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Microplastic (MP) pollution is an emerging environmental issue. While it is evident

that human activities are the primary source of MP pollution, the relationship

between land use and MP pollution in rivers requires further study. Using data

from 26 MP monitoring sites in the Chongqing section of the Yangtze River, we

analyzed MP data along with land use and construction data. We improved the

model for the Land Use Intensity Composite Index (LUI) to obtain correlations

between land use and MP pollution. We found: 1) The concentration of

microplastics in surface water (MPsw) in the Chongqing section of the Yangtze

River gradually declined from upstream (central urban section of Chongqing) to

downstream (northeastern section of Chongqing). 2) From 2016 to 2020, MPsw

in the Chongqing section of the Yangtze River decreased by about 7.5-fold. 3)

MPsw in the Chongqing section of the Yangtze River was positively correlated

with the amount of surrounding urban and garden land. When the buffer radius

was 1 km, the correlation coefficient was 0.53 (p < 0.05). With increasing buffer

radius, the correlation between land use and gradually weakened. 4) The LUI was

also strongly correlated with MPsw. The correlation was strongest when the

buffer radius was 1 km, with a correlation coefficient of 0.59 (p < 0.05). At all

buffer scales, microplastics in sediments (MPss) was positively correlated with

village land and arable land . Unlike MPsw, as the buffer radius increased, the

strength of the correlations between land use types and MPss gradually

increased. The LUI was strongly correlated with MPsw . As the buffer radius

increases, the correlation between the two gradually weakens. These results

provide information useful for remediation and reduction of MP in river systems.
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Highlights
Fron
• Microplastics are declining in the Chongqing section of the

Yangtze River.

• There are spatial differences in microplastics in the

Chongqing section of the Yangtze River.

• The correlation between land use and microplastics is

affected by buffer scale.

• Microplastics were positively correlated with urban and

garden areas.
1 Introduction

Water resources cover about 71% of the surface of the earth and

are the main source of water for human life, agriculture, and

development (Bhuvanesh et al., 2022). Due to anthropogenic

influences, surface water resources have become polluted, posing

a threat to human health and aquatic ecosystems (Anas et al., 2019).

Thus, surface water pollution is one of the main global crises faced

by humans. In addition to sulfur dioxide, nitrogen oxides, fine

particles, chemical oxygen demand, ammonia nitrogen, and other

conventional pollutants, new pollutants such as microplastics have

recently been found in surface water resources (Mao R. et al., 2020;

Issaka et al., 2023). Microplastics (MP) are a new type of persistent

organic pollutant with a particle size of<5 mm (Agarwal, 2020;

Lozano and Rillig, 2020; Rillig and Lehmann, 2020). MP are

becoming an increasing focus of research in environmental

science and ecology because of their differences in degradation

and complex interactions with environmental media and other

pollutants, which can directly or indirectly affect aquatic and

terrestrial communities (Bank and Hansson, 2019; Baho et al.,

2021; Hoellein and Rochman, 2021). Microplastics are globally

distributed, and have been documented in the Arctic, Antarctic,

Mariana Trench, Mount Everest, Rhine River, Yangtze River, Seine

River, Columbia River, the Great Lakes of the United States,

Qinghai Tibet Plateau lakes, Qinghai Lake, and many other areas

(Browne et al., 2011; Auta et al., 2017; Ajith et al., 2020; Yuan et al.,

2022). Most research on MP globally has focused on marine

environments (Bakir et al., 2020; Fang et al., 2021; Liu M. et al.,

2021), with research on MP in freshwater environments being

relatively scarce. In fact, the concentration of microplastics in

some inland rivers is much higher than that in the ocean (Luo

et al., 2018). Compared to the marine environment, the inland

freshwater environment is more closely linked to human activities.

Existing research on MP in freshwater environments has mainly

focused on regions such as the middle and lower reaches of the

Yangtze River (Li et al., 2020), and the Pearl River in China (Yan

et al., 2019), while there has been relatively little research on river

MP in more remote areas such as the upper reaches of the

Yangtze River.

