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Abstract. Entisols are widely distributed in the hilly areas
of southern China. They are affected by serious soil erosion and
extensive agricultural activities, the structural and hydraulic
properties of particular Entisols may differ. Characterizing soil
structure and hydraulic properties is important with regard to the
development of an understanding of the hydrology and ecosystem
functions of shallow Entisols. X-ray computed tomography was
used to characterize and quantify the soil pore structure under four
typical land use types (cropland, grassland, tea orchard and for-
est land) from a hilly landscape in South China and the hydraulic
properties of the soil including its saturated hydraulic conductivity
and water retention curve were measured. The results showed that
the soils under the grassland retained 14 and 21% more water at
saturation than those under the cropland and tea orchard, respec-
tively. The Entisol in the forest land had a significantly larger
macroporosity (0.214 mm’ mm™) compared with that in the crop-
land (0.117 mm’ mm™) and tea orchard (0.131 mm’ mm™). The
contribution of pores with a diameter >4 mm as compared to the
total computed tomography derived porosity was 62.4% in the
forest land, while this size class contributed 69 and 47.3% to the
total porosity in the tea orchard and grassland, respectively. The
saturated hydraulic conductivity value was well correlated with the
degree of anisotropy and the fractal dimension.
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INTRODUCTION

Entisols are widely distributed, they account for 16% of
the ice-free land area in the world (Bruns, 2014). They are
commonly found on steep slopes with little profile devel-
opment (A-C or A-R profile). In the hilly area of southern
China, soils are heavily affected by severe soil erosion and
also by the nature of parent material/rock, thus Entisols with
a shallow soil layer and also a poor soil structure are widely
distributed. The physical state of the soil (e.g. soil layering,
structure and hydraulic properties) plays an important role
in many processes such as infiltration, surface runoff, gase-
ous exchanges and susceptibility to soil erosion (Rabot ez
al.,2018). Hence, it is essential to characterize the structure
and hydraulic properties of the soil to provide insight into
the hydrology and ecosystem functions of Entisols.

Soil hydraulic properties are controlled by many factors
such as soil thickness and structure. Woolhiser et al. (2006)
found that the shallow soil in the upper slope had a higher
hydraulic conductivity and drainage velocity thereby caus-
ing bedrock infiltration. Lin et al. (2008) also observed larger
hydraulic conductivities and infiltration capacities in soils
with shallow thickness values as compared to thick soils. As
acrucial attribute of the soil structure, soil pores are believed to
greatly affect soil hydraulic properties (Vogel, 2000; Leuther
et al., 2019). Saturated hydraulic conductivity (K,,) is highly
influenced by the pore size, continuity and connectivity of the
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pore structure network (Larsbo et al., 2014). A continuous
pore network facilitates a rapid water flow thus resulting in
a greater degree of hydraulic conductivity (Rezanezhad et al.,
2009; Alaoui et al., 2011). Soil pores are sensitive to human
activities associated with land use/cover or tillage (Luo et al.,
2010a; Abdollahi ef al., 2014; Borges et al., 2019). Soil pore
characteristics including porosity, continuity and size distri-
bution may be significantly different under natural soils as
compared to continuously cultivated soils.

Previous studies have reported that land use management
may alter the structural properties of the soil such as changes
in pore size distributions which regulate water retention and
storage capacity (Zhou et al., 2008; Zhang et al., 2016; Wang
et al., 2019). Plant roots can establish a continuous pore sys-
tem in the absence of anthropogenic disturbance. Living
plants or crops growing on the soil surface may, in certain cir-
cumstances, facilitate water infiltration by reducing the effect
of rainfall. Rooting processes varied with different types of
plants or crops which are believed to affect the formation of
pores (Kravchenko et al., 2011). Zeng et al. (2013) found
an accelerated change in the number of macropores in an
increasingly degraded condition. Van der Kamp et al. (2003)
reported an improved macropore network in the perennial
brome grass soil as compared to cropland, thus increasing
the infiltration rate. The effects of land use on soil pore char-
acteristics have been investigated in different soils and areas
such as a Loess plateau gully area in northern China (Qiao
et al., 2021), a Calcic Kastanozem degraded rangeland in
central Iran (Baranian Kabir et al., 2020), a Haplic Luvisol
agricultural field in the Czech Republic (Kodesova et al.,
2011), and a paddy and upland field in a Red soil area in
China (Zhang et al., 2018). However, relevant information
concerning the shallow Entisols of the hilly area is limited.

