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The study aims to find the properties of three organic mulch varieties and their effects on soil
moisture and crop growth. Three organic mulches: newspaper, grass, and bran were selected as the
research objects, and were analyzed through double-ring infiltration and water loss tests so that
water permeability and water-holding capacity of the three mulching materials could be figured out.
The results showed the descending order of the three mulching treatments and non-treatment by
the infiltration rate of the soil: newspaper > bare ground > grass > bran. In terms of the water-holding
capacity, the three organic mulches can be ranked from high to low as newspaper, grass, and bran;
by the cumulative water loss as newspaper, grass, and bran; and by water-retention capacity as bran,
grass, and newspaper, respectively. By conducting regression analysis, it is found that the water-
holding capacity of the mulches is related to water immersion time and the amount of water absorbed
and that there is a significant logarithmic relationship between the amount of water loss and water
losing time. The fitting results of the three mulches are good. Besides, a power-function relationship
exists between water absorption rate and immersion time, and between water loss rate and water
loss time. The water infiltration of the soil under the newspaper mulching treatment is the best, as
the newspaper can help to improve soil moisture and weaken surface runoff under flood irrigation
and heavy rain. Bran possesses the strongest capacity for water retention, which is beneficial to

soil moisture retention in areas where sprinkler irrigation, drip irrigation, and light to moderate rain
prevail. The research results can provide a basis for improving the moisture-utilization efficiency in
farmlands by using organic mulches.

Soil moisture content fundamental to crop growth. Both excessive and deficient soil moisture can be detrimental
to crop yield"?. Water infiltration is a hydrological process in which water from rain and irrigation enters the
soil vertically through the surface, and is mainly affected by the physical and chemical properties of the soil,
rainfall intensity, topography, and surface coverage®*. As one of the effective water saving measures, mulches
are widely used in agricultural industry for their capabilities of retaining water and maintaining soil moisture?.
By hindering the exchange of water vapor between the soil and the atmosphere, the mulches effectively control
water loss and keep the soil at a certain moisture level, thereby improving the water-holding capacity>. Mulches
can also protect the topsoil from the direct impact of water, and prolong the time of water-soil interaction to
allow more water to infiltrate into the soil”. Mulches can adsorb water and store moisture®. Effects of different
organic mulching materials on the physical and chemical properties of the soil and crop growth vary due to the
disparity in their water permeability and water-holding capacity®!°.

Mulching has been an indigenous farming technique for over 300 years!!. In other parts of the world such as
Switzerland'?, Spain'*!'* and Belgium", the original intention of using mulches was to protect soil from erosion
and reduce evaporation from the top layer of the soil, thereby retaining soil moisture's. Wang et al.'” analyzed
the effect of organic mulches on soil under different rainfall intensities and slope conditions through rainfall
simulation experiments, and the results showed that the soil and water conservation effects of organic mulches
were better than that of bare soil. Lin and Chen'® studied the effects of straw mulching, polyacrylamide (PAM),
and grass strips on the hydraulic properties of red soil, and the results showed that straw mulches significantly
improved the moisture content, the water-holding capacity, and the structure of the soil. By exploring the effects
of three mulching treatments (bare slope, grassland, and straw mulching) on the physical and chemical properties
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of the soil, Wang et al.’? concluded that mulches can increase soil moisture content and that organic mulches are
the best choices for water retention. Soil moisture and the physical and chemical properties of the soil can be
improved by enhancing the water permeability and water-holding capacity of the mulches®. Guevara-Escobar
et al.?! analyzed the water-holding capacity and permeability of organic mulches through water immersion and
simulated precipitation and found that organic mulches can absorb water and retain soil moisture. Organic
mulching materials (newspaper, sawdust, bark, litter, etc.) and agricultural wastes (grass, straw, rice husk, wheat
bran, etc.) applied to covering the soil possess fine properties of water retention, permeability, and decompos-
ability. They can also maintain soil moisture and prevent soil erosion, making them popular mulching materials
at home and abroad?*.

