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Abstract: Plastic pollution in farmland soil has become a significant concern for scientists studying
farmland ecosystems. However, the current research focus on the environmental impacts of plastics
in soil overlooks crucial factors such as sources, distribution, and persistence. In this study, we
examined the distribution of residual film after eight years of film mulching in mid-April 2018. We
also assessed changes in spatial distribution from 2018 to 2020. Our findings reveal that eight years of
film mulching significantly increased the quantity of agricultural mulch film residues in the soil. The
size of residual film fragments varied from 0.25 cm2 to 109 cm2, and the average size, number, and
quantity of residues were influenced by soil depth. There was a noticeable downward trend in the
quantity of agricultural mulch film residues, decreasing annually by 0.525 kg·ha−1. In contrast, the
number of residual films showed an average annual growth rate of 2.13 × 105 p·ha−1. Importantly,
we observed a substantial accumulation of residual film fragments below the 10 cm soil layer over
time. Fragments ranging from 1–5 cm2 were the most abundant and gradually accumulated in deeper
soil layers, enhancing mulching film recovery efficiency. This study provides valuable insights into
the influence of mulch cycles on farmland soil profiles, identifying the key locations and size-to-shape
ratios of residual films. These findings serve as a theoretical foundation for implementing effective
measures to control mulch film pollution in agricultural practices.

Keywords: plastic pollution; farmland soil; residual film; distribution characteristics; mulch cycle

1. Introduction

China is the country with the highest amount of mulch film in the world [1], par-
ticularly in the arid and semi-arid regions of north and northwest China, such as Inner
Mongolia, Shandong, Xinjiang, and Gansu, where mulch film covers a vast area of farm-
land [2]. According to data from the Ministry of Agriculture of China, China’s main cov-
ered provinces have an average residual quantity of agricultural mulch film of 60 kg·ha−1.
Among these provinces, the cotton-growing area in Xinjiang Province is the most polluted,
with an average residue of 259 kg·ha−1 and the highest residual quantity of agricultural
mulch film at 381 kg·ha−1 [3]. Residual film distribution in soil depends on several factors,
including natural factors, the coverage period, human interference, and the ease of degra-
dation [4–7]. The depth below the soil surface influences the service life of mulch films and
residue distribution [8–10]. Ramos et al. analyzed medium and large polyethylene plastic
film residues resulting from mulching, indicating high concentrations of polyethylene film
in 10% of soil surface samples, with an average size of 28 cm2 [11].

Mulch film has been instrumental in the development of modern agriculture. Mulching
with plastic film increases soil moisture retention, improves soil surface temperature,
enhances fertilizer use efficiency, and helps control weed growth [12]. In China, using
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mulching on farmland increases grain and cash crop yields by 35% and 60%, respectively [2].
However, studies have shown that residual film impedes water, nutrient, and heat transfer
in the soil, thereby impairing the crop root absorption of water and nutrients and reducing
soil quality and crop productivity [13,14]. In recent years, microplastics in farmland soil
have become a cause for concern. Studies have revealed that the content of microplastics
in farmland soil may be higher than that in the ocean [15–17]. The sources include in
situ differentiation and composting of agricultural mulch film, which bring microplastics
directly into the soil [18,19]. Long-term use of mulch film may cause excessive microplastic
accumulation in the soil, resulting in negative impacts on soil organic carbon (C) and
nitrogen (N) circulation and nutrient migration, affecting the bulk density, water holding
capacity, and water-stable aggregates of soil [5,20–24].

Currently, although many methods have been developed to address the issue of agri-
cultural field film pollution, such as (1) the use of alternatives or agricultural management
practices that can better replace conventional plastic film, such as biodegradable film and
organic coverings; (2) enhancing the efficiency of film recycling; and (3) government imple-
mentation of management measures for film pollution, most of these methods are not as
effective as conventional plastic film in terms of performance. They also involve increased
workload and economic input, making them difficult to be widely adopted, especially
considering the low recycling rate of conventional film. Therefore, it is still worthwhile to
explore solutions to the environmental problems caused by conventional plastic film in the
future. This study focuses on the representative semi-arid region of the Inner Mongolia
Autonomous Region as the investigation area, with the residual film formed by widely used
polyethylene film as the research object. By exploring the spatial and temporal distribution
characteristics of agricultural soil residual film under known film covering time and input
conditions, accurate and reliable data support can be provided for the evaluation of soil
health after film pollution. Additionally, this provides a theoretical basis for the formulation
of subsequent measures to remove soil residual film.

