (S-ALP) were determined following methods reported in
Wang et al., Zhang et al. and Zhou et al. [39–41]. Kits were purchased from Suzhou Grace
Biotechnology Co., Ltd. (Suzhou, China).

To assess microbial resource limitations, an evaluation was conducted based on a
scatter plot using the ratios of (NAG + LAP) to AP on one axis and BG to (NAG + LAP) on
the other. A higher BG/(NAG + LAP) ratio indicates a lower N limitation, while a higher
BG/AP ratio suggests a higher P limitation [26]. Vector lengths (VLs) and angles (VAs)
were calculated using the following formulae [42]:

Vector length =
√
[ln BG/ ln(NAG + LAP)]2 + (ln BG/ ln AP)2

Vector angle(◦) = Degrees{ATAN2[ln BG/ ln AP, ln BG/ ln(NAG + LAP)]}

2.5. Statistical Analysis

All data were presented as the mean ± standard deviation (SD) and tested for sig-
nificant differences using SPSS 22 software (SPSS Inc., Chicago, IL, USA) at p < 0.05. The
threshold for significant differences was set at 0.05. To investigate the influences of dif-
ferent treatments on soil nutrients, microbial biomass, enzymes and soybean growth, we
used the partial least squares path modeling (PLS-PM) method in the R programming
language (version 4.3.3). The “pls-pm” package in R 4.0.5 was used for path analysis and
the “linkET” package (version 0.0.7.4) was used for Mantel tests. Origin Pro 2022 was used
for drawing graphics.

3. Results
3.1. MPs and Biochar Effects on Soybean Growth

Compared to CK, PE treatment significantly reduced soybean plant height across four
stages by 3.5 to 14.4% (Figure 1A). Compared to PE treatment alone, the PE+BC treatment
increased soybean shoot height by 3.5 to 21.6% (Figure 1A). There were no significant
differences in root length between treatments at the flowering and harvesting stages. Under
PE treatment, soybean root length at the seedling stage was significantly lower than in
CK, while at the grain-filling stage, it was lower than in the PE+BC treatment, by 2.5%
(Figure 1B).

Compared to the PE+BC treatment, plant shoot and root biomass were reduced in
the PE treatment throughout the flowering stage. During the flowering stage, above-
ground biomass in the PE treatment was significantly lower than both the CK and PE+BC
treatments, with reductions of 7.4 and 5.5%, respectively. During the harvesting stage, PE
treatment resulted in a biomass reduction of 11.1 to 17.3% compared to the other three
treatments (Figure 1C). Overall, plant shoot and root biomass were significantly reduced
in the PE treatment throughout the entire growth period compared to PE+BC treatment,
with the exception of root biomass at the seedling stage, where no significant changes were
observed in the latter treatment (Figure 1D).
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among other treatments (Figure 2F). However, TN and NH4+-N contents were not signifi-
cantly different among the treatments, ranging from 2.6 to 2.8 g kg−1 and 12.22 to 14.32 g 
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Figure 1. MPs and biochar effects on soybean growth. (A) Plant height, (B) root length, (C) shoot dry
weight, (D) root dry weight. M and B denote MPs and biochar. Lowercase letters indicate significant
differences among treatments (p < 0.05).

3.2. MPs and Biochar Effects on Soil Chemical Properties

The PE (47.7 g kg−1) significantly increased SOC accumulation relative to CK, particu-
larly in the PE+BC treatment (55.0 g kg−1), with increases of 61.5 and 86.3%, respectively
(Figure 2A). Meanwhile, the PE and PE+BC treatments significantly increased the soil C to
N or P ratio compared to CK (Figure 2K,L). PE treatment alone led to a significant increase
in soil AN (134.7 mg kg−1) content, while no significant differences were found among
other treatments (Figure 2F). However, TN and NH4

+-N contents were not significantly
different among the treatments, ranging from 2.6 to 2.8 g kg−1 and 12.22 to 14.32 g kg−1

(Figure 2B,I). As for soil P and K nutrients, PE treatment significantly reduced AP (41.9 mg
kg−1) and TP (1.1g kg−1) contents compared with CK. Compared with PE+BC treatments,
PE treatment reduced soil TP content by 19.7 and 7.3%, TN (2.6 g kg−1) content by 6.9%,
AP content by 27.4%, AK (259.67 mg kg−1) content by 54.2%, and NO3

