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Abstract: Straw mulching is an effective agricultural technology to reduce soil water loss in arid and
semi-arid areas. Herein, the soil temperature and soil water content of bare land (LD) and 5 cm (JG5),
10 cm (JG10), 15 cm (JG15), 20 cm (JG20) and 30 cm (JG30) straw mulch thicknesses were measured
through field experiments performed to assess the soil water evaporation using the simultaneous
heat and water model during a freeze–thaw period. The results showed that the inhibiting effect of
straw mulching on soil water evaporation during the freeze-thaw period reached 24–56.7%, and straw
mulch reduced the range of daily soil water evaporation by 2.02–2.48 mm, the effects of random
factors on the daily soil water evaporation were significantly decreased. The highest soil water
evaporation rate occurs during the unstable freezing stage, and the lowest occurs during the stable
freezing stage. When the straw mulch thickness exceeded 10 cm, the effect of increasing straw mulch
thickness on daily soil water evaporation was reduced. The straw mulch layer could not completely
inhibit the effect of the external environment on soil water evaporation even when the straw mulch
thickness was increased to 30 cm. This research results can provide a basis for the scientific evaluation
and prevention of soil water evaporation in arid and semi-arid areas.
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1. Introduction

Water resource serves as the essential natural factor which can limit the expansion and development
of agriculture; soil water evaporation is vital in the balance of water resource in arid and semiarid
areas [1,2]. It is estimated that the water loss caused by soil water evaporation may account for 50% or
more of the total soil water in the normal growing season [3]. Hence, it is essential to estimate soil water
evaporation accurately, detect the factors affecting soil water evaporation, and take measures to control
soil water evaporation for the quantification of water availability and water resources management in
arid and semi-arid areas. Generally, soil properties [4], groundwater level [5,6], irrigation methods [7,8],
and meteorological conditions [9,10] can affect soil water evaporation. Soil mulching is the proven
techniques for managing water resources in arid and semiarid areas to reduce soil water evaporation,
and the effect of various soil mulches on controlling soil water evaporation has been recorded in several
studies [11–15].

Owing to its accessibility, biodegradability, and environmental friendliness [16], straw mulching
is a significant method used to decrease soil water evaporation [17], conserve water and alleviate
drought [18,19], increase production and income [20–22], and improve the ecological environment [23,24]
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in agricultural production in arid and semiarid areas. Straw mulch reduced soil water evaporation
by 35 mm and 40 mm during crop growing seasons in relatively high and low rainfall years [25].
Rice paddies added straw mulching in the first 60 days could reduce soil water evaporation and
improve water productivity [26]. Wheat straw mulching made soil water lost from 30.2% to 24.5%
during the maize-growing season [27]. However, most recent studies on soil water evaporation control
through straw mulching were conducted during nonfreezing periods. The water and heat transfers of
soil are more complicated during the freeze–thaw period than during the nonfreezing period, which
modifies the soil water evaporation process. Flerchinger et al. [28] studied the effects of crop stover
cover and architecture on soil water and heat transport, soil water evaporation, and freezing depth.
Fu et al. [29] investigated soil water evaporation of the thawing period under three straw mulch
quantities. Chen et al. [30] measured soil water evaporation under three straw mulch modes and
determined the factors which can influence the soil water evaporation at different freeze–thaw stages.
However, due to the cold winter climate, soil evaporates as water vapor after the ground is frozen, and
the quantity of soil water evaporation is small, which makes it impossible to observe the daily soil
water evaporation continually. Additionally, field experiments performed in winter are easily affected
by extreme weather, which may lead to inaccurate monitoring results.

Thus, some estimation methods are used to calculate the evaporation of frozen soil. Surface
energy balance and empirical formulas such as the Penman–Monteith equation [31] can be used to
calculate the evaporation of bare and cropped land in winter [32]. Additionally, some simulation
software, such as Hydrus-1D [33], SHAW model [34], and CoupModel [35], have been used in recent
years to simulate soil water evaporation, water, heat, and solute transport in cold regions. The SHAW
model is one of the most powerful and comprehensive models on the analysis of freeze–thaw soil.
The SHAW model can simulate heat and water movement to examine the effects of residues layer on
soil freezing, soil temperature, soil water, and soil water evaporation [36–41]. Li et al. [42] studied
soil water and heat transport in winter through the combination of the RZ-SHAW model and the
SHAW model. Flerchinger and Saxton [43,44] described and calibrated evaporation and convective
water vapor transport in the residual layer. Therefore, the SHAW model is suitable for simulating soil
water evaporation processes under different straw mulching methods. The study results can provide
theoretical and practical bases for the efficient utilization of water resources.

