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Abstract

:

With the continuous increase in the amount of mulch film, “white pollution” caused by plastic fragments (PF) has seriously affected agricultural production progress and poses a great threat to the safety and health of the agricultural environment. In the present study, PFs collected from 20 mulched agricultural farmlands in Sichuan Province were investigated. The PFs were separated and screened following the density flotation method. Optical microscopy was used to assess the fragments’ distribution, abundance, color, size, and morphology, and Raman spectroscopy was used to identify the types. In addition, through the analysis of a questionnaire survey, a random forest (RF) model was conducted to assess the effects of environmental factors on the amount of PF. The results showed that the abundance of PFs was the highest in Lade Town, Zigong City, reaching 1158.33 ± 52.04 particles kg−1. Meanwhile, PFs were less abundant in Foyin Town, Luzhou City, with 50.00 ± 25.00 particles kg−1; the morphology features of PF in the cultivated soil were mainly transparent (60.06%) and flaky-like (83.41%), with sizes < 5 mm (63.61%). In total, 75% of the representative PFs were PE PFs, while PVC PFs were 25%. The RF model indicated that there were significant effects due to the total mulch film amount, annual precipitation, and planting pattern on the number of derived residues (PF). This study provides data indicating the urgent need to prevent and control plastic pollution in mulch farming, specifically in the soils of Sichuan Province.
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1. Introduction


Microplastics (MPs) refer to plastic particles or fibers with a diameter less than 5 mm, which are emerging contaminants that are extensively detected in aquatic ecosystems. Several studies have quantified and analyzed the impact of MPs on the marine and freshwater environment [1,2]; however, since Rillig identified the effect of MPs pollution in the soil environment [3], increasing attention is paid to plastic pollution and its potential dangers in soils [4,5,6]. It is estimated that the annual intake of plastic waste in the terrestrial environment is 4–23 times that of the marine environment [7]. Additionally, the existence of MPs is found in many terrestrial environments. In a soil survey of the Sydney industrial zone, Fuller [8] found that 0.03 to 6.7% of soil weight was made up of MPs. In addition, these values could be as high as 60% in highly polluted areas [9]. At the same time, a large number of MPs are also found in farmland soils [10]. Mulch film plays an important role and is widely used in agricultural activities. However, improper use and imperfect recycling systems have caused a large amount of plastic pollution, resulting in a series of adverse effects on soil and plants [11]. Therefore, the use of mulch film is one of the main sources of plastic pollutants in soil ecosystems.



The technology of soil film mulching on cultivated land can increase temperature and retain water, which plays an important role in increasing agricultural production and income, and it has become one of the most important means to guarantee stable and high agricultural yields [12]. China is the world’s largest consumer of mulch film [13], and its application in the soil used for plant cultivation increased by about five times from 1991 to 2017 [14]. Furthermore, mulch film technology is gradually becoming popularized and applied in cold, arid, and semi-arid regions, such as Xinjiang, Shandong, Shanxi, Inner Mongolia, Heilongjiang, Shaanxi, and Gansu Province, and in the cultivation of more than 40 kinds of crops, especially vegetables, corn, and cotton [15]. Studies have shown that a large number of mulch films stay in the soil every year [16]. The mulch film-covered area is more than 18.33 million hm−2, while the mulch film recovery rate is less than 60% [17]. The long degradation period [18] and the unreasonable utilization of mulch film have caused the accumulation of PF in soils [19]. In addition, the PF in soil not only reduces the soil quality but also alters its biodiversity, its physical properties, including water retention capacity, soil aggregates, bulk density, nutrient availability, microbial communities, as well as above- and below-ground traits of plants [20,21]. Therefore, there is an urgent need to study the current situation of PF pollution in cultivated soil.



Nowadays, many researchers focus on agricultural residual film in cultivated soil in northern China. Cheng [22] analyzed the MPs in plastic mulched cultivated soil in northwest China and found that the large plastic particles gradually transform into tiny particles, and the potential MPs pollution in farmland soil is aggravated with time. In addition to MPs, a certain proportion of medium and macro plastics with different particle sizes were detected in the soil layer. Li [23] found that the amount of residual mulch film with a large grain size was the most in the farmland soil of Qingdao, and the number of <2 cm2 was the least. Therefore, the pollution by plastics of other particle sizes from PF cannot be ignored.



Furthermore, research showed that the amount of PF in farmland soil is closely related to climate [24], crops [14], soil texture, and recycling habits [12], affecting soil biodiversity in degrees that vary among different regions. For example, in 2014, Zhou et al. showed that the density of PF in farmland increased with the increase in the amount of mulching time in Xinjiang Province [25]. However, residual mulch film was related to the recovery rate of mulch film in the current season instead of planting pattern and mulching time in the farmland soils of Qingdao Province [23].



