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ARTICLE INFO ABSTRACT

Handling Editor: Dr R Thompson The poor soil structure caused by salinization is a major factor affecting crop growth and soil structure will
further affect hydrological function. Biochar is widely used to improve soil physical structure because of its
special porous material. However, the mechanism of soil pore structure on hydrological function (e.g., soil
saturated hydraulic conductivity, plant available water, least limiting water range) after biochar incorporation in
saline soil remains unclear. Therefore, the present study examined the response of soil structural properties of
different biochar addition in saline clay loam, and subsequently assessed how the pore structure influence soil
hydrological function. The study involved four treatments: CK (Control), C; (7.5t ha~?! biochar), Cy (15tha™?
biochar), Csz (30 t ha™! biochar). Soil aggregate stability increased from 15 % to 30 % when the amount of
biochar addition increased from 7.5 t ha™! to 30 t ha !. The highest connectivity index (2.36) and the highest
fractal dimension (2.56) were found at the biochar addition of 30 t ha~L. Biochar addition reduced the pro-
portion of small pores (<50 um pore size) at both soil depths of 0-10 cm and 10-20 cm, whereas increased the
proportion of large pores (>300 um pore size). Biochar amendment reduced the soil penetration resistance, with
the soil saturated hydraulic conductivity, plant available water and the least limiting water range were measured
46 %, 27 % and 40 % greater in rate of 30 t ha! biochar addition as compared with those of the CK, respectively.
Pearson’s correlation analysis and redundancy analysis revealed that the soil saturated hydraulic conductivity
was positively correlated with large pores (diameter >300 pm) and pore connectivity (p < 0.05). The lowest least
limiting water range of the CK was primarily constrained by a relatively higher penetration resistance. The
improved pore connectivity and elongated pore structures were the key responsible for the reduced penetration
resistance in biochar-amended soil, which subsequently increased the least limiting water range. These quan-
titative estimates highlight the positive effects of biochar amendment-induced soil pore structure alternations
towards improving soil hydrological functionalities. These findings are essential for devising effective strategies
to enhance sustainable agriculture in saline soils.
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1. Introduction

Soil salinization is the primary factor that contributes to global soil
degradation and thus poses as a major threat to sustainable agricultural
development (Singh, 2021). Saline lands show high salt content, sticky
soil texture, poor infiltration capacity, and poor structural properties,
leading to reduced crop yield (Li et al., 2014; Zhang et al., 2015). Poor
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soil structure is a critical factor that adversely affect the hydrological
functions of saline soil. (He et al., 2014; Xu et al., 2021; Wang et al.,
2022). Hence, optimizing soil structure and enhancing soil hydrological
function are critical for improving the soil quality of saline lands
(Castellini et al., 2015).

Biochar, an organic substitute, has been extensively utilized in recent
years for improving the soil quality and the efficiency of salt leaching in
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saline soils (Lee et al., 2022). Typically, biochar is a stable, carbon-rich
by-product derived from biomass at high temperatures, it exhibits better
stability and can serve as a long-term soil amendment agent as compared
to other organic materials like straw, cow dung and commercial organic
fertilisers (Fouladidorhani et al., 2024; Tejada et al., 2006; Yang et al.,
2018;). Furthermore, the application of maize straw biochar increased
the mean weight diameter (MWD) of soil aggregates (Pang et al., 2023),
thereby altering the pore distribution characteristics and subsequently
influencing the soil hydrological function of sandy loam soil (Chen et al.,
2022).

The pore structure is a crucial parameter for the water transport and
storage, air, and nutrients element in the soil matrix (Hernandez Gam-
boa et al., 2023). The traditional technique for determining the distri-
bution of soil pore sizes relies on the soil water retention curve (SWRC).
Amoakwah et al. (2017) reported that the application of 20 t ha™! corn
cob biochar notably improved soil water retention and increased
microporosity (pore size < 3 um) of sandy loam soil. The addition of 2 %
mixture of rice husk, pine wood, and sugarcane bagasse biochar
increased the proportion of soil macropores (pore size > 30 um), which
subsequently enhanced soil hydraulic conductivity in silt loam
(Fouladidorhani et al., 2023). However, this method is not optimal for
soils with larger pores and complex pore morphology. X-ray computed
tomography is an effective approach to analyze soil pore structure, as it
provides both visual representation and precise determination of valu-
able pore information. For example, by using this technique, more
porous microstructure with connected pores can be seen in soils treated
with biochar, and the improvement percentage increased significantly
as the biochar application rate increases (He et al., 2020). However, a
previous study has indicated that incorporating biochar into soil does
not affect soil porosity, moreover, the addition of an unreasonable
amount of biochar may have detrimental effects on soil pore structure
determination by X-ray (Wang et al., 2023). Thus, examining the impact
of biochar addition on soil pore morphology, which is helpful to un-
derstand the exploration of soil hydrology function.

