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Abstract Family farms in populated countries must produce
sufficient quantities of food to meet the ever-growing popula-
tion needs. It is unknown whether innovated farming systems
can alleviate this issue. Here, we carried out field experiments
in arid northwest China from 2009 to 2012 to determine the
response of water use, grain yield, and water use efficiency.
We integrated crop intensification via relay-planting and straw
mulching in the same system. Straw mulching included stub-
ble standing, straw covering, or straw incorporation to the soil.
Results show that wheat and maize relay-planting with straw
mulching increased yields by up to 153 % versus mono-
planting of maize and wheat. Straw covering approached the
highest yield. Relay-planting with stubble standing or straw
covering decreased water consumption by 4.6 %. The inte-
grated systems increased water use efficiency by up to 46 %
compared to conventional mono-planting maize and wheat.

Keywords Oasis region .Relay-planting .Soilwater storage .

Strawmulch .Water use efficiency

1 Introduction

In populated countries, such as China, India, and Indonesia, a
large part of the rural population lives on small-scaled, self-

sufficient family farms. Those farms are responsible for the
majority of the food production in their respective countries
(FAOSTAT 2014). To meet the goals of continuously produc-
ing sufficient quantities of food to satisfy the increasing needs
for food and fiber by the ever-growing population while opti-
mizing the use of the limited resources, the small-scale family
farms must adopt innovative farming systems that are more
productive, profitable, resource efficient, and environmentally
friendly (Garnett et al. 2013). However, in many rural com-
munities, the family farms are threatened by deterioration of
the natural resource base (Fergusson 2013), the competition of
available resources with other sectors or urbanization
(Poumanyvong et al. 2012), and the degradation of soil quality
due to unsustainable farming practices (Powlson et al. 2011).

An overwarming issue threatening agricultural sustainability
in some of the regions is water shortage. For example, in north-
western China, average freshwater availability is about 760 m3

per capita per year, a level that is 25% below the internationally
accepted threshold of water scarcity (Shalizi 2006). Annual
precipitation is between 50 and 150 mm, while annual evapo-
ration is between 2100 and 2400mm. Crop production is nearly
impossible without irrigation. In themajor grain producing areas
such as the Hexi Corridor of Gansu Province, surface water
available for agriculture has become severely shortaged (Chai
et al. 2014), while the depth of the underground water table has
declined significantly due to overexploitation of groundwater for
irrigation (Zhang 2007). The quantity of water available for ag-
riculture has been decreasing, and crop productivity is seriously
threatened with the current production systems.

Wheat (Triticum aestivum L.) and maize (Zea mays L.) are
the two main grain crops grown in arid northwestern China,
where the two crops are usually “relay-planted” together in an
intensified cropping system (Qin et al. 2013). Cool-season
spring wheat is planted in strips soon after spring thaw to
capture the early-part of the growing season, and then warm-
season maize is planted in alternate strips beside the wheat in
the same field to accompany the growing cool-season
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component. After wheat harvest, maize continues their growth
until freeze-up. This relay-planting system allows the produc-
tion of two crops within a single season in areas where one
crop after another has not been possible due to the limited
frost-free days. This intensive cropping system has been
shown to increase crop yields (Li et al. 2001), enhance natural
resource use efficiency (Fang et al. 2010), and provide greater
economic benefits (Zhang and Li 2003). In some cases, the
relay-planting system can double the grain yield of the corre-
sponding mono-planting crops (Qin et al. 2013), and signifi-
cantly improve land utilization rate (Mu et al. 2013). Howev-
er, this system has been shown to use a significantly great
amount of water during the growing season (Fan et al.
2008). A huge conflict exists between increased grain yield
by using relay-planting and reduced water availability for ag-
riculture. An important question is that can we develop an
integrated system that can continuously capture the features
of the crop intensification for high grain yield, while, at the
same time, optimizing or reducing the use of the limited water
resources. Therefore, we integrated together the following two
key components—(i) crop intensification via relay-planting
and (ii) water conservation through three straw mulching ap-
proaches in integrated systems. The objectives were to deter-
mine (i) the effect of integrated systems on crop yield and land
utilization efficiency, (ii) the water consumption characteris-
tics and water use efficiency of the integrated systems, and (iii)
the response of water use competition and compensation be-
tween relay-planting crops to different straw management
practice. Our central hypothesis was that there was a great
advantage to increase crop productivity while minimizing
crop water use with the integrated approach. The hypothesis
was tested using a 3-year field experiment conducted in an
oasis region of northwest China.

