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Abstract: This study chose the indoor soil column test as the main method and the field test as the
validation test to investigate the effects of various straw mulching techniques (surface, deep and
straw mulching + deep burial) on evaporation and salt dynamics in saline soils. The results showed
that straw mulching treatment could effectively reduce soil water evaporation, promote
desalination in the stage of leaching infiltration and alleviate salt return in the stage of water
evaporation, and the effect of straw mulching + deep burial treatment was better than that of single-
layer straw mulching treatment. The indoor soil column test showed that S2D1 treatment (a 2:1 ratio
of soil surface cover to the amount of straw buried 40cm below the soil surface) had the best effect
on the suppression of soil moisture evaporation, and the cumulative evaporation of soil moisture
was reduced by 65.85% compared with that of the CK, and the rate of salinity return in the
evaporation stage was effectively reduced by 92.04% compared with that of the CK. In addition,
there is a significant positive correlation between cumulative evaporation of soil moisture and
cumulative soil salinity, which implies that cumulative soil salinity increases with cumulative
evaporation of soil moisture. The results of the field experiment were consistent with the soil column
test, and the S2D1 treatment was able to maintain high soil moisture content in all soil layers in all
periods of the experiment and kept soil salinity in the 0-40 cm soil layer at a low level. However, in
the 40-80 cm soil layer, the soil salinity suppression effect of DB treatment (straw buried at 40 cm
below soil surface) was the best. So in summary, the 52D1 treatment had the best salinity and
evapotranspiration suppression effect in saline soils. This study is of great significance for the
resource utilization of straw waste, improvement of water utilization and efficiency, and soil
salinization management.

Keywords: straw; mulching + deep burial; soil evaporation; resalinization rate; desalinization rate

1. Introduction

Soil salinity is a major challenge to land resource utilization and agricultural productivity
worldwide[1] . It is estimated that approximately 1.1 x 1079 hectares (ha) of land globally suffer from
soil salinity[2] , posing a significant threat to agricultural output, soil health, and food security[3] .
China, in particular, possesses approximately 3.6 x 10"7 ha of saline soils, which hold considerable
potential for agricultural use following appropriate amelioration. Coastal saline soils in China
encompass an area up to 1.01 x 1076 ha, with the Yellow River Delta serving as a representative
region. This region constitutes a relatively concentrated zone of saline soils in the country,
encompassing 254,200 ha and accounting for about 42.3% of the total available area within the
delta[4,5] . In this area, coastal saline land comprises more than 70% of the total landmass[6] . As soil
salinization progresses, ecological balance becomes increasingly threatened, and sustainable
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development is hindered.Soil salinization exacerbates issues such as low fertility, reduced microbial
activity, and poor soil structure, all of which severely impact food production and agricultural
growth[7] . Generally, water-salt transport in soil adheres to the fundamental principle of "salt
follows water and water follows salt," meaning soil salinity is influenced by various factors, including
precipitation, soil texture, groundwater, and temperature[8] . Consequently, to enhance soil water
utilization in the Yellow River Delta's saline soils, it is essential to effectively control soil water
evaporation, minimize salt accumulation, and improve the soil's physical and chemical properties.

Mulching using various materials has been demonstrated to decrease soil water evaporation,
enhance the quantity of stored soil water accessible for plants, and minimize salt accumulation in the
s0il[9] . According to Yin et al., ground cover can effectively reduce soil water evaporation while
concurrently impeding salt accumulation on the surface[10] . Straw, the most prevalent organic
mulch material across all climatic zones, offers multiple advantages when utilized in the field, such
as being suitable for soil water storage[11] and increasing soil water availability by lowering soil
evaporation and stabilizing soil temperature, ultimately leading to improved crop yields[12] . Carson
E. Dann et al. discovered that mulching with crop residues resulted in a 10-20% increase in water use
efficiency[13] . A study conducted by Yanli Zhou et al. revealed that straw mulching not only
improved soil moisture retention and soil structure but also suppressed weed growth. Yonghui Yang
et al. reported that the application of 4-6 t/ha of straw mulch effectively enhanced soil physical
conditions, including topsoil protection, in tropical environments[14] . Based on field experiments,
Xinjun Huang et al. found that straw mulch placed on the soil surface provides shade, reduces
nonproductive water evaporation, and increases available water capacity[15] . Furthermore, straw
mulch serves as a barrier against atmospheric heat, delaying topsoil thaw and reducing the rate of
soil thaw[16] . This effectively inhibits soil water evaporation and salt surface aggregation, ultimately
improving soil physical and chemical properties and increasing soil water use efficiency[17] .

Deep incorporation of straw into the soil can enhance soil organic matter content, water holding
capacity, and agroecological water use efficiency, thus ensuring stable crop yield while optimizing
water and salt distribution in the tillage layer and promoting salt leaching[18] . The deep placement
of straw within the soil serves as a transport barrier for water and salt, impeding the migration of salt
from the subsoil and shallow groundwater to the topsoil during evapotranspiration[19] . Zhong
Zhaoyi et al. demonstrated that the cumulative evaporation from the straw-amended treatment was
only 36.9% to 49.79% of that from the homogeneous soils during soil evaporation[20] . The
incorporation method of straw significantly impacts the distribution of soil moisture and salinity.
Wanfeng Zhan et al. found that positioning the straw layer at a depth of 35-40 cm increased the
average soil water holding capacity by 17.1% and the average salt leaching rate by 7.6%[21] . Based
on field study results, Yonggan Zhao et al. reported that straw layer incorporation enhanced salt
leaching and controlled the salt accumulation around crop roots[22] . Other researchers have
identified additional benefits of deep straw incorporation, such as a decrease in soil pH, reduction in
particle density, and improvement in plant earliness[23] . Moreover, deep incorporation of straw into
the soil can increase soil organic matter content, ensuring stable crop yields[24] , slowing water
infiltration, and optimizing water and salt distribution and soil structure in the tillage layer[25] . The
combination of straw mulching and deep incorporation of soil layers significantly increased soil
moisture at a depth of 0-40 cm and considerably reduced salinity in the surface layer (0-20 cm). This
combination may represent the best field management strategy for crop production on saline soils.