2. Materials and Methods
2.1. Site Description

The study was conducted on a family farm located in Tumuji Town, Xing’an League,
Inner Mongolia, China (Figure 1). The farm is situated in the transition zone between the
Greater Khingan Mountains and arid grassland, with the latter being the predominant
landform. The soil texture of this area is sandy. The surface thickness of the soil is
25–20 cm. It covers an area of 5.97 km2 and was conventionally farmed using arid grassland
till the 1990s, without employing mulch film. In 2010, the farm switched to a film-covered
drip irrigation method for approximately 5.23 km2 of the farmland, where 0.59 t·ha−1 of
mulch film was used annually. The farm employed strip tillage with a depth of 10–15 cm
to plant only corn for eight years. However, in the spring of 2018, the farm discontinued
the use of mulch film due to its adverse impact on farming and planting. The mulch
film used was purchased from cooperative manufacturers, and there was no change in its
specifications during continuous mulching. The mulch film polymer type is low-density
polyethylene (LDPE) with a thickness of 0.008 mm.
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and 30–40 cm. We collected residual film longer than 0.5 cm, cleaned it in the laboratory, air-
dried it, and measured its weight and area. The residual film was classified into six gradient 
levels based on area: >20 cm2, 20–15 cm2, 15–10 cm2, 10–5 cm2, 5–1 cm2, and <1 cm2. 

To conduct the survey, our sampling areas exceeded the standard of 100 m × 50 m, and 
we set up three rectangular sampling plots and divided the midline of each plot into four 
sections. We randomly selected two diagonal units from the four sections as the survey area. 
The 5-point sampling method was employed to select the measurement points. Starting 
from the diagonal points, we randomly chose four additional spots within a length of 1/4 to 
1/8 of the diagonal length, totaling five sampling points. In total, we located 15 sampling 
points across the test area. The measuring points were standardized at 1 m × 1 m [8]. 

3. Results 
3.1. Spatial Distribution of Residual Film in the Soil 

A total of 5349 residual membranes were collected in the study and their size was ana-
lyzed (Figure 2). The surface area of the collected residual film fragments ranged from 0.25 
cm2 to 109 cm2. Among them, the residual film fragments with a surface area of 0.17–10 cm2 
showed the widest distribution range, visible in soil of 0–30 cm depth. Residual film frag-
ments with a surface area of 10–20 cm2 existed in the 0–20 cm soil layer, while those greater 
than 20 cm2 occupied the 0–10 cm surface soil layer. 

Figure 1. Location map and soil profile residual film in the study area: (a) farm location map;
(b) satellite map of the residual mulch survey study area at the farm; (c) the presence of residual film
in soil profiles; and (d) collected residual mulch of various sizes.

2.2. Experimental Design and Soil Sampling

The experiment was conducted in mid-April 2018 to investigate the distribution
characteristics of residual film in the soil area that had been continuously mulched for
8 years. To observe changes over time, we performed surveys from 2018 to 2020. The
investigations were conducted after harvesting but before plowing. Our study area covered
61 ha. The survey depth was 0–40 cm, divided into four depth layers of 0–10 cm, 10–20 cm,
20–30 cm, and 30–40 cm. We collected residual film longer than 0.5 cm, cleaned it in the
laboratory, air-dried it, and measured its weight and area. The residual film was classified
into six gradient levels based on area: >20 cm2, 20–15 cm2, 15–10 cm2, 10–5 cm2, 5–1 cm2,
and <1 cm2.

To conduct the survey, our sampling areas exceeded the standard of 100 m × 50 m, and
we set up three rectangular sampling plots and divided the midline of each plot into four
sections. We randomly selected two diagonal units from the four sections as the survey area.
The 5-point sampling method was employed to select the measurement points. Starting
from the diagonal points, we randomly chose four additional spots within a length of 1/4
to 1/8 of the diagonal length, totaling five sampling points. In total, we located 15 sampling
points across the test area. The measuring points were standardized at 1 m × 1 m [8].

