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ABSTRACT

In arid and populated areas or countries, water shortage and heavy carbon emissions are threatening
agricultural sustainability with food security severely, and becoming a major issue. It is unclear whether
improved farming systems can be developed to tackle those issues through a sustainable agriculture.
Here three farming practices that have proven to be essential and successful, which were: (a) crop inten-
sification through strip intercropping, (b) water harvesting through conservation tillage; and (c) carbon
sequestration through improved crop residue management options, were integrated in one cropping
system. We hypothesize that the integrated system allows the increase of crop yields with improved
water use efficiency, while reducing carbon emissions from farming. The hypothesis was tested in field
experiments at Hexi Corridor (37°96'N, 102°64’E) in northwest China. We found that the integrated
system increased soil moisture (mm) by 7.4% before sowing, 10.3% during the wheat-maize co-growth
period, 8.3% after wheat harvest, and 9.2% after maize harvest, compared to the conventional sole crop-
ping systems. The wheat/maize intercrops increased net primary production by 68% and net ecosystem
production by 72%; and when combined with straw mulching on the soil surface, it decreased carbon
emissions by 16%, compared to the monoculture maize without mulch. The wheat/maize intercrops used
more water but increased grain yields by 142% over the monoculture wheat and by 23% over the monocul-
ture maize, thus, enhancing water use efficiency by an average of 26%. We conclude that integrating strip
intercropping, conservation tillage as well as straw mulching in one cropping system can significantly
boost crop yields, improve the use efficiency of the limited water resources in arid areas, while, lowering
the carbon emissions from farming. The integrated system may be considered in the development of
strategies for alleviating food security issues currently experienced in the environment-damaged and
water-shortage areas.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

soil degradation (Snyder et al., 2009), rapid decline of soil fertility,
and large amounts of greenhouse gas emissions (West et al., 2010).

Ever-growing human population on the planet requires the con-
tinuous supplies of sufficient quantity of grains to meet the needs
for food, feed, and fuel (Godfray et al., 2010). This has been a real
challenge in highly-populated countries such as China and India
(Tilman et al., 2011). Yet, in those developing nations, crop cultiva-
tion typically uses suboptimal farming practices that cause serious
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An added challenge in the arid and semiarid areas is water short-
age, which threatens agricultural sustainability (Wani et al., 2008).
Atypical example is northwestern China, where average freshwater
availability is about 760 m3 per capita per year, a level 25% below
the internationally-accepted threshold of water scarcity (Shalizi,
2006). Annual precipitation is between 50 mm and 150 mm, while
annual evaporation is greater than 2400 mm. The quantity of fresh-
water available for agriculture has been declining in recent years
(Brown and Halweil, 1998). Rapid-growing urbanization creates
much competition for limited freshwater resources between agri-
culture and other industries (Kendy et al., 2007). Furthermore,
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high-input farming systems typical in the populated areas (Garnett
etal,2013; Lietal., 2010) have been shown to increase production
costs (Garnett et al., 2013) with negative climatic consequences
(Challinor et al., 2014), as higher cropping inputs (such as inor-
ganic fertilizers, pesticides) generate more greenhouse gases (Brock
et al,, 2012; Burney et al., 2010; Li et al., 2010). Therefore, strate-
gies are urgently needed in order to meet the goals of increasing
crop productivity with the limited water availability, while reduc-
ing carbon emissions from farming. An important question is—can
we develop an improved farming system that can address those
issues simultaneously, and to achieve a sustainable agriculture in
those highly-populated, resource-limited areas.

Intensified intercropping system, a practice that has been used
in many parts of the world for increasing crop productivity (Chai
et al., 2013), or closing yield gaps between current yield lev-
els and their potentials (Mueller et al., 2012). Predominantly, it
is due to the yield advantages over monoculture systems: (a)
improved light interception by crop canopy (Munz et al., 2014;
Yang et al., 2014), (b) reduced disease pressure in some crop
species (Fernandez-Aparicio et al., 2010; Qin et al., 2013b), and (c)
enhanced supplementary effects of the inter-species during their
co-growth period (Chai et al., 2013). Also, intensified systems have
been recognized as a key farming strategy for reducing the carbon
footprint of crop production (Gan et al., 2014; Qin et al., 2013a).
However, traditional intercropping with minor improvements has
stroked its main difficulties in the practical translation to modern
farming and logistics especially in recent years. Even with such a
vital problem, intercropping plays an important role in producing
sufficient food and high-efficient use of resources in developing
countries (Fan et al., 2012). Therefore, major approaches, such as
conservation agriculture principles, should be employed in the sys-
tem in order to adapt the modern mechanized farming.

