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Abstract: Enhancing crop production in the saline regions of the Yellow River Delta (YRD), where
shallow saline groundwater is prevalent, hinges on optimizing water and salt conditions in the root
zone. This study explored the effects of various physical methods on soil water and salt dynamics
during the cotton growing season in these saline areas. Three approaches were tested: plastic film
mulching (FM), plastic film mulching with an added compacted soil layer (FM+CL), and ridge-furrow
planting (RF). The HYDRUS-2D model (Version 3.02) was used to analyze changes in soil water and
salt content in the root zone over time. The results showed that subsoil compaction significantly
lowered salt build-up in the root zone, especially in the top 20 cm. Film mulching was crucial for
reducing water loss in the Yellow River Delta. Crop transpiration increased by 7.0% under FM and
10.5% under FM+CL compared to RF planting. Additionally, FM+CL reduced soil salinity in the top
10 cm by 11.5% at cotton harvest time compared to FM alone. The study concludes that combining
film mulching with a soil compaction layer is a promising strategy for local farmers, addressing soil
water retention, salt management, and boosting cotton yields.
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1. Introduction

The sustainability of ensuring food supply faces challenges from many adverse factors,
such as the intensification of climate change, the degradation of existing arable land, and
the increasing unpredictability of international situations [1-3]. In China, approximately
9% of the world’s arable land and 6% of freshwater resources sustain nearly one-fifth of
the world’s population [4]. Maximizing the cultivation potential of existing water and soil
resources and developing and utilizing various reserve arable land resources and uncon-
ventional water sources is paramount for ensuring food security and achieving China’s
2030 agricultural sustainable development targets [5-7]. The Yellow River Delta (YRD),
located at the lowest reaches of the Yellow River, is one of the world’s youngest deltas and
nascent landmasses, with a saline soil area of about 4.4 x 10° hm?, accounting for more than
half of the region’s area [8,9]. As significant reserve land resources, saline soil reclamation
and saline agroecosystems are important study objects in the YRD [10]. The groundwater
in this region is influenced by dynamic interactions of the Bohai Sea, land, climate, and the
Yellow River, exhibiting characteristics of shallow depth and high mineralization [11]. The
accumulation of salts in the root zone due to groundwater evaporation and capillary action
is a significant factor in soil salinization and crop yield reduction in the YRD. Furthermore,
to promote the ecological conservation and high-quality development of the Yellow River
Basin, the total water supply and the percentage of agricultural water use are decreasing,
further restricting saline land reclamation and increasing crop yields in the Yellow River
Delta [12].

Soil water use efficiency and salt management are two important parts of the saline
land reclamation in the YRD. The mechanisms of physical improvement measures for
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saline soil are reduction in surface evaporation, moderation of the rise of groundwater, the
creation of a relatively favorable water—salt environment in the root zone, and reduction in
the water-salt stress suffered by crops during their growth periods to achieve the goals of
increasing crop yields and efficient use of water resources. Through long-term research
and practical exploration, film mulching, salt barrier layers, and ridge-furrow planting
reduce root-zone salt accumulation and increase crop yields [13-15]. The mechanism of
the film mulch system is its breaking the exchange of water and heat between soil and
the atmosphere, working like a water vapor barrier in the soil surface [10]. Film mulching
is a widely used and effective physical improvement measure in the process of cotton
cultivation in the YRD. It has many advantages and benefits, such as preserving soil water,
increasing soil temperature, suppressing soil surface evaporation, and promoting early
germination [15,16]. However, in coastal saline soil, the single physical measure of film
mulching cannot effectively inhibit the salt in shallow saline groundwater rising with soil
capillary action, resulting in crop yield reduction due to salt accumulation in the root
zone [14].

A salt barrier layer is another effective way to moderate salt accumulation; it inhibits
the movement of salts from the deep soil and/or shallow groundwater to the topsoil and
effectively blocks the movement of salt ions, especially sodium [17]. However, adding a
buried layer requires removing the entire topsoil and installing the barrier material at a
deep depth within the soil. Subsequently, the topsoil is backfilled, and the land is leveled.
Given the substantial work involved in this process, the buried layer method has not been
extensively adopted in the YRD. To improve the water sustainability of saline agriculture in
the Yellow River Delta, our goal is to investigate a novel, cost-effective, and durable method
for physical soil enhancement. This method involves breaking the soil’s capillary channels
to hinder the upward movement of moisture and salinity from shallow groundwater,
effectively creating a salt barrier layer. Yi et al. [18] selected three typical maize (Zea mays L.)
fields with different cultivation histories, with major differences in soil textures and GWLs.
The research found that the longer the cultivation history, the higher the bulk density of the
root zone, and that a soil compaction layer reduced the moisture exchange between the
root zone and groundwater. The study hypothesized that soil compaction could similarly
inhibit the movement of salts and be an alternative to buried layers, especially to coastal
saline soils. However, soil compaction would result in soil water stress in the root zone. By
artificially constructed differences in the ground surface height, ridging affects the spatial
distribution of water and salt on the soil surface. The shallow soil layer of salt accumulates
towards the ridge top, while the moisture increases with the decrease in elevation. The
low-salt and high-moisture environment in the furrow creates relatively suitable water and
salt conditions for crop growth [19].

Mulched drip irrigation and ridge tillage have been widely used in arid and semi-arid
saline irrigation districts in China [20]. However, the research on soil compaction layer and
ridge-furrow planting in the YRD is sparse and in the primary stage, especially in the field.
As a salt-tolerant and drought-resistant plant, cotton is among the most crucial crops within
the saline agroecosystems of the YRD. In this region, cotton cultivation relies on rain-fed
agriculture. The cotton is primarily cultivated in moderately to heavily saline-alkali lands
with a salt content of 2-6 g kg1, and salinity stress is a major factor causing a reduction in
cotton yield. Previous research indicates that a single measure of plastic film mulching does
not always effectively enhance productivity. Due to the lack of irrigation, during prolonged
droughts in the growth stages of cotton, the salt in the shallow groundwater will move
upward with the water, accumulating in the root zone, leading to crop yield reduction.
To mitigate the potential threat of shallow high-salinity groundwater to crop growth, it
is necessary to further explore new strategies for water—salt control in saline agriculture
based on physical improvement measures.