Traditionally, soil pore characteristics are obtained indi-
rectly from soil water information such as soil water retention
curves or measured using mercury intrusion porosimetry or
observed directly using the scanning electron microscopy
method combined with digital image analysis (Vogel, 2000;
Pagliai et al., 2004; Zhu et al., 2020). However, these meth-
ods are time consuming and destructive, also none of them
can provide the subtle features of the soil pore networks
(Schliiter et al., 2019). In recent decades, X-ray computed
tomography (CT) has been successfully used to characterize
and quantify the soil 3D pore structure (Luo et al., 2010b;
Katuwal et al., 2015; Rabot et al., 2018). This technique
provides a very powerful method which may be used to ana-
lyse pore characteristics at a favourable resolution without
destroying the original structure of the soil (Schliiter et al.,
2018; Diel et al., 2019; Feng et al., 2020). Macropores and
their geometrical characteristics may be revealed by using
X-ray CT and imaging analysis (Luo et al., 2010a). The
direct reconstruction, visualization and quantification of 3D
macropore networks derived from X-ray CT allow for the
correlation of macropore characteristics to water movement
and solute transport in soils (Katuwal ef al., 2015; Galdos et
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al., 2019; Zhang et al., 2019). Therefore, the quantification
of macropore characteristics in soils can be used to improve
our understanding of flow and pollutant transport processes.
The objectives of our study were (1) to quantify and char-
acterize the pore structures of shallow Entisol under different
land uses in the hilly landscape of southern China using the
X-ray CT method, (2) to investigate the effects of land use on
saturated hydraulic conductivity (K,,) and water retention,
and (3) to analyse the quantitative relationships between soil
hydraulic conductivity and CT-derived pore characteristics.

MATERIALS AND METHODS

The study site was located in a hilly part of south-
ern China near the Three Gorges Dam (30°38'~31°11'N,
110°18'~111°0’E) (Fig. 1). The climate is classified as sub-
tropical monsoon with a yearly mean rainfall of 1164 mm,
distributed mainly between April and September. The
average annual temperature in this area is 16.8°C, and the
annual frost-free period is approximately 306 days. With
its long-term geological evolution and external erosivity of
water and wind, this area has many mountainous geomor-
phological landscapes. The soil is formed by shales with
intense physical weathering. The dominant soil textural
class is loam and shallow Entisols are widely distributed
in the study area. The land use in the area is mainly repre-
sented by cropland, forest, tea orchard, and wild grassland.

Fig. 1. Location of the study area, with (a) location map of the study
area in South China, (b) representative landscape of the study site.
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Fig. 2. Representative profiles of the studied land-use types; (a)
Cropland, (b) Grassland, (c) Tea orchard and (d) Forest land.

Three sites were selected and the topography, soil and
environmental conditions of each site were relatively similar.
Each site contained four land use types: cropland, grassland,
tea orchard and forest land (Fig. 2). Six sampling points
were selected randomly from which to collect soil samples
for each land use type. No rain fell at least one week before
the samples were taken. Given the shallow condition of the
soil layer, undisturbed soil columns were collected using 10
cm length and 10.8 cm internal diameter polyvinyl chloride
(PVC) cylinders. In order to avoid disturbance, the soil was
first trimmed to the cylinder size and then covered with the
PVC tube. The soil columns were carefully sealed with plas-
tic film and wrapped with sponge at the top and bottom to
avoid any disturbance during transport and then stored at
4°C before CT scanning took place. In addition, intact soil
cores (18 replicates for each land use type) with a diameter of
5 cm and a height of 5 cm were sampled from the topsoil of
each sampling point. The bulk soil of each land use type was
also collected and air dried before further analysis.