3. Results
3.1. Spatial Distribution of Residual Film in the Soil

A total of 5349 residual membranes were collected in the study and their size was
analyzed (Figure 2). The surface area of the collected residual film fragments ranged from
0.25 cm2 to 109 cm2. Among them, the residual film fragments with a surface area of 0.17–
10 cm2 showed the widest distribution range, visible in soil of 0–30 cm depth. Residual film
fragments with a surface area of 10–20 cm2 existed in the 0–20 cm soil layer, while those
greater than 20 cm2 occupied the 0–10 cm surface soil layer.
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Figure 2. Characteristics of residual mulching film distribution in farmland soil after 8 consecutive
years of mulching (note: The gray circle represents the residual film fragments. The square blocks are
the average size of the residual film fragments in the soil layer at a depth of 10 cm).

The highest residual quantity of agricultural mulch film fragments was observed in the
soil layer at a depth of 0–10 cm, with a value of 17.04 kg·ha−1. As the soil depth increases,
the residual quantity of agricultural mulch film drops sharply, with the residual quantity in
the soil layer at a depth of 10–20 cm being 4.03 kg·ha−1. This value is significantly lower
than the residual quantity of agricultural mulch film at a depth of 0–10 cm. When the soil
depth reaches 30 cm, the residual quantity of agricultural mulch film becomes negligible,
with it measuring only 0.37 kg·ha−1.

Furthermore, the study discovered that 61.89% of the residual film fragments were
distributed in the soil layer at a depth of 0–10 cm, while 33.96% were distributed at a depth
of 10–20 cm, and 4.43% were found at a depth of 20–30 cm. Short-term film mulching
leads to a substantial accumulation of residual film in the topsoil. In the 0–10 cm soil layer,
the number of residual film fragments can reach 2.176 ± 0.184 × 106 p·ha−1 (pieces per
hectare). Conversely, the number of residual film fragments in the 10–20 cm and 20–30 cm
layers were significantly lower, measuring 1.194 ± 0.145 × 106 p·ha−1 and 1.56 ± 0.181 ×
105 p·ha−1, respectively.

3.2. Temporal Distribution of Residual Film in the Soil

The experiment, conducted over a period of 3 years, studied the changes in the residual
quantity of different-sized film residues in the soil over time without adding new mulch
film. Overall, the residual quantity of agricultural mulch film in the surface soil (0–40 cm)
decreased from 21.44 kg·ha−1 in 2018 to 20.39 kg·ha−1 in 2020. The average annual decline
rate of the residual quantity of agricultural mulch film was only 0.525 kg·ha−1. The residual
quantity of large-sized agricultural films (>20 cm2) in the soil consistently decreased over
time, from 7.96 kg·ha−1 to 5.42 kg·ha−1 (Figure 3). The residual quantity of films sized
10–15 cm2 and 15–20 cm2 displayed a consistent pattern of decrease followed by an increase.
Among them, the residue of 10–15 cm2 residual film showed no significant change, whereas
the residue of 15–20 cm2 film showed a significant decrease from 3.32 kg·ha−1 in 2018 to
1.45 kg·ha−1 in 2019. As for residual film fragments ranging from 5 to 10 cm2 in size, their
residual quantity increased initially and then decreased over time, showing a significant
change (p < 0.05), and the residual quantity in 2020 increased by about 35% compared with
2018. It is worth noting the changes in the residual amount of smaller film residues over
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time. As time goes on, there is a significant increasing trend (p < 0.05) in the small residual
film fragments within the 1–5 cm2 range, with an approximately 28% increase in residues
in 2020 compared to 2018. However, the residue of the smallest film fragments (<1 cm2)
gradually decreases over time, and the change is not significant.
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Figure 3. Distribution density of large and small residual film fragments in soil profiles over time
(note: Different lowercase letters within the same column indicate significant differences at p < 0.05).

