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A B S T R A C T   

Microplastics have emerged as an important threat to terrestrial ecosystems. To date, little research has been 
conducted on investigating the effects of microplastics on ecosystem functions and multifunctionality. In this 
study, we conducted the pot experiments containing five plant communities consisting of Phragmites australis, 
Cynanchum chinense, Setaria viridis, Glycine soja, Artemisia capillaris, Suaeda glauca, and Limonium sinense and 
added polyethylene (PE) and polystyrene (PS) microbeads to the soil (contained a mixture of 1.5 kg loam and 3 
kg sand) at two concentrations of 0.15 g/kg (lower concentration, hereinafter referred to as PE-L and PS-L) and 
0.5 g/kg (higher concentration, hereinafter referred to as PE-H and PS-H) to explore the effects of microplastics 
on total plant biomass, microbial activity, nutrient supply, and multifunctionality. The results showed that PS-L 
significantly decreased the total plant biomass (p = 0.034), primarily by inhibiting the growth of the roots. 
β-glucosaminidase decreased with PS-L, PS-H, and PE-L (p < 0.001) while the phosphatase was noticeably 
augmented (p < 0.001). The observation suggests that the microplastics diminished the nitrogen requirements 
and increased the phosphorus requirements of the microbes. The decrease in β-glucosaminidase diminished 
ammonium content (p < 0.001). Moreover, PS-L, PS-H, and PE-H reduced the soil total nitrogen content (p <
0.001), and only PS-H considerably reduced the soil total phosphorus content (p < 0.001), affecting the ratio of 
N/P markedly (p = 0.024). 

Of interest, the impacts of microplastics on total plant biomass, β-glucosaminidase, phosphatase, and 
ammonium content did not become larger at the higher concentration, and it is observable that microplastics 
conspicuously depressed the ecosystem multifunctionality, as microplastics depreciated single functions such as 
total plant biomass, β-glucosaminidase, and nutrient supply. In perspective, measures to counteract this new 
pollutant and eliminate its impact on ecosystem functions and multifunctionality are necessary.   

1. Introduction 

Microplastics refer to diverse suite of polymer particles that are <5 
mm and occur in a rich set of morphologies including beads, fibers, 
fragments, and films (Law and Thompson, 2014). They are the 
by-products of broadly used plastics in industries and society because of 
their wide range of functions, low cost, and high durability (Gao et al., 
2021; Jiang et al., 2019; Nava and Leoni, 2021). Large pieces of plastics 

in the environment are broken into microplastics with a diameter of less 
than 5 mm through many mechanisms, including ultraviolet irradiation, 
collision, and friction (Zheng et al., 2019), which leads to the potential 
accumulation in soils worldwide. 

At present, information regarding the impact of microplastics on soil 
ecosystem functions is still limited but intensively pursued (Boots et al., 
2019). Microplastics are artificially manufactured materials, which have 
abiotic components and structural properties that are distinguishable 
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from natural matter (De Souza Machado et al., 2018b). After entering 
the soil, microplastics can change soil properties, such as aggregates and 
porosity, thus affecting soil permeability and water-holding capacity 
(Liu et al., 2022b; Lozano and Rillig, 2020; Lozano et al., 2021). In 
addition, the leaching of additives contained in microplastics (De Souza 
Machado et al., 2018b), the role of microplastics as “new habitats” for 
microbes (Lu et al., 2019; Wang et al., 2021), and the hydrophobicity of 
microplastics and their high specific surface area for the adsorption and 
release of organic pollutants are all factors and processes that affect the 
soil biota (Horton et al., 2017; Teuten et al., 2009). 

Therefore, the existence of microplastics in soils may alter a variety 
of ecosystem functions related to soil nutrients by affecting soil prop-
erties and microbial communities (Huang et al., 2021). Only a few 
studies have focused on this theme, and no consistent conclusion can be 
drawn, if any (Rillig et al., 2018). Reportedly, microplastics regulate soil 
enzyme activities after entering the soil (Lozano et al., 2021). Experi-
ments have shown that polyamide (PA), Polyester (PES) fibers, and 
polypropylene (PP) greatly enhance the activity of the fluorescein 
diacetate hydrolase (De Souza Machado et al., 2019; Liu et al., 2017). 
Comparatively, PE microplastics significantly increase the urease ac-
tivity in the Lake Cinnamon soil (Huang et al., 2019). In contrast, PP and 
PE largely decrease the catalase activity on the 40th and 60th days after 
being added to the soil, respectively (Yu et al., 2021). However, the 
results of the effects of microplastics on key enzymes closely related to 
the carbon, nitrogen, and phosphorus cycles (such as the β-glucosidase 
in cellulose degradation, the β-glucosaminidase in chitin degradation, 
and the phosphatase) are limited (Liu et al., 2022a; Lozano et al., 2021), 
and more research is needed. 

It is worthwhile to emphasize that microplastics can directly fine- 
tune nutrient cycling. For example, the effect of microplastics on soil 
inorganic nitrogen content obtained the opposite results. A study 
demonstrated that PP and rubber crumb (RC) could reduce soil inor-
ganic nitrogen (Liu et al., 2023), whereas another study found that the 
polylactic acid (PLA) microplastics addition in soils significantly 
reduced soil NH4+ content, while the contents of NO3− and NO2− increased 
significantly (Chen et al., 2020). In addition, there are few and incon-
sistent findings on the effects of microplastics on soil phosphorus supply. 
As shown, PP and PLA microplastics showed positive and no impact on 
soil available phosphorus/inorganic phosphorus respectively (Chen 
et al., 2020; Liu et al., 2017). 

Up to now, there have been no consistent results about the impact of 
microplastics on plant biomass, with both positive and negative reports. 
For example, a study found that polystyrene (PS) at 0.1–10% mass 
concentration reduced the plant biomass of Phaseolus radiates and Oryza 
sativa (Kim et al., 2019), whereas another inquiry showed that micro-
plastics at a 2% mass concentration considerably increased the biomass 
of Allium fistulosum (De Souza Machado et al., 2019). Microplastics can 
inhibit the root growth of plants by attaching to the root surface and 
blocking ion channels in the root system, thereby hindering nutrient and 
water uptake (Gao et al., 2019), or by impeding cell connections or cell 
walls in the roots and obstructing nutrient transport (Jiang et al., 2019). 
In addition, microplastics indirectly spur plant growth by changing the 
physical and chemical properties of soil structure, nutrient contents, and 
microbial activity (Gao et al., 2019; Lozano et al., 2021). Besides, most 
studies on the effect of microplastics on plant biomass have been con-
ducted in experiments with only one species. However, the plant com-
munity usually consists of more than one species in the real ecosystem. 
The effect of microplastics on plant biomass needs to be examined at 
higher community and ecosystem levels. 

In this study, we set up pot experiments containing five plant com-
munities consisting of three plant species (Phragmites australis and 
Cynanchum chinense as resident species, forming a community with one 
of Setaria viridis, Glycine soja, Artemisia capillaris, Suaeda glauca, and 
Limonium sinense, respectively), aiming to explore the effects of PE 
(lower and higher concentrations) and PS (lower and higher concen-
trations) on ecosystem functions and multifunctionality, which were 

related to total plant biomass, microbial activity, and nutrient supply. 
We expected that microplastics would have a positive or negative impact 
on single ecosystem functions and multifunctionality, depending on the 
type and concentration of microplastics. 

