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a  b  s  t  r  a  c  t

Because  of  asynchrony  between  the winter  wheat  growing  season  and  precipitation,  soil  water  supply
is the  main  factor  constraining  winter  wheat  production.  Hence,  increasing  soil water  conservation  is  a
crucial  approach  for improving  winter  wheat  productivity  in dryland.  A  5-year-long,  location-fixed  field
experiment  was conducted  to determine  the  effects  of  plastic  mulch,  straw  retention,  planting  legume,
and  straw-legume  on  soil  water  and  winter  wheat  grain  yield.  In  comparison  to  the control,  average
rainfall  harvest  during  summer  fallow  was  increased  by 9%  by  plastic  mulch  and  mainly  occurred  in wet
summers,  and  not  affected  by  straw  retention,  but respectively  decreased  by  22%  and  17%  by planting
legume  and  straw-legume.  Average  soil  water  storage  at  sowing  was  increased  by  5%  in  plastic  mulch
and  occurred  in  most  summers,  as  well  as  also increased  by  3% in straw  retention  but  only occurred  in
one  wet  summer,  and  decreased  by 5% in both  planting  legume  and  straw-legume  and  occurred  in most
cases.  Average  ET  was  not  affected  by plastic  mulch  and  straw  retention,  but respectively  decreased  by
7%  and  5%  by  planting  legume  and  straw-legume.  As  a result,  plastic  mulch  caused  a  6% increase  in the

average  grain  yield  of winter  wheat,  but  straw  retention,  planting  legume,  and  straw-legume  decreased
it by  8%,  6%,  and 5%,  respectively.  Overall,  plastic  mulch  is  a  beneficial  measure  for  increasing  rainfall
harvest  during  summer  fallow  and  soil water  storage  at sowing,  and  preferable  for  harvesting  more  grain
yield,  but  the  straw  retention,  planting  legume  and  straw-legume  showed  hardly  any  benefit  for  grain
yield  of  winter  wheat  in  dryland.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Wheat is a major global food crop, ranking third after maize and
ice. Annual global wheat production is estimated to be 620 million
g  (Uauy et al., 2006), of which about 75% is from dryland agri-

ultural areas (Li, 2004). Thus, dryland wheat production plays

n important role in ensuring global food security. The Loess
lateau is a typical dryland agricultural area in China, where win-
er wheat is one of the main food crops and covers an area of

∗ Corresponding author at: College of Natural Resources and Environment, North-
est Agricultural and Forestry University, Yangling 712100, Shaanxi, China.

E-mail address: w-zhaohui@263.net (Z. Wang).

ttp://dx.doi.org/10.1016/j.agwat.2016.03.005
378-3774/© 2016 Elsevier B.V. All rights reserved.
4.3 million ha, accounting for 20% of the total land. As almost
no surface water is available and the underground water table is
usually 50–80 m below the soil surface and thus too deep to use,
precipitation is the sole water source for winter wheat and other
crop production in most areas of the Loess Plateau. Therefore,
the predominant constraining factor for winter wheat produc-
tion is the limited and unevenly distributed annual precipitation
(Wang et al., 2009), which is around 200–600 mm.  Of this amount,
50–60% occurs between July and September and is concurrent
with the summer fallow between two growing seasons of win-

ter wheat. Another problem is the low water use of the crops,
which is mainly due to the inefficient rainfall harvest and high
soil water loss by evaporation (Kang et al., 2002). Similar prob-

dx.doi.org/10.1016/j.agwat.2016.03.005
http://www.sciencedirect.com/science/journal/03783774
http://www.elsevier.com/locate/agwat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agwat.2016.03.005&domain=pdf
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dx.doi.org/10.1016/j.agwat.2016.03.005
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ems also exist in other dryland regions of the world (Ciais et al.,
005).

Soil surface management is an effective approach for reducing
oil water evaporation, increasing soil water storage, and improv-
ng crop productivity in dryland. Mulching the soil surface with
lastic film has become a widely used method to improve crop
roductivity in drylands (Xie et al., 2005), including mulching
ll of the soil surface or part of it (mulching on the ridges and
eeding in the furrows) during all or part of the growing season
Li et al., 1999). Plastic mulch typically decreases soil water loss by
vaporation, increases crop transpiration (Wang et al., 2009), and
hus successfully promotes crop growth and increases crop yield.
wing to plastic mulch applications, spring wheat grain yield was

ncreased by 23% in the west of Loess Plateau (Li et al., 1999) and
inter wheat grain yield was increased by 30% in the middle part

f Loess Plateau (Zhang et al., 2013). However, additional informa-
ion is needed, regarding whether plastic mulch always increases
rop yields under different precipitation levels. Mulching the soil
urface with crop straw is another method to increase soil water
etention and promote crop growth, owing to its effective role in
ontrolling soil water evaporation (Salado-Navarro et al., 2013).

