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Managing soil salinity in arid areas is a challenging task that is becoming increasingly difficult. Various man-
agement practices include using salt-tolerant crops like cotton and sugarbeet, plastic-mulched drip irrigation,
intercropping, and biochar. However, studying the effectiveness of these practices can be difficult, costly, and
time-consuming, as obtaining information on soil water and salt dynamics can be challenging. Numerical sim-
ulations show promise, but have limited application in simulating complex field experiments, such as adding
ameliorants and intercropping systems. This study aimed to use a simulation model called HYDRUS-2D to
simulate soil water and salt dynamics and root water uptake (RWU) in cotton and sugarbeet monocultures and
intercropping with biochar application in an arid climate to minimize soil water losses through optimal irrigation
under plastic-mulched drip irrigation systems. The results of a three-year field experiment were used to calibrate
and validate the HYDRUS-2D model. The soil water and salt dynamics were measured in fields with biochar
applied at three different rates [0 t ha! (CK), 10 t ha™! (B10), and 25 t ha! (B25)]. The R% RRMSE and NSE
showed that the soil hydraulic and solute transport parameters optimized in HYDRUS-2D satisfied simulation
accuracy requirements. The simulation results showed that biochar application increased soil water and salt
storage. Simulated RWU ranked as B10>B25>CK, consistent with soil water storage and yield. The B10 treat-
ment showed promising application potential in RWU enhancement, evaporation and water drainage reduction,
irrigation water conservation and farmers’ income increment. This study provides a useful reference for agri-
cultural production and social benefits in arid and semiarid areas.

1. Introduction

Two main challenges face sustainable agricultural ecosystem devel-
opment: water resource scarcity and soil salinity (Meena et al., 2019).
Water scarcity induces unhealthy and unfair water exploitation leading
to degraded ecosystems and greater competition (Xie et al., 2022). The
global area of saline-alkali soil is 935 million ha, 75% of which is in arid

and semiarid areas in India, China, and Pakistan (Li et al., 2016). The
salinized soil area is expanding by 1-2 million hectares per year, and
expected to increase further in the coming decades due to intensified
human activities and climate change (Hassani et al., 2021), causing
annual global income losses of at least US$27.3 billion (Qadir et al.,
2014). Improving salt-affected soils and developing water-saving agri-
culture are important strategies to ensure national food security and

Abbreviations: IWUE, irrigation water use efficiency; RWU, root water uptake; EC, electrical conductivity; 0v, soil water content; SSC, soil salt content; DAS, days
after sowing; LAI, leaf area index; R?, coefficient of determination; RRMSE, relative root mean square error; SE, Nash-Sutcliffe efficiency coefficient; SWS, soil water
storage; SSS, soil salt storage; Ea, soil evaporation; CRWU, cumulative RWU; CE, cumulative evaporation; CD, cumulative drainage.
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sustainable agricultural development (Srivastava et al., 2016).

In the arid to semiarid Xinjiang Uyghur Autonomous Region, the
main cotton production area in China, about one-third of the arable land
is threatened by salinization (Li et al., 2021), causing losses of about 720
million kg grain per year (about 8.6% of the total grain output) and
130.5 million kg cotton per year (about 9% of the total cotton output),
equating to about 3.5 billion Yuan per year (8% of the total agricultural
output value) (http://3w.detts.org/Item/7659.aspx). Due to its loca-
tion, Xinjiang’s food security depends on local crop production,
contingent on irrigation and groundwater. Thus, it is critical to grow
‘more crop per drop’ by reducing water losses and improving irrigation
water use efficiency (IWUE) to alleviate local agricultural development
issues and meet food security (Ning et al., 2021). Various strategies have
been proposed to address these challenges, such as plastic mulched drip
irrigation (Ning et al., 2021), modifying farm management strategies,
using soil amendments, and planting salt-tolerant crops like cotton
(Gossypium hirsutum L.) and sugarbeet (Beta vulgaris L.) (Hong et al.,
2017; Yang et al., 2016). Haas and Défago (2005) reported that mono-
culture systems, such as continuous cotton cultivation, decrease the
quality and quantity of produce. In contrast, intercropping systems that
cultivate two or more crops in the same field at the same time can in-
crease land and water use efficiencies, reduce soil erosion, alleviate
drought risk, and increase yield and farmer income (Gou et al., 2016;
Ren et al., 2019; Zhang et al., 2018). However, few studies have
investigated intercropping systems in arid and semiarid climates.

Biochar is a widely recommended soil amendment for improving soil
quality in agricultural production systems (Zhao et al., 2020). Biochar is
usually a stable carbon-rich porous material produced by pyrolysis of
waste biomass materials (e.g. plant straw, cinder or wood chips) under
oxygen-limited or oxygen-free conditions at temperatures ranging from
300 to 1000°C or hydrothermal carbonization at low temperature. The
special characteristics of biochar affected the physical and chemical
properties of the soil at some extent. The porous structure of biochar can
reduce soil bulk density and increase soil porosity, which also induces
biochar to effectively improve soil water capacity and retain more water
(Abrol et al., 2016; Burrell et al., 2016). Biochar increases the organic
carbon content of soil, which promotes the binding of polyvalent cations
with soil particles, thereby improving the soil agglomeration stability
and preventing soil degradation (Kim et al., 2016). Besides, biochar can
also be employed as a source of nutrients including available nitrogen,
available phosphorus and available potassium (Laghari et al., 2015;
Zheng et al., 2021). The effect of biochar on soil nutrient retention and
utilization was greater than that of direct nutrient supply (Qian et al.,
2023). Owing to soil quality and nutrient condition, biochar has been
regarded as an effective ameliorant in promoting plant growth and yield
(Mehdizadeh et al., 2020; Zhao et al., 2020). However, the performance
of biochar mainly depends on the source of raw material, pyrolysis pa-
rameters and an appropriate application amount (Fu et al., 2019; Sai-
fullah et al., 2018), as excessive amounts can aggravate soil salinity in
arid and semiarid climates with high ash contents (Liang et al., 2021)
and question the economic feasibility of a production system.