The number of residual film fragments exhibited a generally increasing trend from
2018 to 2020. Specifically, the average growth rate from 2018 to 2020 was 2.13 × 105 p·ha−1.
The research findings revealed that in the absence of new low-density polyethylene plastic
mulch injection into the soil, the residual film of various sizes displayed a complex tem-
poral pattern. However, the relative proportion of large residual film (>20 cm2) (i.e., the
occurrence frequency of residual film fragments relative to the total number of residual
film fragments) increased annually (Figure 4). Its share increased from 3.7% in 2018 to 4.1%
in 2020. The relative proportions of residual film fragments in the size ranges of 10–15 cm2

and 15–20 cm2 showed a trend of initially decreasing and then increasing. In 2020, they
decreased by 4.50% and 1.01%, respectively. The pattern of variation for the 5–10 cm2 range
was the opposite, showing an initial increase followed by a decrease. In 2020, it increased
by 2.29%. Among them, the relative proportion of residual film fragments in the 10–15 cm2

size range exhibited a larger magnitude of change over time. The relative proportion of
fragments in the 1–5 cm2 size range constituted the highest percentage, accounting for
45–49% of the fragment count, and their number proportion continued to increase over
time, eventually increasing by 4.23%. The relative proportion of residual film fragments
in the size range of <1 cm2 ranked second to the 1–5 cm2 components, with a relative
abundance of 25% to 29%. However, over time, the proportion showed a downward trend,
eventually decreasing by 5.41%.
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3.3. Temporal Variation in the Vertical Distribution of Residual Film in the Soil

The spatial distribution characteristics of residual film fragments of different sizes
are consistent, decreasing with increasing soil depth regardless of the variation over time
(Figure 5). After continuous mulching for 8 years, the number of the two smaller residual
film fragments (<1 cm2, 1–5 cm2) in the 0–10 cm soil layer reached 56.6 ± 4.73 × 104 p·ha−1

and 95.0 ± 6.46 × 104 p·ha−1, respectively. As the soil depth increased, the number of these two
small fragments decreased exponentially. In the soil at a depth of 30 cm, the number decreased
to 5.60 ± 0.75 × 104 p·ha−1 and 8.81 ± 0.73 × 104 p·ha−1, respectively. After the input of new
plastic films into the soil was discontinued, the accumulation of these two smaller residual film
fragments in the deep soil became more evident over time. By 2020, their number in the 30 cm
soil layer accumulated to 8.4 ± 1.69 × 104 p·ha−1 and 14.2 ± 2.08 × 104 p·ha−1, respectively.
This can be attributed to two reasons: the downward transport of small film fragments and
the decomposition of larger fragments in deeper soil layers.
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Figure 5. Distribution of the number of large and small residual film fragments in soil profiles over
different years.

The number of medium-sized residual film fragments (5–10 cm2 and 10–15 cm2) in the
0–10 cm soil layer was 17.2 ± 2.27 × 104 p·ha−1 and 19.0 ± 3.41 × 104 p·ha−1, respectively.
As the soil depth increased, the decrease in the number of these two groups of small
fragments became more pronounced. In the soil at a depth of 30 cm, the number of residual
film fragments of size 5–10 cm2 decreased to 1.2 ± 0.58 × 104 p·ha−1, while fragments of
10–15 cm2 in size did not appear in the 30 cm depth soil layer. The variation in these two
medium-sized residual film fragments was more complex across different soil layers over
time. However, over the entire time period, the quantity of 5–10 cm2 fragments increased
in the 0–30 cm soil layers, with the most stable increase observed in the 20–30 cm soil layer,
from 1.2 ± 0.58 × 104 p·ha−1 in 2018 to 3.6 ± 0.81 × 104 p·ha−1 in 2020. Additionally, in
2019, there was a significant increase in the number of 5–10 cm2 residual film fragments
in the 0–10 cm soil layer, followed by a substantial decrease in 2020. However, in the
10–20 cm depth soil layer of the same year, there was no significant increase in the number
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of fragments of the same size, indicating the occurrence of fragmentation and degradation
of the 5–10 cm2 fragments over a two-year period.

