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Microplastic pollution and changes to soil hydraulic characteristics affect the physical properties and functions of
soil; however, knowledge remains limited on how microplastics influence soil hydraulic properties. Nonetheless,
it is important to understand these relationships to maintain soil health and ensure sustainable land use, espe
cially in the current “plastic age.” This case study explored how different particle sizes (20, 200, and 500 μm) and
concentrations (up to 6%) of polypropylene microplastics affect the hydraulic properties of three soil textures
(loam, clay, and sand). The results show that addition of microplastic reduced the saturated hydraulic con
ductivity (Ks) of the three soils by 69.79%, 77.11%, and 95.79%, respectively. These observed adverse effects of
microplastics on the infiltration properties of the three studied soils were influenced by particle size, with larger
particles having the weakest effect. Furthermore, microplastic addition reduced the water retention capacity of
the clay to a greater extent than that of the loam and sand. In the case of clay, the slope of the water characteristic
curve (SWRC) increased significantly, whereas the saturated water content (θs) and residual water content (θr)
curves decreased significantly. Importantly, the interaction between microplastics and soil alters the soil poresize distribution and reduces pore availability. Overall, this case study demonstrates the impact of micro
plastic on the hydraulic properties of different soil textures, which can inform management strategies to mini
mize the adverse effects of microplastic accumulation on yields where plastics are used in agricultural
production.
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1. Introduction
The amount of microplastic (with diameters of <5 mm) in terrestrial
ecosystems far exceeds that in the ocean, as these ecosystems serve as
both a “source” and “sink” of microplastics (Horton et al., 2017). The
widespread use of plastic films in agriculture, wear of automobile tires,
and other human activities utilizing plastics have caused terrestrial
microplastic volumes to rise significantly over the last 50 years (Mbachu
et al., 2021). Plastic films are particularly widespread in Chinese

agriculture, being applied to approximately 19.8 million hectares of
farmland (Liu et al., 2014; Wang et al., 2021). However, current inap
propriate or cost-limited plastic-recycling technologies result in more
bulk and microscopic plastics being landfilled or abandoned in soil
(Brodhagen et al., 2017; Geyer et al., 2017). Bulk plastics gradually form
microplastic particles or fragments after long-term exposure to light,
pyrolysis, and other physicochemical and biological agents (Rillig,
2012). Due to their refractory nature, microplastics can persist in the
environment for hundreds of years, even for millennia, and are
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KeShan County, Heilongjiang

Ansai County, Shaanxi

Yangling County, Shaanxi

Fig. 1. The three study area locations used in this case study (Keshan County, Heilongjiang Province, China, Ansai County, and Yangling County, Shaanxi Prov
ince, China).

considered a persistent pollutant (Wu et al., 2017). Given that they are
small, light, and can easily migrate to the soil environment, micro
plastics are easily mixed in the soil profile via water penetration and
agricultural activities (Machado et al., 2017; Steinmetz et al., 2016).
This may threaten soil function (e.g., water flow and retention, nutrient
cycling, etc.), especially in the case of agricultural soils (Rillig et al.,
2019). Such adverse effects are expected to directly lead to decreases in
soil quality and food crop yields (Bronick and Lal, 2005).
Many studies have found that the accumulation of microplastics
adversely affects the structure and physical environment of the soil. In
particular, microplastics reduce soil bulk density (Qi et al., 2020).
Smaller microplastic particles reduce soil porosity (Jiang et al., 2017)
and aeration more than larger-sized particles (Zhang et al., 2019),
negatively affecting the dynamics of microbial communities and
concurrently reducing soil fertility (Liu et al., 2021). Microplastics also
reduce soil stability by affecting the distribution of soil water-stable
aggregates (Boots et al., 2019; Machado et al., 2019) and impair key
soil functions such as water infiltration. Reductions in soil permeability
also hinder the vertical growth of crop roots, negatively influencing
yields (Wang et al., 2015).
As a key subset of soil physical characteristics, soil hydraulic prop
erties are strongly affected by soil structure (Lai and Ren, 2016), any
changes in which have both direct and indirect effects on other soil
properties and functions, including aeration (Bayabil et al., 2015; Lu
et al., 2004), and water and nutrient absorption (Franzluebbers, 2002).
Water infiltration and retention largely determine soil fertility and the
efficiency of plant nutrient use (Franzluebbers, 2002), which is crucial
for crop production and for obtaining economically viable harvests.
Studies on the effects of microplastics on soil hydraulic properties