Land is a bridge between humans and natural ecosystems, and

changes in land use can affect ecosystems such as the aquatic
tiers in Ecology and Evolution 02
environment, leading to changes in the structure and function of

these ecosystems (Luan and Liu, 2022; Katusiime et al., 2023).

Human activities are the main source of MP production and

therefore, land use changes will inevitably have an impact on MP

pollution (Chen et al., 2021; Wei et al., 2022). Recent studies have

begun to analyze the relationship between land use and MP (Klein

et al., 2015; Barrows et al., 2018). For example, Zhang et al. (2022)

studied the effects of land use on the distribution of soil MP in the

Qinghai-Tibet Plateau. Hao et al. (2022) studied the effects of land

use on the abundance of MP in the Loess Plateau. Guo et al. (2020)

and Bläsing and Amelung (2018) conducted studies on the origins

of MP in soil. Research on factors influencing MP pollution

currently focuses on aspects such as the impact of land use

methods on soil MP; there have been relatively few preliminary

studies of factors influencing river MP. For example, Fan et al.

(2022) and others have conducted preliminary analysis and

research on the factors influencing MP in surface water of the

Xishui River Basin. Research on the relationship between river MP

and land use is also limited. In particular, research on the

relationship between land use intensity and river MP has not yet

been conducted. Here we present research on the relationship

between land use and MP in the aquatic environment at multiple

scales. The results of this research can inform policy

recommendations and future research prospects for better

prevention and remediation of MP pollution in river systems.
1.1 Study area

The Yangtze River is the third longest river in the world, with a

total length of 6,300 km. Previous studies have suggested that the

Yangtze River is the largest source of MP to the ocean (Lebreton

et al., 2017; Mai et al., 2020), but controversy remains (Meijer et al.,

2021). The Chongqing section of the Yangtze River flows through

mountainous and hilly areas at the southern border of the Sichuan

Basin and the Eqian Mountains. The Chongqing section of the

Yangtze River runs from Yangshi Town in Jiangjin District to Peishi

Township in Wushan County, with a total length of about 691 km.

The Yangtze River traverses the territory of Chongqing from west to

east, and flows through 18 districts and counties, including Jiangjin,

Yongchuan, Banan, and Dadukou, with a drainage area of

82,000 km2. With a large population and rapid economic

development, Chongqing is the economic center of the upper

reaches of the Yangtze River, with an urbanization rate of over

70%. These variations in land use provide a suitable area for this

study. The scope of the study area is shown in Figure 1.
1.2 Data sources

We used three main types of data for this study: ① MP

concentrations in surface water and sediments of the Chongqing

section of the Yangtze River collected in 2016 and 2020 were

obtained from Wuhan Botanical Garden, Chinese Academy of

Sciences (Di, 2019; Yuan et al., 2022); ② current land use data for

Chongqing in 2020 were obtained from remote sensing
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interpretation; and ③ building data in 2020 were obtained from a

1:2000 topographic map.
1.3 Methods

1.3.1 Sampling and analysis of river MP samples
Twenty-six sampling sites were selected that were evenly

distributed in the Chongqing section of the Yangtze River,

including urban, suburban, and rural areas. The coordinates of

the sampling points were recorded with a GPS locator. Twenty-five

liters of surface water were collected from each sampling point at a

sampling depth of 1 m, filtered through a 48-mm stainless steel sieve,

and the residue on the filter was rinsed with deionized water into a

50-mL wide-mouth glass bottle. Samples were fixed in 5% formalin

at 4°C prior to laboratory analysis. At the same location, sediment

was collected using a grab sampler, placed in a 1-L glass wide-

mouth bottle, and stored at 4°C. Replicate sample numbers were

established for each sampling point for water and sediment samples.