The purposes of this study are to: (1) determine soil water evaporation under different straw mulch
thicknesses during freeze–thaw periods, (2) quantify and investigate daily soil water evaporation and
cumulative soil water evaporation under different straw mulch thicknesses, and (3) reveal the effect of
different straw mulch thickness on soil water evaporation in different stages.

2. Field Test Conditions

2.1. Experimental Site

Field experiments were conducted at the Taigu Water Balance Experimental Station in (37◦26′

N, 112◦30′ E, Shanxi Province, China), as shown in Figure 1. The average altitude is 777.0 m [45].
The experimental field is in the continental semiarid climate zone. The annual average precipitation is
397.3 mm. The annual average wind speed is 1.8 m·s−1, and the annual average frost-free duration lasts
for around 220 days. The variation characteristics of solar radiation and air temperature during the
experiment (from 1 November 2005 to 31 March 2006) are shown in Figure 2. The total solar radiation
was 1290.8 MJ·m−2, and the lowest value of 189.3 MJ·m−2 was observed in December. With an average
air temperature of −4.9 ◦C, January was the coldest month, and the lowest temperature (−21.0 ◦C) was
recorded on 7 January. During the experiment period, the average wind speed was 2.2 m·s−1, and the
maximum was 9.8 m·s−1; the average relative humidity was 51%, and the maximum was 81%; there
were five times of precipitation, and the total precipitation was 76 mm.
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and 30 cm (JG30). Correspondingly, the straw coverage weights were 0, 2100, 4300, 6500, 8600 and 
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experiments. The soil type of the experimental field was loam, and the main parameters are shown 
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Table 1. Main physical parameters of soils. 
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The soil temperature and soil water content were monitored at 8:00–9:00 a.m. synchronously at 
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Figure 2. Daily average temperature and solar radiation during the experimental period.

2.2. Measurements

The size of the test plots was 3 m × 3 m, and the test plots were mulched with six different corn
straw thicknesses: 0 cm, i.e., the bare land (LD), 5 cm (JG5), 10 cm (JG10), 15 cm (JG15), 20 cm (JG20)
and 30 cm (JG30). Correspondingly, the straw coverage weights were 0, 2100, 4300, 6500, 8600 and
12,900 kg·hm−2, respectively. Each treatment was replicated thrice to improve the accuracy of the
experiments. The soil type of the experimental field was loam, and the main parameters are shown in
Table 1.

Table 1. Main physical parameters of soils.

Soil Depth
Mass Fraction of Different Soil Particle Sizes/%

Dry Bulk Density
(g·cm−3)Clay

(<0.002 mm)
Silt

(0.002–0.02 mm)
Sand

(>0.02 mm)

≤20 cm 24.95 65.15 9.9 1.55
≥20 cm 19.88 69.76 10.36 1.52
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The soil temperature and soil water content were monitored at 8:00–9:00 a.m. synchronously at
intervals of five days from 1 November 2005 to 31 March 2006. The soil water content was measured
by sampling with drills, drying in an oven, and weighing. The soil temperature was measured
by thermistors, which buried in the test field plots at the depths of 0, 5, 10, 15, 20, 40 and 80 cm.
The calculation method for soil temperature is shown as below:

T =
3000

ln Rx
R25

+ 3000
298.15

− 273.15 (1)

where R25 is the resistance value measured at 25 ◦C; Rx is the measured resistance value; T is the
soil temperature.

On November 1, the soil water content in the tillage layer (0–20 cm) was 15.3%, and the soil
temperature at 5 cm depth was 0.1 ◦C. All the plots were irrigated at 750 m3

·hm−2 on November 2.
Corn straw of 3–5 cm long (3.4% water content) was evenly laid on the surface of different field plots
on the next day.

