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ABSTRACT 

This study used the Van Genuchten model to estimate soil hydrological processes in four different tea growth zones in 
the main tea-growing region of Qinba Mountain and analyzed the physicochemical properties of soils to provide a 
scientific basis for selecting and planning tea cultivation in hilly regions of China. The retention capacity of soil water, 
water release properties, unsaturated hydraulic conductivity, diffusivity of soil water and porosity in the various regions 
were also assessed. The analysis results showed that the tea plantations in the Qinba Mountains consisted primarily of 
muddy clay, while when growth was poor, both the water content and the bulk density were significantly higher 
compared to other growing areas and the sand content, organic matter and porosity were the lowest. Conversely, 
luxuriant growth had the highest sand content and the lowest silt content. The characteristic curve for soil moisture was 
precisely adjusted using the V-G model with an R2 value of over 0.99. In addition, the index K (x) =a*exp (b*x) 
effectively described water absorption and unsaturated hydraulic conductivity, resulting in an R2 value of over 0.90. The 
moisture content of the soil and the diffusivity of the soil water were cleverly modelled using the exponential function D 
(θ) =aebθ, with the R2 value exceeding 0.99. In the entire suction sector, the water holding capacity was rated as weak 
growth > moderate growth > well growth = lush growth. Optimal water delivery capacity was observed in areas of weak 
growth, while areas with well growth had the least favorable performance. The order of unsaturated hydraulic 
conductivity in the four areas was as follows: lush growth, well growth, moderate growth, and poor growth. In addition, 
the diffusivity of soil water gradually increased as the moisture content of the soil volume increased and approached an 
infinite increase as the volume moisture content approached saturation. When choosing hilly areas for growing tea, the 
optimal soil texture should be loose and well-aerated clay soil with higher sand and lower silt content, high porosity, low 
bulk density and high organic matter content. In addition, the high water diffusing capacity and the moderate water 
holding capacity of the soils enable effective drainage and water storage under various conditions. 
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INTRODUCTION 

 Camellia sinensis, commonly referred to as the 
tea plant, is an evergreen shrub in the family Theaceae, 
prized for its young leaves and buds utilized in tea 
production (Ji et al., 2017). In recent years, tea 
cultivation in hilly areas has emerged as a primary 
strategy for regions in China that are constrained by 
natural conditions and face challenges in economic 
development, aiming to cultivate economically valuable 
crops (Zhao et al., 2022). However, during extensive 
development of hilly tea plantations, insufficient 
consideration of tea plant growth characteristics has led 

to sub-optimal site selection, resulting in reduced tea 
survival rates and declining tea quality (Liu et al., 2023). 
Tea plants require specific growth conditions, with 
optimal soil, water, and nutrient availability being 
essential for their health and high-quality leaf production 
(De Silva 2007; Hasan et al., 2023). Neglecting these 
requirements can lead to poor plant growth, soil 
degradation, water wastage, and other ecological issues 
(Le et al., 2021). Proper management of these factors is 
crucial for sustainable tea cultivation. 
 The study of hydrodynamic characteristics and 
physicochemical properties of soils in hilly tea 
plantations plays a crucial role in fostering tea plant 
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growth, optimizing tea yield and quality, and 
safeguarding ecological environments (Zhang et al., 
2020). In a study examining the influence of soil 
hydrodynamic characteristics and pore structure under 
varying plant growth conditions. Duwig et al., (2019) 
observed significant alterations in total porosity and 
infiltration macroporosity. These changes subsequently 
impacted soil water characteristics, including saturated 
hydraulic conductivity and water retention. The 
hydrodynamic properties of soil govern its capacity to 
retain and release water. Key parameters such as the soil 
moisture characteristic curve, specific water capacity, 
unsaturated hydraulic conductivity, and soil moisture 
diffusion rate play pivotal roles in soil hydrodynamics, 
reflecting its hydraulic conductivity, water storage, and 
supply capacity (Assouline et al., 1998). These 
parameters are influenced by factors including the 
organic matter content, soil texture, and soil structure, 
thereby impacting the movement and distribution of 
water within the soil (Balkhair, 2016). 
 The soil moisture characteristic curve serves as a 
cornerstone hydraulic parameter, revealing the 
relationship between soil matrix potential and water 
content. It intricately captures the interplay between 
energy and quantity indicators of soil water dynamics. 
This curve plays a pivotal role in analyzing water holding 
capacity, soil moisture availability, and examining the 
retention and supply of soil moisture within the soil-
plant-atmosphere continuum (SPAC) (Rheingantz and 
Duckworth, 2021). Numerically akin to the slope of the 
soil moisture characteristic curve, specific water capacity 
diminishes as suction increases, playing a crucial role in 
comprehending soil moisture dynamics. It quantifies the 
volume of water that a specific mass of soil can either 
release or retain for plant utilization across varying unit 
suctions, thereby delineating the efficacy and extent of its 
water supply capability. Thus, it emerges as a pivotal 
metric for assessing drought resilience (Jabro et al., 2020) 
The specific water capacity exhibits variation across 
different suction ranges due to the nonlinear nature of the 
soil moisture characteristic curve.  
 Unsaturated hydraulic conductivity refers to the 
ability of groundwater to permeate through soil or rock 
pores per unit area when saturation is not achieved. Soil 
water infiltration primarily transpires under unsaturated 
conditions, thereby establishing a close association 
between unsaturated hydraulic conductivity and soil 
texture, porosity, and compaction (Köhne et al., 2009). 
Malama and Kuhlman (2015), study delves into the 
influence of soil hydrodynamic characteristics on 
infiltration using the closed-form three-parameter model. 
The findings indicate a negative correlation between 
unsaturated hydraulic conductivity and soil bulk density, 
while a positive correlation is observed with total 
porosity. Soil water diffusivity, a vital parameter in soil 
water movement, quantifies the distance of soil water 