In general, the experimental research results sing newspaper, bran, and grass mulching treatments on farm-
lands have been achieved. The results showed that the three organic mulches can effectively use rainfall, inhibit
soil surface evaporation, improve soil water use efficiency and promote the development of highly efficient facili-
ties for water-saving agriculture®*~?”. However, in agricultural cultivation, many factors such as different crops,
cultivation periods, external climate, soil conditions, and growth conditions will affect the mulching effect. On
the contrary, the physical properties of the mulches are not subject to the external environment. To understand
the effect of organic mulches on soil water content and crops, the physical properties of organic mulches, such as
water permeability, water holding capacity, and water retention showed be researched first. However, there are no
basic experimental results on the physical properties (water permeability, water retention) of organic mulches,
making it necessary to conduct experiments to study the hydrological characteristics of the organic mulches and
clarify their physical properties that are immune to cultivation conditions. In this study, double-ring infiltra-
tion, water immersion, and water loss tests were carried out under different mulching treatments (newspaper,
bran, grass) to explore their water permeability, water-holding capacity, and water-loss characteristics, so that
a theoretical basis for exploring soil hydrological characteristics under mulching conditions can be provided.

Materials and methods

StUdy area. The selected study area is in Yuci District, Shanxi Province (37° 23’ N-37° 54’ N, 112° 34’
E-113° 84’ E), which is lies in the east of the Loess Plateau, the north of the Shanxi-Shaanxi Basin, the north-
east of the Jinzhong Basin, and the middle of the Fenhe River, a first-class tributary of the Yellow River flowing
through Shanxi Province. The Fenhe River is the mother river of the district. The study area is located in a typical
semi-humid warm-tempered continental monsoon climate zone with an altitude of 800-830 m characterized by
an average annual temperature of about 10 °C and average annual precipitation of 400-450 mm. According to
USDAs trigonometric coordinate map of soil texture classification, the soil in the test area was determined to be
silty loam soil based on the sampling of the tillage layer (0-30 cm), and the average proportions of silt, sand, and
clay particles were 70%, 16.5%, and 12.5%, respectively. The experiment was carried out in September 2021 after
the tomato harvest and before a new round of cultivation.

Water infiltration experiment. Double-ring infiltration test of the mulched soil was carried out on flat
land in the test area without making cracks or holes in the soil?®. The double rings were driven vertically into the
ground to a depth of 10 cm, and the bottom of the double ring must be in close contact with the soil to avoid the
lateral flow of water?. The organic mulches were then spread into the double rings. The amount of test mulching
materials was determined by referring to the planting practices of local farmers. This experiment was divided
into four mulching treatment groups: bran treatment (2.835 kg-m™2), newspaper treatment (0.229 kg-m™2), grass
treatment (1.532 kg:m~2), and non-mulching treatment. 10 cm of water was injected into the outer and the inner
rings simultaneously, and subsequent injections were required to meet the benchmark of 10 cm. Then, 1000 ml
of water was added to the inner ring, and the time required for water infiltration to 10 cm was recorded. After
repeating the process multiple times, water infiltration in the inner ring gradually slowed down and inclined to
be stabilized. When the infiltration time in three consecutive water injections was nearly the same, the infiltra-
tion experiment can soon be finished. Each set of experiments was repeated 3 times, and a total of 12 water
infiltration experiments were conducted.
The formula for calculating the water infiltration rate in each treatment is given below:

_10Q,

V= ST, (1)

V delineates the water infiltration rate for a certain duration (mm-min™). Q, refers to the cumulative amount
of water injected within the nth measurement time (ml). S indicates the infiltration area of the inner ring (cm?).
T, is the time interval between each of the nth measurements (min).

According to the experimental results, the first 10 min were determined as the initial water infiltration
stage of the mulched soil. The average infiltration rate was used as the initial one, and the average infiltration
was analyzed according to the initial infiltration rate, the average infiltration rate before stabilization, and the
infiltration rate after stabilization.