Previous research has demonstrated that adding biochar to soil alters
soil pore distribution, thereby affecting various parameters of soil hy-
drological function, including saturated water content (SWC), least
limiting water range (LLWR), soil saturated hydraulic conductivity (Kg),
field capacity (FC) and plant available water (PAW) (Li et al., 2020;
Fouladidorhani et al., 2023). The SWC, FC, and PAW significantly
increased following a short-term biochar treatment (Zhang et al., 2020).
The PAW in soil amended with biochar is determined solely by the po-
tential energy of soil water and does not take into account additional
factors that may restrict plant water absorption (Tormena et al., 2017).
LLWR represents the minimum water-limited range for plant growth,
that is, the range within which crop growth is least restricted; LLWR is
closely associated with soil water suction, aeration, and compaction.
Some studies have confirmed that LLWR is a valuable gauge of soil
physical health for supporting crop growth, and crop production shows a
higher correlation with LLWR than with other soil structural properties
(Benjamin and Karlen, 2014; Li et al., 2020). Biochar addition to soil
affects soil compaction, water retention, and soil penetration resistance
(Blanco-Canqui, 2017), thus has the potential to regulate LLWR in
coarse soil (Saffari et al., 2021). The low LLWR induces an adverse effect
on crop water utilization, impedes crop growth, and decreases crop
production in clay soil. It is unclear whether the addition of biochar can
affect the LLWR of saline soil. Hence, it is crucial to analyze the struc-
tural properties of biochar amended soils and hydrological function
employing SWRC and CT scanning techniques.

It is critical to reveal the mechanism of soil pore structure regulating
hydrologic function after biochar amendment in the coastal saline land.
Hence, the purpose of this study: (i) examine the impact of biochar on
soil pore structure characteristics based on CT examination; (ii) specu-
late and verify the impacts of varying levels of biochar incorporation on
soil hydrological; and (iii) reveal the relationship between soil hydro-
logical function and soil pore structure characteristics.
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2. Materials and methods
2.1. Study area

The research was conducted in Dongying, a city in Shandong Prov-
ince, China. The study area belongs to the National Technology Inno-
vation Centre for Comprehensive Utilisation of Saline and Alkaline
Land. This region has a temperate continental monsoon climate in the
region (Fig. 1). The average annual temperature is 12.1°C, and the
average annual rainfall varies from 500 to 600 mm. The precipitation
during July and August contributes to around half of the total rainfall
(Xia et al, 2019). The average annual evaporation rate is
1700-1800 mm. The experimental area was situated in a saline coastal
land. The primary physicochemical characteristics of the experimental
area soil are showed in Table 1.

2.2. Experimental design and materials

Based on the results of previous application of biochar on saline soil
and the actual field application cost (Liang et al., 2021), the following
biochar addition treatments were designed. Field plots (8 m x 5 m) were
divided into four treatments in a randomized block design with three
replicates each: (1) control with no biochar addition (CK); (2) biochar
addition rate of 7.5 t ha™? (C1); (3) biochar addition rate of 15t ha™!
(C»); and (4) biochar addition rate of 30 t ha! (C3). Biochar was pro-
duced from peanut shells at 500°C in Henan Provincial Biochar Engi-
neering and Technology Research Centre, and specific properties of
biochar were shown in Table 2. On May 10, 2022, biochar was evenly
mixed into the surface soil of the test plots at a depth of 0-20 cm. Oil
sunflower was chosen as the crop for the experiment, with a growth
cycle of around 4 months. The fertilizer application rate was the same
for all treatments (160 kg N ha™ 1, 50 kg P ha™ !, and 60 kg K ha ).