diffusion over a given unit of time and is intricately 
linked with water content. This parameter serves as a 
reflection of soil porosity, pore size, and spatial 
distribution (Shi et al., 2020). 
 In terms of modeling of soil moisture 
characteristic curves, commonly employed empirical 
formulas include the Brooks-Corey model, Van-
Genuchten model, and Gardner model (Du 2020; 
Haghverdi et al., 2020). Among these, the Van-
Genuchten (V-G) model stands out as the most prevalent. 
Pan et al., (2019) conducted a comparative analysis of the 
curve-fitting coefficients of each model and concluded 
that the V-G model exhibits high accuracy. Furthermore, 
Mishra et al., (2020), through an analysis of simulation 
performance using different optimization algorithms, 
observed that the V-G model effectively fits measured 
values on the "S" curve. Additionally, some studies have 
noted that besides its fitting prowess, the V-G model can 
also establish correlations with fundamental physical soil 
properties such as particle gradation and bulk density 
(Wang and Ni, 2023). 
 Currently, research on the physicochemical and 
hydrodynamic properties of soils in hilly tea-growing 
areas is primarily focused on arable land, with relatively 
limited studies relating to the cultivation of tea plants. As 
a result, the hydrological mechanisms of soil during the 
transition from ecological to economic land remain 
unclear. Investigating the hydrological properties of tea 
plantations under different growth conditions is 
promising to reduce soil erosion, protect water resources 
increase tea yield. Likewise; Van-Genuchten model to 
estimated soil hydrological processes under four distinct 
tea growth areas in the primary tea-producing region of 
the Qinba Mountain, China. And the analysis the 
comparison among soil water holding capacity, water 
release characteristics, unsaturated hydraulic 
conductivity, soil water diffusivity, and porosity across 
different growth areas of tea plantations. With this study, 
we want to create a scientific basis for the rational 
selection and planning of tea-growing areas. This will 
facilitate the coordinated ecological and economic 
development of the hill regions and ultimately contribute 
to the sustainable development of the tea industry. 

MATERIALS AND METHODS 

Study Area Profile: The Qinba mountain region 
represents the northernmost extension of the natural 
distribution of tea trees in China. It is located in the 
Qinling and Dabashan Mountains and covers the 
headwaters of the Han River. It is a confluence area that 
includes Shaanxi, Chongqing, Sichuan, and Hubei 
provinces. This region is characterized by a favorable 
natural environment, fertile soil, abundant sunlight and 
suitable temperatures, and essentially meets the growing 
requirements of tea trees (Long et al., 2022). Shangnan 
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County is situated in the southeastern region of Shangluo, 
within the Qinba Mountain region. It falls within the 
middle reaches of the Dan River. Shangnan County 
boasts abundant water and heat resources, albeit with 
uneven spatiotemporal distribution characterized by 
notable variations in temperature and precipitation. The 
northern and northwestern regions fall within the warm 
temperate climate zone, constituting 49.3% of the area, 
while the central and southern regions belong to the 
northern subtropical climate zone, comprising 50.7%. 
The study area encompasses Shima Town and 
Chengguan Town in Shangnan County. The Qinyuan 
Spring Tea Factory in Shima Town (33 °31.345 °N 110 

°46.961 E) is situated in the western part of Shangnan 
County, formerly a river beach that was subsequently 
transformed into a tea cultivation base after soil 
amelioration. The terrain of the experimental area is 
predominantly flat, with higher elevation in the south and 
lower in the north. Conversely, the Guashan Tea Factory 
in Chengguan Town (33 °30.473 °N 110 °51.807 °E) lies 
in the southwest of Shangnan County, previously a 
shrubland that underwent reclamation and conversion 
into a tea cultivation base. The topography of this 
experimental area features a combination of river valleys, 
hills, and middle to low mountain areas (Figure 1). 

  

(a) (b) 
Figure 1. Image map of the study area.; Image map of the study area: (a) Qinyuan Spring Tea Factory (b) 

Guashan Tea Factory. 
 
