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SUMMARY

Winter wheat (Triticum aestivum L.) production on the Loess Plateau in China has been threatened by water scar-
city and climate change during the last decade. Sustainable crop production in this region requires managerial
practices that can provide high yield and high water productivity (WP). A 7-year (2001–2008) study at the Loess
Plateau Research Station of Lanzhou University investigated the effects of various conservation tillage practices
on grain yield, soil water content (SWC), WP and economic return of winter wheat production. Tillage treatments
included: conventional tillage (T), conventional tillage followed by stubble retention (TS), no-till (NT) and no-till
followed by stubble retention (NTS). Over the entire experimental period, grain yield and WP of winter wheat
ranged from 1279 to 4894 kg/ha and 0·32 to 2·41 kg/m3, respectively. Both were significantly affected by
tillage treatment and year, while SWC was only affected by year. Grain yield and WP in TS was increased by
4·9, 12·1, 0·9% and 13·7, 20·4 and 3·9% compared with NTS, NT and T, respectively, over seven growing
seasons. Additionally, a multiple linear regression analysis indicated that grain yield is mainly limited by SWC
during planting. Despite its lower grain yield, the NTS treatment increased economic benefit by US$ 328, US
$ 23 and US$ 87/ha compared with TS, NT and T, respectively. Therefore, it is suggested that increasing soil
water storage at wheat sowing time and encouraging the use of NTS could improve economic returns in this
region.

INTRODUCTION

The Loess Plateau, a large geographic region in north-
west China, covers an area of approximately 640
000 km2 centred on the middle reaches of the
Yellow River (Fig. 1). This region is historically one
of the most intensive agricultural production areas in
China, characterized by semi-arid climate conditions,
severe soil erosion and ecological fragility. Annual
precipitation typically ranges from 200 to 650 mm/
year, distributed mainly between July and
September. Additionally, it has been reported that
annual precipitation in this region has declined at an
average rate of 7·51 mm/10 year during 1961–2014
(Yan 2015), and the Intergovernmental Panel on

Climate Change (IPCC) also indicated the highest pre-
cipitation reduction of 5% per decade in north-west
China during 1951–2010 (IPCC 2013). Despite the
challenging environmental conditions and limited
economic resources on the Loess Plateau, there is a
rural population of about 80 million people operating
traditional rain-fed farming systems and making an
important contribution to the Chinese and even the
global food supply and economy. With the rapid
increase of population growth, accelerating energy
consumption and depletion of natural resources, it is
crucial to produce food in a climate-smart and sustain-
able manner, particularly in water-limited semi-arid
regions such as the Loess Plateau in China.

China is currently the largest wheat (Triticum spp.)
producing country in the world, with a total growing
area of 2·43 × 107 ha, of which approximately
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0·27–0·29 is under dryland production systems in the
Loess Plateau region (Gao et al. 2009; Turner et al.
2011). In the west Loess Plateau of China, winter
wheat is typically sown in middle or late September
and harvested from late June to early July of the follow-
ing year. Land is then fallowed or used for a short-
season maize growth until wheat is planted again in
autumn. The cover crop is rarely incorporated in
wheat monoculture, leading to limited rainfall infiltra-
tion as well as severe soil erosion caused by wind or
rain (Zhu et al. 1994). Soil productivity and water
availability are the two major limiting factors control-
ling crop production in this region (Nielsen et al.
2002; Schillinger et al. 2008; Zhang et al. 2013).
Thus, to better conserve soil and water, conservation
and reduced tillage practices have been promoted
since the early 1990s (Xie et al. 2008). Conservation
tillage is defined as continuous minimum mechanical
soil disturbance of not more than 0·25 of the soil
surface in bands no wider than 15 cm, leaving at
least 0·30 mulch from crop residues in the field
(FAO 2011). It has been widely adopted in many dif-
ferent bio-physical environments and cropping
systems indicating great potential for increasing soil
water holding capacity and crop yield (Fabrizzi et al.
2005; Su et al. 2007; Zhang et al. 2013, 2015b).