2 Materials and methods

Field experiments were conducted at theWuwei Experimental
Station (37° 96′ N, 102° 64′ E) of Gansu Agricultural Univer-
sity, in 2009–2012. The area, located in the eastern part of the
Hexi Corridor of northwestern China, is in a typical temperate
arid zone of continent, with average annual sunshine duration
higher than 2945 h, annual mean air temperature of 7.2 °C,
accumulated air temperature above 10 °C higher than
2985 °C, and the frost-free period is 155 days. Mean annual
precipitation is below 150 mm, and potential evaporation is
2400 mm. The soil at the experimental site is classified as a
desert soil, a kind of desert land filled with calcareous parti-
cles. During the three study years, the wheat growing season
(March–July) precipitation was 58.8 mm in 2010, 65.8 mm in
2011, and 40.5mm in 2012; the maize growing season (April–
September) precipitation was 94.7 mm in 2010, 179.1 mm in
2011, and 128.5 mm in 2012.

2.1 The design of the integrated systems

In this study, we integrated two key components together in
alternative cropping systems: (i) crop intensification with
wheat and maize relay-planting and (ii) water conservation
through various straw mulching approaches. The wheat and
maize relay-planting and the corresponding wheat and maize
mono-plantings were tested in four crop-straw mulching sys-
tems, forming a 2×4 factorial design with three replicates in a
total of 24 plots (2 cropping systems×4 straw mulching sys-
tems×3 replicates). Spring wheat (cv. Yong-liang 4, a popu-
larly grown cultivar) was planted on 20 March in 2010, 28
March in 2011, and 19 March in 2012; maize (cv. Wu-ke 2, a
popular-grown hybrid) was planted on 22 April, 17 April, and
20 April, respectively, in the 3 years. Each plot was 48 m2

(10 m×4.8 m) with a 0.5-mwide by 0.3-m high ridge between
two neighboring plots to eliminate potential movement of ir-
rigation water. Wheat and maize crops were alternated in sets
of 160 cm wide strips. Each wheat strip (80 cm wide)
consisted of 6 rows of wheat spaced at 12 cm between rows,
and the maize strip (80 cmwide) had two rows of maize plants
with 40 cm row spacing. Planting density was 6,750,000
plants per hectare for wheat and 82,500 plants per hectare
for maize. Urea (46-0-0 of N-P2O5-K2O) and diammonium
phosphate (18–46-0 of N-P2O5-K2O) were broadcast and in-
corporated into the top 30-cm soil layer with a shallow rotary
tillage prior to sowing. The N rates were 225 kg N ha−1for
mono-planting wheat and 360 kg N ha−1 for mono-planting
maize; P rates to the mono-planting wheat andmaize were 150
and 225 kg P2O5 ha

−1, respectively. For relay-planting, each
species received the same rate of fertilizers on a per land area
basis as the mono-planting crops, i.e., the N and P rates were
halved for each particular species because wheat and maize in
the wheat and maize relay-planting occupied one half of the
total land area as compared to the mono-planting crops. All N
and P were applied as base fertilizers for wheat. For maize,
30 % of N was applied at sowing, 60 % applied at jointing,
and the remaining 10 % at the grain-filling stage.

For water conservation treatments, four approaches were
examined: (i) no-till with straw standing, i.e., NTSS, where
no-till was combined with 25 cm height of wheat straw stand-
ing in the field after wheat conservation the previous fall; (ii)
no-till with straw covering, i.e., NTS, where no-till was com-
bined with wheat straw of 25 cm high that was chopped and
evenly spread on the soil surface at wheat conservation the
previous fall; (iii) tillage with straw incorporation, i.e., TIS,
where 25 cm high of wheat strawwas incorporated into the soil
through tillage at wheat conservation the previous fall; and (iv)
conventional tillage, i.e., CT, where conventional deep (30 cm)
plowing was applied to the plot with straw removed off the
field. These four treatments were applied to both mono-
planting and the wheat and maize relay-planting systems
(Table 1). Wheat strips were rotated with maize strips in
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alternate years (Table 1); this was designed to provide the crops
with an “intra-field strip rotation” to avoid potential weakness
or problems that may occur with continuous cultivation. Also,
the “intra-field strip rotation” may help balance soil nutrients
required by the two different crops in the alternate strips.

