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In the dryland region of the Loess Plateau of northern China, alfalfa (Medicago sativa L.) is widely grown
for animal feed to develop livestock operations, while also reducing soil erosion and improving soil
fertility/quality. A field experiment was carried out on a sandy loam soil from April 2007 to October
2012 to evaluate the processes of soil desiccation in the 500 cm soil profiles, and the effects of mulch
management on soil water content and temperature in the upper soil layer (5-15 cm), water use efficiency
(WUE) and forage dry matter yield (DMY) of alfalfa in rainfed pasture land. Three treatments were: no
mulch control, gravel mulch and corn straw mulch. Corn straw and gravel were chosen, because these
materials can be obtained easily in this region. Soil depth of water uptake by alfalfa moved down to
deep soil quickly and seasonal rainfall became the main contributing factor after 5 years. The presence of
straw on the soil surface reduced the maximum temperature, but it increased the minimum diurnal soil
temperature. Straw mulch was more effective in regulating soil temperature than gravel in the pasture
planting. Straw mulch and gravel mulch both enhanced soil water content at the 15cm depth. Straw
mulch increased forage DMY of alfalfa by 420 kgha~" (by 6.7%) compared to no mulch control over the
four growing seasons from 2009 to 2012, and gravel mulch reduced the forage DMY by 36 kg ha~! (by 0.5%)
during that period, but effects were not significant statistically. Straw mulch increased concentration of
nitrate-N and available P in the upper soil layer significantly, and improved WUE. In conclusion, the
findings suggest that alfalfa could extract water from progressively deeper soil layers and straw mulch
was effective in minimizing fluctuations in soil temperature, and increasing water storage in surface
shallow soil layers, forage yield and water use efficiency of alfalfa. Mulching grass hedges intercropping
or contour hedgerow intercropping should be considered on sloping land.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

many locations across Australia (e.g., Angus et al., 2001; Latta et al.,
2001; Greenwood et al.,2009). As the availability of irrigation water

Alfalfa has a high evapotranspiration rate and deep roots that
give it access to deeper soil water than annual pastures and crops
(Scott and Sudemyer, 1993; Crawford and Macfarlane, 1995; Ward
et al., 2002). Rainfed land could show about 30% reduction in
biomass production compared to irrigated alfalfa. This certainly
represents a valuable result for environments with no or low water
availability (Testa et al., 2011). Research has shown that irrigated
perennial forages use more water than annual crops or pastures at
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is decreasing and its costs are increasing, deficit irrigation of alfalfa
is used as a strategy for providing water in water-short regions
(Hanson et al., 2007). But, for rainfed pasture, improving water use
efficiency (WUE) is the optimal approach.

Alfalfa is usually planted for a long time to reduce soil erosion
and increase soil fertility in the Loess Plateau, China. Alfalfa is also
used as primary species in a series of large vegetation restoration
campaigns, such as the “Grain to Green”. However, as a deep-rooted
perennial legume, planting alfalfa can lead to soil desiccation in the
field due to water over-use (Chen et al., 2008; Li and Huang, 2008;
Jia et al,, 2009; Fan et al., 2010; Wang et al., 2010). Li and Huang
(2008) reported that the decreased soil water storage resulted in
forage yield responding more vigorously to variations in annual
precipitation after continuously growing over 8 years in continuous
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alfalfa treatment. Field surveys have shown that dried soil layers
were common in some locations on the Loess Plateau (Li and Huang,
2008; Fan et al., 2010; Yang et al., 2012), even the dry soil layers
exist in whole region (Wang et al., 2011), but only few experiments
were continued for several years to show how soil layers become
dry (Fanetal., 2010, 2011). However, understanding the process of
soil desiccation in the semiarid region of the Loess Plateau and in
similar regions elsewhere enables scientifically based approaches
to be used that would alleviate the process of soil desiccation and
prolong vegetation productivity.