In recent years, the application area of film mulch was extended from arid and semi-arid regions in the north to high mountains and cold areas in the south of China [24]. Currently, the research on PF pollution is mainly concentrated in North China, such as Xinjiang, Handan, and Tianjin city; however, little is known about the overall level of PF in southern China [26]. Sichuan Province, located in southern China, used 9.10 tons of mulch film in 2018, ranking fifth in the country and covering an area of 996.7 hm2. Therefore, there is a justification for the fact that the present study was focused on investigating PF in cultivated soils of Sichuan Province. To do that, the PF was first screened and analyzed. Further, the morphological characteristics of the PF were assessed based on the environmental characteristics near the sampling site of the PF. Field planting surveys were carried out on related information of natural environment and cultivation, and the main factors influencing the effects of PF were evaluated. The study provides data to support the prevention and control of plastic pollution in the soils of Sichuan Province, which can be seen as an exemplar of what happens in this regard in many agricultural soils around the world.




2. Materials and Methods


2.1. Site Description, Data Collection, and Sampling


Sichuan Province is located in the hinterland of southwest China (E 97°21’–108°33’, N 26°03’–34°19’), with an area of 486,000 km2. Sichuan has complex topographic types, mainly characterized by mountains, with the soil tillage layer being deep and the soil layer structure being good [27]. The variation range of annual average precipitation in Sichuan Province is 764.40~1093 mm, and the distribution characteristics show a trend increasing gradually from west to east on the whole [28]. The planting area of cash crops in Sichuan Province, mainly fruits, vegetables, tea, and traditional Chinese medicine, reached more than 3.33 million hm2 in 2020 [29].



For the current study, 20 sampling sites were selected from seven cities to investigate the characteristics and factors influencing PF pollution in Sichuan Province, with all the collection locations shown in Figure 1. Four sampling sites each were set in Zigong City (S1, S2, S3, S4), Yibin City (S5, S6, S7, S8), and Guang’an City (S17, S18, S19, S20), and two sampling sites each in Luzhou City (S9, S10), Pengzhou City (S11, S12), Liangshan City (S13, S14), and Chengdu City (S15, S16); three replicates were maintained per sampling site.



In order to further explore the natural and man-made factors affecting the PF in the cultivated land, this study conducted a field survey by means of a questionnaire in the same sample area. The questionnaire mainly included questions to collect information on agricultural production and mulch film amount in the sample area, such as the soil texture, planting pattern, irrigation method, crop type, annual precipitation, mulching time, and mulch film amount. The detailed information about sampling sites collected using the questionnaire is shown in Table S1 (Supplementary Material).



Furthermore, the steps for collecting PF were as follows: First, the location of the sampling sites was recorded with GPS. Then, the seasonal mulch film was removed from the ground after the crop harvest, and soil samples were collected before ploughing the farmland soil. Each sampling site was connected to a 100 cm × 100 cm square with an iron stick as a four-corner support point [22], and 1 kg soil samples were collected from 0–10 cm, 10–20 cm, and 20–30 cm depths, stored in cloth bags, and taken to the laboratory.




2.2. Analysis of PF


The sieving-density separation method [30] was used to extract the PF from cultivated soil: the collected soil samples were naturally air-dried, and the PF was extracted following a combination of oxidation, ultrasonic dispersion, sieving, and density flotation. Studies showed that hydrogen peroxide and NaOH could successfully remove organic materials in agricultural soils [31]. Hence, an amount of 40.0 g of soil sample was first transferred to a 500 mL Erlenmeyer flask, moistened with a small volume of distilled water, and gradually mixed with a 30% hydrogen peroxide solution (10 mL each time); the mixture was shaken well to dissipate the foam. Then, a volume of 30 mL of a 0.50 mol L−1 NaOH solution was added to the Erlenmeyer flask for 30 min, and the volume of the mixture was made up to 250 mL with distilled water, heated, and dispersed using an ultrasonic disperser (at 40 °C) for 1.5 h. The soil–water mixture in the Erlenmeyer flask was then washed through a set of sieves (5 mm, 2 mm, and 0.03 mm sieve holes), and the soil on the surface of each sieve was collected and floated in a NaCl and 20 mL of a 0.05 mol L−1 FeCl2 solution. The floating particles were collected, and the NaCl and FeCl2 solution was washed away. Finally, a volume of 20 mL of 30% hydrogen peroxide was added and left standing for 1 h in the flotation process, then washed, transferred to a Petri dish, and dried at 60 °C for subsequent analysis. Three replicates were maintained per group. The purpose of screening after oxidation was to facilitate the successful separation of soil and PFs.