Due to low precipitation, irrigation was applied to the crops
according to the recommendations for optimizing crop produc-
tion in the local areas. All plots received an amount of 120 mm
of irrigation the previous winter just before soil freezing, and
then various irrigation quotas were applied at the different
growth stages the current year to satisfy the treatment require-
ments. A hydrant pipe system was used for the irrigation, and a
flow meter was installed at the discharging end of the pipe to
record the irrigation amounts entering each plot.

2.2 Data collection

2.2.1 Grain yield and land equivalent ratio

At full maturity, all plots were harvested by hand, and the
grains were air-dried, cleaned, and weighed for grain yield.
Land equivalent ratio (LER) was used to assess the yield

advantage of relay-planting as compared to mono-planting
crops. LER is defined as the total land area required by
mono-planting crops to produce the same quantity of grain
yield obtained in the relay-planting, as follows:

LER ¼ LERA þ LERB ¼ Y intA

YmonoA
þ Y intB

YmonoB
ð1Þ

where YintA and YintB are the yields of relay-planted crop A
and B, and YmonoA and YmonoB are the yields of corresponding
mono-planting crops A and B. LERA and LERB are the land
equivalent ratios of the relay-planted crop A and B. Avalue of
LER higher than1.0 indicates a yield advantage of relay-
planting over the corresponding mono-planting crops, and
vice versa (Willey 1979).

2.2.2 Soil water content

Soil water content (%) in each crop was measured at an interval
of 20 days during the entire growing season; therefore, it was
measured 2 points of wheat andmaize strips in the relay-planting
system, respectively, where the water content in the 0 to 10, 10 to
20, and 20 to 30 cm depths were measured using oven-drying
method, while a neutron probe (NMM503DR, CA, USA) was
used to measure soil water content in the 30 to 50, 50 to 80, and
80 to 110 cm depths. The probes were installed in wheat and
maize strips in the relay-planting plot, and between the two cen-
tral rows in the mono-planting plots. The average value of the
two strips was used for the relay-planting treatments. Soil water
content was also measured prior to and after each irrigation.

Soil water content standard curve was established by the
numerical was measured by the neutron probe: soil water con-
tent was measured in different soil layers by the neutron probe
and oven-drying method before sowing, after harvest, before
irrigation, and after irrigation, and then using the linear regres-
sion equation, get the relationship between the numerical of
the neutron probe and soil water content. Fitting curve equa-
tion as follows:

θ% ¼ 0:3308� R

R0
þ 0:0319

� �
� 100% R2 ¼ 0:9723

ð2Þ

where θ is the soil water content, R is the actual numerical was
measured by neutron probe, and R0 is the basic numerical of
neutron probe.

2.2.3 Soil evaporation

Micro-lysimeters were used to measure soil evaporation from
the inter-rows of crops, a method similar to that used by other
researchers (Plauborg 1995). All micro-lysimeters were

Table 1 The detailed description of treatments in 2010, 2011, and 2012

Treatment
abbreviationa

Tillage and straw
management on wheat

Inter-strips rotation

Mono-planting Year 1—year 2—year 3—
year 4

NTSS No-till with 25-cm
straw standing

Wheat—maize—wheat—
maize

NTS No-till with 25-cm
straw covering

Wheat—maize—wheat—
maize

TIS Tillage with 25-cm
straw incorporated

Wheat—maize—wheat—
maize

CT Conventional tillage Wheat—maize—wheat—
maize

Relay-planting

NTSS No-till with 25-cm
straw standing

Wheat—maize—wheat—
maize

Maize—wheat—maize—
wheat

NTS No-till with 25-cm
straw covering

Wheat—maize—wheat—
maize

Maize—wheat—maize—wheat

TIS Tillage with 25-cm
straw incorporated

Wheat—maize—wheat—
maize

Maize—wheat—maize—wheat

CT Conventional tillage Wheat—maize—wheat—
maize

Maize—wheat—maize—wheat

a The experiment in 2009 was to provide various wheat straw manage-
ment options for the treatments implemented in the following years. Sys-
tematic data measurement in 2010–2012
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constructed using polyvinyl chloride tubes with the length of
150 mm, internal diameter of 110 mm, and external diameter
of 115 mm. The base of the tubes was sealed with waterproof
tape. Micro-lysimeters were situated in the central rows of
wheat, maize, and between wheat and maize strips. Micro-
lysimeter was filled with soil and placed into a larger polyvi-
nyl chloride tube, internal diameter of 120 mm, which was
installed in the field position prior. Micro-lysimeters were
weighed at about 18:00 each day, and daily evaporation was
calculated from the weight loss of the micro-lysimeter. Weight
loss was recorded at the plot site using a portable balance that
weighed to ±0.2 g, and 1 g change was equivalent to
0.1053 mm of soil evaporation. The soil evaporation for a plot
was represented by the mean value of three lysimeters’
readings.