−-N (28.33 mg kg−1)
content by 20.1% (Figure 2C,D,G,H,J). Soil pH consistently increased by 23.8 and 23.1% in
the BC and PE+BC treatments compared with CK (Figure 2E).
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Figure 2. MPs and biochar effects on soil. (A) Soil organic carbon, (B) total nitrogen, (C) total phos-
phorus, (D) total potassium, (E) pH, (F) available nitrogen, (G) available phosphorus, (H) available
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biochar. Lowercase letters indicate significant differences among treatments (p < 0.05).
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3.3. MPs and Biochar Effects on Soil Enzyme Activity

During the four soybean growth stages, PE treatments significantly decreased S-β-GC
(13.3–29.9%), S-CL (2.9–35.6%), S-UE (11.2–11.9%), S-NAG (3.3–13.3%), S-LAP (3.9–27.8%),
S-PDE (8.6–18.1%), S-ACP (11.5–25.5%) and S-ALP (2.6–15.0%) activities compared with
CK, except for S-SC (Figure 3A–I). However, MPs addition significantly decreased S-β-GC,
S-SC, S-CL, S-NAG, S-LAP, S-ACP, and S-ALP activity in biochar supplemented soil. Com-
pared to the PE treatment, the BC treatment enhanced soil enzyme activity; for example,
BC treatment increased S-UE activity by 28.7–59.7% and S-PDE activity by 14.8–87.7%
(Figure 3D,G).
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Figure 3. MPs and biochar effects on soil enzyme activity. (A) β–glucosidase, (B) saccharase, (C) cellu-
lase, (D) urease, (E) N–acetyl–β–glycosaminidase, (F) leucine aminopeptidase, (G) phosphodiesterase,
(H) acid phosphatase, (I) alkaline phosphatase. M and B denote MPs and biochar.

Microbial C, N, and P limitations were estimated by calculating vector lengths and
angles based on relative enzymatic activities. The vector angles of different treatments
were >45◦ (ranging from 45.5 to 46.3) at the seedling stage but were <45◦ (ranging from
42.5 to 44.1) at the other three stages. (Figure 4D,E). The PE treatment vector angles were
significantly lower than CK at the seedling stage and significantly higher than CK in the
BC treatment, while there was no significant difference between the CK treatment and the
BC treatment. Vector length was significantly greater for BC than the PE treatments at
the four distinct stages, and the vector length of the treatment with MPs (PE and PE+BC)
added was significantly lower than CK at the filling and harvesting stages (Figure 4E). The
enzyme stoichiometry scatter plot revealed that all data points at the seedling stage were
in the limiting quadrant for P and all other data points were in the limiting quadrant for
N (Figure 4F). Linear regression analysis revealed a positive correlation between vector
length and angle (Figure S1A–D).
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Figure 4. MPs and biochar effects on soil enzymatic activity ratios. (A) Enzymatic C:N stoichiometry,
(B) enzymatic C:P stoichiometry, (C) enzymatic N:P stoichiometry, (D) vector angle, (E) vector length,
(F) scatter plot of soil enzymatic stoichiometry showing the general pattern of microbial resource
limitations. M and B denote MPs and biochar. C&P limited, co-limitation of carbon and phosphorus;
C&N limited, co-limitation of carbon and nitrogen; P limited, phosphorus limitation; N limited,
nitrogen limitation. Lowercase letters indicate significant differences among treatments (p < 0.05).

3.4. MPs and Biochar Effects on Soil Microbial C-N-P Characteristics

The dynamic change trend of MBC in CK, PE, BC and PE+BC was consistent; during
the whole growth period, soil MBC for all treatments initially increased and then decreased,
and was highest at the flowering stage (Figure 5A). The MBN in CK and BC treatments
first increased and then stabilized, while in the PE and PE+BC treatments this changed
steadily, in the order CK > BC > PE+BC > PE (Figure 5B). MBP exhibited a similar trend
to MBC, and in the CK, BC and PE+BC treatment, this trended slightly upward and then
downward (Figure 5C). The amendment of PE-MPs significantly decreased MBC, MBN
and MBP content from the four distinct stages (Figure 5A–C).
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Compared with CK and BC, the MBC and MBN ratios in PE and PE+BC treatments
increased significantly by 20–30% at the seedling and flowering stages, while those at the
filling and harvesting stage in the PE treatment were significantly lower than the CK and
PE+BC treatments. (Figure 5D,E). There is no significant difference in the effects of CK, PE
and PE+BC treatments on MBP in the four distinct stages (Figure 5F).