The floating samples in the Petri dish were transferred to a glass slide with tweezers and placed under a 30× electron microscope (SMZ25, Nikon Corporation, Tokyo, Japan) to observe their shape, color, and size, and numbered on the computer before taking a picture. Representative PFs were selected by observing the difference in shape and color of the PFs under the electron microscope (Table S3, Supplementary Material). Then, the PF was scanned in the range of 400–4000 cm−1 using a Raman spectrometer (PhAT system, Kaiser Optical Inc., Ann Arbor, MI, USA) with 360 MW power and 785 nm laser wavelength. The Raman spectrum of the PF sample was obtained and compared with the standard Raman spectrum of the plastic to identify the type of plastic in each sample [32]. In this experiment, the 24 representative PFs were compared on PE, PVC, PET, PS, PP, PA, and PTFE, respectively.




2.3. Data Statistics and Processing


For each monitoring site, we collected the farmland planting of 11 farmers and the local natural environment. For each original study, the following information was compiled: crop type, annual precipitation, planting pattern, irrigation method, soil texture, mulching time, and mulch film amount. This is shown in Supplementary Material.



A random forest (RF) algorithm was used to explain the influence of various factors on the PF. Like other models, RF can explain several independent variables (X1, X2, …, Xk) on the dependent variable Y. If the dependent variable Y has n observations and k independent variables are related to it, when constructing the classification tree, the random forest will randomly reselect n observations from the original data, some of which are selected many times or not, which is the method of Bootstrap resampling. At the same time, the random forest randomly selects some variables from k independent variables to determine the nodes of the classification tree. In this way, the classification tree may be different each time. In general, random trees randomly generate hundreds to thousands of classification trees and then select the tree with the highest degree of repetition as the final result [33]. The RF was specifically developed for this research, and the additional details on it are shown below. Before performing the analysis using the RF, the explanatory variables (influencing factors) and response variables (residual loading) were standardized, and data were centered and scaled to an average of 0, with a standard deviation of 1. Standardization was conducted to ensure that when all variables had the same weight, the explanatory variables were sorted according to the degree to which the variables explained the changes.



In this study, combined with the questionnaire (Supplementary Material Table S1), the dependent variable Y (Abundance of PF) had one observed value, and the independent variable k (crop type, annual precipitation, planting pattern, irrigation method, soil texture, mulching time, and mulch film amount) had seven. We used the forest plot approach of individual studies, which allowed us to visualize the relationship between sample size and effect size. The studies in our database generally had 11 replicates, as per the norm of such field studies. We provided the codes for all our meta-analyses for R kernel and R script, located in Supplementary Materials File S1.



The least significant difference test (LSD) was used to compare the effects of mulch film amount, annual precipitation, and planting pattern on PF. IBM SPSS Statistics 22.0 and The R Project for Statistics Computing 4.0.5 were used to statistically analyze which natural conditions or human activities (annual precipitation, planting pattern, soil texture, irrigation method, crop type, mulching time, and mulch film amount) are the main factors affecting the abundance of PF in soil samples, and DPS (Data Processing System) software was used to analyze the factors affecting the amount of soil PF. The factors affecting soil PF abundance were analyzed. All graphs were plotted by means of OriginPro 2018.





3. Results and Discussion


3.1. Abundance and Distribution of PF


The average abundance (standard deviation) and distribution of PF separated from the cultivated soil in all sampling areas are shown in Table 1. The average total abundance of PFs in the cultivated soil of all the sampling sites in Sichuan province was 5175.00 ± 175.00 particles kg−1. The abundance of PFs was the highest in S3, located in Lade Town, Zigong City, reaching 1158.33 ± 52.04 particles kg−1. Meanwhile, PFs were less abundant in S10, located in Foyin Town, Luzhou City, with 50.00 ± 25.00 particles kg−1. Significant differences were observed in the abundance of PF between the various sampling sites (p < 0.05; Table S2, Supplementary Material). Many studies reported the abundance and distribution of PFs in the soils of other cities in China. Specifically, the abundance of PFs with a diameter less than 1 mm in the cultivated soils of the suburbs of Shanghai Municipality ranged from 62.50 ± 12.97 to 78.00 ± 12.91 particles kg−1 [34]. Meanwhile, the abundance of PFs with a diameter less than 0.20 mm in the crop soils of the suburbs of Wuhan ranged from 320 to 12,560 particles kg−1 [35]. The abundance of PFs less than 5 mm in the farmland soils of the suburbs of Zhejiang, Chudao Island, and Sanggou Bay was 17.10 particles kg−1 [36]. The abundance of PFs less than 0.50 mm in the farmland soils of the suburbs of Shaanxi Mountains, Loess Plateau, and Guanzhong Plain ranged from 1340 to 3140 particles kg−1 [37]. A comparison of the PFs in the soils of different cities included in the present study showed that the average abundance of PF in the cultivated soils of Sichuan Province was lower than that in the vegetable fields of Wuhan and the cultivated soils of Shaanxi Province, but higher than that in the cultivated soils of Shanghai City and Zhejiang Province.