The basic soil physical and chemical properties under
different land uses were measured in the laboratory using
standard procedures. The soil texture was determined via the
wet sieving-pipette method (Gee and Or, 2002). The total
soil organic carbon (SOC) was measured using the potassi-
um-dichromate (K,Cr,0,) oxidation method (Walkley and
Black, 1934). Soil water retention was determined in intact
cores using the centrifuge method. The cores were saturated
for 24 h by immersing them stepwise in water and then they
were drained sequentially at nine water potential steps (0,
-0.4, -2.5, -5, 10, —20, 33, —100 and —1500 kPa). The
Van Genuchten model was fitted to the measured soil water
retention curve using RETC software (van Genuchten,
1980). The saturated hydraulic conductivity (K,,) was
measured using the constant head method described by Ilek
and Kucza (2014). The bulk density was measured using the
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core method (Blake and Hartge, 1986) by oven-drying the
cores for at least 24 h at 105°C. Finally, the rock fragment
content (RFC) was determined using the drainage method.

All of the undisturbed soil columns were placed
horizontally on the bench and spiral scanned using an indus-
trial X-ray CT scanner (nanoVoxel 4000, Sanying Precision
Instruments Co., Ltd, China). In order to minimize the ring
artifacts caused by beam hardening, a 1 mm CaF, filter was
placed between the soil samples and the X-ray source. The
scanning voltage and X-ray tube current was set to 190 kV
and 140 pA to optimize spatial resolution and image contrast.
After reconstruction, the 16-bit grayscale three-dimensional
data were obtained at a resolution of 0.06 mm. Therefore,
only macropores larger than 0.06 mm were quantified in
this study. During sampling and transportation, the tops and
bottoms of the soil samples were unavoidably disturbed.
Therefore, a central part of the columns was selected as the
region of interest (ROI) with 1200x1200%1200 voxels for
further pore structure analysis and pore network modelling,
corresponding to a volume of 72x72x72 mm.

Image processing and analysis were performed using
Avizo 9.7 (Hillsboro, OR, USA) software and for the
most part followed the procedures used by (Luo et al.,
2010a). A non-local means filter was used to minimize the
image noise, and an unsharp mask was applied for edge
enhancement (Buades et al., 2005; Schliiter et al., 2014).
Thresholding is based on the grey scale and edge informa-
tion of the entire soil sample and was applied to segment
the macropores and the soil matrix (Lamandé et al., 2013).
After segmentation, the morphological ‘Closing’ module of
Avizo was performed on the binary images to fill the small
holes inside the pores and smooth the pore boundaries. Due
to the limitations of image resolution (0.06 mm), the pores
for further analysis only include pores larger than 0.06 mm
in diameter, which are considered to be macropores in this
study. The shape of the soil macropore system was charac-
terized by the degree of anisotropy (Ketcham, 2005).

After segmentation, the macropore structures were
reconstructed and visualized using Avizo 9.7. The connected
macropores were extracted using the ‘Axis Connectivity’
module of Avizo 9.7. The porosity of the sample, including
macroporosity and connected macroporosity was calculated
using the ‘Volume Fraction’ module. Macropore characteristics
including pore-size distribution (classified by equivalent diam-
eter), length density, specific surface area, connectivity (Euler
number), and the degree of anisotropy were calculated using
the ‘Label Analysis’ module of Avizo 9.7. The ‘Sieve analysis’
module in Avizo was measured and the equivalent diameter
was used to place macropores into different size classes (<0.5,
0.5-1, 1-2, 2-3, 3-4, and >4 mm). The fractal dimension of the
pore structure was measured using the ‘Fractal Dimension’
module of Avizo. When the pore network structure becomes
more complex, the fractal dimension increases. Therefore, the
fractal dimension is used to quantify the complexity or tortuos-
ity of the pore structure (Dal Ferro et al., 2013).