3. Materials and Methods

3.1. SHAW Model Description

The Simultaneous Heat and Water (SHAW) model was established by Flerchinger and Saxton
in 1989 to describe the detailed physical processes of coupled water, heat, and salt transport in a
snow-residue-soil system [43,44]. Subsequently, the model was developed to make it for various
applications that mainly include the ability to address the interaction effect of the multi-species plant
canopy, snow, and residue on soil freezing [36,37], soil water, heat, and salt dynamics [42,46], surface
energy, and water balance [47,48]. In this paper, the SHAW model simulated the water transport,
heat transport, and soil water evaporation in a 1-D soil layer from the residue to the simulated depth.
The model integrated the detailed physical quantities of residue and soil into a complete system
(as shown Figure 3).

Water 2020, 12, x FOR PEER REVIEW 4 of 14 

 

by sampling with drills, drying in an oven, and weighing. The soil temperature was measured by 
thermistors, which buried in the test field plots at the depths of 0, 5, 10, 15, 20, 40 and 80 cm. The 
calculation method for soil temperature is shown as below: 

15.273

15.298
3000ln

3000

25

−
+

=

R
R

T
x

 
(1) 

where R25 is the resistance value measured at 25 °C; Rx is the measured resistance value; T is the soil 
temperature. 

On November 1, the soil water content in the tillage layer (0–20 cm) was 15.3%, and the soil 
temperature at 5 cm depth was 0.1 °C. All the plots were irrigated at 750 m3·hm−2 on November 2. 
Corn straw of 3–5 cm long (3.4% water content) was evenly laid on the surface of different field plots 
on the next day. 

3. Materials and Methods 

3.1. SHAW Model Description 

The Simultaneous Heat and Water (SHAW) model was established by Flerchinger and Saxton 
in 1989 to describe the detailed physical processes of coupled water, heat, and salt transport in a 
snow-residue-soil system [43,44]. Subsequently, the model was developed to make it for various 
applications that mainly include the ability to address the interaction effect of the multi-species plant 
canopy, snow, and residue on soil freezing [36,37], soil water, heat, and salt dynamics [42,46], surface 
energy, and water balance [47,48]. In this paper, the SHAW model simulated the water transport, 
heat transport, and soil water evaporation in a 1-D soil layer from the residue to the simulated depth. 
The model integrated the detailed physical quantities of residue and soil into a complete system (as 
shown Figure 3). 

 
Figure 3. Physical description of the SHAW model (T: temperature; u: wind speed; h: relative 
humidity; St: solar radiation; i: precipitation; T: soil temperature; θ: soil water content). 

The model is sufficiently flexible to represent various conditions, and the system may or may 
not include vegetation canopy, snow, or residue layers. The meteorological conditions at the upper 
boundary, and the soil moisture and temperature conditions at the lower boundary, decide the water 
and heat fluxes. Liquid water, water vapor, and heat flux between the layers are calculated in hour 
steps and balanced with changing conditions within the layers. The flux equations written in the 
implicit finite-difference form are solved iteratively [40]. The SHAW model can be employed to 

Figure 3. Physical description of the SHAW model (T: temperature; u: wind speed; h: relative humidity;
St: solar radiation; i: precipitation; T: soil temperature; θ: soil water content).



Water 2020, 12, 2003 5 of 15

The model is sufficiently flexible to represent various conditions, and the system may or may
not include vegetation canopy, snow, or residue layers. The meteorological conditions at the upper
boundary, and the soil moisture and temperature conditions at the lower boundary, decide the water
and heat fluxes. Liquid water, water vapor, and heat flux between the layers are calculated in hour steps
and balanced with changing conditions within the layers. The flux equations written in the implicit
finite-difference form are solved iteratively [40]. The SHAW model can be employed to selectively
provide the output water balance, surface energy balance, soil water evaporation, and soil frost depth
as well as the soil temperature, content of water and ice in the soil.

3.2. Model Evaluation Methods

Root mean square error (RMSE, also known as standard error) may quantify the matching degree
between simulated value and measured value:

RMSE =

√√
1
n

n∑
i=1

(yi−ŷi)2 (2)

where yi is the measured value, ŷi is the simulated value, and n is the number of measured samples.

