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Abstract

:

Microplastics (MPs) are plastic fragments with particle sizes smaller than 5 mm that have potentially harmful effects on ecosystems and human health. The soil environment is not only the source but also the sink of MPs. Thus, it is necessary to fully understand the pollution and distribution of MPs in soils. In this study, Qinghai Province, northeast of the Qinghai–Tibet Plateau, was selected as the research area, and 22 soil samples were collected and analyzed to study the levels and distribution characteristics of MPs in grassland soils. MPs were obtained from the soils by using density separation, and a laser confocal micro Raman spectrometer was used for MP identification. The results showed that MPs were detected in all of the soil samples. The total abundances of MPs ranged from 1125 to 1329 items/kg, with a mean abundance of 1202 items/kg. Various types, shapes, sizes, and colors of MPs were observed. Polyethylene terephthalate (PET) was the dominant polymer in all the grassland soil samples. The size range of 10–50 μm accounted for 50% of all identified MPs. Pellets were the dominant MP shape, and colored MPs accounted for 64% of all MPs. The results revealed the presence of large quantities of MPs in the grassland soils of remote areas as well. This study can act as a reference for further studies of MPs in terrestrial systems. At the end of the paper, the prospects and suggestions for pollution control by soil MPs are given.






Keywords:


microplastics; grassland soil; pollution; Qinghai–Tibet Plateau; distribution












1. Introduction


Plastics are widely and globally used high-molecular polymers. Due to the advantages of low cost, lightweight, durability, insulation, and stability, the production of plastics has continued to increase in the past few decades. The global plastics production was nearly 370 million tons in 2020. China, the North American Free Trade Agreement, the rest of Asia, and Europe accounted for 32%, 19%, 17%, and 15% of the total production, respectively [1]. The increase in plastic production also leads to large amounts of plastic waste being released into the environment. The annual production of mismanaged plastic waste is expected to reach 155–265 million tons by the year 2060 [2]. The plastic wastes exposed to the environment might be degraded into fine plastic particles or fragments under the influence of wind and sunlight. Among these particles, those with a particle size (or one-dimensional length) < 5 mm are defined as microplastics (MPs) [3,4]. The small particle size and large specific surface area of MPs facilitate their adsorption of harmful chemicals, such as persistent organic pollutants and heavy metals, thereby contributing to synergistic pollution that can affect the growth and regeneration of plants [5,6] and have potential harm to the global food chain and human health [7,8].



Current studies on MPs mainly focus on aqueous environments, such as oceans [9,10], lakes [11,12], and freshwater [13,14]. However, research on the abundances and fates of MPs in soils still remains limited, despite soils being considered a considerable plastic sink [15]. Many studies have demonstrated the potential for the accumulation of MPs to have adverse effects on soil physicochemical properties as well as animals, plants, and microorganisms in the soils [16,17,18,19]. Therefore, it is clear that further studies on MP pollution in soils are of great significance for fully understanding the impact of MPs on ecosystems.



Since Rillig [20] first evaluated the spatial distribution of MPs in the terrestrial ecosystem, there have been increasing numbers of related studies [21,22,23]. Recently, MPs were also detected in the soils of some remote areas, such as the Qinghai–Tibet Plateau [24]. However, related studies were mainly focused on agricultural soils, while only a few studies on grassland soils were located at relatively smaller horizontal scales [25,26,27]. There are vast grasslands on the Qinghai–Tibet Plateau, and animal husbandry is much more developed than agriculture. Therefore, studies on the pollution levels and distribution characteristics of MPs in the grassland soils in this area are of great reference value for the protection of the Qinghai–Tibet Plateau ecosystem.



In this study, we investigated the pollution and distribution of MPs in the grassland soils in Qinghai Province, northeast of the Qinghai–Tibet Plateau. Twenty-two sampling sites across the majority of Qinghai Province were selected. The aims of this study are to: (1) investigate the abundance and distribution of MPs in grasslands; (2) clarify the MPs’ distribution characteristics, including types, sizes, shapes, and colors; and (3) analyze the possible sources of MPs. The results of this study will improve our understanding of MPs in soils in remote areas and provide reference information for future MP pollution monitoring and risk assessment.