Soil sample collection: After the survey of study areas, 
four types of land were selected as typical sample areas 
under conditions of poor growth, moderate growth, well 

growth and luxuriant growth (Defined by biomass, 100-
grain weight and growth density) (Prematilake et al., 
2004; Zhang et al., 2020; Long et al., 2022), (Table 1). 

Table 1. Conditions for Defining the Study Area. 
 
Growth categories Biomass(t∙hm-2) Hundred-grain Weight(gram) Growth Density(plants∙hm-2) 
poor growth 10 ≤100 50000 
moderate growth 15 100~110 60000 
well growth 20 110~120 67500 
luxuriant growth 25 ＞130 75000 
 
 Three standard plots were randomly arranged 
according to the cultivated land of 5 m ×5 m in each 
growth category region (Figure 2). A total of 252 

disturbed and undisturbed soil samples in triplicates from 
each allocated study areas at 0-20 cm soil depth were 
collected using a cutting ring with a volume of 100 cm³ 
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per sample. Moreover, disturbed soil samples weighing 
approximately 1.0 kg were collected via dichotomy. The 
collected soil samples were promptly sealed and 

cryopreserved for transportation back to the laboratory. 
Subsequently, the relevant parameters were determined. 

 
Figure 2. Study area and sampling site in Shangnan city. 

 
Methods: The total soil porosity was determined using 
the pycnometer method (Hao et al., 2008), soil organic 
matter content was assessed via the potassium dichromate 
external heating method in soil agrochemical analysis 
(Nelson and Sommers, 1982), and soil Bulk density by 
using the ring knife method (Grossman and Reinsch, 
2002). Soil samples underwent treatment with 10% 
hydrogen peroxide and 10% hydrochloric acid to 
eliminate organic matter and carbonate. Subsequently, 
ultrasonic dispersion with sodium hexametaphosphate as 
a dispersant was employed prior to determining soil 
particle size using the Mastersizer 3000 laser particle size 
analyzer (Bieganowski et al., 2018). Soil texture 
classification was determined using the USDA soil 
texture classification standard triangle map (Moreno-
Maroto and Alonso-Azcarate, 2022). Unsaturated 
hydraulic conductivity was measured using the Ku-pf 
unsaturated hydraulic conductivity measuring system 
(Bormann and Klaassen, 2008). Soil moisture 
characteristic curves were established based on the 
measured data of soil particle composition, utilizing the 
soil conversion function method, the PTFs method, and 
the neural network method to establish the functional 
relationship between the parameters of the soil moisture 
characteristic curve and soil basic physical properties. 
Finally, the variation curve of soil water content with 
increasing soil water suction was obtained using V-G 

model by using formula (1), while for specific water 
capacity formula (2) were used. 

𝜃𝜃 = 𝜃𝜃s−𝜃𝜃r
[1+(αh)n]m

− 𝜃𝜃r, (1) 

While f soil can be obtained from formula (1),           
C(h) = d𝜃𝜃

dh
= −(𝜃𝜃s − 𝜃𝜃r)mnαn hn−1

[1+(αh)n]m+1, (2) 

 The 𝛉𝛉 is the soil volume water content 
(cm3/cm3). The 𝛉𝛉𝛉𝛉 is the soil residual water content 
(cm3/cm3). 𝛉𝛉𝛉𝛉 is the soil saturated water content 
(cm3/cm3). The α is approximately the reciprocal (cm-1). 
The h is the soil water suction (kPa). The n and the m are 
the parameters that control the shape of the soil water 
characteristic curve, where m is the soil specific water 
capacity (cm3·kPa).  
 The diffusivity of soil water was determined 
using the horizontal soil column method. Firstly, the 
Mariotte bottle water supply valve was opened and the 
start time was recorded. Then the time required for the 
wetting peak to move forward 10 cm was recorded 
visually. In triplicates the water supply valve was closed 
when the wetting peak reaches 120 cm and the end time 
was recorded and soil from the wetting peak was quickly 
taken at every 10 cm. The weight and water content of 
soil samples were determined by drying method. Finally, 
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the bulk density is utilized to calculate the soil volume 
water content. Water diffusivity (D (𝛉𝛉) ，cm2/min) is 
obtained by formula λ= xt-1/2 transformation to obtain 
Boltzmann transformation parameters (λ，cm2/min)，
that is following formula (3), 

D(𝜃𝜃) = −1
2(∆𝜃𝜃/∆𝜆𝜆)

(∑ 𝜆𝜆𝜃𝜃
𝜃𝜃t (𝜃𝜃)∆𝜃𝜃), (3) 

Data analysis: The data is computed using Excel 2019, 
based on the physical characteristics of the soil, such as 
the bulk density and percentage content of the particle 
composition. The parameters required for the V-G model 
were output using RETC, the data computed by the 
model is fitted to the measured data and with SPSS 27.0 
coefficient R2 is obtained. One-way analysis of variance 
was used to assess for significance (One-Way ANOVA). 
The Pearson correlation coefficient method was used to 
determine the correlation between each parameter and 
Origin 9.0 were used to organize the figures. 