3.3. Statistical Analyses Methods

The experiments compute the range R, variation coefficient Cv, and average ӯ of the daily soil
water evaporation, and Fisher’s least significant difference (LSD) test finished mean comparison of
daily soil water evaporation [21]. Among all coefficients, the range R indicates the variation of daily
soil water evaporation under varying processing measures, while variation coefficient Cv reflects the
dispersion of variables excluding the influence of the variable average level. The experiment cites Cv

to assess the dispersion degree of daily soil water evaporation amount during the freeze-thaw period:

R = ymax − ymin (3)

Cv =
σ

y
(4)

σ =

√√
1

n− 1

n∑
i=1

(yi − y)2 (5)

y =
1
n

n∑
i=1

yi (6)

4. Results

4.1. Model Evaluation Result

The SHAW model introduces few parameters including average particle size, bulk density, particle
composition, and percent organic matter to first estimated soil hydraulic parameters like saturated
water content, saturated conductivity, air entry potential, and pore size index [38]. The soil hydraulic
parameters were calibrated by matching the simulated value with measured values. The calibrated
soil hydraulic parameters are shown in Table 2.
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Table 2. Optimized soil profile parameters.

Simulation
Depth (cm)

Saturated
Water Content

(m3
·m−3)

Saturated
Conductivity

(cm·h−1)

Air entry
Potential (m)

Pore Size
Index (b)

Bulk Density
(g·cm−3)

0 0.503 0.862 0.042 4.615 1.55
5 0.503 0.862 0.042 4.615 1.55
10 0.503 0.862 0.042 4.615 1.55
15 0.503 0.862 0.042 4.615 1.55
20 0.503 0.862 0.042 4.615 1.55
40 0.491 1.332 0.048 4.098 1.52
80 0.491 1.332 0.048 4.098 1.52

As shown in Figures 4 and 5, the results of simulated are quite approximate to that measured
practically in respect of soil temperature and soil water content.
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The RMSE between simulated and measured soil temperature is 1.07–2.00 ◦C, while that of soil
water content is 0.003–0.08 m3

·m−3. The results suggest a good match between simulated value and
measured value, and the rationality of model parameters.

4.2. Soil Freezing and Thawing Processes

According to the freezing and thawing features of LD in the experiment, the freeze-thaw period
could be divided into three stages, i.e., the unstable freezing stage (P1), stable freezing stage (P2) and
thawing stage (P3). On 14 November 2005, the soil entered the unstable freezing stage (P1), and the
soil surface of LD began to freeze. The daily average air temperature was still above 0 ◦C, and the soil
surface thawed during the day but froze at night; soil freezing did not occur on the soil surface of LD
for straw mulching.

The soil entered the stable freezing stage (P2) on 3 December 2005. The air temperature and
solar radiation decreased rapidly; the depth of the soil frozen layer on the LD continued to increase.
The maximum freezing rate of this stage was 3.0 cm day−1, and the maximum freezing depth was
52 cm (17 January). The initial soil freezing time for straw mulching lagged, and the depth of the
frozen soil significantly decreased with the increase in straw mulch thickness. The maximum freezing
depth of the soil in JD5 and JD10 appeared 15 days later than the LD; the other plots did not freeze
(show in Table 3).

The soil of LD later entered the thawing stage (P3) on 2 February 2006. The solar radiation and
air temperature during this stage began to increase; the thawing of the frozen layer occurred in two
directions: downward thawing on the frozen layer surface, and upward thawing at the bottom. As the
air temperature difference between day and night is very large, the soil surface thawed in the daytime,
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the soil surface frozen again in the evening, which resulted in the appearance of a double frozen layer
in LD, as shown in Figure 6. However, this phenomenon did not occur in the straw mulching plots,
and these plots were thawed slowly downward from the soil surface. All soil layers thawed totally by
16 March 2006.

Table 3. Freezing and thawing characteristics of different test plots.