confirm that the effects are related to the proportion and size of
microplastics in the soil. For example, as the amount of microplastic in
soil increases, the number of soil micropores declines, reducing the soil
water-holding capacity (Qi et al., 2020). When small microplastic par
ticles are mixed with soil, the pore-size distribution is reduced, which
further reduces the hydraulic conductivity of saturated soils (Zhang
et al., 2019).
In recent years, breakthroughs have been made in the study of the
effects of microplastics on soil ecosystems. However, research has
mainly focused on whether independent changes in microplastic con
centrations or particle size lead to (non) monotonic responses of the soil
environment or function, which may underestimate the overall impact
to a certain extent. A further complication is that in most agricultural
contexts, different quantities and sizes of microplastics often co-exist in
soils (Liu et al., 2018). Indeed, due to both natural and human factors,
the residual quantities and sizes of microplastics in any one area may
vary greatly (Cao et al., 2021; Liu et al., 2018). Therefore, it remains
necessary to determine the varying degrees of influence of microplastic
concentration and particle size on key soil hydraulic properties, partic
ularly in relation to their interactive influence on soil function.
Soil texture may also have an important effect on the influence of
microplastics on soil hydraulic properties. Qi et al. (2020) recently
showed that the addition of microplastics to rough-textured soils
significantly reduced infiltration rates, and this effect was exacerbated
at higher concentrations of microplastics. However, such effects might
vary with soil texture (Abel et al., 2013); for example, it is not found in
typical clay soils (Machado et al., 2018). Therefore, further clarification
is required regarding the effects of microplastics on the hydraulic
properties and function of soils with differing texture to inform
2
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embrittlement temperature of − 35 ◦ C, a melting temperature of 167 ◦ C,
and a hydrophobic parameter calculation reference value (XlogP) of
3.32. As polypropylene is commonly used in agricultural mulching films
and has a high residual concentration in agricultural soils, this type of
plastic was deemed most suitable for these experiments (Liu et al., 2018;
Yang et al., 2021).

Table 1
Soil particle composition, soil organic carbon, and bulk density.
Sampling
site

Soil
texture

Clay
(%)

Silt
(%)

Sand
(%)

SOC
(%)

Bulk density
(g/cm3)

Yangling
Keshan
Ansai

Loam
Clay
Sand

25.42
36.84
2.55

36.7
38.37
2.73

37.88
24.79
94.72

0.67
3.04
0.58

1.16
1.06
1.21

2.3. Experimental design

Clay represents the <0.002 mm size class; Silt represents the 0.02–0.2 mm size
class Sand represents 0.2–2 mm size class; SOC represents soil organic carbon.

The microplastic particles were sieved through 500 (PL), 200 (PM),
and 20 μm (PF) sieves into three particle-size classes. These three size
classes were applied to the experimental soils at 0.5% (C1), 1% (C2), 2%
(C3), 4% (C4), and 6% (C5) soil dry weight to simulate variable residues
in agricultural soils (Cao et al., 2021; Liu et al., 2017; Machado et al.,
2018; Qi et al., 2020; Way et al., 2021; Zhang et al., 2019). Control
samples (0%, CK) were also prepared (see Table S1 for more informa
tion). The manually mixed microplastic soils were placed on a multi
functional shaker (HY-2A, Guohua, China) for 10 min. Control soils were
treated by an equivalent process (shaking) but without microplastics.
Five-liter plastic buckets (16 cm high) were filled with the manually
mixed soil-microplastic material for each combination of soil type and
microplastic particle size and concentration. Compaction operations
were then performed according to the bulk density measurements made
at the three sampling sites (Table 1), and the operating procedure was
the same between all treatments. All treatments were left for one week,
and then, four ring samples were collected from each bucket using a 5cm ring knife for subsequent analysis. The experiment consisted of 192
samples. Specifically, 16 treatments were performed in each study area,
with 4 replicates per treatment.