A field experiment is the most reliable method to explore the dynamics of soil moisture
and salinity in the vadose zone. However, field experiments are challenged by the issues of
inadequate spatiotemporal resolution in the data acquired, time-consuming and laborious
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scenario configurations, and the inability to quantify the contribution of shallow groundwa-
ter to the field water balance. Numerical simulation is another effective way to investigate
the coupled movements of soil moisture and salinity and then evaluate improvement effects
of different physical measures, such as film mulching, soil compaction, and ridge-furrow
planting. Previous studies indicate that relevant assessment of soil water and salt could be
performed mathematically using HYDRUS-2D. Water—salt coupling models (such as HY-
DRUS) have been proved to be efficient tools for simulating soil water and solute transport
in many cases [21,22]. Field experiments combined with numerical simulation are effective
ways to investigate the law of spatial distribution and movement of soil water and salt;
physical and mathematical models that integrate soil water movement, solute transport,
and plant water uptake provide information that otherwise cannot be obtained from field
experiments [23]. Zhang et al. [24] utilized the HYDRUS (2D/3D) model to evaluate the
effects of alternate use of fresh and brackish waters during different crop growth stages and
optimizing drip irrigation strategies by analyzing salt stress. Hu et al. [25] also used the
HYDRUS (2D/3D) model to compare the effect of saline land reclamation by constructing
the “Raised Field—Shallow Trench” pattern in agroecosystems in the Yellow River Delta.
Furthermore, Zhu et al. [10] investigated the effects of plastic film mulch and a buried
wood fiber layer compound control on soil water-salt control and yield improvement. They
used HYDRUS-2D to analyze their spatial and temporal change. However, in the YRD,
few studies have compared the effect of film mulching, soil compaction, and ridge-furrow
planting on the spatial distribution of soil water—salt in the cotton root zone.

Hence, through field experiments, this study collected data on soil water and salt in
the cotton root zone during the growth period under three physical improvement measures:
film mulching, soil compaction, and ridge-furrow planting. Moreover, we calibrated the
HYDRUS-2D model for simulating the coupling movement of soil water—salt under three
physical improvement measures. The main objectives of this study were: (1) to calibrate
and validate a water—salt coupling model (i.e., HYDRUS-2D) using measured soil water
contents and soil salinities in a cotton field, (2) to identify the optimal root-zone condition
of soil water contents (SWCs) and soil salinity (EC) under different measures, and (3) to
suggest a promising improvement strategy to reduce water—salt stress.

2. Materials and Methods
2.1. Study Area and Site Characterization

The field plot experiment for this study was conducted at the Dongying Base for
Industry-Education Integration for Quality Development of Modern Agriculture of Ludong
University (37°66’ N, 118°92’ E), located in the Yellow River Delta (Figure 1). The area has
a warm-temperate and continental monsoon climate. The average annual precipitation
and temperature are 695 mm and 14.5 °C, respectively, and almost 74% of precipitation is
concentrated from June to September [26]. The annual average evaporation from the water
surface is 1962 mm, and the ratio of evaporation to precipitation is approximately 3.6 [27].
The soil type gradually varies from fluvo-aquic to saline soil, and the soil texture is mainly
sandy clay loam [28]. Influenced by the tidal process and the runoff of the Yellow River, the
groundwater in this area is characterized by a shallow depth and high mineralization.

The experimental area was previously uncultivated land due to the high soil salt
content. However, in recent years, with the progress of salinized land improvement and
reclamation research, salt-tolerant crops such as cotton have begun to be planted on a large
scale. In the growing season, the salt content in the root-zone soil exhibits dynamic changes
due to uneven rainfall distribution and the high mineralization of groundwater. During
extended periods of drought or when crops are in high water demand, capillary action
drives water and soluble salts in the shallow water table upwards to the root zone. This
process results in the accumulation of salts within the root zone, posing potential threats to
cotton health and productivity.
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Figure 1. (a) Locations of the Yellow River Delta and the experiment site. (b) The experimental
plot and small meteorological station layout status. (The different numbers represent each of six
treatments and one control in this long-term field experiment, the “x” represents the plots used for
other experiments not applicable to this study).

2.2. Field Experiment
2.2.1. Experiment Design

The field plot experiment was conducted at the Dongying Base for Industry—Education
Integration for Quality Development of Modern Agriculture of Ludong University from
May to October 2023 (Figure 1a). This study is part of a long-term field experiment on
saline-alkali land remediation and improvement technology at the base. The experimental
site started cultivating cotton and summer soybean—winter wheat rotation systems in
2021 and 2023, respectively. Chemical products, such as biochar, organic fertilizer, and
desulfurized gypsum, were applied to improve the salt content and physical and chemical
properties of the soil to a certain extent.

Previous observations have indicated that cotton plants which have only been sub-
jected to plastic film mulching treatment exhibit a range of issues, including low germi-
nation rates, high mortality in the early and middle stages, lower plant height, reduced
leaf area index, and decreased cottonseed yield. In the later stages of the growing period,
severe salt accumulation occurs in the root zone. Consequently, in the following year, large
freshwater resources are still required for salt suppression, leading to poor agricultural
sustainability and economic benefits. For the field treatment, concrete block levees divided
the experimental plots (6 m x 3.5 m) and extended about 50 cm deep downward to min-
imize seepage across plots. The experimental plots were designed with six treatments
plus one control group to improve saline soils using various physical and chemical means,
with three replicates in each group for a total of 27 plots (Figure 1b). In the summer, each
plot was divided into two halves, with one half planted with cotton and the other half
with soybeans.
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Due to the high soil salinity in the experimental area, the survival rate of soybeans
was very low. Therefore, this study only collected cotton data from plots using physical
improvement measures for saline soil: plastic film mulching (FM), plastic film mulching
with an added soil compaction layer (FM+CL), and ridge-furrow planting (RF). During the
cotton growing period, all plots were rain-fed. They were irrigated to a 10 cm depth twice
before sowing. After four days of soaking, residual water was drained by digging small
trenches and then operating different field treatments. Soil compaction was applied to the
whole area of the FM+CL plots by an electric impact tamper; soil compaction was notably
effective at a depth of 0-30 cm. After soil compaction, the topsoil was tilled to a depth of
8-10 cm using a rotary to ensure seed emergence. The mulch materials used consisted of
plastic film and were arranged in rows, with each row exhibiting a width of 60 cm and
an inter-row spacing of 40 cm. The plots under RF were arranged with alternated ridges
(60 cm wide, 20 cm high) and furrows (40 cm width) and were not mulched by plastic
films. Seeds were sown on 1 May 2023, when the temperature of the surface soil layer was
higher than 14 °C. Two rows of cotton were planted with a spacing of 20 cm on 60 cm wide
plastic films or 40 cm wide furrows. Dissolved urea was applied according to a ratio of
6:4 and a 120 kg N ha~! rate during the sowing and late flowering boll stages. Pests and
weed control were carried out according to farming practices in the experimental region.
Further details of the field plot experiment and the major hydrological processes are shown
in Figure 2.
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Figure 2. Schematic diagram of the major hydrological processes under different physical mea-
sures. (a) plastic film mulching; (b) plastic film mulching with an added soil compaction layer;
(c) ridge-furrow planting.