3.5. MPs Effects on the Soil–Microbial–Soybean System

Soybean growth and soil available nutrients, enzyme activity and microbial biomass
were significantly correlated (p < 0.05, Figure S2). Furthermore, the available soil nutrients
were affected by soil nutrient levels and PE treatments. Changes in the soil available and
total nutrient contents influenced microbial biomass and enzyme activity (C, N, and P),
which in turn affected soybean growth. MPs (−0.36) negatively impacted soybean growth,
whereas soil biochar (0.23), soil chemical properties (0.07), microbial biomass (0.21) and
enzyme activity (0.53) induced positive total impacts (Figure 6).
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4. Discussion
4.1. MPs and Biochar Affect Soybean Growth

While MPs can exert both beneficial and detrimental effects on plant growth [43,44],
in our study, PE-MPs had a pronounced negative impact on soybean growth (Figure 1).
Numerous studies have reported varying biological effects of MPs on plant growth, ranging
from negative to nonsignificant or even positive impacts [45]. For instance, the addition of
1% PP and 1% rubber crumb (RC) to soil significantly reduced peanut plant biomass, includ-
ing shoot and root length, dry weight, and the number of branches and pods. Furthermore,
it inhibited chlorophyll biosynthesis and photosynthesis [46]. Oxidative damage is one of
the major ecotoxicological effects of MPs, and to defend against oxidative damage, plants
can produce a suite of antioxidant enzymes, such as superoxidase dismutase, peroxidase,
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and catalase [47]. MPs, as an abiotic stress factor, can trigger oxidative stress responses in
plants. Excessive stress may result in lipid membrane peroxidation in plant tissue cells,
leading to elevated malondialdehyde levels, which negatively impact plant growth [34].
MPs trigger an oxidative burst that damages chlorophyll structures, hindering chlorophyll
biosynthesis and accelerating its decomposition. Exposure to PP and RC significantly
increased oxidative stress in peanuts, likely causing an oxidative burst that negatively af-
fected photosynthesis [46]. Direct physical damage caused by MPs to the root system leads
to abnormal root development, thereby impairing plant absorption and N transport [30],
and since nitrogen is an essential chlorophyll molecule component, its deficiency hinders
chlorophyll synthesis [48]. These findings indicate that MPs compromise the integrity
of root cell membranes by inducing oxidative stress, which in turn diminishes the root’s
ability to absorb N. This impairment subsequently disrupts chlorophyll biosynthesis and
photosynthesis, further inhibiting plant growth.

Conversely, biochar positively affects MP-contaminated soils [32]. Biochar can promote
plant development by regulating soil pH, increasing nutrient availability, and fostering a
healthy soil microecological environment [49]. Furthermore, the co-application of biochar
with MPs resulted in significantly greater root biomass compared to the addition of MPs
alone, indicating a positive effect of biochar on plant growth (Figure 1). The co-application
of cotton stalk biochar at concentrations of 0.5% with PVC-MPs at levels of 0.25 and 0.5%
may have enhanced wheat shoot dry matter yield and mitigated the adverse effects of PVC-
MPs within the soil–plant system [35]. Biochar application improved root development
by enhancing oxidative stress resistance, nitrogen transport, and energy metabolism. It
also positively influenced the rhizosphere microecological environment, contributing to
root growth and overall plant–soil system health in MP-contaminated agroecosystems [30].
Some studies have established a connection between the reduction in plant growth and
modifications in soil geochemical properties and functions. These alterations can affect
nutrient availability, microbial activity, and overall soil health, ultimately impacting plant
development and productivity [50].

4.2. MPs and Biochar Affect Soil Chemical Properties

We demonstrated that adding MPs and biochar to soybean soil could induce changes
in soil chemical properties (Figure 2). As carbon-rich materials, MPs have the potential
to increase soil C levels, including TC and SOC [30,51], which we also observed in our
experiment (Figure 2A). The TN differences between different treatments were not signif-
icant (Figure 2B), and a recent study found that MPs addition at a 1% concentration did
not significantly change soil TN content [52]. The application of PVC and PP in freshwater
sediments has been shown to stimulate microbial activity, promoting nitrification and
nitrite oxidation [53]. While MPs had no significant impact on soil NH4

+-N content, they
significantly reduced NO3

−-N concentrations at an addition rate of 2% (w/w) (Figure 2I,J).
Similarly, a 1.5% (w/w) application of PP significantly lowered soil NO3

−-N levels after
incubation. This reduction was speculated to result from enhanced denitrification processes
induced by the high dose of PP-MPs [54]. This hypothesis was supported by the signifi-
cantly higher relative abundance of Proteobacteria observed in treatments with 1.5% (w/w)
PLA or PP-MPs [55]. However, biochar contains oxygen-containing functional groups such
as hydroxyl, phenolic hydroxyl and carboxyl [52]. When many of these oxygen-containing
functional groups are added to the soil, the electron (e-) content increases, promoting
NO3