terrestrial microplastic risk assessments.
In this case study, we sought to clarify how soil texture mediates the
effects of microplastics on soil hydraulic properties. Specifically, the
effects of microplastic particle size and concentration were evaluated
using loam, clay, and sandy soils from northern China. Saturated hy
draulic conductivity (Ks) and water characteristic curves (SWRCs) and
their component parameters (θs, θr) were evaluated as measures of soil
water infiltration and retention. We hypothesized that: (1) microplastics
would reduce the infiltration rate and retention of soil water by the three
studied soils but that the magnitude of this effect varied between soil
textures; and (2) differences in soil mineralogy would cause the change
in hydraulic properties. Overall, our results can inform agricultural
practices by guiding the management of microplastics to minimize
adverse impacts on crop production.
2. Materials and methods
2.1. Study site and sample collection
The study soils were collected in northern China from Yangling
County and Ansai County in Shaanxi and Keshan County in Heilongjiang
(Fig. 1). Notably, there are significant differences in soil texture among
these three regions (Table 1). The loam soil was collected from Yangling
located in the southern part of the Loess Plateau between 107.8 and
108.3◦ E and 34.1–34.5◦ N at an altitude of approximately 418–540 m.
This area is characterized by a warm semi-humid and semi-arid climate
with an average annual temperature of 12.9 ◦ C. The soil in this region is
mainly composed of sand (0.02–2 mm) and silt (0.002–0.02 mm)
(Table 1). The sandy soil was collected from Ansai County in the middle
of the Loess Plateau between 108.5 and 109.26◦ E and 36.3–37.2◦ N at an
altitude of approximately 1,010–1,431 m. The soil here is mainly
derived from loess, with sand-sized particles accounting for >90% of
total soil content. Lastly, the clay soil was collected from Keshan County
in the hinterland of the Songnen Plain between 125.10 and 126.8◦ E and
47.50–48.33◦ N at an altitude of approximately 242 m. The fertile soil in
this area is mainly composed of silt and clay (<0.002 mm).
The soil samples were collected in the three study areas in May 2021.
After on-site observation and consultation with local farmers, the 0–20
cm clean plow layer (susceptible to natural and human disturbance) not
covered with plastic film was selected for sample collection. Ten 5 × 5 m
plots were randomly selected within the three study areas with a 1-m
buffer between each plot. After removal of surface debris, soil samples
(in triplicate) were collected from nine 1 × 1 m quadrats along the di
agonal of each plot using a 5-cm-diameter soil drill to a depth of 20 cm
(Fig. S1). In addition, undisturbed soil cores were collected using a 5-cmdiameter ring knife to determine soil bulk density. The bulk soil samples
were pooled and transported to the laboratory. The air-dried soil sam
ples were subsequently sieved through a 2-mm sieve and stored at room
temperature prior to subsequent tests.

2.4. Soil analyses
2.4.1. Soil saturated hydraulic conductivity (Ks)
The constant head method was used to determine Ks, as described in
Fig. S2 (Klute and Dirksen, 1986). Briefly, each sample was immersed in
a water storage container for 24 h to saturate. Water was then allowed to
flow through the soil column under stable head conditions. Every 30
min, the amount of water flowing through the soil column was measured
and Ks was calculated according to Darcy’s law (Jiang and Shao, 2014):
Ks =

V L
∙
At H

where V/t is the water flow per unit time (mL⋅min− 1); L and A are the
length (cm) and area (cm2) of the soil column, respectively; and H is
head pressure (cm).
2.4.2. Soil water characteristic curves (SWRCs)
Each soil sample was first fully saturated in distilled water for 12 h.
Then, a high-speed refrigerated centrifuge (CR21G III, Japan) was used
to obtain the SWRCs at a temperature of 25 ◦ C (more details in Fig. S3).
Twelve matrix suctions were established (0, − 0.01, − 0.1, − 0.2, − 0.4,
− 0.6, − 0.8, − 1, − 2, − 4, − 6, and − 8 bar). Once equilibrium was
reached, the soil sample was weighed with an electronic balance, dried
in an oven at 105 ◦ C for 24 h, and reweighed. After calculating the
volumetric water content and bulk density at each suction value, the Van
Genuchten model was used to fit the SWRCs (Fu et al., 2019; Van
Genuchten, 1980):
⎧
θs − θr
⎪
⎨ θr +
,h < 0
[1 + |αÂ⋅h|n ]m
θ(h) = f (x) =
⎪
⎩
θs , h ≥ 0

2.2. Microplastic materials

where h represents the negative pressure of soil, which is measured by
H2O (cm); θ(h) represents the volumetric water content (%) of soil under
the corresponding suction, θr is residual volume water content (%), θs is
saturated volume water content (%), α is the reciprocal of the intake air

Commercially available polypropylene particles produced by the
Beijing Zhonglian Company (Beijing, China) were used in these exper
iments. The experimental microplastic had a density of 0.9 g/cm3, an
3

Z. Guo et al.

Environment International 165 (2022) 107293

Fig. 2. The effect of adding microplastics on soil saturated hydraulic conductivity (Ks). Significance on the histogram indicate the effect of adding microplastics of
the same size and different concentration on Ks. The table on the histogram indicate the effect of adding microplastics with the same concentration and different sizes
on Ks. P < 0.05(*) means significant, P < 0.01(**) means extremely significant. CK (white) represents 0%, C1 (light green) represents 0.5%, C2 (green) represents
1%, C3 (grey) represents 2%, C4 (orange) represents 4%, C5 (red) represents 6%. Cool colors (light green and green) represent low levels of microplastics added.
Warm colors (orange and red) represent high levels of microplastics added. C3 is shown in gray. PF represents 20 μm; PM represents 200 μm; PL represents 500 μm.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

value (cm− 1), and n and m characterize the shape of the curve, where m
= 1–1/n (Van Genuchten et al., 1991).