During the sampling process, all sampling tools and solvents were

isolated from contact with plastic materials at all times to prevent

contamination. All sampling tools were cleaned before each sample

collection (Di, 2019). Water samples were treated with 30% H2O2

for 12 h to dissolve natural organic matter in the water (Liebezeit

and Dubaish, 2012). Each sample was diluted with an appropriate

amount of deionized water and then vacuum-filtered. The filter

membrane was 0.45-mm glass fiber filter paper (GF/F, diameter

47 mm, Whatman). The filter paper was placed in a glass Petri dish,
Frontiers in Ecology and Evolution 03
dried in a 50°C oven, and the material on the film was observed with

a stereoscopic microscope.

Extraction of MP in sediments was conducted using the two-step

density separation method of Nuelle et al. (Nuelle et al., 2014), with a

slight modification. First, 500 g of sediment were placed in a 2-L glass

beaker, 1 L of saturated NaCl solution was added, the mixture was

stirred for 2 min and allowed to settle for 10 min. The supernatant

was passed through a 48-mm stainless steel sieve, the MP on the sieve

were washed into a beaker, and the beaker was covered with tinfoil.

Each sample was extracted three times and the filtered NaCl solution

was recovered. After the first extraction step, the remaining sediment

was collected and transferred to a 500-mL triangular flask; 60% NaI

solution was added to about 3/4 of the volume of the flask. The

mixture was then shaken on a shaker at 200 rpm for 2 min and

allowed to settle for 10 min. After stratification, the supernatant was

treated as in the first step. The shaking and extraction process was

repeated 3 times for each sample and the NaI solution was also

recovered. Finally, the suspension obtained from these two steps was

combined and 30%H2O2 was added to digest natural organic matter.

The subsequent vacuum filtration and drying steps were the same as

for the water samples.

Finally, a digital camera (M165FC, Leica, Germany) was used to

visually inspect the material on the filter paper under a dissecting

microscope. To avoid misidentification and underestimation of

microplastics it is necessary to standardize the plastic particle

selection, following certain criteria to guarantee proper

identification. We visually distinguished plastics according to the

following criteria: no cellular or organic structures are visible, fibers
FIGURE 1

Study area map.
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should be equally thick throughout their entire length, particles

must present clear and homogeneous colors, and if they are

transparent or white, they must be examined under high

magnification and a fluorescence microscope (Hidalgo-Ruz et al.,

2012). During observation of the MP, the concentration of MP in

each sample was recorded. The MP concentration for surface water

samples was calculated as the number of MP per m3 (n/m³). The

concentration of MP in sediments was calculated as the number of

MP per kg (n/kg wet weight).

1.3.2 Redundancy analysis
Redundancy analysis (RDA) models were used to study the

ability to explain the MP concentrations based on land use. The

RDA models were tested using the Monte Carlo method (500

random samples) along with the significance of the RDA analysis

results. In gradient sorting calculations, RDA and canonical

correspondence analysis (CCA) can be used for linear or single

peaks, respectively. Generally, de-trend correspondence analysis

(DCA) is used to determine the maximum values of the gradients

along four axes before gradient sorting. If the gradient is short (≤3),

linear fitting is better; i.e., the RDA linear model method is more

suitable for sorting. If the gradient is long (≥4), the single-peak

model fits better and the CCA single-peak model is more suitable. If

the gradient is between 3 and 4, both methods are applicable (Jan

and Petr, 2003). The general RDA calculation formula is:

Rd(X;Wk) =
1
po

p

j=1
r2(Xj,Wk)(k = 1, 2,⋯, r)

Rd(Y ;Vz) =
1
qo

p

j=1
r2(Yj,Vz)(z = 1, 2,⋯, r)

where (X;Wk) and (Y;Vz) are two sets of standardized variables for

X- and Y-extracted components, respectively. The ecological analysis

software Canoco (v.5) was used to analyze the relationship betweenMP

concentration and land use in the Chongqing section of the Yangtze

River. The correlation between the two in the sorting chart of the RDA

analysis is represented by the cosine of the angle between the arrows.

The larger the cosine value, the greater the correlation between the two.