Various management practices, including salt-tolerant crops under
plastic mulched drip irrigation in an intercropping system supplied with
biochar, have been adopted and tested in Xinjiang (Li et al., 2022b;
Wang et al., 2022b). However, understanding the effects of these mea-
sures on soil water and solute transport, RWU, and soil water balance is
critical for their success. Soil salinity and water scarcity complicate
irrigation in Xinjiang. A high soil salt concentration reduces the amount
of available water for RWU for plant function, crop production, and
sustainable irrigation (Poulose et al., 2021). Soil evaporation and plant
transpiration also play a vital role in the soil water balance, as do soil
water and salt distribution and composition. However, monitoring these
processes can be challenging, limiting our understanding of soil water
and salt dynamics and RWU.

Numerical simulation is an efficient approach to investigating
optimal irrigation management practices (Ahmad et al., 2018; Aggarwal
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et al., 2017), using models such as HYDRUS (1D/2D/3D) (Simiinek
et al,, 1999) with its flexible application conditions including the
following. (i) Development of reasonable irrigation schedules for salt
management. Xu et al. (2019) used the HYDRUS-1D model to design an
optimal soil desalting irrigation plan by simulating salt transport and the
effects of different irrigation practices on soil desalting. Liu et al. (2021)
determined the placement of the subsurface pipe below the clay layer to
obtain the best water drainage and salt discharge effects using
HYDRUS-2D simulation results for soil water and salt transport. (ii) Soil
water movement under additive conditions. Wang et al. (2018a) first
applied HYDRUS-1D to simulate soil water dynamics in homogeneous
and layered water-repellent soils. They later simulated the RWU of
summer maize grown in water-repellent soils and revealed the possible
mechanisms of soil water repellency for decreasing yield (Wang et al.,
2021a). Li et al. (2022a) recommended an optimal amount and mixed
depth of biochar application according to simulation scenarios in
HYDRUS-1D. (iii) Soil water and salt dynamics in intercropping systems.
Li et al. (2015) simulated two-dimensional SWC distributions and
designed an optimal irrigation plan for a tomato-corn intercropping
system with HYDRUS-2D. Chen et al. (2022) used HYDRUS-2D to
simulate soil nitrogen dynamics in a tomato—corn intercropping system
with different crop spatial arrangements to determine the most suitable
spatial arrangement. Overall, the HYDRUS model has been confirmed to
simulate soil water and salt dynamics under different filed productivity
improvement conditions, such as drip irrigation, biochar and inter-
cropping. However, the performance of HYDRUS model for simulating
soil water and salt dynamics under integrated application of plastic
mulched drip irrigation, biochar-applied soils and intercropping systems
need further study.

This study aimed to (1) calibrate and validate soil water hydraulic
and solute transport parameters of biochar-applied soils; (2) simulate
soil water and salt dynamics and RWU in cotton and sugarbeet mono-
cultures and intercropping; (3) optimize irrigation schedules to reduce
soil water losses under plastic mulched drip irrigation in Xinjiang.

2. Materials and methods
2.1. Experimental design

2.1.1. Study area and soil and biochar properties

The field experiments for monoculture and intercropping of cotton
and sugarbeet with biochar applications were conducted at Bayingol
Mongolian Autonomous Prefecture in the Xinjiang Uyghur Autonomous,
China (86°56' E, 40°53' N) from 2018-2020. The area has a temperate
continental desert climate, with an annual mean temperature of 10.9°C,
precipitation of 34.1 mm, and pan evapotranspiration of 2417 mm.

Before crop sowing, soil samples were collected from the 0-100 cm
soil layer. Soil particle composition was determined using a Malvern
laser particle size analyzer. Soil textures were silty clay loam at 0-60 cm
and sand at 60-100 cm depth (Wrb, 2006). Soil electrical conductivity
(EC) was measured with a DDS-303 conductivity meter, with the
average soil salt content (SSC) at 0-60 cm depth ranging from 0.1-0.2%,
categorized as a light salinized level (Xu, 1980).

Biochar was prepared from the processing residue of palm (Trachy-
carpus fortunei) oil by slow pyrolysis at 600 °C under anaerobic condi-
tions. The cooled biochar was milled to powdery consistency to increase
contact with the soil, with a particle size <2 mm, bulk density of
0.5 g cm™3, and specific surface area of 217 m? g™'. The initial electrical
conductivity (ECy.5) of the biochar was 11.02 mS cm™!. Ferrous sulfate
was used to acidify biochar to a pH of less than 7 (eventually measured
at 6.7) to prevent soil pH increasing in saline-alkaline soils following
biochar application.

2.1.2. Field planting and irrigation systems
Three planting systems were used in the field experiments: cotton
monoculture, cotton-sugarbeet intercropping, and sugarbeet
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monoculture. Xinluzhong #66 and Detian #2 were the cotton (Gos-
sypium hirsutum L.) and sugar beet (Beta vulgaris L.) varieties, respec-
tively. The planting system for cotton monoculture comprised four rows
of cotton plants, with one plastic film and two drip lines. The inter-
cropping system comprised four rows of cotton intercropped with one
row of sugarbeet. For sugarbeet monoculture, the planting system
comprised thre rows of sugarbeet plants, with one plastic film and two
drip lines. Figure S1 is a schematic diagram of the three planting pat-
terns. T}11e average discharge rate of each drip emitter was about
20Lh .

2.1.3. Biochar, irrigation, and fertilizer applications

Before sowing, biochar was mixed into the top 0-30 cm soil layer. In
2018, the initial biochar application amounts were 0 t ha™! (CK)and 10t
ha™! (B10); in 2019 and 2020, 25 t ha™ (B25) of biochar was added.
Each treatment was replicated three times. Each plot had an area of
6 mx6 m, with the treatment plots in a randomized block design. The
experiments were carried out between April 11 and September 24 in
2018 and 2019, and April 15 and September 20 in 2020.

The irrigation and fertilization application schedules were the same
for all treatments each year. The irrigation quota was 260 mm for all
three experimental years. For each crop growing season, 450, 265, and
100 kg ha™! of urea (N>46%), diammonium phosphate (P205>46%),
and potassium sulfate (K20>52%), respectively, were applied as fertil-
izers. Table S1 presents the irrigation and fertilizer application
schedules.

2.2. Data collection and processing

2.2.1. Meteorological and groundwater data

Meteorological data including rainfall, air temperature, relative hu-
midity, solar radiation, and wind speed were collected using a portable
small automatic weather station (HOBO U30, USA) installed at the
experimental field. The average groundwater table in the study area
ranged from 1.2-1.8 m. The daily groundwater table during crop
growing periods was measured with a monitoring well.

ET( (mm) was estimated using the Penman-Monteith equation (Allen
et al., 1998) (Figure S1).

