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Abstract: Continuous cropping causes soil degradation and decreases crop yield in the karst region
of southwestern China. However, the relationship between continuous cropping systems and soil hy-
draulic and physicochemical properties remains incompletely elucidated. In this study, we performed
a comparative investigation on the soil physicochemical properties and soil-water-characteristic-
curve-derived parameters from sites subjected to 3, 5, or 7 years of continuous cropping (CC3, CC5,
and CC7) and cropping rotation (CC0). Soil organic matter content, clay content, and pH were
significantly greater in soils under CC0 and short-term cropping (CC3) than in soils under long-term
cropping (CC5 and CC7). This finding illustrated that continuous cropping reduced soil organic
matter content, clay content, and pH. Across all continuous cropping durations, soil water holding
capacity at 40~60 cm was greater than the 20~40 cm and 0~20 cm layers. The significantly greater soil
water characteristics (except saturated moisture) in CC0 and CC3 soils than in CC5 or CC7 soils at all
soil depths demonstrated that soil water characteristics deteriorated with the prolongation of crop-
ping duration. The same soil water characteristics were positively correlated with soil organic matter
content, clay content, and pH. These correlations, when viewed within the context of continuous
cropping, can inform the development of more sustainable cropping systems in similar karst regions.

Keywords: continuous cropping; soil water characteristic curve; soil water holding capacity; soil
water availability; soil physicochemical properties

1. Introduction

Continuous cropping regimes can reduce soil water holding capacity, degrade soil
hydraulic and physicochemical properties (soil water characteristics and soil physicochem-
ical properties), and adversely affect crop yield and quality [1]. Nonetheless, such crop
production regimes remain common in numerous agricultural production systems [2].
The Guizhou Plateau is one of the world’s three major karst concentrated distribution
areas [3] and harbors the production of grain crops (wheat, rice, and maize) and plants of
economic value (tobacco [Nicotiana tabacum L.] and cotton). Agricultural production on
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the Guizhou Plateau, particularly the production of economically valuable plants, is a key
component of local and national agriculture production. Among provinces in China, the
Guizhou Province is the second largest producer of tobacco, which has become an industrial
mainstay, and plays a vital role in economic development and agricultural production [4].
On the Guizhou Plateau, the practice of continuous cropping has become common due
to the limitations of cultivated land area and climate and its resulting economic benefits.
However, long-term continuous cropping has inflicted serious damage to agroecology,
proving to be a main factor restricting agricultural production and degrading the human
living environment in the region [5].

Soil water affects a wide variety of processes, such as hydrological and agricultural
processes, in the soil–plant–atmosphere continuum over a wide range of spatial and tempo-
ral scales [4,6]. In large karst landforms, perennial continuous cropping has resulted in poor
soil water holding capacities, causing substantial damage to crop production [7]. As a result
of the close relationship between plant growth and soil water dynamics, the focus of studies
on soil water in typical continuous cropping systems has shifted from solely focusing on
soil water to also examining water movement and hydraulic characteristics, particularly the
soil water retention characteristics [8]. Soil water holding capacity, field capacity, wilting
coefficient, and soil (un)available water are the most important soil hydraulic properties.
However, these hydraulic properties are affected by soil physicochemical properties (e.g.,
soil organic matter, and clay contents) [7]. Specifically, such that increased soil organic
matter and clay content can increase soil productivity, which in turn improves crop yield
and quality, these soil properties are the premise and basis of agricultural irrigation and
drainage management [9]. Soil hydraulic and physicochemical properties are sensitive to
continuous cropping, their changes under different land-use types need to be evaluated. In
the present case, the relationships between these properties and continuous cropping in
this typical karst region of southwestern China were investigated.

Among soil water characteristics, soil water holding capacity is the capacity to capture
and store precipitation or irrigation water, and soil water availability is the water that can
be taken up by plant roots with equal ease [10]. Information on soil water characteristics is
crucial for solving the numerous soil water management problems related to agricultural
and environmental issues [11]. The soil water characteristic curve (SWCC) is frequently
used to elucidate soil water dynamics and hydraulic properties. The SWCC represents the
relationship between soil water content (θ) and suction or pore water pressure (ψ) [12]. It
expresses the functional relationship between soil matric potential and its corresponding
gravimetric or volumetric water content. The most widely used SWCC models include
the Brooks–Corey [13], Gardner [14], Van Genuchten [15], and Lognormal distribution
(LND) [16] models. These models’ parameters must be estimated based on experimental
data. The models used to generate SWCCs can be divided into direct fitting [14,15] and
indirect calculation methods [8]. Among direct fitting models, the Gardner model has been
shown to provide good results for most soils in the mountainous karst areas of the Guizhou
Plateau [7].

Although many previous studies have been conducted on soil water characteristics,
the changes in soil hydraulic and physicochemical properties under continuous cropping
in karst areas have yet to be elucidated. On the Guizhou Plateau, continuous cropping
systems have caused severe changes, such as reductions in soil organic matter and pH [17]
as well as in soil clay content and soil water holding capacity [7], in agroecosystem soil
environment and degraded crop yield and quality. Moreover, continuous cropping systems
have decreased tobacco yield and quality [4]. An understanding of how soil hydraulic
and physicochemical properties evolve under continuous cropping will provide a basis
for developing scientifically sound agricultural management practices for the Guizhou
Plateau. In our present work, four typical continuous cropping durations were selected
to evaluate the effects of different cropping systems on soil properties in a long-term ex-
perimental field on the Guizhou Plateau, China. The experimental field was devoted to
producing plants with economic value—in this instance tobacco. The soil physicochemical
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properties, soil water characteristic parameters, and soil water availability at different sites
and depths were measured or calculated, and SWCCs were acquired by using a pressure
plate apparatus. The purposes of this study were to: (i) reveal the changes in soil hydraulic
and physicochemical properties after the implementation of typical continuous cropping
production systems for different durations; (ii) compare the differences and similarities
in soil water holding capacity, soil water characteristic parameters, and soil water avail-
ability between continuous cropping systems with different durations implementation;
and (iii) clarify the relationship among soil water characteristics and soil physicochemical
properties in response to continuous cropping.