Reduced tillage or no-till has been increasingly used worldwide
due to their environmental advantages and lower labour inputs
(Kirkegaard et al., 2014a) over traditional systems. Most studies
have declared that no-till decreases soil disturbance (Alletto et al.,
2010) along with inhabitation of soil microbial community func-
tionalities (Bainard et al., 2014), and lowers CO, emission from
the soil (Boeckx et al., 2011). Nevertheless, others demonstrated
no significant differences between no-till and conventional tillage
(Elder and Lal,2008), and even opposite (Hendrix et al., 1988). Some
recent reports also addressed faithful question on the potential of
no-till in reducing greenhouse gas emissions and C-sequestration
(Kirkegaard etal.,2014a). The incorporation of suitable crop residue
management practices to no-till would be somewhat valid solu-
tion to sustain lesser CO, emission (Fuentes et al., 2011), and in
some cases increase C-sequestration (Alletto et al., 2010). A com-
bination of crop residue retention with no-till will also increase
the water infiltration (Elliott and Efetha, 1999; Kirkegaard et al.,
2014b), reduce water loss by restraining evaporation (Govaerts
etal., 2006),and improve crop water use efficiency (Fanetal.,2012).

Crop residue retained on the soil surface will minimize the time
that the soil is bare and exposed to wind, rainfall and runoff (Palm
et al., 2014). Thus will simply forms a barrier that help reduce the
reaction between atmosphere and surface soil, therefore, result in
restraining soil evaporation (Lichter et al., 2008) and sequestering
greenhouse gas emissions (Patifio-Zuiiiga et al., 2009). In arid and
semiarid areas, less soil evaporation often means increased crop
productivity (Kumar and Goh, 2002). In terms of soil C storage, most
studies confirmed that crop residue returned back to fields helps
sequester more carbon (Ghimire et al., 2012; Alletto et al., 2010),
and improve soil quality (Elliott and Efetha, 1999). While others
proved that there had little or no relevance between residue input
and soil C concentration (Paul et al., 2013). The divergence results
on increasing soil C mainly depends on whether the returned
residue is sufficient or not (Palm et al., 2014). However, more crop

residue input to soil, in another side, may led to more CO, emis-
sion when soil organic matter decomposition occurs. Therefore, it is
paramount to understand and address these contradictions in order
to employ conservation agriculture principles wisely and maintain
productivity while protecting the resource base (Kirkegaard et al.,
2014a).

With above concerns in mind, we tried to tackle these issues
through establishing a new farming system approach, where three
key components, i.e. intercropping, conservation tillage and stubble
retention were integrated together. Although conservation tillage
has been a well-known practice for decades, most of the published
studies are concentrated on monoculture crops and little attention
has been paid to intercropping. To which, comprehensive cropping
managements are required, and adoption of conservation tillage in
intercropping systems has not been easy. There still lack of theoret-
ical and practical basis on yield response, environment impact (e.g.
CO, emission), and resources use status of such an integrated sys-
tem. The improved practices we evaluated in the present study may
begin to fill this gap. We hypothesize that integrating of the three
key farming practices in a well-designed alternative cropping sys-
tem can allow the increase of crop yield and improvement of water
use efficiency, while, at the same time, reducing carbon emissions
from farming. An ideal location to test this hypothesis is the Hexi
Corridor of northwest China, a typical Oasis agricultural region,
with annual evaporation more than 2400 mm and annual precipi-
tation less than 150 mm (Chai et al., 2013). We further hypothesize
that if the integrated system works well at this extremely stressful
site, this system-approach model could be employed in the other
arid and semiarid regions of the world. In testing the hypothesis,
we determined (i) soil moisture conservation responses under this
integrated system, (ii) the balances of soil evaporation and crop
water use, and (iii) CO, efflux, carbon emissions and carbon seques-
tration under different components of this system.

2. Materials and methods

The experiment was carried out at the Gansu Agricultural
University Research Station, in Wuwei (37°96’N, 102°64'E, and
1506 m a.s.l). Located in the eastern part of the Hexi Corridor of
northwestern China, this station is at the temperate arid zone
in the hinterland of the Eurasia Continent. The soil was classi-
fied as an Aridisol (FAO/UNESCO, 1988) with soil bulk density in
the 0-110cm soil depth averaging 1.40 gcm—3. For various soil
layer (i.e. 0-20, 20-40, 40-70, 70-100 cm), wilting point ranges
from 6.7 to 11.4% by weight, and field capacity from 22.2 to
27.8% (Chen et al., 2014). Total nitrogen (N), phosphorous (P) and
organic matter in the top (0-60 cm) soil are 0.78 gkg !, 1.14gkg !
and 14.3 gkg !, respectively. Long term (1960-2009) solar radia-
tion is 6000 MJ m~2, annual sunshine duration is >2945 h, annual
mean temperature is 7.2 °C with accumulated temperature above
0°C>3513°C and above 10°C>2985°C, and the frost-free period
155 days. Mean annual precipitation is rarely greater than 150 mm,
occurring mainly in June to September, and potential evaporation
is higher than 2400 mm.