Furthermore, the abundance and distribution of PF in different soil layers were analyzed (Figure 2a). More than 72% of PF was concentrated in the 0–20 cm soil layer, with a large amount of PF accumulated in the 0–10 cm soil layer (47.83% of the PF), followed by the 10–20 cm layer (33.17% of the PF); the amount of PF accumulated in the 20–30 cm soil layer was the least (19%). Earlier, Liu [34] reported values of 78.00 ± 12.91 particles kg−1 and 62.50 ± 12.97 particles kg−1 MPs in shallow and deep soils, respectively, for farmland soils of crop fields around the suburbs of Shanghai. Meanwhile, Huang reported 61.90 ± 20.60, 102.90 ± 69.40, and 68.00 ± 41.40 particles kg−1 PF in the 0–5, 5–20, and 20–40 cm soil layers, respectively, in the cotton fields of Xinjiang Uygur Autonomous Region [38]. Furthermore, Li [23] detected 26.10 kg hm−2 average residue in the 0–10 cm soil layer (77.70%), 5.92 kg hm−2 in the 10–20 cm soil layer (17.30%), and 1.73 kg hm−2 in the 20–30 cm soil layer (5%) in the farmland soils of Qingdao City. The present study’s results are consistent with these earlier findings. Previous studies concluded that the abundance of PF in shallow farmland soil (0–20 cm) was higher than that in deep soil (20–30 cm), both in the south and north, probably due to less runoff and soil loss in farmland, which reduced the movement of MPs in the surface layer [39]. Generally, light and small-sized MPs are quickly carried away by runoff and soil erosion [40].



In addition, the PF of the same sampling site showed different sizes. The size range of PF separated from the soil samples is shown in Figure 2b. The plastic fragments with a size less than 5 mm accounted for 71.98% of all samples, followed by those between 5 and 10 mm (16.59%); PFs longer than 10 mm were the least, accounting for 11.43%. In addition, the amount of PF with a size <5 mm was much higher than that with a size 5–10 mm and >10 mm. Chen [35] investigated the pollution due to PF in crop plots from the suburbs of Wuhan City and found that the proportion of PF particles sized less than 0.20 mm accounted for 70% in the soil samples, followed by 0.50–1.00 mm (13%), 0.20–0.50 mm (9%), and 1.00–3.00 mm (7%). Ding et al. [37] investigated the size distribution of PF in the cultivated soils in Shaanxi Province and found that small size PF was widely distributed in each sampling site, while its abundance was much higher than that of large PF. It indicated that the small PF may be caused by the decomposition of the large PF [37]. Our results showed that the abundance of PF in cultivated soils in the sampling area followed the sequence: size less than 5 mm, followed by 5–10 mm, and >10 mm. This result is basically consistent with Chen and Ding’s report, and the reason for this phenomenon may be that man-made farming activities or environmental degradation factors lead to the transformation of large-size PF to small size [23]. However, Li [23] found that the amount of PF with a particle size larger than 100 cm2 was the most prevalent (71.90%), followed by 20–100 cm2 (19.20%), 2–20 cm2 (7.30%), and <2 cm2 (1.60%) particles in the farmland soils of Qingdao City. In addition, Hu et al. [41] analyzed the size of the PF in the heavily polluted areas of Xinjiang Province and divided them into 0–4, 4–25, and >25 cm2, resulting in the proportion of quantitative distribution of PF with these three sizes in the soil being 1:7:2 [41]. This may be due to the fact that the thickness of the plastic film in north China was generally higher than that in south China [42] or that mechanical recovery is the main way in north China, which is rougher compared with artificial recovery [43], eventually leading to the larger size of PF than that in south China.