2. Materials and Methods
2.1. Study Site and Soil Sampling

A long-term experimental field was established at the Institute of Tobacco Science
in the Guizhou Province, China (26◦45′01′′ N, 104◦0′47′′ E), to investigate the effects of
different continuous tobacco cropping or tomato rotation systems on soil properties. The
experimental site had an annual average precipitation of 626 mm, and an annual mean
temperature of 16 ◦C. Continuous tobacco cropping systems with durations of 3 years
(CC3), 5 years (CC5), 7 years (CC7), and tomato rotation (CC0, i.e., the control), were
selected in March 2018. All sampling points were adjacent fields with the same topography
and climatic conditions. The sampling sites were divided into four typical continuous
cropping durations of 3 years, 5 years, 7 years, and tomato rotation. The planting date
of each year was generally the end of April. Undisturbed soil samples were collected
by excavating the soil profiles (100 cm [length] × 100 cm [width] × 120 cm [depth]) and
using 20 mm tall, 50 mm diameter ring cutters to sample the soil. These undisturbed
samples were used in generating an SWCC for each sampling site/depth/replicate. Based
on the range of soil depths bearing tobacco roots, samples were collected from three depths,
namely, 0~20 cm, 20~40 cm, and 40~60 cm. Soil samples were collected at the same points in
plastic ZiplockTM bags to determine soil physicochemical properties, with three replicates
per layer at each sampling point.

2.2. Determination of Soil Properties

Soil samples were analyzed at the laboratory of Hohai University. Soil clay content
was determined by using the hydrometer method [18]. Soil pH was measured by preparing
a 1:2.5 soil:water slurry and using a pH electrode. Soil organic matter content was obtained
using the potassium dichromate–sulfate acid colorimetric method [19]. SWCCs were ac-
quired by using a pressure plate apparatus (Pressure Vessel 1500, Soil Moisture Equipment
Corp., Goleta, CA, USA) in accordance with the method of Yang et al. [7]. Measurements of
θ were made at operating pressures of 0, 0.05, 0.1, 0.2, 0.3, 0.5, 1, 3, 5, 10, and 15 (100 kPa)
(Figure 1). Ultimately, each soil sample was maintained at 105 ◦C until it reached a constant
mass, then weighed three separate times. To derive the soil’s volumetric water content at
each pressure level (saturation to wilting), the mean was calculated.

2.3. Fitting of SWCC and Calculating of Soil Water Characteristic Parameters

Plotting θ against soil matrix suction (ψm), a SWCC reflects the internal relationships
between the energy and quantity of soil water. The SWCC was fitted by using the Gardner
model [14]:

θ = A · ψm
−B (1)

where θ is the soil water content (%), ψm is the soil matrix suction, and A, B are parameters
that denote the shape of the SWCC.

When S = 1 Bar, θ = A, that is, the parameter A in the model is water content when
the suction is 1 Bar. The value of A indicates the height of the curve. The higher A is
indicative of strong water holding capacity. When the value of A is constant, a larger B
value (0 < B < 1), indicates that the curve is close to the ordinate axis, reflecting the degree
of change in soil water content when the value changes in soil water potential. A·B is the
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specific water capacity when the soil suction is 1 Bar. Its value can be used to evaluate the
water supply performance or drought tolerance of soil. The high A·B value indicates that
the soil has a good water supply or drought resistance, and the B + 1 indicates that the
water capacity changes considerably faster than moisture content [7].
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Figure 1. (a) Pressure plate testing using the Pressure Vessel 1500; (b) soil specimens on a 1 bar
ceramic plate.

The soil water characteristic parameters include moisture at saturation (θsat), field
capacity (θfc), capillary fracture (θcp), wilting coefficient (θwc), and hygroscopic coefficient
(θhyg). The θsat represents the equilibrium volumetric soil water content at a matric potential
of −0 bar [7], while θfc represents the equilibrium volumetric soil water content at a matric
potential of −0.3 bar, the θcp was approximately 65% of θfc, the θwc is the volumetric soil
water content at a matric potential of −15 bar [20]. The θwc is the soil moisture at which a
plant is permanently wilted and θ has reduced to 1.5 to 2.0 times the soil’s θhyg. Soil water
availability includes gravity water (GW, calculated as the difference between θsat and θfc),
available water (AW, the difference between θfc and θwc), and unavailable water (UAW,
water less than θwc) [21,22].

The coefficient of determination (R2), mean error (ME, cm3 cm−3), and root mean
square error (RMSE, cm3 cm−3) were employed to assess the models’ performance in
predicting the SWCC, the formula is [23].

RMSE =

√
∑m

j=1 (Pj −Mj)
2

m
(2)

ME =
1
m

m

∑
j=1

(Pj −Mj) (3)

R2 = 1−

m
∑

j=1
(Pj −Mj)

2

m
∑

j=1
(Mj −M)

2
(4)

where Mj is the measured soil water contents, Pj is the predicted soil water contents, i = 1,
2, 3, . . . , m, M is the mean of the given range of Mj, and m is the number of observations.
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2.4. Statistical Analysis

Statistical analysis for a randomized plot design was carried out using SPSS 17.0,
and significant differences were evaluated at p < 0.05. Redundancy analysis (RDA) was
employed to analyze the relationships between soil water characteristics and soil physico-
chemical properties. The regression analysis was normalized for soil physicochemical data.