MA, USA). Variation partitioning analysis (VPA) was performed using
the “varpart” function of the “vegan” package in the R software (version
4.1.3) to determine the effect of microplastic properties on the three soil
hydraulic properties. Spearman’s correlation test was used to examine
the correlation between microplastic properties and the three soil hy
draulic properties. Correlation heatmaps were created using the “corr
plot” package in R software (version 4.1.3). Furthermore, using the
“vegan” package in the R software (version 4.1.3), redundancy analysis
(RDA) plotted the contribution of microplastic properties to the three
soil hydraulic properties. To quantify the relative importance of indi
vidual variables (soil texture, particle size, and concentration of
microplastics), the “rdacca.hp” package was used .

2.4.3. Soil properties
Soil organic carbon (SOC) was determined using the H2SO4-K2Cr2O7
method (Nelson and Sommers, 1982). For soil particle analysis, the
samples were pretreated with 6% H2O2 after which 10% HCl was added
to remove oxides and carbonates. The samples were then immersed in
distilled water for 24 h, and once removed from the water, 0.4% Calgon
was used to chemically disperse each soil sample. Subsequently, the
samples were mechanically dispersed in an ultrasonic bath for 5 min.
Finally, a Malvern Mastersizer 2000 laser particle size analyzer (Malvern
Instruments, Malvern, England) was used to obtain particle-size distri
bution curves for each sample (Xiao et al., 2014). Soil bulk density was
calculated based on the inner diameter of the ring knife, sampling depth,
and drying weight of each sample (Wang et al., 2016).

3. Results
3.1. Soil water infiltration
Soil Ks was affected by the concentration of microplastics, and this
effect varied among the soil types (Fig. 2). Adding microplastic signifi
cantly reduced the Ks of the loam (except C1 treatment) by 7.08–69.79%
relative to the CK treatment (P < 0.05; Fig. 2A). In addition, Ks exhibited
a monotonically decreasing trend with increasing microplastic concen
tration (P < 0.05; Fig. 2A; Table S2). With the addition of microplastics,
the Ks decreased by 51.46–77.11% when medium and high concentra
tions (C3-C5) microplastics were mixed into the clay, while C1 (25.35%)

2.5. Data analysis
The effect of microplastic properties (concentration and particle size)
on soil Ks was analyzed using the Kruskal-Wallis test with Dunn’s posthoc test, where P < 0.05 was considered statistically significant, using
SPSS software (version 21.0; IBM Corp., Armonk, NY, USA). “RETC”
software was used to calculate the water characteristic curve parameters
with data visualization using Origin 9.0 (OriginLab Corp., Northampton,
4
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Fig. 3. The effect of adding microplastics of the same size and different concentration on the soil water characteristic curves (SWRCs). PF represents 20 μm; PM
represents 200 μm; PL represents 500 μm. CK (black) represents 0%, C1 (light green) represents 0.5%, C2 (green) represents 1%, C3 (grey) represents 2%, C4 (orange)
represents 4%, C5 (red) represents 6%. Cool colors (light green and green) represent low levels of microplastics added. Warm colors (orange and red) represent high
levels of microplastics added. C3 is shown in gray. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Table 2
Van-Genuchten (V-G) model fitting parameters.
Size (μm)

Concentration (%)

Loam

Clay

Sand

θs (%)

θr (%)

α

n

θs (%)

θr (%)

α

n

θs (%)

θr (%)