2.1. The system design and plot management

The experiment was conducted with a randomized, complete
block design and with three replicates. A preparatory experiment
was conducted in 2010 to create proper stubble fields; this was to
provide plot bases for the implementation of various treatments in
the following years. In 2011 and 2012, wheat-maize intercropping
was planted in strips with six rows of wheat (12-cm row space)
alternated with two rows of maize (40-cm inter-row) in the set of
80:80 cm strips (Fig. 1). Four tillage and stubble retention patterns



F. Hu et al. / Europ. J. Agronomy 74 (2016) 9-17 11

Preparatory experiment

1st year experiment

2nd year experiment

ropevle 4 N Jcr |
cT N
_ | N
_ _ RTS I R
_ | C
Mar-20 July-20 Sept-30 Mar-20 Sept-30 Mar-20 Sept-30
1V Apr20 3 £
Growing season | | Fallow Il Growing season | | Fallow || Growing season
i | : 1 o
Agronomic| | ; | Tillage Irrigation Tillage Irrigation
processes| |, | : : Stubble retention| Fertilization Stubble retention Fertilization
i : i Irrigation Irrigation
Growing period : % ofervihinsk i i Precipitation Precipitation
of each = Sl whes : : Soil moisture Soil moisture
planting pattern| |, i- Sole maize i SO!I evap.ora.tion Soil evaporation
and| || * ' Soil respiration Soil respiration
indicator| || Wheat-maize intercropping | Grain yield and dry matter Grain yield and dry matter
measurement Plant biomass C Plant biomass C

Fig. 1. Yearly calendar diagram which sets out the annual cycle of wheat and maize with the illustration of particular agronomic processes, growing period and indicator
measurement in a 3 years experiment at Wuwei experimental station, northwestern China, in 2010-2012.

were implemented: (a) no-till with 25 cm wheat stubble standing
in the field (NTS, stubble standing), (b) no-till with 25 cm height of
wheat stubble chopped and spread evenly on the soil surface (NTM,
stubble mulching), (¢) reduced tillage with 25 cm height of stub-
ble was incorporated into the soil (RTS, stubble incorporated), and
(d) conventional tillage (CT, tillage without stubble retention as the
control). We applied four tillage and stubble management in mono-
culture treatments as inter-annual arrangement where sole wheat
applied them in 2011, while sole maize applied in 2012 (Fig. 1). In
the control treatment, crop straw was removed to mimic the local
agricultural systems with crop straw transported to households for
feeding and heating use. Also, a tillage operation (30 cm deep) the
previous fall was used for weed control (applied in CT and RTS)
and a pre-seeding rotary tillage (10 cm deep) was used for seedbed
preparation (in no-till plots). The different tillage and stubble reten-
tion patterns were applied to the wheat strips of the wheat/maize
intercropping the previous fall. In all treatments, maize stalks were
removed out of the fields for animal feeding. In the 2nd year experi-
ment, sole (or monoculture) maize and sole wheat were alternated
among years (i.e. the plots grown with sole maize the previous year
were planted with sole wheat the current year, and vice versa).
Similarly, in the wheat-maize intercropping, the maize strips the
previous year were planted with wheat the current year, and vice
versa. These inter-strip rotations were designed for maximizing
the intercropping benefits and minimizing monoculture disadvan-
tages.

Supplemental irrigation was applied due to low precipitation
at the testing areas (less than 150 mm annually). We employed the
irrigation schedule as local farmers. All plots received an amount of
120 mm of irrigation the previous fall just before soil freezing, and
then required irrigation quotas were applied to the crops during
the growing season (Table 1). A hydrant pipe system was used for
irrigation, and a flow meter was installed at the discharging end
of the pipe to measure and record the irrigation amounts entering
each plot.

Spring wheat (cv. Yong-liang 4) and maize (cv. Wu-ke 2) were
relay planted in 2011 and 2012 (Table 1). Each plot was 48 m?2
(4.8 m x 10m) in size with a 40 cm wide by 30 cm high ridge plus a
30-40 cm width walkway beside the ridges were built between two
neighboring plots to eliminate potential water movement. Maize
strips were mulched with plastic films at seeding, an innovative
technology for boosting maize productivity in arid environments

(Gan et al., 2013). Planting density was 6750,000 plantsha~! for
wheat and 82,500 plantsha~! for maize, the same densities used
for the intercropped crops and the monoculture crops. Urea (46-0-0
of N-P,05-K,0) and diammonium phosphate (18-46-0 of N-P,05-
K,0) were broadcast and then incorporated to the soil prior to
seeding. Sole wheat received 225kgNha~! and 66kg P,0s5 ha~!;
sole maize at 360 kgNha~! and 158 kg P,0Os ha~!. The two inter-
crops each received the same rate of fertilizers as the sole crops
on a per hectare basis, i.e., the N and P rates were halved for each
intercrop because each species in the intercropping occupied1/2 of
the total land areas (Table 1). All N and P were applied as base fer-
tilizers to wheat, while maize received 30% of N as base fertilizer at
sowing, 60% at jointing, and the remaining 10% at grain filling. For
the last two N applications, a 3-cmn diameter hole (10-cm deep) was
made 4-5 cm away from the maize stem, and fertilizer was applied
into the hole, and the hole was compacted with soil.