2.3. Soil sample collection and analysis

2.3.1. Soil aggregate stability, bulk density, and scanning electron
microscopy

Soil samples were collected from two different soil depths (0-10 cm
and 10-20 cm) in September 2023 after harvesting oil sunflower. A total
of nine core samples (100 cm?) were collected from each plot to measure
soil structural characteristics and hydrological properties. Soil saturated
water conductivity was analyzed in the laboratory by collecting ring
knives, which was determined through the constant head method with a
5 cm water column. Soil bulk density (BD) is measured after drying in an
oven at 105 C degrees Celsius for 48 hours (Zhen et al., 2015). The
calculation formula of soil total porosity (TP) is as follows:

BD

TP=1- 5
Where BD is bulk density (g c¢m~2) and SD is soil density (2.65 g cm™2)

Soil aggregate stability was measured by a wet sieving method using
sieves of the following sizes: 2000, 250, and 53 um, followed by the
calculation of mean weight diameter (MWD) and geometric mean
diameter (GMD) of soil aggregates (Bach and Hofmockel, 2014). Scan-
ning electron microscopy (SEM; SUPRA 55, Zeiss) was used to analyze
the biochar and soil surface microstructure at a voltage of 5kV for
selected soil samples from each plot.

2.3.2. Soil water retention curve (SWRC)

The Kokusan H-1400PF centrifuge (Kokusan Corp; Tokyo) was used
to measure SWRC, with the temperature maintained at 20°C throughout
the measurement process. The 11 centrifugal speed levels were estab-
lished based on matric potential values that range from 0 to 1500 kPa,
with the following settings: 0, 300, 500, 800, 1300, 1800, 2400, 3300,
5400, 7700 and 9100 rpm. After each centrifuge comes to a stop at the
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Fig. 1. The location of the experiment.
Table 1
The basic soil properties.
Soil depth AK SoC pH EC BD Sand Silt Clay
(cm) (mgkg™) (gkg™ (us em™) (g cm™3) % % %
0-20 90.10+5.31 7.81+1.04 8.93+0.17 1716+182 1.55+0.08 16.97+1.03 61.30£8.28 21.73+4.21
20-40 89.36 £6.85 7.69+0.76 8.8610.09 1714+156 1.54+0.1 15.33+1.27 60.73+6.71 23.943.52

Note: Values represent means followed by the standard deviation. AK, Available potassium; SOC, Soil organic carbon; BD, Bulk density; EC, Electric conductivity.

Table 2
The basic biochar properties.
C N SA BD pH Particle size (%)
(%) (%) m*g™h (gem™) 1-2 mm 0.5-1 mm <0.5 mm
Biochar 48+5 15+2 20+3 0.2540.05 8.334+0.12 12.46+1.26 48.21+6.74 38.92 £5.22

Note: Values represent means followed by the standard deviation. C, Soil organic carbon; N, Total nitrogen; SA, Specific

surface area; BD, Bulk density

specified speed, the weight of the ring knife should be measured at that
time. The experiment was set up with three replicate treatments and soil
water content was analysed by taking the average of the three replicates.
The soil moisture movement characteristics were determined by cali-
brating the centrifuge data with the van Genuchten model (van Gen-
uchten, 1980):

0= (0s—6,)[1+(ah)" ] +6,

m=1-1/n

The saturated volumetric water content is represented by 6; (cm®
cm_3); while the residual volumetric water content is represented by 6,
(cm® ecm™); and @, n, and m are fitting parameters.

2.3.3. CT scanning and image analysis

To analyze the soil pore structure, we scanned the 100 cm® samples
using a CT scanning (Phoenix Nanotom S, GE, USA) at the Institute of
Soil Science, Chinese Academy of Sciences, Nanjing. A total of 24 soil

columns were collected from depths of 0-10 and 10-20 cm (Three
biochar addition treatments and CK). The scanning parameters included
a tube voltage of 100 kV, tube current of 100 A, and scanning resolution
of 25 ym. Following the CT scanning process, a total of 2100 images
were obtained from one soil column.

The software ImageJ (version 1.5eNIH, USA) was used to analyze the
images. To mitigate the impact of the soil column’s edge effect, a square
region measuring 28 mm x 28 mm for diameter was chosen for subse-
quent image processing operations. Gaussian filtering is used to remove
noise from the image. By comparing the binary image with the original
greyscale image of the CT scan, the thresholds were visually adjusted.
The ImageJ plug-in Analyze Particles was used to determine the pore
number, pore surface area, and pore volume. The ImageJ plug-in Bone-J
was used to evaluate fractal dimension and connectivity (Doube et al.,
2010), the Euler characteristic was used to calculate connectivity den-
sity, the fractal dimension (FD) with the box counting method. The pore
size distribution was classified into six levels according to the equivalent
diameter: d < 50 ym, 50-100, 100-150, 150-200, and 200-300 um; and



A. Jia et al.

d > 300 um (Peng et al., 2023). Pore shape factor (F) was categorized as
regular (F > 0.5), irregular (0.2 < F < 0.5), or elongated (F < 0.2) (Zhou
et al., 2012).