heat straw retention during the maize growing season resulted
n a 10% increase in the grain yield in Uzbekistan (Devkota et al.,
013). However, maize straw retention during the wheat grow-

ng season had no effect on wheat grain yield in Mexico (Verhulst
t al., 2011), and it even decreased the wheat grain yield by 7% in
he North China Plain (Chen et al., 2007). However, most studies
ave mainly focused on straw retention during the crop growing
eason. Information about the use of straw retention during the
allow season, especially in the rainy summer fallow season before
inter wheat sowing, is still sparse. In addition, covering the soil

urface with legumes and non-legumes not only lowers the risks
f soil erosion during the rainy season (Tonitto et al., 2006), but
lso reduces soil water evaporation (Alliaume et al., 2014). Owing
o planting hairy vetch during the fallow season, sorghum grain
ield was increased by 45% in southeastern United States (Sainju
t al., 2006). However, wheat grain yield was not affected by plant-
ng black bean in northwestern China (Zhang et al., 2009), and
ven decreased by 73% owing to planting winter pea, filed pea,
nd hairy vetch during the fallow season in the middle of United
tates (Nielsen and Vigil, 2005). The effects of planting cover crop
uring the fallow season on grain yield varied with regions, but it

s still unknown in the Loess Plateau under different precipitation
evels.

The fallow season is an important time for soil to restore the
ater that was consumed by crop during the previous growing

eason. Therefore, increased rainfall harvest during the fallow sea-
on and soil water storage at sowing is important for crops in the
ext growing season. However, water management is usually over-

ooked during the fallow season, when the cropland is typically
eft in bare fallow conditions without crop cover or other mate-
ials, especially in the Loess Plateau (Zhang et al., 2007). Under
he bare fallow conditions, rainfall harvest during the summer fal-
ow is generally low due to the high soil water evaporation under
igh air temperature and runoff caused by heavy rainfall over
hort time periods. Therefore, water management during the sum-
er  fallow should receive more attention, and year-round water
anagement is of great significance for winter wheat production

n drylands. Mulching the soil surface with different materials or
over crops is a practical measure to regulate soil water, promote
rop growth, and obtain a good harvest. In this study, we  used

 5 year long, randomized complete block-design, location-fixed

eld experiment in a typical dryland region of the Loess Plateau
o determine the soil water storage and winter wheat grain yield
anagement 171 (2016) 1–9

affected by different soil surface managements and their responses
to precipitation.

2. Materials and methods

2.1. Experimental site

The experiment was initiated in September 2008 and lasted for
five consecutive years until September 2013 at Shilipu (35◦12′N,
107◦45′E), Changwu County, Shaanxi Province, which is a typical
dryland and rainfed agricultural area in the central part of the Loess
Plateau, China. In this area, the altitude is 1200 m above sea level
and the underground water table is around 50–80 m,  which means
that groundwater is unavailable for crop growth. At the experimen-
tal site, the annual average temperature is 9.1 ◦C and the average
annual precipitation (1957–2013) is 579 mm,  about 55% of which
occurs in the summer from late June to mid  September. Winter
wheat and spring maize are the major local cereal crops, and each
is harvested once per year. Winter wheat is usually sown in late
September or early October, and it is harvested in middle or late
June of the following year. The experimental field had been used
for winter wheat production for a long time prior to this experi-
ment. The soil is loess-derived and classified as a silt loam texture
according to the US Department of Agriculture (USDA) soil classifi-
cation system, and its basic properties in the top 0–40 cm layer are
measured with the methods described by Bao (2007) and presented
in Table 1.

2.2. Experimental design and management

The experiment included five soil surface management prac-
tices in each year: (1) control (the local conventional practice),
(2) plastic mulch, (3) straw retention, (4) planting legume, and (5)
straw-legume (Fig. 1). In the control, the soil surface was prepared
with no mulching and winter wheat was  sown with the conven-
tional flat planting, and all the straw was removed from the field
at the harvest of winter wheat, and the soil was  ploughed to a
depth of 40 cm about two  weeks after the harvest, and the soil sur-
face was  under bare fallow conditions during the summer fallow.
In the plastic mulch, the soil surface was  formed into alternating
ridges and furrows using a plastic mulch machine before winter
wheat sowing. The ridges were mulched with clear plastic film
(thickness = 0.008 mm)  during winter wheat growing season and
the furrows were left uncovered for seeding. During the summer
fallow, clear plastic film was still left on the ridge continuously
along with all the wheat stubble and crushed straw returned to
the furrow to cover the soil surface. Until the end of summer fal-
low (2–3 weeks before the next winter wheat sowing), the plastic
film was removed from the field. For the straw retention, planting
legume, and straw-legume, the soil surface was prepared and win-
ter wheat was  sown as same as the control during winter wheat
growing season. In the straw retention, all the wheat stubble and
crushed straw was  returned to cover the soil surface during the
summer fallow. In the planting legume, all the straw was  removed
from the field at winter wheat harvest and “Huaidou” (a widely
used local soybean cultivar (Glycine max L. Merr.)) was seeded at a
rate 150 kg ha−1 as a cover crop. Until the end of summer fallow,
the soybean was mowed  and chopped into less than 5 cm segments.
The straw-legume during the summer fallow combined the straw
retention and planting legume, i.e., wheat straw was  treated as
same as the straw retention and soybean was sown as same as the