The use of gravel and straw mulch are two traditional techniques
that are still practiced in the dryland farming area of north China.
Fields mulched with gravel and sand are mainly distributed in the
western part of the Loess Plateau, because the gravel and sand
are available in this area. Xie et al. (2010) recommended the use
of gravel-sand mulch with particles smaller than 2 cm to improve
watermelon yield. In this practice, the labor cost increased signif-
icantly, because the gravel-sand has to be removed away when
annual crops are planted regularly. Straw mulching is regarded as
one of the best practical methods to improve water retention in the
soil and reduce soil evaporation (Steiner, 1989; Li and Xiao, 1992;
Baumbhardt and Jones, 2002). Straw mulch was also found to be
an effective approach for sustainable wheat production in upland
ecosystems on the Loess Plateau region (Huang et al., 2005; Zhang
et al., 2007, 2009). In northern Vietnam and eastern India, straw
mulch has also shown increase in yield of oilseed crops ground-
nut and yellow sarson, respectively (Ramakrishna et al., 2006;
Sarkar et al., 2007). However, in the North China Plain, straw mulch
delayed winter wheat growth stages and reduced grain yield (Chen
et al., 2007). Therefore, the effectiveness of mulching may vary in
different climatic zones and cropping systems, and the research
information on this topic is limited. Fertilization can postpone the
degradation of alfalfa compared to no fertilization according to field
observations (Li, 2002; Fan et al., 2011), but it is rarely used by
farmers due to economic factors.

It is urgent to explore how alfalfa depletes soil water, and find
an alternative method to postpone the degradation of alfalfa in this
region. The purpose of this study was to illustrate soil desiccation
process and examine the effects of mulching on soil temperature,
soil water content and forage dry matter yield (DMY) of alfalfa in
pasture land in the semi-arid Loess Plateau of northwest China. We
specifically focused on straw or gravel mulching methods that can
help forage production in arid and semi-arid regions.

2. Materials and methods
2.1. Site and soil information

A field experiment on alfalfa pasture land was conducted from
April 2007 to October 2012 in the highland region of northwestern
China in Shenmu County, Shaanxi Province. Mean annual rain-
fall at the Shenmu field experiment station is 435 mm and mean
temperature is 8.4°C. Precipitation occurs mainly between May
and September, when air temperature is also higher during this
period. The soil was a coarse-textured loessial soil and 0-500 cm
soil profile was separated into four layers. Samples collected at the
beginning of the experiment had the following characteristics: SOM
(soil organic matter)=5.6+1.2gkg"!, total N=0.36+0.08 gkg~!
and total P=0.42 +0.03 gkg1.

2.2. Field experimental design and measurements

There were three treatments, viz., straw mulch (SM), gravel
mulch (GM) and no mulch control (CK). All the treatments were
replicated three times in a randomized complete block design. Each

plot was 20 m? and a 5-m long aluminum tube was installed at the
center of each plot. Soil water content was measured once every
two months using a neutron probe (CNC, Beijing, China) at 10cm
(0-100cm)and 20 cm (100-500 cm) intervals down to 500 cm. Two
digitized time domain transmissometry (TDT) soil moisture sensors
(Acclima Inc., Meridian, ID, USA) were buried horizontally in soil at
5 and 15 cm depths to measure soil temperature and volumetric
water content (VWC) automatically, since all 18 sensors were con-
nected to CR1000 data logger (Campbell Scientific, Logan, UT, USA).
Measurements were taken daily at 1-h intervals and the accuracy of
the TDT sensor for permittivity is 1% (&1 from the full scale range
and the temperature from 1 to 50°C) and the Topp equation was
used to calculate VWC from permittivity. Oven dry method was
used to calibrate TDT sensor and parameters were compiled into
data logger program in order to give the final results from down-
loaded data. Each TDT sensor had a thermistor inside to measure
soil temperature.

Alfalfa was planted in May, 2007, after cultivation of the exper-
imental plot area with typical local crops for almost 30 years. In
spring, 2009, corn straw was cut into 3-5cm pieces and covered
the bare soil almost 90% in the SM treatment. The corn straw was
selected because large areas of corn are planted in the terrace in
this region, where soil water conditions are better than slope land.
The sloping lands have been changed to pasture or shrub under
project “Grain to Green” in this catchment. Calcareous concretions
(hereafter called “gravel”) were used as mulching material to cover
soil approximately 90% in the GM treatment, since calcareous con-
cretions are plentiful in the Loess Plateau region.

Alfalfa was cut two times every year in August and October and
the forage DMY was determined from an area 1.0m x 1.0 m in the
center of each plot. Majority of DMY came from August cutting,
because alfalfa usually starts growth in the middle of April and
perishes in early October due to cold air temperature.