2.3.4. Penetration resistance (PR), and least limiting water range (LLWR)

Soil samples were collected from 0 to 10 cm and 10-20 cm using a
ring knife (100 cm®). Soil penetration resistance curves we obtained by
measuring soil penetration resistance at different matric suctions (30,
100, 500, 1000, and 1200 kPa). The soil penetration resistance (PR) was
measured using a micro-penetrometer (Omega LC703, USA, with a cone
diameter of 2 mm) as outlined by Li et al. (2021). PR (MPa) was
calculated as follows:

PR = aA?

Where A is the soil moisture and a and b are the parameters used for
fitting the model.

The water content was determined at an air-filled porosity (AFP) of
10 % using the following equation (Safadoust et al., 2014):

BD
AFP = (I—S—D) -0.1

where BD is bulk density (g cm’a) and SD is soil density (2.65 g cm’s)
LLWR and PAW was calculated by comparing the soil water content
to the minimum thresholds of LLWR and PAW. The upper limit of LLWR
(LLWRy,,) and the lower limit of LLWR (LLWR4own) based on the method
of (da Silva et al., 1994). The LLWRy, was field capacity or at air-filled
porosity of 10 %, whichever was the smaller. LLWR4own, was the per-
manent wilting point or at PR of 2 MPa, whichever was the higher.

2.4. Statistical analysis

A one-way ANOVA was performed to evaluate the influence of bio-
char addition, with significant differences considered at a probability
level of 0.05. To explore the relationships between soil pore structure
characteristics and hydrological function, pearson’s correlation co-
efficients and redundancy analysis were employed. The statistical
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analysis was performed with the SPSS software (version 21, SPSS Inc.).
3. Results
3.1. Effects of biochar on soil aggregate distribution

The surface morphology of the original saline soil aggregates
exhibited a dense and aligned structure in SEM image (Fig. 2b). Biochar
addition for a single fertility period altered the surface morphology of
soil aggregates (Fig. 2d). Specifically, biochar application formed large
aggregates and increased soil aggregate stability in the 0-20 cm layer
saline soil (Fig. 3). The construction of soil aggregates was impacted by
the amount of biochar applied. The 30t ha™! biochar application
treatment showed the highest proportion of >2 mm aggregates, which
was 1.53-fold greater than that of CK (Fig. 3a), and the lowest propor-
tion of <0.053 mm aggregates, which was 30 % lesser than that of CK. In
the median (Cy) and highest (C3) biochar application treatments, the
GMD improved by 15-19 % and 25-30 % (p < 0.05, respectively) as
compared to that of CK, whereas the lowest biochar application treat-
ment (C;) showed minimal changes in the GMD. A similar tendency was
observed for the mean weight diameter (MWD) values across all treat-
ments, with Cs treatment showing a higher (26-40 %) value than CK
(Fig. 3c).

3.2. Soil pore structure characteristics

Biochar addition altered soil pore morphology; long stripes of soil
pore distribution and interconnected pore distribution were observed in
Cs treatment (Fig. 4). Based on the 3D reconstructed structure map of
soil pores (0-20 cm), the soil pore particles in CK treatment were smaller
than those in other three treatments; the soil pore volume increased as
the amount of biochar application increased. Additionally, most of the
pores in CK treatment were isolated, as evidenced by the decreased
connectivity density. As biochar treatment amount increased from CK to
Cs treatment, tiny and isolated pores gradually developed and con-
nected with each other to form larger pores.