α

n

20

0
0.5
1
2
4
6

8.01
4.16
7.20
7.62
7.36
7.04

47.66
47.62
47.43
45.39
47.06
47.06

0.03
0.06
0.03
0.02
0.03
0.03

1.25
1.20
1.24
1.29
1.33
1.32

28.31
27.74
25.44
25.09
14.20
5.12

67.81
64.68
63.16
64.30
60.04
56.76

0.12
0.07
0.06
0.04
0.03
0.05

1.34
1.33
1.22
1.26
1.21
1.15

14.07
4.10
4.86
4.43
3.83
5.63

43.77
33.33
35.88
31.46
30.22
36.19

0.05
0.03
0.03
0.03
0.03
0.04

2.01
2.23
2.37
1.93
2.19
2.49

200

0.5
1
2
4
6

7.63
7.71
7.08
6.06
5.21

45.79
46.93
46.56
45.80
45.61

0.05
0.03
0.03
0.03
0.02

1.26
1.26
1.25
1.29
1.26

28.14
28.99
32.54
32.51
11.99

63.25
64.42
64.69
64.46
57.43

0.10
0.07
0.04
0.04
0.03

1.21
1.22
1.31
1.34
1.18

6.50
5.03
4.76
4.47
4.77

35.88
36.54
35.11
32.46
34.22

0.04
0.03
0.03
0.02
0.04

2.37
2.22
2.43
2.26
2.33

500

0.5
1
2
4
6

6.43
6.42
5.61
4.51
4.02

47.64
46.19
46.06
44.03
44.22

0.04
0.05
0.04
0.04
0.03

1.24
1.21
1.28
1.21
1.24

27.61
27.80
27.73
22.88
22.74

58.64
59.21
58.45
55.80
55.43

0.05
0.10
0.05
0.03
0.02

1.28
1.32
1.18
1.20
1.12

9.87
8.09
5.03
6.60
7.35

38.52
37.43
31.15
34.26
36.87

0.04
0.04
0.04
0.04
0.04

2.62
2.37
2.46
2.15
2.17

20 μm represents PF treatment; 200 μm represents PM treatment; 500 μm represents PL treatment. 0% represents the control; 0.5% represents C1 treatment; 1%
represents C2 treatment; 2% represents C3 treatment; 4% represents C4 treatment; 6% represents C5 treatment. θs (%) represents the saturated volumetric water
content in the parameters of the water characteristic curve. θr (%) represents the residual volumetric water content in the parameters of the water characteristic curve.
α (cm− 1) is the reciprocal of the intake value; n is the parameter characterizing the shape of the curve.

Fig. 4. The effect of adding microplastics with the same concentration and different sizes on the water characteristic curves (SWRCs). PF (orange) represents 20 μm;
PM (gray) represents 200 μm; PL (blue) represents 500 μm; CK represents 0%, C1 represents 0.5%, C2 represents 1%, C3 represents 2%, C4 represents 4%, C5
represents 6%. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and C2 (38.53%) treatments increased the Ks of clay (P < 0.05; Fig. 2B).
Microplastics had the greatest effect on the Ks values of sand, which was
reduced by 50.23–95.79% and showed a monotonic decrease only in PF
treatment (P < 0.05; Fig. 2C; Table S2).
Microplastic particle size also altered the Ks values of the three soils
(Fig. 2). The Ks values of loam soils (except C1 treatment) increased

when the microplastic particle size increased from PM to PL (P < 0.05;
Fig. 2A; Table S3). For the clay and sand, Ks values progressively
decreased with the addition of larger-sized microplastic particles (except
C2 treatment in clay and C3 in sand) (P < 0.05; Fig. 2B-C; Table S3).

6
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Fig. 5. Variation partitioning analysis was
used to determine the relative contribution
of environmental factors to three soil hy
draulic properties. Environmental factors
include soil texture, microplastic particle size
and concentration. Hydraulic properties are
represented by the first component of PCA,
including soil saturated hydraulic conduc
tivity (Ks), saturated water content (θs), and
residual water content (θr). Concentrations
include: 0% (CK), 0.5% (C1), 1% (C2), 2%
(C3), 4% (C4) and 6% (C5). Particle size
include: 20 μm (PF); 200 μm (PM); 500 μm
(PL).

3.2. Soil water retention

negative effect on Ks in loam, followed by θs and θr in loam and clay (P
< 0.05; Fig. 6A). Microplastic particle size had a more negative effect on
Ks in sand and clay, followed by θr in clay, and θs and θr in loam (P <
0.05; Fig. 6A). Particle size had a strong positive effect on θs and θr in
sand (P < 0.05; Fig. 6A). The RDA results further showed that particle
size was the main contributor to the variation of the three soil hydraulic
properties (23.23–44.28%), followed by the concentration (14.68–22%)
(Fig. S4). Compared with concentration (2.89%), soil texture (18.14%)
and particle size (9.64%) played a major role in the response of soil
hydraulic properties to changes in the external environment (Fig. 6B and
C).