2.2.4 Evapotranspiration

Evapotranspiration (ET) was determined using the equation as
follows (Chai et al. 2014):

ET ¼ Pcþ Iþ U�R�DW �ΔS ð3Þ

where Pc is the effective precipitation (mm), determined by
the USDA soil conservation services method (Kuo et al.
2006), I the irrigation quota (mm), U the upward capillary
flow from the root zone (mm), R the runoff (mm), Dw the
downward drainage out the root zone (mm), and △S the
change of soil water stored in the 0–120 cm layer (mm). The
upward and downward flows were measured previously at a
nearby field, and these two items have been found to be neg-
ligible in this semiarid area. Runoff was also negligible due to
small rains, and irrigation was controlled by raised ridges be-
tween plots.

2.2.5 Water use efficiency

Water use efficiency (WUE) was calculated using the follow-
ing equation:

WUE ¼ Y=ET ð4Þ

where Y is the grain yield (kg ha−1), and ET is the total evapo-
transpiration over the whole growing season (mm), calculated
from Eq. (3) described above.

2.3 Statistical analysis

Data were analyzed using the mixed effect of the SPSS statis-
tical analysis software (SPSS software, 17.0, SPSS Inst. Ltd.,
USA) with the treatment as the fixed effect and replicate as

random effect. Due to significant year by treatment interac-
tions for most of the variables evaluated in the study, the
treatment effect was assessed separately for each year. All
statistical significances were declared at the probability level
of 0.05.

3 Results and discussions

3.1 Integrated systems boosted crop yields

Compared to mono-planting maize without straw mulching,
i.e., the control treatment, the integrated system of wheat and
maize relay-planting coupled with straw mulching increased
yield by 23 to 42 % compared to conventional mono-planting
maize, and increased by 130 to 153 % compared to conven-
tional mono-planting wheat. In particular, the relay-planting
with straw covering on the soil surface, the most productive
system, increased maize grain yield by 42% in 2010 and 38%
in 2012 (Table 2); similarly and more dramatically, the inte-
grated systems increased wheat grain yield by 153 % in 2011
compared to the mono-planting wheat.

Wheat and maize relay-planting produced significantly
higher grain yields than the mono-planting crops in each of
the 3 years (Table 2). In 2010, wheat and maize relay-planting
had an average yield of 15,407 kg ha−1 which was 21.5 %
greater than the mono-planting maize. In 2011, wheat and
maize relay-planting had an average yield of 15,566 kg ha−1

which was 135.5 % greater than the mono-planting wheat,
which was grown on maize stubble from the previous year.
Similarly, in 2012, wheat and maize relay-planting had an
average yield of 15,246 kg ha−1 which was 21.7 % greater
than the mono-planting maize. This level of yield increase
with relay-planting translated into an increased “land equiva-
lent ratio” of 1.51 to 1.63, meaning that the mono-planting
wheat would need 63 % additional farmland and the mono-
planting maize would need 51 % additional farmland in order
to produce the same quantity of grain yield as the wheat and
maize relay-planting.

A close examination of the two intercrops in their relative
contribution to the total yield revealed that the increased grain
yield with the relay-planting systems was attributable more to
the relay-planted maize and less to the relay-planted wheat.
The maize in the relay-planting occupied only 1/2 of the total
land area (80 cm of maize strip alternated with 80 cm of wheat
strip in each set of the 160 cmwide area), but the relay-planted
maize produced about 80 % of the grain yield of the mono-
planting maize in 2010 and 84 % in 2012.

For the second component of the integration systems, it
was consistent that straw mulching coupled with reduced till-
age increased grain yield significantly compared to the control
treatment in each of the 3 years (Table 2). Averaged across
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years, no-till with straw standing, with straw covering, and
tillage with straw incorporation to the soil increased grain
yield by 10.3, 12.9, and 5.8 %, respectively, compared to the
conventional control treatment when the crops were in the
mono-planting systems. Similarly, the three straw mulching
systems increased grain yield by 9.2, 12.0, and 5.6 %, respec-
tively, compared to the control in the relay-planting systems.
Among the three straw mulching treatments, the system with
reduced tillage coupled with straw covering on the soil surface
achieved the highest grain yield, regardless of the mono-
planting or relay-planting systems.