A longer arrow line indicates that that type of land use has a greater

influence on the abundance of MP than shorter arrow lines.
1.3.3 Improved comprehensive index model of
land use intensity

Land-use intensity composite index models are used to measure

the extent to which human activities affect land use patterns. Based

on relevant research (Zhuang and Liu, 1997; Brown and Vivas,

2005; Chen and Lin, 2013; Chen et al., 2015; Ge and Yue, 2016), the

standard method was improved to support the study environment

and goals. Using the previous method, land use intensity was

divided into four levels according to land use type: other land

(corresponding to bare land); woodlands, grass, and water

(corresponding to woodlands, grasslands, and water); agricultural
Frontiers in Ecology and Evolution 04
land (corresponding to arable lands, gardens); and developed land

(corresponding to towns, villages, industrial mines, and

transportation infrastructure) with intensity classification indices

of 1, 2, 3, and 4, respectively. Considering that the intensity of

developed land varies greatly, this level should be further broken

down to provide greater objectivity and reflect realistic conditions.

Therefore, in this study, developed land was further refined into

three grades based on the actual proportion of developed land. For a

volume ratio ≤ 1, the intensity classification index was set to 4; for

1< volume ratio ≤ 3, the intensity classification index was set to 5;

and when the volume ratio was > 3, the intensity classification index

was set to 6. Therefore, in this study, the land use intensity

classification index was established as 1, 2, 3, 4, 5, and 6 in

increasing order. Since there may be a variety of land use patterns

in each region, the comprehensive index of land use intensity (LUI)

was used to reflect the intensity of land use, with the following

formula:

LUI =o
n

i=1
Ai •

Si
S

where LUI is the comprehensive index of land use intensity for

the sampling area, Ai is the grade i land use intensity classification

index for the sampling area, Si is the area of grade i land use in the

sampling area, S is the total area in the sampling area, and n is the

number of land use intensity grades.
2 Results

2.1 MP concentrations in the Chongqing
section of the Yangtze River

The average concentration of microplastics in surface water

(MPsw) in the Chongqing section of the Yangtze River was 4807 ±

2706n/m³, gradually decreasing from upstream (Chongqing central

city section) to downstream (northeast section of Chongqing). The

average MPsw in the central urban section of Chongqing was 6811 ±

3101 n/m³, in the northeast section of Chongqing was 3564 ±

1640n/m³, and in the central urban area was about twice that of

the northeastern section of Chongqing. The highest MPsw was

located at the SP7 sampling site in Nan’an District, while other

relatively high concentrations were present at the Changshou SP10

sampling site and the Fuling SP13 sampling site. There was a clear

turning point at the SP14 sampling site in eastern Fuling, where the

MPsw changed from high to low (Figure 2).

The average concentration of microplastics in sediments (MPss)

in the Chongqing section of the Yangtze River was 84.9 ± 61 n/kg,

gradually increasing from upstream (central urban section of

Chongqing) to downstream (northeastern section of Chongqing).

The average MPss in the central urban area of Chongqing was 45.4 ±

28 n/kg, in the northeastern section of Chongqing was 89.6 ± 69 n/kg,

and the northeastern section of Chongqing was about twice that of

the central urban section of Chongqing (Figure 2).
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2.2 Trends in MP concentration in the
Chongqing section of the Yangtze River

In recent years, levels of MPsw pollution in the Chongqing

section of the Yangtze River have been improving. From 2016 to

2020, the MPsw of the Chongqing section of the Yangtze River

decreased by about 7.5 times. In 2016, the average MPsw in the

Chongqing section of the Yangtze River was 4700 ± 2605 n/m³ and

had declined to 623 ± 265 n/m³ by 2020. Subregionally, MPsw in the

central urban section of Chongqing improved more than

the northeast section of Chongqing. From 2016 to 2020, MPsw in

the central urban section of Chongqing fell from 6227 ± 2889 n/m³

to 589 ± 243 n/m³, a decrease of about 10.6 times. From 2016 to

2020, MPsw in the northeast section of Chongqing fell from 4016 ±

1876 n/m³ to 705 ± 271 n/m³, a decrease of about 5.7 times. Judging

from this data comparison, the central urban section of Chongqing

has received better treatment or source control of MP.
2.3 Composition of land use types at
different scales