The SWRCs and their parameters of the different soil textures
responded differently to microplastic concentration (Fig. 3). The
maximum slopes of the SWRCs of clay appeared for C5 treatment, while
the curve of sand had the smallest slope for C5 (PF) treatment (Fig. 3B
and C). The θs of loam (29.85–68.23%), clay (29.85–72.78%), and sand
(0.6–81.91%) showed an overall decreasing trend with increasing con
centrations of microplastics (except PF treatment in loam, sand and PM
treatmenr in clay) (Table 2). For θr, only loam and clay soils gradually
decreased in PL treatments (Table 2).
Microplastic particle size was also the main factor influencing the
soil water retention capacity (Fig. 4). The slopes of the curve of clay and
sand were greatest for PF treatment (except C1 in clay) (Fig. 4). As the
microplastic particle size was increased, the θs values of loam decreased
(6.61–45.48%), but only appeared in C3-C5 treatments. In contrast, the
θs value of sand increased (3.38–58.46%), while the θs value of clay
increased first and then decreased (Table 2). The variation of θr is
similar to that of θs. As the microplastic particle size was increased, the
θr values of loam decreased (1.05–6.44%), except C1 and C3 treatment.
In contrast, the θr value of sand increased (3.18–13.47%), while the θr
value of clay increased first and then decreased (Table 2).

4. Discussion
4.1. Microplastic concentration alters soil hydraulic properties
Our results show that the infiltration capacity of the studied soils was
inversely proportional to microplastic content (Fig. 2). This supports the
findings of Fu et al. (2019), who reported that foreign organic particle
content significantly altered soil water movement. They concluded that
foreign particles reduced the number of soil pores, negatively influ
encing soil water movement. In general, soil pores influence soil water
conduction (Bronick and Lal, 2005) and respond dynamically to natural
and human disturbances (Badorreck et al., 2012). The incorporation of
microplastics in soils reduces or replaces soil air by occupying the
original pore space (Eibisch et al., 2015) (Fig. 7), which significantly
alters soil hydraulic properties. Infiltration capacity is enhanced by the
presence of continuous large pores (Messing and Jarvis, 1993); when
microplastics are added to soil, the infiltration capacity declines,
possibly because these particles displace pre-existing macropores
(Fig. 7). Consequently, if the concentration of microplastics in soil in
creases, the number of macropores decreases sharply, and the continuity
between pores is hindered (Castellini et al., 2015). This not only reduces
infiltration capacity but also accelerates the evaporation of soil water
and leads to cracking of the soil surface (Wan et al., 2019). Increased soil
moisture and evapotranspiration rates increase crop transpiration while

3.3. Drivers of changes in soil hydraulic properties
Variation partitioning analysis (VPA) results showed that the particle
size and concentration of microplastics explained 14%, 44%, and 27% of
the variability in the hydraulic properties of loam, clay, and sand,
respectively (Fig. 5A–C). Of these, particle size (5–37%) explained most
of the variation in soil hydraulic properties, followed by microplastic
concentration (4–7%) (Fig. 5A–C). Overall, soil texture (20%) and
microplastic size (11%) were important factors in determining changes
in the three soil hydraulic properties (Fig. 5D).
These results were validated by Spearman’s rank correlation and
RDA between microplastic properties and soil hydraulic properties
(Fig. 6). Specifically, the microplastic concentration had a larger
7
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Fig. 6. Associations between soil hydraulic
properties and environmental drivers. (A) Spear
man’s rank correlations of three soil hydraulic
properties with microplastic particle size and
concentration. Red means negative correlation,
blue means positive correlation. Correlation co
efficient >0.8 considered strong correlation,
0.3–0.8 weak correlation, <0.3 no correlation.
(B) Redundancy analysis showing the relation
ship between environmental factors and soil hy
draulic properties. Environmental factors are
represented by open-ended red arrows. Soil hy
draulic properties are indicated by triangles (Δ).
(C) Represents the relative importance of each
variable independently explaining the total
change as quantified by applying the hierarchical
algorithm. Environmental factors were used as
explanatory variables, and soil hydraulic proper
ties were used as response variables. Concentra
tions include: 0% (CK), 0.5% (C1), 1% (C2), 2%
(C3), 4% (C4) and 6% (C5). Particle size include:
20 μm (PF); 200 μm (PM); 500 μm (PL). Ks rep
resents soil saturated hydraulic conductivity, θs
represents saturated water content, and θr rep
resents residual water content. (For interpreta
tion of the references to colour in this figure
legend, the reader is referred to the web version
of this article.)