2. Materials and methods 

2.1. Study species 

We selected seven species including grasses (P. australis and S. viridis) 
and forbs (C. chinense, G. soja, A. capillaris, S. glauca, and L. sinense), 
which frequently co-occur in the wetland ecosystem of the Yellow River 
Delta in China. Distributed throughout the Yellow River Delta, 
P. australis is one of the most common native species in the Yellow River 
Delta, and thus set as the dominant species. The other six species 
frequently appear in the dominant community of P. australis, so they 
were set as secondary dominant species except for C. chinense. The 
abundance of C. chinense is usually rather low in the dominant com-
munity of P. australis, so it was chosen as the permanent marginal spe-
cies. Some plant seeds were collected in the Yellow River Delta in 2019, 
and others were purchased from Jufeng Seed Industry Group Co., Ltd. 
(Guangzhou, China). 

2.2. Microplastic particles 

The microplastics we used were polyethylene (PE) and polystyrene 
(PS), which are among the most used thermoplastics (Esterhuizen and 
Kim, 2022), and among the plastic components with the highest envi-
ronmental residues (Xiao et al., 2020). Purchased from Dongguan 
Zhangmutou Haobang Plastic Raw Materials Firm (Dongguan, China), 
PE and PS were spherically shaped (beads) and had an average diameter 
of ~150 μm. The size of the microplastics was selected from a field 
survey on microplastics, in which the proportion of 100–250 μm size 
microplastic particles in the soil was the highest (Zhou et al., 2018). The 
densities of PE and PS were 0.962 g/cm3 and 1.05 g/cm3, respectively. 

2.3. Experimental setup 

The experiment was conducted at Shandong University, Qingdao, 
China (36◦22′8.4′′N, 120◦41′0.0′′E). The region has a temperate 
monsoon climate with a mean annual temperature of ~13.3 ◦C and a 
mean annual precipitation of ~723 mm. In April 2021, we established 
the experiment in the man-made greenhouse with an average temper-
ature of 30 ◦C, a relative humidity of 85%, and a light intensity of 50 klx. 
The plastic pots (17.5 cm in height and 25.5 cm in diameter) were 
purchased from Suzhou Zhonghan Service Outsourcing Co., Ltd. (Suz-
hou, China). Each pot contained a mixture of 1.5 kg loam (purchased 
from Shandong LIGO Technology Co., Ltd. (Qingdao, China) and 3 kg 
sandy soil (purchased from Qingdao Aoshanwei Sands Factory (Qing-
dao, China). The soil without microplastics was used as the control 
treatment. The soil was homogenized and mixed with the microplastic 
beads at two concentrations (in the ratio of microplastics to soil) of 0.15 
g/kg (lower concentration, hereinafter referred to as PS-L and PE-L) and 
0.5 g/kg (higher concentration, hereinafter referred to as PS-H and PE- 
H). We noted that the choice of microplastic concentrations was based 
on previous studies (Li et al., 2020; Sun et al., 2022), which can be 
considered environmentally relevant (Sun et al., 2022). Our study aimed 
to investigate the effects of microplastic concentrations on ecosystem 
functions and multifunctionality at the current stage. 

On April 20, 2021, the seeds were planted in the pots. Five com-
munities were set up with six replicates, each composed of three species. 
The species compositions of five plant communities contained 1) 
P. australis + C. chinense + S. viridis, 2) P. australis + C. chinense + G. soja, 
3) P. australis + C. chinense + A. capillaris, 4) P. australis + C. chinense +
S. glauca, 5) P. australis + C. chinense + L. sinense. The thinning started 
when the seedlings were about 10 cm high. The number of P. australis 
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and C. chinense in each pot was 12 and 2, respectively, while the number 
of the other five secondary dominant species was 6. Therefore, a total of 
20 plants were contained in each pot. The individuals of each species 
and treatments were randomly distributed. Each pot was adequately 
watered in a regular manner to ensure the normal growth of the plants. 
In total, 150 experimental pots were set up, counting the two micro-
plastic treatments (PE and PS) and the two concentrations (0.15 g/kg 
and 0.5 g/kg), and the control treatment as well as the five communities 
constituting three species, with six replicates each treatment (n = 6). All 
pots were arbitrarily placed in the greenhouse and swapped regularly to 
minimize the potential influence of the possible differences in the 
environmental conditions during the experiment. As no water drained 
out of the pots, it is anticipated that no microplastics added to the soil 
left the pots. 

2.4. Measurements of ecosystem functions and properties 

Before harvesting (October 2021), soil from the 0–10 cm soil layer 
was taken at four points in each pot, with a distance of 5 cm or more 
between each point. All the samples were sieved using a 2-mm sieve to 
remove plant materials and soil particles, which were used to determine 
the inorganic nitrogen content, enzymatic activities, and microbial 
biomass of the soil. The nitrate content of the soil was analyzed by the 
calcium chloride extraction method (Guo et al., 2014), and the ammo-
nium content of the soil was analyzed by indophenol blue colorimetry 
(Tel and Heseltine, 1990). Ammonium was extracted by calcium chlo-
ride, and the spectrophotometry of the extract was measured at 550 nm. 
β-glucosidase was measured following the technique of Eivazi and 
Tabatabai (1988) and the β-glucosaminidase was measured using the 
method of Parham and Deng (2000). Phosphatase was quantified using 
the p-nitrophenyl phosphate method (Avidov et al., 1993), and the mi-
crobial biomass was analyzed by the arginine ammonification method 
(Lin, 1999). Specifically, after adding arginine solution to the soil 
sample and incubating at 37 ◦C for 4 h, the soil microbial biomass was 
calculated by measuring the ammonium content in the soil at 550 nm by 
UV spectrophotometer (UV-9000s, Metash, Shanghai, China). 

On harvesting (November 2021), the aboveground and belowground 
plant parts were split, washed, and classified according to the species. 
The plant samples were then oven-dried at 80 ◦C for 48 h and weighed. 
The total plant biomass of all species in the same pot was taken as the 
total aboveground and belowground plant biomass. The soil was dried at 
25 ◦C for three weeks, and then the soil total nitrogen and phosphorus 
content measurements were obtained. The total nitrogen content of the 
soil was determined by the Kjeldahl method (a Kjeldahl nitrogen 
analyzer, K9860, Hanon, Jinan, China), and the total phosphorus con-
tent of the soil was analyzed by the molybdenum antimony anti- 
colorimetric technique (a UV–vis spectrophotometer, UV-9000s, Met-
ash, Shanghai, China). The soil nitrogen-phosphorus ratio (N/P) was 
also calculated (Peters et al., 2019). 

2.5. Assessment of ecosystem multifunctionality 

We measured 10 ecosystem functions and properties: (1) total plant 
biomass, (2) β-glucosidase, (3) β-glucosaminidase, (4) phosphatase, (5) 
nitrate content (NO3−), (6) ammonium content (NH4+), (7) microbial 
biomass, (8) soil total nitrogen content, (9) soil total phosphorus con-
tent, (10) soil nitrogen phosphorus ratio (N/P). β-glucosidase, β-gluco-
saminidase, phosphatase, and microbial biomass were considered to 
represent microbial activity (Schuldt et al., 2018). The content of NO3−, 
NH4+, soil total nitrogen, soil total phosphorus, and N/P were described 
as soil nutrient supply (Li et al., 2021). These variables are ecosystem 
functions (such as total plant biomass) or related to key properties (such 
as soil total nitrogen and phosphorus content), which have been used in 
previous studies of ecosystem functions and multifunctionality (Berdugo 
et al., 2017; Maestre et al., 2012). 