3. Results
3.1. Effect of Continuous Cropping on Soil Physicochemical Properties

The effects of different continuous tobacco cropping durations or tomato rotation
systems on soil physicochemical properties are illustrated in Figure 2. Compared with
those at each soil depth in CC0, the pH levels at each soil depth in CC7 had decreased
by 6.34% (0~20 cm), 15.03% (20~40 cm), and 9.91% (40~60 cm). Throughout the different
durations of continuous cropping, there was a general decrease in soil organic matter
content (Figure 2). Moreover, the organic matter content at the same soil depths in CC3,
CC5, and CC7 was consistently lower than that in the cropping rotation system (CC0). The
organic matter content in CC7 was the lowest and was 3.9% (0~20 cm), 4.95% (20~40 cm),
and 5.47% (40~60 cm) lower than that in CC0. Soil organic matter content generally
increased as the soil depth increased. The organic matter content at 40~60 cm was 1.26%
(CC0), 0.78% (CC3), and 0.8% (CC5) greater than that at 0~20 cm. Meanwhile, in CC7,
the soil organic matter content at 40~60 cm was lower than that at 0~20 cm, which was
0.31% (Figure 2). Furthermore, clay content had an opposite trend with the extension of
continuous cropping years. Specifically, the clay contents of CC7 in each soil layer had
decreased by 14% (0~20 cm), 21% (20~40 cm), and 21% (40~60 cm), respectively, relative to
those in CC0. Vertically, clay content increased with the increase in soil depths. The clay
contents at 40~60 cm increased by 8% (CC0), 5% (CC3), 2% (CC5), and 1% (CC7) compared
with those at 0~20 cm (Figure 2).
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soil physicochemical properties. Data are means ± S.E., n = 3. Different letters indicate a significant
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7 years (CC7), or cropping rotation (CC0, i.e., the control).

3.2. Effect of Continuous Cropping on Soil Water Holding Capacity

The parameters fitted by the Gardner model under each continuous cropping duration
are shown in Table 1, and the fitted curves are shown in Figure 3a–d. The SWCC of CC0 at
40~60 cm was the largest, followed by that at 20~40 cm and 0~20 cm (Figure 3a). The values
of the parameter (A) were 0.3855 (40~60 cm), 0.3758 (20~40 cm), and 0.2942 (0~20 cm),
respectively (Table 1). Thus, the soil water holding capacity in CC0 declined in the order
of 40~60 cm > 20~40 cm > 0~20 cm. Similarly, the soil water holding capacity in CC3
was lowest at 0~20 cm, then at 20~40 cm and 40~60 cm. Therefore, the soil water holding
capacity in CC3 decreased in the order of 40~60 cm > 20~40 cm > 0~20 cm (Figure 3b).
Furthermore, in CC5 (Figure 3c), with the increase in soil suction, water release was easiest
at the soil layer of 0~20 cm, then at 20~40 cm, and was most difficult at 40~60 cm. The
SWCC at 40~60 cm was the height, followed by that at 20~40 cm and 0~20 cm (Figure 3c).
Therefore, the soil water holding capacity in CC5 decreased in the order of 40~60 cm
> 20~40 cm > 0~20 cm. Similarly, in CC7 (Figure 3d), the soil water holding capacity
decreased in accordance with the order of 40~60 cm > 20~40 cm > 0~20 cm.

Table 1. Gardner fitting parameters and equations for SWCCs.

Treatment Soil Depth (cm) A B R2 Fitting Equation

CC0
0~20 0.2942 0.0664 0.9649 θ = 0.2942·ψm

−0.0664

20~40 0.3758 0.0430 0.9876 θ = 0.3758·ψm
−0.0430

40~60 0.3855 0.0402 0.9287 θ = 0.3855·ψm
−0.0402

CC3
0~20 0.2769 0.0592 0.9881 θ = 0.2769·ψm

−0.0592

20~40 0.3263 0.0514 0.9804 θ = 0.3263·ψm
−0.0514

40~60 0.3973 0.0356 0.9931 θ = 0.3973·ψm
−0.0356

CC5
0~20 0.2847 0.0792 0.9503 θ = 0.2847·ψm

−0.0792

20~40 0.3019 0.0819 0.9750 θ = 0.3019·ψm
−0.0819

40~60 0.3122 0.0745 0.9657 θ = 0.3122·ψm
−0.0745

CC7
0~20 0.2523 0.1055 0.9700 θ = 0.2523·ψm

−0.1055

20~40 0.2848 0.0878 0.9678 θ = 0.2848·ψm
−0.0878

40~60 0.2934 0.0881 0.9562 θ = 0.2934·ψm
−0.0881

Continuous tobacco cropping for 3 years (CC3), 5 years (CC5), and 7 years (CC7), or cropping rotation (CC0, i.e.,
the control). ψm is the soil matrix suction, and A and B are the parameters that denote the shape of the SWCC.
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The SWCCs at 0~20 cm in CC0, CC3, and CC5 were higher than those in CC7 (Figure 3),
indicating that the soil water holding capacity in CC7 was the lowest, whereas that in CC0
was the highest. Moreover, CC0 had the largest parameter (A), followed by CC3 and
CC5, while CC7 had the lowest parameter (A). These findings indicated that the soil water
holding capacity of CC0 was the strongest, while CC7 was the weakest. Therefore, soil
water holding capacity at 0~20 cm followed the order of CC0 > CC5 > CC3 > CC7. In
addition, there was an obvious difference in SWCCs at 20~40 cm of each continuous
cropping year, CC0 had the strongest soil water holding capacity, followed by CC3 and
CC5, and CC7 had the weakest (Figure 3). Therefore, the soil water holding capacity at
20~40 cm followed the order of CC0 > CC3 > CC5 > CC7. Similarly, the soil water holding
capacity at 40–60 cm followed the order of CC3 > CC0 > CC5 > CC7. Therefore, different
continuous cropping had varying effects on soil water holding capacity.