In-depth investigations of water and salt dynamics in saline soils are crucial for accelerating the
ecological restoration of these lands. Building upon prior research that employed straw mulching to
mitigate salt accumulation, the straw mulching + deep burial model is proposed as a method for
saline land improvement. The impacts of various straw mulching techniques on water and salt
dynamics in saline soils were examined through laboratory soil column simulation experiments.
Additionally, the study analyzed soil water and salt transport patterns under different treatments
during the soil leaching and evaporation phases. The research further aimed to identify the most
effective straw mulching methods for reducing evapotranspiration and suppressing salinity,
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ultimately enhancing water use efficiency and promoting the implementation of straw mulching
technology for the improvement of saline lands.

2. Materials and methods
2.1. Soil column test

2.1.1. Test materials

The soils used in this experiment were collected from the Bohai Farm (37°79'N, 118°63'E) located
in Dongying Province, China. The climate of the area is warm-temperate continental monsoon
climate, with mean annual evapotranspiration, mean annual precipitation, and mean annual air
temperature of about 1982 mm, 552 mm, and 12 °C, respectively. The main physicochemical
properties of the soil before the experiment are listed in Table 1.

Table 1. Basic properties of soils used in the experiment.

SAR Total Bulk
TN AP AK SOM EC  mmolL- salt  densit

Soil type pH
k) (kg (mghke) (kg © (usem) “UNCT S (OO

salted tidal
soil
Note: TN, total nitrogen; AP, available phosphorus; AK, available potassium; SOM, soil organic matter; EC,
electrical conductivity; SAR, sodium adsorption ratio.

0.93 3414 11087 9.67 8.14 1735.5 13.1 6.4 1.39

2.1.2. Test setup

The experiment was conducted at the experimental station of the College of Resources and
Environment, Shandong Agricultural University. The study utilized polyvinyl chloride (PVC) pipes
to establish a 100 cm soil column with a 30 cm diameter for analyzing soil ecological processes. A 10
cm layer of fine sand was initially placed at the bottom of the column, functioning as a filter layer to
facilitate smooth infiltration of the soil water flow. Subsequently, the bottom of the soil column was
sealed with gauze and positioned in a plastic basin containing a 10 g/L saline solution to simulate the
groundwater environment. Finally, based on the soil density of the test soil of about 1400kg/m?, fill
the soil layer by layer and tamp it down, each time filling about 5kg, tamping about 5cm thickness,
the previous tamping and then filling the next layer until the top. The detailed experimental setup is
illustrated in Figure 1.

Straw

Straw
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3 g ]
Straw Straw
( i ‘ - ™ - ™
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Figure 1. Testing Device for Different Straw Mulching Treatments.

2.1.3. Treatments

In this study, maize straw was collected from corn fields, air-dried, and cut into 2-3 cm lengths.
The collected straw was then mixed with saline-alkali soil and loaded into soil columns for analysis
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as illustrated in Figure 1. The experimental design consisted of six treatments: surface-covered straw
(SC), straw buried at 40 cm below soil surface (DB), a 1:1 ratio of soil surface cover to the amount of
straw buried 40cm below the soil surface (51D1), a 2:1 ratio of soil surface cover to the amount of
straw buried 40cm below the soil surface (52D1), a 1:2 ratio of soil surface cover to the amount of
straw buried 40cm below the soil surface (51D2), and a control group without straw mulching (CK).
The amount of straw mulched was 1800 g/m?, and each treatment was replicated three times.

To minimize the impact of external factors such as rainfall on the experiment, the soil columns
were placed inside a greenhouse. In order to maintain a stable brackish groundwater environment at
the base of the soil column, 10 g/L of brackish water was added to the plastic basin at the base of the
column at regular intervals throughout the experiment.

2.1.4. Sample collection and determination

At the beginning of the test, 200mm of fresh water was used to wash the salt at a fixed amount,
and when all the water was infiltrated, the soil was taken from the soil surface of the soil column with
a soil auger, and the sampling positions were 0-20cm from the soil surface; 20-40cm, 40-60cm, and
60-80cm for determining the salt content of the soil, respectively. After the beginning of the test, the
empty PVC pipe was set as a control to synchronize the determination of the evaporation intensity
of the water surface during the test, and the soil column was weighed every 5 days, and the difference
between the two times before and after was used to calculate the evaporation of soil moisture; at the
same time, samples were taken from the soil column every 10 days, and the sampling positions were
0-20 cm; 20-40 cm, 40-60 cm, and 60-80 cm from the soil surface for the determination of the soil
Salinity. During the test, 10g/L of salty water was regularly added to the plastic basin at the bottom
of the soil column to maintain a relatively stable salty water environment at the bottom of the soil
column.