The total water use (ET - evapotranspiration) was calculated
from the difference between initial soil water content and final
soil water content (AW), and precipitation (P) during the growing
season by using the following equation:

ET=P+ AW (1)

Due to the high infiltration rate of water in soil, runoff was never
observed in the field and there was noirrigation of the field. Because
of the deep groundwater table (more than 50 m below the surface),
capillary rise was considered negligible and not included. Deep per-
colation below the root zone was negligible, since the maximum
depth of infiltration and redistribution was limited to top 200 cm
and soil water content was measured down to 500 cm. Rainfall was
recorded at a meteorological station 150 m away from the experi-
mental plots. The water use efficiency (WUE, kg DMY mm~! ha~1)
was calculated as forage DMY (Y, kgha~1) divided by ET:

Y
WUE = T (2)

Recharge depth and water uptake depth were determined from
soil water profile measurements. Recharge depth was the maxi-
mum depth of precipitation infiltration and redistribution within
the growing season and water uptake depth was the soil layers
where soil water decreases were observed within the growing sea-
son. This method can only be used in the arid or semi-arid regions
where recharge depths are shallower than the depth of root water
uptake. Meanwhile, root zone is far away from ground water table,
and soil water movements are in the unsaturated soil in most of
the time.

Soil samples (0-20 cm depth) for organic matter, total N, total P,
ammonium-N, nitrate-N and available P were collected in October
in selected years (2010, 2011 and 2012), and then air dried and
ground to pass through a 0.25-mm sieve for chemical analysis.
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Fig. 1. Daily time series of air temperature, monthly reference crop evapotranspi-
ration (ETy) and precipitation.

Standard Chinese methods were used to analyze soil chemical
properties (Liu, 1998). Ammonium-N, nitrate-N, available P were
determined by extracting soil samples with KCI and NaHCOs,
respectively, by using colorimetric methods.

2.3. Statistical analysis

All the data from different parameters were statistically ana-
lyzed using analysis of variance (ANOVA) to determine the
significant differences in forage DMY and WUE among different
treatments. When the F-test indicated statistical significance at
P<0.05, least significant difference (LSDq g5 ) was used to determine
the significance among treatment means.

3. Results and discussion
3.1. Changes of meteorological condition

Meteorological observations in the experimental site showed
that mean daily air temperature was 9.0°C with a maximum of
31.2°C and minimum of —20.2 °C, suggesting that important fea-
tures of the climate had large range of temperature variation and
short vegetation growing seasons (April-October) (Fig. 1). Mean
daily relative humidity was 47%, with a minimum of 8.9% and max-
imum of 95.7%. Mean daily solar radiation was 16.5MJm~2d-1,
ranging from 0.9MJm~2d-! to 32.5MJm~2d~1. Mean daily wind
speed was 2.8 ms~!, with maximum of 7.8 m s~'. There were 226
rainfall events during the observation period between 2008 and
2012, of which 49% were less than 5mm, 39% between 5 and
20 mm, and 12% more than 20 mm. During the study periods, 94%
of the total precipitation occurred from April to October (Fig. 1).
While soil erosion was controlled by heavy rainfall events and
the heavy wind speed also led to wind erosion in this region.
Mean annual reference crop evapotranspiration (ETy) calculated
by Penman-Monteith equation (Allen et al., 1998) was 1193 mm
over 5 years from 2008 to 2012, but monthly ETy distribution did
not consistently correspond to precipitation distribution.
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Fig. 2. Soil water content changes in the soil profiles during the study years from
2008 to 2012 in a field experiment on alfalfa pasture land at Shenmu, Shaanxi, China.
All data were obtained from the no mulch treatment as a representative.

3.2. Soil water depletion by alfalfa

Initial and final soil water storage decreased with time in the
continuous alfalfa growing, except final soil water storage in 2012
(Table 1). Average annual alfalfa evapotranspiration over 5 years
was 491 mm and reference evapotranspiration for a grass surface
(ETp)was 968 mm during forage growing seasons, but average rain-
fall was 437 mm over 5 years. Alfalfa grew under water stress
condition and it had access to deeper soil water which led to
negative soil water balance in most years. Since there were no
differences of soil water contents in the deep soil profiles among
the three treatments, the values of soil water content in the no
mulch control treatment are presented to show changes in soil
water contents during the study periods (Fig. 2). As affected by soil
texture, there was a small peak of soil water content in about 1-
m depth. Moreover, the 30 cm soil layer was compacted by former
cultivations, so, there also was a peak of soil water content.