2. Materials and Methods


2.1. Study Areas and Samples Collection


As shown in Figure 1a, the study area (33°25′40″–38°10′54″ N, 93°35′58″–101°35′11″ E) is located in Qinghai Province, China. Qinghai Province is located in the northeast of the Qinghai–Tibet Plateau, with an average elevation of over 3000 m. This area is dominated by the plateau continental climate, which has characteristics of sufficient sunshine, strong radiation, and a large diurnal temperature difference. The average annual total radiation in Qinghai Province is 5860–7400 MJ/m2, the sunshine hours are 2336–3341 h, and the annual average temperature is −5.1–9.0 °C. The land area of Qinghai Province is 69.66 million hectares, 42.1334 million hectares of which is the natural grassland area, accounting for 60.48% of the total land area. According to the national unified classification, the grasslands in Qinghai Province can be divided into 9 grassland classes, 7 grassland subclasses, 28 grassland groups, and 173 grassland types. Among all kinds of grasslands, alpine meadows are the main type of natural grassland in Qinghai. The height of grass in Qinghai is low, the pastures are highly grazing-tolerant, and more than half of the grassland in Qinghai is dominated by Cyperaceae that are suitable for grazing. Therefore, the animal husbandry in Qinghai has been continuously developing in recent years. Some of the grassland photographs taken in Qinghai are shown in Figure 1b.



From July to August of 2021, twenty-two sampling sites were selected from the natural grasslands in Haibei Tibetan Autonomous Prefecture (HB, 4 sites), Haixi Mongolian Tibetan Autonomous Prefecture (HX, 5 sites), Yushu Tibetan Autonomous Prefecture (YS, 7 sites), Guoluo Tibetan Autonomous Prefecture (GL, 2 sites), and Hainan Tibetan Autonomous Prefecture (HN, 4 sites) in Qinghai Province. The specific geographic information of the sampling sites is shown in Table S1. At each sampling site, three sub-samples of topsoil (0–10 cm) were collected using a stainless-steel shovel and pooled as one. After removing large areas of visible waste (more than 10 cm), all the samples were packed in aluminum foil bags before being transported to the laboratory and stored in a refrigerator until analysis.




2.2. Microplastics Extraction


MPs in the grassland soil samples were separated by a density separation method, and the specific method was referred by Wan et al. [28], with some modifications. The soils were dried at 25 °C to a constant weight and filtered through a 5 mm stainless steel sieve. 20 g of the filtered soil sample was put into a clean beaker, and a saturated ZnCl2 solution (1.5 g/cm3) was added. The mixture was vigorously stirred for 5 min to ensure the soil and water were thoroughly mixed, and then the mixture was settled for 12 h. The supernatant was then transferred to another dry beaker. The procedure was repeated three times. Then 60 mL of H2O2 (30%) was added for digestion. The mixture was placed in a thermostatic shaker and shaken for 30 min at 65 °C at 100 rmp, then left for 24 h to allow the H2O2 to fully react with the organic matter. The obtained mixture was filtered through a 0.45 μm glass fiber membrane. The filter membrane was then placed in a clean glass Petri dish and dried at 50 °C for 24 h before observation.




2.3. Microplastic Identification and Data Analysis


MPs on the filter membrane were checked using a stereomicroscope (Chongqing COIC Industrial Co., Ltd. UB100-CV320, Chongqing, China) at a magnification of ×50. The images of all particles were obtained by a camera link to UopView software (UB100-CV320), and the particle size was determined as the longest dimension of images by the software. The shapes, sizes, colors, and abundance of the particles were recorded. The polymer types of particles were confirmed by a Laser Confocal Micro Raman Spectrometer (HORIBA, Kyoto, Japan) with a wavelength of 532 nm and a spectral scanning range of 50–3200 cm−1. The material spectra were compared with the reference polymer spectra provided by Biorad (Bio-Rad, Berkeley, CA, USA). The types of polymers were determined according to the degree of match between the obtained spectra and the characteristic peaks of specific polymers. A degree of matching over 90% was required to confirm a polymer type.