2.1.4.1. Determination of soil moisture content (drying method)

Aluminum boxes containing fresh soil samples were weighed on an analytical balance to the
nearest 0.01 g. The boxes were opened, placed underneath the box and baked in an oven that had
been preheated to 105°C for 12 h. They were taken out, covered, cooled to room temperature in a
desiccator (taking about 30 min) and weighed immediately.

Moisture content (%) = (mass of aluminum box and soil sample before drying - mass of
aluminum box and soil sample after drying) x 100 / (mass of aluminum box and soil sample after
drying - mass of drying empty aluminum box)

2.1.4.2. Determination of soil salinity (residue drying-mass method)

Soil samples were air-dried, ground and sieved through 2mm sieve, the soil solution was leached
at a soil-water ratio of 1:5, a certain amount of soil leachate was sucked into a porcelain evaporating
dish, evaporated on a water bath, and the organic matter was oxidized with hydrogen peroxide, then
dried in an oven at 105°C-110°C and weighed to obtain the mass of the drying residue.

Soil salt content (g/kg)=drying residue mass/drying soil sample massx1000

2.2. Microzone test

2.2.1. Study area and site characterization

The field experiment was conducted from February 2023 to June 2023 at the Bohai Farm (37°79'N,
118°63'E) located in Dongying Province, China. The climate of the area is classified as warm-
temperate continental monsoon. In addition, the area has a clear distinction between the four seasons
in 1 yr. Its mean annual evapotranspiration, mean annual precipitation, and mean annual
temperature are approximately 1982 mm, 552 mm, and 12 °C, respectively. The dominant crops are
maize (Zea mays L.), wheat (Triticum aestivum), and cotton (Gossypium hirsutum). The
experimental soil was salted tidal soil, and the normal soil properties are shown in Table 2.
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Table 2. Basic properties of the field soil at the beginning of the experiment.

SAR Bulk

Soil depth N AP AK — SOM pH EC (mmol. L- Total salt densit

(g’kg) (mg/kg) (mg/kg) (g/kg) (us/cm) 103 (g/kg) (g/cm?)

0-20cm 0.67 374 118.3 1041 839 1764.3 13.5 6.13 1.31
20-40cm 0.53 30.2 83.47 718 836 1699.5 12.8 6.57 1.41
40-60cm 0.41 21.2 51.15 6.17 837 1652.3 121 6.11 1.46
60-80cm 0.49 22.8 52.55 6.77 839 1667.7 12.3 6.29 1.43

Note: TN, total nitrogen; AP, available phosphorus; AK, available potassium; SOM, soil organic matter; EC,
electrical conductivity; SAR, sodium adsorption ratio.

2.2.2. Treatments.

The experiment was designed with six treatments: surface-covered straw (SC), straw buried at
40 cm below soil surface (DB), a 1:1 ratio of soil surface cover to the amount of straw buried 40cm
below the soil surface (S1D1), a 2:1 ratio of soil surface cover to the amount of straw buried 40cm
below the soil surface (52D1), a 1:2 ratio of soil surface cover to the amount of straw buried 40cm
below the soil surface (51D2), and the control (CK) was covered with straw, the amount of straw
returned to the field was 18t/hm? and each treatment was replicated three times. The micro-areas
were constructed in February 2023, with each plot measuring 2m * 2m = 4m?, for a total of 18 plots.
The plots were firstly trenching and deep excavation around the plots to 1m from the ground surface,
and then blocked with double-layer plastic sheet to ensure the independence between the micro-
areas, and the intermediate gaps were filled with soil. Before burying the straw, the soil in the micro-
area was first taken out with a shovel according to the soil layers of 0-20cm and 20-40cm in turn, and
placed separately, and then the threshed and broken rice straw was evenly laid at a depth of 40cm
from the soil surface, and finally the excavated soil was backfilled layer by layer according to the
original level and compacted. The straw compartment treatment was completed in one go and no
further operations were carried out thereafter. In order to ensure the consistency of the test base, the
soil layer 0-40cm of the CK treatment was also dug out and backfilled.

2.2.3. Sample collection and determination

At the beginning of the experiment, soil samples were collected in March, April, May and June
2023, and the sampling depths were 0-20, 20-40, 40-60 and 60-80 cm.After the samples were brought
back to the laboratory, the soil moisture content was determined immediately, and then the soil was
dried to determine the soil salinity. The determination method is the same as 2.1.4.

2.3. Data analysis

In this study, data were systematically organized and compiled using Microsoft Excel for further
analysis. Subsequently, the data were processed and evaluated using the statistical software, SPSS
version 22.0 (SPSS Inc., Chicago, IL, USA), to investigate the relationship between soil water
evaporation and soil salinity. Furthermore, Origin 2019b (Origin Lab, Northampton, MA, USA) was
employed for graphical representation of the correlation and to examine the fitting parameters of
cumulative soil evaporation as a function of time. The comprehensive analysis of the data allowed
for a deeper understanding of the soil evaporation processes and their connection with soil salinity,
contributing to the field of soil ecology.