RESULTS 

Basic Physical and Chemical Properties of Soil: The 
soil water content in the poor area was significantly 
higher than that in other areas (P≤0.05). The overall 
performance was as follows: poor growth (9.67%) > 
moderate growth (7.38%) > well growth (5.93%) > 
luxuriant growth (4.79%) (Table 2). Under the soil depth 
of 20 cm, the content of organic matter in the luxuriant 
growth was close to that in the well growth, which is 
higher than that in the moderate growth and the poor 
growth. The overall bulk density was as follows: 
luxuriant growth (1.44 g/cm3) > well growth (1.37 
g/cm3) > moderate growth (1.21 g/cm3) > poor growth 
(1.19 g/cm3). However, it is significantly lower than the 
well growth and the luxuriant growth. In terms of 
porosity, contrary to the law of bulk density, the total soil 
porosity of the four growth areas was luxuriant growth 
(35.12%) > well growth (31.47%) > moderate growth 
(28.49%) > poor growth (26.14%). There was significant 
difference between luxuriant growth and poor growth (P 
≤ 0.05). 

Based on the analysis of clay, sand, and silt contents in 
the four growing areas, the soil quality type was 
classified as silty loam according to the classification 
method of the United States Department of Agriculture 
(Figure 3). The content of silt (62.41%-71.48%) is the 
highest, followed by the content of sand (23.44%-
33.80%). The content of clay (3.79%-6.56%) is the least. 
In the mechanical composition of soil, except for the 
excellent growth, the sand content in well growth is 
relatively high while; poor growth is the lowest. As far as 
silt content is concerned, the luxuriant growth is the 
lowest. Poor growth is the highest with clay content is at 
moderate growth, and the luxuriant growth is the lowest 
for the well growth and the moderate growth, the content 
of sand, silt and clay is between the luxuriant growth and 
the poor growth. 

Output Parameters of V-G Model and Correlation 
Analysis of Each Index: The soil physical properties 
measured by the experiment are inputted into RETC 
software, the initial parameters (𝛉𝛉𝛉𝛉, 𝛉𝛉𝛉𝛉, α, n) of V-G 
model in each region are obtained. Where 𝜽𝜽𝐫𝐫the soil 
moisture content is whose derivative of the soil moisture 
characteristic curve is zero. 𝛉𝛉𝛉𝛉 is the soil moisture 
content whose soil suction is close to zero. Based on the 
initial parameters obtained and the measured soil water 
content of different millimeter water column under 
different water suction, the soil moisture characteristic 
curves of 0-20 cm soil depth in different regions were 
obtained by fitting with VG model. The curves are all in 
the shape of "S" and their determination coefficients R2 
are all greater than 0.99. All of them reached a significant 
level (P ≤ 0.01). As shown in table 3, the values of the 𝛉𝛉𝛉𝛉 
in four regions are between 0.0033 cm3/cm3 and 0.0071 
cm3/cm3. The values of 𝛉𝛉𝛉𝛉 are between 0.2379 cm3/cm3 
and 0.2974 cm3/cm3. The values of 𝛉𝛉𝛉𝛉 and 𝛉𝛉𝛉𝛉 of each 
region are different, in which the value of 𝛉𝛉𝛉𝛉 of poor 
growth is the smallest while the value of luxuriant area is 
the largest. The value of 𝛉𝛉𝛉𝛉 of luxuriant growth is the 
smallest while the value of moderate growth is the 
largest. The values of α are between 0.0284cm-1 to 
0.0301cm-1. The values of n range from 4.2253 to 
4.5015. 

Table 2. Analysis of physical and Chemical Properties and Mechanical composition of topsoil in different growing 
areas 

 

Growth Regions 
Water 

Content 
(%) 

Organic 
matter 

(g·kg- 1 ) 

weight 
capacity 
(g·cm-3 ) 

Total 
porosity 

(%) 

Mechanical composition (%) 

Sand(mm) Silt(mm) Clay(mm) 

Poor growth 9.67±1.09a 8.21±2.31a 1.63±0.10a 26.14±2.57c 23.44±2.31b 71.48±2.24a 5.08±0.39b 
Moderate growth 7.38±1.57a 10.67±2.64a 1.51±0.07ab 28.49±3.42bc 26.35±5.34b 67.09±6.39ab 6.56±0.28a 
Well growth 5.93±0. 79b 13.44±3.77a 1.44±0.02b 31.47±1.64ab 31.44±4.19a 64.14±3.61b 4.42±1.02bc 
Luxuriant 
growth 4.79±1.04b 12.45±7.00a 1. 37±0.04c 35.12±2.25a 33.80±4.79a 62.41±4.93b 3.79±0.16c 

Values carrying different superscripts in a column differ significantly (P≤0.05) 



Zhao et al.,   J. Anim. Plant Sci., 35 (5) 2025 

 1360 

 
Figure 3. Ternary map of soil properties. 

 
Table 3. VG model parameters of different growth conditions in tea-producing region area Correlation analysis 

of related parameters of VG model. 
 