2.2. Measurement and calculation

2.2.1. Soil evaporation (E) and soil water content

Micro-lysimeters were used to measure soil evaporation from
the inter-rows of crops. All micro-lysimeters were constructed
using polyvinyl chloride (PVC) tube with the length of 150 mm and,
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 strips and
maize strips in intercropping and in the center of each monocul-
ture plot. The lysimeters were filled with soil and placed in a larger
(internal diameter 120 mm) PVC tube which was installed in the
field position prior. Micro-lysimeters were weighed at 18:00 each
day, and daily evaporation was calculated from the weight loss
of the micro-lysimeters that was recorded using a portable bal-
ance weighing to +0.2 g (1 g change was equivalent to 0.1053 mm
soil evaporation). In each measurement, the soil evaporation value
for a plot was represented by the mean value of three lysimeters’
readings. In each cropping pattern, only in-growing-season (from
sowing to harvesting) evaporation was measured.

Soil water content was measured at 20 days interval by using
oven-drying method for the top 0-10-cm, 10-20-cm, and 20-30-
cm soil layers, whereas a neutron probe (NMM503DR, USA) was
used to measure soil water content from 30 to 120cm depth by
30 cm increments. The probes were installed in the center of wheat
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Table 1

Sowing and harvesting dates, fallow water supply, in growing season rainfall, irrigation quota, fertilization status, and rooting depth in sole and intercropping systems at

Wuwei experimental station, northwestern China, 2011-2012.

Item Year Cropping pattern Wheat Maize
Sowing 2011 Sole or intercrops 28-March 17-April
2012 19-March 20-April
Harvesting 2011 22-July 29-September
2012 18-July 30-September
Fallow water supply (rainfall +irrigation) 2010 Sole or intercrops 25+120°
2011 18+120
In growing season rainfall? (mm) 2011 Sole 65.8 179.1
Intercrops 200.6¢
2012 Sole 40.5 128.5
Intercrops 146.9
Irrigation quota (mm) 2011-2012 Sole 240 400
Intercrops 480
N fertilizer (kgNha=!) 2011-2012 Sole 225 360
Intercrops 112.5 180
P fertilizer (kg P;0s ha') 2011-2012 Sole 66 158
Intercrops 33 79
Rooting depth (cm) 2011-2012 Sole 90-100 108-114
Intercrops 95-100 105-110

2 In growing season rainfall of intercropping was measured from wheat sowing to maize harvest.

b All plots received the same amount of water supply.

¢ Data in bold type represents the rainfall or irrigation amount for the intercropping system.

strips and maize strips for intercropping plots (the averaged value
of two intercropped strips was used for an intercropping plot),
whereas the probes installed in the central rows of each plot were
used for monocultures. Apart from the regular measurements, soil
water content was also measured before and after each irrigation.

2.2.2. Evapotranspiration (ET)
The evapotranspiration (ET) (mm) was determined using water
balance method (Yang et al., 2011):

ET =P + 1+ WS — WS, (1)

where P is the effective precipitation (mm), determined by USDA
soil conservation services method, I the irrigation quota (mm), WSs
and WSy, are soil water storage (mm) at the 0-120 cm depth before
sowing and after harvesting. Ground water table depth is consis-
tently below 14-18 m, and upward and downward flow was also
negligible at the experimental site (Yang et al., 2011). Runoff was
negligible due to small rains, and irrigation was controlled by raised
ridges and walkway (with total width of 70-80cm separation)
between plots.

2.2.3. Soil respiration and carbon emission

CO, efflux was measured with a CFX-2 system (Soil CO, Flux
System, CFX-2, PP System Hitchin, UK) connected with a propri-
etary respiration chamber. At each measurement, all crop residues
and other litters on the soil surface were carefully removed. At 12 h
before CO, readings, a hole with diameter the same as the respira-
tion chamber size was made on the plastic film of the maize strips
(which was applied prior to seeding); this was to release the stored
CO, efflux from the plastic-covered soil. The chamber, with a sharp
edging point at the bottom, was placed on the soil surface and then
pushed to the depth of 2 cm. Measurements were made at three
spots randomly selected in each plot, 5 readings were recorded for
each spots within 3 min., and the average value of the 15 read-
ings (5 readings at each spot x 3 spots) was used for each plot. For
intercropping, measurements were taken from each strip and the
averages of the two strips were used for each plot. The diurnal soil
respiration was measured at 2 h interval from 8:00 am to 8:00 pm
on the selected dates, started from 21 April in 2011 and 22 April in
2012, and completed by the end of September in each year.

Carbon emission (kgha~1) was estimated based on soil respi-
ration (g CO, m~2h~1) using the following equation described by
Zhai et al. (2011):

Rs(i+1)+Rsi . 12
CE:Z[f[t(H—l)—a]xﬂ]><24><10 (2)

where Rs was soil respiration (g CO, m~2 h~1) measured at 20 days
interval during the growing season and post-harvest period, i+ 1
andiwere the previous and the current sampling date, respectively,
t was days after sowing.