3. Results
3.1. Effect of different treatments on soil water and salt transport in soil columns

3.1.1. Soil water evaporation analysis
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Figure 2 illustrates the temporal variation in mean daily soil evaporation under distinct straw
mulching treatments. The daily evaporation rates of soil moisture for the five different straw
mulching techniques (SC, DB, S1D1, 52D1, S1D2) and the control treatment (CK) exhibited a
decreasing trend over time, with varying magnitudes. Within 5 days after the start of the experiment,
evaporation from the soil surface was mainly maintained by the lower layer of water through
capillary conductive water, the average daily evaporation of the control treatment was larger and
significantly higher than that of the other treatments, probably because of the exposed soil surface of
the CK treatment, the energy exchange between the soil surface and the atmosphere was faster,
resulting in larger daily evaporation but probably due to the larger daily evaporation, the
phenomenon of salinity epimetry was serious, and the formation of a salt crust on the soil surface, in
turn, may inhibit the evaporation of water, so that the average daily evaporation of the CK treatment
was on a gradual trend to decrease over time, but it was still significantly larger than that of the other
treatments. Among these treatments, all five demonstrated varying levels of reduction in evaporation
compared to CK. The suppressive effect of each treatment on soil moisture evaporation became
apparent on the fifth day post-application, with the mean daily soil evaporation rates of SC, DB, S1D1,
S2D1, and S1D2 decreasing by 27.82%, 56.39%, 60.53%, 70.68%, and 63.91% relative to CK,
respectively. The average daily evaporation of SC treatment was less than that of CK treatment in the
first 5 days of the experiment, probably because the soil capillary of SC treatment was continuous,
and the water could rise to the soil surface with the help of the capillary force, but the barrier layer
formed by covering the soil surface with straw was effective in attenuating the vertical evaporation
of the soil water.The average daily evaporation of DB treatment was lower than that of CK treatment
by 56.39%, which was due to the fact that the straw was buried under the soil surface and the barrier
layer cut off the continuity of the soil capillary. The barrier layer cut off the continuity of soil
capillaries, formed an obstacle to the upward movement of soil capillary water, and weakened the
evaporation capacity.The S1D1, S2D1, and S1D2 treatments had the most obvious effect of inhibiting
soil moisture evaporation due to the dual effect of straw surface mulching and burying the straw
barrier layer.The minimum average daily evaporation rate (0.31 mm) was observed in the 52D1
treatment on the 45th day of the experiment, representing a 67.02% reduction compared to the CK
treatment at the same timepoint.

3.0

CK

—e—SC

25 DB
——SIDI
S2DI
20 | S1D2

0.5

The Average Daily Evaporation(mm)
&
T

0.0 0

Evaporation time (d)
Figure 2. Diurnal variation of daily evapotranspiration of different straw mulching methods.

According to the experimental results, the effects of various straw mulching methods on the
cumulative evaporation of soil moisture are depicted in Figure 3. The analysis reveals that the
cumulative evaporation of soil moisture under different straw mulching methods (SC, DB, S1D1,
52D1, S1D2) exhibited an increasing trend over time. The cumulative evaporation of the control
treatment (CK) was significantly higher than the cumulative evaporation observed under the five
mulching methods. Following 45 days of continuous evaporation, the cumulative evaporation from
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the soil columns of SC, DB, S1D1, S2D1, and S1D2 were 40.28 mm, 41.48 mm, 35.55 mm, 19.54 mm,
and 25.99 mm, respectively. These values correspond to a reduction in cumulative evaporation by
29.61%, 27.49%, 37.87%, 65.85%, and 54.58% compared to the control treatment. This implies that the
straw mulching + deep burial treatments (51D1, S2D1, S1D2) were more effective in inhibiting soil
water evaporation than the single-layer straw mulching treatments (SC, DB), with 52D1 exhibiting
the strongest inhibition. However, at the beginning of the experiment, the cumulative
evapotranspiration of the DB soil column was lower than that of the SC soil column, but with the
passage of time, the cumulative evapotranspiration of the DB soil column was gradually higher than
that of the SC soil column. This may be due to the fact that during the evaporation process, water
gradually starts to be stored inside the straw, and some of the water in it diffuses upward in the form
of water vapor, while the water available for recharge to the evaporated soil surface from the subsoil
layer of the SC soil column is relatively low.

70

CK
—e—S3C
60 DB
—v—SI1DI

S2D1

SID2

50 |

40 -

30 F

The Cumulative Evaporation (mm)
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Evaporation time(d)

Figure 3. Variation of cumulative evaporation with time in different straw mulching.

Figure 4 presents the evapotranspiration (ET) inhibition rates of various straw mulching patterns
after 45 days. The single-layer straw mulching treatments (SC and DB) exhibited soil moisture
evaporation inhibition rates of 29.61% and 27.49% respectively, indicating that the depth of straw
placement had a minimal effect on soil moisture evaporation inhibition rate. In contrast, the straw
mulching + deep burial model showed varying results: 52D1 had the highest evaporation inhibition
effect (65.85%), followed by S1D2 (54.58%), while S1D1 had a relatively weak effect (37.87%). The
lowest inhibition effect observed in S1D1 was still 27.89% higher than that of SC, demonstrating that
straw mulching + deep burial model is more effective in reducing soil evaporation compared to
single-layer mulching. The data also suggest that when the amount of surface straw mulch remains
constant, a greater amount of deep straw mulch leads to a higher evaporation inhibition rate and
improved inhibition effect. Conversely, when the amount of deep straw mulch is kept the same,
increasing the quantity of surface straw mulch results in a higher evaporation inhibition rate and
enhanced inhibition effect.
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Figure 4. The Rate of Water Evaporation Inhibition under Different Straw Covering Modes.