matter (Dari et al., 2016). However, this does not mean that the addition
of 2% microplastics has no effect on the soil. As the intensity of foreign
interference increases, the negative effects of microplastics will even
tually arise. Furthermore, it is possible that non-monotonic effects
appear in complex soil systems (Dexter, 2004; Machado et al., 2018;
Scheffer et al., 2009).

simultaneously reducing crop rhizomes and inhibiting plant growth
(Machado et al., 2018). Accelerated soil moisture and evapotranspira
tion rates may also play an important role in regional- and global-scale
climate feedbacks (Jung et al., 2010).
In addition to large pores that transport water, micropores are pre
sent in soil that act to retain water (Abel et al., 2013). Typically, as the
abundance of foreign organic particles (of small sizes) increases in soil,
the number of micropores also increases, enhancing water-holding ca
pacity (Ibrahim et al., 2017) (Fig. 7). However, due to the hydropho
bicity of microplastics, they exhibit strong repulsion to water molecules
(Kumar et al., 2020). When microplastics were added, the water-holding
capacity of the study soil decreased. This indicates that the negative
effects of microplastics on soil water-holding capacity exceeded the
positive effects of micropores. In addition, studies have shown that plant
roots can adhere to microplastics in the soil through sticky exudates
(Boots et al., 2019; Cao et al., 2021), resulting in increased microplastic
residues around the root soil. Thus, an increase in the number of soil
hydrophobic particles may have adverse effects on crop growth (Boots
et al., 2019). Given that different soils have different physical properties
(e.g., clay content, aggregate size, and organic matter content), the
negative effects of microplastics on water retention capacity are ex
pected to vary with soil type.
Notably, soil saturated hydraulic conductivity did not show signifi
cant changes at a microplastic concentration of 2% compared to the
other treatments (Fig. 2). This result may be due to the brief hysteresis of
soils when disturbed by a certain concentration of foreign organic

4.2. Microplastic particle size alters soil hydraulic properties
The adverse effects of microplastics on soil water infiltration and
retention were progressively reduced at higher particle sizes (Figs. 2 and
4). Singh et al. (2010) also showed that the interaction between hy
drophobic particles and soil water movement strongly depends on the
size of added particles (Singh et al., 2010). This might be directly
associated with changes in the number of soil pores and the hydropho
bicity of microplastics. For example, small particulate additives can
accumulate in and reduce the number of large pores (Fig. 7), thereby
reducing the hydraulic conductivity. In contrast, Herath et al. (2013)
suggested that when large microplastic particles are mixed into the soil,
they increase water infiltration capacity by increasing the number of
large pores. However, our results show that the positive impact of
macropores on infiltration was exceeded by the negative impact of
microplastics on the filling of soil macropores.
Compared with medium and large microplastic particles, small
particles filling soil micropores have the most distinct effects on soil
hydraulic properties (Zhang and You, 2013), weakening the water
8
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Fig. 7. The concept diagram shows the
various mechanisms by which microplastic
particles affect soil (for detailed explanation,
please refer to the “Discussion” section). We
expect that the influence of these mecha
nisms will vary depending on the type of soil
and the characteristics of the microplastics
(concentration, particle). (A) Represents
loam; (B) represents clay; (C) represents
sand. (A): The solid red (dotted line) circle in
the figure indicates that fine-sized (PF)
microplastic particles (not) occupy the large
pores of the soil; the orange (dotted line)
solid circle indicates that the fine-sized
microplastic particles (not) increase the
number of soil micropores; The green (dotted
line) solid circle represents the new macro
pores (not) added by the large-size (PL)
microplastic particles. (B): The solid red
(dotted line) circle in the figure indicates
that the fine-sized microplastic particles
(not) adhered to the soil particles; the solid
orange (dotted line) circle indicates that the
fine-sized microplastic particles (not)
adhered to the soil aggregates; The yellow
(dotted line) solid circle indicates that the
soil particles (not) are covered by micro
plastics; the green (dotted line) solid circle
indicates that the effective pores (not) are
replaced by invalid pores. (C): The solid red
(dotted line) circle in the figure indicates
that fine-sized microplastic particles (not)
occupy the large pores of the soil; The orange
(dotted line) solid circle indicates that finesized microplastic particles (not) increase
the number of soil micropores; the green
(dotted line) solid circle represents (not)
medium-sized (PM) microplastic particles fill
the large pores of the soil; yellow The solid
circles indicate that the water repellency of the microplastic particles and the mixture particles will delay the wetting. The black one-way arrow indicates the di
rection of water flow, and the two-way arrow represents the water repellency of the microplastics. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