Biochar addition altered the distribution of soil pore structure in

50.0um

Fig. 2. The scanning electron microscope (SEM) images aggregate surface morphology, (a) Peanut shell biochar (b) original saline soil, (¢) biochar-amended soil at
30 t ha~'biochar (200 um resolution) (d) biochar-amended soil at 30 t ha'biochar (50 um resolution).
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(Control), C; (7.5t ha’l), Cy(15t ha’l), and C3 (30 t ha1). Note: Different lowercase letters indicate significant differences between the treatments at the 5 % level.

saline-alkali soil (Table 3). The porosity values of C;, Cy, and Cs treat-
ments were greater by 8.2%, 23 %, and 41.6 %, respectively, as
compared to that of CK. Cg showed the highest connectivity index (2.36)
and the highest fractal dimension (2.56) compared to the other two
biochar treatments. The percentage of pores with diameter < 50,
50-100, 100-150, 150-200, 200-300, and >300 um contributed to 7 %,
23 %, 25 %, 13 %, 21 %, and 15 % of the total counted pores, respec-
tively (Fig. 5). The CK treatment exhibited a significantly larger porosity
(24-52 %) with pores of d < 50 um than other treatments. Biochar
addition decreased the number of small pores (d < 50 um) at both soil
depths but increased the proportion of larger pores (d > 300 um),
especially in Cg treatment. Fig. 6 showed the distribution of pore shapes
under different biochar addition treatments. The elongated pores
accounted for >40 % of the total porosity in all treatments, and the
proportion of elongated pores increased with the increase in biochar
addition; in contrast, regular and irregular pores exhibited an opposite
trend. Compared to CK, C3 showed a significant increase in elongated
pores by 30-38 % (p < 0.05).

3.3. Soil penetration resistance and soil bulk density

Fig. 7 showed the variations in soil penetration resistance. Soil
penetration resistance decreased as the amount of biochar increased, the
Cs3 treatment showed a significant change compared with CK. The mean
penetration resistance for the CK treatment were 21.5 % and 38.2 %
higher than those for Cz and C3 respectively, there were also no signif-
icant differences between CK and C; CK exhibited the highest BD
(Fig. 7c¢), and the total porosity of Cs treatment compared to CK
increased by 85% and 8.9% at the 0-10cm and 10-20 cm,
respectively.

3.4. Effect of biochar on soil hydrological function

Biochar application significantly affected the hydraulic characteris-
tics of saline soil (Fig. 8; Table 4). The Ks showed a consistent upward
trend as the amount of biochar increased (Table 4). The Ks value was
significantly higher for biochar-treated soils than for CK, biochar addi-
tion (Cs) significantly increased the Ks by 46 % compared to the CK
treatment (p < 0.05; Table 4). The comparison of FC across various
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Fig. 4. The X-ray CT scanned 2D (up, 28 mm*28 mm) and 3D (low, 28 mm*28 mm*40 mm) images of soil cores upon biochar application. For the 2D images, white
color represents soil pore distribution. CK (Control), C; (7.5 t ha™!), C, (15tha '), and C5 (30 t ha™%).

Table 3
Soil pore structure characteristics by CT scanning.
Soil depth (cm) Soil Pore Pore area Anisotropy Fractal dimension Connectivity
porosity number (um?) density
(%)
CK 0-10 2.71+0.21c 50809+8702b 14049+3620b 0.34+0.04a 2.31+0.21ab 1.88+0.34b
10-20 2.75 + 0.32¢ 678261+10245a 15059+2012ab 0.37+0.06a 2.07+0.13b 1.62+0.28c
Cy 0-10 2.91+0.25bc 49214+ 9589b 15577+ 3212b 0.31+0.05b 2.37+0.15b 1.69+0.21bc
10-20 2.89+0.32b 60987+9002a 14788+ 2006b 0.30+£0.02b 2.21+0.15b 1.724+0.14bc
Cy 0-10 2.99+.21b 626341+10258a 16478+2537ab 0.34+0.03 a 2.31+0.21a 1.88+0.15b
10-20 3.13+0.57ab 51846+7355b 17323+ 1556a 0.35+0.02a 2.53+0.19a 2.27+0.25ab
Cs 0-10 3.19+0.35a 78674+11254a 17444+1875a 0.38+ 0.02a 2.55+0.25a 2.32+0.47a
10-20 3.674+0.47a 58752+5526ab 18560+2856a 0.33+0.04ab 2.574+0.32 a 2.40+0.21a

Note: Values represent means followed by the standard deviation. Different letters indicate a significant difference among
different biochar treatment at p < 0.05. Four treatments: CK (Control), C; (7.5 t ha™1), C, (15 t ha 1), and C3 (30 t ha™1).

biochar treatments revealed no significant difference between the C;
treatment and CK; however, the FC value increased by 3 % in the
0-10 cm soil layer for C3 treatment. The permanent wilting point (PWP)
showed a lower value in all biochar treatments and decreased by 7 % in
Cs treatment (p < 0.05). The PAW values increased by 12 % and 25 % in
C, and C3 compared with CK, respectively. The LLWR value also showed
an apparent increase with the increase in biochar application amount
(Table 4). The Cj. Cp. C3 treatment showed 9 %, 20 % and 35 %
higher LLWR values than CK, respectively.