The quantity of 15–20 cm2 residual film fragments showed a decreasing trend in the
0–10 cm soil layer and an increasing trend in the 10–20 cm soil layer over time. The increase
in the 10–20 cm soil layer was more evident, from 5.8 ± 0.66 × 104 p·ha−1 in 2018 to
11.8 ± 1.28 × 104 p·ha−1 in 2020. It is noteworthy that in 2020, 15–20 cm2 residual film
fragments were found in the 20–30 cm soil layer. The decrease and increase in the quantity
of medium-sized residual film fragments can be attributed to their downward migration
and the replenishment of larger fragments. The accumulation of these fragments in the
10–20 cm soil layer over time indicates a certain degree of downward migration.

The larger groups of residual film fragments, 15–20 cm2 and >20 cm2, were mainly
found in the 0–10 cm soil layer, with the numbers reaching 17.2 ± 2.27 × 104 p·ha−1 and
19.0 ± 3.41 × 104 p·ha−1, respectively. The quantity of 15–20 cm2 residual film fragments in the
10–20 cm soil layer increased from 3.2 ± 0.37 × 104 p·ha−1 in 2018 to 9.0 ± 1.22 × 104 p·ha−1

in 2020. The quantity of >20 cm2 fragments in the 0–10 cm soil layer showed a trend
of initially increasing and then decreasing over time, with a small magnitude of change.
Furthermore, it is worth noting that in 2020, residual film fragments (>20 cm2) were found
in the 10–20 cm soil layer, indicating a direct correlation with human tillage activities.

4. Discussion

According to the data from the 2010 National Pollution Source Census Bulletin, the
average residue quantity of agricultural mulch film in China is 59.79 kg·ha−1. In 2015,
Bai et al. found that the average residual quantity of agricultural mulch film in the Inner
Mongolia Autonomous Region was 84 kg·ha−1 [25]. The Chinese national standard for
limiting the residue quantity of agricultural mulch film is 75 kg·ha−1 [10]. In 2018, our study
found that the average residual quantity of agricultural mulch film in the experimental
site was 21.44 kg·ha−1, which is lower than the national and regional averages, as well as
the standard limit. This could be attributed to the relatively short duration of continuous
film covering in the experimental site, which was only 8 years. Investigation and research
conducted by Jinzhou C in the southern plain, where the average film covering period was
also 8 years, revealed a similar residue quantity of agricultural mulch film at 28 kg·ha−1,
validating our research findings [26]. Additionally, the investigation results of many studies
show that a large proportion of the residue is distributed in the soil at depths of 0–10 cm,
ranging from 70% to 90%, with the remaining residue distributed in the soil at depths of
10–30 cm [9,27], which is consistent with our research findings. It is worth noting that the
residue levels in cotton fields investigated in Xinjiang are higher than in other regions. For
example, the residue in the 20–30 cm soil layer in cotton fields in Shihhotze, Xinjiang, has
reached 20.00 kg·ha−1 [28], which is much higher than the residue quantity of agricultural
mulch film at the same depth in our research area. This may be due to the longer duration
of film covering in cotton fields in Shihhotze, Xinjiang, with an average covering history of
over 20 years. Moreover, most of the research areas in Xinjiang adopt large-scale machinery
operations, which can cause a deeper tillage depth during plowing, leading to easier direct
infiltration of film fragments from shallow soil into deep soil. In contrast, the film covering
history in our research area is shorter and the tillage depth is shallow (35–40 cm), with a
plowing depth of only 10–15 cm, which can be achieved by ordinary small machinery for
most agricultural operations.

The experiment tracked and investigated the temporal and spatial distribution char-
acteristics of residual film fragments remaining in the soil after no new mulch film was
input. The experimental results showed that over a period of two years, there was no
significant change (p < 0.05) in the residual quantity and number of residual films in the
soil. However, there were differences in the distribution residual quantity and number
of residual films in the soil at depths of 10–30 cm in the second year. This indicates that
the degradation of residual film at the molecular level or its decomposition into smaller
fragments (such as microplastic fragments) is extremely slow over a period of two years.
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This can be attributed to the fact that ordinary polyethylene materials have a degradation
cycle of nearly a hundred years [29]. However, the splitting and vertical migration of
film residues in the soil were more pronounced, especially the changes in the distribution
residual quantity and number of medium and large residual film fragments, which were
highly related to human tillage activities. This is because tillage and other cultivation
activities can cause the inversion of surface soil and subsoil [30].