−-N but decreasing NH4
+-N [56]. Overall, MPs negatively affected soil NO3

−-N, AP
and AK contents (Figure 2F,H), which could be due to direct adsorption of MPs toward nu-
trients, and MPs induced changes in the soil adsorption capacity. PE-MPs exhibit a strong
adsorption capacity for available P, with 1% and 5% original PE reducing P concentrations
in solution by 4.17% and 6.39%, respectively [57]. Additionally, MPs can influence microbial
community structure and play a role in nutrient cycling processes [58]. Considering the
pivotal role of soil microbes in nutrient cycling, it is plausible that MPs affect soil nutrients
by disrupting microbial activities. Dong et al. [24] attributed the reduction in available N
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and P content caused by MPs to alterations in microbial abundance, microbial activity, and
soil enzyme activity.

Soil pH is a key abiotic factor that significantly influences soil chemical processes and
microbial activity. In this study, all biochar treatments increased soil pH compared to CK
treatments, while MPs showed no significant effect on soil pH (Figure 2E). This effect is
primarily attributed to the alkaline nature of biochar, which is produced at higher tempera-
tures and contains elevated levels of ash and alkali salts [59]; thus, biochar application to
soil increases soil pH. The high alkalinity of biochar leads to a pronounced liming effect
when applied to acidic soils. This pH adjustment not only neutralizes soil acidity but
also plays a crucial role in enhancing the availability of essential nutrients; consequently,
this improved nutrient accessibility fosters optimal plant growth and significantly boosts
overall crop productivity [60]. Qiu et al. [61] found that low PE does not significantly affect
soil pH, although others have found that it does [11]. This may be due to differences in
soil type and initial pH. Overall, PE changes bulk soil physicochemical attributes. MPs can
alter soil physical properties (such as bulk density, porosity and water-holding capacity)
and chemical properties (including nutrient content and electrical conductivity), thereby
affecting soil microbial activity and enzyme function [13,20].

4.3. Biochar Effects on Microbial Biomass and Enzyme Activity in MP-Contaminated Soil

Soil enzymes are active agents involved in biogeochemical processes within the
soil [62], playing crucial roles in soil organic matter decomposition and nutrient cycling,
which are important for plant growth [63]. Therefore, soil enzyme activity assessment is
widely employed to evaluate soil physicochemical properties, disturbances, successional
changes, fertility, microbial community structure, and overall biological activity [64]. We
revealed that enzyme activity and microbial biomass were negatively affected by soil MPs
(Figures 3–6). Liu et al. (2022) reported that in rhizosphere soil with wheat under 1 and 5%
PE-MP and PVC-MP addition, β-1,4-glucosidase and 1,4-N acetyl-glycosaminidase enzyme
activities were lower than CK [65]. We showed a significant inhibition by MPs on C-enzyme
and N-enzyme activities in soybean. The addition of biochar increased urease activity even
in soils containing MPs (Figure 3), suggesting that biochar application can mitigate the neg-
ative effects of MPs on soil microorganisms responsible for regulating urease activity [66].
The variation in urease activity in response to MPs and biochar amendments is likely due to
changes in soil pH [35]. Furthermore, urease activity is highly sensitive to variations in soil
moisture; for instance, under conditions of warming and reduced precipitation, enzyme
activity showed a marked decline, reflecting the close relationship between environmental
factors and microbial function [67]. MPs and biochar can increase soil water-holding capac-
ity [66]; therefore, the higher urease activity observed in the MPs plus biochar treatments in
our study may be attributed to greater moisture retention in these treatments compared to
MPs alone. The reduction in S-SC, S-CL, and S-ACP, along with S-ALP, indicates that MPs
may constrain soil organic matter decomposition and organic phosphorus transformation,
as evidenced by the observed increase in SOC and the decrease in AP and TP [68].