However, its use in the Loess Plateau region is very
limited due to the competing use of crop residues,
increasing labour demand and additional cost of no-
till machinery inputs. Some researchers have also
found that certain conservation tillage practices,
such as no tillage, had no effect on soil water
storage, water productivity (WP) or crop yield com-
pared with conventional tillage (Merrill et al. 1996;
Lampurlanes et al. 2002; Tan et al. 2002; Guzha
2004; Taa et al. 2004; Licht & Al-Kaisi 2005). This is
mainly because the effectiveness of conservation
tillage might depend greatly on other environmental
and management factors. In addition, the contribution
of reduced tillage on environmental sustainability,
such as soil tilth, microbial activity and nutrient
cycling, might require a much longer period of time
before it can be detected compared with economic
viability (Zentner et al. 2002; Camara et al. 2003).

There is a lack of systematic long-term research and
insufficient data to evaluate the effects of different
conversation tillage practices on winter wheat
growth, WP and economic return, particularly in the
semi-arid Loess Plateau region of China. Many
researchers have conducted economic analyses on
water harvesting and supplemental irrigation-based
efficiency/profitability studies in this region (Li et al.

Fig. 1. Location of the Loess Plateau in China and the Loess Plateau Research Station of Lanzhou University located at Xifeng,
Gansu, China.
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2000; Tian et al. 2003; He et al. 2007b). Little atten-
tion has been given to the agronomic and economic
impacts of adopting conservation tillage practices in
winter wheat production systems. Thus, the objectives
of the current study were to: (1) compare WP and
winter wheat yield under different tillage and stubble
retention practices; (2) mathematically quantify the
grain yield of winter wheat and determine yield-limit-
ing factors; (3) assess the economic benefits of various
tillage and stubble retention practices and identify the
optimal system using farm-level economic analysis.

MATERIALS AND METHODS

Site description

This study was conducted from 2001 to 2008 at the
Loess Plateau Research Station of Lanzhou
University (35°40′N, 107°51′E, 1298 m a.s.l.)
located at Xifeng, Gansu province, north-west China
(Fig. 1). The region is characterized by a semi-arid
climate, with mean annual precipitation of 548 mm
falling mainly between July and September. The
annual mean temperature is 8·3 °C. Average annual
solar radiation intensity is 5489 MJ/m2. The mean
length of the annual growing season for winter
wheat is about 260–288 days. The dominant soil
type is sandy loam with an average field water-
holding capacity of 0·223 cm3/cm3 and permanent
wilting point of 0·07 cm3/cm3. Soil water holding cap-
acity was determined using soil, the core method
described by Cassel & Nielsen (1986) and Colla
et al. (2000). Permanent wilting point was estimated
using the pressure outflow apparatus approximation
method described by Cassel & Nielsen (1986).

Experimental design and crop management

The experiment was designed as a factorial rando-
mized complete block design (RCBD) with four
blocks. Four treatments (two types of tillage practices ×
two types of stubble retention practices) included: con-
ventional tillage (T), conventional tillage followed by
stubble retention (TS), no-till (NT) and no-till followed
by stubble retention (NTS). Thus, there were 16 (4 × 4)
treatment plots. Treatments were assigned randomly
within each block. Each plot was 4 × 13 m and adja-
cent plots were separated by a 1 m wide buffer zone
to minimize edge effects.
Winter wheat (Triticum aestivum L. cv. Xifeng No. 24)

was planted into a dry seedbed at a seeding rate of
187 kg/ha using a small no-till seeder (5–6 rows in