The research divides the size of the residue film into six ranges and refines the classifi-
cation of residue film size. The main purpose is to explore and identify the decomposition
degree of residue film in the soil under certain mulch duration conditions, as well as the
distribution characteristics of the residue film after decomposition. Currently, most studies
believe that in soil with abundant residue film, the dominant residue film occupies a size
range of 0–25 cm2 or close to 4 cm2 [31–33]. The research results of Xi H showed that large-
and medium-sized film residues predominated in the plow layer, while small-sized film
residues were less common. The former study is more consistent with our experimental
results, while the latter is inconsistent, which may be due to the length of the covering
period, the depth of cultivation, the quality of the film, and the duration of coverage, all of
which can affect the quantity and distribution of residue film fragments in the soil [10,27,34,35].
Further research is needed to investigate the distribution characteristics of residue film fragments
under different agricultural management practices in different regions. In addition, contrary
to our common understanding, the size range of film residues that predominate in terms of
quantity in the soil is not <1 cm2, but rather film fragments with a size range of 1–5 cm2. In
addition, contrary to our common understanding, our experimental results showed that
film residues with a size range of <1 cm2 did not dominate in terms of quantity. Instead, film
residues with a size range of 1–5 cm2 were predominant. During the experimental period
(2018–2020), their quantity was higher than that of other sizes of film residues in both
shallow and deep soil layers. This may be related to the material of the residue film itself,
as its material determines the way it splits and degrades. The enrichment of film residues
in surface soil (0–40 cm) may have a significant impact on soil properties and crop produc-
tion [13]. Therefore, more measures must be taken to improve the recycling efficiency of
mulch film covering and ensure the sustainable development of mulch film agriculture.

In current agricultural production, facing residual film pollution, people have ex-
plored two seemingly feasible methods: developing biodegradable films and using organic
coverings as alternatives to plastic film. However, the results show that biodegradable
films are more expensive than ordinary plastic films in terms of cost and sometimes have
inferior performance [36]. Although organic coverings are environmentally friendly, they
increase labor costs in practical production [37]. Therefore, the most common solution at
present is still to strengthen the recycling of plastic film. However, the problem that arises
from this approach is the low recovery rate of residual film, which is generally believed
to be caused by the thinness of the film that hampers the recycling process [38]. In this
study, a systematic analysis was conducted on the spatio-temporal distribution characteristics
of residual film of different sizes in the soil. The focus of addressing residual film pollution
was shifted from improving recycling methods to understanding the distribution patterns of
pollutants themselves. It is hoped that the insights gained from adjusting the recycling process
to enhance the recovery rate of plastic film can ultimately achieve effective control of residual
film pollution. Additionally, a more important objective is to deepen the understanding of
residual film pollution, help explain other hazards caused by residual film, and lay a theoretical
foundation for further implementing sustainable agricultural development.

5. Conclusions

Using mulch film for 8 consecutive years results in increased accumulation of residual
film fragments in farmland soil. The distribution depth of these fragments can reach up to
30 cm, with sizes ranging from 0.25 cm2 to 109 cm2. The average size, number, and residual
quantity of these fragments decrease consistently with increasing soil depth. When mulch
film usage is discontinued, the residual amount of film in the soil (0–40 cm) decreases at
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an annual rate of only 0.525 kg·ha−1, primarily driven by a decrease in larger fragments
accompanied by smaller ones. This highlights the degradation process of residual film in
the soil. The number of residual film fragments increases during this process, albeit not
significantly, with an average growth rate of 2.13 × 105 p·ha−1. Analyzing the vertical
distribution characteristics over time, we observed a gradual decrease in the density
of residual film in the 0–10 cm soil layer, though not significant. However, there is an
increasing trend in the residual quantity of agricultural mulch film in the 10–20 cm and
20–30 cm soil layers. Over time, a significant accumulation of film fragments occurs in
the 10–30 cm soil layer. Furthermore, in the 0–10 cm soil layer, the residual film is mainly
distributed across all size ranges, with no significant change in quantitative advantages
over the 2-year trial period. Among these, small residual membranes (<1 cm2 and 1–5 cm2)
consistently dominate the study’s time and space, with more pronounced accumulation in
deeper soil layers (>20 cm depth).
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