2.2.2. Field and Laboratory Measurements

The meteorological data required for this study (daily precipitation, daily temperature,
wind speed at 2 m, radiation, humidity, sunlight hours, etc.) were measured automatically
by the small meteorological station set up at the Dongying Base. At the beginning of
the experiment, profiled soil samples in three treatments were collected to determine soil
texture (Melvin MS3000, Malvern Panalytical, Worcester, UK) and bulk density (p;,) (via
the oven drying method). Table 1 shown the soil properties of the different layers. Soil
samples (at 0-10, 10-20, 2040, and 40-60 cm depths) were collected at approximately
4-6-day intervals from July 15th to August 14th with a soil corer (diameter: 5 cm). The
soil samples were divided into two groups, one for measuring soil water contents (SWCs)
and another for measuring electrical conductivities of the extracts with a 1:5 soil-water
ratio (ECy;5). SWCs were measured by the oven drying method, and ECy.5 values were
measured with a conductivity meter (dS m~1). The data for each treatment were obtained
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from the mean values of three replicates. It is worth noting that ECy.5 values first had to be
converted into the EC of the saturation extract before being inputted to HYDRUS-2D [29]:

EC = 5.88 x ECy5 +1.33 (1)

Table 1. Soil basic physical properties of the different layers.

Depth Texture (%) Pb
Soil Text
(cm) Sand Silt Clay (gcm—3) o Textre
040 59.67 34.81 5.52 1.36 Sand loam
40-80 19.34 7147 9.19 1.41 Silt loam
80-150 14.91 68.30 16.69 1.44 Silt loam
11-28 (CL) * 57.51 35.47 7.02 1.48 Sand loam

Note: * The CL (compaction layer) was added in the FM+CL treatment.

Furthermore, Dong et al. [30] developed the relationship between ECy.;5 and salt
concentration (S;, g kg 1) (R? = 0.9964):

Sy = 3.4058 x ECy5 + 0.1427 )

Five cotton plants from each plot were selected to measure the plant height once every
7-14 days, and the leaf area index (LAI) was calculated using the FAO method [31]. The
level of the groundwater table and its electrical conductivity were measured through an
observation well in the field. The average depth was 1.463 m and the average electrical
conductivity was 20.878 dS m~! in the study area during the growing season.

2.3. Simulation of the Coupled Water Flow and Solute Transport

The HYDRUS-2D model allows numerical simulation of the two-dimensional transport
of soil water, solutes, heat, and colloids in variably saturated and unsaturated media [21].
In this study, HYDRUS-2D was applied to calculate the coupled water flow and solute
transport. Root water uptake and distribution of evapotranspiration were also considered
in the calculation of the model, as they could affect soil water and salt movement. These
processes are shown in Figure 2. Below, we give an overview of the main procedures that
the HYDRUS-2D model (Version 3.02) conducted in this study.

2.3.1. Water Flow

Considering the two-dimensional isothermal Darcy flow of water in variably saturated—
unsaturated media, neglecting the effect of the gas phase on the liquid flow process, the
water flow control equation under these conditions is given by the modified version of the
Richards equation [32]:

%f = ;{[K(mgﬂ +;Z[K<h>(§ﬁ+1)} =5 ©)

where 0 is the volumetric water content (cm® cm~3); 1 is the pressure head (cm); K(h) is
the unsaturated hydraulic conductivity (cm day~!); ¢ is the time (day); x and z are the
horizontal and vertical coordinates, respectively (cm); and S is a distributed sink function
representing water uptake by the roots (day!). The unsaturated soil hydraulic properties
are described using the van Genuchten-Mualem functional relationships [33]:

1+|ah|")"™’ (4)

6, + 8=t h< 0
o(hy =< (
0, h >0

K(h) = Keh[1- (1- @3/'")'"}2 5)
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with 0 ,
J— —Ur — —_
=8 e andm =1 . (6)

@,
where 0 and 0, are the saturated water content and the residual water content (cm3 cm’?’);
K; is the saturated hydraulic conductivity (cm dayfl) ;a (em™1) and n (—) denote shape
parameters; @, is the effective saturation (—); and / (—) is pore connectivity parameter,
commonly set at 0.5. The above-mentioned hydraulic parameters were predicted from the
lab-measured soil particle size distribution and bulk density using the Rosetta program [34],
an integral part of HYDRUS-2D. These soil samples were collected from various depths
ranging from 0 to 100 cm before the initiation of the experiment. Then, the predicted
hydraulic parameters were calibrated using the actual measured data, and the results
are presented in Table 2. The study did not consider the temperature dependence of soil
hydraulic parameters and the hysteresis effect.

Table 2. The soil hydraulic parameters and solute transport parameters of different soil layers.

Depth 0, 05 o n K Dy, Dy Dy,
(cm) (cm® cm—3) (cm® cm—3) (cm™—1) -) (cmd-?1) (cm) (cm) (cm? d-1)
0-40 0.0345 0.384 0.0234 1.44 70.72 48 4.2 2.02
40-80 0.0454 0.386 0.0059 1.66 49.82 38 3.3 1.62

80-150 0.0748 0.483 0.0058 1.62 23.58 31 35 1.60
1(1C_5)8 0.0328 0.360 0.0284 143 31.72 44 3.8 2.51

2.3.2. Root Water Uptake

Actual cotton root uptake, the sink term (S) in Equation (3), was estimated using the
general model introduced by Feddes et al. [35]; it was coupled in the HYDRUS-2D package.
In this approach, the potential transpiration rate, T) (cm day’l), is distributed over the root
zone using the normalized root density distribution function, b(x, z) (cm 1), and multiplied
by the dimensionless stress response function, a(h,hp,x,z) [36].

