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Abstract Mulching and soil water content (SWC) have a
significant impact on soil erosion, and this study
investigated the effect of straw mulching on water
infiltration and soil loss under different initial SWC
treatments in a rainfall simulation experiment conducted in
northern China. Increasing initial SWC can decrease soil
infiltration and increase soil loss. During an 80 mm rainfall
event (80 mm-h™" for 60 min), 8%, 12% and 16% initial
SWC treatments decreased cumulative infiltration by
8.7%, 42.5% and 58.1%, and increased total sediment
yield by 44, 146 and 315 g, respectively, compared to 4%
initial SWC. However, in all the straw mulching
treatments, there was no significant difference in stable
infiltration rate between the different initial SWC treat-
ments. For all initial SWC treatments, straw mulching of
30% or more significantly enhanced water infiltration by
over 31% and reduced soil loss by over 49%, compared to
the unmulched treatment. Taking into consideration the
performance of no-till planters, a maize straw mulching
rate of 30% to 60% (1400-3100 kg-hm?) is recom-
mended for the conservation of water and soil in northern
China.

Keywords infiltration, initial soil water content, rainfall
simulation, soil loss, straw mulching

1 Introduction

Long-term application of traditional management practices
in agricultural production have resulted in aggravated
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drought, resource shortage and environmental deteriora-
tion', which has affected grain production and the
sustainability of agricultural development in China. This
situation is particularly serious in northern China, which
has about 3300 x 10* hm? of farmland affected by soil
erosion'?). Soil surface mulching with a layer of crop straw
is an effective method for conserving water and soil
because it can reduce surface runoff, increase soil
infiltration and prevent soil erosion*!,

Studies around the world have highlighted the impor-
tance of crop straw mulching, because it increases soil
porosity!™), enhances water infiltration!®’], and reduces
runoff and soil erosion™. Also, straw mulching has been
reported to decrease soil crusting after heavy rainfall
events by absorbing kinetic energy of the raindrops!”). In
dry climates, Cameron et al. indicated that residue
retention can significantly increase rainfed crop producti-
vity!'?). On the arid North China Plain, straw mulching has
been shown to increase water use efficiency in its double
cropping system!''). In subtropical regions, mulching has
been effective, especially on sloping land!'*'*), Further-
more, straw mulching has been shown to protect farm-
landst'®), by improving soil physical propertiest'®),
increasing soil fertility!'”! and controlling evaporation!'®,

Initial soil water content (SWC), which influences runoff
and water infiltration, has been well documented''**%. An
increase in SWC decreases the hydraulic gradient?'), and
thus reduces the driving force responsible for water
infiltration into the soil. The effect of initial SWC on the
stability of microrelief has been investigated using
laboratory rainfall simulation®*). The role of initial SWC
in determining the local water pathways has also been
recognized at a field scale!”****. Focusing on soil crusting
phenomena, Casenave and Valentin'>*! studied another role
of initial SWC in hydrological response compared to soil
surface characteristics.
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In China, the effects of initial SWC on soil moisture
distribution have been reported, and the results showed
that as initial SWC increased the time needed to wet soil
surface was reduced and the expansion of the wetting front
was more rapid both horizontally and vertically in bubble
irrigation®®). Earlier runoff, lower average infiltration rate
and shorter time to reach stable infiltration rate occurred
when initial SWC increased during rainfall simulation?”".
Triaxial shearing test data indicated that soil cohesive force
first increased then decreased with increasing SWC, and
the maximum of soil cohesive force was found at the water
content of about 10%!**!. Fan et al.*”! simulated the
infiltration characteristics of a range of typical soils under
different initial SWC, and the results indicated that the
variation of cumulative infiltration was consistent with the
Philip model. In addition, soil infiltrability and initial SWC
have been researched by different methods, such as the
double-ring method and the run-off-on-out method*"".