Different MP compositions influence soil microbial and enzyme activity in agricultural
soils [69]. PS, for example, is generally considered nontoxic and inhibits microbial biomass
carbon and extracellular enzymatic activities after 30 days of soil incubation [70]. The
negative effects of MPs on MBC, MBN and MBP in our study differed from previous
studies in Chinese alkaline soil [71] and may be caused by soil properties and MP types.
The soil we used in our study was acidic black soil with higher soil organic carbon and
nitrogen contents, which may have harbored a different microbial community than alkaline
soil in previous studies. Meanwhile, bacterial community richness and diversity both
declined with MPs addition [72], which is consistent with decreased soil microbial biomass
and enzyme activity. In a previous study, PVC presence significantly reduced MBC and
MBN content [71], which further exacerbated N availability in the system. In contrast, some
studies have shown that the addition of microplastics can increase the diversity of soil
microorganisms, primarily due to microbial colonization on the MPs themselves [73]. In our



Agronomy 2024, 14, 2919 11 of 15

study, N limitation, indicated by VA values below 45◦, was observed in the soil microbial
community (Figure 4). Furthermore, the MP types used in the experiments were different
between our study and other studies. We found that MPs addition significantly decreased
MBC, MBN and MBP, but, the adverse effects of MPs remained significantly evident when
comparing biochar addition alone to the combination of biochar and MPs. (Figure 5). Thus,
the addition of biochar to MP-contaminated soils can enhance the aforementioned traits,
although it cannot entirely eliminate the harmful effects of MPs [35].

4.4. Alterations in Microbial Biomass and Enzyme Activity Under MPs and Biochar Effect on
Soybean Growth

MPs can influence plant growth in several ways, including altering soil physico-
chemical properties and modifying rhizosphere microbial communities [58]. Liu et al. [46]
reported that 1% PP and RC MPs inhibited plant growth and nitrogen absorption in peanuts
by causing damage to root cells and interfering with soil N cycling. We found that soybean
growth was significantly correlated with soil nutrients and enzyme activity (Figure S2).
Biochar application enhances soil carbon fractions, directly or indirectly influences soil nitri-
fication and denitrification processes, and facilitates nutrient efficiency for plant uptake [74].
Biochar may positively influence plant development by enhancing the rhizosphere microe-
cological environment in soils contaminated with MPs [30]. MPs and biochar influence
soybean plant growth by affecting soil nutrient content, microbial biomass, and enzyme
activity (Figure S2).

Soil nutrient imbalances exacerbate microbial metabolic limitations in response to MP
amendments, especially in nutrient-poor soils [75]. MPs influence N and P biogeochemical
cycles as well as microbial community structure [58]. For example, PE can increase the
soil C:N ratio, leading to enhanced N immobilization by microbes. Additionally, MPs can
shape microbial communities, affecting nitrification and denitrification processes, which
subsequently alters the accumulation of soil NO3

−-N and NH4
+-N [76]. MBC, MBN, and

MBP, along with their respective ratios, exhibited distinct responses to soil nutrient levels
and MP treatments, thereby influencing microbial N resources (Figures 4–6). These findings
underscore the intricate interplay between MPs, soil nutrient dynamics, and microbial
functions in maintaining microbial homeostasis.

5. Conclusions

Using soybean as a model plant, this study elucidated the distinct ecological impacts
of polyethylene and biochar on the soil–plant system, focusing on soil chemical properties,
microbial biomass, and enzyme activity. Using soybean as a model plant, this study
revealed the contrasting ecological effects of polyethylene microplastics and biochar on the
soil–plant system, particularly from the perspectives of soil chemical properties, microbial
biomass, and enzyme activity. Our key findings are as follows:

(1) The addition of microplastics inhibited soybean sprout height and root length during
the observed growth stage.

(2) Soil nutrients and enzyme activities were significantly reduced by microplastics,
leading to a notable decline in soil microbial biomass.

(3) In soils contaminated with microplastics, biochar had a positive impact on soybean
growth, microbial biomass, and nutrient cycling enzyme activities.

(4) Biochar effectively mitigated the adverse effects of microplastics on soil properties,
thereby enhancing ecosystem functionality.

These findings underscore the potential of biochar to counteract the harmful impacts
of microplastics on soil health and crop productivity. Future studies should focus on the
interactions between microplastics and biochar, as well as their impacts on soil microbial
communities and biogeochemical cycles.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy14122919/s1, Figure S1: Relationships between vector
length and vector angle. M and B denote MPs and biochar; Figure S2: Mantel test examining the
relationships between soil enzyme activities, chemical properties, and microbial biomass. The edge
width indicates Mantel’s r statistic for corresponding distance correlations. The color gradient denotes
Spearman’s correlation coefficients.
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Abbreviations

MPs Microplastics
PE polyethylene
PP polypropylene
PVC polyvinyl chloride
RC rubber crumb
BC biochar
S-β-GC soil β-glucosidase
S-SC soil Saccharase
S-CL soil Cellulase
S-UE soil Urease
S-NAG soil N-acetyl-β-glycosaminidase
S-LAP soil Leucine-aminopeptidase
S-PDE soil phosphodiesterase
S-ACP soil Acid phosphatase
S-ALP soil Alkaline phosphatase
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