The quantitative outcomes of each of the 10 measurements (i =

1–10) of the ecosystem functions were scaled to range from 0 to 1 in 
terms of the formula f(x) = (xi − xmin)/(xmax − xmin), where x is the 
variable with its minimum (xmin) and maximum (xmax) values observed 
over all study pots (Schuldt et al., 2018). All scaled measurements of a 
given ecosystem function were then averaged per pot to acquire the 
corresponding ecosystem function variable that represents the mean of 
the various independent measurements, giving each function the same 
weight in the multifunctionality analyses. 

We chose two of the most commonly used methods available to 
gauge multifunctionality, 1) averaging approach, and 2) the multiple 
threshold approach (Schuldt et al., 2018). The averaging approach takes 
the mean value across all standardized functions as an index of the 
multifunctionality for each pot under study (Schuldt et al., 2018), 
whereas the threshold approach measures how many ecosystem func-
tions simultaneously exceed a predefined percentage of a maximum of 
the observed values for each ecosystem function (Lefcheck et al., 2015; 
Van Der Plas et al., 2016; Zavaleta et al., 2010). As the selection of a 
given threshold is arbitrary, analyzing multiple thresholds of maximal 
functioning is recommended (Schuldt et al., 2018). Consequently, we 
applied thresholds of 20%, 40%, 60%, and 80% to scrutinize how 
microplastics affect ecosystem multifunctionality at low, medium, and 
high thresholds, respectively. We proceeded with the mean of the five 
largest values of each ecosystem function as the observed maximum to 
reduce the impact of potential outliers (Allan et al., 2015). 

2.6. Data analysis 

One-way ANOVA was performed to test the difference of each 
ecosystem function and multifunctionality between the microplastic 
treatments and the control (Dytham, 2011). The variance homogeneity 
test was first carried out for each ecosystem function, and the data with 
uneven variance were then log-transformed (Zar, 1999). The Duncan 
test was introduced for post-hoc test p ≤ 0.05. SPSS 26.0 was imple-
mented for all statistical analyses. 

3. Results 

3.1. Response of plant biomass to microplastics 

The total plant biomass was affected by PS-L (p = 0.034; Table 1; 
Fig. 1A), which led to a 19% reduction compared to the control, but 
insignificantly by PS-H (Table 1; Fig. 1A). In contrast, both concentra-
tions of PE showed no effect on the total plant biomass (Table 1; Fig. 1A). 

The belowground biomass decreased with both PE-L and PS-L (p =
0.002), which led to a 20% and 22% reduction compared to the control 
respectively, while PE-H and PS-H did not produce a significant effect 
(Table 1; Fig. 1C). The aboveground biomass was not affected by the 
microplastics (Table 1; Fig. 1B). 

3.2. Response of soil microbial activity to microplastics 

The β-glucosaminidase and the phosphatase were modified by the 
microplastics (Table 1). PS-L, PS-H, and PE-L decreased the β-glucosa-
minidase by 50%, 33%, and 39% compared to the control respectively 
(p < 0.001), while increasing the phosphatase by 177%, 180%, and 
169% compared to the control respectively (p < 0.001; Table 1; Fig. 2B 
and C). In addition, the microplastics did not significantly change the 
β-glucosidase and the microbial biomass (Table 1; Fig. 2A and D). 

3.3. Response of soil nutrient supply to microplastics 

The soil total nitrogen content, the total phosphorus content, the 
ratio of N/P, and the ammonium content were significantly affected by 
the microplastics (Table 1). In detail, the soil total nitrogen content was 
depressed with PS-L, PS-H, and PE-H (p < 0.001; Table 1; Fig. 3A), which 
led to a 14%, 17%, and 9% reduction compared to the control 
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respectively, whereas the soil total phosphorus content dropped with PS- 
H (p < 0.001; Table 1; Fig. 3D), which led to a 21% reduction compared 
to the control. The ratio of N/P declined with PE-L (p = 0.024; Table 1; 
Fig. 3E), which led to a 15% reduction compared to the control, and PS- 
L, PS-H, and PE-L reduced the ammonium content by 71%, 68%, and 
56% compared to the control (p < 0.001; Table 1; Fig. 3B). Furthermore, 
the microplastics gave negligible effect on the nitrate content (Table 1; 
Fig. 3C). 

3.4. Response of ecosystem multifunctionality to microplastics 

The average method showed that ecosystem multifunctionality 
scores were diminished only by PE-H (p = 0.002; Table 2; Fig. 4), which 
led to a 13% reduction compared to the control. 

The thresholds adopted for calculating the ecosystem multi-
functionality showed similar trends to the average multifunctionality 
(Fig. 5). In specific, the ecosystem multifunctionality decreased with PS- 
L at the 20% threshold (p = 0.001; Table 2; Fig. 5A), which led to an 18% 
reduction compared to the control. At the 40% threshold, PS-L, PS-H, 
and PE-H reduced the ecosystem multifunctionality by 23%, 29%, and 
29% compared to the control, respectively (p = 0.002; Table 2; Fig. 5B). 
At the 60% threshold, the ecosystem multifunctionality went down a 
little bit with PE-H in comparison to the somehow increase with PE-L, 
but there was no significant difference between the two treatments 
and the control (p = 0.004; Table 2; Fig. 5C). The 80% threshold pro-
duced no significant impact on the ecosystem multifunctionality by the 
microplastics (Table 2; Fig. 5D). 

4. Discussion 

The microplastic treatments affected ecosystem functions associated 

with the total plant biomass, microbial activity, and nutrient supply as 
well as ecosystem multifunctionality. Overall, the microplastic treat-
ments had a negative impact on the ecosystem functions and multi-
functionality, but the degree of the effects was contingent on the types 
and concentrations of the microplastics. 

4.1. Response of plant biomass to microplastics 

Compared to the control, the total plant biomass and the below-
ground biomass were decreased with PS-L, but PS-H did not affect 
production. The decline of total plant biomass with PS-L might be caused 
by the inhibition of root growth. The size of the microplastics used in this 
study were 150 μm, which was an order of magnitude larger than the 
average pore diameter of the plant roots, so PE and PS used in this study 
shouldn’t enter the roots in large quantities (Li et al., 2020). However, 
they could adhere to the root surface, physically thwarting the absorp-
tion of water and nutrients by the plants (Jiang et al., 2019; Li et al., 
2020). As reported, an examination investigating the effects of three 
sizes of plastic particles (50, 500, and 4800 nm) on Lepidium sativum 
found that the microplastics blocked the pores in the seed capsule 
(Bosker et al., 2019). In contrast, total plant biomass was not reduced 
with PS-H. Understandably, a large number of microplastics could 
meaningfully alter the soil properties and promote the porosity and 
permeability of the soil after entering the soil, which would alleviate the 
inhibitory effect on root growth (De Souza Machado et al., 2018a; 
Lozano et al., 2021). PE did not influence total plant biomass, that is, PE 
had no effect on the total plant biomass. In comparison, an investigation 
discovered that PS depreciated the plant biomass of P. radiates and 
O. sativa (Kim et al., 2019), but it was not the case for high-density PE 
showing only a minute effect on the biomass of Zea mays (Wang et al., 
2020). These results can be attributed to the following two reasons: (1) 

Table 1 
Results from one-way ANOVA on ecosystem functions to polystyrene at lower concentration (PS-L), polystyrene at higher concentration (PS–H), polyethylene at lower 
concentration (PE-L), and polyethylene at higher concentration (PE-H). Data given with mean ± SE (n = 6). Different letters indicate significant differences (ANOVA, 
followed by a Duncan post-hoc test, with α = 0.05) between treatments. *p < 0.05; **p < 0.01; ***p < 0.001.  