Growth Regions θr (cm3/cm3) θs (cm3/cm3)  α (cm-1) n m=1-1/n R2 
Poor growth 0.0058 0.3974  0.0184 5.6253 0.7838 0.9999 
Moderate growth 0.0071 0.3691  0.0189 5.1631 0.7598 0.9996 
Well growth 0.0042 0.3431  0.0193 5.2996 0.7674 0.9999 
Luxuriant growth 0.0033 0.3379  0.0201 5.3456 0.7699 0.9998 
VG model data from various tea growing areas and regression, where θr is the residual water content of the soil (cm3/cm3), θs is the 
saturated water content of the soil (cm3/cm3), α (cm-1) is approximately the reciprocal (cm-1), n and m soil-specific water capacity 
(cm3/cm3.kPa). 
 
 Table 4 reveals a significant negative correlation 
between porosity and 𝛉𝛉𝛉𝛉. The correlation coefficient was 
-0.968 (P≤0.01), indicating that greater porosity 
corresponds to lower saturated water content in the soil. 
Additionally, there was a significant negative correlation 
between silt content and parameters n and m (P ≤0.05), 
while sand content showed a positive correlation with 

parameters n and m. The shape of the soil moisture 
characteristic curve is determined by three parameters: α, 
n and m in the V-G model. Generally, a larger value of 
parameter n results in a steeper soil moisture 
characteristic curve, indicating greater water release from 
the soil and corresponding changes in soil water content. 

Table 4. Correlation analysis of related parameters of VG model. 
 
 Porosity Organic 

matter Clay Silt Sand Θs θr α n m 

Porosity 1 -0.909 0.600 0.997** -0.989 -0.968** 0.755 -0.172 -0.973* -0.973* 
Organic matter / 1 -0.474 -0.937 0.908 0.782 -0.639 0.389 0.980* 0.979* 
Clay / / 1 0.588 -0.704 -0.688 0.977* -0.657 -0.540 -0.536 
Silt / / / 1 -0.988* -0.949 0.746 -0.253 -0.988* -0.987* 
Sand / / / / 1 0.965* -0.839 0.163 0.967* 0.966* 
θs / / / / / 1 -0.814 -0.159 0.887 -0.968* 
θr / / / / / / 1 -0.789 -0.704 -0.702 
α / / / / / / / 1 0.894 0.893 
n / / / / / / / / 1 1.000** 
m / / / / / / / / / 1 
Correlation between soil properties such as porosity, soil organic matter, clay sand, silt and the VG model, where 𝛉𝛉𝛉𝛉 is the residual 
water content of the soil (cm3/cm3), 𝛉𝛉𝛉𝛉 is the saturated water content of the soil (cm3/cm3), α is approximately the reciprocal (cm-1), 
n and m soil-specific water capacity (cm3/cm3.kPa). 
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Water Retention Characteristics of Soil: The shape 
characteristics of the soil moisture characteristic curve 
are indicative of the soil's water retention properties. 
Under identical suction conditions, a higher curve 
corresponds to greater soil water content, reflecting 
stronger soil water holding capacity. Figure 4 illustrates 
that the soil moisture characteristic curve exhibits a 
similar shape across the four different growth areas, 
depicting a nonlinear "S" shaped process with a 
consistent changing trend. In the suction stage before 3.5 
kPa, the soil moisture content was high, which led to the 
excess or even saturation of soil moisture. In the suction 
section of 3.5-9.5 kPa, the soil water is mainly capillary 
gravity water. Soil water content decreased significantly 
with the increase of water suction. In the suction section 

after 9.5 kPa, due to the suction of soil capillary pipe to 
soil water, the change of soil water content in this suction 
section tends to be smooth. The offset of water 
characteristic curves between different regions is 
relatively concentrated and there are many overlapping 
points. This shows that the water holding capacity of the 
four regions is closed. Before 3.5 kPa suction section, the 
water holding capacity of the four regions are arranged 
from large to small is poor growth, moderate growth, 
well growth and luxuriant growth. In the 3.5-9.5 kPa 
suction section, the water-holding capacity of the poor 
growth was better than that of the moderate growth, the 
well growth and the luxuriant growth. Meanwhile, there 
was almost no difference between the well growth and 
the luxuriant growth. 

 
Figure 4. Moisture characteristic curves of different growth regions. 

 
 The figure shows the soil moisture characteristic 
curve exhibits a similar shape across the four different 
growth areas with poor growth, moderate growth, well 
growth and luxuriant regions in Qinba Mountain. 

Specific Water Capacity of Soil: There are some 
differences in soil specific water capacity in different 
suction stages of the four tea growth regions (Figure 5). 
At 0-4.5 kPa suction, the specific water capacity curve of 
each region increased sharply with the increase of soil 
water suction. This suction section releases gravity water. 
The peak value of specific water capacity in the area with 
poor growth reached the maximum, which was 8.9×10-3 
cm3/(cm3·kPa). After 4.5 kPa, the specific water capacity 
curve of each region decreased sharply and then tended to 
be stable. This shows that with the increase of soil water 
suction, the specific water capacity decreases rapidly and 
then decrease. Finally, the specific water capacity is 
basically the same in all areas with high water suction. At 
this time, the soil pores slowly release slow-acting water. 