In northern China, summer maize (Zea mays), one of the
most commonly grown crops[3 ", is essential for maintai-
ning food security. In this region, the influence of maize
straw mulching on improving agricultural ecological
environment®?!, promoting crop growth™! and increasing
grain yield”*! has been reported. Due to the application of
irrigation during crop growth, the initial SWC can vary,
sometimes substantially, within the maize planting region
of northern China, which can affect water infiltration and
soil erosion during the rainy season. Based on the literature
cited above, research in China, using different methods,
has mostly focused on the influence of initial SWC on the
infiltration characteristics. However, there has been limited
research on the effect of initial SWC on runoff and soil loss
under straw mulching management. Therefore in this
study, the effect of maize straw as a mulching material on
soil infiltration and soil loss under different initial SWC
was investigated using laboratory rainfall simulation. The
objective was to determine straw mulching rates that can
limit soil loss under different initial SWC, and to provide a
theoretical base for straw management in summer maize in
northern China grown in conservation tillage systems.
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2 Materials and methods
2.1 Site and climatic conditions

A rainfall simulation experiment was conducted at the
Zhuozhou Experimental Station, China Agricultural Uni-
versity (39°28' N, 115°56' E), Hebei Province, China, from
October 2013 to May 2014. The microclimate of the area is
semi-arid, with an average annual rainfall of 536 mm,
which mostly falls between June and September (Fig. 1).
Average annual temperature is 11.9°C with 186 frost-free
days. The field capacity at the experimental site is 20.3%,
and the soil type is defined as sandy loam according to the
USDA texture classification system. The bulk density was
1.34 g-cm™, the organic matter content was 19.0 g-kg™'
and the pH was 7.8 in the top 300 mm soil layer.

2.2 Experimental design

The objective was to determine straw mulching manage-
ment solutions under different initial soil water content
conditions. In order to get a natural soil condition for
rainfall simulation, the undisturbed soil was removed from
farmland and placed in a soilbin. The soil type was sandy
loam, which is one of the most common soils in northern
China. The position of the soilbin could be adjusted to give
different soil surface gradients. In this experiment, the soil
surface gradient was set to 9%. So the influence of soil type
and surface gradient on water infiltration and soil loss
could be avoided.

Four different percentages of initial SWC (4%, 8%, 12%
and 16%) were used in this experiment. The 4% water
content (equivalent to 20% of the field capacity), which
simulated a dry soil condition, was adopted as the base
value. The other three, which were equivalent to 40%, 60%
and 80% of the field capacity, were applied to simulate
normal to wet soil conditions. In each initial SWC
condition, four different straw mulching rates (SMR),
giving coverage of 0%, 15%, 30% and 60%, were used to
investigate the effect of mulching on soil loss.
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Monthly rainfall distribution in 2012 and 2013 (January to September only), and the average for the past 10 years
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The meteorological data from an outdoor meteorological
station at the experimental site showed that the rainfall
intensity reached as high as 82 mm-h™' during rainfall
events in 2012 and 2013. Thus, in this study a rainfall
intensity of 80 mm-h™' was simulated, given that runoff
occurs mainly in heavy rainfall events!*>/.

The design was a full factorial combination of the four
SWC and four SMR treatments. Each treatment combina-
tion was replicated three times to give a total of 48 tests.
The duration of each rainfall simulation test was 60 min.

2.3 Soil water preparation

For the rainfall simulation, soil from the top 300 mm layer
was collected from the experimental site. The soil was air-
dried (4% g-g ' soil mass moisture) and visible organic
material was removed. The soil was gently crushed by
hand to pass through a 5 mm sieve. Soil materials with
different initial SWC treatments were prepared using the
following steps!*!:

(1) Determining the air-dried soil water content by an
oven drying method;

(2) Calculating the required water addition as the
treatment water content minus the measured water content;

(3) Adding water and mixing uniformly to obtain the
predefined water content; and

(4) Storing the moistened soil in a sealed plastic drum
until used in the rainfall experiment.

2.4 Testing equipment

A soilbin (length, 1 m; width, 1 m; depth, 350 mm; slope,
9%) was filled with undisturbed soil (height, 300 mm; bulk
density, 1.34 g-cm ). The bottom of the soilbin had evenly
distributed 4 mm holes (100 mm apart) to remove the
influence of the closed soilbin on soil water infiltration. A
channel (diameter, 50 mm; length, 100 mm) was mounted
on the front of the soilbin, 100 mm high from the bin
bottom, to collect runoff water.

Air-dry maize straw was collected from fields after
harvesting in early October and manually cut in pieces of
50-100 mm long, and the predefined amount of straw was
spread uniformly on the soil surface.