S(hhg,x,z) = a(h, he, x,2)Sp(x,z) = «(h, hg, x,2)b(x,2)SLT) (7)

where S, (x,z) and S(h,hg,x,z) are the potential and actual volumes of water removed from
a unit volume of soil per unit of time, respectively, and L; is the soil surface area associated
with transpiration.

In HYDRUS-2D, the root distribution function b(x,z) was calculated by the following

formula [37]:
b(x,z) = (1 — Zz;ﬂ) (1 — }?m>6(£zn|z*z+§;x*X) (8)

where X, is the maximum horizontal distance of the root distribution, which was set to
40 cm; Z,, is the maximum depth of the root distribution, which was set to 70 cm, according
to field observations; x* is the horizontal coordinates of the maximum root density, which
was set to 20 cm; and z* is the vertical coordinates of the maximum root density, which
was set to 10 cm. This was in reference to the related research conducted by Che et al. [13].
Py and P, are the empirical parameters of root asymmetry, which are typically set to 1.0.

The multiplicative model was used to simulate the combined effect of water and
salinity stress, as a(h,hp) = a1 (h)az(hp) [38].
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Root water uptake reduction due to water stress, a1 (), was described using the model
developed by Feddes et al. [35]:
,Z:@Z hy>h > hy
1hy>h>h
ay(h) = h—hzzh_ n 3h )
Ih, > >
0h > hl orh < h4

where hy, hy, h3, and hy are the threshold parameters of root water uptake; the default param-
eters for cotton in the HYDRUS-2D internal database were h; = —15 cm,
hy = —25 cm, h3y = —200 cm, h3;, = —600 cm, and /gy = —14,000 cm [25].

Root water uptake reduction caused by salt stress, a,(hp), was calculated by the
salinity threshold and slope function [39]:

_ 1, EC < ECt
a2(ha) = {1 — (EC — ECy)0.01s EC > ECy (10)
where ECr is the salinity threshold (dS m~!) and s (—) is the slope determining root water
uptake decline per unit in salinity above the threshold. The salinity threshold and slope for
cotton were set to 7.7 (dS m~!) and 52%, respectively.

2.3.3. Estimation and Partition of Evapotranspiration

When atmospheric boundaries are used as the upper boundary conditions, the po-
tential evapotranspiration (ET)) of the cotton field is obtained by multiplying the crop
growth coefficient (K;) by the reference crop evapotranspiration (ET,). ET, was calculated
according to the FAO-56 Penman—Monteith equation [31]:

ET — 0.408A(R, — G) + y%uz(es —eq)
T A+ v(1+0.34uy)

(11)

where (R, — G) is the net balance of energy available at the crop surface (MJ m? d—1), T is

the mean daily air temperature (°C), u, is the wind speed at the height of 2 m (m s71), es

is the saturated vapor pressure (kPa), ¢, is the actual vapor pressure, A is the slope of the
saturated water vapor pressure curve, and 1 is the psychrometric constant (kPa °C~1).

The potential soil evaporation rate (E,) (mm d ') and the potential crop transpiration

rate (T) (mm d~1) in HYDRUS-2D were determined using the equations [40]:

{E,, = ET, — Ty = ET, x exp PLAI (12)

ET, = K¢ X ET,

where LAI is the leaf area index observed in the experiments and B is the attenuation
coefficient of canopy radiation, set as 0.58 for cotton [41]. K, is the single crop coefficient,
and K. ;7 and K. .,y were adjusted for the YRD climate, taking into consideration the crop
height, wind speed, and minimum relative humidity averages for the growth period [31]:
17103

Kc—agj = Kc-rao + [0.04(uz —2) — 0.04(RH,;;, — 45)] {3} (13)

where K¢ is the modified K. value, u; is the average wind speed at the height of
2m (ms~!), RH,,;, is the average of the daily minimum relative humidity (%), and & is
the average plant height for a growth stage (m). The modified K ;,;, Keig, and Keeng
values were 0.36, 1.14, and 0.65, respectively. We assumed that the plastic film with a 60%

area distributed in the FM and FM+CL could reduce K__j,; by 50%, as the plastic film was
considered impermeable to evaporation [31,42]. The impact of soil compaction and ridges
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on K. was not considered. Precipitation and the partition of evapotranspiration during the
cotton growth period are shown in Figure 3.

FM RF

-1
Ep and TP (mmd™)
E,and T, (mm d

S N

S
S
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& S
&
FM+CL v, ol B Pre
g |
A ~
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~
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& & & & > M, &P N N N & o o
o w 5 o I $ S S S S B

Figure 3. Precipitation, potential soil evaporation rate (Ep), and potential transpiration rate (Tp)
during the growing season under different treatments.

2.3.4. Solute Transport

Two-dimensional convection—dispersion equations (CDEs) were used to estimate
nonreactive solute transport in a variably saturated rigid porous medium [43], without
considering root solute uptake, in this study:

9(6c) 0 dc 9 dc 9 0
5 = 5e (005 52 (00:5:) - 500~ 500 .

where c is the solute concentration in soil water; D is the effective dispersion coefficient
(cm? d~1), which in HYDRUS-2D is related to the longitudinal dispersion coefficient (Dr),
the transverse dispersion coefficient (Dr), and the molecular diffusion coefficient in free
water (Dy); and g is the water flux (cm d~!). The initial solute transport parameters were
referred to the similar soil conditions in Guo et al. [44] and Hu et al. [25] and calibrated
using the actual measured data. The calibrated solute transport parameters are presented
in Table 2. The governing flow and transport equations were solved numerically using
Galerkin-type linear finite elements.

2.3.5. Initial and Boundary Conditions

In this study, a domain geometry defined as 100 cm wide and 150 cm deep was
developed for numerical simulation by considering the symmetry of the experimental
arrangement; the soil profiles were classified as 3 layers according to soil characteristics
and monitoring points. Based on field measurements, a compaction layer was added at an
11-28 c¢m soil depth in the FM+CL treatment. The modeled domain was discretized using
the nonuniform triangular finite-element mesh generated by HYDRUS-2D, with fine grids
(2 cm) at the top boundary which gradually increased to 5 cm grids to the bottom of the
simulation domain. The data measured on May 1st were used as the initial conditions of
the HYDRUS-2D model. The initial soil water content and soil salinity at different depths
were linearly interpolated between the observed depths based on the actual measurement
data, with some simplification.