3.5. The relationship between soil pore structure and hydrological
function

The correlation analysis between soil characteristics and hydrologi-
cal function presented in Fig. 9. Significant positive correlations were
found for Ks and connectivity density, pore size > 300 pm, fractal
dimension (p < 0.05), while significant negative correlations existed
between penetration resistance and Ks (p < 0.05). Additionally, signif-
icant positive correlations (p < 0.05) were found between PAW and pore
area, fractal dimension. The correlations between elongated pore, con-
nectivity density and LLWR were significantly positive (p < 0.05), while
a negative correlation with penetration resistance (p < 0.05). These
results confirmed that soil pore structure significantly influence soil
hydrological function.

4. Discussion
4.1. Effect of biochar addition on soil aggregate and pore structure

Soil MWD and GMD are the critical indicators of soil aggregate sta-
bility and are used to characterize the resistance of soil aggregates to
exogenous perturbations (Mustafa et al., 2020). In comparison with CK,
the application of increasing amounts of biochar significantly enhanced
MWD and GMD of saline soil (Fig. 3). The improvement of soil aggregate
stability after biochar application might be due to the high carbon
content of biochar and interact its interaction with microorganisms (Han
et al., 2021; Ghorbani and Amirahmadi, 2024). Carbon molecules form
chemical bonds with oxides, and organic matter becomes food for soil
microbes, making the environment conducive to microbial growth
(Rasul et al., 2022). Therefore, the soil microenvironment around bio-
char favored the development of microbial hotspots. Biochar has the
potential to enhance the growth of fungal mycelia, increase the cohesion
of soil particles, and facilitate its transformation into larger aggregates
(Hammer et al., 2014; Zhang et al., 2024).

Biochar addition improved soil porosity and increased the propor-
tion of pores with d > 50 um in saline soil (Fig. 5). A previous study also
reported a similar phenomenon, wherein biochar addition (1.5 t ha™1)
increased soil microporosity (d > 100 um), fractal dimension, and
connectivity index (16.6 %) as compared to CK (An et al., 2022). The
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increase of microporosity was attributed to the increased organic carbon connectivity among the micropores within the soil (Faloye et al., 2024;
content following biochar addition (Yu et al., 2016). Biochar is a porous Guo et al., 2021). Soil macroporosity (d > 300 um) increased substan-
and rigid granular material, thus, it facilitates the enhancement of tially during soil improvement following biochar addition, and the soil
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Table 4
Soil hydrological function.
Layer Index CK Cy Cy Cs
(cm)
Ks (cm 0.21 0.22 0.26+0.02a 0.29+
h™) +0.02b +0.02b 0.03a
FC (%) 37.18 36.83 37.70 38.12
+2.28b +2.54 b +2.56b +2.36a
PWP (%) 26.96 26.68+ 25.93 25.09
+2.2a 2.02a +1.21a +1.85b
0-10 PAW (%) 10.22 10.15 11.77+ 13.03
+0.74c +1.08¢ 0.54b +1.21a
AFP (%) 35.98 35.60 35.70 36.50+
+1.87a +1.51a +2.24a 3.02a
PR, (%) 27.86 27.11 25.98+ 23.71+
+1.35a +1.22a 2.56b 1.77c
LLWR 8.12+ 8.92 9.77+ 11.41
(%) 1.02c +0.75bc 1.23b +0.98a
Ks (cm 0.2+ 0.03c 0.23+ 0.254+0.03b 0.31
h™ 0.02bc +0.02a
FC (%) 36.83+ 36.99 37.76 38.09
1.03b +1.16b +0.87b +0.98a
PWP (%) 26.85 25.98+ 25.61+ 24.90
+1.35a 0.87a 1.02a +0.93b
10-20 PAW (%) 9.98 11.01 12.15 13.19
+1.23b +1.36b +1.02a +0.87a
AFP (%) 35.92 35.98 35.65+0.94 36.76+
+2.02b +1.77b b 1.08a
PR, (%) 27.50 26.95 24.59 23.93
+2.51a +2.35a +2.01b +1.87c
LLWR 8.42 9.03 10.04 11.86
(%) +0.67b +0.59b +0.68ab +0.74a