Figure 4 illustrates the comparison between the measured and predicted θ values
using the Gardner model. A good agreement was observed between the predicted and
measured θ values of CC0, CC3, CC5, and CC7, given that linear regression provided
R2 values ranging from 0.9436 to 0.9926, ME (−0.0007~0.0010 cm3 cm−3) and RMSE
(0.0034~0.0714 cm3 cm−3). For CC0, CC3, CC5, and CC7, the predicted θ values were
found to be higher than the measured values at low suction, while the measured θ were
higher than the predicted at high suction (Figure 4). The R2 values of CC0 and CC3
(Figure 4a–f) were higher than those of CC5 and CC7 (Figure 4g–l). Among all cropping
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systems, CC3 had the highest R2 values of 0.9919, 0.9884, and 0.9922; ME values of 0.0011,
0.0010, and 0.0001; and RMSE values of 0.0050, 0.0056, 0.0034 at 0~20, 20~40, and 40~60 cm,
respectively. Meanwhile, among all cropping systems, CC7 had the lowest R2 values
of 0.9667, 0.9559, and 0.9436; ME values of −0.0007, −0.0004, and −0.0007; and RMSE
values of 0.0170, 0.0168, and 0.0714 at 0~20, 20~40, and 40~60 cm, respectively. More-
over, the regression lines of the SWCCs of CC0 (20~40 cm), CC3 (0~20 cm, 20~40 cm,
and 40~60 cm), and CC5 (20~40 cm) nearly overlapped with the 1:1 line without obvious
deviations in any range (Figure 4). However, the ME values of the CC0 (0~20 cm) and
CC7 (0~20 cm, 20~40 cm, and 40~60 cm) were negative, which indicated that the values
underestimated the measured θ values, and the CC7 was generally affected by long-term
continuous cropping.

Agronomy 2023, 13, x FOR PEER REVIEW 8 of 17 
 

 

The SWCCs at 0~20 cm in CC0, CC3, and CC5 were higher than those in CC7 (Figure 
3), indicating that the soil water holding capacity in CC7 was the lowest, whereas that in 
CC0 was the highest. Moreover, CC0 had the largest parameter (A), followed by CC3 and 
CC5, while CC7 had the lowest parameter (A). These findings indicated that the soil water 
holding capacity of CC0 was the strongest, while CC7 was the weakest. Therefore, soil 
water holding capacity at 0~20 cm followed the order of CC0 > CC5 > CC3 > CC7. In addi-
tion, there was an obvious difference in SWCCs at 20~40 cm of each continuous cropping 
year, CC0 had the strongest soil water holding capacity, followed by CC3 and CC5, and 
CC7 had the weakest (Figure 3). Therefore, the soil water holding capacity at 20~40 cm 
followed the order of CC0 > CC3 > CC5 > CC7. Similarly, the soil water holding capacity 
at 40–60 cm followed the order of CC3 > CC0 > CC5 > CC7. Therefore, different continuous 
cropping had varying effects on soil water holding capacity. 

Figure 4 illustrates the comparison between the measured and predicted θ values 
using the Gardner model. A good agreement was observed between the predicted and 
measured θ values of CC0, CC3, CC5, and CC7, given that linear regression provided R2 
values ranging from 0.9436 to 0.9926, ME (−0.0007~0.0010 cm3 cm−3) and RMSE 
(0.0034~0.0714 cm3 cm−3). For CC0, CC3, CC5, and CC7, the predicted θ values were found 
to be higher than the measured values at low suction, while the measured θ were higher 
than the predicted at high suction (Figure 4). The R2 values of CC0 and CC3 (Figure 4a–f) 
were higher than those of CC5 and CC7 (Figure 4g–l). Among all cropping systems, CC3 
had the highest R2 values of 0.9919, 0.9884, and 0.9922; ME values of 0.0011, 0.0010, and 
0.0001; and RMSE values of 0.0050, 0.0056, 0.0034 at 0~20, 20~40, and 40~60 cm, respec-
tively. Meanwhile, among all cropping systems, CC7 had the lowest R2 values of 0.9667, 
0.9559, and 0.9436; ME values of −0.0007, −0.0004, and −0.0007; and RMSE values of 0.0170, 
0.0168, and 0.0714 at 0~20, 20~40, and 40~60 cm, respectively. Moreover, the regression 
lines of the SWCCs of CC0 (20~40 cm), CC3 (0~20 cm, 20~40 cm, and 40~60 cm), and CC5 
(20~40 cm) nearly overlapped with the 1:1 line without obvious deviations in any range 
(Figure 4). However, the ME values of the CC0 (0~20 cm) and CC7 (0~20 cm, 20~40 cm, 
and 40~60 cm) were negative, which indicated that the values underestimated the meas-
ured θ values, and the CC7 was generally affected by long-term continuous cropping. 

   

   

Agronomy 2023, 13, x FOR PEER REVIEW 9 of 17 
 

 

   

   
  

Figure 4. Comparison of the measured and predicted soil water contents under different treatments. 
Letters (a–c) represent 0~20, 20~40, and 40~60 cm in CC0, respectively; similarly, (d–f) represent each 
layer in CC3; (g–i) represent each layer in CC5; and (j–l) represent each layer in CC7. 