The no-flux and atmospheric (to apply precipitation and potential evaporation (Ep))
boundary conditions (BCs) were assigned at the top boundaries, depending on whether
plastic film mulching at the soil surface was used or not (Figure 2). The potential transpira-
tion (T}) flux was specified to account for root water uptake. A variable head BC was used
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at the bottom boundary to represent the position of the groundwater table. Left and right
boundaries were assigned a no-flux BC. A third-type BC was also used to describe solute
fluxes along the top and bottom boundaries.

2.3.6. Statistical Analysis

The HYDRUS-2D model was calibrated and validated by the observed SWC and EC
data in 2023, from 15 July to 14 August. Based on the simulation results of HYDRUS-2D,
two measures of goodness of fit were used to evaluate the model’s performance: the root
mean square error (RMSE) and the coefficient of determination (R?) [42].

n

Y (Si—0;)° (15)

i=1
_ L1 (Si—5)(0i —0)
=\ 2 =2
\/Z?:l (8i—Si)"Lii (0i = Oi)
where O; represents the observed value, S; represents the simulated value, n represents
the number of measurements, O; represents the average observed value, and S; represents
the average simulated value. The minimum value of RMSE is 0, and the agreement of the

observed value and simulated value is better when it is close to 0. R? ranges from 0 to 1,
with a value of 1 indicating perfect model performance.

RMSE =

S| =

2
RZ

(16)

2.4. The Groundwater Effect and Salt Accumulation

Within agricultural ecosystems, previous studies indicated that groundwater strongly
supports crop water requirements and yield improvement [45-47]. The groundwater contri-
bution to crop growth is challenging to measure directly, especially when the effects of salt
must be taken into account [48]. At present, HYDRUS is the most widely used mechanism
model for the water—salt coupling transport process in GSPAC systems, and HYDRUS-2D
is a specific version of HYDRUS that is designed for two-dimensional simulations. Lowry
and Loheide [49] defined the extra water transpired by the plant from shallow groundwater
as a “groundwater subsidy”. In this study, to assess the contribution of shallow ground-
water to actual crop transpiration (T,;) under various physical improvement measures, we
re-executed HYDRUS-2D simulations with the bottom boundary set to a free drainage
condition, eliminating the impact of groundwater. We posit that the discrepancy of actual
crop transpiration under two distinct bottom boundary conditions is indicative of the extra
water transpired by the plant from shallow groundwater.

ASS (%) refers to the EC discrepancy in the various growth stages during the growing
season, which was used to analyze the spatial and temporal change in soil salinity in
this study:

EC, — EGy o

ASS =
EC,

100 (17)
where EC, and EC, are the ECs (dS m~!) before and after a certain growth stage at the
different observed depths, respectively.

3. Results
3.1. Model Performance

The field-measured data from July 14th to 27th were used for calibration (Table 2). The
calibrated parameters and the measured data from August 4th to 14th were used to verify
the validity of the model parameters (Figures 4e-h and 5e-h). The statistical evaluation
results for model performance in RMSE and R? at different soil depths are summarized
in Table 3. It can be found that the simulated values achieved good agreement with the
observed values. Also, the simulation of SWC was better than that of EC. The RMSE values
for SWC and EC were 0.009-0.024 and 0.322-0.561, and the R? values for SWC and EC were
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0.937-0.981 and 0.618-0.67, respectively. At 40-60 cm depths, the consistency between the
simulated and observed values was better than that at 0-20 cm depths. A comparison
between the observed and simulated SWC and EC values along the 1:1 line is depicted in
Figure 6 (calibration and validation data of FM, FM+CL, and RF). The RMSE values for
SWC and EC were 0.013-0.021 cm® cm 3 and 0.404-0.495 dS m~!, respectively. Moreover,
the R? values were in the ranges of 0.965-0.982 and 0.704-0.902, respectively. There was
reasonably perfect consistency between the simulated and observed values. These results
showed that HYDRUS-2D performed reliably in the simulation of water flow and salt
transport under the field experiments.
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Figure 4. Soil water content dynamic during the growing season (a—d) and the measurement period
(e-h). The shaded areas represent measurement periods from 15 July to 14 August, which are enlarged
in the figures on the right-hand side.
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Figure 5. Soil salinity dynamic during the growing season (a—d) and the measurement period (e-h).
The shaded areas represent measurement periods from 15 July to 14 August, which are enlarged in
the figures on the right-hand side.

Table 3. Statistical parameters of model performance compared with observed values.

Calibration (July 2023) Validation (August 2023)
Depth (cm)
SWC (cm® cm—3 EC(dSm™1) SWC (ecm® cm~3) EC(dSm™1)

0-10 RMSE 0.016 0.542 0.019 0.525

R? 0.958 0.656 0.937 0.621

10-20 RMSE 0.021 0.558 0.024 0.561
R? 0.962 0.721 0.949 0.618

20-40 RMSE 0.011 0.524 0.012 0.511
R? 0.978 0.778 0.966 0.702

40-60 RMSE 0.012 0.493 0.009 0.322

R? 0.981 0.819 0.977 0.867
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Figure 6. Comparison between observed and simulated soil water content and soil salinity under
three treatments during the measurement period from 15 July to 14 August.

3.2. Soil Water Dynamic

We depict the variation patterns of 0-60 cm soil water contents during cotton growing
seasons (1 May-17 October) under different treatments using the calibrated HYDRUS-2D
model (Figure 4a—d). The shaded regions in the figure denote the measurement periods
when observed data were used to calibrate and validate HYDRUS-2D, which are enlarged
in the figures on the right-hand side (Figure 4e-h). The simulation accuracy increased
with the increase in soil depth, and HYDRUS-2D significantly underestimated the soil
water content at the 0-10 cm depth. During the cotton growing season, soil water content
at the 0-60 cm soil layer depth experienced similar changes and fluctuated with precipi-
tation, especially in the middle growth stage. Soil water content appears to show more
variability at shallower depths (0-10 cm and 10-20 cm) than at deeper layers (20-40 cm and
40-60 cm) (Figure 4). This could be attributed to rainfall, surface evaporation, and root
water uptake, which are more pronounced at shallower soil layers. Soil water contents at
20-60 cm soil layers and deeper depths were maintained with slight variation; they were
0.248-0.260, 0.249-0.257, and 0.248-0.259 cm3 cm 3 at 20, 30, and 40 cm depths, respectively,
and they were 0.348-0.355, 0.348-0.353, and 0.348-0.354 cm® cm 2 at 40, 50, and 60 cm
depths, respectively.