Mulching did not affect VWC in deeper soil layers from 2009
to 2012, but alfalfa could absorb soil water from deeper soil layers
quickly and the water exchange depth was affected by precipita-
tion and evapotranspiration. Because of its high productivity and a
prolonged growing season, alfalfa may consume more water than
crops or native grasses. Previous research studies have shown that
alfalfa can lead to deep soil desiccation (Chen et al., 2008; Wang
et al., 2008; Fan et al., 2010). In our study, field observed data can
give soil desiccation processes, which was not shown in previous
research investigations.

Alfalfa absorbed 271 mm water from the soil profile during the
5 study years (i.e., 54.2 mm per season) and the ET was underes-
timated slightly since the root uptake depth has exceeded 500 cm
observed depthin 2011 and 2012. Since all access tubes were set up
in 2007, there were no observed data in this year. Soil water con-
tent distribution in the soil profile showed that maximum depth of
water absorption by alfalfa in 2008 was 240 cm, and it was 330 cm
in 2009, but the recharge depth was 160 cm only (Fig. 2). The root
uptake zone was about 420 cm soil profile and recharge depth was
100cm in 2010. Precipitation was 460 mm in 2009, which stored
in soil and also precipitation was 434 mm in 2010. But, the soil
water from depths deeper than the measured depth of 500 cm was
absorbed by alfalfain 2011 and the recharge depth was only 70 cm
during the rainfall season. Alfalfa used water from deep soil since
the precipitation was 324 mm in 2011, and it is possible to absorb
soil water from deeper than 350 cm layers with the water deple-
tion in the measured depth in our study. In 2012, there was 550 mm
precipitation, but the soil water recharge depth was about 140 cm.
Soil water had decreasing trend at 400-500 cm, which indicated
that alfalfa absorbed water from 0 to 140 cm and also may have
taken up water from layers deeper than 400 cm. At the same site,
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Table 1

Soil water balance from 2008 to 2012 in a field experiment on alfalfa pasture land at Shenmu, Shaanxi, China (soil water content sampling depth was 5.0 m and seasonal

balance was calculated in the no mulch treatment as a representative).

Year Precipitation Initial water Final soil water Balance AW* ET¢ (mm) ETo® (mm) Recharge depth Water uptake depth
(mm) storage (mm) storage (mm) (mm) (cm) (cm)

2007 423 -a - - - - -

2008 417 853 + 29° 792 £ 14 —61 478 950 - 0-240

2009 460 761 + 14 698 + 13 —-63 523 1021 160 0-330

2010 434 661 + 31 588 + 12 -73 507 964 100 0-420

2011 324 570 £ 5 480 + 12 -90 414 980 70 0-120 and below 350

2012 550 496 + 10 512 +£ 15 16 534 928 140 0-140 and below 400

2 No measurement made.

b Standard deviation

¢ AW=water storage change.

d ET=evapotranspiration of alfalfa.

¢ ET, =reference crop evapotranspiration.

the rate of alfalfa root growth was 1cm per day in the first year
and it decreased to 0.6cmd~! in the second year at the same site
(Qi et al., 2009). They suggested that soil water content had sig-
nificantly impact on above ground biomass of alfalfa, but no effect
on root growth (Qi et al., 2009). Therefore, the root depth should
be 150, 240, 330 and 420 cm in 2007, 2008, 2009 and 2010, respec-
tively, before parts of soil profile became dry in this study according
to therate of root growing. The estimated root depths data had good
correspondence to alfalfa water uptake depth (Fig. 2 and Table 1)
and the increasing rate was 90 cm per year, suggesting that root
penetrated fast in the coarse soil and depleted soil water quickly. It
is possible that the rooting rate may have slowed down after 2011
because of the dry layers between 140 and 400 cm in soil profile.
In our other experiment in the semi-humid zone where average
annual precipitation is 584 mm and soil had higher water holding
capacity under fine soil texture condition than coarse soil, soil des-
iccation process was very different (Fan et al., 2011). In that study,
alfalfa absorbed soil water down to 10 m from 1984 to 2008 and the
soil water content decreased continuously and the average rate was
30cm per year, because the fine soil held more water in soil profile
during the study period. Liu et al. (2010) also found a negative rela-
tionship between deep soil water content and plant age in this site.
In our present study, deep soil water was consumed much faster
by alfalfa, because there was a lower amount of rain and thus, less
available soil water.