2.2.4. Carbon sequestration

Net ecosystem production (NEP) represents the C flux from the
atmosphere to the soil-plant system, and was calculated as follows
(Igbal et al., 2009):

NEP = GPP — Ra — Rs (3)

NPP = GPP — Ra — Rr (4)
Combining Eqgs. (3) and (4):

NEP = NPP + Rr — Rs (5)

where NPP is the net primary productivity; GPP is the gross primary
productivity; Ra is the above ground respiration of the plants; Rs is
the soil respiration; Rr is the root respiration of the plants. By using
Eq.(5), Cflux from the atmosphere to the soil-plant system was cal-
culated by measuring the NPP, Rr and Rs . The NPP of the wheat and
maize was estimated by the equation: C(kg)=0.446 x DW(kg) — 67,
as documented by Osaki et al. (1992). The Rr was estimated using
the equation: RC=—0.66+0.16In (Rs), RZ =0.38, P<0.001, where RC
means the annual relative contribution of Rr to Rs (Bond-Lamberty
etal., 2004).Carbon sequestration capacity was calculated by taking
the difference between NEP and the amount of carbon in harvested
crops (Igbal et al., 2009).

2.3. Statistical analysis

Data were analyzed using the Mixed model of Statistical Anal-
ysis Software (SPSS software, 16.0, SPSS Institute Inc., USA), and
treatment effects were determined using the Duncan’s multiple-
range test. Due to significant treatment by year interactions for
most of the variables evaluated in the study, the treatment effect
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was assessed for each year separately. Significances were declared
at the probability level of 0.05, unless otherwise stated.

3. Results

The results of the two-year study (2011 and 2012) were consis-
tent with small variation between years. For crop yield, water use
efficiency, and carbon emissions and sequestration, we compared
the integrated system with the conventional farming system (i.e.,
the CT control). Also, we analyzed each of the three key components
of the system by comparing (i) intercropping with monoculture
crops, (ii) differences among the residue management options, and
(iii) conventional tillage versus no-till.

3.1. The integrated system improves soil moisture status

The integrated system (i.e., the wheat-maize intercropping with
the NTS, NTM, or RTS straw management options) conserved more
soil moisture than the monoculture wheat or monoculture maize
under the CT system. In 2011, the integrated system increased soil
moisture by an average (mm) 8.4% before sowing, 13.1% during the
wheat-maize co-growth period, 5.4% after wheat harvest, and 4.7%
after maize harvest, compared to the monoculture wheat CT con-
trol (Table 2). Similarly, in 2012, the integrated system increased
average soil moisture (mm) by 6.4% before sowing, 7.5% during
the wheat-maize co-growth period, 11.3% after wheat harvest, and
13.7% after maize harvest, compared to the monoculture maize CT
control. The improved straw management options (applied in the
previous fall) not only influenced the soil moisture status at spring
seeding the following year, but also the soil moisture during the
entire growing season.

A close examination of the three key components of the inte-
grated system revealed that in 2011 about 31% of the increased
soil moisture during the co-growth period was attributable to the
first component (i.e., the use of intercropping), 16% contributing to
no-till, and the remaining 53% was attributable to straw mulching;
similarly, in 2012, these three values were, respectively, 57%, 33%,
and 10%. In 2011, straw mulching had a more important role than
crop intensification on harvesting soil water, whereas in 2012,
intercropping contributed more to the increased soil moisture than
straw mulching.

Among the water harvesting approaches, no-till in combination
with straw mulching (i.e., the NTM system) conserved the high-
est soil moisture during the wheat-maize co-growth period, which
was increased by 8% in 2011 and 9% in 2012 for the wheat-maize
intercropping (Table 2). Similarly, the residue retention on the soil
surface increased soil moisture by 10% in 2011 and 14% in 2012 for
the monoculture maize and monoculture wheat. After wheat har-
vesting, straw mulching with no-till increased soil moisture (mm)
by 16% compared to the CT control. After maize harvesting, straw
mulching with no-till increased soil moisture by an average of 8%
compared to the CT control.

3.2. The integrated system balances soil evaporation with crop
yield and water use

In the present study, soil evaporation was measured only from
planting to harvesting and potential evaporation prior to planting
or after harvesting was not recorded. On average, wheat was har-
vested 72 days earlier than the maize crops. Owing to the relay
cropping of wheat and maize, the wheat-maize intercropping had
a30-46 days longer growing season than the monoculture wheat or
monoculture maize. Thus, soil evaporation accumulated during the
growth periods of the intercrops was higher compared to the mono-
culture crops (Fig. 2). Averaged across the two years, monoculture
wheat evaporated 139-56 mm of water during its growth period,

significantly (P<0.05) less than monoculture maize at 232-248 mm
or the intercrops at 250-270 mm. However, because of the differ-
ent length of the growth period, these comparisons may have little
biological meaning.

A valid comparison for water harvesting capability is
between the four straw mulching-tillage combinations under
the wheat-maize intercropping or the monoculture systems.
Under the intercropping systems, no matter how the crop residue
was managed to stand in the field (NTS), mulched on the soil
surface (NTM), or incorporated into the soil (RTS), it greatly
reduced soil evaporation (Fig. 2). Among them, no-till coupled
with straw mulching on the soil surface (i.e., the NTM system)
decreased soil evaporation along with E/T significantly in both
2011 (by 9% and 8%) and in 2012 (by 13% and 16%) compared to the
same intercropping under the CT system (Table 2). In monoculture
systems, the NTM system also reduced soil evaporation and E/T
by 11% and 9% in 2011, and both 7% in 2012 compared to the CT
control.