Previous studies have shown that the land use from 100 to

2000 m from the shoreline is significantly correlated with the water

quality of the river (Duan et al., 2017; Xu et al., 2017; Xiang et al.,

2018). Combined with the width of the Yangtze River, buffer radii of

1 km, 1.5 km, and 2 km from the sampling points were selected for

this study. ArcGIS 10.3 software was used to plot circles with buffer

radii of 1 km, 1.5 km, and 2 km around each sampling point. The

three buffer ranges were superimposed on the land use maps and

land use data within the three buffer ranges around each sample

were obtained. The field fusion tool was used to combine the land

use data for different sampling points to ensure that there was only

one record for each land type within the buffer range of each

sampling point. Finally, the attribute sheet records for the sampling

points were exported to Excel and Origin for sorting and

statistical analysis.

When the buffer radius was 1 km, the proportion of towns,

villages, roads, and arable land was small, and that of woodland,

grassland, bare land, and garden land was large. When the buffer

radius was 2 km, the proportion of towns, villages, roads, and arable

land was large, and that of woodland, grassland, bare land, and

garden land was small.
Frontiers in Ecology and Evolution 05
When the buffer radius was 1 km, water area accounted for

62.9% of the total, followed by urban land at 21.8%. Sampling points

SP4, SP5, SP6, and SP7 were located in the central urban section of

Chongqing in the main stream of the Yangtze River, so the

proportion of urban land use was relatively high. In addition,

SP10 and SP20 were located in the Changshou urban section and

the Wanzhou urban sec t ion o f the Yangtze R iver ,

respectively (Figure 3).

When the buffer radius was expanded to 1.5 km, the

proportions of all types of land uses other than water areas

increased. Among these, the proportions of urban land and arable

land increased significantly, by 7.25% and 4.13% respectively, and

the proportion of water areas decreased by 17.5% (Figure 4).

When the buffer radius was expanded to 2 km, the proportions

of all types of land use except water areas continued to increase, but

the increase was small, on average about 1%, indicating that the

proportions of all types of land uses were stabilizing (Figure 5).
2.4 Composite index of land use intensity
at different scales

The land use type takes into account both the land type and the

spatial structure of the land, while the LUI is a measure of the degree

of land transformation. The focus of the two are not the same. To

calculate the optimized comprehensive index model of LUI, the
FIGURE 3

Land types within a 1-km buffer radius.
FIGURE 2

MP concentrations in the Chongqing section of the Yangtze River.
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same three buffer scales were used (Figure 6). We found that with

expansion of the buffer radius, the LUI also gradually increases. This

is because as the buffer radius expands, the proportion of developed

land use gradually increases. Overall, from the upper reaches of the

Yangtze River (central urban section of Chongqing) to the lower

reaches (northeast section of Chongqing), the LUI gradually

declined. The LUI was highest near the SP4 sampling site located

in Longzhou Bay, in the central city of Chongqing. The LUIs for SP4

within buffer radii of 1 km, 1.5 km, and 2 km were 3.23, 3.53, and

3.55, respectively. The LUI was lowest near the SP25 sampling site

in Fengjie. The LUIs for SP25 within the buffer radii of 1 km,

1.5 km, and 2 km were 2.09, 2.36, and 2.4, respectively.
2.5 Correlation between land types and
MP concentrations

At all buffer scales, MPss was positively correlated with village

land and arable land. With increasing buffer radius, the strength of

the correlation between land use types and MPss gradually

increased (Figure 7). When the buffer radius was 1 km, MPsw

was positively correlated with urban land, roads, gardens,

woodlands, and bare land. When the buffer radius was 1.5 km,

MPsw was positively correlated with urban land, roads, gardens,

and woodlands (Figure 8). When the buffer radius was expanded to

2 km, MPsw had a weak positive correlation with urban land, village

land, and gardens (Figure 9).