Rafique et al. [44] studied the distribution of MPs of different sizes in the topsoil of Lahore, Pakistan, and their results showed that the content of large-size MPs was the highest (300–5000 μm; 41.16%), followed by fine-size MPs (50–150 μm; 30.67%) and medium-size MPs (150–300 μm; 28.17%) [44]. The views of the teams of Hu and Rafique are different from our results, and the reason may be due to the quality of mulched film and the different degradability of microorganisms in farmland soils. In this regard, it is relevant that the thickness of mulched films used in China is primarily less than 0.005 mm, much lower than the films of 0.02 mm used in Europe or Japan [42]. Such thin films were supposed to be broken easily under cultivation and hard to be recycled. The residual plastic mulching in the fields may lose its integrity and break down into smaller and smaller plastic residues of various sizes (700 μm2–2850 cm2), and some of them would eventually form microplastics [45,46]. It leads to the majority of the small and medium-sized residual film in farmland soil in China, while the large-scale residual film is in the majority. In addition, microorganisms in farmland soil can promote the degradation of residual films. Imhof [47] explored this phenomenon and obtained results showing that MPs in farmland soil may experience intense weathering and decomposition, resulting in the transformation of large MPs into small and medium-sized MPs.




3.2. Morphological Characteristics of PF


PF had different shapes and colors in cultivated soils. The result of electron microscopy revealed that the shape of PFs was mainly flaky-like, fibrous-like, linear-like, and pellet-like (Figure 3). The flaky-like PFs were soft and thin. The fibrous-like PFs were narrow, linear, or soft, appearing as thin strips, while few were curly or wound together. The linear-like PFs were thin and soft, with varying lengths. The pellet-like PFs were hard, regular, or cylindrical-shaped. In addition, the amount of flaky-like PF accounted for 83%, fibrous-like PF accounted for 15.78%, linear-like PF accounted for 0.64%, and pellet-like PF accounted for 0.16%. The abundance of flaky-like PF was the largest at sampling site S3 in Lade Town, Zigong City, reaching 1008 particles kg−1. Furthermore, the fibrous-like, linear-like, and pellet-like PFs were detected in each sampling site, but sampling site S12 in Mengyang Town of Pengzhou City only contained pellet-like PF with an abundance of nine particles kg−1. Ding [37] found that the shapes of PF in the farmland soil of Shaanxi Province had fiber particles, film, and fragments (49%, 23.80%, and 21.90%, respectively), with fiber particles being the most widely distributed. Liu [34] reported that the MPs in 20 vegetable plots in the suburbs of Shanghai City were mainly fiber, fragment, film and pellet, of which the average percentage of fibers was the highest (53.33%), followed by fragment (37.58%), film (6.67%), and pellet (2.12%). These two studies showed that fibrous-like PF accounted for a large proportion in local farmland soil, but flake-like PF accounted for the largest proportion in our study. It may be caused by the various uses of different plastic materials [35]. Plastic materials are widely used in agricultural production, such as greenhouses, mulching film, pesticide cans, and fertilizer bags [48]. However, due to improper treatment and environmental degradation [49,50,51], various PFs remain in the soil [52]. Among them, most of the flaky-like films are formed by mulching film [17]. In this study, most of the cultivated soil in Sichuan Province was flaky-like PF, indicating that plastic mulching was the main input of plastic contamination in cultivated soil [53].



The color of PF in different regions is shown in Figure 4b, mainly including four colors (transparent, black, yellow, and blue). Among these, the amount of transparent PF was the highest, accounting for 60.06%, followed by black PF (38.97%); yellow and blue PF samples were the least, accounting for 0.48% and 0.48%, respectively. The color and abundance of PFs were also different among the sampling sites. The abundance of transparent PF in the S1, S2, S4, S6, S7, S9, S10, S11, S12, S13, S14, S15, S17, S18, and S20 sampling points was more than the other PF colors. The abundance of transparent PF at S11 was 192 particles kg−1, and all PFs at this sampling site were transparent. The black PF of S3, S5, S8, S16, and S19 was higher than other PF colors (875 particles kg−1, 117 particles kg−1, 250 particles kg−1, 108 particles kg−1, and 200 particles kg−1, respectively). In addition, sampling sites S12 and S18 had yellow PF, and their abundance was 17 particles kg−1 and 8 particles kg−1, respectively. Sampling site S12 contained blue PF at 25 particles kg−1 abundance. Chen [35] investigated MPs in 26 crop plots in the suburbs of Wuhan City and found that most plastics were red, black, green, blue, brown, or transparent. Liu [34] investigated MPs and medium plastics of 27 kinds of farmland soils in 20 vegetable plots in the suburbs of Shanghai City. There, black, blue, green, red, and transparent miniature (meso) plastics were found. These authors also found black as the highest in shallow soil (39.39%), and there were a small amount of green and red micro (medium) plastics in the crop soil, while blue micro (medium) plastics were the least likely to appear [34].