108

A statistical analysis was performed using IBM SPSS
statistical software (Version 21.0, SPSS Inc., Chicago, IL,
USA). Differences in the macropore structures of the soil
columns among the different land use types were inter-
preted through a one-way analysis of variance (ANOVA)
and least significant difference (LSD) test using a 95%
confidence level. The relationships between soil hydraulic
conductivity and pore characteristics were evaluated using
linear regression analysis and Pearson correlation.

RESULTS

The means and standard deviations of the soil physico-
chemical properties under different land uses are summarized
in Table 1. According to USDA classification, the studied
Entisols were classified as loam or clay loam. The soil bulk
density varied significantly between the different land use
types (p<0.05). The results show that the bulk density for the
four land use types varied as follows: tea orchard > cropland >
grassland > forest land. The highest total porosity values were
observed in the forest land, but the total porosities of the for-
est and grassland were statistically similar. The rock fragment
content under the tea orchard and forest land was signifi-
cantly larger than that of the cropland and grassland (p<0.05).
Significantly less soil organic carbon was observed in the tea
orchard (p<0.05). Although the means of the soil organic car-
bon were higher in the forest land as compared to those of the
cropland and grassland, the difference was not significant.

The fitting of van Genuchten parameters using the RETC
program is shown in Table 2. The water retention curves
are illustrated in Fig. 3. A larger saturated water content and
higher retention ability was found at the grassland site as
compared to the cropland and tea orchard areas. The soil
under the grassland retained 14 and 21% more water under
saturation conditions than those under the cropland and tea
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orchard, respectively. The differences in the saturated water
content and retention characteristics between soils under the
grassland and the forest land were not significant at all of the
measured water pressures. The differences in water reten-
tion among the four land uses were only significant (p<<0.05)
at higher soil water pressures (0, —0.4, —2.5, and —5.0 kPa),
which indicates that the effects of land use on water reten-
tion are more sensitive to larger pores. The soil at the
grassland had a significantly higher water retention capacity
compared to that in the cropland and the tea orchard (Fig. 3).
Saturated hydraulic conductivity (K,,) differed significantly
between the various land uses (p<0.05; Table 1). The forest
land enhanced the K, (23.5 mm h™) value more than that of
the cropland (11.5 mm h™") and the tea orchard (8.4 mmh™).

The soil macropore characteristics of the four land use
types are listed in Table 3. The Entisol used as forest land
(0.214 mm® mm ) had a significantly larger macroporosity
as compared with that in the cropland (0.117 mm® mm™)
and tea orchard (0.131 mm® mm), (p<0.05, Table 3). The
CT-derived macroporosity was higher in the grassland as
compared with the cropland and tea orchard areas, but the
differences were not statistically significant. A similar trend
was found in connection with macroporosity, the highest
value of this parameter was determined under the forest land
among the four land uses. The cropland soil had the highest
pore length density (0.159 mm?) and the lowest specific sur-
face area (0.601 mm” mm™). No significant differences were
found in length density and the specific surface between
the cropland soil and the grassland and tea orchard soils
(p>0.05). The forest land had a significantly lower degree
of anisotropy as compared to the tea orchard. The fractal
dimension was measured to account for the heterogeneity
of the spatial distribution of the macropore structures. The
results showed that cropland, grassland and forest land had

Table 1. Measured soil properties (mean + standard deviation) under different land uses

Land use Sand Silt Clay USDA soil Bulk density Total porosity =~ RFC SOC K
(%) (%) (%) texture (gcm™) (%) (%) (gkg™ (cmh™)
Cropland 44.3+3.1a 32.0£6.1a 23.7+£3.5b Loam 1.46£0.01ab  44.7+0.5ab  22.3+1.3a 20.0+2.4a 11.5£3.9b
Grassland 43.2+2.0a 29.242.1a 27.6+0.2a Clay loam 1.34+0.17ab  49.3+6.4ab 23.4+4.9a 21.6+2.9a 22.7+7.7a
Tea orchard  46.5+2.4a 30.9+2.7a 22.6+0.8b Loam 1.544+0.06a 42.1£2.2b  31.446.3a 14.9+1.3b 8.4+1.3b
Forestland  45.5t1.0a 29.4+1.3a 25.1+1.5ab  Loam 1.254+0.20b 52.747.5a  27.745.1a 23.3£2.3a 23.5+0.3a
F-value 1.20 0.43 3.79 — 2.65 2.62 2.08 7.40 9.33
p-value 0.371 0.734 0.059 — 0.121 0.123 0.182 0.011 0.005