Figure 5 presents the mean soil evaporation rates of various straw mulching treatments after a
45-day evaporation period. Based on the data in Figure 5, the soil evaporation rates for CK, SC, DB,
S1D1, S2D1, and S1D2 treatments were 1.27 mm/day, 0.90 mm/day, 0.92 mm/day, 0.80 mm/day, 0.43
mm/day, and 0.58 mm/day, respectively, throughout the evaporation process. The soil evaporation
rates for all straw mulching treatments were lower than that of the control (CK). Notably, the 52D1
treatment exhibited the lowest soil evaporation rate, which was 66.14% lower than that of the CK
treatment. This finding suggests that the S2D1 treatment had the most significant inhibitory effect on
soil water evaporation, making it more conducive to enhancing soil water utilization.
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Figure 5. The Average Evaporation Intensity under Different Straw Covering Modes.

3.1.2. Changes in salt dynamics

Figure 6 shows the effect of different straw mulching methods on the salt content of the soil
profile at different times. As can be seen from Figure 6, 200 mm of fresh water was poured into the
soil column at the beginning of the experiment, and the salts in the soil surface layer were drenched
to the soil sublayer after the watering. Before and after the drenching, the soil salinity content of
different treatments changed significantly, especially on the soil salinity in the 0-40 cm soil layer of
each treatment. As demonstrated in Figure 6, the salts in the soil transitioned from the upper stratum
to the lower stratum post-leaching across all experimental treatments. However, discrepancies were
observed in both the transport rates and content between the treatments. To gain insight into the
specific alterations in salt concentrations before and after leaching for each soil treatment, the leaching
efficiency within the 0-40 cm soil layer was computed for each treatment. The leaching efficiency
values were found to be 68.45%, 70.22%, 55.98%, 83.31%, 68.46%, and 76.30% for the CK, SC, DB,
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S1D1, S2D1, and S1D2 treatments, respectively. The leaching efficiency of the SC and S2D1 soil
columns were nearly identical to that of the CK, while the leaching efficiency of the DB soil column
exhibited a 18.21% reduction relative to the CK. Conversely, the leaching efficiency of the S1D1 and
S1D2 soil columns increased by 21.71% and 11.47% compared to the CK, respectively. Notably, the
S1D1 treatment demonstrated the highest desalination rate, which proved more advantageous for
enhancing water utilization. Figure 6 also shows that different treatments can inhibit salt return to
the soil surface, and the different effects of different straw mulching methods on soil salt return
become more and more obvious as time progresses. After 30 days of evaporation, the re-salinization
levels of each 0-40 cm soil column were 225.67%, 74.98%, 128.45%, 149.06%, 17.96%, and 121.99%,
respectively. The salt reversion rates of single-layer straw mulch treatment (SC, DB) and straw
mulching + deep burial treatments (S1D1, S2D1, S1D2) were lower than that of the CK, indicating
that straw mulching is advantageous for promoting soil salt management, salt suppression, and
enhancing water utilization in the soil. The salt reversion rate of the S2D1 soil column was the lowest,
at 92.04% less than that of CK, signifying that it is the most effective treatment for inhibiting soil salt
reversion. This is because the straw compartment soil in the evaporation, straw still stored more
water, its solution salt concentration is not high, the evaporation of water inside the compartment
can expand the water potential difference between it and the soil layer, inhibit the water and salt
upward, which can reduce the salt surface polymerization; coupled with the soil surface layer
covered with straw to effectively inhibit the vertical evaporation of soil moisture, can better inhibit
the evaporation of soil moisture and return to the salt.
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Figure 6. Different straw mulching on soil salt content in the section effects.

3.1.3. Correlation analysis

Water and salt movement has its own rules and characteristics, in which water movement plays
a dominant and decisive role. Therefore, the correlation between the cumulative evapotranspiration
of soil moisture and soil salinity during the experimental period was analyzed in this study, and the
results are shown in Table 3. The results of the correlation analysis are shown in Table 3, from which
it can be seen that the correlation coefficient between cumulative evaporation of soil moisture and
cumulative soil salinity is 0.848, which belongs to a highly positive correlation, i.e., the greater the
evaporation of soil moisture, the greater the cumulative soil salinity.
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Table 3. Water and salt related analysis.

Cumulative Cumulative salt
evaporation (mm) content (g/kg)
Pearson correlation 1 0.848*
Significance (bilateral) 0.033
Cumulat‘lve The sum of square and fork 4811 120.8
evaporation product
Covariance 96.22 24.16
N 6
Pearson correlation 0.848* 1
Significance (bilateral) 0.033
Cumulative salt The sum of square and fork 1208 4218
content product
Covariance 24.16 8.436
N 6 6

Note: Significant correlation at the 0.05 level.
3.2. Effects of different treatments on water-salt distribution in agricultural soils