However, at shallower depths (0-10 cm and 10-20 cm), the soil water content under
FM+CL was lower than that under FM, especially after a prolonged drought. This phe-
nomenon could be attributed to the disruption of the continuous capillary channels by the
soil compaction layer, which impedes the replenishment of moisture from the groundwater
to the surface soil layers. Soil water under RF was more responsive to precipitation than
under film mulch; this could be due to the atmospheric factors acting on the entire top
boundary of the RF. The regions of soil water content under FM, FM+CL, and RF were
0.196-0.269, 0.139-0.265, and 0.183-0.288 cm® cm 2 at the 0-10 cm depth, respectively,
and they were 0.215-0.267, 0.174-0.254, and 0.206-0.280 cm?® em 3 at the 10-20 em depth,
respectively. Fluctuations continued for about 90 days, but soil moisture was kept at a
certain level during the growing season, benefiting from groundwater.

3.3. Changes in Soil Salinity

There were apparent EC differences in the 0-20 cm soil layer under different physical
improvement measures, but only minor differences appeared in the 20-60 cm soil layer
(Figure 5). In the early growth stage, soil evaporation and crop transpiration were relatively
weak, and soil salinity at different depths remained remarkably stable. Due to the salt
leaching before sowing, a lower EC appeared in the shallow soil layers. The deeper soil
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layers, being closer to the high-salinity groundwater and having accumulated a large
amount of salt leached from the surface, exhibited a higher EC. After cotton entered the
squaring stage, the rate of root water uptake was enhanced, leading to salt accumulation
within the 0—40 cm soil layer. RF exhibited the fastest increase in EC in the shallow soil
layers. Furthermore, due to the presence of the soil compaction layer, the soil salinity at
the 0-10 cm depth in FM+CL was noticeably lower than that in FM and RFE. During the
flower boll stage, the area enters the rainy season, and frequent precipitation causes the
soil salinity in the 0-20 cm depth to fluctuate sharply. Compared to RF, FM and FM+CL
demonstrated a superior ability to curtail the accumulation of salts within the root zone.
However, the leaching of soil salts due to precipitation was more pronounced under RF.
Thus, the fluctuation in EC in the shallow soil layers in RF was larger than in FM and
FM+CL during the measurement period, ranging from 5.898 to 14.673 dSm ™! and 6.838 to
13.414 dSm~! at 0-10 cm and 10-20 cm depths, respectively (Figure 5e,f).

During the later growth stage, a significant increase in soil salinity was observed at
the 0-20 cm depth, while soil salinity increased concurrently at the 20-60 cm depth. After
cotton harvest, soil salinity in FM, FM+CL, and RF was 11.612-13.747, 11.391-12.977, and
12.188-17.446 dS m~! at a 0-60 cm depth, respectively. In general, due to the absence
of irrigation, soil salinity increased from sowing to harvest for all treatments, but the
discrepancy was quite apparent among different treatments. As shown in Figure 7, ASS
values were significantly lower under FM and FM+BL compared to RF; film mulching
substantially slows down the accumulation rate of soil salinity in the root zone by reducing
the area of soil evaporation. Soil compaction also positively affected the salt regulation
during the cotton growth stage, particularly in the 0-10 cm soil layer. Compared to RF, the
ASS in the 0-10, 10-20, 2040, and 40-60 cm layers under FM+BL decreased by 80.5%, 53.0%,
23.8% and 14.6%, respectively. Thus, soil compaction is an effective physical improvement
measurement in saline-affected fields, which can reduce salt accumulation in the root zone.

3.4. Actual Crop Transpiration and Water—Salt Stress

The simulation results for the total potential evapotranspiration (ETp), the total soil
evapotranspiration (Ep), the total potential transpiration (Tp), and the actual total crop
transpiration (T4) during the various cotton growth stages and the whole growing season
simulated with the calibrated HYDRUS-2D model under different treatments are presented
in Table 4. Affected by the different LAI values, cotton heights, and whether plastic film
mulching at the soil surface was used or not, differences in E, and T, were identified.
The lower Ep in FM (15.1 mm) and FM+CL (14.3 mm) compared to RF (31.8 mm) in the
seedling stage was mainly attributed to the plastic film mulching in both treatments, but
the soil surface was bare in RF. In addition, the higher T}, identified in FM+CL (354.1 mm)
compared to FM (349.7 mm) was associated with the larger LAI and taller height, which
resulted in the larger ETp (447.3 mm) and higher partitioning of Tp from ETp. Although
the Tp in RF was larger than in FM and FM+CL, the smallest T4 was observed in RF. This
could be mainly attributed to higher salt stress in the later growth stages, resulting in the
lowest actual root water uptake in the boll opening stage under RF (99.2 mm).
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Figure 7. The change process of ASS in different soil layers during the cotton growth stage under
different treatments. (a) plastic film mulching; (b) plastic film mulching with an added soil compaction
layer; (c) ridge-furrow planting.

Table 4. The model values for total potential evapotranspiration (ETp), total potential transpiration
(Tp), total soil evaporation (Ep), actual crop transpiration (T4), and average relative transpiration
(T4 /Tp) during the various cotton growth stages and the whole growing season under the different
treatments. P is precipitation.

Treatment Gsrg ‘;;’et:h P (mm) Ep (mm) Tp (mm) ETp (mm) T4 (mm) Ta/Tp
M Seedling 48.6 15.1 4.0 19.1 4.0 0.99
Squaring 50.2 21.2 46.7 67.9 439 0.94
Flower boll 176.4 27.1 163.8 190.9 150.4 0.92
Boll opening 84.5 30.5 135.2 165.8 110.7 0.82
Total 359.7 93.9 349.7 443.6 308.9 0.88
FM+CL Seedling 48.6 14.3 4.1 18.4 4.0 0.98
Squaring 50.2 21.3 47.7 69.0 44.8 0.94
Flower boll 176.4 27.1 165.7 192.8 154.1 0.93
Boll opening 84.5 30.5 136.6 167.1 116.1 0.85
Total 359.7 93.2 354.1 447.3 319.0 0.91
RF Seedling 48.6 31.8 6.8 38.6 5.1 0.76
Squaring 50.2 22.8 49.1 71.9 41.7 0.85
Flower boll 176.4 27.2 164.4 191.6 142.6 0.87
Boll opening 84.5 30.7 135.8 166.6 99.2 0.73
Total 359.7 112.5 356.2 468.7 288.6 0.81