planting legume. At the end of summer fallow, the soil in the plastic
mulch, straw retention, planting legume, and straw-legume were
ploughed to a depth of 40 cm,  at the same time straw and/or legume
on the soil surface were incorporated evenly into soil using a plow.
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Table  1
Basic physical and chemical properties of the 0–40 cm soil sampled from the experimental field at sowing of winter wheat in 2008.

Soil layer (cm) Bulk density
(g cm−3)

Organic C
(g kg−1)

Total N (g kg−1) Available P
(mg kg−1)

Available K
(mg  kg−1)

pH (H2O) Mineral N

NO3
− −N (mg  kg−1) NH4

+-N (mg  kg−1)

0–20 1.4 8.5 0.77 4.5 130 8.2 13.1 2.6
20–40 1.3  6.3 0.58 1.6 122 8.2 8.6 1.8

Fig. 1. Schematic diagram showing the treatments of plastic mulch, straw retention, planting legume, and straw-legume in the field experiment from 2008 to 2013.

Table 2
Seeding and harvest times for soybean and winter wheat, and N from soybean return to soil in the field experiment from 2008 to 2013.

Items 2008 2009 2010 2011 2012 2013

Sowing time of soybean – 27 Jun 1 Jul 30 Jun 2 Jul 16 Jun
Harvest  time of soybean – 23 Sep 11 Sep 1 Sep 3 Sep 1 Sep
Harvest  time of wheat – 22 Jun 28 Jun 27 Jun 30 Jun 14 Jun
Sowing  time of wheat 23 Sep 2 Oct 22 Sep 23 Sep 22 Sep 28 Sep
Dry  weight of soybean (Mg  ha−1) – 1.40 3.18 3.81 4.19 4.00
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N  from soybean returned to soil (kg N ha−1) – 42.2

able 2 shows the average dry matter and N contents of the soy-
ean returned to the soil. Then, soil in each plot was mixed with
asal fertilizers and flattened with a rotary tiller. Each treatment
as replicated four times in a randomized complete block-design,

nd the plot size was 22 m × 6 m.
The N and P fertilizer application rates were calculated based

n the relevant available soil nutrients and the target winter wheat
rain yield of the control with the method proposed by Zhang et al.
2012). The N and P rates were 138 kg N ha−1 and 105 kg P2O5 ha−1
or all the plots in 2008–2009 and 2009–2010, and 150 kg N ha−1

nd 105 kg P2O5 ha−1 in 2010–2011, 2011–2012, and 2012–2013,
espectively. In the first four experimental years, three fourths of
he N fertilizer was applied as basal fertilizer two  weeks before win-
85.5 96.0 114.2 100.3

ter wheat sowing, and the remaining N fertilizer was applied with
the top-dressing method into the 0–10 cm soil layer by opening a
narrow furrow between the crop rows when the frozen soil melted
in the early spring (20 February 2009, 8 March 2010, 5 March 2011,
and 18 March 2012, respectively). All the N fertilizer in 2012–2013
and all the P fertilizer in each year was applied before winter wheat
sowing. The N fertilizer was supplied as urea, and the P fertilizer
was supplied as triple superphosphate. Since the soil is sufficient
in available K, no K fertilizer was applied.
Winter wheat was  sown at a rate of 150 kg ha−1 for all the
treatments, and its variety was a widely used local cultivar
“Changwu521”. The crop was  grown using natural precipitation
without any supplemental irrigation during the five experimen-



4 ter M

t
w

2

2

a
a
c
e
f

2

w
a
o
a
a

2

t
c
t
i
c
f
t

2

2

W

w
w
o

2

c

R

w
w
o
s
w

2

w

E

W
t
i
w
a

 G. He et al. / Agricultural Wa

al years. Herbicide was used early in the reviving stage of winter
heat every year to control weeds.