RFC — rock fragment content; SOC — soil organic carbon; K, — saturated hydraulic conductivity. In each row, figures with different

letters are significantly different at p<0.05.

Table 2. Van Genuchten soil hydraulic parameters obtained using the RETC program

Land use 6r® (cm® cm™) 0s* (cm’ cm™) a® (cm™) n®
Cropland 0.066+0.006abc 0.334+0.021b 0.013+0.002a 1.446+0.042a
Grassland 0.077+0.006a 0.412+0.019a 0.014+0.001a 1.42240.036a
Tea orchard 0.061+0.003¢ 0.324+0.026b 0.015+0.000a 1.406+0.021a
Forest land 0.074+0.005ab 0.359+0.011b 0.013+0.002a 1.458+0.035a
F-value 6.45 11.50 1.40 1.374
p-value 0.16 0.003 0.312 0.319

A — represents measured values; B — represents optimized values. Other explanations as in Table 1.
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Fig. 3. Measured soil water retention curves under different land uses.

significantly larger fractal dimensions as compared to tea
orchard (p<0.05). The highest fractal dimension was record-
ed in the forest land with a mean value of 2.421, indicating
that it had the most complex pore structure. The connectiv-
ity of the pore structures is described by the Euler number.
A high degree of variability in connectivity was observed
for each type of land use. The forest land had the lowest
Euler number and the best connectivity. The differences in
the Euler number among the four land uses was only signifi-
cant between cropland and forest land (p<0.05).

In order to characterize the pore-size distribution for
different land uses, soil porosity as a function of pore size
(<0.5,0.5-1, 1-2,2-3, 3-4, >4 mm) and pore volume (<0.001,
0.001-0.01, 0.01-0.1, 0.01-1, 1-10, 10-100 and >100 mm’)
is depicted in Fig. 5. The distribution of CT-measured pores
according to the diameter or volume was relatively simi-
lar among the four land use types. The CT-derived porosity
with a diameter of less than 3 mm was the highest in the
cropland, but the difference was only significant for pore
diameters of 2-3 mm (p<0.05). The forest land had signifi-
cantly larger porosities for the pore-size class of >3 mm.
For the pore-size class of >4 mm, a trend of forest land > tea
orchard > grassland > cropland in porosities was observed.
The contribution of pore diameter >4 mm to the total
CT-derived porosity was 62.4% in the forest land, while this
size class contributed 69 and 47.3% to the total porosity in
the tea orchard and grassland, respectively. A pore diameter
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Fig. 4. Typical CT scanning images for the soil under different
land uses; (a) orthogonal cross-sections in which black represents
the macropores and yellow represents the soil matrix, (b) vertical
cross-sections.

of <1 mm contributed to the smallest portion of the total
porosity derived from CT (3.9, 3.6, 4.0 and 1.3% in crop-
land, grassland, tea orchard and forest land, respectively).
The differences in the CT-derived porosities differenti-
ated according to pore diameter among the four land uses
and were only significant for pores larger than 2 mm. The
primary contribution to the total porosity as measured by
CT (72.4, 74.4, 45.5 and 72.8% in cropland, grassland, tea
orchard and forest land, respectively) was made by pores
with a volume of 10-100 mm® in all the land uses.

In order to explore the influencing factors of K, the
relationships between the K, values and soil pore charac-
teristics were analyzed (Fig. 6). The obtained R* (coefficient
of determination) ranged between 0.15 and 0.66. The K,
value increased to a significant extent with the increase
in macroporosity and connected macroporosity (p<0.05)
derived using CT, the specific surface area (p<0.05) and
the fractal dimension (p<0.01), whereas it decreased sig-
nificantly with the increasing degree of anistropy (p<0.01).
Both length density and connectivity showed no signifii-
cant correlations with K.