2.4. Data Analysis


A one-way analysis of variance (ANOVA) was used to determine the differences in the abundance of the microplastics in different regions, and p < 0.05 was considered to be statistically significant. A Spearman analysis was performed to study the correlation between the abundance of MPs and physicochemical properties in soil. The software Microsoft Excel 2017 (Microsoft Inc., Seattle, WA, USA), SPSS (SPSS Inc., Chicago, IL, USA), Origin 2018 (Origin Lab Inc., Northampton, MA, USA), and ArcGIS 10.7 (ESRI Inc., Redlands, CA, USA) were used for the data analysis and geographic mapping in this study.




2.5. Quality Assurance and Quality Control


The study implemented a series of precautions throughout the experimental process to avoid potential background contamination in the laboratory. Laboratory personnel were required to wear cotton laboratory clothing and nitrile gloves during the experiment. All laboratory instruments and supplies (measuring cylinders, glass beakers, glass Petri dishes, etc.) were carefully washed at least three times with Milli-Q water before use. The equipment and samples were covered with glass lids before and after each treatment step to minimize exposure periods. Blank experiments were conducted concurrently to investigate the effects of laboratory air on the experiment. The results showed that the average content of MPs in the air blank samples was 0.36 ± 0.55 items/L, which meant that the contamination from the laboratory was minimal and could be negligible.





3. Results and Discussion


3.1. The Abundance of Microplastics in Soil


As shown in Figure 2a, MPs were detected in all of the soil samples, indicating the prevalence of MP contamination in grassland soils in Qinghai Province. MPs were observed in all samples, ranging from 1125 to 1329 items/kg, with a mean abundance of 1202 items/kg. Table S1 provides the specific values of MP abundance at each sampling site. Overall, the different sampling sites showed similar abundances of MPs. This is probably because the soil samples were collected from similar types of land use, and thus the MPs’ pollution sources were similar.



Although there were differences in the abundance of MPs in soil samples among the five administrative regions, the differences were not very significant (p > 0.05). Figure 2b shows that the average abundances of MP in the HB, HX, YS, GL, and HN regions were 1200, 1194, 1209, 1231, and 1186 items/kg, respectively. These differences in MPs abundance among the different regions could be attributed to the influences of certain factors, such as population density [29]. However, it was found that there was no significant correlation between the abundance of MPs and the population density (p > 0.05) in this study. It may be due to the fact that most of the sampling sites were far from densely populated areas. Another reason might be the unevenness of the sampling sites in a large sampling area with sparse but highly diverse population densities [25].



Except for the abundance of MPs in soil samples, the pH and TOC of soils were also determined, and the relationship among them was discussed using Spearman correlation. The results revealed that there was no significant correlation between the abundance of MPs and the pH and TOC of the soils (p = 0.118 and p = 0.400) in this study.



Table 1 summarizes MP contamination in different soil types in the different regions. In general, there were relatively lower abundances of MPs in Qinghai Province compared with those found by other studies in other areas. The maximum MPs abundance of 1329 items/kg identified in the present study was far lower than that found in Wuhan (6.9 × 105 items/kg), Beijing (13,752 items/kg), and Shaanxi (3410 items/kg) [30,31,32]. This may be because Qinghai Province is a relatively remote region and the sampling sites are located in grasslands, which experience relatively low intensities of human activities. In addition, MPs have also been found in other remote areas of China, such as Yunnan [33] and Xinjiang [34] (Table 1). These results indicate that soil MP contamination has become ubiquitous across China. The presence of MPs may pose a threat to the soil ecosystem. From one perspective, it is because of the harmful substances contained in the microplastics, such as bisphenol A, phthalates, polychlorinated biphenyl ethers, and heavy metals [35,36]. These substances in plastics may be released into the environment under the influence of UV radiation, temperature, soil acidity and alkalinity, and soluble soil organic matter, then enter the soil through leaching, posing an adverse impact on the soil ecosystem, and even enter the food chain through plant uptake, thus threatening human health [36,37,38]. Alternatively, MPs could adsorb other pollutants in the soils, such as heavy metals and organic pollutants, thus forming compound pollution, which may pose a greater threat to the ecological environment than the single MPs [39,40]. Therefore, relevant administrations should formulate corresponding policies for the management of MPs. Various measures should be taken during the use of plastic products, resource recovery, and utilization of plastic wastes. Meanwhile, degradable plastics should be promoted to reduce the amount of plastic waste released into the environment.