.3. Sampling and measurements

.3.1. Winter wheat
The winter wheat was harvested using a combined harvester,

nd fresh weight of grain from each plot was weighed in the field,
nd ∼1 kg of grain from each plot was sampled and oven dried to
alculate the water content of the fresh grain. The grain yield was
xpressed as dry weight and calculated from the fresh grain weight
rom each plot and its water content.

.3.2. Soybean
Just before it was mowed  at flowering, five to ten soybean plants

ere sampled randomly from each plot, and separated into stems
nd roots. After being washed, air-dried and weighed, subsamples
f 100 g stems and 10 g roots were oven dried at 90 ◦C for 30 min
nd at 70 ◦C for 48 h for the dry weight and biomass calculation,
nd determination of the plant N concentration and N uptake.

.3.3. Soil
Five soil cores at depths of 0–40 cm with 10 cm increments and

wo soil cores at depths of 40–300 cm with 20 cm increments were
ollected with an auger (inner diameter 4 cm)  from each plot at the
ime of winter wheat sowing and harvest. Soil from the same layer
n each plot was merged, and ∼500 g of thoroughly mixed soil was
ollected as a sample for the soil analyses. The soil water content
or each sample was determined gravimetrically after oven drying
he soil samples at 105 ◦C for 24 h.

.4. Data calculation

.4.1. Soil water storage
Soil water storage (WS, mm)  was calculated as (Wu  et al., 2015):

S  =
n∑

i

�i × hi × wi × 10/100,

here,�i(g cm−3) is soil bulk density; hi(cm) is soil layer depth;
i(%) is soil water content on a gravimetric basis; n is the number
f soil layer; i = 20, 40, 60, . . .,  300.

.4.2. Rainfall harvest
Rainfall harvest (RH, mm)  in soil during the summer fallow was

alculated as (Li et al., 2014):

H = WS2 − WS1,

here, WS2 is the soil water storage in the 0–300 cm soil layer at
inter wheat sowing for the subsequent growing season at the end

f summer fallow and WS1 is the soil water storage in the 0–300 cm
oil layer at winter wheat harvest of the previous growing season,
hen is the start of the summer fallow.

.4.3. Evapotranspiration
Evapotranspiration (ET, mm)  for each growing season of winter

heat was determined as (Huang et al., 2008):

T = P + �WS,

here, P is the effective precipitation (mm)  during the win-

er wheat growing season, obtained from a standard rain gauge
nstalled at the experimental site, and �WS  is the change of soil

ater storage (mm)  in the 0–300 cm soil layer between sowing
nd harvest of one cropping season.
anagement 171 (2016) 1–9

2.5. Statistical analyses

The statistical analyses were conducted using the SAS software
package. The significance of the effect from the treatments each
year was  evaluated with a one-way analysis of variance (ANOVA).
A two-way ANOVA was  used to determine the significance of the
main factors (treatment, year) on the average values from all years.
When the ANOVA results were significant, the least significant dif-
ference(LSD) test was used to determine the significance of the
difference between means with a significance level of P < 0.05.

3. Results

3.1. Precipitation

In the Loess Plateau, a typical rainfed dryland, the annual pre-
cipitation was unevenly distributed over the years. Over the five
experimental years, the annual precipitation, including that occur-
ring during the summer fallow before winter wheat sowing and
that during the crop growing season was 513, 475, 666, 722 and
447 mm during 2008–2009, 2009–2010, 2010–2011, 2011–2012
and 2012–2013, respectively (Fig. 2). Based on the Generalized
Precipitation Classification Scheme (Sun et al., 2010) and the
yearly average precipitation during summer fallow or wheat grow-
ing season at the experimental site over the past 56 years from
1957 to 2013, the summer fallow before winter wheat sow-
ing in 2008–2009, 2009–2010 and 2012–2013 was categorized
as dry, that in 2013–2014 was normal, and that in 2010–2011
and 2011–2012 was  wet; the winter wheat growing season in
2009–2010, 2010–2011 and 2012–2013 was categorized as dry, and
that in 2008–2009 and 2011–2012 was normal (Table 3).

3.2. Rainfall harvest during the summer fallow

As the field experiment initiated in September 2008, rainfall har-
vest values were only obtained for the experimental years after
2008–2009. Compared with the control, the yearly averages show
that the rainfall harvest was  increased by 9% by the plastic mulch,
but not affected by the straw retention, and decreased by 22%
and 17% by the planting legume and straw-legume, respectively
(Table 4). However, due to the variance in summer rainfall each
year, the effects of the soil surface managements on rainfall harvest
varied yearly. During the wet  summers, plastic mulch and straw
retention increased rainfall harvest by 22% and 21% in 2010–2011,
and by 13% and 8% in 2011–2012, respectively. Plastic mulch had no
effect on rainfall harvest during the dry and normal summers. Straw
retention decreased the rainfall harvest by 34% in the dry summer
of 2012–2013, although it had no effect in the other dry summer of
2009–2010 or the normal summer of 2013–2014. During both dry
and normal summers, planting legume and straw-legume respec-
tively decreased rainfall harvest by 23% and 15% in 2009–2010, and
by 58% and 46% in 2012–2013, and by 57% and 56% in 2013–2014. In
the wet  summer of 2010–2011, planting legume increased the rain-
fall harvest, whereas straw-legume showed no effect. In the other
wet summer of 2011–2012, planting legume decreased the rainfall
harvest by 13%, though straw-legume had no significant effect.