2.2.2. Soil water content and soil salt content

Soil samples were collected with a steel auger on different days after
sowing (DAS), every 10 cm within 0-40 cm and every 20 cm within
40-100 cm from 2018-2020. The oven drying method was used to
obtain soil water content (6y). Soil samples were ground and passed
through a 2 mm sieve. The soil salt content (SSC; g kg™!) was calculated
as SSC=3.4328EC;.5+1.0513 (R*=0.95) and converted to SSC, as
follows:
SSS, = 1000 x Sssgﬂ (€D)]

14

where SSC, is the concentration in volume (mg cm’g), and BD is the soil
bulk density (g cm™3).

2.2.3. Leaf area index and cotton and sugarbeet yields

Leaf area index (LAI) was measured using a tape, and calculated as
the product of the greatest length and width (Garcia-Vila et al., 2009):

LAI = 0.84 x Ei: i:L,j x Wy .
T

m x 10*

where ¢ is actual cotton planting density (plant m™2), m is the total
number of measured plants, n is the total number of leaves on a single
plant, L and W are leaf length and width (cm), respectively, I and j are
the jth leaf on the i™ plant, and 0.84 is the conversion coefficient (Zong
et al., 2021).

Three strips (each 6.67 m?) were randomly selected in each plot to
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measure yield. The number of cotton bolls with diameters >2 cm and
the number of sugarbeet plants were recorded. Twenty cotton bolls were
randomly selected from each of the lower third, middle third, and upper
third of the cotton plants to calculate yield. The sugarbeet plants were
dug up to weigh tubers and calculate yield.

The IWUE of the monocultures and intercropping system were
calculated as follows:

Y.
——, cottonmonoculture
IRR

PY. +PY, 3)

IWUE = IRR , int ercropping

RO

R’ sugarbeetmonoculture

where Y. and Y; are yields of cotton and sugarbeet in the monoculture
system (t ha™!), P, and P are the planting proportion for cotton and
sugarbeet in the intercropping system, Y, and Y; are the yields of cotton
and sugarbeet (t ha™) in the intercropping system, respectively, and IRR
is the irrigation amount (mm).

2.3. Numerical simulation of soil water and solute dynamics
2.3.1. Main theory

The Richards equation and convection-dispersion equation were
used to describe soil water and solute transport dynamics:
K(©,)

20, 0 oh i) oh
o *a{’““a} *a{"(“’v) =

00) _ 0 (p9CY, 9y, 0C\ 0a.C) 0(4:C)
ot 70x<0" X0x> +02(0"DZ 0z> ox 0z

S(h)
C))

where 0, is volumetric soil water content (cm® cm‘s), h is matric po-
tential (cm), z is vertical soil depth (cm) (downward is positive), x is
horizontal distance (cm), t is time (day), K(0) is unsaturated soil water
conductivity (cm day'l), S(h) is root water uptake term (cm3 cm™
day’l), C is solute concentration (mg em™), D is saturated-unsaturated
hydrodynamic dispersion coefficient (cm? day™?), and q is water flux
(em day™). The diameter of the wetted surface area formed with drip
irrigation was 10 cm. Water flux (q) was calculated as:

q

't
=1000%
1 L

%)

where q/ is emitter rate (L h’l), ¢ is irrigation duration (h), and L is
wetted boundary width (cm).

The van Genuchten-Mualem equation (Van Genuchten, 1980) de-
scribes the soil water retention curve and soil hydraulic conductivity:

(9.\_9r)
0+ ———
0(h) = (I+lah[)" h <0 6)
0,h>0
1\ ™ 2
1= (152
K(h) = ,h <0 (7)
K, h >0

where 6 is saturated soil water content (cm® cm™), 6, is residual water
content (cm3 cm’3), K; is saturated hydraulic conductivity (cm day’l),
saturation ratio Se = (65 —0;)/(0 —6;), | is pore-connectivity parameter
(fixed at 0.5), a is inverse of the air-entry value, n (>1) is pore-size
distribution index, and m=1-1/n.

A multiplication model was recommended to describe plant RWU
under water and salinity stress conditions (Feddes et al., 1978):

S(h) = A(h)b(x,z,1)T,L, (®

whereA(h)is a dimensionless stress response function, and L is the
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length of the soil surface associated with transpiration (cm), L, values of
50 cm, 50 cm, and 55 c¢m in cotton, sugarbeet, and cotton-sugarbeet
intercropping were used, and b(x, 2, t) is the normalized root water
uptake distribution function (cm‘z).

T, is the potential transpiration rate (cm day™1), estimated as:

Ty= ETyE, )]

where ET)}, is potential evaporation (cm day’l), and ETp= K. ETo, where
K. is crop coefficient.

K. for the cotton-sugarbeet intercropping system was estimated
using a comprehensive coefficient without considering the height dif-
ference between cotton and sugarbeet (Li et al., 2019):

_ PK.+PK,

T 4o

where P. and P are planting area proportions of cotton (=0.8) and
sugarbeet (=0.2) in the intercropping system, and K.. and K are the
crop coefficients of cotton and sugarbeet, respectively. Specific values
for these parameters were adopted from the FAO Irrigation and
Drainage Paper 56 (Allen et al., 1998).

Ej, is estimated as (Belmans et al., 1983; Goudriaan, 1985):

gp= ET, e* ! an

where k is dimensionless plant canopy radiation attenuation coefficient
(0.35 <k< 0.75), set at 0.55, 0.60, and 0.45 for cotton, sugarbeet, and
cotton-sugarbeet intercropping, respectively (Aggarwal et al., 2017;
Yang et al., 2019).

The HYDRUS-2D model was used to simulate soil water and solute
dynamics.

2.3.2. Initial and boundary conditions

The model simulation area for soil water and solute dynamics was in
a rectangular domain (120 cm x 68 cm). The simulation started 55, 55,
and 50 DAS in 2018, 2019, and 2020, respectively, to improve the ac-
curacy and decrease root effects during early growth. The observed 6,
and SSC, were set as the initial conditions:

{Hv(x,z,t) =6p(x,2),(—38 <x<30,0<z<120,t=0) a2

ey(x,2,1) = co(x,2), (— 38 <x <30,0<z<120,7=0)

where 6y and ¢ are the initial 6, and initial salt content, respectively.