Numerous studies have shown that relay-planting has yield
advantages over their corresponding mono-plantings (Gao
et al. 1999; Li et al. 2001; Ansari and Rana 2012), but the
increased grain yield is typically at the expense of increased
water consumption. Little has been reported on how the yield
advantage can be captured in areas with annual evaporation
more than 20 times precipitation. Some studies show that
strawmulching can help increase crop establishment and grain
yield (Fan et al. 2013), but little is known about how this
technique may be effective in relay-planting systems. In the
present study, we integrated together the two key components,
relay-planting coupled with straw mulching, in alternative
systems, and we quantified the relative contribution of the

two components to the crop yield. The contribution to the
yield of the three relay-planting with straw mulching is com-
posed of two key components, including the relative contri-
bution of relay-planting and strawmulching. The relative con-
tribution of straw mulching is calculated by mono-planting
cropping with straw mulching compared to conventional till-
age without straw retention; while the remaining key compo-
nent of the increased yield was attributable to the relay-plant-
ing. Therefore, a close examination of the two key compo-
nents for each of the three integration systems in 2010 re-
vealed that for the system-A, about 86% of the increased yield
was attributable to the first component of the integration (i.e.,
relay-planting) and the remaining 14 % of the increased yield
was attributable to the second component (i.e., straw standing)
under relay-planting in combination with straw standing; for
the system-B, about 82 % of the increased yield was attribut-
able to relay-planting and the remaining 18 % of the increased
yield was attributable to straw covering on the soil surface
under relay-planting in combination with straw covering; for
the system-C, about 89 % of the increased yield was attribut-
able to relay-planting and the remaining 11 % was attributable
to straw incorporated into the soil under relay-planting in com-
bination with straw incorporation. In 2011 and 2012, the ef-
fects of the integrated systems on crop yields were similar to

Table 2 Grain yields of wheat andmaize in mono-planting andwheat andmaize relay-planting systems under different treatments at an oasis region, in
2010–2012

Treatment 2010 2011 2012

Wheat Maize Totala Pb Wheat Maize Total P Wheat Maize Total P
kg ha−1 % kg ha−1 % kg ha−1 %

Mono-planting

NTSS – 13,054 13,054 21.5 6700 – 6700 135.5 – 13,050 13,050 21.7

NTS – 13,470 13,470 6858 – 6858 – 13,247 13,247

TIS – 12,760 12,760 6496 – 6496 – 12,157 12,157

CT – 11,460 11,460 6383 – 6383 – 11,650 11,650

Relay-planting

NTSS 5326 10,518 15,844 5432 10,398 15,829 4991 10,621 15,611

NTS 5203 11,101 16,304 5193 10,972 16,165 4687 11,377 16,064

TIS 5355 9865 15,220 5199 10,369 15,568 4772 10,173 14,946

CT 5155 9107 14,261 4899 9806 14,703 4505 9857 14,362

P valuec 0.000 0.000 0.000 0.000 0.001 0.000 0.005 0.000 0.000

LSD (0.05) 307 404 309 370 436 133 397 325 214

The total yields of wheat and maize relay-planting coupled with straw covering on the soil surface is the highest; increasing effect on yield is very
significant compared to conventional mono-planting maize, conventional mono-planting wheat, and wheat and maize relay-planting without straw
retention

NTSS no-till with straw standing, NTS no-till with straw covering, TIS tillage with straw incorporation, CT conventional tillage without straw retention
a Total yields are the sum of the yields produced by the two component crop
b P is the abbreviation on the word “percentage”, percentage is the ratio on increasing of the average yields of relay-planting compared to the average
yield of mono-planting
c The p value and the LSD (0.05) were for all the treatments in the column
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those obtained in 2010; these two values were, respec-
tively, 95 and 5 % for the relay-planting in combination
with straw standing, 93 and 7 % for the relay-planting in
combination with straw covering, and 98 and 2 % for
the relay-planting in combination with straw incorpora-
tion. In 2012, these values were, respectively, 88 and
12 % for the relay-planting in combination with straw
standing, 86 and 14 % for the relay-planting in combi-
nation with straw covering, and 96 and 4 % for the
relay-planting in combination with straw incorporation.