3.3. Soil water storage at winter wheat sowing

In comparison with the control, the yearly average soil water
storage at sowing was significantly increased by 5% and 3% in the
plastic mulch and straw retention, but decreased by 5% in both the

planting legume and straw-legume (Table 5). Moreover, the results
also varied with year. Plastic mulch increased the soil water storage
by 6%, 5%, 5%, and 7% in 2010–2011, 2011–2012, 2012–2013, and
2013–2014, but no change was measured during the dry summer of
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Table  3
Precipitation of summer fallow and growing season in the field experiment from 2008 to 2014.

Precipitation 2008–2009 2009–2010 2010–2011 2011–2012 2012–2013 2013–2014

Summer fallow 270 (Dry)a 280 (Dry) 458 (Wet) 453 (Wet) 285 (Dry) 332 (Normal)
Growing season 243 (Normal)b 195 (Dry) 208 (Dry) 269 (Normal) 162 (Dry) –

a Precipitation amount of summer fallow (precipitation status).
b Precipitation amount of growing season (precipitation status).

Table 4
Rainfall harvest (mm)  in the 0–300 cm soil layer affected by different soil surface managements during summer fallow in the field experiment from 2009 to 2014.

Soil surface managements 2009–2010 2010–2011 2011–2012 2012–2013 2013–2014 Average

Control 132 ± 15(23)ab§ 227 ± 10(9)c 259 ± 12(9)b 117 ± 15(26)a 178 ± 15(17)a 183 ± 5(5)b
Plastic  mulch 145 ± 7(10)a 277 ± 10(7)a 294 ± 5(3)a 99 ± 6(12)ab 178 ± 7(8)a 198 ± 3(3)a
Straw  retention 128 ± 5(9)ab 274 ± 6(4)a 281 ± 7(5)a 77 ± 15(39) bc 160 ± 20(26)a 184 ± 4(4)b
Planting legume 101 ± 5(9)c 256 ± 12(9) ab 226 ± 6(5)c 50 ± 11(45)d 76 ± 8(22)b 142 ± 4(6)c
Straw-legume 112 ± 2(4)bc 249 ± 12(10) bc 254 ± 4(3)b 63 ± 8(24)cd 79 ± 5(13)b 152 ± 2(3)c
Average 124 ± 3B 257 ± 7A 263 ± 5A 81 ± 10C 134 ± 6B
LSD0.05 for treatment 26 24 18 22 39 13
LSD0.05 for year 21
Precipitation status of summer Dry Wet  Wet  Dry Normal

F  Values of variance analysis
Year 334**

Treatment 28**

Year × Treatment 5**

Data are given as the average of 4 replications. Different lowercase letters after the parenthesis in the same column and different upper case letters after the data in the same
row  indicate significant differences among treatments at P < 0.05.
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§ Average value ± standard error (coefficient of variation).

009–2010. In contrast, straw retention only significantly increased
he soil water storage by 3% in the wet summer of 2011–2012.
lanting legume and straw-legume decreased the soil water stor-
ge by 3% and 4% in the wet summer of 2011–2012, by 8% and
% in the dry summer of 2012–2013, and by 13% and 12% in the
ormal summer of 2013–2014, respectively, but caused no effects

n 2009–2010 or 2010–2011.

.4. Evapotranspiration (ET) during the growing season

The yearly averages showed that the ET was decreased by 7% and

% in the planting legume and straw-legume, but not affected by the
lastic mulch and straw retention (Table 6). Planting legume and
traw-legume decreased the ET by 9% and 9% in the normal growing
eason of 2011–2012, and by 21% and 19% in the dry season of

able 5
oil water storage (mm)  in the 0–300 cm soil layer at sowing of winter wheat affected by
rom  2009 to 2014.