Experimental studies on the water-holding capacity and water-loss characteristics of organic
mulches. In this paper, the method of water immersion and water loss were adopted to find out the water-
holding capacity and water-loss characteristics of the mulches (Fig. 1). The naturally air-dried organic mulches
were placed in a special diamond mesh cage (0.2 0.1 x 0.1 m) with a diameter of 0.5 mm. The amount of spread
mulching material: bran (2.835 kg-m™2), newspaper (0.229 kg-m2), and grass (1.532 kg-m), was the same as
that in the water infiltration test. The thickness of the bran, newspaper, and grass were 5 cm, 0.05 cm, and 10 cm,
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Figure 1. Sketch map of the water-holding capacity experiment (A is a special diamond mesh cage; B is the
schematic of the 5 cm bran; C is the schematic of immersion of cage fitted with organic mulch).

respectively. After preparations, the covered diamond mesh cage was completely immersed in water, and was
taken out after 0.5, 1, 2, 4, 8, 12, and 24 h, respectively, and was weighed immediately after being hung in the air
until no more water dripped®. After being immersed in water for 24 h, taken out, suspended until dried (room
temperature 22 °C), and weighed after 0.5, 1, 2, 4, 8, 12, and 24 h, the mulches were immediately put into a dryer.
Right after drying at 65 °C for 24 h*'. Each experiment was repeated 3 times for each group, and a total of 9
experiments were carried out. The calculation formulas are given as follows®*:

Qx = (Qij — Gap) /Gap (2)
Vi) = (Qn1 — Q) /(Tje1 — T)) ®)
Qs = (Qi2a — Qy)/Gap 4
Vsi1y = (Q = Q+1)/(Tjw1 — T)) (5)

Q, indicates the cumulative water-holding capacity (g-g™') of the mulches over a certain immersion time and
Q, refers to the cumulative water loss (g-g™!) over a certain period of drying time. G, is the mass of the mulches
in the air-dried state (g). Q; and Q;,, are the mass (g) of the mulches after immersion for j and 24 h respectively,
Qg indicates the mass (g) of mulches after drying for j hours. V, and V; are the water-absorption rate and water-
loss rate in a certain time (g-g™"-h™!), respectively. T represents the duration (h).

Data analysis. Excel 2016 was used for data statistics and graphing in this study.

Results

Water infiltration rate and infiltration process under different mulching treatments. Organic
mulches act as a protective film to prevent rain or irrigation water from directly converging into the surface
runoff, thus increasing water infiltration and maintaining soil moisture®. Soil texture is also an important factor
affecting soil water infiltration. The soil texture in this study is silty loam, with silt content of 70% and sand con-
tent of 16.5%. It is characterized by low water permeability, weak water loss, and strong water-holding capacity.
After being saturated by water, the silty loam can release little water by gravity, and its water-holding capacity
can reach more than 90% of the water absorbed. Figure 2 shows that the infiltration rate under each treatment
first increased and then decreased, and finally reached stabilization. There is a descending order of the four
different mulching treatments by the effects on infiltration rate: newspaper > bare soil > grass > bran. The initial
average infiltration rate of the three sampling sites on bare soil was 4.81 mm-min™". The number soon decreased
to 2.92 mm-min~' and finally became 1.03 mm-min™" after stabilization. The initial average infiltration rate of
the three sites under the bran mulching treatment was 2.23 mm-min™, which then fell to 1.35 mm-min~! and
became 0.94 mm-min™ after stabilization. The initial average infiltration rate of the three sampling sites under
the newspaper mulching treatment was 5.51 mm-min~', which dropped to 4.02 mm-min™" and fell further to
the stable infiltration rate of 1.34 mm-min~. Under the grass mulching treatment, the initial average infiltration
rate of the three sampling sites was 3.43 mm-min~'. The number first dropped to 2.62 mm-min~!, and finally
decreased to 1.37 mm-min~! (Table 1).