3.3. Effect of Continuous Cropping on Soil Water Characteristic Parameters 
The effects of different continuous tobacco cropping durations or tomato rotation 

systems on soil water characteristic parameters are illustrated in Table 2. The saturated 
moisture in CC0, CC3, and CC5 followed the order of 40~60 cm > 20~40 cm > 0~20 cm, and 
that in CC7 declined in the order of 40~60 cm > 0~20 cm > 20~40 cm (Table 2). Meanwhile, 
the saturated moisture at 0~20 cm followed the order of CC7 > CC0 > CC5 > CC3; that at 
20~40 cm followed the order of CC0 > CC7 > CC3 > CC5; and that at 40~60 cm followed 
the order of CC7 > CC0 > CC5 > CC3. These rankings may be related to the distribution of 
large pores in CC7 and CC5. The order of field capacity and capillary fracture moisture at 
0~20 cm was CC0 > CC5 > CC3 > CC7; that at 20~40 cm was CC0 > CC3 > CC5 > CC7; and 
that at 40~60 cm was CC3 > CC0 > CC5 > CC7. Meanwhile, the wilting and hygroscopic 
coefficients at 0~20 cm were ordered as CC3 > CC0 > CC5 > CC7; those at 20~40 cm were 
ordered as CC0 > CC3 > CC5 > CC7; and those at 40~60 cm were ordered as CC3 > CC0 > 
CC5 > CC7. These results indicated that the field capacity and capillary fracture moisture 
in CC5 and CC7 were lower than those in CC3 and CC0 and decreased with the increase 
in continuous cropping durations. 

Table 2. Soil water characteristic parameters under different treatments. 

Treatment Soil Depth 
(cm) 

Saturated Moisture 
(cm3 cm–3) 

Field  
Capacity 

(cm3 cm–3) 

Capillary Fracture 
Moisture  
(cm3 cm–3) 

Wilting Coefficient 
(cm3 cm–3) 

Hygroscopic 
Coefficient 
(cm3 cm–3) 

CC0 
0~20 0.4709 0.3264 0.2122 0.2340 0.1463 

20~40 0.5206 0.3982 0.2588 0.3334 0.2084 
40~60 0.5431 0.4057 0.2637 0.3446 0.2154 

CC3 0~20 0.4312 0.2977 0.1935 0.2359 0.1474 

Figure 4. Cont.



Agronomy 2023, 13, 1416 9 of 17

Agronomy 2023, 13, x FOR PEER REVIEW 9 of 17 
 

 

   

   
  

Figure 4. Comparison of the measured and predicted soil water contents under different treatments. 
Letters (a–c) represent 0~20, 20~40, and 40~60 cm in CC0, respectively; similarly, (d–f) represent each 
layer in CC3; (g–i) represent each layer in CC5; and (j–l) represent each layer in CC7. 

3.3. Effect of Continuous Cropping on Soil Water Characteristic Parameters 
The effects of different continuous tobacco cropping durations or tomato rotation 

systems on soil water characteristic parameters are illustrated in Table 2. The saturated 
moisture in CC0, CC3, and CC5 followed the order of 40~60 cm > 20~40 cm > 0~20 cm, and 
that in CC7 declined in the order of 40~60 cm > 0~20 cm > 20~40 cm (Table 2). Meanwhile, 
the saturated moisture at 0~20 cm followed the order of CC7 > CC0 > CC5 > CC3; that at 
20~40 cm followed the order of CC0 > CC7 > CC3 > CC5; and that at 40~60 cm followed 
the order of CC7 > CC0 > CC5 > CC3. These rankings may be related to the distribution of 
large pores in CC7 and CC5. The order of field capacity and capillary fracture moisture at 
0~20 cm was CC0 > CC5 > CC3 > CC7; that at 20~40 cm was CC0 > CC3 > CC5 > CC7; and 
that at 40~60 cm was CC3 > CC0 > CC5 > CC7. Meanwhile, the wilting and hygroscopic 
coefficients at 0~20 cm were ordered as CC3 > CC0 > CC5 > CC7; those at 20~40 cm were 
ordered as CC0 > CC3 > CC5 > CC7; and those at 40~60 cm were ordered as CC3 > CC0 > 
CC5 > CC7. These results indicated that the field capacity and capillary fracture moisture 
in CC5 and CC7 were lower than those in CC3 and CC0 and decreased with the increase 
in continuous cropping durations. 

Table 2. Soil water characteristic parameters under different treatments. 

Treatment Soil Depth 
(cm) 

Saturated Moisture 
(cm3 cm–3) 

Field  
Capacity 

(cm3 cm–3) 

Capillary Fracture 
Moisture  
(cm3 cm–3) 

Wilting Coefficient 
(cm3 cm–3) 

Hygroscopic 
Coefficient 
(cm3 cm–3) 

CC0 
0~20 0.4709 0.3264 0.2122 0.2340 0.1463 

20~40 0.5206 0.3982 0.2588 0.3334 0.2084 
40~60 0.5431 0.4057 0.2637 0.3446 0.2154 

CC3 0~20 0.4312 0.2977 0.1935 0.2359 0.1474 

Figure 4. Comparison of the measured and predicted soil water contents under different treatments.
Letters (a–c) represent 0~20, 20~40, and 40~60 cm in CC0, respectively; similarly, (d–f) represent each
layer in CC3; (g–i) represent each layer in CC5; and (j–l) represent each layer in CC7.