retention effect of affected soil. However, our results differ from those of
Duarte et al. (2019), who found that the addition of small particles
increased the water retention capacity of soil by increasing the specific
surface area of soil. This difference might be attributed to the properties
of the additives, particularly the hydrophobicity of different micro
plastics (Kumar et al., 2020). While small microplastic particles increase
the surface area of soil, they might also increase the hydrophobic surface
area of the “soil-microplastic” mixture. Furthermore, the water repel
lency of microplastic particles in soil and delayed wetting caused by
“mixed particles” causes more air to replace water molecules and remain
in the pore spaces (Glab et al. (2016)) (Fig. 7). As a complex ecosystem,
soil also exhibits complex system responses under the action of different
external sources of pressure (Machado et al., 2018; Zhang et al., 2019).
Therefore, whether an increase in the hydrophobic surface area of a soil
leads to an increase in agricultural irrigation demand and in turn, an
increase in soil nutrient loss, deserves further study.

permeability of such soils, which is more suitable for crop growth (Cao
et al., 2021). However, we found that such positive effects gradually
disappear with increasing microplastic content (Fig. 2B), resulting in
possible detriments to crop growth. With increasing content, micro
plastic particles adhere to soil particles and alter the distribution of pore
sizes in the soil (Glab et al., 2016) by continuously increasing the
diameter of the mixed particles (Fig. 7B).
In addition to adhesion, microplastics reduce the number of micro
pores by interfering with the accumulation of small soil particles (Liu
et al., 2017), thereby reducing soil water retention. At the same time, the
size of aggregates in soil also affects water conduction (Yazdanpanah
et al., 2016), and microplastics affect soil water movement by changing
the size of (micro)aggregates (Glab et al., 2016) (Fig. 7B). Igalavithana
et al. (2017) reported that foreign organic particles interact with soil
particles to alter the hydraulic conductivity of soil by forming new
(micro)polymers. This phenomenon usually occurs in soils with a high
content of small particles (Kimetu and Lehmann, 2010). As the con
centration of microplastics increases (>1%), adhesion among micro
plastics, soil particles, and aggregates may gradually lead to the
“wrapping” of soil particles in microplastics (Fig. 7B). As the proportion
of such packages increases, the degree of interaction between soil par
ticles decreases (Machado et al., 2017), which weakens soil water
conduction.
Finally, in addition to a higher clay content, soils with a higher
organic matter content exhibit stronger adhesion when exposed to water
(Kimetu and Lehmann, 2010). Microplastic particles bind soil particles

4.3. Effect of soil texture on hydraulic properties
We found that microplastics interfered more with water retention in
fine- and coarse-textured soils (Figs. 3 and 4). Barnes et al. (2014)
provided similar evidence, showing that foreign organic particles alter
water movement in different soils in different ways. Fine-textured clay
has good soil structure, with a higher content of fine particles and a large
number of soil micropores (Yazdanpanah et al., 2016). Lowconcentrations of microplastics can increase the porosity and water
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and alter soil water movement by reducing the effectiveness of soil pores
(Eibisch et al., 2015). Specifically, the “ineffective pores” formed by
mixtures of soil and microplastic particles might replace the “effective
pores” formed between soil particles, causing more air to replace the
water in pores, further weakening water permeability (Fig. 7B). There
fore, to minimize the negative impact of microplastic residues on agri
cultural soil function, it is necessary to conduct a background
investigation on the content of microplastics in selected soils before
carrying out agricultural activities such as tillage and irrigation, so as to
determine the appropriate amount of irrigation water and methods of
application.
In our experiments, the addition of microplastic had the most pro
nounced negative effects on Ks in the coarse soils (Fig. 2C). Sandy soil
has a poor soil pore structure, with strong “plasticity” (Nelissen et al.,
2015; Wessolek et al., 1994). In such cases, microplastics can easily
break the original soil pore system to form a new pore structure,
reducing the uniformity of pores and influencing water retention ca
pacity (Fig. 7C). This may enhance the water stress of crops and increase
the nutrient loss of nitrogen, phosphorus, and other elements in the
rooting zone, which is not conducive to crop growth (Barnes et al.,
2014). The resulting new pore system might also cause external addi
tives to fill the pores of the mixed soil, not always in direct proportion to
the size of the additives (Abel et al., 2013). Our results support this
phenomenon, whereby the large pores of the sandy soil tended to be
filled with medium-sized microplastics (Fig. 7C). Currently, most studies
focus on the possible effects of microplastics on the soil environment
while often ignoring the role of soil texture. Therefore, to avoid
misleading results, soil texture should be more fully considered as an
influencing factor in future microplastic risk assessments.
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