Ecosystem functions  Control PS-L PS-H PE-L PE-H F-ratio 
Primary productivity Total plant biomass 26.78 ± 1.31b 21.80 ± 0.72a 25.73 ± 0.95b 24.99 ± 1.26ab 26.24 ± 1.57b 2.686* 

Aboveground biomass 20.59 ± 1.28 16.99 ± 0.67 20.40 ± 0.80 20.05 ± 1.33 19.20 ± 1.14 1.877 
Underground biomass 6.19 ± 0.33b 4.81 ± 0.35a 5.33 ± 0.31ab 4.94 ± 0.31a 7.04 ± 0.72b 4.692** 

Microbial activity β-glucosaminidase 0.18 ± 0.009c 0.09 ± 0.005a 0.12 ± 0.004b 0.11 ± 0.007ab 0.19 ± 0.007c 45.207*** 
β-glucosidase 0.15 ± 0.012 0.16 ± 0.015 0.18 ± 0.011 0.18 ± 0.015 0.15 ± 0.010 1.040 
Phosphatase 1.00 ± 0.176a 2.77 ± 0.072b 2.80 ± 0.082b 2.69 ± 0.114b 0.55 ± 0.025a 106.402*** 
Microbial biomass 0.45 ± 0.006 0.45 ± 0.009 0.48 ± 0.011 0.47 ± 0.005 0.46 ± 0.012 1.946 

Nutrient supply Soil nitrogen content 0.23 ± 0.008c 0.20 ± 0.010a 0.19 ± 0.008a 0.23 ± 0.007bc 0.21 ± 0.007ab 5.337*** 
Soil phosphorus content 0.14 ± 0.003b 0.15 ± 0.005b 0.11 ± 0.003a 0.14 ± 0.005b 0.13 ± 0.004b 12.172*** 
N/P 1.67 ± 0.051b 1.42 ± 0.096a 1.75 ± 0.075b 1.72 ± 0.093b 1.60 ± 0.065ab 2.882* 
Nitrate content 0.20 ± 0.006 0.21 ± 0.017 0.23 ± 0.024 0.27 ± 0.033 0.19 ± 0.003 1.845 
Ammonium content 6.72 ± 0.561b 1.98 ± 0.207a 2.17 ± 0.334a 2.99 ± 0.450a 5.78 ± 0.689b 20.583***  

Fig. 1. Responses of total plant biomass (A), aboveground biomass (B), and belowground biomass (C) to low concentration of polystyrene (PS-Low), high con-
centration of polystyrene (PS–High), low concentration of polyethylene (PE-Low), and high concentration of polyethylene (PE-High) (n = 6). There were five plant 
communities in each treatment, and each community was composed of three species. The five plant communities were composed of Phragmites australis, Cynanchum 
chinense and one of the other five species (Setaria viridis, Glycine soja, Artemisia capillaris, Suaeda glauca, and Limonium sinense), respectively. 
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Additives contained in PE and PS are different (Do et al., 2022), influ-
encing plant growth inconsistently; (2) With the same particle size (150 
μm), the density of PE (0.962 g/cm3) is smaller than that of PS (1.05 
g/cm3), indicating that the number of PE particles is higher and the 
volume occupied is larger under the same mass concentration, which 
means that the number of PE particles adhered to the root surface is 
more, but its impact on soil bulk density and porosity is greater, and the 
comprehensive effect of these factors makes that PE has little impact on 
the total plant biomass, even though PE-L reduced the belowground 
biomass. Hence, the response of the plant biomass to the microplastics 
relied on the types and concentrations of the microplastics. Notably, the 
reduction in the biomass was only observed for the belowground 
biomass but not for the aboveground biomass, indicating that the effect 
of the microplastics was not strong enough to exert influence on the 
aboveground biomass. 

4.2. Response of soil microbial activity to microplastics 

The results showed that the β-glucosaminidase and the phosphatase 
were affected by the microplastic treatments. The β-glucosaminidase 
decreased with PS-L, PS-H, and PE-L as the phosphatase increased with 
PS-L, PS-H, and PE-L. The activities of the β-glucosidase, the β-gluco-
saminidase, and the phosphatase reflect the lack of nutrients in the soil 
required by soil microbes (Sinsabaugh et al., 2011). Hence, the findings 
demonstrated that the supply capacity of the soil for available nitrogen 
decreased, but the supply capacity of the soil for available phosphorus 
increased. The phenomenon is attributable to three plausible reasons: 
(1) the impacts of microplastics on soil properties (such as pH) may 
increase the fixation of soil phosphorus, which reduced the bioavail-
ability of soil phosphorus, thus stimulating the activity of phosphatase 

(Li and Liu, 2022); (2) alterations in surface morphologies of micro-
plastics resulting from environmental exposure, including rougher sur-
face morphologies, and negatively or positively charged, impacted 
bacterial colonization, shifting the relative abundance of microbial 
groups (Hossain et al., 2019; McCormick et al., 2014), which altered the 
demand for nitrogen and phosphorus nutrients by microbial groups; and 
(3) the microplastics released harmful contaminants into the soil, and 
their specific surface area could lead to the adsorption of organic pol-
lutants, then migrate and diffuse in the soil to aggravate the toxic effect 
on specific microbial groups (Horton et al., 2017; Teuten et al., 2009), 
which also changed the nitrogen and phosphorus requirements of the 
microbial groups. We propose that our results suggest that the nitrogen 
demand of the microbial groups decreased, and as a result the excess 
nitrogen could be allocated to carbon-decomposing enzymes and 
phosphorus-decomposing enzymes, which would encourage the 
decomposition of high molecular weight organic matter (containing 
both carbon and phosphorus elements) that is difficult to degrade in the 
soil (Allison et al., 2006; Cenini et al., 2016). Nevertheless, PE-L affected 
both the β-glucosaminidase and the phosphatase, while PE-H had no 
impact on them, a similar finding to the impact on the total plant 
biomass. We remarked that numerous factors played a part in the impact 
of the microplastics on microbial activity, including but not limited to 
type, concentration, and density of microplastics, proving that the 
response of the soil microbial activity to the microplastics hinged on the 
types and concentrations of the microplastics and both their direct ef-
fects (e.g. inhibition of root growth) and indirect effects (e.g. changes in 
soil properties). 

Both β-glucosidase and the microbial biomass were not changed by 
the microplastics. The results showed that the β-glucosidase had rela-
tively stable activity and was less affected by environmental changes 

Fig. 2. Responses of β-glucosidase (A), β-glucosaminidase (B), phosphatase (C), and microbial biomass (D) to low concentration of polystyrene (PS-Low), high 
concentration of polystyrene (PS–High), low concentration of polyethylene (PE-Low), and high concentration of polyethylene (PE-High) (n = 6). 
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Fig. 3. Responses of total nitrogen content (A), ammonium content (B), nitrate content (C), total phosphorus content (D), and soil nitrogen phosphorus ratio (N/P) 
(E) to low concentration of polystyrene (PS-Low), high concentration of polystyrene (PS–High), low concentration of polyethylene (PE-Low), and high concentration 
of polyethylene (PE-High) (n = 6). 
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owing to the binding and protective effect of soil colloids and aggregates 
(Moscatelli et al., 2012), avoiding the impact of the microplastics. 
Although the soil microbial biomass was not meaningfully varied by the 
microplastics, we couldn’t guarantee that important changes in the 
microbial community structure and composition did not happen. Yet the 
microbial community structure and composition were not directly 
measured in our study though their importance was recognized, future 
studies shall give more attention to the exploration in this direction. 