1·2 m width) shortly after harvesting of short-season
summer maize in September each year. This seeder,
originally designed by the China Agricultural
University (Beijing, China, 100083), was capable of
seeding and fertilizing at the same time. Plants were
harvested manually and the cobs and stalks were
manually separated in the barn. For conventional
tillage treatments (T and TS), a rotary cultivator-type
tiller was used to cultivate the soil at 25 cm depth
between maize harvest and wheat planting. For
maize stubble retention treatments (NTS and TS),
half of the maize stalks were chopped into 20 cm
long pieces and spread uniformly on the plots before
wheat planting. All plots were maintained without irri-
gation and with periodic weed removal by hand. The
dates of planting, end of anthesis and harvesting of
wheat are listed in Table 1. All plots were fertilized
according to standard soil test recommendations for
winter wheat production. Diammonium phosphate
was applied annually at a rate of 300 kg/ha (equiva-
lent to 72·4 kg N/ha and 80·2 kg P/ha) during planting.
Urea was applied at the jointing stage (GS 32,
Zadoks et al. 1974) at a rate of 69 kg/ha (equivalent
to 31·7 kg N/ha). Plant density was evaluated after
emergence stage (GS 11) during each year by
manually counting the number of plants from three ran-
domly selected 0·5 m long rows within each treatment
plot. Grain yield was determined by manually harvest-
ing, threshing and air-drying grains (moisture content
⩽ 12·5%) from the whole plot (46·99 m2), excluding
the peripheral rows to minimize edge effects.

Measurements and calculation

The pre-growing season volumetric soil water content
(SWC)wasmeasuredmonthly using aneutronmoisture
meter (NMM, Campbell Pacific, CPN 503). A 2 m alu-
minium access tube was set in the centre of each plot
and soil moisture was measured by NMM at 5, 15,
25, 45, 75, 105, 135 and175 cmdeep.Calibration pro-
cedures described by Greacen & Hignett (1979) were
followed before any measurement.

Meteorological data were recorded using a
meteorological observation system installed at the
centre of the experiment field. Particularly, ambient
air temperature and relative humidity were measured
using a HMP-50 Probe (Campbell Sci. Inc., Logan,
Utah, USA). Net radiation was measured by a net radi-
ometer (CNR-I, Kipp and Zonen Inc., Saskatoon,
Saskatchewan, Canada). Rainfall was recorded using
a rain gauge (TE525MM, Campbell Sci. Inc., Logan,
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Utah, USA). All variables were measured every 10 s
and 30 min average values were stored by a CR5000
data-logger (Campbell Sci. Inc., Logan, Utah, USA).
Rainfall during the vegetative period (RVP, mm) and
reproductive period (RRP, mm) was the total rainfall
from germination (GS 00) to anthesis (GS 62) and
from anthesis (GS 63) to maturity (GS 92), respectively.
Ratio of rainfall/evapotranspiration (R/ET) was the
ratio between growing season rainfall and evapo-
transpiration (ET). The photo-thermal quotient (PTQ,
MJ/m2 °C) was calculated for the critical period of
1 month before anthesis using estimated incoming
radiation and average daily temperature above a base
temperature of 4·5 °C (Magrin et al. 1993). The soil
available water storage (SAW, mm), change of SAW
(ΔS, mm) and ET (mm) of each individual plot for
the entire growing season were estimated by Eqns
(1) to (3) (Huang et al. 2003; Liu et al. 2010):

SAW ¼ v × h ð1Þ

ΔS ¼ SAWSowing � SAWHarvest ð2Þ

ET ¼ P þ ΔS ð3Þ
where v is the volumetric SWCmeasured by an NMM;
h is soil depth (mm); and P represents precipitation
(mm). On the Loess Plateau, the groundwater table
remained at a depth of about 50 m below the
surface, so the upward flow into the root was negli-
gible. Runoff was never observed as the experimental
field was flat. There were no heavy rains or waterlog-
ging events during the growing season, so the drainage
was assumed to be insignificant (Shen et al. 2009). WP
for grain yield (kg/ha) was calculated using Eqn (4)
(Hussain & Al-Jaloud 1995):