Redundancy analysis showed that as the radius of the buffer

zone increased, the difference in interpretation rates among

different land types gradually decreased. When the buffer zone

radius was 1 km, the difference in the interpretation rate of land

type on MP concentration was up to 17%. When the buffer radius

was 1.5 km, the difference was 11.2%, and when the buffer radius

was 2 km, the difference was 7.2% (Figures 10–12).

When the buffer radius was 1 km, the correlation between the

LUI and MPsw was strongest at 0.59 (p< 0.05). At all buffer scales,

there was no significant correlation between the LUI and MPss

(Figure 13). When the buffer radius was 1 km, the LUI
FIGURE 5

Land types within a 2-km buffer radius.
FIGURE 4

Land types within a 1.5-km buffer radius.
FIGURE 6

LUIs within different buffer radii around MP sampling sites.
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interpretation rate for the MP concentration was highest, at

18.9% (Figure 14).
3 Discussion

3.1 Characteristics and origin of MP
concentrations in the Chongqing section
of the Yangtze River

The MPsw in the Chongqing section of the Yangtze River

gradually decreased from upstream (central urban section of

Chongqing) to downstream (northeast section of Chongqing).

There was a clear transition at the SP14 sampling site in eastern

Fuling (Figure 2), where MPsw changed from high to low. These
Frontiers in Ecology and Evolution 07
results are largely consistent with those of Zhang et al. (2022). The

reason for this phenomenon may be that the SP1–SP13 sampling

sites were generally located in the central urban areas of Changshou,

Fuling, etc. These regions have relatively developed economies and

are densely populated, and plastic products are used relatively often.

The SP15–SP26 sampling sites were mainly located in the

northeastern region of Chongqing. The level of social and

economic development there is relatively low and the use of

plastic products is relatively low. We found that there is a clear

negative correlation between MPss and MPsw for sampling sites

SP1–SP13 (central urban area, Changshou, Fuling section). The

data for MPss and MPsw for sampling sites SP14–SP26

(northeastern section of Chongqing) had a weaker negative

correlation. Moreover, MPss at the SP1–SP13 sampling sites

(central urban area, Changshou, Fuling section) was generally

lower than at the SP14–SP26 sampling sites (northeastern

Chongqing section). The SP1–SP13 sampling sites (central urban

area, Changshou, Fuling section) were located in the upper reaches

of the Yangtze River; the MP discharged into the surface water of

this area of the Yangtze River may be carried by surface flow

downstream to areas such as the SP14–SP26 section (northeastern

section of Chongqing). MPsw sink during downstream transport

when combined with other minerals and organic matter and MP

that are ingested by aquatic biota also sink when excreted. Previous

studies have found that more than half of MPsw sinks to the

riverbed (Choy et al., 2019; Kane et al., 2020; Pohl et al., 2020). In

addition, MP in the river will also migrate into the sediments

through Brownian diffusion and gravity sedimentation (Li et al.,

2019; Wong et al., 2020). As a result, MPsw originating upstream

may become MPss downstream, consistent with the studies cited

above. Therefore, MPsw in the SP1–SP13 section (central urban

area, Changshou, Fuling section) was high, while MPss was low.

Conversely, MPsw was low in the SP14–SP26 section (northeast

section of Chongqing), while MPss was relatively high.
FIGURE 7

Correlation analysis of land types and MP concentrations within a 1-km buffer radius.
FIGURE 8

Correlation analysis of land types and MP concentrations within a
1.5-km buffer radius.
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3.2 Effects of land use types on the
concentration of MP in the river at
different scales

Origin (v. 2022) software was used to analyze correlations

between land use types and MP concentrations at various buffer

ranges and scales. At all buffer scales, MPsw was positively

correlated with urban and garden land, and negatively correlated

with arable land. Urban land with intensive human activity

increases the concentration of MP, consistent with previous

studies (McCormick et al., 2014; Mao R. et al., 2020; Nguyen

et al., 2021). Townsend et al. (2019) also found that the

concentration of MP is positively correlated with the level of

urbanization in watersheds. As the buffer radius increases, the

strength of the correlation between land use and MPsw gradually
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decreases and the number of land use types that are directly

correlated with it also gradually decreases (Gu et al., 2019). In the

present study, five types of land use were directly correlated with

MPsw with a 1-km buffer radius, four types with a 1.5-km buffer

radius, and three types with a 2-km buffer radius.