4.3. Response of soil nutrient supply to microplastics 

As deliberated in the above, the results displayed that the total ni-
trogen content, the total phosphorus content, the ratio of N/P, and the 
ammonium in the soil were influenced by the microplastics. The soil 
total nitrogen content decreased with PS-L, PS-H, and PE-H, and the soil 
total phosphorus content decreased with PS-H. The microplastics 
decreased both the nitrogen supply and the phosphorus supply in the 
soil. The consequences of the soil aggregates by the microplastics have 
been confirmed in many studies, showing that the microplastics would 
bind to the soil aggregates and destroy the structure (De Souza Machado 
et al., 2018a, 2019; Lozano et al., 2021; Rillig et al., 2019; Zhang and 
Liu, 2018). As contended, the soil aggregates are closely related to the 
soil water holding capacity, and a decrease in the soil aggregates will 
reduce the soil water holding capacity (Lozano and Rillig, 2020; Lozano 
et al., 2021), resulting in accelerated water loss and reductions of 
nutrient availability. Furthermore, adding microplastics reduces the soil 
bulk density and increases the soil porosity after entering the soil (De 

Souza Machado et al., 2019; Lozano et al., 2021), which actually speeds 
up the soil water loss and leads to an increase the nutrient leaching. In 
addition, the decrease in soil bulk and the increase in saturated hy-
draulic conductivity caused by microplastics intensified the competition 
of microorganisms for soil nutrients, which will inevitably affect the 
microbial decomposition and mineralization of soil organic matter, 
thereby affecting the supply of soil nutrients (Liu et al., 2022a). These 
factors will lead to the decline of soil nutrient supply. As well, the ratio 
of N/P decreased with PE-L, which might indicate that the consequence 
of the microplastics on the nitrogen supply was greater than that of the 
phosphorus supply. 

We found that the ammonium decreased with PS-L, PS-H, and PE-L, 
which was consistent with the change in β-glucosaminidase. A decrease 
in β-glucosaminidase reduced soil available nitrogen (Cluzard et al., 
2015; Nasholm et al., 2009). The decrease in available nitrogen evi-
denced that the ammonium was affected, while the nitrate is less 
impacted than the ammonium due to its low content. 

4.4. Response of ecosystem multifunctionality to microplastics 

Our study found that microplastic treatments affected not only single 
ecosystem functions, but also the ecosystem multifunctionality. Results 
from both the averaging approach and the multiple threshold approach 
showed that microplastics reduced the ecosystem multifunctionality. 
Individual functions were affected by microplastics to varying degrees in 
this study, both positively (such as phosphatase) and negatively (such as 
total plant biomass, β-glucosaminidase, and soil nutrient supply), but 
the negative impact is more, which led to a negative impact of micro-
plastics on the ecosystem multifunctionality. Similarly, a previous study 
found that the microplastic fibers reduced the ecosystem multi-
functionality under well-watered conditions, but there was no signifi-
cant impact under drought conditions, which suggested that 
microplastics in soils may negatively impact ecosystem multi-
functionality as much as drought (Lozano et al., 2021). In addition, soil 
nutrient cycling is mainly driven by microbes (Ward and Jensen, 2014). 
These results proved the importance of the microbial community in 
maintaining soil functions (such as microbial activity and nutrient 
supply) and multifunctionality (Lozano et al., 2021), and emphasized 
the urgency of testing the impact of microplastics on the microbial 
community in order to maintain higher functions and 
multifunctionality. 

Microplastics are notoriously difficult to degrade and will persist in 
soils over long periods (Qi et al., 2020; Ya et al., 2021). However, cur-
rent studies emphasize a study period of just 1–3 months (De Souza 
Machado et al., 2018a, 2019; Deng et al., 2022; Yu et al., 2021). As a 
result, what is being explored is the short-term effects of microplastics. 
Our study lasted six months, to date one of the longest studies, and thus 
our results may offer greater representativeness of the general effects of 
microplastics at a longer time scale. Certainly, more research is needed 
to corroborate the findings. 

Pertinently, a number of studies have reported the concentration 
distribution of microplastics in many regions, revealing the regional 
dependency over a wide range. For instance, microplastic 

Table 2 
Responses of ecosystem multifunctionality, by one-way ANOVA, to low concentration of polystyrene (PS-L), high concentration of polystyrene (PS–H), low con-
centration of polyethylene (PE-L), and high concentration of polyethylene (PE-H). Ecosystem multifunctionality was calculated based on the average approach and the 
threshold approach in which each function that exceeds 20%, 40% 60%, and 80% of the standardized maximum contributions to the multifunctionality scores. Data 
given mean ± SE (n = 6). Different letters indicate significant differences (ANOVA, followed by a Duncan post-hoc test, with α = 0.05) between treatments. *p < 0.05; 
**p < 0.01; ***p < 0.001.    

Thresholds Control PS-L PS-H PE-L PE-H F-ratio 
Multifunctionality average approach  0.32 ± 0.013bc 0.29 ± 0.013ab 0.30 ± 0.009a-c 0.34 ± 0.010c 0.28 ± 0.011a 4.123** 

threshold approach 20% 0.67 ± 0.021b 0.55 ± 0.028a 0.64 ± 0.022b 0.68 ± 0.022b 0.61 ± 0.023ab 5.205** 
40% 0.35 ± 0.024b 0.27 ± 0.019a 0.25 ± 0.023a 0.34 ± 0.027b 0.25 ± 0.020a 4.489** 
60% 0.09 ± 0.023ab 0.15 ± 0.017b 0.12 ± 0.013ab 0.14 ± 0.014b 0.07 ± 0.015a 3.977** 
80% 0.02 ± 0.007 0.06 ± 0.015 0.04 ± 0.011 0.05 ± 0.012 0.02 ± 0.009 1.794  

Fig. 4. Responses of ecosystem multifunctionality to low concentration of 
polystyrene (PS-Low), high concentration of polystyrene (PS–High), low con-
centration of polyethylene (PE-Low), and high concentration of polyethylene 
(PE-High). Ecosystem multifunctionality was calculated based on the average 
approach. Data points are shown as circles (n = 6). 
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concentrations in flood plains and agricultural soils ranged from 
0.0055% to 0.00129% at low and 0.022%–0.03% at moderate levels 
(Scheurer and Bigalke, 2018; Xu et al., 2019; Zhu et al., 2019), while 
microplastics concentrations up to 7% had been found in industrial soils 
(Fuller and Gautam, 2016). Accordingly, the concentrations of the 
microplastics used in this study might only represent the current 
microplastic concentrations. It should be noted that the dose-effect of 
microplastics may be nonmonotonic (De Souza Machado et al., 2018a). 
In other words, some of the lower concentration of microplastic seem to 
cause stronger effects than higher concentration compared to the con-
trol. However, this study cannot assess nonmonotonic dose-responses, 
because this study was not designed for that purpose. Nevertheless, 
this study could increase our understanding of the effect of microplastics 
on ecosystem functions and multifunctionality, suggesting the necessity 
for imminent management in reducing microplastic pollution. 