Total water consumption (mm) of the two intercrops with the
NTM system was decreased (P<0.01) by 4.5% in 2011 and 3.6% in
2012 as compared to the CT control (data revealed in a previous
study by Hu et al., 2015). Reduced tillage with stubble incorpo-
rated in the soil (RTS) barely had a consistent influence on water
consumption either in the intercropping or the monoculture, in
either year. The wheat-maize intercropping had crop water con-
sumption ranging from 736 to 771 mm in 2011, and from 670 to
695 mm in 2012; whereas sole wheat consumed 378-416 mm and
sole maize 589-644 mm. However, the wheat-maize intercrop-
ping systems had an average grain yield of 15.6tha~! in 2011,
which was 23% greater than the monoculture maize and 136%
greater than the monoculture wheat (data shown in the previous
study). Similarly, in 2012, the wheat-maize intercropping yielded
15.2tkgha~!, or 22% greater than the monoculture maize and 147%
greater than the monoculture wheat. As a result, the integrated sys-
tem had an average TUE and WUE, respectively, of 37 kgha—! mm™!
and 22kgha~! mm~1, much higher than each monoculture crops
(Table 2). Compared to the monoculture wheat, TUE and WUE of
this integrated system were respectively increased by 44% and
33% in 2011, similarly the values were 5% and 8% compared to
monoculture maize in 2012. In the same cropping pattern, NTM
system received the highest TUE and WUE. Compared to CT con-
trol of each cropping pattern, TUE was improved by 9%, 13% and
13% respectively under sole wheat, sole maize and wheat-maize
intercropping.

3.3. The integrated system lowers carbon emissions and enhances
carbon sequestration

In maize monoculture, soil respiration declined sharply after
the peak, while in the wheat-maize intercropping and wheat
monoculture, the decline was gradually and slowly, which induced
a significant difference in the absolute value of soil respiration
between the systems (Fig. 3). On average, wheat-maize inter-
cropping had a mean soil respiration value of 0.8 umolm-2s-1,
which was 46%lower (P<0.01) compared to the monoculture maize
(1.6 wumolm~2s~1) (Table 3). In particular, soil respiration in the
wheat-maize intercropping with residue retention on the soil sur-
face (i.e.,, NTM treatment) was decreased by 54% compared to the CT
control. Wheat-maize intercropping, consequently, decreased car-
bon emissions significantly compared to the monoculture crops.
On average, the annual emission for intercropping was estimated
to be 2411kgCha~!, or 10% lower (P<0.01) compared to maize
monoculture (2525 kg Cha=1) (Table 3).

Carbon sequestration can be estimated using various parame-
ters such as net primary production (NPP, gCm~2season~!), net
ecosystem production (NEP, gCm~2 season~1), or carbon in har-
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Table 2

Soil moisture (mm) before sowing, in co-growth period, after wheat and maize harvesting within the 0-120 cm depth, the ratio of evaporation and transpiration (E/T), and
transpiration use efficiency (TUE) in sole wheat, sole maize, and wheat/maize intercropping systems in an Oasis region, in 2011 and 2012.

Treatment Before sowing (mm) Co-growthperiod!(mm)  After wheat/maize harvesting (mm) E/T TUE kgha~' mm~!
2011 2012 2011 2012 2011 2012 2011 2012 2011 2012
Monoculture?
NTSP 366 334 286 228 278297 272256 0.50 0.69 243 36.9
NTM 364 333 289 240 279/298 280/272 0.53 0.67 26.0 379
RTS 364 338 282 212 277/290 247[255 0.54 0.70 23.6 35.2
CT 344 338 262 210 274/289 241/250 0.58 0.72 238 339
Intercropping
NTS 381 365 294 226 286/302 269/287 0.65 0.63 279 37.6
NTM 375 360 305 232 296/304 272/283 0.66 0.61 36.4 39.5
RTS 363 354 290 219 284/302 264/283 0.68 0.67 345 36.3
CT 358 357 283 212 285/298 264/264 0.71 0.73 32.6 35.7
p-value® 0.068 0.001 0.014 0.000 0.159/0.262 0.000/0.000 0.000 0.000 0.000 0.000
LSD (0.05) NS 9 12 7 NS/NS 9/7 0.03 0.02 0.6 1.1

2 Conservation practices which applied in monoculture crops were implemented in an alternative arrangement, i.e. applied in sole wheat in 2011 and then applied in

maize in 2012.

b NTS no-till with stubble standing; NTM no-till with stubble mulching; RTS reduced tillage with stubble incorporated in the soil; CT conventional tillage without stubble

retention.

d Data for the monoculture crops means the measurement was taken in those monoculture plots at wheat/maize intercropping co-growth period.
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Fig. 2. Soil evaporation (E) for sole crops and intercrops during the growing season in an Oasis region, in 2011 and 2012. NTS, no-till with stubble standing; NTM, no-till
with stubble mulching; RTS, reduced tillage with stubble incorporated in the soil; CT, conventional tillage without stubble retention; w, wheat; m, maize; w/m, wheat/maize
intercropping. The soil evaporation of intercropping was calculated from wheat sowing to maize harvesting. Different letters indicate significant differences (P<0.05) among

treatments within a year and the smaller bars are standard errors.