3.2.1. Moisture distribution characteristics

During the experimental period, soil moisture content was mainly affected by straw treatment,
rainfall, evaporation and temperature, and the distribution of soil moisture in the farmland was
complicated. Figure 7 shows the changes of soil profile moisture content in different periods of each
treatment. From the figure, it can be seen that there are obvious differences in soil profile moisture
content between different treatments due to different moisture retention effects. On March 8, 2023,
influenced by rainfall factors, there was no significant difference between the soil layers of different
treatments. Compared with CK, SC treatment had relatively higher soil moisture content in the 0-40
cm soil layer, DB treatment could increase soil moisture content in the 20-80 cm soil layer. Both S1D1
and S2D1 treatments increased soil moisture content in all soil horizons of the soil, with the S2D1
treatment having higher moisture content in all soil horizons, whereas soil moisture content in all soil
horizons of the S1D2 treatment did not differ significantly from that of CK. On April 11, 2023, the soil
surface moisture content varied significantly among treatments due to reduced rainfall. Compared
to CK, the SC treatment increased soil moisture content in the 0-20 cm soil layer by 16%, and the
moisture content in all other soil layers was also higher than that of CK, but no significant difference
existed. The DB and S1D1 treatments increased soil moisture content in all soil layers, but none of
them had significant differences. The S2D1 treatment also increased soil moisture content in all soil
layers, especially in the 40-80 cm layer, which had significant differences compared to CK. S1D2
treatment did not differ significantly from CK in terms of soil moisture content in all soil horizons.
On May 4, 2023, the SC treatment increased soil moisture content in the 0-20 cm soil layer, but there
was no significant difference. The DB treatment had relatively higher soil moisture content in the 0-
20 cm soil layer compared to CK, but the moisture content in the 20-80 cm layer was lower than that
of CK. The S1D1 and S1D2 treatments did not have significant differences in soil moisture content in
all layers compared to CK. The S2D1 treatment had the best water retention with higher water content
in all soil layers. On June 9, 2023, the soil moisture content in the 0-20 cm soil layer of each treatment
differed significantly, among which the S2D1 treatment had the highest moisture content, which was
17.4% higher than that of CK, and there was no significant difference between treatments in other
soil layers compared to CK.

It can be seen that the different treatments can play a certain role in water retention, of which
the S2D1 treatment can significantly inhibit the evaporation and dissipation of soil moisture and has
the best effect of water and moisture retention, which is consistent with the results of the indoor soil
column test.
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Figure 7. Soil water content for different treatments in different periods.

3.2.2. Salt distribution characteristics

Figure 8 shows the distribution of average soil salinity in different treatments during the
experimental period. As shown in the figure, all treatments had higher salinity in the 0-20 cm soil
layer, indicating that there was an obvious salt epimerization phenomenon. Among them, the soil
salinity of CK was the most obvious, and the average soil salinity reached 12.82g/kg, while the S1D2
had the lowest salinity, indicating that it had the best effect of inhibiting the return of salts to the soil
surface layer. The soil salinity of each treatment in the 20-40cm soil layer reached the lowest value in
the whole soil layer, among which the average soil salinity of S2D1 was the lowest, 4.07g/kg,
indicating that S2D1 could effectively reduce the salinity of the soil till layer. And then the average
soil salinity of each treatment in the 40-80 cm soil layer increased, but it was still less than the salinity
of the 0-20 cm soil layer. Among them, the soil salinity of DB was the lowest, but there was no

significant difference with 52D1, indicating that both of them could effectively inhibit the salt return
to the deep soil.

doi:10.20944/preprints202308.0019.v1
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Figure 8. Distribution of soil salinity in different treatments.

Table 4 shows the salt inhibition rate of different treatments compared with CK during the
experimental period. From the table, it can be learned that there are significant differences in the salt
suppression effect of different treatments in different soil layers, and the general trend is that with
the deepening of the soil layer the salt inhibition rate of the treatments gradually decreases, and the
salt suppression effect is weakened. In the 0-20cm soil layer, the salt suppression effect of each
treatment was the best, and the salt inhibition rate of SC, DB, S1D1, S2D1, S1D2 were 35.46%, 44.76%,
50.98%, 54.80%, and 37.30%, respectively, of which the salt inhibition rate of S2D1 was the highest,
which indicated that the S2D1 could effectively inhibit the return of salt to the surface layer of the
soil. In the 20-40 cm soil layer, the salt inhibition rate of S2D1 was still the highest at 49.47%, which
indicated that S2D1 could significantly reduce the salt content of soil tillage layer and alleviate the
salt damage effect of saline soil on crops. In the 40-80 cm soil layer, the salt inhibition rate of DB was
the highest, followed by the salt suppression effect of straw mulching + deep burial treatments (S51D1,
S2D1, S1D2), while there was no significant difference in the salt suppression effect of SC compared
with CK. This indicates that deep buried straw can significantly inhibit the salt return to the deep soil
layer, and surface mulched straw can only inhibit the salt return to the surface layer of the soil, and
the inhibition effect on the deep soil salinity is poor.

In conclusion, the different treatments had the effect of salt control and salt suppression on all
soil layers, among which the salt suppression effect of S2D1 treatment on 0-40cm soil layer was
particularly significant, which was consistent with the results of the soil column test. In the 40-80cm
soil layer, the salt inhibition rate of each treatment decreased, among which DB treatment had the
best salt suppression effect on deep soil, and the salt inhibition rate of S2D1 treatment was lower than
that of DB but there was no significant difference.

Table 4. Water and salt related analysis.