Test Plots Unstable Freezing Stage Stable Freezing Stage Thawing Stage

LD From 14 November 2005
to 2 December 2005

From 3 November 2005
to 1 February 2006

From 2 February 2006 to
16 March 2006

JG5 From16 November 2005
to 3 February 2006

From 4 February 2006 to
16 March 2006

JG10 From 1 January 2006 to 5
February 2006

From 6 February 2006 to
16 March 2006
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4.3. Effect of Straw Mulching on Soil Water Evaporation during the Freeze–Thaw Period

The straw mulch layer changed the water-heat exchange between the soil and the exterior
surroundings, soil water evaporation under straw mulching decreased during the freeze-thaw period.
The cumulative soil water evaporation of JG5, JG10, JG15, JG20 and JG30 was 20.52, 18.01, 15.67, 14.03
and 11.69 mm, indicating reductions of 24%, 33.30%, 41.96%, 48.04% and 56.70% compared to that of
LD during the freeze–thaw period, respectively. The difference of cumulative soil water evaporation
decreased with the increase of straw mulch thickness, which decreased by 4.71, 2.51, 2.34, 1.64 and
1.17 mm when the mulch thickness increased with interval of 5 cm, respectively.

The statistical analyses of daily soil water evaporation during the freeze-thaw period are shown
in Table 4. Statistical analyses reveal the changing law of daily soil water evaporation amount under
different straw mulch thicknesses during the freeze-thaw period. Straw mulching reduced the R of
the daily soil water evaporation from 2.76 to 0.28, and Cv from 1.86 to 0.57, respectively (shown in
Table 4), which indicates that the effects of random factors on the daily soil water evaporation were
significantly reduced. These effects were more effective comparatively when the mulch thickness was
increased. When the straw mulch thickness was less than 10 cm, for each additional 5 cm thickness,
the R decrease from 0.192 to 1.072, and Cv decrease from 0.230 to 2.020, respectively. When the straw
mulch thickness exceeded 10 cm, for each additional 5 cm thickness, the decreases in R and Cv were
less than 0.1. As a result, when the straw mulch thickness exceeded 10 cm, the Cv and R of the daily
soil water evaporation only varied slightly, and the effect of the increase in straw mulch on the daily
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soil water evaporation decreased. The effect of straw mulch on inhibiting soil evaporation may not be
as significant as when straw was initially covered, with the increase of straw mulch thickness.

The results of Fisher’s LSD test at p < 0.05 shown that the significant difference still occurred
in daily soil water evaporation under varying straw mulch thickness, the external environment still
affected the soil water evaporation even if the thickness increased up to 30 cm.

Table 4. Difference in the daily soil water evaporation during the freeze–thaw period.

Unstable Freezing Stage Stable Freezing Stage Thawing Stage Freeze–Thaw Period

R
(mm) Cv

Ӯ
(mm)

R
(mm) Cv

Ӯ
(mm)

R
(mm) Cv

Ӯ
(mm)

R
(mm) Cv

Ӯ
(mm)

LD 2.280 0.589 0.842 0.690 0.091 0.026 0.640 0.151 0.219 2.760 1.857 0.205
JG5 0.310 0.084 0.271 0.430 0.099 0.113 0.740 0.148 0.197 0.740 0.785 0.167

JG10 0.240 0.069 0.199 0.300 0.067 0.109 0.510 0.093 0.177 0.510 0.593 0.146
JG15 0.210 0.060 0.184 0.260 0.057 0.092 0.410 0.076 0.152 0.410 0.574 0.127
JG20 0.180 0.052 0.172 0.230 0.049 0.082 0.350 0.064 0.134 0.350 0.571 0.114
JG30 0.170 0.048 0.163 0.190 0.041 0.068 0.280 0.052 0.104 0.280 0.569 0.101