The color variety of PF in cultivated soil is mainly due to the different colors of mulching film. The color of mulching film is mainly transparent or black, and there are silver–gray, blue, and green according to the needs of crops [49]. Therefore, most of the transparent, black, and blue PF in the cultivated soil is caused by the decomposition of mulching film, and other colors of PFs may be produced by bottles and plastic bags [49,50,51]. In this study, the abundance of transparent PF in cultivated soil in Sichuan Province was higher than that of black, which may be due to the more transparent mulching film covered on cultivated soils in Sichuan Province. The yellow PFs may be caused by the non-recycling of woven bags applied with chemical fertilizers. Therefore, the type of PFs will be identified next.




3.3. Identification of PF Type


According to the morphology and color difference of PF in 20 sampling sites, the 24 representatives PF were selected to identify plastic types by Raman spectroscopy. The 24 representatives PF were compared on PE, PVC, PET, PS, and PTFE, respectively. As shown in Figure 1, these 24 PF had different characteristics, such as: RS1, RS6, RS22, etc., represent transparent flaky-like PF; RS2, RS17, RS19, etc., represent black fibrous-like PF; RS3 represents blue fibrous-like PF; RS4, RS16, RS18, etc., represent black flaky-like PF; and RS5, RS12, RS24, etc., represent transparent fibrous-like PF. According to previous studies, Yang et al. [54] revealed several characteristic peaks of PE plastics, mainly appearing near 1059 cm−1, 1125 cm−1, 1289 cm−1, and 2849 cm−1. Additionally, the characteristic peaks of PVC plastics occurred near 636 cm−1, 701 cm−1, and 1332 cm−1 [54]. The result of Raman spectra analysis of RS1 is shown in Figure 5a, indicating that the characteristic peaks at 1069 cm−1, 1170 cm−1, 1278 cm−1, and 2848 cm−1 are consistent with the standard Raman spectra of PE, confirming RS1 as PE.



In the same way, the characteristic peak ranges of RS4–RS14, RS20, RS22, and RS24 are consistent with the standard Raman spectra of PE, so 18 samples of RS1, RS2, RS4-RS14, RS20, RS22, and RS24 are PE (Figure S1). The analysis of RS3 showed that the characteristic peaks at 625 cm−1, 683 cm−1, and 1419 cm−1 are consistent with PVC, confirming RS3 as PVC. In the same way, the characteristic peak range of RS16-RS19 and RS23 is consistent with the standard Raman spectrum of PVC, so the six samples of RS3, RS15, RS16-RS19, RS21, and RS23 are PVC (Figure S1).



The analysis of RS1 revealed that the characteristic peaks at 1318 cm−1 and 1548 cm−1 are consistent with the standard Raman spectra of PE, indicating RS1 as PE. In the same way, the characteristic peak ranges of RS4-RS15, RS20-RS22, and RS24 are consistent with the standard Raman spectra of PE, so 18 samples of RS1, RS2, RS4-RS14, RS20, RS22, and RS24 are PE (Figure S1). Further, comparing the Raman spectra of RS3 with the standard Raman spectra of PVC revealed three characteristic peaks of PVC plastics near 636 cm−1, 701 cm−1, and 1332 cm−1 [54]. The analysis of RS3 showed that the characteristic peaks at 625 cm−1, 683 cm−1, and 1316 cm−1 are consistent with PVC, concluding RS3 is PVC. In the same way, the characteristic peak range of RS15, RS16-RS19, RS21, and RS23 is consistent with the standard Raman spectrum of PVC, so six samples of RS3, RS15, RS16-RS19, RS21, and RS23 are PVC (Figure S1). In addition, according to literature review, the characteristic peaks of PP plastics occurred near 809 cm−1, 841 cm−1, 971 cm−1, 1149 cm−1, 1166 cm−1, 1322 cm−1, and 1451 cm−1 [55]. Additionally, the characteristic peaks of PA plastics occurred near 299.5 cm−1, 542.3 cm−1, 661.4 cm−1, 804.5 cm−1, 923.6 cm−1, 971.2 cm−1, and 1166.4 cm−1 [56]. As a result, it can be determined that there are only PFs of PE and PVC in the cultivated soil of the sampling sites.