It shows that in the range of 0-20 cm soil depth, the four 
kinds of regional water release processes mainly occur in 
the suction section of 0-4.5 kPa. There are differences in 
water release capacity among different regions at 4.5 kPa. 
Among them, the poor growth has the best water release 
capacity, the luxuriant growth takes the second place and 
the well growth is the worst. There is no significant 
difference between moderate growth and well growth. 
The figure shows the differences in soil specific water 
capacity in different suction stages of the four Poor 
growth, moderate growth, well growth and luxuriant tea 
growth regions Qinba Mountain 

Analysis of Soil Unsaturated Hydraulic Conductivity: 
Unsaturated hydraulic conductivity plays a crucial role in 
soil water movement and solute transport, closely 
intertwining with soil physical properties. It ultimately 
reflects the conductivity characteristics of soil water. 
Figure 6 illustrates the measured values of unsaturated 
hydraulic conductivity in tea-producing areas. To model 
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the relationship between suction and unsaturated 
hydraulic conductivity, an exponential function 
K(x)=a*exp(b*x) is employed, where 'a' and 'b' serve as 

fitting parameters. Specifically, when x equals 0, 'a' 
represents the unsaturated hydraulic conductivity. 

 
Figure 5. Specific water capacity curves for different growth regions. 

 

 
Figure 6. Measured values of unsaturated water conductivity of different growth regions. 

 
 The figure shows the unsaturated hydraulic 
conductivity in different suction stages of the four Poor 
growth, moderate growth, well growth and luxuriant tea 
growth regions Qinba Mountain 
 Figure 6 illustrates that unsaturated hydraulic 
conductivity in different regions exhibits a nonlinear 
decrease with increasing suction. The degree of change in 
unsaturated hydraulic conductivity varies across different 

suction sections. When suction is below 4.5 kPa, 
unsaturated hydraulic conductivity undergoes a sharp 
decline, indicating high soil water content and filled 
macropores. As suction increases, macropores begin to 
drain, leading to a rapid decrease in unsaturated hydraulic 
conductivity. Notably, the luxuriant growth region 
exhibits the highest initial unsaturated hydraulic 
conductivity and the most rapid decline in this suction 
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section. In contrast, when suction exceeds 4.5 kPa, soil 
water content decreases, with water mainly present in 
small and medium pores. Gas fills the pores, reducing 
water-passing area and velocity. Additionally, water 
adsorption and friction between soil particles and flow 
increase pore resistance. Consequently, the variation 

range of hydraulic conductivity is smaller under a unit 
suction gradient. Table 5 demonstrates that the 
exponential function effectively captures the relationship 
between unsaturated hydraulic conductivity and suction, 
with determination coefficients (R2) exceeding 0.90 for 
each region, all reaching a significant level (P≤0.01). 

Table 5. Fitting results of unsaturated water conductivity in four regions. 
 

Growth Regions a b R2 
Poor growth 0.0324 - 0.3618 0.946 

Moderate growth 0.0459 - 0.3665 0.940 
Well growth 0.1182 - 0.3789 0.965 

Luxuriant growth 0.1437 - 0.3821 0.951 
Parameters, a and b (model data) and R2 of regression models for Unsaturated conductivity 
 
 The correlation between total porosity and 
unsaturated hydraulic conductivity at suction values of 
0.36 kPa, 1.72 kPa, 2.49 kPa, 3.91 kPa, 4.55 kPa, 5.80 
kPa and 6.52 kPa was analyzed. The results indicate a 
significant positive correlation between unsaturated 
hydraulic conductivity and soil porosity, as shown in 
Table 6. At the same suction level, smaller soil porosity 
corresponds to lower unsaturated hydraulic conductivity. 

Generally, unsaturated hydraulic conductivity is arranged 
from smallest to largest in the following order: poor 
growth, moderate growth, well growth, and luxuriant 
growth. These findings suggest that the soil structure of 
luxuriant growth is superior, followed by well growth in 
the study area, while the grasslands in moderate growth 
and poor growth exhibit relatively inferior soil structures. 

Table 6. Correlation analysis of unsaturated water conductivity and total porosity. 
 

Correlation analysis Soil water suction (kPa) 
0.36 1.72 2.49 3.91 4.55 5.80 6.52 

Porosity 0.957* 0.970* 0.963* 0.934* 0.977* 0.954* 0.941* 
Correlation between soil water suction and porosity, *suggested that the results are significant (p≤0.05) 
 
Soil water diffusivity: Soil volume moisture content and 
water diffusivity, represented by D(θ)-θ, are effectively 
fitted by the exponential function D(θ)=aebθ. The fitting 
results are presented in Table 7. It is evident that soil 
volume moisture content and water diffusivity in all four 

regions can be accurately modeled by the exponential 
function. With determination coefficients (R2) exceeding 
0.99, the statistical significance of the fittings is 
substantial. 