3.2. The Components and Possible Sources of Microplastics in Soils


We identified five types of MP polymers in the grassland soils by Raman spectroscopy, including PE, PET, PP, PVC, and PS. The Raman spectra of the five MPs are shown in Figure S1. These polymers are also the most common types of MPs in the environment because they possess a carbon backbone that is resistant to hydrolytic and enzymatic degradation. As such, microorganisms are generally unable to assimilate and mineralize these polymers, leading to the accumulation of these materials in the environment [15]. As shown in Figure 3a, the contribution of each polymer type to MP contamination varied among the different sampling sites. Overall, PET was the dominant polymer type, with a contribution of 25.9%, followed by PS, PE, PVC, and PP, accounting for 22.7%, 20.4%, 19.7%, and 11.2%, respectively (Figure 4a). Previous studies found that the main polymer types of MPs varied according to different soil uses. For example, PE has been identified as the dominant MP polymer in most studies on agricultural soils [6,31], which could possibly be attributed to the widespread use of PE as plastic mulch in farmland.



There was wide variation in MP types in soils among the different regions, which could be closely related to the different sources of plastic. In general, sources of MPs in soils mainly include landfill disposal of plastic wastes, soil amendments, the application of sewage sludge to land, the application of compost and organic fertilizer, residues of agricultural mulching films, tire wear and tear, and atmospheric deposition [31,41]. Plastic mulch and sewage sludge composting were the main sources of MP pollution in farmlands [39,42]. Plastic dust-proof nets might be a major contributor to MP contamination in construction areas [31]. For grassland soils, animal husbandry, tourism, and atmospheric transport could be the main sources of MPs. MPs have been found in sheep feces by Beriot et al. [43], suggesting that grazing activities might contribute to MP contamination of grasslands. In addition, the large and uneven surface of plant leaves could highly capture atmospheric particles (including MPs) and become an important source of absorption of various atmospheric pollutants [44,45]. The MPs trapped on the plant leaves can enter the soil through fallen leaves or precipitation [44]. Therefore, atmospheric transport is also an important source of grassland MPs.




3.3. Shape, Size, and Color Characteristics of MP in the Grassland Soils


The MPs in the grassland soils of Qinghai Province showed three major shapes: pellet, fragment and fiber. Figure 5 shows the optical microscope images of typical MPs types. Among the three shapes, the percentage of pellets was the highest (44.71%), followed by fragments (37.77%), and fibers (17.52%) (Figure 4b). These three shapes of MPs were very common in the soil environment, but their specific gravities varied to a certain extent in different studies (Table 1). Pellets had the highest concentration at site 1, reaching 68%. It should be noted that since pellets are more mobile than other shapes, they more readily migrate downward or with rainwater runoff [46]. Among all of the sampling sites, site 7 had the highest proportion of fibers (52%). Compared with pellets, fibers are more likely to be entangled with the soil matrix and have different interactions with soil biological communities [47]. For fragments, the highest proportion of about 64% appeared in site 4, which was close to Qinghai Lake, and the plastic waste brought by tourism might be the main source of MPs.