According to statistics, most of the 24 representative PFs were PE (75%) and PVC (25%). Chen et al. [35] reported that the PFs of vegetable soil in the suburbs of Wuhan City are mainly polyamides (PA), followed by polypropylene (PP), polystyrene (PS), PE, and PVC [35], probably due to nylon woven bags in the soil that were not recycled or removed. Meanwhile, PS, PE, PP, high-density polyethylene (HDPE), PVC, and polyethylene terephthalate (PET) particles were found in farmland soils of Shaanxi Province [34]. Many different types of plastic were detected in the soil, indicating that their sources are likely to be different. PE and HDPE were found in the soil, which might be derived from plastic packaging, woven bags, and agricultural products [52], while PET, PP, and HDPE, are used to tie vegetables to poles or as a net for vine growth. PS particles, usually found in particles, are formed from the residue of packaging materials. The main sources of PVC may be pesticide woven bags and packaging materials or pipes and hoses in irrigation systems [34]. In this study, the type of plastic in the soil was mainly PE, probably derived from plastic packaging, woven bags, and PF. Part of the residue was PVC from pipes in irrigation systems or shed film residue. It showed that farmers in the sampling sites probably only use PE or PVC plastic packaging materials, woven bags, and agricultural products for farming activities, and the pipes and hoses in the irrigation system were mainly PVC plastic. There was no PET and PP plastic in the soil, which may be due to the fact that the vegetable binding material was still on the pole and did not fall into the soil. Therefore, in order to prevent the pollution of PE plastics in cultivated soil, the recovery of PE plastics should be strengthened, or alternatives should be sought for agricultural activities, such as the full biodegradable plastic film, degradable film synthesized by the chemical industry or plastic mulch films made from plant fibers [57].




3.4. Analysis of Factors Influencing PF


Based on the comprehensive analysis and collating of annual precipitation, planting pattern, soil texture, irrigation method, crop time, mulching time, and mulch film amount from questionnaires (Table S1, Supplementary Material), the RF algorithm was used to explain the influence of seven factors on PF (Figure 6a). Results showed that the variations in the amount of PF could be largely explained by the mulch film amount, annual precipitation, and planting pattern. Among the mulch film amount, the amount of PF was the most in the sampling sites where the annual mulch film amount was less than 100 kg year−1, followed by the sampling sites with an annual mulch film amount above 100–1000 kg year−1 and 1000 kg year−1 (Figure 6b). Li [26] investigated the PF in the farmlands in Qinghai Province and found that the more mulch film amount, the greater the residual rate. However, Yang et al. [54] investigated the current situation of PF in farmland in Inner Mongolia and found that the amount of PF in areas with high use of mulch film was not necessarily large. While in the areas where the use of mulch film was small, the amount of PF was not necessarily small. The results indicated that this is mainly related to the local agricultural production habits, the publicity efforts of the agricultural sector, and the level of agricultural productivity [54]. Therefore, mulching film recovery should be carried out after crop harvest, which can effectively prevent PF pollution.



Climatic factors also affect the distribution of plastics in soil. The average abundance of PF with annual precipitation >1100 mm was 353 particles kg−1, while those with annual precipitation of 0–1000 mm and 1000–1100 mm were 209 particles kg−1 and 189 particles kg−1, respectively (Figure 6c). Ding et al. [37] found that different climatic factors will lead to differences in MPs distribution. Northern Shaanxi Province had a temperate monsoon climate with less rainfall, where MPs would not be lost with surface runoff, resulting in a large amount of accumulation. However, the precipitation in Shaanxi Province generally showed a trend of increasing from north to south. Although the size and type of MPs in central and northern Shaanxi Province were similar, the abundance of MPs in northern Shaanxi Province was higher. Therefore, the abundance of MPs affected by rainfall in northern Shaanxi Province was significantly higher than that in the central and southern regions [37]. The present study concluded that the increase in annual precipitation would lead to an increase in PF abundance, which may be due to the large amount of surface residue reaching the deep layer with runoff, resulting in PF accumulation.



The amount of PF in the open field (584 particles kg−1) was much higher than that in the field (142 particles kg−1) and protected land (181 particles kg−1) (Figure 6d). Teng et al. [12] studied the amount of PF in different cultivated soils in Linyi City. Their results showed that there were significant differences in PF among various cultivated soils [12]. Li [26] studied the amount of PF in different crop soils in the eastern agricultural area of Qinghai Province, with results showing that the residue in the soil of open field vegetable planting was 3.30 and 2.20 times higher than that of field planting and protected field planting, respectively. The results of the present study showed that the abundance of PF in open field soil was significantly higher than that in fields and protected land, which was consistent with the results of the other previous studies commented above. The main reason was that the economic benefit in protected land was significantly higher than that of in open fields and fields. Hence, planting crops in protected land required intensive cultivation; furthermore, farmers’ recovery of PF in protected land was more meticulous, resulting in relatively less PF in protected land.