WUEðkg=m3Þ ¼ Grainyield=ET: ð4Þ

Statistics

The grain yield, WP and initial SWC were analysed as
RCBD using the MIXED procedure in SAS release 9.2
(SAS Institute 2003). Great variations were observed in
the total quantity and distribution of annual precipita-
tion during the research period at the Loess Plateau
Research Station (Fig. 2). Additionally, effects of pre-
cipitation on grain yield and WP were of great interest
for the current study. It was also anticipated that tillage
treatment effect might take much longer before it
could be detected than other types of treatment,
such as fertilization. Thus, year was classified as a
fixed effect instead of random, so statistical inference
would not be generalized or averaged across years.
Additionally, because wheat is an annual crop,
which needs to be replanted every year; plants
grown in the same plot (experimental unit) would
differ from one year to another. Thus, correlations
between two adjacent yearly measurements on the
same experimental unit (e.g. yield) should be weak.
Therefore, correlation structures were not considered
and year was not analysed as a repeated measure
effect. Means were separated using the PDMIX800
macro based on pair-wise differences at P⩽ 0·05
(Saxton 1998). All graphs were generated using
SigmaPlot 10.0 (Systat Software).

Sensitivity analysis and yield prediction

The entire experimental data set from the current study
were used to evaluate the contribution of SAW (mm),
RVP (mm), RRP (mm), R/ET and PTQ (MJ/m2 °C) on
grain yield (t/ha) using multiple linear regression
(MLR) analysis (Alvarez 2009; Emamgholizadeh
et al. 2015). The identified MLR equation would be
the best-fitting equation to all experimental data and
was also used as a baseline equation for conducting
sensitivity analysis. The fitting of all linear equations
was evaluated using three indices, including mean
absolute error (MAE), root mean square error (RMSE)
and coefficient of determination (R2), as given in
Eqns (5) to (7) (Smith et al. 1996; Emamgholizadeh
et al. 2015):

MAE ¼ 1
n

Xn
i¼1

Oi � Pij j ð5Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 ðOi � PiÞ2
n

s
: ð6Þ

Table 1. Planting, end-of-anthesis, and harvesting
dates of winter wheat planted during 2001–2008 at
Xifeng, Gansu, China

Year Sowing date End of anthesis Harvest

2001/02 18 Sep 2001 25 May 2002 30 June 2002
2002/03 20 Sep 2002 19 May 2003 23 June 2003
2003/04 24 Sep 2003 10 May 2004 1 July 2004
2004/05 20 Sep 2004 20 May 2005 21 June 2005
2005/06 21 Sep 2005 17 May 2006 24 June 2006
2006/07 16 Sep 2006 21 May 2007 27 June 2007
2007/08 23 Sep 2007 18 May 2008 24 June 2008
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R2 ¼
Pn

i¼1ðOi � �OÞðPi � �PÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1ðOi � �OÞ2 Pn

i¼1ðPi � �PÞ2
q ð7Þ

where n is the number of observations, Oi is the
observed values, Pi is the MLR predicted values and
the bar denotes the mean of a certain variable.
Second, leave-one-out parameter/variable MLR-

based sensitivity tests were performed on the entire
experimental data set to determine the relative import-
ance of each input variable in determining final grain
yield. Specifically, during each test, one independent
variable (SAW, RVP, RRP, R/ET or PTQ) from the best-
fitting equation was omitted and a new MLR equation
was constructed and evaluated using the whole data
set. This process was repeated five times until all inde-
pendent variables were evaluated and ranked accord-
ing to their R2 values. The smallest R2 value indicated
the greatest importance of the omitted parameter/vari-
able in yield determination.
Last but not least, to evaluate and validate the pre-

dictability of the MLR-based equation fully, a tenfold

cross-validation (tenfold CV) paradigm was adopted.
That is, the entire data set were evenly and randomly
split into ten disjointed sub-sets. Each sub-set con-
tained similar proportions of data from each treatment
compared with the entire data set. Ten training-and-
testing trials were conducted. During each trial, nine
sub-sets were selected for building the MLR-based
equation and the remaining sub-set was used for
testing. This process was carried out ten times and
the final result calculated from a composite of the
ten trials. Therefore, the final combined predicted
results were obtained from ten different MLR-based
equations. The overall performance was measured
by comparing the measured yield data v. predicted
yield data in a scatter plot and checking whether the
best-fitting simple linear regression line was signifi-
cantly different from the 1 : 1 line or not.