The upper boundary conditions are time-variable flux, no-flux, and
atmospheric types for the dripper, mulched area, and no-mulched area,
respectively. The lower boundary is the variable pressure head type to
consider groundwater table depth changes. No-flux boundary conditions
were set for the left and right boundaries (Fig. 1).

2.3.3. Model calibration, validation, and application

The CK treatment had two soil layers (0-60 cm, 60-120 cm), while
the biochar-applied treatments had three soil layers (0-30 cm,
30-60 cm, and 60-120 cm). For initial soil hydraulic and salt transport
parameters, please refer to Wang et al. (2022a) and Li et al. (2018). The
parameters were calibrated by 6, and SSC values of cotton monoculture
treatments and validated by 6, and SSC for the sugarbeet monoculture
and cotton-sugarbeet intercropping treatments. The HYDRUS-2D model
performance was evaluated using the coefficient of determination (R2),
relative root mean square error (RRMSE), and Nash-Sutcliffe efficiency
coefficient (NSE).

After calibration and validation, the simulated 6, and salt results
were used to calculate RWU, evapotranspiration, soil water storage
(SWS), soil salt storage (SSS), and soil water balance components from
0-40 cm depth. The optimized irrigation amounts in different years
were obtained from soil water balance components at different crop
growth stages. The distance in y direction (4y) was set to 1 cm for ease of
understanding. Thus, the digital SWS and SSS were obtained as follows:
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0
-20
g -40 ® Dripper '
EO ® Observed points
k= -== Time-variable flux
5 -60 === Time-variable head
RS) ===+ Atmospheric boundary
z -80 === No flux
-100
-120

-20 0 20
Distance from plant/cm

Fig. 1. Modeling domain, boundary condition setting, and observation points.

30 —40

SWS =Y > 6,(x,2)-Ay

x=—38 =0 (14)

30 —40

$SS= D" > Cu(x,2)Ay

x=-38 z=0
3. Results
3.1. Crop growth parameters

The K, values at seedling, squaring, flower-bolling, and boll-opening
stages were 0.13, 0.69, 1.15, and 0.60 for cotton monoculture, 0.17,
1.16, 0.88, and 0.62 for cotton-sugarbeet intercropping, and 0.34, 0.80,
1.20, and 0.70 for sugarbeet monoculture, respectively. Biochar appli-
cation affected the LAI and yields of cotton and sugarbeet in both
monoculture and intercropping systems, and thus IWUE (Tables 1, 2, S2,
and S3). The biochar-applied treatments had higher LAIs, crop yields,
and IWUEs than the CK treatments (Table 3). The IWUE calculation for
cotton and sugarbeet monocultures indicated the same change rates for
yield and IWUE. The cotton monoculture yields and IWUE increased by
19.4% in 2018 (B10), 25.5% and 21.3% in 2019, and 45.5% and 18.2%
in 2020 (B10 and B25, respectively) compared to CK. For cot-
ton-sugarbeet intercropping, cotton yields increased by 16.5% in 2018
(B10), 22.5% and 25.0% in 2019, and 25.1% and 34.4% in 2020 (B10
and B25, respectively), and sugarbeet yields increased by 31.7% in 2018
(B10), 38.4% and 40.9% in 2019, and 79.4% and 24.3% in 2020 (B10

Table 1

Crop coefficient (K.) and leaf area index (LAI) of cotton at different growth
stages from 2018-2020. DAS is days after sowing. CK, B10, and B25 denote
biochar rates of 0, 10, and 25 t ha™'.

Treatment Seedling Squaring Flow-bolling Boll-opening

stage (1-65 stage (66-91 stage stage
DAS) DAS) (92-136 (137-163

DAS) DAS)
K. 0.13 0.69 1.15 0.60
LAI CK 0.16 1.38 4.39 3.56
2018 B10 0.32 1.81 5.94 4.72
LAI CK 0.16 1.31 3.48 3.15
2019 B10 0.32 1.81 4.89 3.71
B25 0.32 1.84 5.06 3.81
LAI CK 0.16 0.80 3.53 3.11
2020 B10 0.16 2.49 4.33 3.86

B25 0.16 2.21 3.67 3.23
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Table 2
Crop yields and irrigation water use efficiency (IWUE) of three planting systems. CK, B10, and B25 denote biochar rates of 0, 10, and 25 t ha-1.
Year Cotton Intercropping system Sugarbeet
Yield (kg ha™®) IUWE (kg ha!mm™) Cotton yield (kg ha™®) Sugarbeet yield (t ha ™) IUWE (kg ha ! mm™) Yield (t ha™®) IUWE (tha ! mm™)
2018 CK 5680 2.18 6314 20.8 3.55 82.3 0.32
B10 6784 2.61 7358 27.4 4.37 106.6 0.41
2019 CK 5911 2.27 6040 19.8 3.38 71.1 0.27
B10 7417 2.85 7398 27.4 4.38 99.3 0.38
B25 7172 2.76 7547 27.9 4.47 88.4 0.34
2020 CK 4903 1.89 4773 18.9 2.92 92.1 0.35
B10 7133 2.74 5969 33.9 4.45 123.0 0.62
B25 5794 2.23 6417 23.5 3.89 113.7 0.44
Table 3

Soil hydraulic and solute transport parameters under different biochar treatments from 2018-2020. CK, B10, and B25 denote biochar rates of 0, 10, and 25 t ha-1.

Treatment Soil depth (cm) Soil hydraulic parameters Solute transport parameters
or (cm® em™) 6s (cm® em™) a n Ks (cm day™) Dy, (cm) Dy (cm)
CK 0-60 0.08 0.38 0.08 1.8 25.0 30 3.0
60-120 0.05 0.35 0.008 2.5 250 40 4.0
B10 2018 0-30 0.08 0.39 0.085 1.65 27.0 33 3.3
2019 0.08 0.40 0.088 1.66 28.0 34 3.4
2020 0.08 0.41 0.09 1.68 29.0 35 3.5
B25 2019 0-30 0.08 0.41 0.09 1.68 28.5 35 3.5
2020 0.08 0.42 0.09 1.70 30.0 38 3.8

and B25, respectively). The intercropping IWUE increased by 23.1% in
2018 (B10), 29.6% and 32.2% in 2019, and 52.4% and 33.2% in 2020
(B10 and B25, respectively). The sugarbeet monoculture yields and
IWUE increased by 29.5% in 2018 (B10), 39.7% and 24.3% in 2019, and
33.6% and 23.5% in 2020 (B10 and B25, respectively). The B10 treat-
ment had the highest LAI, yield, and IWUE in all planting systems in all
years except intercropping in 2019.