4.4. Soil Water Evaporation Characteristics during the Three Freeze–Thaw Stages

4.4.1. Unstable Freezing Stage

Each plot was irrigated on 2 November 2005. The initial soil water content was higher at this stage,
and the soil thermal conductivity improved with the increase in soil water content. Consequently,
irrigation increased the energy exchange between the soil and the atmosphere, and then enhanced soil
water evaporation. Cumulative soil water evaporation in LD was much higher than that under straw
mulching, as shown in Figure 7. Due to the large soil water evaporation of LD in the early stage of P1,
surface soil water content progressively decreased accompanied by the sharp fall of daily soil water
evaporation in the later stage of P1.
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The soil water evaporation rate of each treatment plot was maximum in P1, as shown in Figure 8.
The soil water evaporation rate of LD, JG5, JG10, JG15, JG20 and JG30 were 0.842, 0.271, 0.199, 0.184,
0.172 and 0.163 mm·day−1, respectively. The soil water evaporation rate of JG5, JG10, JG15, JG20 and
JG30 were 32.2%, 23.6%, 21.9%, 20.4% and 19.4%, of the soil water evaporation rate in LD. The R of the
daily soil water evaporation for the straw mulching decreased from 2.228 to 0.17 and Cv from 0.589 to
0.048, respectively. Straw mulching had the most significant effect on soil water evaporation at P1.
With the increase of straw mulch thickness, the soil water evaporation rate decreased by 0.571, 0.072,
0.015, 0.012 and 0.009 mm·day−1; the R of daily soil water evaporation decreased by 1.970, 0.070, 0.030,
0.030 and 0.010; the Cv of daily soil water evaporation decreased by 0.505, 0.015, 0.009, 0.008 and 0.004.
The change in soil water evaporation decreased when the straw mulch thickness increases.
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When the frozen layer appeared on the soil surface, the water in the lower part of the soil layer
moved upward, owing to the decrease in the soil water potential of the surface [49]. During P1, only LD
and JG5 appeared in extremely thin frozen layers, and the soil water content at a depth of 5–10 cm on
the LD increased by approximately 1%. Therefore, water content in soil profile changed little and had
a negligible effect on soil water evaporation.

4.4.2. Stable Freezing Stage

December and January were the months with the least solar radiation and lowest average air
temperature, and the effect on soil water evaporation decreased. Owing to the high rate of soil water
evaporation during the P1 on LD, the soil water evaporation of LD only occurred as gasification of the
surface solid water at low temperatures. Therefore, the soil water evaporation rate of LD at P2 was
significantly lower than that of straw mulching (shown in Figure 8), and it is only 25.1–38.7% of the soil
water evaporation under straw mulching. The soil water evaporation rates of JG5, JG10, JG15, JG20,
and JG30 were 0.113, 0.109, 0.092, 0.082 and 0.068 mm·day−1, respectively (shown in Table 4). With the
increase in straw mulch thickness, the soil water evaporation rate decreased by 0.004, 0.017, 0.010 and
0.014 mm·day−1; as the soil water evaporation rate decreased uniformly with the increase in straw
mulch thickness, straw mulch thickness was the main factor influencing soil water evaporation at P2,
and the effect of external factors on the soil water evaporation was minimized. Meanwhile, the soil
water evaporation rate at P2 was the least, both for LD and JG. The soil water evaporation rate during
this stage under straw mulching was from 41.7% to 65.4% of the other two stages. The R of the daily
soil water evaporation decreased by 0.130, 0.040, 0.030, and 0.040, and the Cv decreased by 0.032, 0.010,
0.008, and 0.008. Although the change in soil water evaporation continued to decrease, the reduction
was not as significant as in those of the other stages.

4.4.3. Thawing Stage

When the air temperature and solar radiation increased, the surface frozen layer began to thaw
which in turn increased the soil water evaporation rate of LD. The soil water evaporation rates of JG5,
JG10, JG15, JG20, and JG30 were 0.197, 0.177, 0.152, 0.134 and 0.104 mm·day−1, respectively (shown in
Table 4), indicating reductions of 10%, 19.15%, 30.32%, 38.72% and 52.55%, respectively, compared with
the LD. Hence, the effect of straw mulching on soil water evaporation was significant. The decrease of
soil water evaporation rate from LD to JG5 and from JG5 to JG10 was more uniform, with decreases of
0.022 and 0.02 mm·day−1, respectively. When the straw mulch thickness exceeded 10 cm, the change in
soil water evaporation rate was similar to that during P1, and the soil water evaporation rate decreased
by 0.024, 0.018 and 0.015 mm·day−1, respectively, with increasing straw mulch thickness interval of
5 cm.
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The Cv and R of the daily soil water evaporation for straw mulching at P3 were the highest among
the three stages (shown in Table 4). Because of the low water content on the soil surface of LD, the Cv

and R of the LD were not the highest among the three stages. At the later stage of P3, the daily soil
water evaporation for straw mulching increased because of the increase of solar radiation and air
temperature (shown in Figure 9). However, this increase was not observed on LD with low surface
water content.
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5. Discussion