5. Conclusion 

With the aggravation of microplastic pollution, it is increasingly 
urgent to exploit its effect on ecosystem functions and multi-
functionality. In this study, we performed experiments on a longer time 
scale and found that many of the ecosystem functions were depressed or 
altered, which influenced ecosystem multifunctionality. Microplastics 
reduced the total plant biomass by inhibiting the growth of plant roots, 
which was determined by the fact that microplastics inhibited the roots 
from absorbing nutrients and water, and improved soil permeability to 

promote root growth. Besides, there are many reasons for the influence 
of microplastics on β-glucosaminidase and phosphatase, including but 
not limited to changes in the relative abundance of microbial groups and 
the availability of soil nutrients. In addition, microplastics reduced soil 
total nitrogen and phosphorus supply by affecting soil properties, and 
the reduction in nitrogen supply was greater than the phosphorus sup-
ply. In perspective, such a new type of pollutant should be given 
adequate attention as microplastics may affect not only ecosystem 
functioning and multifunctionality but also ecosystem services and 
products which are crucial for the well-being of humans. 

Author Statement 

Jingfeng Wang: Conceptualization, Methodology, Validation, 
Formal analysis, Investigation, Resources, Data curation, Writing – 

original draft preparation, Writing - Reviewing & Editing, Visualization 
Xiao Guo: Conceptualization, Methodology, Writing – original draft 
preparation, Writing - Reviewing & Editing, Supervision, Project 
administration Zhenwei Xu: Methodology, Investigation, Resources Yi 
Hu: Investigation Wenyi Sheng: Investigation Yanni Chen: Investiga-
tion Mingyan Li: Writing – original draft, Writing - Reviewing & Editing 
Weihua Guo: Supervision, Project administration, Funding acquisition 
Janice Brahney: Formal analysis, Writing - Reviewing & Editing. 

Fig. 5. Responses of ecosystem multifunctionality to low concentration of polystyrene (PS-Low), high concentration of polystyrene (PS–High), low concentration of 
polyethylene (PE-Low), and high concentration of polyethylene (PE-High). Ecosystem multifunctionality was calculated based on the threshold approach in which 
each function that exceeds 20% (A), 40% (B), 60% (C), and 80% (D) of the standardized maximum contributions to the multifunctionality scores. Data points are 
shown as circles (n = 6). 

J. Wang et al.                                                                                                                                                                                                                                    



Environmental Pollution 324 (2023) 121326

9

Funding sources 

This work was supported by the National Natural Science Foundation 
of China (Nos. U22A20558; 31970347; 32271588), and the National 
Science Foundation of America (No. 2011910). 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

The authors do not have permission to share data. 

Acknowledgements 

We thank Huijia Song, Luyu Qi, Haiying Teng, Meixia Song, and 
Yang Zhang from Shandong University for assistance with greenhouse 
experiments. 

References 
Allan, E., Manning, P., Alt, F., Binkenstein, J., Blaser, S., Bluthgen, N., Bohm, S., 

Grassein, F., Holzel, N., Klaus, V.H., Kleinebecker, T., Morris, E.K., Oelmann, Y., 
Prati, D., Renner, S.C., Rillig, M.C., Schaefer, M., Schloter, M., Schmitt, B., 
Schoning, I., Schrumpf, M., Solly, E., Sorkau, E., Steckel, J., Steffen-Dewenter, I., 
Stempfhuber, B., Tschapka, M., Weiner, C.N., Weisser, W.W., Werner, M., 
Westphal, C., Wilcke, W., Fischer, M., 2015. Land use intensification alters 
ecosystem multifunctionality via loss of biodiversity and changes to functional 
composition[J]. Ecol. Lett. 18 (8), 834–843. https://doi.org/10.1111/ele.12469. 

Allison, S.D., Nielsen, C., Hughes, R.F., 2006. Elevated enzyme activities in soils under 
the invasive nitrogen-fixing tree Falcataria moluccana[J]. Soil Biol. Biochem. 38 (7), 
1537–1544. https://doi.org/10.1016/j.soilbio.2005.11.008. 

Avidov, E., Dick, W.A., Racke, K.D., 1993. Proposed substrate for evaluating alkyl 
phosphomonoesterase activity in soil[J]. Soil Biol. Biochem. 25 (6), 763–768. 
https://doi.org/10.1016/0038-0717(93)90119-V. 

Berdugo, M., Kefi, S., Soliveres, S., Maestre, F.T., 2017. Plant spatial patterns identify 
alternative ecosystem multifunctionality states in global drylands[J]. Nature Ecology 
and Evolution 1 (2), 1–10. https://doi.org/10.1038/s41559-016-0003. 

Boots, B., Russell, C.W., Green, D.S., 2019. Effects of microplastics in soil ecosystems: 
above and below ground[J]. Environ. Sci. Technol. 53 (19), 11496–11506. https:// 
doi.org/10.1021/acs.est.9b03304. 

Bosker, T., Bouwman, L.J., Brun, N.R., Behrens, P., Vijver, M.G., 2019. Microplastics 
accumulate on pores in seed capsule and delay germination and root growth of the 
terrestrial vascular plant Lepidium sativum[J]. Chemosphere 226, 774–781. https:// 
doi.org/10.1016/j.chemosphere.2019.03.163. 

Cenini, V.L., Fornara, D.A., Mcmullan, G., Ternan, N., Carolan, R., Crawley, M.J., 
Clément, J., Lavorel, S., 2016. Linkages between extracellular enzyme activities and 
the carbon and nitrogen content of grassland soils[J]. Soil Biol. Biochem. 96, 
198–206. https://doi.org/10.1016/j.soilbio.2016.02.015. 

Chen, H., Wang, Y., Sun, X., Peng, Y., Xiao, L., 2020. Mixing effect of polylactic acid 
microplastic and straw residue on soil property and ecological function[J]. 
Chemosphere 243, 125271. https://doi.org/10.1016/j.chemosphere.2019.125271. 

Cluzard, M., Kazmiruk, T.N., Kazmiruk, V.D., Bendell, L.I., 2015. Intertidal 
concentrations of microplastics and their influence on ammonium cycling as related 
to the shellfish industry[J]. Arch. Environ. Contam. Toxicol. 69 (3), 310–319. 
https://doi.org/10.1007/s00244-015-0156-5. 

De Souza Machado, A.A., Lau, C.W., Till, J., Kloas, W., Lehmann, A., Becker, R., Rillig, M. 
C., 2018a. Impacts of microplastics on the soil biophysical environment[J]. Environ. 
Sci. Technol. 52 (17), 9656–9665. https://doi.org/10.1021/acs.est.8b02212. 

De Souza Machado, A.A., Kloas, W., Zarfl, C., Hempel, S., Rillig, M.C., 2018b. 
Microplastics as an emerging threat to terrestrial ecosystems[J]. Global Change Biol. 
24 (4), 1405–1416. https://doi.org/10.1111/gcb.14020. 

De Souza Machado, A.A., Lau, C.W., Kloas, W., Bergmann, J., Bachelier, J.B., Faltin, E., 
Becker, R., Gorlich, A.S., Rillig, M.C., 2019. Microplastics can change soil properties 
and affect plant performance[J]. Environ. Sci. Technol. 53 (10), 6044–6052. https:// 
doi.org/10.1021/acs.est.9b01339. 