Economic analysis

The current study considered the production budget
for the establishment, treatment implementation and

Fig. 2. Monthly rainfall (2001–2008), long-term average rainfall and air temperature at the Loess Plateau Research Station of
Lanzhou University located at Xifeng city, Gansu, China.
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harvest of winter wheat production. Large equipment-
based farming operations (e.g. planting and tillage)
were mainly carried out by regional Farmers’
Cooperative and Extension Service agencies near the
Loess Plateau Research Station. The hourly service
charge included costs associated with labour, fossil
fuel, capital recovery of equipment (depreciation
and interest), insurance, machine storage, as well as
repairing and maintenance of equipment. Therefore,
all these input costs had already been included in
the service charges (planting and tillage costs).
Material costs (seeds, fertilizers, herbicides and straw
residues) were calculated based on purchasing
records from local farming supply companies or
regional farmers’ Cooperative and Extension Service
agencies. Costs for labour-based operations such as
fertilization, herbicide application, residual spreading
and harvesting were calculated based on standard
individual hourly earnings at US$ 3.64/day at Xifeng,
China and number of days required to complete the
task. A detailed breakdown of costs is presented in
Table 2. Output value/ha was calculated based on
wheat grain yield (kg/ha) under each treatment and
market price of wheat grain obtained from China’s
National Agricultural Market Service Database (http://
datacenter.cngrain.com) averaging at US$ 0·18/kg.

RESULTS

Weather conditions and pre-growing season soil
water content characteristics

The quantity and distribution of precipitation varied
greatly within the years 2001–2008 (Fig. 2). The long-
term (1961–2008) average annual precipitation was
339 mm at the Loess Plateau Research Station (Tian
et al. 2012). The year 2002 was wet, with 50·7%
above-average precipitation. Years 2005 and 2007
were dry, with 53·4 and 43·7% below-average annual
precipitation, respectively (Table 3). However,
maximumandminimum temperatureswere not signifi-
cantly different in the experimental years. Pre-growing
season SWC (0–200 cmdepth) varied greatly from year
to year (Table 4; P < 0·001) and was not significantly
affected by tillage treatments. No two-way interactions
were detected between year and tillage treatment.

Grain yield and water productivity

Plant density was evaluated after the germination
stage, and no statistical differences were detected

among treatments in any year. Grain yield was signifi-
cantly affected by both tillage treatment (P < 0·001)
and year (P < 0·001). A significant two-way interaction
between year and treatment was found. Therefore,
data were analysed by year. No significant treatment
effects were present from 2002 to 2005 (Fig. 3). In
2006, both T and TS treatments increased grain yield
compared with NT treatment (P < 0·05). Additionally,
the TS treatment produced greater yield than NT and
NTS treatments (Fig. 3). In 2007, the NT treatment pro-
duced lower yield compared with all other tillage
treatments (Fig. 3). In 2008, the TS treatment increased
yield compared with NT (Fig. 3). Overall, annual yield
ranged from 1279 to 4894 kg/ha.

Water productivity was affected by tillage treatment
and year. The treatment effects also depended on year
(a two-way interaction). Therefore, treatment effect
was analysed within each year. No treatment effects
were detected from 2002 to 2004 (Fig. 4). In 2006
and 2007, plots assigned to the T or TS treatments
had greater WP than those under NT (Fig. 4). In
2005 and 2008, TS treatments increased WP

Table 2. A 7-year average cost breakdown of winter
wheat production under different tillage treatments
during 2001–2008 at Xifeng, Gansu, China

Costs (US$/ha)

Treatments

T TS NT NTS

Wheat seeds 58 58 58 58
Herbicides 13 13 13 13
Fertilizers 81 81 81 81
Planting* 27 27 27 27
Labour† 40 49 40 49
Tillage‡ 69 69 – –

Straw residues§ – 26 – 26
Total 288 323 219 254

T, conventional tillage; TS, conventional tillage followed by
stubble retention; NT, no-till; NTS, no-till followed by
stubble retention.
* Planting cost includes rental charge of planter, driver’s
wage and fuel costs.
† Labour cost includes manual labour inputs for fertiliza-
tion, harvesting, and application of herbicides and plant
residues.
‡ Tillage cost includes rental charge of tractors and tillage
equipment, driver’s wage and fuel costs.
§ Straw residue cost includes material cost estimated
according to the market value during the experimental
period.
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compared with NT (Fig. 4). Water productivity ranged
from 0·32 to 2·41 kg/m3 over different treatments in
the project period.