3.3. Effect of Continuous Cropping on Soil Water Characteristic Parameters

The effects of different continuous tobacco cropping durations or tomato rotation
systems on soil water characteristic parameters are illustrated in Table 2. The saturated
moisture in CC0, CC3, and CC5 followed the order of 40~60 cm > 20~40 cm > 0~20 cm, and
that in CC7 declined in the order of 40~60 cm > 0~20 cm > 20~40 cm (Table 2). Meanwhile,
the saturated moisture at 0~20 cm followed the order of CC7 > CC0 > CC5 > CC3; that at
20~40 cm followed the order of CC0 > CC7 > CC3 > CC5; and that at 40~60 cm followed
the order of CC7 > CC0 > CC5 > CC3. These rankings may be related to the distribution of
large pores in CC7 and CC5. The order of field capacity and capillary fracture moisture at
0~20 cm was CC0 > CC5 > CC3 > CC7; that at 20~40 cm was CC0 > CC3 > CC5 > CC7; and
that at 40~60 cm was CC3 > CC0 > CC5 > CC7. Meanwhile, the wilting and hygroscopic
coefficients at 0~20 cm were ordered as CC3 > CC0 > CC5 > CC7; those at 20~40 cm were
ordered as CC0 > CC3 > CC5 > CC7; and those at 40~60 cm were ordered as CC3 > CC0 >
CC5 > CC7. These results indicated that the field capacity and capillary fracture moisture
in CC5 and CC7 were lower than those in CC3 and CC0 and decreased with the increase in
continuous cropping durations.

Table 2. Soil water characteristic parameters under different treatments.

Treatment Soil Depth
(cm)

Saturated Moisture
(cm3 cm−3)

Field Capacity
(cm3 cm−3)

Capillary Fracture
Moisture

(cm3 cm−3)

Wilting Coefficient
(cm3 cm−3)

Hygroscopic
Coefficient
(cm3 cm−3)

CC0
0~20 0.4709 0.3264 0.2122 0.2340 0.1463

20~40 0.5206 0.3982 0.2588 0.3334 0.2084
40~60 0.5431 0.4057 0.2637 0.3446 0.2154

CC3
0~20 0.4312 0.2977 0.1935 0.2359 0.1474

20~40 0.4894 0.3471 0.2256 0.2873 0.1796
40~60 0.5045 0.4164 0.2707 0.3569 0.2231

CC5
0~20 0.4479 0.3102 0.2016 0.2209 0.1381

20~40 0.4603 0.3267 0.2124 0.2333 0.1458
40~60 0.4765 0.3318 0.2157 0.2495 0.1559

CC7
0~20 0.5364 0.2708 0.1760 0.1888 0.1180

20~40 0.5173 0.3048 0.1981 0.2184 0.1365
40~60 0.5509 0.3154 0.2050 0.2395 0.1497

Continuous tobacco cropping for 3 years (CC3), 5 years (CC5), and 7 years (CC7), or cropping rotation (CC0, i.e.,
the control).

3.4. Effect of Continuous Cropping on Soil Water Availability

The values of gravity water under CC0, CC3, and CC5 had decreased by 0.1211, 0.1321,
and 0.1279 cm3 cm−3 (0~20 cm), respectively; by 0.0901, 0.0702, and 0.0789 cm3 cm−3
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(20~40 cm), respectively; and by 0.0981, 0.1474, and 0.0908 cm3 cm−3 (40~60 cm), respec-
tively, (Table 3) relative to those under CC7. However, no significant relationship was found
between gravity water and soil depths. Similarly, the available water and unavailable water
were changed with the continuous cropping years, while there was no significant difference
between (un)available water. The available water at 0~20 cm and 20~40 cm was higher in
CC0 than in CC3, CC5, and CC7. Meanwhile, the available water at 40~60 cm followed
the order of CC3 > CC0 > CC5 > CC7 (Table 3). In addition, the available water in CC0
was higher than that of CC7, which was higher than 0.0194 (0~20 cm), 0.0327 (20~40 cm),
and 0.0316 (40~60 cm) cm3 cm−3 (Table 3). Furthermore, the unavailable water at 40~60 cm
in CC3 (0.3569 cm3 cm−3) was the highest, followed by that at 40~60 cm and 20~40 cm
in CC0.

Table 3. Soil water availability under different treatments.

Treatment Soil Depth
(cm)

Gravity Water
(cm3 cm−3)

Available Water
(cm3 cm−3)

Unavailable Water
(cm3 cm−3)

CC0
0~20 0.1445 0.1142 0.2340
20~40 0.1224 0.1394 0.3334
40~60 0.1374 0.1420 0.3446

CC3
0~20 0.1335 0.1042 0.2359
20~40 0.1423 0.1215 0.2873
40~60 0.0881 0.1457 0.3569

CC5
0~20 0.1377 0.1086 0.2209
20~40 0.1336 0.1143 0.2333
40~60 0.1447 0.1161 0.2495

CC7
0~20 0.2656 0.0948 0.1888
20~40 0.2125 0.1067 0.2184
40~60 0.2355 0.1104 0.2395

Continuous tobacco cropping for 3 years (CC3), 5 years (CC5), and 7 years (CC7), or cropping rotation (CC0, i.e.,
the control).

3.5. Analysis of the Correlation Analysis between Soil Water Characteristics and Soil
Physicochemical Properties

Given that soil water holding capacity was affected by soil physicochemical properties,
the relationships between soil water holding capacity and soil physicochemical properties
under different continuous cropping durations were analyzed (Table 4). Soil water holding
capacity was significantly (p < 0.05) and positively correlated with soil organic matter (>0.1
bar) (100 kPa) but showed no significant differences at the low suction (<0.05 bar). This
relationship may be the intrinsic reason for the variations in soil water holding capacity
increase with the organic matter mentioned above. Similarly, soil pH was positively
correlated with soil water holding capacity (p > 0.05) at each suction level. Moreover, soil
clay content was significantly and positively correlated with soil water holding capacity
(0.1~15 bar) (p < 0.01), and the coefficient of correlation between these two characteristics
was the highest at the suction of 3 bar (0.798 **), showing that soil clay content was
significantly affecting soil water holding capacity under different continuous cropping
systems. Therefore, soil water holding capacity was primarily determined by physical clay
(<0.02 mm) and organic matter contents.