vested crops (Harvest-C, gCm~2 season~!). In the present study,
the integrated system showed significant (P<0.01) benefits in
sequestering carbon (Table 3). Compared to the monoculture wheat
under the CT control, the favorable system increased NPP by
112%, NEP by 171%, and harvest-C by 123%. In a less magni-
tude, the integrated system increased NPP by 25%, NEP by 28%,
and harvest-C by 21% as compared to the monoculture maize
under the CT system. However, the values of net carbon seques-
tration were mostly negative for all the systems evaluated in the
study, which indicate that carbon loss by soil respiration was
not compensated by the amount of residue returned to the soil.
Maize stubble was removed out of the field for animal feed; this
was the main reason of having a negative carbon input to the
soil.

4. Discussion
4.1. System approaches

Increasing awareness of food security and climate change is
spurring interest to policy-makers, researchers, producers, and the
society as a whole, to investigate how farming systems can be
improved to produce high-quality and affordable food in suffi-
cient quantities while minimizing potentially negative impacts on
the environment (Chen et al., 2011; Vermeulen et al., 2012). In
heavily-populated regions or counties with the shortage of natural
resources, this issue needs to be addressed urgently. The present
study demonstrates that each individual farming practice has its
own role in affecting crop productivity, but packaging individually-
proven key farming practices together in an improved system can
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Table 3

Carbon emission (CE, gCm~2 season~!), averaged soil respiration (Rs, pmolm~2s-1), net primary production (NPP, gCm~2season!), net ecosystem production (NEP,
gCm~2season!), carbon in harvested crops (Harvest-C, gCm~2 season~'), and carbon sequestration (g C m~2 season~!) in sole wheat, sole maize, and wheat/maize inter-

cropping systems in an Oasis region.

Treatment ¢ CE Rs NPP NEP Harvest-C C sequestration
Wheat monoculture

NTS 112 0.94 729 669 685 -16
NTM 95 0.77 758 705 712 -7
RTS 102 0.87 705 649 662 -13
CT 110 0.93 713 653 670 -16
Maize monoculture

NTS 261 1.63 1285 1180 1318 -137
NTM 235 1.34 1334 1239 1368 —128
RTS 250 1.56 1208 1110 1239 -129
CT 264 1.65 1205 1099 1236 -137
Wheat/maize intercropping®

NTS 259 0.90 1517 1413 1499 —86
NTM 222 0.76 1545 1451 1532 -81
RTS 230 0.80 1462 1365 1446 -81
CT 254 0.91 1403 1301 1388 —-88
p-value® <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
LSD (0.05) 1.1 0.03 32 32 34 24

3 NTS no-till with stubble standing; NTM no-till with stubble mulching; RTS reduced tillage with stubble incorporated in the soil; CT conventional tillage without stubble

retention. Wheat/maize intercropping with the values being averaged in 2011 and 2012.

b Data were the average of 2011 and 2012 since there was no significant treatment by year interaction.

¢ The p-value and the LSD (0.05) were for all the treatments in same column.

enable the increase of crop yields while concurrently reducing
the impact of farming on the environment. The integrated system
we developed and tested in this study has three key components,
namely (a) crop intensification through strip intercropping, (b) the
use of no-till or reduced tillage, and (c) crop residue management
options. It was consistent across the testing years that the integra-
tion of improved farming practices using a system approach can
significantly boost crop yields, harvest more soil water in the arid
environments, and decrease carbon emissions from cropping.

The concept of using a system approach to increase crop pro-
ductivity, while decreasing environmental impacts of farming, is
supported strongly by researches conducted by others. For exam-
ple, in Australia, as wheat crop yield increases from 3.5 to 5.0 tons
per hectare due to the employment of improved farming systems,
the carbon footprint of wheat grains was reduced by 25% (Brock

et al,, 2012). In the UK, the use of improved pesticide manage-
ment approaches increased wheat grain yield, and at the same time,
decreasing greenhouse gas emissions substantially (Berry et al.,
2008). In western Canada, the use of a suite of improved farming
practices enhanced soil carbon sequestration and decreased carbon
emission associated with per kg of grain produced (Ganetal., 2014).
In Denmark, with optimized fertilization and improved agronomic
practices, winter wheat increased grain yield by 7.9% while green-
house gas emissions during the production was reduced by 1.7 g
CO,eqM]J~! of ethanol produced (Elsgaard et al., 2013).

4.2. Effectiveness of the integrated system

It was consistent across the testing years that the integration of
wheat-maize intercropping with crop residue retention on the soil
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surface in combination with no-till was highly effective in increas-
ing crop yield, improving water use efficiency, and reducing carbon
emissions. The test site—the Hexi Corridor of northwest China is in
an area with extremely low water availability, which has been the
foremost factor threatening agricultural sustainability. We feel con-
fident that this system-approach model will perform well in other
arid and semiarid areas where water shortage is a major concern.