Dynamic analysis of the water-holding capacity of three varieties of organic mulches. The
water-absorption capacity of organic mulches reflects their water-holding capacity. The cumulative water-hold-
ing capacity of the three organic mulches in the experiments increased with time. As represented by Fig. 3a,
the water-holding capacity of bran increased rapidly in the first 1 h of immersion, and then slowed down. After
4 h of immersion, the cumulative water-holding capacity of bran mulch stabilized gradually. The water-holding
capacity of newspaper mulch increased rapidly in the first 4 h of immersion and then slowed down. After 12 h,
the accumulated water-holding capacity came close to stabilization. The water-holding capacity of grass material
increased rapidly within the first 2 h of immersion and then became slower. After 12 h, its accumulated water-
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Figure 2. Variation characteristics of soil infiltration rate of different organic mulches.
Infiltration rate (mm-min*)
Mulches Initial | Middle | Finally
Bare 481  |292 1.03
Bran 223|135 0.94
Newspaper 5.51 4.02 1.34
Grass 3.43 2.62 1.37
Table 1. Infiltration rate characteristics of different organic mulches.
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Figure 3. Cumulative water absorption (CWA a) and water absorption rate (WAR b) of different organic
mulches.

holding capacity gradually becames stable. Figure 3a also shows that after the water-holding capacity of each
organic mulch tended to be stable, the cumulative water-holding capacity of newspaper material (3.52 g-g™')
was the best. It was 1.08 and 1.71 times the cumulative water-holding capacity of grass and bran, respectively.
Figure 3b indicates that the water-absorption rate of the three organic mulches reached the maximum at the
beginning, and then decreased rapidly with immersion time. The absorption rate of the newspaper began to
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decrease from the fourth hour onwards, while that of the bran and grass mulches decreased from the second
hour onwards. After 24 h of immersion, the water-absorption rates gradually tended to 0.

Table 2 further confirms the relationship among the cumulative water-holding capacity, water-absorption rate,
and water immersion time of each organic mulch on the basis of the regression analysis. The results showed that
a significant logarithmic relationship exists between the cumulative water-holding capacity and the immersion
time. The key equation is shown below:

Qr=alnT+b

Q, is the water-holding capacity of the organic mulches after a certain immersion time (g-g™). T refers to the
immersion time (h). a and b are respectively the coefficient and the constant term of the equation.

There is a significant power function relationship between the water-absorption rate and the immersion time
that can be mathematically represented below:

Vy = T

V. is the water-absorption rate of the organic mulches (g g™"-h™"). T represents the immersion time (h). c and
d are respectively the regression coefficient and the index of the equation.

Dynamic analysis of water-loss characteristics of different organic mulches. The water-loss
characteristic of the organic mulches also reflects the water-holding capacity of the mulches. The cumulative
water loss of the three mulching materials increased with time. After 12 h of drying, the increase of water loss
became slower, and after 24 h, the process continued slowly as shown in Fig. 4a. In the water loss experiment,
the accumulated water loss of newspaper (3.40 g-g™!) was the highest. It was 1.33 and 3.54 times the amount of
water loss of grass and bran, respectively. The final water holding capacity of bran (1.10 g-g™') was the highest
among the three kinds of mulches in the water loss experiments, and it was 1.53 and 9.17 times that of grass and
newspaper. It showed that among the three organic mulches of the same weight, the water-holding capacity of
bran mulching ranked first, followed by grass and newspaper. Figure 4b reveals that the water-loss rates of the
three mulches were high within the first 1 h, and decreased rapidly with time until after 2 h when the water loss
rates slowed down significantly. After drying for 24 h, the rates gradually approached 0.

Table 3 shows the relationship among the cumulative water loss, water-loss rate, and water-loss time of each
organic mulch based on regression analysis. The results showed that there is a significant logarithmic relationship
between the cumulative water loss and water-loss time. The formula of the relationship is given below:

Q=elnT+f

Q, represents the accumulated water loss of the organic mulches after they were immersed in water for a
certain length of time T (g-g™"). T refers to the water loss time of the organic mulches (h). e and fare respectively
the coeflicient and the constant term in this equation.

The relationship between Q, and T | The relationship between V, and T
Mulches Fit the relational formula | R? Fit the relational formula | R?
Bran Q,=0.1007In(T) + 1.75 0.888 | V,=0.342 T~1508 0.959
Newspaper | Q,=0.7923In(T) +1.29 0.913 | V,=0.774 T71304 0.483
Grass Q,=0.2881In(T) +2.18 0.913 | V,=0.498 T-10%7 0.839

Table 2. Regression equation for water holding and immersion time of different organic mulches.
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Figure 4. Cumulative water loss (CWL a) and water loss rate (WLR b) of different organic mulches.
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The relationship between Q; and T | The relationship between V and T
Mulches Fit the relational formula | R? Fit the relational formula | R?
Bran Q,=0.1972In(T) +0.1387 | 0.811 | V,=0.0718 T-*3 0.535
Newspaper | Q,=0.4507In(T) + 1.8092 0.954 | V,=0.7188 T1%% 0.956
Grass Q,=0.5004In(T) +0.494 0.813 | V,=0.0683 T-01%7 0.391

Table 3. Regression equations of water loss and water loss time for different organic mulches.