3.2. Modeling parameters and performance

We evaluated the effect of biochar application on the HYDRUS-2d
simulation parameters (Table 3). Compared to the CK treatment, bio-
char application (B10 and B25) increased 0, K;, and the soil’s longitu-
dinal dispersivity (Dp) and transverse dispersivity (Dr).

The simulation results of soil water and salt transport using the
HYDRUS-2D model showed good agreement with the observed data
(Figs. 2 and 3). The statistical analysis of the observed and simulated
values revealed R? values > 0.75 and 0.83, RRMSE < 9.4% and 14.2%,
and NSE > 0.73 and 0.80 for soil water and salt simulation, respectively.
Therefore, the calibrated and validated soil hydraulic and solute trans-
port parameters of the HYDRUS-2D model accurately captured the soil
water and salt dynamics and thus could be used to analyze the soil water
balance and predict irrigation scenarios.

3.3. Soil water and salt dynamics and storage

In cotton monoculture (Figure S3), the 0, at 0-40 cm depth increased
rapidly following irrigation and precipitation, gradually decreasing
during the two consecutive irrigation events. Fig. 4 presents the two-
dimensional soil water distribution at 0-40 cm depth before and after
irrigation. Before irrigation, the root zone and no-mulch zone had very
low 6. After irrigation, the soil water first infiltrated the zone around
the dripper and then gradually increased 6, in the no-mulched zone. The
B10 and B25 treatments had higher 6, than the CK treatment in all three
planting systems.

The 6, at 60-100 cm depth was less responsive to irrigation or pre-
cipitation. As soil depth increased, the 6y increased the most within the
0-40 cm layer, followed by the 40-60 cm and 60-100 cm layers.
Compared to CK with biochar-applied for the same experimental year,
the 6, in the same soil layer increased with increasing biochar

application amount (Figure S3).

In line with 6, dynamics, SWS at 0-40 cm depth also fluctuated with
irrigation, increasing after irrigation and gradually decreasing thereafter
until the next irrigation (Fig. 5). For example, in 2019, the SWS in the
cotton monoculture, intercropping system, and sugarbeet monoculture
ranged from 117-178, 109-166, and 116-168 cm?® in the CK treatment,
120-186, 112-168, and 118-172 cm® in the B10 treatment, and
116-175, 114-177, and 122-179 cm® in the B25 treatment, respec-
tively. Across all planting systems and experimental years, SWS was
ranked B10>B25>CK. Overall, the intercropping system had lower SWS
than the cotton monoculture.

Similar to soil water dynamics, irrigation and precipitation greatly
affected soil salt dynamics at 0-10 cm, 10-20 cm, 20-30 cm, and
30-40 cm depth (Figure S4). However, in contrast to 6y, soil salt
decreased rapidly and then gradually increased during two consecutive
irrigation events. Owing to the shallow and salty groundwater in the
experimental site, soil salt content in topsoil fluctuated with seasons.
Soil salt was migrated to the topsoil in the dry season, leached down-
ward during irrigation and rainfall, and gradually accumulated in the
topsoil again in late plant growth season when soil was dry. Following
irrigation, salt in the surface layer was transported with infiltrated
water, increasing the salt content in deeper layers. With increased irri-
gation time, salt at the surface increased due to soil evaporation. The
SSC at 40-60 cm and 60-100 cm depth was less affected by irrigation.
Biochar application increased SSC compared to CK, particularly in the
B25 treatment in 2020 (Figure S4 h). This was mainly resulted from the
rich plant ash content in biochar that caused the problem of introducing
salt to soils when biochar was applied at a large dosage (B25 treatment).
Figure S5 presents the two-dimensional soil salt distribution at 0-40 cm
depth before and after irrigation. Before irrigation, soil water evapora-
tion increased the surface salt content in the root zone and no-mulched
zone. However, following irrigation, salt content in the root zone rapidly
decreased, while it slightly decreased in the no-mulched zone.

Fig. 6 illustrates SSS at 0-40 cm depth for the cotton monoculture,
cotton-sugarbeet intercropping, and sugarbeet monoculture. The SSS
trends fluctuated with irrigation, gradually increasing by the end of the
growing period. For instance, the SSS in the cotton monoculture,
intercropping system, and sugarbeet monoculture in 2019 ranged
10-13, 7-13, and 10-14 g in the CK treatment, 11-14, 8-14,and 9-16 g
in the B10 treatment, and 10-14, 11-15, and 12-16 g in the B25
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Fig. 2. Calibration and validation performance of the HYDRUS-2D for simulating soil water content (,) under different biochar treatments. CK, B10, and B25 denote
biochar rates of 0, 10 and 25 t ha™1. R%, RMSE, and NSE denote the coefficient of determination, relative root mean square error, and Nash-Sutcliffe efficiency

coefficient, respectively.

treatment, respectively. Across all planting systems and experimental
years, the SSS was ranked B25>B10>CK. The intercropping system
generally had smaller SSS than the monocultures.

3.4. Soil water balance components

3.4.1. Root water uptake (RWU)

The biochar application amount and irrigation affected daily RWU.
Figure S6 presents the two-dimensional distribution of daily RWU at
0-40 cm depth before irrigation (91 DAS) and after irrigation (93 DAS)
in 2019. Irrigation greatly increased RWU, both horizontally and
vertically. Compared to the CK treatment, the B10 and B25 treatments
increased the RWU of cotton monoculture, cotton-sugarbeet intercrop-
ping, and sugarbeet monoculture before and after irrigation.