Deng, J., Zhou, L., Zhou, W., Wang, Q., Yu, D., 2022. Effect of microfibers combined with 
UV-B and drought on plant community[J]. Chemosphere 288 (Pt 1), 132413. 
https://doi.org/10.1016/j.chemosphere.2021.132413. 

Do, A.T.N., Ha, Y., Kwon, J.H., 2022. Leaching of Microplastic-Associated Additives in 
Aquatic Environments: A Critical review[J]. Environmental Pollution, 119258. 
https://doi.org/10.1016/j.envpol.2022.119258. 

Dytham, C., 2011. Choosing and Using Statistics: A Biologist’s Guide. Blackwell Science 
Ltd., London, UK.  

Eivazi, F., Tabatabai, M.A., 1988. Glucosidases and galactosidases in soils[J]. Soil Biol. 
Biochem. 20 (5), 601–606. https://doi.org/10.1016/0038-0717(88)90141-1. 

Esterhuizen, M., Kim, Y.J., 2022. Effects of polypropylene, polyvinyl chloride, 
polyethylene terephthalate, polyurethane, high-density polyethylene, and 
polystyrene microplastic on Nelumbo nucifera (Lotus) in water and sediment[J]. 
Environ. Sci. Pollut. Control Ser. 29 (12), 17580–17590. https://doi.org/10.1007/ 
s11356-021-17033-0. 

Fuller, S., Gautam, A., 2016. A procedure for measuring microplastics using pressurized 
fluid extraction[J]. Environ. Sci. Technol. 50 (11), 5774–5780. https://doi.org/ 
10.1021/acs.est.6b00816. 

Gao, H., Yan, C., Liu, Q., Ding, W., Chen, B., Li, Z., 2019. Effects of plastic mulching and 
plastic residue on agricultural production: a meta-analysis[J]. Sci. Total Environ. 
651 (Pt 1), 484–492. https://doi.org/10.1016/j.scitotenv.2018.09.105. 

Gao, F.L., Li, J.X., Hu, J., Sui, B.L., Wang, C.X., Sun, C.J., Li, X.G., Ju, P., 2021. The 
seasonal distribution characteristics of microplastics on bathing beaches along the 
coast of Qingdao, China[J]. Sci. Total Environ. 783, 146969 https://doi.org/ 
10.1016/j.scitotenv.2021.146969. 

Guo, Z., Zhang, Y., Zhao, J., Shi, Y., Yu, Z., 2014. Nitrogen use by winter wheat and 
changes in soil nitrate nitrogen levels with supplemental irrigation based on 
measurement of moisture content in various soil layers[J]. Field Crop. Res. 164, 
117–125. https://doi.org/10.1016/j.fcr.2014.05.016. 

Horton, A.A., Walton, A., Spurgeon, D.J., Lahive, E., Svendsen, C., 2017. Microplastics in 
freshwater and terrestrial environments: evaluating the current understanding to 
identify the knowledge gaps and future research priorities[J]. Sci. Total Environ. 
586, 127–141. https://doi.org/10.1016/j.scitotenv.2017.01.190. 

Hossain, M.R., Jiang, M., Wei, Q., Leff, L.G., 2019. Microplastic surface properties affect 
bacterial colonization in freshwater[J]. J. Basic Microbiol. 59 (1), 54–61. https:// 
doi.org/10.1002/jobm.201800174. 

Huang, Y., Zhao, Y., Wang, J., Zhang, M., Jia, W., Qin, X., 2019. LDPE microplastic films 
alter microbial community composition and enzymatic activities in soil[J]. Environ. 
Pollut. 254 (Pt A), 112983 https://doi.org/10.1016/j.envpol.2019.112983. 

Huang, D., Wang, X., Yin, L., Chen, S., Tao, J., Zhou, W., Chen, H., Zhang, G., Xiao, R., 
2021. Research progress of microplastics in soil-plant system: ecological effects and 
potential risks[J]. Sci. Total Environ. 812, 151487 https://doi.org/10.1016/j. 
scitotenv.2021.151487. 

Jiang, X., Chen, H., Liao, Y., Ye, Z.Q., Li, M., Klobucar, G., 2019. Ecotoxicity and 
genotoxicity of polystyrene microplastics on higher plant Vicia faba[J]. Environ. 
Pollut. 250, 831–838. https://doi.org/10.1016/j.envpol.2019.04.055. 

Kim, S.W., Kim, D., Chae, Y., Kim, D., An, Y.J., 2019. Crop-dependent changes in water 
absorption of expanded polystyrene in soil environments[J]. Chemosphere 219, 
345–350. https://doi.org/10.1016/j.chemosphere.2018.12.057. 

Law, K.L., Thompson, R.C., 2014. Oceans. Microplastics in the seas[J]. Science 345 
(6193), 144–145. https://doi.org/10.1126/science.1254065. 

Lefcheck, J.S., Byrnes, J.E.K., Isbell, F., Gamfeldt, L., Griffin, J.N., Eisenhauer, N., 
Hensel, M.J.S., Hector, A., Cardinale, B.J., Duffy, J.E., 2015. Biodiversity enhances 
ecosystem multifunctionality across trophic levels and habitats[J]. Nat. Commun. 6 
(1), 1–7. https://doi.org/10.1038/ncomms7936. 

Li, L., Luo, Y., Li, R., Zhou, Q., Peijnenburg, W.J.G.M., Yin, N., Yang, J., Tu, C., Zhang, Y., 
2020. Effective uptake of submicrometre plastics by crop plants via a crack-entry 
mode[J]. Nat. Sustain. 3 (11), 929–937. https://doi.org/10.1038/s41893-020-0567- 
9. 

Li, K., Zhang, H., Li, X., Wang, C., Zhang, J., Jiang, R., Feng, G., Liu, X., Zuo, Y., Yuan, H., 
Zhang, C., Gai, J., Tian, J., 2021. Field management practices drive ecosystem 
multifunctionality in a smallholder-dominated agricultural system[J]. Agric. 
Ecosyst. Environ. 313, 107389 https://doi.org/10.1016/j.agee.2021.107389. 

Li, H., Liu, L., 2022. Short-term effects of polyethene and polypropylene microplastics on 
soil phosphorus and nitrogen availability[J]. Chemosphere 291 (Pt 2), 132984. 
https://doi.org/10.1016/j.chemosphere.2021.132984. 

Lin, Q.M., 1999. Arginine ammonification as a simple method for measuring soil 
microbial biomass. Acta Ecol. Sin. 19 (1), 82–85 (In chinese).  

Liu, H., Yang, X., Liu, G., Liang, C., Xue, S., Chen, H., Ritsema, C.J., Geissen, V., 2017. 
Response of soil dissolved organic matter to microplastic addition in Chinese loess 
soil[J]. Chemosphere 185, 907–917. https://doi.org/10.1016/j. 
chemosphere.2017.07.064. 

Liu, Y., Xiao, M., Shahbaz, M., Hu, Z., Zhu, Z., Lu, S., Yu, Y., Yao, H., Chen, J., Ge, T., 
2022a. Microplastics in soil can increase nutrient uptake by wheat[J]. J. Hazard 
Mater. 438, 129547 https://doi.org/10.1016/j.jhazmat.2022.129547. 