4. Prevention and Control Measures of PF in Cultivated Soil


With the continuous use of plastic products, the abundance of plastic residues may increase [52]. Studies showed that an important measure to reduce plastic pollution in the soil is to minimize or avoid the use of plastics in food production systems [58]. However, as an important source of plastic in agricultural soil, mulching film is indispensable in agricultural production. Therefore, rational use and forced recycling of traditional mulching film is a promising solution to reduce agricultural plastic pollution. The government and relevant departments should also strictly control the entry of low-grade mulch film (such as the thickness of less than 0.08 mm) into the market and encourage the use of alternative technologies such as high-strength mulching film and all-biodegradable mulching film [40,59]. In addition, it is necessary to prohibit the addition of microplastic particles to cosmetic, detergents, and other industrial products to prevent them from entering the soil through biological solids and irrigation water in daily life [38]. Therefore, people should pay great attention to the problem of PF pollution in farmland soil. It is urgent to reveal the law of PF pollution in the soil ecosystem and explore soil plastic analysis methods, evaluation methods, and management and remediation techniques.




5. Conclusions


In summary, this study demonstrated the significant differences in the PF abundance among the soil sampling sites of Sichuan Province. The highest PF value was found in the sampling site located in Lede Town, Zigong City, reaching 1158.33 ± 52.04 particles kg−1. Additionally, the lowest in the site was located in Foyin Town, Luzhou City, reaching 50.00 ± 25.00 particles kg−1. PF in these areas was mainly concentrated in the 0–20 cm soil layer (>72%). In addition, the PF in the cultivated soil was mainly transparent (60.06%) and flaky-like (83.41%), with sizes < 5 mm (63.61%). A percentage value of 75% of the representative PF was PE PFs, and 25% was PVC PFs. Further analysis showed that the mulch film amount, annual precipitation, and planting pattern had a great influence on the abundance of PF. Taken together, these results provide data to support and encourage the prevention and control of PF pollution in the soils of Sichuan Province. This paper makes a preliminary study on the PF in the cultivated soil of Sichuan Province and the main controlling factors affecting its abundance, which lays a foundation for the prevention and control of plastic pollution in the cultivated soil and provides a guiding basis for ensuring soil safety. This can be seen as a specific example of an environmental issue with worldwide relevance. Future studies should also focus on the fate of PF in the soil environment, their interactions with microorganisms, rhizosphere, food crops, and soil animals.
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Figure 1. Schematic diagram showing the sampling sites in Sichuan Province. 
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Figure 2. The abundance and distribution of PF in the different regions of Sichuan Province. (a) Residual amount and distribution of PF in the different soil layers; (b) Size distribution of PF in the soil samples from different areas of Sichuan Province. 
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Figure 3. Shape and size of PFs observed using an electron microscope. 
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Figure 4. Morphological characteristics of PF in different regions of Sichuan Province. (a) Shape distribution of PF in the sample; (b) Color distribution of PF in the sample. 
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Figure 5. Identification of PF samples by Raman Spectroscopy. (a) Comparison diagram of RS1 Raman spectrum of sample and standard Raman spectrum of plastic; (b) Comparison diagram of RS3 Raman spectrum of sample and standard Raman spectrum of plastic. 
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Figure 6. Influence of factors on PF in sampling sites. (a) Random-forest map of factors affecting PF; (b) Effect of film mulch amount on the PF; (c) Effect of annual precipitation on the PF; (d) Effect of planting pattern on the PF. 
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Table 1. The abundance of PF at sampling sites.
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	Region
	Min/Particles kg−1
	Max/Particles kg−1
	Mean/Particles kg−1
	Std. Dev.





	S1
	450
	550
	500.00
	50.00



	S2
	125
	225
	166.67
	52.04



	S3
	1100
	1200
	1158.33
	52.04



	S4
	325
	375
	350.00
	25.00



	S5
	175
	200
	183.33
	14.43



	S6
	125
	200
	158.33
	38.19



	S7
	200
	250
	216.67
	28.87



	S8
	275
	325
	300.00
	25.00



	S9
	100
	125
	108.33
	14.43



	S10
	25
	75
	50.00
	25.00



	S11
	175
	200
	191.67
	14.43



	S12
	250
	300
	266.67
	28.87



	S13
	100
	125
	108.33
	14.43



	S14
	175
	250
	208.33
	38.19



	S15
	250
	275
	258.33
	14.43



	S16
	150
	175
	166.67
	14.43



	S17
	200
	250
	225.00
	25.00



	S18
	75
	125
	91.67
	28.87



	S19
	250
	275
	258.33
	14.43



	S20
	200
	225
	208.33
	14.43
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