Note: Values represent means followed by the standard deviation. Different
letters indicate a significant difference among different biochar treatment at p <
0.05. Kg: soil saturated hydraulic conductivity ; FC: Field capacity; PWP: Per-
manent wilting point; PAW: Plant available water; AFP: air-filled porosity; PRy:
Soil water content in 2 Mpa penetration resistance; LLWR: Least limiting water
range, CK (Control), C; (7.5t ha’l), Cy (15t ha’l), and C3 (30t ha™ ).

pore structure evolved from a fine pore structure to a complex porous
structure (Fig. 5). This is mainly due to the biochar contains a large
number of pore structures that directly or indirectly create cracks and
pores in the soil (Blanco-Canqui, 2017), while increasing the connec-
tivity between small pores, resulting in an increase of soil pore diameter
(Zhou et al., 2019). At the same time, the increase of fractal dimension of
soil pores also indicates more well-developed developed soil structure
soil structure (Table 3). Due to the high clay content and compact soil

(a)
<50pm 082 « 0 )75 -0.86 0.8
50-100pum
100-150pum |@
150-200pum | @
200-300pum (@ o0
*300pm | @
PA |®@
SP|® o
D | @ [¢] ®
D (@ o o [
EP | @ [¢] o0 L N N J . 0
RP o ® o000
P () -0
PR (@ 0000200000 .79 091850
FC |®@ o [ ®o 00 v
PWP (@ » 0000000000200
PAW @ 0000000000020
LWR(@ " 0000 *200000°20000
K[(0-0000000000000000 |
"-\\\\\j\*\\}\:’\\\:\?;*\\}i‘\\qi\\\\}& TR I S & s‘(\'Qq‘Sq?\: \7‘3 &

"!\\‘ & ‘\\\, &
DRSO

Agricultural Water Management 306 (2024) 109170

structure in the saline-alkali coastal land (Fig. 2), biochar mainly
through expansion effect to optimize the soil pore structure (Wang et al.,
2023; Sun et al., 2021).

More connected pores and biopore networks were observed by 3D
visualization after biochar addition (Fig. 4). Thus, the formation of
macropores by biochar addition plays a key role in promoting the
elongated pore formation. Pre-existing macropores are preferentially
selected and utilized by crop fine roots, which promotes an increase in
crop fine root biomass and surface area and results in an in elongated
pores (Abiven et al., 2015; Akpinar et al., 2023). Our results are sup-
ported by a significant positive correlation between the percentage of
macropores and elongated pores (Fig. 9). The increase in the percentage
of irregular and elongated pores (Fig. 6) facilitates water movement and
solute transport in saline soil.

4.2. The mechanism of soil pore structure regulating hydrological function
in biochar-amended soil

The soil hydrological function encompasses the capacity for water
infiltration, water storage, and water conservation, which are the
important indicator during the process of soil improvement and evalu-
ation (Turunen et al., 2020). Soil saturated water conductivity increased
with the increase of biochar application (Table 4), which aligns with the
results in clay soil reported by Lim et al. (2016). The Kg exhibited a
positive correlation with pores of diameter > 300 um and connectivity
density (Fig. 9). Even though large pores account only for a small part of
soil pores, they play an essential role in soil water movement (Edeh and
Masek, 2022; Liu and Lu, 2023). Thus, the enhanced soil pore connec-
tivity and macropore promotes the downward movement of water and
facilitates water infiltration in saline soil (Pinto et al., 2023).

Biochar addition enriched soil pore structure and enhanced the
surface area of soil pores, this improved the soil water holding capacity
(Fig. 10). Biochar particles have internal pores that hold an additional
amount of water, thereby increasing water retention following water
addition to the soil (Adhikari et al., 2022). The soil water holding ca-
pacity was enhanced due to increase in the amount of soil storage pores
following biochar addition (Yang et al., 2021). In the coastal saline soil,
biochar increased the FC value by 3 % in Cg treatment (Table 4). This is
mainly due to the biochar is a distinctive soil enhancement agent, and
most studies have shown positive the change in soil water storage ca-
pacity following biochar addition (Gtab et al., 2016; Abel et al., 2013).
Consistent with our findings, the FC value significantly increased by
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Fig. 9. Associations between soil hydrological function and pore structure. Note: (a) pearson’s correlation between soil hydrological function and pore structure; (b)
redundancy analysis. SP: Soil porosity by X-ray; FD: Fractal dimension; PA: Pore area; CD: Connectivity density; EP: Elongated pore; RP: Regular pore; IP: Irregular
pore; PR: penetration resistance; FC: Field capacity; PAW: Plant available water; PWP: Permanent wilting point; LLWR: Least limiting water range; Kg: Soil saturated
hydraulic conductivity; 50 um, ..., 300 um are soil pore size.
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represent soil pore structure characteristics.