Fig. 7 shows the daily RWU fluctuation with irrigation. The largest

daily RWU values for cotton monoculture were 0.69, 0.38, and 0.41 cm
in the CK treatment and 0.79, 0.42, and 0.43 cm in the B10 treatment in
2018, 2019, and 2020, and 0.41 and 0.42 cm in the B25 treatment in
2019 and 2020, respectively (Fig. 7). The largest daily RWU values for
the intercropping system were 0.88, 0.41, and 0.44 cm in the CK treat-
ment and 1.55, 0.45, and 0.48 cm in the B10 treatment in 2018, 2019,
and 2020, and 0.44 and 0.50 cm in the B25 treatment in 2019 and 2020,
respectively. The largest daily RWU values for sugarbeet monoculture
were 0.46, 0.34, and 0.43 cm in the CK treatment and 0.74, 0.46, and
0.45 cm in the B10 treatment in 2018, 2019, and 2020, and 0.41 and
0.44 cm in the B25 treatment in 2019 and 2020, respectively. Overall,
the intercropping system had a larger RWU than cotton or sugarbeet
monoculture (Fig. 7), and biochar application increased RWU compared
to CK treatment. The RWU results were generally consistent with crop
yield (Table 3), indicating that a higher RWU led to higher yield.
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3.4.2. Soil evaporation (Eg)

The largest daily E, values for cotton monoculture were 0.08, 0.14,
and 0.20 cm in the CK treatment and 0.07, 0.09, and 0.16 cm in the B10
treatment in 2018, 2019, and 2020, and 0.07 and 0.15 cm in the B25
treatment in 2019 and 2020, respectively (Fig. 8). The largest daily E,
for the intercropping system was 0.10, 0.13, and 0.16 cm in the CK
treatment and 0.06, 0.05, and 0.15 cm in the B10 treatment in 2018,
2019, and 2020, and 0.06 and 0.13 cm in the B25 treatment in 2019 and
2020, respectively. The largest daily E, for sugarbeet monoculture was
0.19, 0.15, and 0.16 cm in the CK treatment and 0.30, 0.12, and 0.15 cm
in the B10 treatment in 2018, 2019, and 2020, and 0.13 and 0.14 cm in
the B25 treatment in 2019 and 2020, respectively. The sugarbeet
monoculture had a higher E, than cotton monoculture and cot-
ton-sugarbeet intercropping (Fig. 8). Biochar application decreased E,,

with the rates of change increasing with increase application amounts
(Fig. 8).

3.4.3. Soil water balance

The soil water balance at 0-40 cm depth for cotton monoculture
system indicated that biochar application increased the cumulative
RWU (CRWU) more than the CK treatment but decreased cumulative
evaporation (CE) except for the B25 treatment in 2020 (Table 5). The
highest CRWU values in 2018, 2019, and 2020 were 24.2 cm (B10),
21.9 cm (B25), and 21.1 cm (B10), respectively. The highest CE values
in 2018, 2019, and 2020 were 1.6 cm (CK), 5.2 cm (CK), and 3.7 cm
(B25), respectively. The B10 treatment had the highest CRWU and
lowest CE than the other treatments in the three experimental years. The
cumulative drainage (CD) varied with biochar application amount and
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experimental year. For the depth of the soil under study, positive CD
values indicated that soil water drained into deeper soil layers, i.e.
irrigation water may be wasted, while negative CD values indicated that
soil water in the deeper soil layer was absorbed, i.e. salt in the deep soil
would be absorbed by plants. Overall, excessive CD will result in a large
amount of irrigation water waste, meanwhile, negative CD will threaten
crop growth because of salt accumulation and water deficit. The B10
treatment had a larger CD than the CK treatment in 2018, with con-
trasting results in 2019 and 2020. The B10 and B25 treatments

decreased CD by 44.6% and 43.1% in 2019 and 12.4% and 11.5% in
2020, respectively. Soil water balance results of intercropping and
sugarbeet monoculture were similar to cotton monoculture (Tables S4
and S5).

3.5. Application of HYDRUS-2D for optimizing irrigation schedule

The optimized total irrigation amounts for the CK, B10, and B25
treatments were 220, 230, and 230 mm ha! in 2019 and 210, 220, and
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220 mm ha! in 2020, respectively (Table 5), saving 40, 30, and 30 mm
irrigation water in 2019 and 50, 40, and 40 mm irrigation water in 2020.
The changes in irrigation amount in the CK, B10, and B25 treatments
equated to 15.4%, 11.5%, and 11.5% in 2019 and 19.2%, 15.4%, and
15.4% in 2020, respectively. According to local irrigation water prices
(0.15 Yuan m‘g), reducing irrigation water by 30 mm (300 m3), 40 mm
(400 m3), and 50 mm (500 m3) would save 45 Yuan (0.15 Yuan m x
300 m®), 60 Yuan (0.15 Yuan m™> x 400 m®) and 75 Yuan (0.15 Yuan
m~> x 500 m®) per hectare. The soil water balance results showed that
reducing irrigation amounts did not decrease the CRWU in the three
treatments. The CD values in the CK, B10, and B25 treatments decreased
from 6.5 to 0.0 cm, 2.8-0.2 cm, and 3.7-0.7 cm in 2019, and 7.8 to
-0.1 cm, 7.3 to -0.1 cm, and 6.9 to -0.2 cm in 2020, respectively.

4. Discussion

4.1. Effects of integrating biochar and intercropping on soil water, salt,
and crops

Both observed data and simulated results with HYDRUS-2D
demonstrated the effects of integrating biochar and intercropping on
soil water, salt, and crops. The mechanisms of biochar increasing the soil
water is attributed to the vesicular structure, and high specific surface
area (217 m2 g 1) enhancing soil water retention capacity. In addition,
soil physical properties were improved after the application of biochar
(Wang et al., 2022b), which would enhance salt leaching. Biochar
application increased LAI, crop yield, and IWUE, attributed to the bio-
char’s abundant nutrient contents (e.g., N, P, and K) (Zhao et al., 2020).
The biochar used in this study was confirmed to increase soil organic
matter (Wang et al., 2022b), which caused a certain buffer effect,
delayed the return of salt to soil, neutralized soil alkalinity, improved
soil nutrients due to its high adsorption capacity (Zhao et al., 2020).
Furthermore, Qian et al. (2023) revealed that the pyroligneous solution,

Table 4
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which was a by-product of high-temperature pyrolysis to produce bio-
char, could further alleviate salinity pressure. However, the B25 treat-
ment improved cotton and sugarbeet monoculture performance less
than the B10 treatment (Tables 2 and 3). Similar results have been re-
ported in other studies. For instance, Pandit et al. (2018) applied biochar
at 0, 5, 10, 15, 25, and 40 t ha! to acidic silty loam soil grown with
maize, reporting an optimal amount of 15 t ha™! from an agronomic and
economic perspective. Zhao et al. (2020) applied biochar at 0, 5, 10, 15,
20, 25, and 30 tha! to maize, reporting 20 tha !asthe optimal amount
based on soil properties and crop yield. This is mainly due to that bio-
char contains large amounts of ash, with many carbonates such as alkali
and alkaline earth metals, heavy metals, and sesquioxides. When bio-
char is applied at a large dosage, it can increase SSC and threaten crop
growth (Li et al., 2018). Thus, the biochar application increased the soil
salt contents in all planting systems, as verified in the simulation results
for salt dynamics (Figures S4 and S5).