A rainfall simulator (model, DIK-6000, Daiki Rika
Kogyo Co. Ltd., Tokyo, Japan) with rainfall intensities of
10 to 120 mm-h™' was used to simulate rainfall. The
available rainfall area (length, 1.1 m; width, 1.1 m) was
1.21 m?, the rainfall height was 2 m, and the raindrop
diameter range was between 1.7 and 3.0 mm.

2.5 Measurements

2.5.1 Runoff and sediment loss

Rainfall calibration tests were conducted to ensure that the

rainfall intensity was accurate. The time when runoff
occurred was recorded, and runoff samples collected for
each simulation. The runoff sample was collected once per
minute for the first 10 min, and then once per 5 min for the
remaining time.

After the sediment was filtered from the runoff samples,
the volume of the runoff water was measured with a
graduated cylinder, and the collected sediment was oven-
dried at 105°C for 24 h. The volume of the runoff water
was divided by interval time to determine the runoff flow
rate. The amount of dry sediment was weighed to
determine the sediment loss in the runoff.

2.5.2 Maize straw mulching rate

The maize SMR was determined by weight using the
procedure of Liu et al., combining image processing and
regression analysis©®®!. The quantitative relationship
between maize SMR and the straw weight was calculated
by the following equation:

SMR = —1.89 x 10 %% +2.7 x 10 *x—4.92 x 102
(1)

where x is the weight of maize straw, kg-hm™.

The corresponding straw rate was 800 kg-hm for the
15% SMR treatment, 1400 kg-hm™ for the 30% SMR
treatment, and 3100 kg-hm™ for the 60% SMR treatment.

During the preparation of each SMR condition, the
calculated and weighed maize straws were spread
uniformly on the soil surface of soilbin to simulate straw
mulching condition of farmland. By uniformly spreading,
the difference in mulching thickness under each SMR
condition was not significant, so any influence of mulching
thickness on the experimental result could be ignored.

2.5.3 Infiltration rate and cumulative infiltration
Infiltration rate in the absence of rainfall is commonly
measured with a cylinder infiltrometer™®”). The double-ring
infiltrometer is a standard technique for direct measure-
ment of soil infiltration rate™*®!, but it cannot be applied to a
naturally sloped surface. Ignoring the rain period evapora-
tion and vegetation intercept, soil infiltration rate during
the different sampling periods was calculated by the
following formulal*"’:

i = Pcosa ,g @)
where i is the soil infiltration rate, mm-min'; P is the
rainfall intensity, mm-min™'; « is the gradient of land
surface, °; ¢ is the runoff flow rate at the outlet of the
experimental slope, L-min™'; and s is the slope surface
area, m>.

Li and Shao expressed cumulative infiltration as a
function of integral equation, which was the integral of
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infiltration rate with respect to time**':

I= f ;idt 3)

where [ is the cumulative infiltration, mm; i is the soil
infiltration rate, mm-min'; and 7 is the runoff-yield time,
min.

2.6 Statistical analysis

The SPSS analytical software (22.0, IBM SPSS Inc,;
Chicago, IL, USA.) was used for all of the statistical
analyses. Mean values were calculated for each of the
measurements, and ANOVA was used to assess the
treatment effects on the measured variables. When
ANOVA indicated a significant F-value, multiple compar-
isons of annual mean values were made on the basis of the
least significant difference (LSD).

3 Results

3.1 Infiltration rate

Figure 2 shows the soil infiltration rate measured during

the rainfall simulation under four different SMR treatments
for each initial SWC. Overall, the infiltration rate
decreased rapidly in the early stage of runoff, and then
tended to stabilize.

With 4% initial SWC, the infiltration curves showed that
15%, 30% and 60% SMR moderated the decrease in
infiltration rate, and delayed the times to stable infiltration
by 5, 10 and 15 min, respectively, when compared to 0%
SMR. However, with16% initial SWC, the infiltration rate
decreased rapidly at the beginning of runoff. Meanwhile,
under different SMR, the difference in time to steady
infiltration was not significant. With 8% and 12% initial
SWC treatments, the influence of SMR on infiltration was
similar to that obtained with the 4% initial SWC.