4.4 % following wheat straw biochar treatment (applied at 1 % by
weight) after a short incubation time in silt loam (Zhang et al., 2020).
The PAW is determined based on FC and PWP, the rise of PAW (27 %) in
C3 treatment was primarily caused by the decrease in PWP (Table 4).
The PAW has a positive correlation pore area and fractal dimension
(Fig. 9), the enhancement of pore surface area and the fractal dimension
of soil contribute to an increased capacity for soil water adsorption. In
another study, forest waste biochar addition increases the specific sur-
face area of the sand soil, which subsequently affects the soil structure
and increases the PAW (Baiamonte et al., 2019).The addition of biochar
as an organic binder enhances the aggregation of microaggregates into
larger aggregates, thereby decrease the amount of micropores in the clay
soil and enhance the formation of certain macropores (Liang et al., 2021;
Islam et al., 2021). Thus, the reduction in the quantity of small and
medium-sized pores in the soil decreases the permanent wilting point
(Rahmati et al., 2019).The loose soil pore structure reduces the PWP
after biochar addition (Table 4), which further increase the PAW of
saline soil.

In comparison to other soil hydraulic properties, the LLWR serves as
a comprehensive index that effectively reflects soil water retention ca-
pabilities, structural characteristics, and their implications for crop
system (Safadoust et al., 2014). The LLWR increased 40 % at the high
biochar addition treatment(30 t ha™1) (Table 4), the larger amplitude of
LLWR indicates that the soil is less susceptible to environmental pres-
sures and improper aeration (Wilson et al., 2013). With the increase of
biochar addition, LLWR4own Was determined from the water content at
penetration resistance of 2 MPa (PRy) to the permanent wilting point,
this suggests that the inhibitory effect of soil penetration resistance on
crop growth has been diminished. The investigation of the mechanisms
through which biochar affects LLWR includes two main aspects: (1) the
water absorption effect of biochar pores (Fig. 10), which is the primary
reason for the increased water-holding capacity of the soil; (2) by
changing the soil structure: the morphology of the improved soil pore
structure affects soil compactness and aeration after adding corn residue
biochar, thereby further influencing LLWR in a calcareous sandy loam
soil (Blanco-Canqui, 2017; Saffari et al., 2021). The LLWR was positively
correlated with soil pore fractal dimension, pore connectivity, and
elongated pores (p < 0.05, Fig. 9). Accordingly, the increasing of elon-
gated pores and soil pore structure connectivity contribute to the
reduced saline soil penetration resistance, which is essential for
enhancing least limiting water range. The increase of LLWR following
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the addition of biochar overcomes the challenges associated with crop
water uptake, thereby improving crop water uptake and utilisation (de
Moura et al., 2021). Taken together, our research validated that biochar
has a beneficial impact on enhancing the soil hydrological function, and
provide new insights into the soil pore structure regulating hydrological
function following biochar addition in coastal saline land.

5. Conclusions

The present study revealed the characteristics of the soil pore
structure, soil hydrological function, and their relationships in the
coastal saline land. Biochar addition to saline soil significantly changed
soil pore structure, which decreased the number of small pores (d <
50 um) and increased the proportion of large pores (d > 300 um). The
high amount of biochar addition (30 t ha!) had the highest connec-
tivity index, fractal dimension, soil porosity and elongated pores. The
high amount of biochar addition changed the hydrological function of
saline soil, reduced soil penetration resistance, and increased PAW and
LLWR values; this facilitated and improved the absorption and proper
utilization of water in the saline soil. Soil pore structure characteristics
(connectivity index, elongated pore, and >300 pm porosity) are the
important factors for LLWR increase in the saline soil. Furthermore, the
determination of LLWR and soil pore structure characteristics by CT
scanning is a suitable approach to evaluate soil structure and the hy-
drological function of saline soil following biochar treatment. These
findings are essential for the sustainable development of biochar in
enhancing and utilizing saline soils.
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