LAI influenced Tp (Eq. 13), implying that biochar application and
planting measures also affected Tp through affecting LAIL Accordingly,
biochar application and intercropping affected the RWU (Table 4).
Biochar increased the RWU compared to the CK treatment, likely due to
the improved soil physical environment increasing LAI (Aggarwal et al.,
2017). Cai et al. (2018) reported that silty soil had more water available
for root extraction and, thus, RWU than stony soils. In this study, the
biochar’s abundant pores and low bulk density improved soil structure
to some extent. The crop yield trend was consistent with RWU, i.e., a
higher RWU led to a higher yield. Similarly, Aggarwal et al. (2017) re-
ported that the treatment with the highest RWU had the greatest pro-
ductivity. Wang et al. (2021) found that soil water repellency decreased
the RWU of summer maize, further decreasing yield. They also reported
that a higher RWU could reduce evaporation, as found in our study
(Table 4).

Simulated soil water balance components at 0-40 cm depth in different growing periods of cotton monoculture from 2018-2020. CRWU: cumulative root water
uptake; CE: cumulative evaporation; IRR/PRE: irrigation/precipitation; CD: cumulative drainage.

Year Treatment DAS (d) Initial SWC (cm) Final SWC (cm) CRWU (cm) CE (cm) IRR/PRE (cm) CD (cm)
2018 CK 56-85 4.7 8.0 5.4 0.6 7.8 -1.5
86-120 7.7 8.7 9.9 0.7 13.3 1.7
121-164 8.2 6.0 7.3 0.4 6.2 0.7
Total 20.6 22.7 22.6 1.6 27.3 1.0
B10 56-85 9.1 9.0 6.5 1.1 7.8 0.3
86-120 8.7 9.5 10.2 0.2 13.3 2.1
121-164 9.1 6.7 7.6 0.1 6.2 0.8
Total 26.9 25.3 24.2 1.5 27.3 3.2
2019 CK 56-85 9.1 9.1 4.2 2.6 7.8 1.2
86-120 10.3 8.7 8.0 2.1 12.4 4.0
121-157 8.1 6.3 7.0 0.6 7.2 1.4
Total 27.6 24.0 19.3 5.2 27.4 6.5
B10 56-85 9.1 11.2 5.3 1.8 7.8 -1.4
86-120 10.5 9.7 9.2 1.5 12.4 2.7
121-157 9.2 7.1 7.6 0.2 7.2 1.5
Total 28.8 27.9 22.1 3.6 27.4 2.8
B25 56-85 9.1 11.3 5.2 1.4 7.8 -1.0
86-120 10.6 9.7 9.1 1.0 12.4 3.2
121-157 9.2 7.1 7.6 0.3 7.2 1.5
Total 28.9 28.1 21.9 2.7 27.4 3.7
2020 CK 50-85 8.8 7.8 5.3 1.6 7.0 1.1
86-120 7.4 8.2 9.4 1.1 13.6 2.4
121-158 7.9 6.0 5.5 0.6 8.4 4.3
Total 24.2 22.0 20.2 3.3 29.0 7.8
B10 50-85 9.1 8.8 5.1 1.5 7.0 0.7
86-120 8.4 9.2 10.1 0.6 13.6 2.0
121-158 9.0 6.6 5.9 0.3 8.4 4.5
Total 26.4 24.6 21.1 2.5 29.0 7.3
B25 50-85 9.1 8.9 4.7 1.9 7.0 0.6
86-120 8.5 9.3 9.9 1.1 13.6 1.9
121-158 9.0 6.6 5.7 0.7 8.4 4.4
Total 26.7 24.8 20.3 3.7 29.0 6.9
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4.2. Simulation of integration of mulched drip irrigation, biochar and
intercropping

The HYDRUS model has been widely used due to its flexibility in
boundary, initial, and experimental conditions (Yang et al., 2019; Zhang
et al., 2022). However, when it was used to simulate soil water and salt
dynamics with additive application, it was mostly focused on column
infiltration or controlled experiments. Meanwhile, the simulations sel-
domly considered the integration of drip irrigation, additive application
and intercropping in the field. For instance, Wang et al. (2017, 2018a,
2018b, 2021a, 2021b) conducted a series of studies using HYDRUS-1D
to simulate water movement in additive applied soils, including col-
umn infiltration in homogeneous and heterogeneous water-repellent
soils, and the RWU of summer maize in water-repellent soils under a
rain shelter and its response to climate change. Wang et al. (2022)
applied HYDRUS-2D to simulate the effects of biochar strategies,
including application level, application depth, irrigation water depth,
and initial soil moisture, on water loss and IWUE, revealing that biochar
can slow soil water infiltration, reduce water loss, alleviate the waste of
irrigation water, and increase IWUE. Li et al. (2022a) simulated soil
water dynamics with HYDRUS-1D under different biochar application
amounts and depths and recommended the optimal amount and depth of
biochar application according to the simulation scenarios. Other studies
used HYDRUS-2D to simulate soil water and solute dynamics and RWU
in intercropping systems (Chen et al., 2022; Li et al., 2015). In this study,
we enhanced the HYDRUS-2D model for simulating soil water and salt
transport by considering the effects of biochar on the van Genuchten
parameters and soil solute transport parameters under mulched and
intercropping systems (Table 3). The biochar’s low bulk density
(05¢g m™>) and small particle size (<2 mm) increased 65 and K. More-
over, the abundant, large pores in biochar increased soil pore size,
further increasing K, Dy, and Dy (Wang et al., 2022b). After calibration
and validation, the simulated soil water and salt content values gener-
ally agreed with the measured values. The HYDRUS-2D model also
successfully captured the soil water and salt content dynamics following
irrigation or precipitation. This study differs from other studies in that it
is the first to use the HYDRUS-2D model to simulate soil water and salt
dynamics and RWU in biochar-applied soils for cotton and sugarbeet
monocultures and intercropping. Tables 5-7

Table 5
Adjusted irrigation schedules of cotton monocropping in 2019 and 2020 based
on the soil water balance simulated by the HYDRUS-2D model.