There is a significant power function relationship between the water-loss rate and the water loss time. The
formula is shown below:

v, =gT"

V, indicates the water-loss rates of the organic mulches (g-g™-h™!). T is the immersion time (h). g and h are
the regression coefficient and the index of the equation respectively.

Discussion

Organic mulches can reduce surface evaporation, improve soil moisture as well as water-utilization efficiency, and
allow for the reuse of wastes®*. High water permeability indicates that rainwater and irrigation water can quickly
infiltrate and be stored in the soil®®. A high-water infiltration rate implies that water can be maximally used in
the soil. Besides, erosion from ground runoff can be reduced, and soil moisture content can be increased*®. The
water-holding capacity of organic mulches depends on the amount or thickness of mulches on the soil””. Organic
mulching materials can differ in quality and quantity, as well as their water permeability, water-absorption capac-
ity, water-holding capacity, and water-loss characteristics. Owing to their water retention ability, water perme-
ability, and decomposability, mulching materials can affect the soil moisture environment. In addition, some
organic mulches can retain water from rainfall and irrigation as sponges, thus preventing runoff and providing
water at the time of crop requirement®.

Characteristics of water infiltration of the soil under different organic mulching treat-
ments. The infiltration rates of the soil under various mulching treatments were high in the beginning and
decreased gradually with time until they reached stabilization. It was decided by the effects of mulching and
the water content of the soil. In the early stage, the mulching materials and the soil were in a dry state and thus
caused a high water-infiltration rate. As the water content of organic mulches and soil increased with time, the
water-infiltration rate lowered. Finally, when the water content of mulches and the soil was saturated, the infiltra-
tion rate went stabilized. The water permeability of the mulching materials is mainly affected by the thickness,
composition, water-holding capacity, and degree of decomposition®®*. Le6n et al.”” indicate that mulches of
excessive thickness would absorb too much water to allow it to infiltrate into the soil. Soil texture is fundamental
factor affecting soil water infiltration. Generally, the coarser the texture, that is, the higher the sand content, the
better the permeability®’. Some studies show that the water permeability is closely related to the silt content in
the soil, which is in the range of 35-80%, and that the permeability coefficient is negatively related to the silt
content®*!_ In this study, the silt content in the soil makes up 70%, and the sand content occupies 16.5%, so the
water permeability of silty loam is low. Through the water infiltration experiments, it was found that the water
permeability of newspaper mulching was the best, followed by bare soil, grass, and bran. The reason for the
higher water-infiltration rate of soil under the newspaper mulching treatment may due to its thinness, softness,
and a strong capacity for water absorption. Generally, paper is porous and hygroscopic as it contains 70% pores.
It also expands and shrinks with the change in water content®. On the contrary, the lower water-infiltration rates
of the soil under grass and bran mulching treatments are attributed to their thickness. In the early stage of irriga-
tion, the grass and bran mulches will absorb a lot of water and form a water-absorbing layer on the soil surface,
in which bran will swell with water and thus keep water from infiltrating into the soil*2.