For all initial SWC treatments, increased SMR resulted
in an increased stable infiltration rate. With the 4% initial
SWC, the stable infiltration rate ranged from 0.19 to
0.45 mm-min™', and compared to 0% SMR treatment, the
stable infiltration rates with 30% and 60% SMR were 0.12
and 0.26 mm-min" higher (P < 0.05), respectively. With
8% initial SWC, the stable infiltration rate ranged from
0.18 to 0.45 mm-min~', and with 30% and 60% SMR, the
stable infiltration rates were 0.12 and 0.27 mm-min ',
which were greater (P < 0.05) than with the 0% SMR.
Similar results were found with 12% and 16% initial SWC
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Fig. 2 Infiltration rate as a function of time determined by the simulated rainfall (80 mm-h ' for 1 h) for an initial soil water content of
4% (a), 8% (b), 12% (c) and 16% (d), under four different straw mulching rates. On the x-axis, 0 is the beginning of simulated rainfall and
the beginning of runoff is shown by the vertical line. Bars show LSD values (P < 0.05) in the stable infiltration stage.
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treatments, and the stable infiltration rates under the 30%
and 60% SMR were>0.15 and >0.28 mm-min'
(P < 0.05), respectively, which were higher than that with
the 0% SMR. The straw mulching treatments all improved
infiltration, compared to the unmulched treatment. How-
ever, for all the straw mulching treatments, there was no
statistically significant difference in the stable infiltration
rate between the different initial SWC treatments.

3.2 Cumulative infiltration

With different initial SWC treatments, the influence of
SMR on cumulative infiltration showed a similar response
to infiltration rate (Fig. 3), i.e., 60% SMR >30%
SMR > 15% SMR >0% SMR. In an 80 mm rainfall
event (80 mm-h' for 1 h) with 4% initial SWC, 30% and
60% SMR enhanced the cumulative infiltration signifi-
cantly (P < 0.05) by 31.8% and 60.9% relative to the 0%
SMR (27.9 mm). With 8% initial SWC, the cumulative
infiltrations with 30% and 60% SMR were 38.9% and
65.6%, respectively, which were significantly (P < 0.05)
higher than with the 0% SMR. With 12% and 16% initial
SWC treatments, the cumulative infiltrations showed the
same trend and the values with 30% and 60% SMR were
over 55%, which was significantly (P < 0.05) higher than

with the 0% SMR. However, with all the initial SWC, the
differences in cumulative infiltrations between the
unmulched treatment and 15% SMR was not significant.
The results indicated that>30% SMR significantly
(P<0.05) increased the cumulative infiltration, and
under the same straw mulching treatment, the cumulative
infiltration decreased with the increasing in initial SWC.

3.3 Runoff time

Generally, straw mulching delayed runoff time (i.e., the
time until runoff occurred) (Table 1) for all initial SWC
treatments. With 4% initial SWC, the runoff time was
delayed by increasing SMR, and the values with 30% and
60% SMR were 2.4 and 3.5 min later (P < 0.05) than that
of the unmulched treatment, respectively. However, there
was no significant difference in runoff time for 10% and
15% SMR. With 8% initial SWC, when compared to the
unmulched treatment, the corresponding runoff times for
30% and 60% SMR treatments were 2.1 and 3.2 min later
(P <0.05), but 15% SMR gave no significant difference in
runoff time. For 12% and 16% SWC treatments, there was
no significant effect of SWR on runoff time.

For the unmulched treatment, the runoff times for the
12% and 16% initial SWC treatments were 6.5 and
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Table 1 Runoff time* (min) for four straw mulching rates with four different initial soil water contents
Straw mulching rate/%
Initial soil water content/%
0 15 30 60

4 8.61+0.66a 9.4+0.64a 11.040.75b 12.1+0.71b
8 7.340.60a 7.940.33a 9.40.56b 10.5:£0.45¢
12 2.140.46a 2.6+0.62a 2.740.70a 3.240.65a
16 0.4+0.20a 0.4+0.22a 0.3+0.12a 0.7+0.23a

Note: *, Runoff time is defined as the time between commencement of the simulated rainfall treatment and runoff commencing. Values within a row followed by

different letters are significantly different (P < 0.05). Data are means+SD (n = 3).