Among the three mulching approaches, relay-planting
and straw covering on the soil surface achieved the
highest crop yields. The fact that over 80 % of the
increased yield was due to relay-planting and about
20 % due to straw mulching suggests that relay-
planting is more important to boosting crop yield in
areas with the growing season not long enough for two
crops per year, and that there is a great potential to
capture those features of relay-planting by improving
straw management (Fig. 1).

cc -- WWhheeaatt//mmaaiizzee wwiitthh ccoonnvveennttiioonnaall ttiillllaaggee

bb -- WWhheeaatt hhaarrvveesstt wwiitthh ssttrraaww ccoovveerriinngg

dd -- WWhheeaatt//mmaaiizzee wwiitthh ssttrraaww ssttaannddiinngg

aa -- WWhheeaatt hhaarrvveesstt wwiitthh ssttrraaww ssttaannddiinngg

x 

Fig. 1 Field layout of wheat and maize relay-planting with a strip of
80 cm of wheat (six rows) alternated with a strip of 80 cm of maize
(two rows) between wheat and maize strips (X) Different wheat straw
management approaches applied to the mono-planting or relay-planting
systems after wheat harvest with awheat straw standing in the field under

mono-planting, bwheat straw was chopped and evenly spread on the soil
surface, c wheat straw was removed out of the field under wheat and
maize relay-planting, and d wheat stubble standing in the wheat strips
in the wheat and maize relay-planting system
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3.2 Integrated systems improved soil water status

In each year, detailed measurements of soil water status and
crop water use were taken before sowing and during the wheat
and maize co-growth period (Table 3 and Fig. 2). In the wheat
and maize relay-planting, soil water status were also moni-
tored during the period wheat was growing while maize had
not been sown and during the period wheat had been harvest-
ed while maize was still growing (Fig. 1x). These monitoring
efforts allowed a detailed assessment of soil water changes at
the various plant growth stages and the potential water move-
ment between the wheat and maize strips.

3.2.1 Soil water content across the soil profile

Across the 0- to 110-cm soil profile, soil water content in-
creased with the soil depth for all the treatments evaluated in
the study (Fig. 2). At a given depth, soil water content in the
maize strips was significantly greater than that in the wheat
strips, with the largest differences between the two strips being
in the 0- to 30-cm depth. In this soil layer, maize strips had

5.5 % greater soil water content than the wheat strips in 2010
(Fig. 2x), 5.4 % greater in 2011 (Fig. 2y), and 6.9 % greater in
2012 (Fig. 2z). Below the 50-cm depth, maize strips had sim-
ilar soil water contents as the wheat strips, with no statistical
differences, in any of the study years.

Compared to conventional tillage without straw mulching,
straw mulching with reduced tillage increased the wheat strip
water content in the 0 to 30 cm depth by an average of 2.2 % in
2010 (Fig. 2a), 2.0 % in 2011 (Fig. 2b), and 2.4 % in 2012
(Fig. 2c), and it increased maize strip water content by 8.4, 3.0,
and 5.0 %, respectively, in the 3 years (Fig. 2d–f). Among the
mulching approaches, reduced tillage and straw covering on the
soil surface achieved the highest soil water content. From 80 to
110 cm soil depth, straw mulching with reduced tillage in-
creased soil water content by an average of 4.2 % in wheat
strips in 2010, 6.7 % in 2011, and 9.0 % in 2012; the straw
mulching also increased the water content in the maize strips by
5.0% in 2010 and 3.9% in 2011. These results indicate that soil
water difference is mainly reflected in the topsoil layer, with
straw covering on the soil surface having an overwhelmingly
positive effect on water status in the soil profile.
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Fig. 2 Soil water content in the 0
to 110 cm depth measured in the
wheat and maize strips under
different straw mulching
approaches. x, y, and z represents
soil water content of wheat and
maize strips by relay-planting in
2010, 2011, and 2012,
respectively. a, b, and c represents
soil water content of wheat strips
under different relay-planting
treatments, respectively.
Similarly, d, e, and f represent soil
water content of maize strips. The
numbers on the very right are
LSD values between the
treatments at the given soil depth
(P≤0.05). NS no significant
differences,NTS no-till with straw
covering, TIS tillage with straw
incorporation, CT conventional
tillage without straw retention.
Soil water content in maize strips
up to 30 cm depth is higher than
that of wheat strips in x–z, straw
mulching with reduced tillage
increased soil water content in
wheat and maize strips up to
30 cm depth in a–c and d–f
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3.2.2 Soil water movement and competition