In our study, the method used to calculate recharge depth
and water uptake depth according to soil water profiles may
have underestimated or overestimated depths, because of the two
months interval when soil water increased or decreased during
intervals. And also it may have missed accurate results when water
uptake depth exceeded observed depth, but it still gave insights
of soil desiccation processes. Moreover, our results got verification
from estimated root growth as discussed above.

Overall, soil water below 140 cm in the profile was depleted in
4 years when alfalfa was planted. The dried soil layer made differ-
ent water cycle: available soil water for alfalfa came from annual
rainfall, and recharge was blocked below 140 cm. The findings sug-
gest that pasture yield would be controlled by annual rainfall and
also the rainfall distribution in year was important to alfalfa growth
because deeper soil water may eventually be depleted. Maximiz-
ing WUE is the only way to maintain pasture productivity, so it is
valuable to test any methods, such as mulching, to improve WUE
of pasture in this region.

3.3. Effects of mulching on soil water and temperature in the
shallow soil

During the experimental period, soil temperature in alfalfa
land varied from —12.2 to 31.2°C at 5cm. Soil temperature was
affected by surface mulching in the pasture land. Soil tempera-
tures at the 5 and 15 cm depths showed that SM decreased daily

mean soil temperature distinctly in the shallow soil layers during
the warmer period by 0-4.4°C, and increased it during the colder
period by 0-2.2 °C compared to that of no-mulched control (Fig. 3;
Table 2). The results of our study are comparable to other research
related to the effects of wheat straw on soil temperature in win-
ter wheat cropping system on the Loess Plateau of China (Zhang
et al., 2009). In our study, different mulching materials showed
different effects on soil temperature. Gravel mulch increased soil
temperature in some cases, especially during the warmer period,
while it also decreased soil temperature in some other cases. More-
over, the amplitude of temperature affected by SM was more than
GM (Fig. 3). According to daily average temperatures (Table 2), SM
decreased soil temperature by 1.0 and 0.9°C at the 5cm and 15 cm
depths, but GM decreased soil temperature by only 0.3 °Cand 0.5°C
at the 5cm and 15 cm soil depth, respectively.

After daily maximum and minimum temperatures at the 5
and 15 cm soil depths were compared, SM significantly reduced
the maximum soil temperature during the warm season. But,

Average

Soil temperature difference (C)

-4 —— 5 cm Straw-CK e
—— 5 cm Gravel-CK

15 cm Straw-CK
15 cm Gravel-CK
-6 T T T T T T

09-09-01 10-03-01 10-09-01 11-03-01

Date (yy-mm-dd)

11-09-01 12-03-01 12-09-01

Fig. 3. Temperature differences between straw mulch (SM) or gravel mulch (GM)
treatments and no mulch control (CK) at 5 and 15 cm soil depths in a field experiment
on alfalfa pasture land at Shenmu, Shaanxi, China. Daily average values calculated
from hourly measurements and mean soil temperature was showed in figure from
three replications.
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Table 2
Effects of mulching on mean soil temperature (°C) at the 5 and 15 cm depths in a field experiment on alfalfa pasture land at Shenmu, Shaanxi, China.
5cm 15cm
CK? SM GM LSDPg,05 CK SM GM LSDg.05
Daily average temperature 9.7 8.7 9.4 0.41 9.7 8.8 9.2 ns
Daily maximum temperature 15.0 11.8 14.5 0.20 11.8 103 11.0 ns
Daily minimum temperature 6.2 6.2 5.6 ns¢ 7.9 7.7 7.4 ns

2 CK, control; SM, straw mulch; GM, gravel mulch.
LSD, least significant difference.
¢ ns, not significant.
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Fig. 4. Effects of no mulch control (CK), gravel mulch (GM) and straw mulch (SM)
on soil water content at the 5 and 15 cm depths in a field experiment on alfalfa pas-
ture land at Shenmu, Shaanxi, China. Daily average values calculated from hourly
measurements and mean soil water content was showed in figure from three repli-
cations. An average low standard deviation (0.01 cm? cm—3) indicates that the data
points tend to be very close the mean. All data on soil temperatures below 0 were
deleted, because soil water content could not be measured by TDT sensor according
to the measurement theory when soil water is frozen.