8.2 min later than with 4% initial SWC. For SMR
treatments, the influence of initial SWC on the runoff time
was similar to that of the unmulched treatment, indicating
that the increase in initial SWC can result in the earlier
runoff.

3.4 Sediment yield rate and total sediment yield

In the early stage of runoff, the initial sediment yield rate
decreased with the increasing SMR for all the initial SWC
treatments (Fig. 4). With 4%, 8% and 12% initial SWC
treatments, sediment yield rate increased and then tended
to stabilize. However, with 16% initial SWC, the sediment
yield rate decreased at the beginning of runoff and then

tended to stabilize under 0%, 15% and 30% SMR. Under
the 60% SMR, the sediment yield rate was relatively stable
without a rapid decrease.

In the late stage of runoff, with all the initial SWC
treatments, straw mulching treatments decreased the stable
sediment yield rate. With 4% initial SWC, the stable
sediment yield rates in the 15%, 30% and 60% SMR
treatments were 36.4%, 49.6% and 61.4% lower (P < 0.05)
than with the 0% SMR, respectively. With 8% initial SWC,
the stable sediment yield rates with 15% and 30% SMR
were 31.1% and 50.6% lower (P < 0.05) than with the 0%
SMR. Similar results were found with 12% and 16% initial
SWC treatments, and the stable sediment yield rates with
15% and 30% SMR were>31% and>51% lower
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(P < 0.05) than with the 0% SMR.

With different initial SWC treatments, the influence of
straw mulching treatments on total sediment yield showed
a similar tendency to sediment yield rate (Table 2), i.e.,
60% SMR <30% SMR < 15% SMR < 0% SMR treat-
ment. In an 80 mm rainfall event, with 4% initial SWC,
15% and 30% SMR significantly (P < 0.05) reduced total
sediment yield by 41.0% and 56.9% relative to the
unmulched treatment. With 8% initial SWC, the total
sediment yields with 15% and 30% SMR were 39.2% and
58.7% lower (P < 0.05) than with 0% SMR. With 12% and
16% initial SWC treatments, the total sediment yields
showed the same trend and the value with 30% SMR was
more than 49% lower (P < 0.05) than with 0% SMR. For
all the SMR, the total sediment yields showed an
increasing tendency with increasing of initial SWC.
Under the unmulched treatment, the total sediment yields
with 8%, 12% and 16% initial SWC treatments were 44,
146 and 315 g, respectively, and were higher than with 4%
initial SWC.

Table 2

(80 mm-h~" for 1 h) at four different initial soil water contents and four

Total sediment yield determined by the simulated rainfall

different straw mulching rates

Initial soil water

Straw mulching rate/% Total sediment yield/g*

content/%
0 295+12.7a
15 174+16.5b
i 30 127+11.1c
60 100+10.4d
0 339+15.5a
15 206+13.0b
; 30 140+12.4¢
60 96£11.2d
0 441+19.9a
15 297+11.2b
12
30 219+16.5¢
60 169+14.3d
0 610+23.8a
15 475£19.3b
o 30 309+16.9¢
60 223+18.6d

Note: *, Values followed by different letters are significantly different (P < 0.05).
Data are means£SD (n = 3).

4 Discussion
4.1 Initial SWC affects soil infiltration and soil loss
In this study, the cumulative infiltrations under 8%, 12%

and 16% initial SWC treatments were 8.7%, 42.5% and
58.1% lower than those under 4% initial SWC condition,

and this can be explained by as follows. Firstly, the lower
hydraulic gradient determines the lesser driving force of
water infiltration when the initial SWC is higher, which
confirmed the findings of Hillel*”). As the initial SWC
increased, the hydraulic gradient decreased and made it
easy to reach a stable infiltration rate, and then a reduced
cumulative infiltration. Secondly, high soil moisture
conditions results in reduced soil aggregate stability and
enhanced slaking forces that can cause aggregate break-
down, compared to dry soil conditions!*'***). When initial
SWC increased, the destruction of soil surface structure
intensified, and consequently soil crusting developed; thus,
soil infiltrability would be expected to reduce.