In general, average relative transpiration rates (T4 /Tp) at different growth stages and
under the different treatments were kept at a certain level; they were 0.88, 0.91, and 0.81
under FM, FM+CL, and RF, respectively. T4/Tp was smallest at the boll opening stage
under RF (0.73), and it was largely similar at the seedling stage under FM (0.99) and FM+CL
(0.98). The water—salt stress in the three treatments mainly occurred in the boll opening
stage. The highest T4 /Tp was observed in FM+CL (0.85), followed by FM (0.82) and RF
(0.73), during the boll opening stage. Moreover, a smaller T4 /Tp was also observed during
the seedling stage under RF (0.76), which could be attributed to the significantly higher soil
evaporation (E,) and water stress.

3.5. Influences of the Shallow Saline Groundwater on Crop Transpiration

This study analyzed the groundwater contribution to cotton transpiration by assigning
the bottom boundary as a free drainage BC and assuming no groundwater influence
(Table 5). When free drainage BC was used at the bottom boundary, the actual crop
transpiration rates under FM, FM+CL, and RF were 302.3, 306.6, and 287.8 mm, these
values being 2.2%, 4.0%, and 0.0% lower compared to shallow groundwater conditions.
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The negative values of AT4 in Table 5 suggest that the shallow saline groundwater restricts
crop transpiration rather than contributing to it. In the early and middle growth stages,
salt stress is the main reason for the reduction in actual crop evapotranspiration. The
soluble salt in groundwater will aggravate the root-zone salt accumulation and limit the
root water uptake. However, in the later growth stage, water stress becomes the dominant
factor, and shallow groundwater can alleviate the water stress in the root zone. In general,
groundwater subsidies primarily occurred during the boll opening stage. These were 7.5,
11.9, and 3.9 mm under FM, FM+CL, and RF, respectively, and relatively minimal during
the early and middle growth stages.

Table 5. The groundwater contribution to cotton transpiration during the growth stage under
different treatments.

Growth Tp Variable Head BC Free Drainage BC ATy *
Treatment Sta

ge (mm) T4 (mm) TAlTp T4 (mm) TAlTp (mm)

FM Seedling 4.0 4.0 0.99 4.0 0.99 0.0
Squaring 46.7 439 0.94 455 0.97 —1.6

Flower boll 163.8 150.4 0.92 149.6 0.91 0.8

Boll opening 135.2 110.7 0.82 103.2 0.76 75

Total 349.7 308.9 0.88 302.3 0.86 6.6

FM+CL Seedling 4.1 4.0 0.98 4.0 0.99 0.0
Squaring 47.7 44.8 0.94 45.6 0.98 —-0.8

Flower boll 165.7 154.1 0.93 152.8 0.93 1.3

Boll opening 136.6 116.1 0.85 104.2 0.77 11.9

Total 354.1 319.0 0.91 306.6 0.88 124

RF Seedling 6.8 5.1 0.76 5.2 0.77 —-0.1
Squaring 49.1 41.7 0.85 42.8 0.87 -1.1

Flower boll 164.4 142.6 0.87 144.5 0.88 -1.9

Boll opening 135.8 99.2 0.73 95.3 0.70 3.9

Total 356.2 288.6 0.81 287.8 0.81 0.8

Note: * AT 4, the difference in total actual crop transpiration under variable head BC and free drainage BC.

During the seedling stage, groundwater almost did not impact crop transpiration.
During the squaring stage, groundwater even restricted the crop transpiration; the AT,
values were —1.6, —0.8, and —1.1 mm under the three treatments, respectively. During
the flower boll stage, AT 4 became positive due to the film mulching, and soil compaction
effectively suppressed the soil salinity increase in the root zone. The values were 0.8
and 1.3 mm under FM and FM+CL, respectively. However, groundwater stress on crop
transpiration became more severe under RF, with AT, being —1.9 mm. In the cotton
growing season, the “groundwater subsidy” was most significant in FM+CL and was
related to the ASS reduction in the root zone due to film mulching and soil compaction.

4. Discussion
4.1. Efficient Use of Water Resources

During the squaring and flower boll stage, precipitation and the crop transpiration rate
significantly increase, and soil water content and salinity fluctuate with precipitation and
evapotranspiration. However, due to the salt-tolerant and drought-resistant characteristics
of cotton, T4 remains very close to Tp (Table 4). The average relative transpiration rate
(Ta/Tp) serves as an indicator of the extent to which root water uptake is influenced by
water—salt stress during various cotton growth stages; a lower T4 /Tp suggests that cotton
yield may decrease due to water—salt stress. It is worth noting that due to the lack of film
mulching, a much higher Ep was observed in RF (Table 4), which led to an increase in
nonproductive water, reducing the water use efficiency despite there being no irrigation
during the experiment. Hence, film mulching is practical and necessary for saving water
and suppressing salt in the YRD.
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On a global scale, groundwater contributes about 23% to vegetation water consump-
tion on average [47]. However, due to its high salinity, groundwater contributes little or
even negatively to transpiration in irrigated agricultural or coastal areas with shallow
water table depths [50]. Film mulching reduces evapotranspiration, and almost 70% of
precipitation is concentrated from June to September, inhibiting the groundwater effect in
the YRD. Furthermore, soil evaporation and changes in soil moisture are also influenced by
shallow groundwater. In the soil water balance, groundwater plays a more significant role.

The conjunctive use of surface water and shallow saline groundwater shows great
potential to guarantee agricultural production [25]. However, due to the discrepancy in
the water and salt thresholds of various crops, the impacts of groundwater at the same
depth and salinity on the root water uptake of different crops could be diametrically
opposed. In the long term, shallow groundwater with high salinity will inevitably increase
soil salinization in arid and semi-arid regions. Hence, to effectively utilize groundwater
resources, it is necessary to continue exploring new strategies for improving saline soils in
the YRD. Practices of cultivation and irrigation that lack rationality may precipitate a steep
decline in the sustainability of saline—alkali agriculture. Moreover, shallow groundwater
can induce excess evapotranspiration, negatively affecting the water use efficiency of
farmland [48]. Regarding numerical modeling, the current water—salt transport mechanism
model applies to unsaturated soil areas. Still, it is insufficient in saturated—unsaturated
areas, and the influence of groundwater on plant function has not been clarified. Future
research should include the fluctuation of the groundwater table and the varying salinity
levels in heavily saline-alkali lands. Furthermore, parameterizing root water use functions
and the numerical expression of the associated critical processes is highly challenging and
necessary [51].