At all buffer scales, MPss was positively correlated with village

land and arable land (Li et al., 2022). Unlike MPsw, as the buffer

radius increased, the strength of the correlations between land use

types and MPss gradually increased (Figure 7).

When the buffer radius was 1 km, MPswwas positively correlated

with urban land, roads, gardens, woodland, and bare land, consistent

with (Mao Y. et al., 2020). The correlation coefficient for urban land

was strongly positive (0.53, p< 0.05), while the remaining land types

had weak positive correlations (Figure 7). Village land and arable land

had weak negative correlations with MPsw. There was no obvious

correlation between MPsw and grasslands. The results of this study

are similar to those of Hong et al. (2016), who found that water

pollution was positively correlated with urban land and arable land

and negatively correlated with grasslands. MPss was positively

correlated with village land, roads, and arable land. The correlation

with village land was moderately positive (0.44, p< 0.05). MPss had

weak negative correlations with urban land (−0.27, p< 0.05),

woodland (−0.1, p< 0.05), grasslands (−0.13, p< 0.05), and bare

land (−0.16, p< 0.05). There was no significant correlation between

MPss and gardens.

When the buffer radius was 1.5 km, MPsw was positively

correlated with urban land, roads, gardens, and woodland,

consistent with (Townsend et al., 2019). Among these, MPsw had

moderate positive correlations with urban land (0.4, p< 0.05) and

roads (0.32, p< 0.05), while the other land types had weak positive

correlations (Figure 8). There was a weak negative correlation

between arable land and MPsw and no obvious correlations

between MPsw and village land, grasslands, or bare land. MPss
FIGURE 9

Correlation analysis of land types and MP concentrations within a 2-
km buffer radius.
FIGURE 10

Redundancy analysis of land types and MP concentrations within a
1-km buffer radius.
FIGURE 11

Redundancy analysis of land types and MP concentrations within a
1.5-km buffer radius.
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was positively correlated with village land, roads, arable land,

gardens, and bare land. The correlation was moderately positive

for bare land (0.37, p< 0.05) and arable land (0.3, p< 0.05). MPss

was negatively correlated with urban land (−0.33, p< 0.05). There

were no significant correlations between MPss and woodlands

or grasslands.

When the buffer radius was expanded to 2 km, MPsw had weak

positive correlations with urban land (0.29, p< 0.05), village land

(0.15, p< 0.05), and gardens (0.13, p< 0.05). MPsw had weak

negative correlations with roads (−0.14, p< 0.05), arable land

(−0.11, p< 0.05), and grasslands (−0.25, p< 0.05), consistent with

(Hong et al., 2016). No significant correlations between MPsw and

woodland or bare land were found (Figure 9). MPss was positively

correlated with village land, arable land, gardens, and bare land;

correlations were moderately strong for bare land (0.41, p< 0.05)

and arable land (0.35, p< 0.05). MPss was negatively correlated with
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urban land (−0.33, p< 0.05), which may be due to effects such as

sediment migration, gravity settlement, and adhesion settlement as

MP migrate from urban to rural areas of the river (Li et al., 2019;

Wong et al., 2020). There were no significant correlations between

MPss and roads, woodland, or grasslands.