Soil surface managements 2009–2010 2010–2011 20

Control 516 ± 5(2)ab§ 649 ± 6(2)b 73
Plastic  mulch 523 ± 7(3)a 687 ± 5(1)a 77
Straw  retention 516 ± 9(3)ab 676 ± 11(3)ab 76
Planting legume 501 ± 10(4)b 664 ± 11(3)ab 71
Straw-legume 500 ± 6(2)b 655 ± 12(4)b 70
Average 511 ± 6D 666 ± 4B 73
LSD0.05 for treatment 18 30 18
LSD0.05 for year 22
Precipitation status of summer Dry Wet  W

F  Values of variance analysis
Year 415**

Treatment 37**

Year × Treatment 4**

ata are given as the average of 4 replications. Different lowercase letters after the parent
ow  indicate significant differences among treatments at P < 0.05.
§ Average value ± standard error (coefficient of variation).

** P < 0.01.
2012–2013, respectively, but did not significantly affect it in other
years. In contrast to averages, plastic mulch increased the ET by 6%
and 10% in the dry growing seasons of 2009–2010 and 2010–2011,
respectively. Straw retention also increased the ET by 7% in the dry
growing season of 2009–2010.

3.5. Grain yield

In comparison with the control, the yearly average grain yield
over the study period was  increased by 6% in the plastic mulch,
and respectively decreased by 8%, 6%, and 5% in the straw reten-

tion, planting legume, and straw-legume (Table 7). The results also
varied with year. The grain yield was  increased by 44%, 8% and 13%
for the plastic mulch in 2008–2009, 2009–2010 and 2010–2011,
respectively, and not affected in 2011–2012, whereas decreased

 different soil surface managements during summer fallow in the field experiment

11–2012 2012–2013 2013–2014 Average

6 ± 9(2)b 585 ± 17(6)b 599 ± 10(3)b 617 ± 5(2)c
1 ± 11(3)a 613 ± 4(1)a 642 ± 7(2)a 647 ± 5(1)a
1 ± 5(1)a 588 ± 14(5)ab 624 ± 23(7)ab 633 ± 6(2)b
3 ± 3(1)c 541 ± 10(4)c 521 ± 3(1)c 588 ± 4(1)d
8 ± 3(1)c 550 ± 3(1)c 528 ± 6(2)c 588 ± 1(1)d
8 ± 5A 575 ± 8C 583 ± 6C

 27 37 12

et  Dry Normal

hesis in the same column and different upper case letters after the data in the same
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Fig. 2. Distribution of the monthly precipitation at the experimental site over the 5 year experiment (2008–2013).
Note:  Source of precipitation data (2008–2013): Changwu Agro-ecological Experimental Station of the Loess Plateau of the Institute of Soil and Water Conservation, Chinese
Academy of Sciences and Ministry of Water Resources. Average means the long term monthly average of precipitation from 1957 to 2013, and the data source is China
meteorological data sharing service system.

Table 6
ET of winter wheat (mm)  affected by different soil surface managements during summer fallow in five experimental years from 2008 to 2013.

Soil surface managements 2008–2009 2009–2010 2010–2011 2011–2012 2012–2013 Average

Control 366 ± 16(9)a§ 290 ± 5(3)b 379 ± 7(4)b 537 ± 6(2)a 325 ± 27(16)a 379 ± 5(3)a
Plastic  mulch 378 ± 16(9)a 308 ± 2(1)a 418 ± 8(4)a 525 ± 6(2)a 310 ± 6(4)a 388 ± 4(2)a
Straw  retention 357 ± 7(4)a 309 ± 7(4)a 404 ± 10(5)ab 518 ± 10(4)a 286 ± 30(21)ab 375 ± 6(3) ab
Planting legume 357 ± 7(4)a 288 ± 5(3)b 385 ± 14(7)ab 491 ± 4(2)b 258 ± 13(10)b 355 ± 3(1)c
Straw-legume 357 ± 7(4)a 290 ± 2(2)b 409 ± 11(5)ab 490 ± 7(3)b 262 ± 7(5)b 362 ± 2(1)bc
Average 363 ± 6C 297 ± 3D 399 ± 3B 512 ± 4A 288 ± 15D
LSD0.05 for treatment 33 12 34 19 44 15
LSD0.05 for year 17
Precipitation status of growing season Normal Dry Dry Normal Dry

F  Values of variance analysis
Year 305**

Treatment 6**

Year × Treatment 1

Data are given as the average of 4 replications. Different lowercase letters after the parenthesis in the same column and different upper case letters after the data in the same
r

b
d
a
b
n
n
2

4

4

s
t
i

ow  indicate significant differences among treatments at P < 0.05.
§ Average value ± standard error (coefficient of variation).

** P < 0.01.

y 16% in 2012–2013. For the straw retention, the grain yield was
ecreased by 8% in 2011–2012, and by 24% in 2012–2013, but not
ffected in other years. Planting legume decreased the grain yield
y 12% and 37% in 2009–2010 and 2012–2013, respectively, but did
ot significantly affect in other years. The straw-legume showed
o significant effects on the grain yield in any year except for the
012–2013, when it was decreased by 31%.