Salt inhibition rate (%)

Soil depth SC DB S1D1 S2D1 S1D2
0-20cm 35.46 44.76 50.98 54.80 37.30
20-40cm 17.14 43.79 41.03 49.47 33.11
40-60cm 5.064 34,52 27.04 31.23 19.85

60-80cm 3.047 38.53 27.51 34.73 22.97
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4. Discussion

4.1. Effect on soil water evaporation

Soil moisture evaporation, the primary pathway for water vapor to enter the atmosphere from
the soil surface, constitutes a significant source of inefficient soil moisture loss. This process is
influenced by various factors such as temperature, humidity, wind speed, and atmospheric pressure.
Straw mulching, an effective technique for conserving soil moisture, has been observed to increase
the water content in the topsoil (0-5 cm) layer and reduce evaporation rates regardless of soil type. In
comparison with bare soil, straw mulching reduced the evaporation rate by 26% as groundwater
salinity increased[26] . Straw mulching mitigates energy exchange between the soil and the
atmosphere, thereby stabilizing soil temperature, inhibiting soil evaporation, and enhancing soil
water content. The presence of straw mulch on the soil surface modifies the soil moisture evaporation
interface from a soil-atmosphere to a straw-atmosphere one. The discontinuity between the straw
and the soil hinders soil moisture from reaching the heat necessary for evaporation, consequently
decelerating the rate of soil moisture evaporation within the soil column. The quantity of straw mulch
is a critical factor affecting soil moisture evaporation, and the impact of varying amounts of straw
mulch on evaporation differs. Research indicates that 3-10 t/hm”"2 of straw mulch can decrease
ineffective evaporation in the soil by 20%-90%; however, increasing the mulch amount to suppress
evaporation beyond this range becomes less effective [27] . The thickness of the straw mulch layer
also influences the inhibition of soil water evaporation. As the thickness of the straw mulch increases,
soil water evaporation is effectively restrained, and the cumulative soil evaporation diminishes
accordingly. When the straw mulch thickness exceeds 10 cm, the impact of other external factors on
daily soil evaporation is notably reduced; however, even at a thickness of 30 cm, these external
environmental effects on soil moisture evaporation cannot be entirely eliminated[28] . Given the
limited influence of the surface straw mulch layer on deep soil moisture transport, some researchers
have proposed inhibiting soil moisture evaporation by burying the straw layer to further optimize
soil moisture utilization. Studies have demonstrated that placing the straw layer 25 cm below the soil
can impede water infiltration and significantly enhance the water storage capacity and efficiency of
the 0-25 cm soil layer. When the upper limit of irrigation water does not surpass the field water
holding capacity, the water storage efficiency of the 0-25 cm soil layer attains 89%-91% after six
days[29] . Different straw mulching or burial techniques can suppress soil moisture evaporation to
varying extents. Consequently, some researchers have suggested that employing straw mulching +
deep burial model can further inhibit soil moisture evaporation. Studies reveal that the efficacy of
straw mulching + deep burial model surpasses that of single straw mulching model, and a correlation
exists between the depth of straw burial and soil moisture evaporation under straw mulching + deep
burial model. The most advantageous approach for inhibiting soil moisture evaporation involves
burying the upper layer at a depth of 80 mm and the lower layer at a depth of 300 mm[30] .

The application of straw mulching + deep burial model, consisting of deep straw mulch and
surface straw mulch, can significantly enhance soil water content and water storage at the end of
infiltration. This method not only inhibits water evaporation from the deep soil layer but also
minimizes water loss from the surface soil layer, resulting in high water content across all soil layers
and improved soil water use efficiency. In this study, we conducted an experiment to investigate the
effects of straw layering treatments on soil water evaporation. The results of the soil column
experiment showed that after 45 days of evaporation, the soil water evaporation inhibition rates for
SC, DB, S1D1, S2D1, and S1D2 treatments were found to be 29.3%, 27.82%, 37.46%, 65.89%, and
54.54%, respectively. The results indicate that the straw mulching + deep burial treatment is more
effective in reducing soil water evaporation than single layer straw mulching. Among the treatments,
the S2D1 treatment (a 2:1 ratio of soil surface cover to the amount of straw buried 40cm below the
soil surface) demonstrated the most effective suppression of evapotranspiration, which was
consistent with the findings of the field experiment. Therefore, it can be learned that the straw
mulching + deep burial model significantly improves soil water retention and evaporation inhibition,
contributing to enhanced soil water use efficiency in the context of soil ecology.
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4.2. Effect soil salinity dynamics

Mulching treatments can suppress soil water evaporation and prevent soil salt accumulation.
Research findings suggest that mulching effectively reduces soil salinity in the 0-20 cm layer, and the
inhibitory effect on upper soil salinity intensifies as the salt concentration increases[31] . Employing
straw, biochar, and peat as salt barrier materials influences the distribution of water and salt in coastal
saline soils, with the straw layer being the most effective in controlling salt accumulation[32] . The
surface layer of straw mulch can efficiently hinder the movement of salts from deeper soil layers to
the surface, and the salinity difference between surface and deep soil layers gradually diminishes as
the amount of straw mulch increases. When the straw mulch quantity reached 7500 kg/ha, the salt
content of the 0-10 cm soil layer decreased by 3.21%[33] . The soil desalination degree increases with
the thickness of the straw mulch. However, secondary salinization may occur as a thicker straw layer
enhances the upward salt movement rate during evaporation[34] . Surface straw mulch can reduce
the total salt mass deposited in the 0-100 cm soil layer, but the salt content in the 0-20 cm layer
significantly increases over time[35] . Consequently, some studies have proposed using buried straw
compartments to control soil salinity. These investigations demonstrate that straw compartments
enhance irrigation drenching effects during the infiltration phase and inhibit salt return to the soil
surface during the evaporative phase[36] . Burying the straw barrier at a 40 cm depth can disrupt soil
continuity, thereby inhibiting salt aggregation and reducing soil salinity[37] . However, the deep
burial of the straw barrier only impedes the upward movement of salts below the barrier and does
not decrease salt aggregation above the barrier to the soil surface.