Year DAS (d) Irrigation amount (mm)
CK B10 B25
2019 65 22 22 22
73 23 23 23
82 25 25 25
90 20 30 30
98 20 20 20
106 20 20 20
114 20 20 20
122 30 30 30
129 20 20 20
137 20 20 20
Total 220 230 230
2020 65 20 20 20
71 20 20 20
80 20 20 20
91 25 30 30
101 25 30 30
108 25 30 30
116 25 30 30
123 20 20 20
130 15 10 10
135 15 10 10
Total 210 220 220
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Table 6

Simulated soil water balance components at 0-40 cm depth in different growing
periods of cotton monoculture in 2019 after adjusting irrigation. CRWU: cu-
mulative root water uptake; CE: cumulative evaporation; IRR/PRE: irrigation/
precipitation; CD: cumulative drainage.

Treatment  DAS (d) Initial Final CRWU CE IRR/ CD
SWC SWC (cm) (cm) PRE (cm)
(cm) (cm) (cm)
CK 56-85 9.1 10.3 4.4 2.7 7.8 -0.4
86-120 9.5 8.7 8.2 2.0 7.9 -1.4
121-157 8.1 6.3 6.7 0.5 7.2 1.8
Total 26.8 25.3 19.3 5.2 22.9 0.0
B10 56-85 9.1 11.2 5.1 1.8 7.8 -1.2
86-120 8.9 7.9 9.4 1.4 10.9 1.1
121-157 7.6 7.0 7.2 0.2 7.2 0.3
Total 25.7 26.1 21.7 3.5 25.9 0.2
B25 56-85 9.1 11.3 5.2 1.4 7.8 -1.0
86-120 8.3 7.7 9.3 0.9 10.9 1.3
121-157 7.5 6.8 7.2 0.3 7.2 0.4
Total 249 25.9 21.7 2.6 25.9 0.7
Table 7

Simulated soil water balance components at 0-40 cm depth in different growing
periods of cotton monoculture in 2020 after adjusting irrigation. CRWU: cu-
mulative root water uptake; CE: cumulative evaporation; IRR/PRE: irrigation/
precipitation; CD: cumulative drainage.

Treatment DAS (d) Initial Final CRWU CE IRR/ CD
SWC SWC (cm) (cm) PRE (cm)
(cm) (cm) (cm)
CK 56-85 8.8 7.8 5.2 1.6 6.0 0.2
86-120 7.4 8.2 9.4 1.1 10.0 -1.2
121-157 7.9 6.0 5.4 0.6 5.0 0.9
Total 24.2 22.0 20.0 3.3 21.0 -0.1
B10 56-85 8.9 8.8 5.1 1.5 6.0 -0.5
86-120 8.4 9.2 10.2 0.6 12.0 0.3
121-157 9.0 6.6 5.9 0.3 4.0 0.1
Total 26.2 24.6 21.2 2.5 22.0 -0.1
B25 56-85 8.9 8.9 4.8 1.8 6.0 -0.6
86-120 8.5 9.3 9.7 1.1 12.0 0.4
121-157 9.0 6.6 5.7 0.7 4.0 -0.1
Total 26.4 24.8 20.2 3.7 22.0 -0.2

4.3. Efficient utilization of agricultural resources

The integration of intercropping and biochar application in this
study demonstrated an efficient utilization of agricultural resources,
which increased water use efficiency and crop yields compared to
monoculture crops with the same planting area, irrigation, and fertilizer
amounts (Table 2). It was confirmed that integration of intercropping
system with biochar application was an efficiency strategy to improve
farmland productivity. Besides, this study furtherly conducted simula-
tions with the HYDRUS-2D to optimize irrigation schedules, which was
an important issue for alleviating water scarcity in the arid and semi-arid
areas (Li et al., 2023). Previous studies have confirmed reliability of the
HYDRUS-2D model in optimizing irrigation schedules. Zhang et al.
(2022) applied HYDRUS-2D simulation results to optimize drip irriga-
tion with alternate use of fresh and brackish waters in corn experiments
under salt stress. Compared to conservation agriculture with flood irri-
gation and flood-irrigated puddled transplanted rice. Rana et al. (2022)
used HYDRUS-2D model simulations to recommend conservation agri-
culture with subsurface drip irrigation for precise water utilization and
reduced water loss. Groenveld et al. (2021) used the modified HYDRUS
(2D/3D) model to determine the optimal irrigation water, NO3-N con-
centration, and seasonal NO3-N application for cucumber. Different
from previous studies, this study used the HYDRUS-2D model to well
simulate soil water and salt dynamics and calculated soil water balance,
enabling the adjustment of irrigation schedules to save water resources
under drip irrigation, biochar application and intercropping condition.



X. Wang et al.

The CD results indicated that irrigation amounts were not always
appropriate, with large amounts of wasted water induced by draining
into the deeper soil layers rather than absorbed by plants. Therefore, the
simulated CRWU with HYDRUS-2D after reducing irrigation water was
not decreased, which was owing to reduction of CD and insurance of
crop available water (3.5 part). It is important to verify the adjusted
irrigation schedules with crop models to ensure they do not adversely
impact crop yields. In addition, it should focus on real-time water dy-
namic simulation with the HYDRUS-2D model to provide a more
powerful reference for optimizing irrigation schedules (i.e. when and
how much water to irrigate) in the future study.

5. Conclusions

In this study, the integration strategy of mulched drip irrigation,
biochar and intercropping was adopted to enhance agricultural water
and soil resources use efficiency. Furthermore, the HYDRUS-2D model
was applied to optimize irrigation schedule under biochar-applied and
intercropping conditions, which was seldomly studied before. Results
showed that biochar application and intercropping could effectively
enhance crop yields and manage water and soil use. After the calibration
and validation, the HYDRUS-2D model well-simulated soil water and
salt dynamics of biochar-applied soils in both monoculture and inter-
cropping systems. It revealed that biochar application increased SWS,
reduced Ea and water drainage, and improved RWU, increasing crop
yields. The optimal irrigation schedule was crucial to enhance IWUE,
reduce production costs for farmers and raise the social economic ben-
efits, especially for the arid and semi-arid areas. This study contributes
to understanding biochar and intercropping mechanisms for the effi-
cient utilization of agricultural resources and provides reference for
managers to make decisions. In the future, it is important to verify the
adjusted irrigation schedules with crop models. In addition, it also
should focus on real-time water and salt dynamic simulation to provide a
reference for optimizing irrigation schedules during the crop growth
seasons to maintain agriculture sustainable development.
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