The effect of straw mulching on the reduction of soil water evaporation was significant during the
freeze–thaw period, similar to the effect during the non-freezing period [26,27]. Average daily soil water
evaporation under straw mulching was reduced by 16–37% than that under non-mulching conditions
during the non-freezing period [50]. The straw mulching decreased the soil water evaporation during
crop growth season by 35–40 mm [25]. The relative efficiency of straw mulch treatments on soil water
evaporation control was consistent with other mulched materials. The effect of straw mulch on soil
water evaporation was significant in the unstable freezing stage, while that was not obvious in the
stable freezing stage [30]. Other mulching materials also proved to be the most effective to reduce
soil water evaporation in the early mulching stage, and that will be weakened in the later mulching
stage. [15]. However, the straw mulching layer had little impact on soil water evaporation in the
laboratory experiment [51,52]. One reason could be that the indoor experimental investigations were
not subjected to climatological variables [9,10], such as solar radiation, wind, and rainfall. The other
reason was that the soil did not have access to a water supply from the in-depth soil and surrounding
soil [6,11]. Fisher’s LSD test is performed to compare the influence of different straw mulching
thicknesses on soil water evaporation, and the results indicated that the straw mulching layer could
not completely remove the influence of the exterior environment on soil water evaporation. Similar
evidence could also be found from other gravel mulching-related materials, proving that though
porous materials delayed the transport of vapor to the atmosphere, they did not completely obstruct
soil water evaporation [14].

Due to the difference in experimental conditions, it was impossible to ascertain the sole and
absolute simulated outcome of all straw mulching treatment irrigated before the soil was frozen.
Soil mulching had been proven could effectively control soil water evaporation in the irrigation
system [8,15], and the high soil water evaporation of LD compared to that of straw mulching plots.
Soil water evaporation is subject to solar radiation, wind speed, and other climatic factors [9,10].
Moreover, soil water evaporation, heat, and vapor transport are probably affected by diverse residue
architecture [53,54]. Although 3–5 cm long corn straw was evenly placed on the surface of different
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fields in this study, it was not guaranteed that the architectures of the straw mulch layers were consistent.
The complex interactions of different residue architectures with different climatic conditions make it
challenging to identify the impact of different straw mulch thicknesses on soil water evaporation.

6. Conclusions

With the increase of straw mulch thickness, soil water evaporation during the freeze–thaw period
was inhibited effectively. The cumulative soil water evaporation of JG5, JG10, JG15, JG20 and JG30
were 27.0, 20.5, 18.0, 15.7, 14.0 and 11.7 mm, respectively, indicating reductions of 24%, 33.30%,
41.96%, 48.04% and 56.70%, respectively, compared to that of LD. The change of cumulative soil water
evaporation decreased with the increase of straw mulching thickness; the inhabiting effect of straw
mulch on soil water evaporation may not be as significant as when it was initially covered. The straw
mulch decreased the R of the daily soil water evaporation from 2.76 mm to 0.28 mm, which indicated
that the effects of random factors on the daily soil water evaporation were significantly decreased.
The inhabiting effect was more effective when the mulch thickness was increased. When the straw
mulch thickness was over 10 cm, the effect of straw mulch thickness on the variation of daily soil water
evaporation was significantly reduced. Even when the straw mulch thickness was increased up to
30 cm, the straw mulch layer could not completely eliminate the influence of the external environment
on soil water evaporation.

During the unstable freezing stage, the highest average daily soil water evaporation occurred, the
effect of straw mulching was the most significant at the period, the soil water evaporation under straw
mulching was from 19.4% to 32.2% of LD soil water evaporation. The lowest soil water evaporation
was observed for the stable freezing stage, and the soil water evaporation under straw mulching at the
stage was from 41.7% to 65.4% of the other two stages. Overall, soil water evaporation under bare land
or straw mulch mainly occurred during the unstable freezing stage and thawing stage.
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