Table 7. Fitting analysis of soil volume water content and soil water diffusivity index function. 
 
Growth Regions Fitting equation A b R2 
Poor growth D(θ)=0.00086e22.736θ 0.00086 22.736 0.998 
Moderate growth D(θ)=0.00096e24.492θ 0.00096 24.492 0.998 
Well growth D(θ)=0.00106e26.129θ 0.00106 26.129 0.998 
Luxuriant growth D(θ)=0.00104e26.524θ 0.00104 26.524 0.997 
Parameters, a and b (model data) and R2 of regression models 
 
 The regression analysis of soil volumetric water 
content and soil water diffusivity reveals a consistent 
trend in soil water diffusivity across the four different 
regions, as depicted in Figure 7. At low moisture content, 
water diffusion primarily occurs in the form of water 
vapor movement, increasing gradually with rising 
moisture content. During this stage, water mainly moves 
through small pores, with minimal influence from soil 
solution viscosity. Consequently, the disparity in water 

diffusion among the four regions is negligible at low 
moisture content levels. 
 However, at high moisture content levels, water 
predominantly moves through large and medium pores, 
resulting in reduced soil resistance to water flow despite 
the larger gradient of soil water potential. Consequently, 
the diffusion rate of soil water increases, with D(θ) 
sharply rising with increasing θ. Moreover, as the volume 



Zhao et al.,   J. Anim. Plant Sci., 35 (5) 2025 

 1364 

moisture content approaches saturation, water diffusivity 
tends to increase infinitely. 
The figure shows regression analysis of soil volumetric 
water content and soil water diffusivity in different four 
Poor growth, moderate growth, well growth and luxuriant 
tea growth regions Qinba Mountain. Additionally, from 
Table 7, it is evident that the parameter 'a' for the four 
regions is arranged from largest to smallest as follows: 

well growth, luxuriant growth, moderate growth, and 
poor growth. Consequently, the potential water transport 
capacity of the four regions follows this order: well 
growth, luxuriant growth, moderate growth, and poor 
growth. The rate of water diffusion in well growth and 
luxuriant growth mirrors the changes in water content 
most closely, followed by moderate growth. Conversely, 
poor growth exhibits the slowest rate of change. 

 
Figure 7. Fitting of soil water diffusivity and volume water content of different growth regions. 

 
DISCUSSION 

 In regard to soil mechanical composition, 
compared to luxuriant growth, the sand content in well 
growth, moderate growth, and poor growth is lower, 
while the silt content is higher. This discrepancy can be 
attributed to the specific soil texture requirements of tea 
trees. Tea trees typically thrive in loose and well-aerated 
soil (Haghverdi et al., 2020), which facilitates root 
development and extension, enhancing the absorption of 
oxygen and nutrients. Conversely, overly sticky soil can 
impede root respiration, leading to root anoxia and 
adversely affecting tea tree growth. Moreover, tea trees in 
luxuriant growth areas typically have longer growth 
periods compared to other regions, a phenomenon 
supported by Pan et al. (2019). Over time, the soil 
particle composition and texture types tend to optimize 
alongside the extended growth years of tea trees. 
 In this study, it was observed that in the soil 
water characteristic curve, during the suction stage before 
3.5 kPa, the water holding capacity of the luxuriant 
growth was the lowest. This can be attributed to factors 
such as high root density, the lowest soil bulk density 