4.2. The Effects of Soil Compaction on Saline Agroecosystems

Soil compaction is defined as an increase in bulk density or a decrease in soil porosity
due to externally or internally applied loads [52]. Soil compaction in agricultural fields is
commonly caused by tillage equipment, livestock animal trampling, or the heavy weight of
field equipment, such as tractors and harvesting equipment [53,54]. In modern agriculture,
wheel traffic from heavy machinery can cause soil compaction, creating impermeable layers
within the soil that restrict groundwater recharge and decrease hydraulic conductivity [55].
Therefore, soil compaction layers and salt barrier layers have a similar mechanism in
suppressing the accumulation of salts from shallow saline groundwater to the root zone.
Furthermore, the soil compaction layer continues to suppress the upward movement of salts
from the groundwater during the nongrowing period. Prior to sowing in the subsequent
year, a lower soil salinity implies the possibility of utilizing less freshwater for leaching
purposes. This will further enhance the water use efficiency and sustainability of saline
agriculture in the Yellow River Delta.

In most studies, subsoil compaction has been found to negatively affect soil physical
conditions, substantially decreasing crop yields. Mainly, it is known that high soil penetra-
tion resistance and low oxygen concentrations in compacted soil can reduce crop yields due
to decreased root elongation rates and thus limited accessibility of water and nutrients [56].
However, some studies have shown that moderate compaction should increase yield [57,58].
Moreover, Giirsoy and Tiirk [59] stated that moderate soil compaction in agriculture pro-
duction was needed to increase crop yields and prevent soil moisture loss. In this study,
the impact of soil compaction on root distribution and growth was not considered, which
may have led to an underestimation of the discrepancy under different treatments. When
we consider the impact of shallow saline groundwater on crop transpiration, whether soil
compaction contributes to an increase in crop yield depends on whether the groundwater
effect positively or negatively impacts crop growth.

Nevertheless, it is interesting to investigate the threshold of soil compaction for various
climates, soil properties, frequencies of fertilization, and crop species. Additionally, it is
worth noting that soil compaction is challenging to eliminate. Establishing soil compaction
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layers requires careful consideration of the threshold of the most “sensitive” crops in the
rotation system or regional planting structures. Furthermore, soil compaction caused by
heavy machinery exhibits a greater spatial heterogeneity than that caused by raindrops
and tillage implements. Numerically expressing the associated critical processes and
developing additional two-dimensional and three-dimensional mathematical models is an
urgent and meaningful task [60].

4.3. Implications and Limitations of the Study

This study demonstrates that using film mulching and soil compaction techniques can
effectively reduce salt accumulation in the root zone, thereby improving cotton yield and
the sustainability of saline agriculture in the YRD. These methods, although requiring more
labor and financial investment, are essential for reclaiming saline soils in this region. Given
the scarcity of freshwater resources, converting saline lands into arable lands requires
such effective measures to alleviate salt stress on crops and reduce the need for leaching
water. The YRD's geography is ideal for using modern agricultural machinery. Compacting
soil with heavy machinery before sowing crops is a cost-effective and efficient way to
create a compaction layer, reducing farmers” workloads compared to traditional methods
of creating salt barrier layers. The study recommends that the government should increase
subsidies for agricultural machinery, develop specialized compaction machinery, provide
technical manuals, and organize farmer training to encourage widespread adoption of
these techniques in the YRD.

Plastic film is commonly used as mulch in the YRD, offering significant economic
benefits for agriculture [61,62]. However, its recycling is costly and challenging, leading to
soil contamination with plastic residues [63]. Excessive plastic residues negatively affect
soil and agricultural productivity [64]. Alternatives like biodegradable film, crop straw,
and sand or gravel are more environmentally friendly but less used due to traditional
practices and cost factors. To enhance sustainable agriculture in the YRD, policy changes
and subsidies are needed to encourage the use of these eco-friendly materials over plastic
film. The effectiveness of film mulching varies with factors like the mulching area, crop
type, climate, and irrigation methods, suggesting it has potential for better soil water and
salt regulation.

This study utilized the HYDRUS-2D model, calibrated with observed data, to accu-
rately represent soil water and salinity changes in the root zone during cotton growth.
However, the study acknowledges certain limitations. Firstly, the experiments at the Dongy-
ing Base and the HYDRUS-2D simulations did not account for soil condition variability in
the YRD. Secondly, the impact of physical measures on the spatiotemporal distribution of
water and salt in the root zone and their potential positive or negative effects in other saline
agricultural regions with differing conditions and management practices remains unclear.
Thirdly, the model assumed a constant shallow groundwater depth and salinity and did
not account for dynamic responses to rainfall or evaporation, deviating from real-world
conditions. The use of hydrological models incorporating groundwater dynamics, digital
soil maps [65], ArcGIS [66], and machine learning [67] to better evaluate these physical
measures on a regional scale is suggested for future research.

5. Conclusions

Both field plot experiments and HYDRUS-2D were used to evaluate the effects of
different physical improvement measures on water—salt control in saline agriculture. The
results showed that film mulch significantly affected soil water conservation; soil evapo-
ration, especially, was reduced considerably in the early growth stage. With salt leaching
before sowing, the water uptake of cotton roots was almost unaffected by water—salt stress
during the cotton growth stage under the FM+CL treatment. Soil compaction layers play a
significant role in inhibiting salt accumulation. Compared to traditional physical improve-
ment methods, covering soil with film and compacting the soil with heavy machinery prior
to cotton sowing is an economical and efficient method for improving saline agriculture.
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It can effectively reduce water and salt stress on crop growth to increase cotton yields
without additional freshwater resources in saline areas of the YRD. The accuracy and
effectiveness of field data utilized in testing the model are crucial for the validity of the
conclusion. The current study was constrained by the brief observation period of the field
experiment and would have benefited from its being extended to cover another growing
period. Additionally, we recognize the constraint regarding whether the assessment of
these physical measures by the model is applicable across other saline agricultural regions
with varying environmental conditions and management practices.
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