. Discussion

.1. Soil water storage and rainfall harvest
Soil water consumption by winter wheat during the growing
eason is mainly derived from the soil water storage at sowing due
o lower precipitation during the growing season. Hence, increas-
ng soil water storage at sowing is crucial for subsequent winter
wheat growth. In the present study, plastic mulch increased soil
water storage at sowing in most cases. Similarly, plastic mulch dur-
ing the winter and early spring fallow also increased soil water
storage at spring maize sowing in northwestern China (Fan et al.,
2005). Increasing rainfall harvest during fallow season is a crucial
approach to increase soil water storage at sowing. In a spring maize-
fallow cropping system, plastic mulch during the winter and early
spring fallow increased rainfall harvest in western China (Liu et al.,
2009). In the present study, the increased rainfall harvest by plastic
mulch mainly included three reasons. Firstly, residual plastic film
on the ridge soil can help the water from rainfall flow into the fur-

row, where the soil surface is covered with straw, and this can give
more time for the water to penetrate into the soil before being evap-
orated. Secondly, plastic film on the ridge soil and straw retention
on the furrow soil insulated the soil surface, constrained the water
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Table  7
Grain yield of winter wheat (kg ha−1) affected by different soil surface managements during summer fallow in five experimental years from 2008 to 2013.

Soil surface managements 2008–2009 2009–2010 2010–2011 2011–2012 2012–2013 Average

Control 3301 ± 162(10)b§ 3365 ± 203(12)ab 5070 ± 68(3)b 7639 ± 98(3) ab 3877 ± 205(11)a 4651 ± 111(5)b
Plastic  mulch 4741 ± 201(8)a 3646 ± 122(7) a 5751 ± 162(6)a 7278 ± 218(6)bc 3243 ± 80(5)b 4932 ± 105(4)a
Straw  retention 3342 ± 188(11)b 3145 ± 86(5)bc 5021 ± 50(2)b 7032 ± 239(7)c 2931 ± 181(12)bc 4294 ± 86(4)c
Planting legume 3342 ± 188(11)b 2973 ± 123(8)c 4958 ± 49(2)b 8086 ± 291(7)a 2448 ± 100(8)d 4361 ± 47(2)c
Straw-legume 3342 ± 188(11)b 3067 ± 197(13)bc 5190 ± 70(3)b 7712 ± 59(2)ab 2673 ± 58(4)cd 4397 ± 63(3)c
Average 3614 ± 184C 3239 ± 106D 5198 ± 36B 7549 ± 109A 3035 ± 73D
LSD0.05 for treatment 92 380 286 583 402 200
LSD0.05 for year 318

F Values of variance analysis
Year 713**

Treatment 14**

Year × Treatment 7**

Data are given as the average of 4 replications. Different lowercase letters after the parenthesis in the same column and different upper case letters after the data in the same
r
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ow  indicate significant differences among treatments at P < 0.05.
§ Average value ± standard error (coefficient of variation).

** P < 0.01.

xchange between the soil and air, and thus decreased soil water
oss by evaporation. Thirdly, the straw mulch can also improve the
oil properties and then soil water transmission by improving water
nfiltration, saturated hydraulic conductivity, and soil water sorp-
ivity (Blanco-Canqui and Lal, 2007), although its contribution may
e poor, since the field experiment is only five years old.

In the present study, straw retention also increased soil water
torage. As previously reported, wheat straw retention during the
ummer fallow increased soil water storage in the North China Plain
Su et al., 2007). Similar to the plastic mulch, increased soil water
torage by the straw retention was still owing to the increased
ainfall harvest, which was cause by the decreased soil water evap-
ration and improved soil properties. Importantly, increasing soil
ater storage and rainfall harvest by straw retention was  more

fficient in wet summers than in dry and normal summers. Similar
esult has been reported by Zhang et al. (2007). The reason for this
ay  be that more water can pass through the straw residual on the

oil surface and penetrate into the soil in wet summers.
In the present study, soil water storage was  reduced by the

lanting legume and straw-legume. Similarly, Aboudrare et al.
2006) in Morocco and Ward et al. (2012) in Australia showed
hat planting cover crops during the fallow season decreased the
oil water storage owing to the low rainfall. The viewpoint was
lso applicative in the present study. In addition, the reduced rain-
all harvest was another important reason. Similarly, Gabriel et al.
2012) also reported that planting barley during the fallow season
fter maize harvest reduced rainfall harvest. The reduced rainfall
arvest was explained by the extra soil water consumption from
ranspiration by legume growth; even though the plants were able
o shade the soil surface and decrease the soil water evaporation to
ome extent. The effect of straw-legume on conserving soil water
as better than that of planting legume, especially in wet sum-
ers. This indicates that additional straw retention combined with

lanting legume may  increase rainfall harvest and mitigate soil
ater loss by decreasing soil surface evaporation.