(1.37 g/cm3), the highest content of organic matter (12.45 
g/kg), and the highest total soil porosity (35.12%) within 
the 20 cm soil layer. This finding aligns with previous 
research by Mishra et al., (2020). Furthermore, according 
to the study of Wang and Ni (2023), there exists a 
significant negative correlation between porosity and the 
parameter θs of the V-G model of the soil water 
characteristic curve (Table 4).  
 In the low suction section, soil water is 
discharged primarily in the form of gravity water, 
resulting in poor water holding capacity of the luxuriant 
growth before 3.5 kPa. Additionally, Long et al., (2022) 
research indicates that soil water holding capacity is 
positively correlated with clay and silt content, and 
negatively correlated with sand content and bulk density. 
In this study, it was found that the water holding capacity 
of the poor growth is relatively better, followed by the 
moderate growth. This difference can be attributed to the 
significantly higher porosity of the luxuriant growth 
(35.12%) compared to the poor growth (26.14%), 
consistent with the negative correlation was observed 
(Wang and Ni, 2023).  
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 Soil particle size composition profoundly affects 
soil ventilation, permeability, and fertility, thus 
influencing soil water holding capacity. In this study, the 
V-G model utilized in the soil moisture characteristic 
curve was obtained by fitting soil particle size data using 
the RETC method. Combined with Figure 2, which 
illustrates the soil textures of the four types of growth 
regions as silty loam, it was noted that except for the 
significantly higher silt and clay content in the poor 
growth compared to other growth regions, there were no 
significant differences in the content of sand and silt 
between well growth and moderate growth (P>0.05) 
(Table 1). Consequently, there were few differences in 
water holding capacity among these regions. 
Additionally, the V-G parameter 'n' exhibited minimal 
variation among the four growth regions, ranging from 
5.1631 to 5.6253, resulting in consistent alterations in soil 
moisture characteristic curves across these regions. 
 When the specific water capacity drops below 
10-2, the soil's capacity to release water significantly 
diminishes, posing challenges for vegetation to access 
water (Zhang et al., 2020). Figure 4 illustrates that the 
specific water capacity of the four growth regions is 10-3, 
indicating that vegetation growth in these tea-producing 
areas is constrained by water availability. To facilitate 
optimal tea growth, it may be necessary to augment soil 
moisture levels appropriately. In this study, a positive 
correlation was observed between unsaturated hydraulic 
conductivity and porosity, which is consistent with the 
results of (Zhang et al., 2020). In lush growing areas, the 
accumulation of litter and a high root density within the 
20 cm long soil layer contribute to soil loosening. As a 
result, the increased number of pores results in higher 
porosity (Shi et al., 2022), resulting in the highest 
unsaturated hydraulic conductivity observed in luxuriant 
growth regions. 
 In this study, it was observed that D(θ) increases 
with the rise in θ, which corresponds to the empirical 
formula D(θ)=aebθ (Prematilake et al., 2004). At lower 
soil moisture content levels, soil moisture primarily 
moves as water vapor, resulting in gradual changes in soil 
water movement. Conversely, as soil moisture increases, 
the rate of change in soil water movement decreases, and 
soil resistance to water diminishes. Consequently, soil 
water diffusivity escalates sharply with increasing soil 
water content, consistent with findings by Hao et al., 
(2008). 
 According to the study of Nelson and Sommers 
(1982), soil type, mechanical composition, bulk density, 
porosity, and organic matter content influence soil water 
diffusivity, with soil porosity exhibiting a positive 
correlation with soil water diffusivity. In this study, under 
identical water content conditions, soil water diffusivity 
is ranked as follows: luxuriant growth, well growth, 
moderate growth, and poor growth, from highest to 
lowest. This ranking can be attributed to the lowest 

viscous weight and porosity of the soil structure in poor 
growth areas, while the porosity in luxuriant areas is the 
highest. 

Conclusion: The soil texture in the four different growth 
regions in the tea-growing areas of the Qinba Mountains 
consists primarily of silty clay. In particular, the region 
with poor growth had the highest water content and 
highest bulk density, significantly exceeding the figures 
of the other growth regions. In addition, the region with 
poor growth had the lowest levels of sand, organic 
matter, and porosity. Conversely, the lush growing region 
had the highest sand content and the lowest silt content, 
which was a stark contrast to the poor growth region. 
These results suggest that tea trees grow better in loose 
soil conditions in Qinba Mountain. The soil moisture 
characteristic curve was effectively modeled using the V-
G model, with an R2 value exceeding 0.99 (P≤0.01). 
Additionally, the index K(x)=a*exp(b*x) was employed to 
fit the relationship between water suction and unsaturated 
hydraulic conductivity, resulting in an R2 value greater 
than 0.90. Moreover, soil volume moisture content and 
soil water diffusivity were accurately described by the 
exponential function D(θ)=aebθ , with an impressive R2 
value surpassing 0.99. 
 The water holding capacity in the four growth 
regions was uniform. However, when looking at the 
entire suction range, the water holding capacity was in 
the following order: weak growth > moderate growth > 
well growth = luxuriant growth. It is noteworthy that the 
process of water delivery took place primarily in the 
suction range of 0-4.5 kPa, with the optimal water 
delivery capacity observed in the region with poor growth 
and the weakest in the region with well growth. A 
significant positive relationship was observed between 
soil porosity and unsaturated hydraulic conductivity. The 
order of unsaturated hydraulic conductivity in the four 
regions was as follows: lush growth, well growth, 
moderate growth, and poor growth. In addition, the soil 
structure of the lush vegetation had the highest degree of 
development. 
 The diffusivity of soil water gradually increases 
as the moisture content of the soil volume increases. As 
the volume moisture content approaches saturation, the 
water infusibility tends to escalate infinitely. Among 
growth regions, lush growth has the highest potential for 
water transmissibility, whereas in the well growth region, 
water diffusivity changes most rapidly when moisture 
content changes. Overall, when choosing hilly areas for 
growing tea, the optimal soil texture should be loose and 
well-ventilated clay soil with higher sand content and 
lower silt content, high porosity, low bulk density and 
high organic matter content. In addition, high water 
diffusion capacity and moderate water holding capacity 
enable effective drainage and water retention under 
various conditions. A high-quality tea plantation should 
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look back on a long tradition of tea cultivation. The 
composition and texture of soil particles should be 
optimized over time to promote continuous, high-quality 
growth of tea plants. 
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