DISCUSSION

Understanding the characteristics of soil pore systems
under different land uses is important for long-term soil
sustainability, especially in hilly landscapes susceptible to
soil erosion. Our results have shown that the soils of forest

Table 3. X-ray CT derived macropore characteristics under different land uses

Land use MP CMP LD SSA DA Fractal Euler
(mm’ mm?®)  (mm’mm™) (mm?) (mm’ mm™) dimension number
Cropland 0.117+£0.021b  0.109+0.023b 0.159+£0.022a  0.601+0.062b  0.743+0.060ab  2.385+0.006a  26943+14958a
Grassland 0.152+£0.014b  0.146+0.016b 0.138+0.014ab 0.763+£0.096ab  0.682+0.090ab  2.413+0.031a  15075+11842ab
Tea orchard  0.131+0.023b  0.124+0.025b 0.148+0.008ab 0.673+0.031ab  0.801+0.021a  2.340+0.002b  13339+12522ab
Forestland ~ 0.214+0.026a 0.210+0.027a 0.129+0.007b  0.752+0.088ab  0.653+0.094b  2.421+0.034a —2012+2410b
F-value 11.61 10.97 2.54 3.16 2.49 7.56 3.22
p-value 0.003 0.003 0.129 0.086 0.134 0.010 0.083

MP - macroporosity; CMP — connected macroporosity; LD — length density; SSA — specific surface area; DA — degree of anisotropy.

Other explanations as in Table 1.
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Fig. 5. Distribution of the CT-derived soil porosity as a function
of (a) pore diameter, and (b) pore volume for different land uses.
Columns with different letters are significantly different at p<0.05.

Fig. 6. Relationships between K, and soil pore characteristics.

land had a significantly greater degree of macroporosity
and connected macroporosity than those under crop, grass,
and tea land use, this may be attributed to more developed
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roots and a greater accumulation of organic matter in for-
ested land. Similarly, Udawatta et al. (2008) reported that
the soils under natural grassland had a much higher porosity
value and larger macropores than the soils used in cropland.
The roots in the grassland, tea orchard and forest land can
develop large pores, cracks, and voids thereby increasing
porosities (Hu et al., 2016; Zhao et al., 2017). Land use
also influence the pore-size distribution. In this study, the
large macropores (>3 mm) made the largest contribution
to the total porosity as measured by CT. The changes in
pore-size distribution and volume can have a substantial
impact on soil air and water movement, which are impor-
tant for many soil processes and functions (Chandrasekhar
et al., 2019; de Oliveira et al., 2021). The porosity of very
large macropores (>100 mm®) was considerably higher at
the tea orchard site than at the cropland site (Fig. 5b). Our
results also found that land use effects on pore size were
more significant on large macropores with diameters of
>4 mm (Fig. 5a), indicating that large macropores (>4 mm)
responded more rapidly and to a greater degree to human
disturbances as compared to smaller pores.