Liu, Z., Cai, L., Dong, Q., Zhao, X., Han, J., 2022b. Effects of microplastics on water 
infiltration in agricultural soil on the Loess Plateau, China[J]. Agric. Water Manag. 
271, 107818 https://doi.org/10.1016/j.agwat.2022.107818. 

Liu, Y., Xu, F., Ding, L., Zhang, G., Bai, B., Han, Y., Xiao, L., Song, Y., Li, Y., Wan, S., 
Li, G., 2023. Microplastics reduce nitrogen uptake in peanut plants by damaging root 
cells and impairing soil nitrogen cycling[J]. J. Hazard Mater. 443, 130384 https:// 
doi.org/10.1016/j.jhazmat.2022.130384. 

Lu, L., Luo, T., Zhao, Y., Cai, C., Fu, Z., Jinn, Y., 2019. Interaction between microplastics 
and microorganism as well as gut microbiota: a consideration on environmental 
animal and human health[J]. Sci. Total Environ. 667, 94–100. https://doi.org/ 
10.1016/j.scitotenv.2019.02.380. 

Lozano, Y.M., Rillig, M.C., 2020. Effects of microplastic fibers and drought on plant 
communities[J]. Environ. Sci. Technol. 54 (10), 6166–6173. https://doi.org/ 
10.1021/acs.est.0c01051. 

Lozano, Y.M., Aguilar-Trigueros, C.A., Onandia, G., Maaß, S., Zhao, T.T., Rillig, M.C., 
Macinnis-Ng, C., 2021. Effects of microplastics and drought on soil ecosystem 
functions and multifunctionality[J]. J. Appl. Ecol. 58 (5), 988–996. https://doi.org/ 
10.1111/1365-2664.13839. 

Maestre, F.T., Castillo-Monroy, A.P., Bowker, M.A., Ochoa-Hueso, R., 2012. Species 
richness effects on ecosystem multifunctionality depend on evenness, composition 

J. Wang et al.                                                                                                                                                                                                                                    

https://doi.org/10.1111/ele.12469
https://doi.org/10.1016/j.soilbio.2005.11.008
https://doi.org/10.1016/0038-0717(93)90119-V
https://doi.org/10.1038/s41559-016-0003
https://doi.org/10.1021/acs.est.9b03304
https://doi.org/10.1021/acs.est.9b03304
https://doi.org/10.1016/j.chemosphere.2019.03.163
https://doi.org/10.1016/j.chemosphere.2019.03.163
https://doi.org/10.1016/j.soilbio.2016.02.015
https://doi.org/10.1016/j.chemosphere.2019.125271
https://doi.org/10.1007/s00244-015-0156-5
https://doi.org/10.1021/acs.est.8b02212
https://doi.org/10.1111/gcb.14020
https://doi.org/10.1021/acs.est.9b01339
https://doi.org/10.1021/acs.est.9b01339
https://doi.org/10.1016/j.chemosphere.2021.132413
https://doi.org/10.1016/j.envpol.2022.119258
http://refhub.elsevier.com/S0269-7491(23)00328-7/sref15
http://refhub.elsevier.com/S0269-7491(23)00328-7/sref15
https://doi.org/10.1016/0038-0717(88)90141-1
https://doi.org/10.1007/s11356-021-17033-0
https://doi.org/10.1007/s11356-021-17033-0
https://doi.org/10.1021/acs.est.6b00816
https://doi.org/10.1021/acs.est.6b00816
https://doi.org/10.1016/j.scitotenv.2018.09.105
https://doi.org/10.1016/j.scitotenv.2021.146969
https://doi.org/10.1016/j.scitotenv.2021.146969
https://doi.org/10.1016/j.fcr.2014.05.016
https://doi.org/10.1016/j.scitotenv.2017.01.190
https://doi.org/10.1002/jobm.201800174
https://doi.org/10.1002/jobm.201800174
https://doi.org/10.1016/j.envpol.2019.112983
https://doi.org/10.1016/j.scitotenv.2021.151487
https://doi.org/10.1016/j.scitotenv.2021.151487
https://doi.org/10.1016/j.envpol.2019.04.055
https://doi.org/10.1016/j.chemosphere.2018.12.057
https://doi.org/10.1126/science.1254065
https://doi.org/10.1038/ncomms7936
https://doi.org/10.1038/s41893-020-0567-9
https://doi.org/10.1038/s41893-020-0567-9
https://doi.org/10.1016/j.agee.2021.107389
https://doi.org/10.1016/j.chemosphere.2021.132984
http://refhub.elsevier.com/S0269-7491(23)00328-7/sref33
http://refhub.elsevier.com/S0269-7491(23)00328-7/sref33
https://doi.org/10.1016/j.chemosphere.2017.07.064
https://doi.org/10.1016/j.chemosphere.2017.07.064
https://doi.org/10.1016/j.jhazmat.2022.129547
https://doi.org/10.1016/j.agwat.2022.107818
https://doi.org/10.1016/j.jhazmat.2022.130384
https://doi.org/10.1016/j.jhazmat.2022.130384
https://doi.org/10.1016/j.scitotenv.2019.02.380
https://doi.org/10.1016/j.scitotenv.2019.02.380
https://doi.org/10.1021/acs.est.0c01051
https://doi.org/10.1021/acs.est.0c01051
https://doi.org/10.1111/1365-2664.13839
https://doi.org/10.1111/1365-2664.13839


Environmental Pollution 324 (2023) 121326

10

and spatial pattern[J]. J. Ecol. 100 (2), 317–330. https://doi.org/10.1111/j.1365- 
2745.2011.01918.x. 

McCormick, A., Hoellein, T.J., Mason, S.A., Schluep, J., Kelly, J.J., 2014. Microplastic is 
an abundant and distinct microbial habitat in an urban river[J]. Environ. Sci. 
Technol. 48 (20), 11863–11871. https://doi.org/10.1021/es503610r. 

Moscatelli, M.C., Lagomarsino, A., Garzillo, A.M.V., Pignataro, A., Grego, S., 2012. 
β-glucosidase kinetic parameters as indicators of soil quality under conventional and 
organic cropping systems applying two analytical approaches[J]. Ecol. Indicat. 13 
(1), 322–327. https://doi.org/10.1016/j.ecolind.2011.06.031. 

Nasholm, T., Kielland, K., Ganeteg, U., 2009. Uptake of organic nitrogen by plants[J]. 
New Phytol. 182 (1), 31–48. https://doi.org/10.1111/j.1469-8137.2008.02751.x. 

Nava, V., Leoni, B., 2021. A critical review of interactions between microplastics, 
microalgae and aquatic ecosystem function[J]. Water Res. 188, 116476 https://doi. 
org/10.1016/j.watres.2020.116476. 

Parham, J.A., Deng, S.P., 2000. Detection, quantification and characterization of 
β-glucosaminidase activity in soil[J]. Soil Biol. Biochem. 32 (8–9), 1183–1190. 
https://doi.org/10.1016/S0038-0717(00)00034-1. 

Peters, M.K., Hemp, A., Appelhans, T., Becker, J.N., Behler, C., Classen, A., Detsch, F., 
Ensslin, A., Ferger, S.W., Frederiksen, S.B., Gebert, F., Gerschlauer, F., Gütlein, A., 
Helbig-Bonitz, M., Hemp, C., Kindeketa, W.J., Kühnel, A., Mayr, A.V., 
Mwangomo, E., Ngereza, C., Njovu, H.K., Otte, I., Pabst, H., Renner, M., Röder, J., 
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