Based on the correlation analysis, redundant analysis methods

were further used to explain and analyze the concentration of MP

with multi-scale land use types (Figures 10–12). When the buffer

radius was 2 km, the land use type best explains the concentration of

MP, with an explanation rate of 46.4%. When the buffer radius was

2 km, the proportion of each land use type was relatively balanced,

which can comprehensively explain changes in the concentration of

MP by land use type (Liu C. J. et al., 2021). With increasing buffer

radius, differences in the interpretation rates of the various land use

types gradually decreased. When the buffer radius was 1 km, land

use types had interpretation rates for MP concentration that

differed by as much as 17%. When the buffer radius was 1.5 km,

the difference was 11.2%, and when the buffer radius was 2 km, the

difference was 7.2%. For all buffer radii, urban land had the highest

explanation rate for MP concentrations, consistent with the

conclusions of the correlation analysis. Urban populations

intensively produce and use the most plastic products, so more

MP are released. Village land and bare land also had high

explanation rates for MP concentrations. Village populations are

also relatively active and produce a fair amount of plastic products.

The high explanation rate for MP concentrations by bare ground is

because it is generally used to store garbage containing large

amounts of plastic waste, which is a major source of MP.
3.3 Effects of land use intensity on fluvial
MP concentrations at different scales

At all buffer scales, the LUI was strongly correlated with MPsw

(Figure 13). As the buffer radius increases, the correlation between

the two gradually weakens (Zeng et al., 2022). In this analysis,
FIGURE 13

Correlation analysis of LUIs and MP concentrations at several buffer
scales.
FIGURE 14

Redundancy analysis of LUIs and MP concentrations at several buffer
scales.
FIGURE 12

Redundancy analysis of land types and MP concentrations within a
2-km buffer radius.
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when the buffer radius was 1 km, the correlation between the two

was strongest at 0.59 (p< 0.05). When the buffer radius was 1.5

km, the correlation coefficient was 0.48 (p< 0.05) and when the

buffer radius was 2 km, the correlation coefficient was 0.43 (p<

0.05). There was no significant correlation between the LUI and

MPss at any buffer scale. Thus, the LUI had a greater impact on

MPsw than on MPss.

Further using the redundancy analysis method, a multi-scale

LUI interpretive analysis of MP concentrations was conducted

(Figure 14). When the buffer radius was 1 km, the LUI

interpretation rate for the MP concentration was highest at

18.9%. When the buffer radii were 1.5 and 2 km, the LUI

interpretation rates for the MP concentration were low, 4%

and 4.7%, respectively. Thus, the LUI within a buffer radius of

1 km of the sampling site has the strongest impact on

MP concentrations.
4 Conclusions

Using the Chongqing section of the Yangtze River as an

example, we explored relationships between land use and MP

concentrations in water and sediments, with the following

conclusions. 1) MPsw gradually decreased from upstream (central

urban section) to downstream (northeastern section of Chongqing).

2) From 2016 to 2020, MPsw decreased by about 7.5 times overall.

3) MPsw was positively correlated with the proportion of

surrounding urban and garden lands. When the buffer radius was

1 km, the MPsw was most strongly correlated with urban land (0.53,

p< 0.05). As the buffer radius increased, the correlation between

land use and MPsw gradually weakened. 4) The LUI was also

strongly correlated with MPsw, particularly at a buffer radius of

1 km (0.59, p< 0.05).

We also identified an interesting phenomenon. During

migration downstream, MPsw can sink when it binds to other

minerals and organic matter, as well as with the waste of aquatic

organisms that ingest them. MPsw was higher in the upper reaches

of the Yangtze River (central urban section of Chongqing) than in

the lower reaches (northeast section of Chongqing), while the MPss

was lower in the upper reaches than in the lower reaches. The

discovery of this phenomenon suggests howMPmay move through

river systems. In future studies, we will explore whether this

phenomenon also occurs in other rivers.

To our knowledge, this is the first study of the relationship

between the LUI and river MP concentrations, and the first

exploration of the relationship between MP concentrations and

land use in the upper reaches of the Yangtze River. These results

enrich our understanding of the sources and transport of MP in

freshwater environments and provide information useful for

remediation and reduction of MP in river systems.
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