We hypothesized that there was competition for soil water in
the root zones between wheat and maize in the alternate strips
in the relay-planting system. To quantify this effect, we mon-
itored water status in each strip during the entire growing
season, including the co-growth period and the period pre-
sowing of maize and post-harvest of wheat crops (Fig. 1x).
Soil water movement potential between the two strips was
expressed by the differences between high water strip and
low water strip in the relay-planting as compared to the corre-
sponding mono-planting plots (Table 3). In 2010, soil water
moved from the maize strip to the wheat strip during their co-
growth period by an average of 12.1, 15.3, 14.1, and 6.5 mm
in the no-till with straw standing, with straw covering, tillage
with straw incorporation, and the control treatments, respec-
tively; similarly, in 2011, water movements were 22.3, 23.2,
15.1, and 10.3 mm, respectively; and in 2012, water move-
ments were 14.8, 24.6, 13.7, and 12.1 mm, respectively.

“Water competition” is a term used to quantify how much
water one component crop may compete with the other com-
ponent crop when they are grown in alternate strips as com-
pared to the corresponding mono-planting crops (Table 3).
During the co-growth period in 2010, wheat strips competed
for soil water from the neighboringmaize strips at the amounts
of 18.7 to 29.8 mm varying among wheat and maize relay-
planting treatments. The amounts of water in competition be-
tween the two strips accounted for about 60 to 75 % of the
maximum water movement potential from the maize strip to
the wheat strip among wheat and maize relay-planting treat-
ments. In 2011 and 2012, the similar trends of water compe-
tition effects were observed as those in 2010. The water com-
petition between wheat strip and the maize strip represented
23 to 69 % of the maximum water movement potential in
2011, and 26 to 57 % in 2012. Among the straw mulching
treatments, wheat and maize relay-planting under straw cov-
ering on the soil surface gave rise to the highest amount of soil
water that was moved to the wheat strip from the maize strip,
with the wheat strip having the lowest intendance of compe-
tition for soil water. Here, we show that the integrated system
of wheat and maize relay-planting coupled with straw cover-
ing on the soil surface can significantly reduce soil water
losses from the wheat strips and lowering the competition
intendance from the neighboring maize strips during their
co-growth period.

After wheat harvest (late July to early August), soil water in
the wheat strips largely evaporated because no crop was
grown, but it was partly used by the maize plants actively
growing in the neighboring strips; this was supported by the
fact that soil water content in the wheat strips was 58 % lower
compared to mono-planting wheat plots in 2011 (16.4 vs.
39.5 mm: average soil water content of relay-planting vs.
mono-planting after wheat harvest), 46 % lower in 2011

(18.7 vs. 34.2 mm), and 56 % lower in 2012 (13.2 vs.
29.1 mm) (Table 3). This phenomenon of water movement
from wheat strips to maize strips after wheat harvest was con-
sistent across all the treatments; this movement compensated
water requirement by the growing maize plants. In 2010, soil
water compensated to the maize strips from the wheat strips
accounted for 62, 65, 58, and 45 % of the maximum water
competition potential, respectively, for the maize plants in the
no-till with straw standing, with straw covering, tillage with
straw incorporation, and the control systems. In 2011, the
corresponding values were 45, 53, 45, and 42%, respectively;
and in 2012, the corresponding values were 47, 75, 67, and
35 %, respectively. Among the straw mulching treatments,
wheat and maize relay-planting under straw covering
allowed the highest amount of the left, unused water to be
moved from the wheat strips to the maize strips, and the
control the lowest. Here, we show that no-till with straw
covering on the soil surface reduces soil water competition
and maintains water balance between wheat strips and
maize strips in the relay-planting system. Straw mulch has
been shown to prevent soil evaporation in relay-planting
systems when the earlier-planted component crop is har-
vested (Wang et al. 2004). Furthermore, straw mulching
has been shown to decrease the depth of crop rooting in
some cases, leading to reduced root interaction and compe-
tition between the two relay-planted crops during their co-
growth period (Liu et al. 2014).