Different land uses can also have different effects on
pore morphology. The degree of anisotropy was much larger
in the soils under the tea orchard (0.801) than the forest land
(0.653). The fractal dimension provides useful detail about
the pore space filling properties and is characterized as an
index of the complexity or tortuosity of a geometric shape.
The fractal dimension for a 3D porous system ranges from 2
to 3, and is directly proportional to the pore complexity (Dal
Ferro et al., 2013). In this study, the forest land had higher
fractal dimension values which indicated that the pores in
the forest land occupied more space and that the pore struc-
ture was more complex compared to that of the tea orchard.
However, the tea orchard had a significantly (p<0.05) lower
fractal dimension as compared to the cropland and grassland
areas, thereby indicating that the pore network was more
homogeneous. The fractal dimension was higher (2.421 vs
2.385) and the Euler number was lower (-2012 vs 26943) in
the forest land compared with that in the cropland, implying
that the pore structure was more continuous and intricate
in the forest land, which would hinder erosion, promote
infiltration, and preserve the soil structure (Udawatta and
Anderson, 2008; Luo ef al., 2010a; Bienes et al., 2016). The
differences in Euler number for all of the treatments were
larger than those in the fractal dimension in the same soil
samples, showing that the Euler number was more sensitive
to variations in the pore networks. Similarly, the findings by
Dal Ferro et al. (2013) showed that the Euler number was
a more sensitive index than the fractal dimension for assess-
ing land management effects. However, the opposite results
were reported by Katuwal ef al. (2015). They proposed that
the Euler number was not a fine indicator for quantifying
the connectivity of soil pore systems among samples. These
contrasting conclusions may be attributed to the contrast-
ing resolutions of the X-ray CT images and also to the
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segmentation approaches applied to macropores. Therefore,
a good and widely acknowledged approach of segmentation
would be a high priority in order to minimize the limita-
tions of imaging analysis for pore morphology (Tabor, 2011;
Garbout ef al., 2013; Zhao et al., 2017).

Soil hydraulic properties such as the saturated hydraulic
conductivity (K,,) and the water retention curve are key ele-
ments for controlling water transport and retention in soils.
Many studies have described the significant effects of land
use on the K, value (Chen et al., 2009; Price et al., 2010;
Shabtai et al., 2014; Kalhoro ef al., 2018; Liu et al., 2018).
The differences in K, induced by land use may be rational
because the changes in soil properties have been confirmed
by many previous studies concerning parameters such as
bulk density, soil organic carbon, as well as by soil porous
systems as affected by land use (Haruna et al., 2018; Lauber
et al., 2008; Murty et al., 2002; Zhang et al., 2019). For
the shallow loamy Entisol in our study, significant differ-
ences in K, were observed among different land uses. Some
of the soil pore characteristics that were measured such as
porosity, the specific surface area, the degree of anisotropy
and the fractal dimension were found to affect K, (Fig. 6).
However, the results by Zhang et al. (2019) showed that the
best relationships between K, and macropore characteris-
tics were observed with reference to the mean macropore
diameter. This may be due to the different soil types (Entisol
vs Utisol) and management policies examined in these two
studies. Significantly greater saturated water contents were
observed in the grassland as compared to the other treat-
ments in our study. The effects of land use on water retention
were only significant at higher soil water pressures (0, 0.4,
—2.5, and 5.0 kPa), which indicated that larger pores are
more sensitive to land use. Moreover, the results indicated
that land use effects on hydraulic properties are mainly the
result of changes in the soil pore structure.

When Entisols are affected by severe erosion and
extensive agricultural land use this can lead to structural
degradation. Understanding the effects of land use on the
structural and hydraulic properties of soil is important for
effective land management, sustainable land use and soil
productivity improvement. Our study indicates that forest
and grassland have a critical importance for conserving soil
structural and hydraulic functions. The improvement of soil
pore structure can alter the natural hydrological balance of
the ecosystem and eventually mitigate water erosion and
nutrient loss occurring through runoff from agricultural
land use. Improving the pore-size and volume distribution
in the topsoils can increase the rate of water infiltration
within the soils which in turn reduces surface runoff and
water evaporation and increases the water use efficiency of
the plant. Exploring best management practices for amelio-
rating soil pore space in the topsoil is of great importance
in the agriculture of hilly areas.
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CONCLUSIONS

1. For the most part land use affected large macropores
in shallow Entisols. Macropores with diameters larger than
4 mm contributed the most to the total CT-derived porosity
under all four land use types.

2. The pore morphology and the quantitative macropore
parameters indicated that the Entisols used for forest and
grassland had a better soil pore network as compared with
that used for cropland.

3. The saturated hydraulic conductivity was well corre-
lated with the total porosity, degree of anisotropy and fractal
dimension. We strongly support the concept that soil pores
are a significant driver of the variations in soil hydraulic
parameters which are induced by land use in hilly areas.
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