The size distribution of MPs is presented in Figure 3c and four categories were classified according to the particle sizes (10–50 μm, 50–100 μm, 100–150 μm, and >150 μm). The results showed that the abundance of MPs increased with the decrease in sizes in general (Figure 4c), which was consistent with the observation of previous studies [21,23]. The sizes of the MPs that were found in this study were mostly below 150 μm (89.23%). The abundances of the small-sized MPs were higher than those of the large-sized MPs, indicating that the small-sized MPs might be decomposed from the large-sized MPs [26]. The sizes of MPs in the grassland soil samples of this study were smaller than those in previous studies [24,25], which might be related to the climate of Qinghai Province, which endures long sunshine hours, strong radiation, and is dry and windy. Therefore, MPs in grassland soils are also experiencing strong weathering and UV radiation, making them more prone to being broken up from large sizes into small ones. In addition, a portion of the MPs might come from animal feces. After digestion by gastric juice, large-sized MPs might also become smaller ones. Smaller MPs might be more readily absorbed by organisms. Li et al. [48,49] exposed lettuce and wheat to PS of different particle sizes (0.2, 1.0, 2.0, 5.0, and 7.0 μm), and the experimental results showed that 0.2 μm PS was more likely to enter the root cell interstices. A study of MPs in Chinese marine shellfish found that MPs with particle size less than 250 μm accounted for 84% of the total [50]. Therefore, MPs of small sizes may pose a more serious threat to the ecological environment.



It was found that the colors of MPs in the grassland soils in this study included white, wine red, transparent, green, black, gray, and brown. In order to facilitate statistics, the MPs in this study were simply divided into transparent/white and colored MPs (Figure 3d), which accounted for 36% and 64%, respectively (Figure 4d). Normally, colored plastics have greater attractiveness and longevity, especially those made for tourism [51,52]. Therefore, the colored plastics in this study might come from daily colored plastic necessities, such as colored bags, packages, and bottles. Colored MPs are more attractive to birds and other animals, which take them as food due to their bright colors [53]. Alternatively, pigments (e.g., titanium dioxide and iron oxides) used as plastic additives might be gradually released from plastics and subsequently transferred to other environmental media and even organisms [15,36,54]. Hence, colored MPs in the grassland soils might pose a greater environmental threat and cause higher ecological risks in the Qinghai–Tibet Plateau.




3.4. Impacts of Microplastics on Soil


Due to the low light and relatively anaerobic environment in the soil, MPs might exist in soils for decades or more. Under long-term coexistence conditions, MPs could change the physical and chemical properties of the soil. It has been reported that the effect of MPs on the soil properties depends mainly on the types of MPs. For example, PET could significantly reduce the density of soil particles, resulting in a significant increase in the soil water storage capacity and evapotranspiration, while PE did not trigger as significant a decrease in the bulk density of the soil as PET [16,17]. In addition, MPs might also affect the chemical properties of soils. Dong et al. [55] found that a higher content of plastic film residues would lead to a decrease in pH, organic matter, alkaline hydrolyzed nitrogen, available phosphorus, and available potassium in soil. These deviations from a natural state indicate that the presence of microplastics could pose a potential threat to soil ecosystems.



Moreover, MPs also have potential negative effects on soil microorganisms. The pollution of soil MPs could also disturb the soil microbial community and affect enzyme activity. Liu et al. [56] found that PP (28%, w/w) had a significant stimulatory effect on fluorescein diacetate hydrolase activity, leading to enhanced activity of soil microorganisms in sandy loam soils. However, de Souza Machado et al. [16] found that polyacrylic and polyester fibers (0.1%, w/w) reduced the activity of microorganisms in sandy loam. Wang et al. [57] reported that plastic film residues reduced enzyme activity and microbial community diversity in soils, which might be caused by the release of phthalic acid esters (PAEs) from plastic film residues. As far as we know, many other additives, such as flame retardants, antioxidants, lubricants, coloring agents, etc., are used to fabricate many kinds of plastics. Therefore, the plastic additives that lixiviate due to erosion should be ignored, and further research should be focused on the combined contamination of MPs and their additives in the soil environment.