3.3 Integrated systems reduced crop water consumption
and enhanced crop water use efficiency

At plant maturity, soil moisture in the wheat and maize relay-
planting combined with straw covering on the soil surface was
13.9, 20.7, and 10.4 % greater compared to the control in
2010, 2011, and 2012, respectively (data not presented). The
increased soil moisture was largely because straw covering on
the soil surface decreased soil evaporation under the limited
water condition. In 2010, total water consumption (in mm) for
the wheat and maize relay-planting combined with straw cov-
ering on the soil surface was 4.6 % lower compared to the
control. In 2011, total water consumption for the wheat and
maize relay-planting combined with straw standing or straw
covering on the soil surface was 2.5 and 4.5 % lower; and in
2012, they were 2.7 and 3.6 % lower. Averaged over the
3 years, the wheat and maize relay-planting combined with
straw standing or covering reduced soil evaporation by 7.5
and 8.9 % compared to the control. Straw mulching has been
proven to be one of the most effective water conservation
practices in maintaining soil moisture, reducing water evapo-
ration, and decreasing water consumption (Cantero-Martınez
et al. 2003; Blaise et al. 2005). Usually, straw mulching can
slow down air convection on the soil surface and thus decreas-
ing the evaporation of soil moisture (Kang and Zhang 2004).
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In some cases, straw mulching forms a barrier against evapo-
ration, helping in maintaining water stored in the rooting zone
(Lichter et al. 2008).

An integration of improved farming practices can signifi-
cantly increase water use efficiency in crop production (Gan
et al. 2014). Reduced evaporation from soils and increased
soil water available to the crops are among the approaches
with which water use efficiency can be improved in the rain-
fed farming systems (Cooper and Gregory 1987; Huang et al.
2008; Zhang et al. 2007; Gan et al. 2013). In the present study,
we found that the wheat and maize relay-planting significantly
improved water use efficiency compared to the corresponding
mono-planting systems. The integrated system increased wa-
ter use efficiency by 11 to 33 % compared to the conventional
mono-planting maize and increased by 37 to 46 % compared
to the conventional mono-planting wheat. In particular, the
integrated system of wheat and maize relay-planting com-
bined with straw covering on the soil surface increased water
use efficiency by 33% in 2010 and 22% in 2012 compared to
the mono-planting maize under the control treatment. More
dramatically, the integrated system increased water use effi-
ciency by 46% in 2011 compared to the mono-planting wheat
under the control treatment.

A close examination of the two key components of
each of the three straw mulching systems revealed that
for system-A, about 89 % of the improved water use ef-
ficiency in 2010 was attributable to the first component of
the integration (i.e., relay-planting) and the remaining
11 % of the improved water use efficiency was attribut-
able to the second component (i.e., straw standing) under
relay-planting combined with straw standing; for system-
B, about 85 % of the improved water use efficiency in
2010 was attributable to relay-planting and the remaining
15 % of the improved water use efficiency was attribut-
able to straw covering on the soil surface under relay-
planting combined with straw covering; for system-C,
about 87 % of the improved water use efficiency in
2010 was attributable to relay-planting and the remaining
13 % of the improved water use efficiency was attribut-
able to straw incorporated into the soil under relay-
planting combined with straw incorporation; in 2011, the-
se two values were, respectively, 92 and 8 % of relay-
planting combined with straw standing, 87 and 13 % of
relay-planting combined with straw covering, 98 and 2 %
of relay-planting combined with straw incorporation; in
2012, these respective values were 87 and 13 % of
relay-planting combined with straw standing, 84 and
16 % of relay-planting combined with straw covering,
and 95 and 5 % of relay-planting combined with straw
incorporation. Among the three mulching approaches,
relay-planting and straw covering on the soil surface
achieved the highest relative contribution rate on water
use efficiency of the straw mulching systems.

4 Conclusions

The integrated systems of wheat and maize relay-planting
combined with straw mulching can decrease soil evaporation,
reduce water consumption, and increase crop yield and water
use efficiency significantly, compared to conventional mono-
planting wheat and maize. Wheat and maize relay-planting
coupled with straw covering on the soil surface was most
significant, which decreased water consumption by 3.6 to
4.6 % compared to conventional relay-planting system during
the 3 years; increased grain yield by 38 to 42 % compared to
conventional mono-planting maize and by 153% compared to
conventional mono-planting wheat; and increased water use
efficiency by 22 to 33 % compared to conventional mono-
planting maize and by 46 % compared to conventional
mono-planting wheat. During the wheat and maize co-
growth period, wheat strips competed for soil water from the
neighboring maize strips under wheat and maize relay-plant-
ing. After relay-planting wheat harvest, maize plants extracted
soil water from wheat strip, which compensated water com-
petition between wheat and maize strips. The 3 years of field
study showed consistent results that the integrated systemwith
crop intensification coupled with straw covering on the soil
surface can serve a proven, effective water conservation tech-
nique for increasing crop yield, while improving water use
efficiency in arid irrigation areas. We acknowledge that this
study was conducted for 3 years only. Although the results
were consistent between the study years, more site-years of
experimentation may be required in order to validate the suit-
ability of this model to different environmental conditions.
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