The stable infiltration rates under different initial SWC
treatments were not significant, which is similar to the
results of Bodman et al.'**! and Liu et al.l*¥. This is
because of newly-formed soil crusting after rainfall events
which has greater effect on soil water infiltration relative to
initial SWC. However, different results were found by Liu
et al.**! and Zhang et al.l* using a double-ring infiltration
method and a slow release sub-surface irrigation system,
which were different from the rainfall simulation used in
this study. Under the above two water supply modes, the
breakdown of soil aggregate and the blockage of soil pores
which occurred during the fast wetting process with low
initial SWC, reduced soil infiltrability. As the initial SWC
increased, the effect of soil aggregate breakdown on soil
infiltrability weakened, thus, a positive influence of initial
SWC on stable infiltration rate can be inferred. Therefore,
water supply mode, as well as the soil texture and surface
gradient, is confirmed to be an essential factor in water
infiltration and soil loss.

These results demonstrated that higher initial SWC can
cause a greater degree of aggregate slaking and lead to
more severe aggregate breakdown, so soil loss was more
evident under the action of rain splash. In this study, 16%
initial SWC treatment had 315 g more soil loss than the 4%
initial SWC treatment, which indicated that initial SWC
not only affects the soil infiltration, but is also an important
factor in soil loss. The analysis above provides a
theoretical basis for the measurement of farmland water
and soil conservation, particularly for the high SWC
condition.

4.2 Straw mulching affects soil infiltration and soil loss

The results reported here also demonstrate that straw
mulching treatment can delay runoffi*’) and enhance
infiltration*®). During rainfall events, the soil surface
structure is damaged, and the pores in soil are filled and
blocked by fine particles resulting from rain splash, thus
infiltration is delayed*”). Straw mulching treatment has a
positive impact on soil infiltration by reducing the damage
to soil aggregates by raindrops. In this study, with all the
initial SWC, the 30% SMR treatments significantly
enhanced soil infiltration by 31.8% to 83.4%. The
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sediment of sheet flow erosion is mainly caused by rain
splash®®! and therefore the positive influence of straw
mulching treatment was also confirmed. Compared to the
unmulched treatment, the 30% SMR significantly
decreased soil erosion by 49.3% to 58.7%, which was
similar to the results of Pan et al.”>'!. These results show
that straw mulching decreases soil erosion by slowing the
rapid increase in sediment in the early stage of runoff, and
decreasing the average sediment yield rate during the
steady infiltration stage. This can be explained by small
dams formed by the straw on the soil surface resulting from
the impact of runoffl®?, and the increased surface rough-
ness caused by straw mulching, which can weaken runoff
and reduce soil loss>*,

With all initial SWC treatments, the 30% SMR treatment
had a significant effect on water and soil retention. The
results indicate that a straw mulching rate of over 30% can
significantly reduce soil erosion and improve soil water
retention, which is consistent with previous studies!”*.
However, over mulching (> 60%) may compromise the
anti-blocking capacity of no-till planters, thus affecting
seeding performance and grain production under con-
servation tillage in northern China®!. In conclusion, for
conservation tillage, 30%—60% maize straw mulching
(1400-3100 kg-hm™) is recommended to achieve high
seeding performance and high efficient soil and water
conservation, which is valuable information for conserva-
tion tillage of maize in northern China.

5 Conclusions

This study investigated the effects of straw mulching on
water infiltration and soil loss under different initial SWC
treatments, and showed the following.

(1) Increasing the initial SWC can decrease soil
infiltration and increase soil loss. Under an 80 mm rainfall
event, 8%, 12% and 16% initial SWC treatments decreased
cumulative infiltrations by 8.7%, 42.5% and 58.1%, and
increased total sediment yields by 44, 146, and 315 g,
when compared to 4% initial SWC. However, in all the
straw mulching treatments, there was no significant
difference in stable infiltration rate for the different SWC
treatments.

(2) With all initial SWC treatments, straw mulching of
30% or more significantly enhanced water infiltration by
over 31% and reduced soil loss by more than 49%,
compared to the unmulched treatment. Taking into
consideration the performance of no-till planters, 30%—
60% maize straw mulching rate (1400-3100 kg-hm?) is
recommended for the conservation of water and soil in
northern China.

Straw mulching significantly affects water infiltration
and soil loss. The results from this study can provide a
theoretical base for the management of maize straw under
conservation tillage in northern China. The influence of the

soil surface gradient should be investigated in future
research on straw management in China.
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