4. Conclusions and Prospects


We collected 22 grassland soil samples from Qinghai Province to study the abundance and distribution characteristics of MPs. The results showed that MPs were detected in all soil samples collected in the study area. The abundances of MPs ranged from 1125 to 1329 items/kg, with a mean abundance of 1202 items/kg. PET, PS, and PE were the dominant polymer types for the identified MPs. Small size, pellets, fragments, and color were the main contamination characteristics of MPs observed. This study showed that the grassland soils in Qinghai Province were universally contaminated by MPs. The results of this study provide an important reference for future studies on MP pollution in terrestrial ecosystems of the Qinghai–Tibet Plateau.



The current research showed that the MP pollution in the grassland soils of Qinghai Province could not be ignored. Therefore, measures should be taken to mitigate the MPs’ pollution. At present, the Chinese government has formulated many regulations to restrict the production, sale, use, and recycling of some plastic products. However, it is necessary to strengthen supervision to ensure the implementation of the related policies and regulations. Furthermore, the related enterprises should take sustainable use of plastics as part of their social responsibility. Sustainable and environmentally friendly materials should be developed to replace nondegradable plastics. Packaging materials and technology should be improved to reduce the release of plastics to the environment. At last, public awareness and responsibility to reduce the use and promote the recycling of plastics should be raised.
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Figure 1. (a) Location of grassland soil sampling sites in Qinghai Province. (b) Photographs of grasslands in Qinghai Province. 
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Figure 2. Distribution of the abundances of MPs in grassland soils of Qinghai Province. (a) MP abundances for the 22 sampling sites; (b) average MP abundance in the five regions. 
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Figure 3. MPs in the grassland soils of Qinghai Province. (a) type, (b) shape, (c) size, (d) color. 
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Figure 4. Polymer type (a), shape (b), size (c), and color (d) distribution of MPs in the soils of the sampling sites in Qinghai. 
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Figure 5. Photographs of typical MPs in the shapes of pellets (a,b), fragments (c,d), fibers (e,f). 
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Table 1. Detailed information on soil microplastics in previous studies from other regions in comparison to this study.
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	Country
	Location
	Soil Types
	Abundances (Items/kg)
	Polymer Types
	Main Size and Shape
	Reference





	China
	Tibetan Plateau
	Vacant land
	5–340
	polyvinyl chloride (PVC), polyethylene (PE), polypropylene (PP), polyethylene terephthalate (PET), polyvinyl alcohol (PVAL)
	Size: <500 μm (66.2%);

Shape: fiber (45%), fragment (32%),
	[24]



	China
	Qinghai–Tibet Plateau
	Farmland and Grassland
	0–260
	PE, polyamide (PA), polystyrene (PS), PP
	Size: <500 μm (shallow soil: 66%; deep soil: 79%)

Shape: film (shallow soil: 36%; deep soil: 41%)
	[25]



	China
	Qinghai
	Agricultural
	240–3660
	N.A.
	Size: <0.5 mm (50%), 0.5–1 mm (33%)

Shape: film (67%),
	[26]



	China
	Wuhan
	Suburban
	2.2 × 104–6.9 × 105
	PE, PP, PS, and PA
	Size: 10–50 μm (46.1%), 50–100 μm (35.3%)

Shape: fragment (52%)
	[30]



	China
	Beijing
	Site
	272–13,752
	PE and PP
	Size: >1000 μm (60.43%);

Shape: fiber (42.88%), particles (42.05%)
	[31]



	China
	Shaanxi
	Agricultural
	1430–3410
	PS, PE, PP, PVC, PET, high-density polyethylene (HDPE)
	Size: 0–0.49 mm (81%)

Shape: fiber (49%)
	[32]



	China
	Yunnan
	Farmland
	0.9 × 103–40.8 × 103
	N.A.
	Size: <500 μm (89.3%)

Shape: fragment (78.3%),
	[33]



	China
	Xinjiang
	Farmland
	80–1071
	PE
	N.A.
	[34]



	China
	Qinghai
	Grassland
	1125–1329
	PET, PS, PE, PVC, and PP
	Size: 10–50 μm (50%)

Shape: pellet (44.17%)
	This study
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