SM increased minimum soil temperature during the cold sea-
son distinctly. However, there were no distinct differences in the
maximum and minimum soil temperatures in the GM treatment
compared to CK. Gravel mulch probably reduced the minimum soil
temperature during the cold months (Fig. 3). Straw mulch had more
effect on decreasing daily maximum temperature than GM, but SM
improved daily minimum temperature at the 5 cm soil depth only.
In summary, SM was more effective in regulating soil temperature
than GM in the pasture land, like it did in the food cropping sys-
tems (Zhang et al., 2009). However, there were no distinct effects of
mulching on soil water content at the 5 cm depth (Fig. 4). The shal-
low soil layer (e.g., 0-5cm) was wetted by rainfall and dried out
after precipitation quickly, because of intense solar radiation and
heavy wind speed in the study region. However, soil shallow lay-
ers may be affected by forage litters and mulching materials after
alfalfa has planted several years, shallow water effects need further
investigations. But, the soil water content at the 15 cm depth was
increased significantly by mulching (P<0.01) (Fig. 4). Cook et al.
(2006) observed that mulch improved water retention in topsoil
compared with no mulch. Liang et al. (2011) found that mulch
not only changed the soil temperature and water content, but also
improved soil physical properties. We did not find any differences
between SM and GM, except when soil water moved down into the
soil profile after several rainfalls in some cases, which may attribute
to reduction in soil evaporation by mulching.

Although mulching had no effect on water content in the deep
soil, the effects of mulching on the water content at 15cm was
observed in the four study years. It is valuable to investigate this

Table 3

Forage dry matter yield (DMY) and water use efficiency (WUE) of alfalfa under corn
straw mulch (SM), gravel mulch (GM) and no mulch control (CK) from 2009 till 2011
in a field experiment on alfalfa pasture land at Shenmu, Shaanxi, China.

Treatment 2009 2010 2011 2012

DMY (kgha=') CK 5631 6092 7058 6073
SM 5902 6186 7302 7142
GM 5774 5374 6658 6903
LSD?g05 ns® ns ns ns
WUE(kgha~' mm™1) CK 10.2 15.2 17.2 11.8
SM 10.8 14.8 184 139
GM 10.6 139 15.6 13.2
LSDo.05 ns ns ns ns

2 LSD, least significant difference.
b ns, not significant.

issue in future over longer time duration and assess the mulching
effects on WUE and forage yield.

3.4. Forage yield and WUE

Straw mulch increased forage DMY during the four years com-
pared to no mulch control. Gravel mulch also increased forage DMY
in 2009 and 2012, but it was lower than the control in 2010 and
2011, but the effects were not statistically significant (Table 3).
As mentioned above, soil temperature increase during cold season
and decrease during hot season may be beneficial to alfalfa growth
in this region. Chen et al. (2007) also observed similar effects on
soil temperature in winter wheat in the North China Plain, but SM
reduced grain yield of winter wheat. The lower soil temperature
under mulching in spring delayed the development of winter wheat
up to 7 days, which reduced the gain yield. However, alfalfa has dif-
ferent growth period compared to winter wheat, and the lower soil
temperature effect under mulching in spring may be overcome by
mulch-reduced soil evaporation during the wet season.

Mulching including straw and gravel could not significantly
improve WUE (Table 3) and prevent depletion of water in the deep
soil profile during the study years. This was most likely that alfalfa
grew in a period with steady high forage yields under local cli-
mate conditions when its growth was not limited significantly by
water storage and/or availability of nutrients in soil (Fan et al.,
2011), even if alfalfa was stressed by water because of high ETy
(Table 1). With the reduction of the water supply from deep soil,
effects of mulching on water balance would be increased because
alfalfa will need to survive on annual rainfall. As for the sloping
lands on the Loess Plateau, the integrated use of rainfall harvest-
ing and mulching technologies can improve efficiency of harvested
rainwater efficiency and subsequently increase crop yield (Wang
et al., 2009). Our findings suggest that forage yield in pasture lands
can be sustained for many years in this region, and this may imply
that the productivity of land can be increased after “Grain to Green”
plan is introduced. Our results also suggest that mulch, especially
straw mulch, can regulate soil temperature, improve WUE and soil
fertility. Since mulch materials like straw or gravel are available
in this region, it is convenient to apply mulching in the perennial
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Table 4

Effects of mulching on concentration of organic matter, total N, toal P and available nutrients in the 0-10 cm soil layer in a field experiment on alfalfa pasture land at Shenmu,

Shaanxi, China.