Among water harvesting approaches evaluated in the study, no-
till in combination with straw mulching on the soil surface (i.e., the
NTM system) conserved more water during the wheat-maize co-
growth period so as to supply the most vigorous growth of maize
in late stage. This was mainly attributed to optimized water bal-
ance. Alower value of E/T and lower total water consumption under
NTM practice, either in monoculture or intercropping, indicates
improved water use by crops. More water was consumed through
transpiration to supporting crop growth rather than directly evap-
orated. Besides, the higher TUE of NTM practices demonstrated that
water loss from transpiration has generated considerable produc-
tion of each planting pattern. Therefore, the conserved soil moisture
under straw cover could lost slowly and the available water could
maintained for a longer period of time for late-sowing crop to
uptake. After wheat harvesting in the maize-wheat intercropping
system, straw mulching with no-till had a significant effect on
the moisture storage in the maize strips which was improved by
16% compared to the control. Our results clearly show that straw
mulching with no-till serve as an ideal practice for harvesting soil
water in the arid environment, and that the increased soil mois-
ture with straw mulching with no-till can partly offset water deficit
occurring in intensified cropping systems.

Among the four straw mulching-tillage combination options,
the crop residue standing in the field (NTS), mulched on the soil
surface (NTM), or incorporated into the soil (RTS) all decreased
soil evaporation along with E/T significantly. Of which, no-till in
combination with straw mulching on the soil surface (i.e., the NTM
system) decreased soil evaporation and E/T most in both years, and
under both intercropping and monoculture systems. Our results
clearly demonstrate that no-till with straw mulching on the soil
surface in combination with intensified intercropping can improve
the capacity of soil water harvesting and optimization of water
balance in arid environments.

Another important aspect in the evaluation of the feasibility
of the integrated system is crop water consumption and water
use efficiency. Yield advantage of intercropping system has been
proved in many studies (Li et al., 2001; Yang et al., 2011; Fan et al.,
2012; Chai et al., 2013). Where, the sub-dominant crop, e.g. wheat
in this study, had severe competition to maize in order to meet the
stimulated growth (Lietal.,2001). While maize could receive a valid
complementary growth after early-sowing crop was harvested (Li
etal., 1999). Therefore, competition and facilitation both enhanced
area-based productivity of each component crop than grown alone
(Li et al., 2001). With combination of no-till and stubble retention,
the integrated system achieved beneficial yield response through:
(i) optimized water balance in co-growth period allowing more
water used for transpiration to supporting wheat growth; and (ii)
conserved more water to meet the vigorous maize complementary
growth. The two years of results were consistent that although the
intensified wheat-maize intercropping systems used more water
than the monoculture crops, the intercropping system significantly
increased crop yield (by 22-147%) and improved water use effi-
ciency (by 14-37%) compared to the monoculture crops. Our study
provides strong encouragement that the adaptation of the intensi-
fied, well-managed intercropping system will alleviate the water
shortage issue in arid and semiarid areas while meeting the ever-
growing demands for grains.

Wheat-maize intercropping decreased CO, efflux significantly
compared to the monoculture crops, where CO, efflux was directly

related to soil respiration. The integrated system was shown to
decrease carbon emissions by decreasing soil respiration and lim-
iting CO, efflux effectively; this suggests that the adoption of
integrated farming models can significantly reduce potentially neg-
ative impacts of farming on the environment. To meet the global
carbon cycle and carbon budget, developing low-carbon agricul-
ture systems to store as much C as possible in soils is considered
an urgent issue in the 21 century (Fedoroff et al,, 2010). A key
strategy in reducing carbon emission from agricultural soils is to
adopt improved farming practices in crop production (Gan et al.,
2011). The present study clearly shows that wheat-maize inter-
cropping with crop residue retention in combination with no-till
that form the integrated system is an effective cropping system.
It can be employed as a sustainable cropping model for increas-
ing the productivity of the agricultural systems while contributing
to the mitigation of global climate change. For broader use of this
system-approach model in the future, long-term estimation and
more comprehensive ‘Life cycle assessment’ (Cao et al., 2014) or
‘carbon footprint determination’ (Gan et al., 2014) may be needed
in order to evaluate the systematic effects.

5. Conclusions

The integrated system performed successfully in the Hexi Corri-
dor of northwestern China, a typical Oasis agricultural region with
annual precipitation less than 150 mm and evaporation greater
than 2400 mm. The system approach helped conserve more soil
moisture throughout the growing season (by 7.4-10.3%), increased
net primary production by 68% and net ecosystem production by
72%, increased grain yields by 21 to 144%, and enhanced water use
efficiency by 26%. An added feature of this system approach is that
carbon emission was decreased by 16% compared to the conven-
tional sole maize. Success at the study site with extremely low ratio
of precipitation to evaporation provides strong encouragement that
this model can be employed in other arid and semiarid regions
with high confidence. Estimate of carbon emissions with the use
of soil respiration may need to be refined. More research on soil
respiration and its relation to soil temperature and moisture, crop
growth characteristics, and the other sources of carbon emissions
is required to further evaluate the effect of this integrated farming
system under various growing conditions.
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