The correlation between soil water characteristic parameters and soil physicochemical
properties is shown in Table 5. Saturated moisture was positively correlated with organic
matter but was negatively correlated with both pH and clay content. Field capacity was
significantly and positively correlated with clay content (0.752 **) (p < 0.01) and organic
matter (0.648 *) (p < 0.05) and was positively correlated with soil pH (p > 0.05) (Table 5).
Similarly, the wilting coefficient was significantly and positively correlated with clay content
(0.726 **) (p < 0.01) and organic matter (0.590 *) (p < 0.05) (Table 5).
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Table 4. Correlation between soil water holding capacity and soil physicochemical properties.

Suction (100 kPa) Organic Matter and
Water Content

pH and Water
Content

<0.02 mm Physical Clay
and Water Content

0.05 0.533 0.260 0.613 *
0.1 0.609 * 0.365 0.708 **
0.2 0.613 * 0.349 0.734 **
0.3 0.648 * 0.378 0.752 **
0.5 0.641 * 0.376 0.752 **
1 0.656 * 0.408 0.761 **
3 0.673 * 0.435 0.798 **
5 0.600 * 0.336 0.731 **
10 0.594 * 0.314 0.718 **
15 0.590 * 0.315 0.726 **

* Correlation is significant at the 0.05 level. ** Correlation is significant at the 0.01 level.

Table 5. Correlation between soil water characteristic parameters and physicochemical properties.

Soil Water Characteristic Parameters Clay (%) Organic Matter (%) pH

Saturated moisture (cm3 cm−3) −0.260 0.209 −0.325
Field capacity (cm3 cm−3) 0.752 ** 0.648 * 0.378

Wilting coefficient (cm3 cm−3) 0.726 ** 0.590 * 0.315
* Correlation is significant at the 0.05 level. ** Correlation is significant at the 0.01 level.

The correlation between soil gravity water, (un)available water, and physicochemical
properties under different continuous tobacco cropping durations or tomato rotation sys-
tems are shown in Table 6. Gravity water was negatively correlated with organic matter
and pH, and significantly and negatively correlated with clay content (0.791 **) (p < 0.01).
Furthermore, available water was significantly and positively correlated with organic mat-
ter (0.689 *) (p < 0.05) and clay content (0.762 **) (p < 0.01). Meanwhile, correlation analysis
showed that unavailable water was significantly and positively correlated with clay content
(0.710 **) (p < 0.01) and organic matter content (0.633 *) (p < 0.05).

Table 6. Correlation between soil water availability and physicochemical properties.

Soil Water Availability (cm3 cm−3) Clay (%) Organic Matter (%) pH

Gravity water −0.791 ** −0.518 −0.341
Available water 0.762 ** 0.689 * 0.193

Unavailable water 0.710 ** 0.633 * 0.120
* Correlation is significant at the 0.05 level. ** Correlation is significant at the 0.01 level.

3.6. Interpretations of Soil Hydraulic and Physicochemical Properties by RDA Analysis

RDA indicated that soil physicochemical properties were caused by continuous crop-
ping, which further affected soil water holding capacity (Figure 5). The first two RDA
axes explained 72.32% of the cumulative variance in the relationship between soil water
holding capacity and physicochemical properties, indicating a strong correlation between
the composition of soil water holding capacity and physicochemical properties. In the
ordination diagrams, clay and organic matter presented a strong positive correlation with
the first axis, while pH revealed was positively correlated with soil water holding capacity
(Figure 5).

RDA analysis (Figure 6) showed that field capacity, capillary fracture, wilting coef-
ficient, and hygroscopic coefficient were strongly and positively correlated with organic
matter and clay contents. Furthermore, there was a positive correlation between these soil
water characteristics and pH.
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RDA (Figure 6) demonstrated a strong positive correlation between available water
and organic matter content and a positive correlation between clay content and pH. Notably,
the changes in available water and unavailable water showed the same trend (Figure 7).
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4. Discussion
4.1. Changes in Soil Physicochemical Properties Caused by Continuous Cropping

Soil genesis history, physiography, and continuous cropping have a direct influence on
the physicochemical properties of soil [24,25]. This work found that the soil pH decreased
under continuous cropping. This result was consistent with previous studies showing that
continuous cropping leads to soil acidification [26]. Similarly, we discovered the pH in
CC7 was lower than that in CC0, CC3, and CC5 at the same soil depths. This finding was
consistent with the result of Li et al. [27], who reported a decrease in soil pH due to the
continuous planting of strawberries, and the pH in CC7 was 6.34~15.03% lower than that in
CC0. Continuous cropping alters community structures, leading to soil sickness involving
the decrease of soil organic matter content, a decline in soil enzyme activity, destroying
the soil aggregate structure, and resulting in soil acidification. Thus, soil pH declined after
continuous cropping [28]. Specifically, soil pH was strongly associated with the changes
in bacterial diversity and community structures, while continuous cropping remarkably
reduced bacterial alpha diversity and altered community structures [29]. Moreover, our
study showed that soil organic matter was significantly higher in CC0 compared to CC3,
CC5, and CC7, which was in line with the previous report [30]. Interestingly, we found
that CC5 exhibited higher soil organic matter levels than CC3. This indicated that organic
matter content improved after continuous cropping. The main reason for this result is that
conventional tillage may lead to a loss of soil organic matter, but this may be due to the
increase of organic matter content after crop residues are returned to the soil [31]. However,
this finding contradicted the results of Yu et al. [32], who found that by the second and third
cropping rotations, soil organic matter content had decreased by 10% and 15%, respectively.
Nevertheless, the organic matter content in CC7 was lower than that in CC5, CC3, and CC0,
indicating that soil organic matter content decreased as the continuous cropping increased.
Similarly, our data demonstrated that the clay content at the depth of 0~60 cm decreased
with the increase in continuous tobacco cropping durations and soil depth because the soil
was loose and porous at the depths of 0~30 cm where tobacco roots mainly concentrate.
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This finding agrees with Zhao et al. [33], who discovered that the clay content gradually
moved and accumulated in deep layers.