Organic matter Total N Total P Available P Nitrate-N Ammonium-N
gkg! mgkg!

2010 CK® 9.8 0.57 0.451 1.49 4.33 27.45
SM 9.7 0.58 0.454 1.57 3.01 26.16
GM 8.5 0.50 0.447 1.61 337 27.20
LSD 05 Ns¢ ns ns ns ns ns

2011 CK 9.7 0.56 0.43 2.08 1.79 9.17
SM 9.1 0.56 0.42 2.22 3.27 8.98
GM 8.1 0.50 0.41 1.76 1.45 8.94
LSDo.05 ns ns ns 0.35 0.85 ns

2012 CK 8.4 0.57 0.503 2.90 4.19 7.38
SM 9.1 0.55 0.499 3.65 6.58 7.13
GM 7.9 0.51 0.495 293 5.88 7.70
LSDo.05 0.34 ns ns 0.16 0.93 ns

2 CK, control; SM, straw mulch; GM, gravel mulch.
b LSD, least significant difference.
¢ ns, not significant.

forage pasture land. Therefore, it is suggested that the effects of
mulch on water content in the deep soil layers should be observed
over many years, and also determine the mulching method such as
mulching grass hedges or other hedge row intercropping that can
be used on sloping lands to prevent loss of soil and water.

3.5. Effects of mulching on organic matter, total n, total P,
ammonium-N, nitrate-N and available P in soil

Gravel mulching decreased the concentrations and amounts of
organic matter, total N and total P slightly in the upper soil layer
compared to CK or straw mulching treatment, but it was not statis-
tically significant (Table 4). Because the build-up of organic matter,
total N and total P in soil is a slow process, the effects of gravel
and/or straw mulching to increase organic matter, total N and total
P in soil may take long time, and also no fertilizers were applied to
alfalfa to improve crop growth/production. However, SM increased
nitrate-N and available P in soil compared to CK significantly in
2011 and 2012 (Table 4). This suggests that SM can improve soil fer-
tility in the short term, because of its direct benefits for nutrients in
straw and indirect benefits from the increase in forage yield (Malhi,
2012a,b). There was no significant beneficial effect of mulching on
ammonium-N in soil after 5 years, and this was probably due to
rapid nitrification of any ammonium-N released during mineral-
ization of soil organic matter.

4. Conclusions

Soil water was consumed quickly by alfalfa and the dry layers
in the soil profile, and soil water content approached wilting point
occurred in 4 years in the semi-arid region. Surface soil mulching
with corn straw and gravel affected soil water content, soil temper-
ature, WUE and forage DMY of alfalfa, but the magnitude of effects
varied with the mulching material. Both mulches improved soil
water content at 15 cm depth compared to no mulch control, but
had no influence on water content in the deep soil profile. Straw
mulch affected soil temperature positively, increased concentra-
tion of nitrate-N and available P in the soil significantly, and also
it improved WUE and forage DMY, although the results were not
statistically significant. Gravel mulch did not display any benefi-
cial effects on soil temperature and fertility, and tended to reduce
forage DMY. In summary, our findings suggest that straw mulch
would work well to facilitate soil condition (moisture and tem-
perature), forage yield, and WUE of alfalfa. Compared to the use of
mulching in annual food crops, it is much more convenient to apply

straw or gravel mulch to alfalfa land because it can last for many
years. For the sustainability of large-scale vegetation restoration
and afforestation in the semi-arid Loess Plateau and other simi-
lar regions in the world, controlling the planting density and soil
evaporation should be considered. Mulching is optional method,
and mulching grass hedges intercropping or other hedge row inter-
cropping should be considered on sloping lands.
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