.2. Evapotranspiration

Although the plastic mulch and straw retention did not affect the
verage ET, they did increase the ET during the dry growing sea-
ons, especially in the plastic mulch. During the dry winter wheat
rowing season, plastic mulch in the experiment nearby (Chen
t al., 2015) and straw retention in the North China Plain (Su et al.,

007) increased the ET, owing to greater soil water storage before

ointing and little rainfall from jointing to maturity stage. In the
resent study, the increased ET was explained by the enhanced
lant growth owing to higher soil water storage at sowing, as
described by Li et al. (2004). The present work shows that planting
legume and straw-legume decreased the ET of winter wheat. Dur-
ing the summer fallow, planting bean in the Loess Plateau (Zhang
et al., 2007) and planting sunn hemp in southeastern US (Muñoz-
Carpena et al., 2008) decreased the ET of subsequent crop. Planting
legume and straw-legume decreased the ET can be explained by
the lowered soil water storage at sowing, which resulted in less
available soil water supply during the growing season, and thus
decreased water evaporation from the soil surface and limited the
transpiration of winter wheat.

4.3. Yield

In the present study, plastic mulch increased the grain yield in
most years. Similarly, owing to plastic mulch only during the grow-
ing season, maize grain yield was  increased by 20% in northwestern
China (Liu et al., 2010) and wheat grain yield was increased by
5% in Pakistan (Rehman et al., 2009). These grain yield increases
are lower than that in the present work from 2008 to 2010 (6%
and 21% respectively). This can be explained by the increased soil
water storage at sowing and then ET due to the extra plastic mulch
during summer fallow and growing season, as higher soil water
storage at sowing or ET is usually accompanied by higher grain
yield (Zhang et al., 2013). However, plastic mulch did not always
increase the grain yield. The year of 2011–2012 was  characterized
by plenty of summer rainfall and the highest growing season pre-
cipitation over the five years. In this year, whether or not plastic
mulch, water was no longer the limiting factor for winter wheat
production, hence plastic mulch did not affect the grain yield. Also,
the year of 2012–2013 exhibited not only lower summer rainfall
but also less precipitation during growing season, when the precip-
itation between the sowing and early grain-filling stage was very
lower, only 47 mm,  which was  70% lower than the long-term aver-
age (153 mm,  the 56-year average). The serious water stress during
this key growing stage should be the key reason for the deceased
yield by decreased heading, grain forming and filling under the
plastic mulch.

In the present study, straw retention reduced the grain yield,
and occurred in the latter two experimental years. Similarly, straw
retention also decreased spring barley yield due to higher pre-
cipitation and poor germination in Norway (Borresen, 1999). Our
previous study also indicated that grain yield of winter wheat
may  be decreased if N fertilizer application rate was less than

187 kg N ha−1 in northwestern China (Huang et al., 2015). In the
present study, the grain yield decrease by the straw retention can
be attributed to insufficient soil N supply (Li et al., 2014), owing
to the increased soil N bio-immobilization from continuous straw
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esidue incorporation and the lack of synchrony between release of
oil bio-immobilized N and crop demand for N during the growing
eason (Limon-Ortega et al., 2008).

Planting legume and straw-legume also reduced the grain yield,
nd mainly occurred in serious dry year of 2012–2013. In this year,
he summer and growing season precipitation was limited, and the
ecreased grain yield was able to be explained by the decreased
ainfall harvest, soil water storage, and then ET, a similar result was
eported by Roper et al. (2012). In addition, the precipitation dis-
ribution is also a key factor affecting the response of winter wheat
rain yield to planting legume and straw-legume. Grain yield was
ot affected during years when adequate rainfall occurred in the
ummer before winter wheat sowing. This indicates that adequate
ainfall in summer can mitigate the negative impacts on grain yield
aused by planting legume and straw-legume.

. Conclusion

The grain yield of winter wheat and soil water were significantly
ffected by soil surface managements. Compared with the control,
lastic mulch increased rainfall harvest during summer fallow and
oil water storage at sowing, even ET in dry growing season, and
hus increased the grain yield in most cases. However, plastic mulch
ad the risk of reducing grain yield in drier years or when extremely
ry situations occur in the early growing season. Although straw
etention also increased the rainfall harvest and soil water storage
n wet summers, even increased the ET in dry growing season, it
id not increase grain yield in all years. Planting legume and straw-

egume did not show any benefit for rainfall harvest, soil water
torage, ET, and grain yield. In conclusion, plastic mulch is a prefer-
ble measure for the increased soil water storage and grain yield in
ryland.
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