4.2. Changes in Soil Water Holding Capacity Caused by Continuous Cropping

Continuous cropping led to the deterioration of soil water holding capacity. The soil
water holding capacity in CC0 and CC3 was significantly higher than that in CC5 and CC7,
which is in line with the conclusion that continuous cultivation altered soil physicochemical
properties and led to a decline in soil water holding capacity [34]. Previous studies have
stated that soil water holding capacity is strongly affected by organic matter [24]. The
variability in organic matter content associated with continuous cropping alters pore
distribution and water retention at lower suctions [35,36]. However, Abdallah [37] reported
that increased soil water holding capacity due to the addition of organic matter might
be overestimated or unclear and found that organic matter had a very weak effect on
soil water holding capacity. Notably, our findings indicate a positive correlation between
soil clay content and soil water content. These results agree with Zhao et al. [33], who
discovered that soil water holding capacity was significantly correlated with clay content.
Due to our discovery of the relationship between soil water holding capacity and soil
physicochemical properties, our study results agree with Bordoloi et al. [24], indicating
that the soil water holding capacity was strongly positively correlated with clay content.
Similarly, Zhang et al. [8] indicated that the soil water holding capacity was significantly
positively correlated with soil depths and clay content.

4.3. Changes in Soil Water Characteristic Parameters Caused by Continuous Cropping

The field capacity, the wilting coefficient, and capillary fracture moisture decreased
as the continuous cropping increased. These results agree with Awe et al. [38], who
reported that under tillage, soil field capacity differed significantly at the soil layers of
0~10 and 10~20 cm (p < 0.05). Interestingly, Awe et al. [38] also reported that the soil
wilting coefficient showed insignificant differences. This finding indicated that the wilting
coefficient was unaffected by tillage and contradicted our results. This phenomenon was
likely due to the influence of cultivation practices on soil porosity. This work showed a
strong positive correlation between field capacity, capillary fracture, wilting coefficient, and
hygroscopic coefficient with organic matter and clay content. However, saturated moisture
was positively correlated with organic matter content, while it was negatively correlated
with clay content and pH. By contrast, our results illustrate that saturated moisture was
significantly and negatively correlated with clay content and pH. These results indicate
that continuous cropping is the main indicator affecting soil properties and can affect the
ability of the soil to conserve water, and support root growth, thereby strongly influencing
soil hydraulic characteristics [8].

4.4. Changes in Soil Water Availability Caused by Continuous Cropping

The deterioration of soil physicochemical conditions negatively affected soil hydraulic
characteristics. The available water changed with the duration of continuous cropping,
and the soil available water in CC0 and CC3 was higher than that in CC5 and CC7. These
results agree with Awe et al. [38], who demonstrated that tillage practices either increased or
decreased soil water retention at field capacity and that the changes in soil texture markedly
influenced soil available water. Similarly, the results also agree with Aiken et al. [39], who
showed that continuous cropping may reduce soil water availability. However, our findings
contradict Blanco-Canqui et al. [10], who indicated that long-term tillage systems did not
differently affect saturated hydraulic conductivity, water retention, and available water.
This difference was due to the major influences of different types and intensities of tillage
practices on soil properties and processes and thereby modified soil water availability.

The study revealed that available water and unavailable water had a strong positive
correlation with organic matter content. However, gravity water had a strong negative
correlation with organic matter, pH, and clay content. The literature suggests that increasing
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the organic matter content of a given soil does not significantly increase available water [40].
Interestingly, Minasny and McBratney [41] demonstrated that the available water increase
contributed by organic matter might be overestimated. Nevertheless, given that soil water
increases field capacity and the wilting coefficient [34], this approach does not always
increase available water [35]. A similar result was reported by Román Dobarco et al. [42],
who discovered that the influence of field capacity and the wilting coefficient on soil
available water had large errors due to the wide range of mineral compositions within
particle size fractions (i.e., clay).

5. Conclusions

Intensive continuous cropping has necessitated studies on soil hydraulic and physico-
chemical properties. Organic matter, pH, and clay content were negatively correlated with
continuous cropping duration. Deeper soil layers have a higher water holding capacity.
Soil water holding capacity, field capacity, and available water in rotation or short-term
cropping were higher than those in long-term cropping and were positively correlated
with soil pH, clay, and organic matter content. Meanwhile, saturated moisture was pos-
itively correlated with organic matter content, but was negatively correlated with clay
content and pH. Furthermore, gravity water was negatively correlated with soil pH, clay,
and organic matter content. Overall, continuous cropping poses a serious hazard to soil
hydraulic and physicochemical properties, potentially resulting in decreased crop yield
and quality. Our study enhances our understanding of the changes in soil hydraulic and
physicochemical properties under continuous cropping in the karst region of southwestern
China. Meanwhile, the data can be used to help formulate and implement sustainable and
protective measures in areas suffering from continuous cropping obstacles. Thus, during
agricultural production, we could regulate the stability of the soil-crop ecological system
via crop rotation, or application of microbial fertilizers and soil amendments to mitigate
continuous cropping obstacles.
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