Dynamic changes in the water-holding capacity of different organic mulching materials. The
water-holding capacity of the organic mulches increased with time, while the water-absorption rate decreased
with time. It was because of the low surface water potential and the high water-absorption rate of the dry mulches
when they were just immersed in water. After a long time of immersion, the water potential and the water-
absorption rate gradually decreased, while the water-holding capacity went nearly saturated. The results showed
that the water-holding capacity of the newspaper is the best, followed by grass and bran. This indicated that
organic materials vary in their water-holding capacity®’. The water accumulation reflects the differences in the
water absorption properties of different organic mulching materials**. The newspaper mulch possesses the best
water-absorption capacity and can effectively reduce surface runoff in a short time, while bran has a less good
water-absorption capacity that is not conducive to soil and water conservation. According to the experimental
data on water-holding capacity and water loss of three organic mulches of newspaper, grass and bran at 24 h,
a logarithmic relationship was found between the cumulative water-holding capacity and the water immersion
time, and a power function relationship exists between the water-absorption rate and the water-immersion time.
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Dynamic changes in the water-loss capacity of different organic mulching materials. The
accumulated water loss of different organic materials increased with time, while the water-loss rate decreased
with time. Mulches released more water in the early stage of the experiment, so the water-loss rates were high.
However, as the mulches lost more water, the water-loss rate decreased. The water-loss rates of the mulches
reflect their water-retention capacity®. A large amount of water loss from newspaper mulching indicated
the poor water-retention capacity, and the less water loss of bran indicates better water retention. It might be
explained by the characteristics of newspaper, such as smooth surface, low porosity, low actual water retention,
and low water loss. These features can cause high water evaporation after irrigation®. Bran has a strong capac-
ity for water retention and slow water loss characteristic due to its inherently fine porous structure. Under bran
mulching treatment, irrigation water will not only reach the soil surface, but will be retained in the bran layer. As
the soil water infiltrates the soil and is absorbed by the crops, the water in the bran will be slowly released into
the soil to maintain the soil moisture. The thickness of the bran mulch of about 5 cm and its soft and smaller
particles that had poor porosity hinders the water vapor exchange between the atmosphere and soil surface.
When irrigation water fills the pores between bran particles (high water retention) after irrigation, it will almost
cut off the circulation channel between soil and atmosphere, thus reducing the surface soil moisture evaporation
loss. In addition, crusting of the bran layer surface, further seriously affected water vapor circulation between
the soil surface and atmosphere. According to the experimental data on water loss of three organic mulches of
newspaper, grass, and bran at 24 h, a logarithmic relationship was found between the cumulative water loss and
the water-loss time, and a power function relationship was found to exist between the water-loss rate and the
water-loss time*7*%,

A conclusion was drawn by comparing the water-holding capacity and the water-loss characteristics of differ-
ent organic mulching materials. Although the water-holding capacity of newspaper mulch is better, its water-loss
is more than that of the other two types of mulches, which leads to poor water retention. Contrastingly, though
the water-holding capacity and water-loss characteristics of grass and bran mulches are proved to be worse than
that of newspaper mulch, their water-retention capacity is better. The water-retention capacity of bran is the
best, followed by grass. Therefore, when the newspaper is used for mulching, water will permeate through the
newspaper. As the water-retention capacity of the newspaper is relatively weak, the infiltration rate of the soil
under the newspaper mulching treatment is high. Meanwhile, the bran mulch, which performed well in water
retention, can lead to a lower water-infiltration rate of the soil. The results of water infiltration experiments are
consistent with that of the experiments on water-holding capacity and water-loss rates of the three mulches.

Conclusion

The results showed the descending order of the three mulches treatments and non-treatment in terms of the
infiltration rate: newspaper, bare soil, grass, and bran treatments. The cumulative water-holding capacity of the
three organic mulches increased with time. It is ranked from high to low as newspaper, grass, and bran. For water
loss, the three mulches are ranked as newspaper > grass > bran.

In conclusion, the results of the water infiltration test of the soil are consistent with that of the indoor experi-
ments on the water-holding capacity and water-loss characteristics of the three organic mulches. This proved
that the water permeability of the newspaper is better than that of the others. Therefore, using newspaper mulch
under flood irrigation or heavy rain conditions can help to reduce surface runoft and increase soil moisture.
Also, the fine water retention of bran is conducive to improving soil moisture in areas where sprinkler irrigation,
drip irrigation, and light rain prevail.

In this study, quantitative research was conducted to understand the hydrological characteristics of silty
sandy loam mulched with organic materials under cultivation conditions, which is helpful to choose appropri-
ate mulching materials for farmlands. The next step will be to study the effect of organic mulching threshold
on soil hydrology.

Data availability
All data generated or analyzed during this study are included in this published article.
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