In this study, we employed a combination of surface mulching and deep burial techniques to
mitigate the transport of salts from the deep soil layers to the upper layers and to reduce the
accumulation of salts on the soil surface. Our experimental results revealed that during the leaching
and infiltration stage, the leaching rates in the 0-40 cm soil layer for CK, SC, DB, S51D1, S2D1, S1D2
treatments were 68.45%, 70.22%, 55.98%, 83.31%, 68.46%, and 76.30%, respectively. Compared to the
CK, the SC treatment (surface-covered straw) did not show significant changes, while the straw
mulching + deep burial treatments (S1D1, S2D1, S1D2) were more effective in enhancing soil
dewatering and desalination rates. Among these treatments, S1D1 treatment (a 1:1 ratio of soil surface
cover to the amount of straw buried 40cm below the soil surface) exhibited the highest desalinization
rate, with a 14.83% increase in soil desalinization compared to the CK. During the water evaporation
phase, the soil resalinization rate at 0-40 cm depth in the S2D1 treatment (a 2:1 ratio of soil surface
cover to the amount of straw buried 40cm below the soil surface) was 207.71% lower than that in the
CK. In the field experiment, the S2D1 treatment had the best effect on controlling salinity in the soil
surface layer and soil tillage layer, with salt suppression rates of 54.80% and 49.47% in the 0-20 cm
and 20-40 cm soil layers. This result indicates that S2D1 treatment is more effective at inhibiting soil
resalinization and promoting soil salinity control and salt suppression. Consequently, employing
straw mulching + deep burial model may prove to be a superior method for improving saline soils.

4.3. Soil water and salt transport patterns

In accordance with the principle of "Salt comes with water, salt goes with water," the migration
of soil salinity is closely associated with water movement. As soil water evaporates, the salts within
the soil progressively migrate to the surface, leading to a continuous build-up of salinity in each soil
layer, a phenomenon referred to as salt return. During the evaporation process, salts from deeper soil
strata ascend to the surface along with soil moisture, and upon evaporation, these salts accumulate
on the soil surface. Conversely, during precipitation or irrigation events, water infiltration facilitates
the downward transportation of salts to the deeper soil layers[38] . In this study, the relationship
between soil moisture and salinity under straw mulch treatments was examined by correlating the
cumulative evaporation of soil moisture with the cumulative salinity of the soil. The findings
demonstrated a strong correlation between the migration of soil salinity and moisture movement.
Both water and salt transport exhibit distinct characteristics and follow specific patterns, with the
accumulation of soil salts increasing as soil water evaporation escalates. Given that water serves as a
natural solvent for soil salts, dissolving and carrying various mineral salts during transport, water
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movement plays a pivotal role in the soil water-salt transport process. These results suggest that
implementing straw mulching as a means to suppress soil water evaporation is a viable strategy for
reducing salt accumulation in the soil.

5. Conclusions

The effects of different straw mulching methods on soil evapotranspiration properties and salt
distribution were preliminarily investigated through indoor soil column simulation tests. The
primary findings of these investigations are summarized below.

(1) Straw mulching has been demonstrated to be efficient in mitigating soil water evaporation,
with varying degrees of effectiveness observed in different treatment methods. The hierarchy of
evaporation suppression, in descending order of efficacy, is as follows: S2D1 > S1D2 > S1D1 > SC >
DB. Straw mulching + deep burial model exhibits superior performance in reducing soil water
evaporation compared to single-layer straw mulching. Specifically, S2D1 treatment (a 2:1 ratio of soil
surface cover to the amount of straw buried 40cm below the soil surface) had the most obvious effect
and the cumulative evaporation of soil moisture was 65.85% lower than that of CK (the control
treatment), which had the best effect of inhibiting evaporation.

(2) In the drenching and infiltration stage, S1D1 treatment (a 1:1 ratio of soil surface cover to the
amount of straw buried 40cm below the soil surface) had the best drenching effect and the highest
desalination rate. In the evaporation phase, S2D1 treatment had much lower salt levels than CK,
indicating that the S2D1 treatment had the best inhibition effect on soil salinity reversal.

(3) There was a significant positive correlation between the cumulative evaporation of soil water
and cumulative soil salinity, which meant that the cumulative soil salinity increased with the
cumulative evaporation of soil water.

The effects of different straw mulching methods on soil water and salt transport in agricultural
soils were investigated through a microzone test as a validation test, and the results were consistent
with the soil column test, with specific conclusions as follows.

(1) Different treatments could reduce the evaporation of soil moisture, but the moisture retention
effect and duration were different. Among them, the S2D1 treatment maintained high soil water
content in all soil layers during all periods of the experiment, which could obviously inhibit the
evaporation and dissipation of soil moisture.

(2) Different treatments can inhibit soil salinity return to a certain extent in all soil layers. All
treatments could keep the soil salinity in the 0-40 cm soil layer at a lower level, among which the
S52D1 treatment had the best effect on salt suppression in the surface soil. In the 40-80 cm soil layer,
the best soil salinity suppression was DB treatment (straw buried at 40 cm below soil surface) .
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