Variable sensitivity and yield predictability

Based on the entire data set and MLR analysis, the fol-
lowing equation was the best-fitting form for all
experimental data:

Y ¼ 32�07 RRPþ 772�8 PTQþ 453 R=ET

� 2�03 SAW� 5�99 RVPþ 600

which yielded R2 = 0·917, MAE = 0·350 t/ha and
RMSE = 0·421 t/ha (Table 5).

The leave-one-out MLR-based sensitivity test indi-
cated that the MLR equation without SAW had the
greatest MAE and RMSE, as well as the smallest R2.
Overall, the importance of these independent vari-
ables in determining the final wheat yield can be
ranked from highest to lowest as SAW, PTQ, R/ET,
RRP and RVP (Table 5).

The results of the tenfold CV-based prediction
evaluation are presented in Fig. 5. The performance
in each trial varied from one to another but the
overall performance was very satisfactory. During
the tenfold CV process, the best equation provided
R2 = 0·82, MAE = 0·334 t/ha and RMSE = 0·431 t/ha.
When predicted yield values were plotted against

Table 3. Seasonal precipitation, ΔS and ET of different tillage treatments of a winter wheat field during
2001–2008 at Xifeng, Gansu, China

Year Treatment Growing season precipitation (mm) △S (mm) ET (mm) P value

2001/02 T 511 −90 421 ± 15·2 NS
TS 511 −85 426 ± 16·0
NT 511 −84 426 ± 7·4
NTS 511 −81 429 ± 2·1

2002/03 T 273 110 382 ± 7·6 NS
TS 273 107 380 ± 8·2
NT 273 88 361 ± 6·0
NTS 273 106 379 ± 6·7

2003/04 T 276 127 403 ± 6·1 < 0·05
TS 276 128 404 ± 1·2
NT 276 145 421 ± 2·0
NTS 276 128 405 ± 2·3

2004/05 T 158 10 167 ± 10·9 < 0·05
TS 158 −8 150 ± 13·7
NT 158 27 185 ± 9·7
NTS 158 28 186 ± 6·3

2005/06 T 214 105 319 ± 9·4 NS
TS 214 125 339 ± 26·3
NT 214 68 282 ± 19·9
NTS 214 84 298 ± 6·7

2006/07 T 191 191 382 ± 7·6 < 0·05
TS 191 193 385 ± 7·8
NT 191 187 378 ± 4·7
NTS 191 216 408 ± 10·8

2007/08 T 248 6 254 ± 16·6 NS
TS 248 8 256 ± 11·1
NT 248 45 293 ± 16·5
NTS 248 31 279 ± 10·4

Year (Y) P < 0·001
Treatment (T) NS
Y × T NS

△S, soil water storage change; ET, evapotranspiration; T, conventional tillage; TS, conventional tillage followed by stubble
retention; NT, no-till; NTS, no-till followed by stubble retention; NS, not significant.
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the corresponding harvested field data (Fig. 5), these
data points tended to lie along the 1 : 1 line, indicat-
ing great predictability and accuracy of MLR-based
equations derived in the current study. The best-

fitting regression line explained 70·8% of the
total variability (R2 = 0·708, MAE = 0·451 t/ha and
RMSE = 0·563 t/ha) and was not significantly different
from the 1 : 1 line.

Table 4. Pre-planting soil water storage (measured in mm at the depths of 0–200 cm) under different tillage
treatments of a winter wheat field following short-season maize growth during 2002–2008 at Xifeng, Gansu,
China

Year T TS NT NTS P value

2002 376 ± 14·8 376 ± 14·8 383 ± 4·8 384 ± 2·8 NS
2003 363 ± 7·7 360 ± 1·3 351 ± 5·8 362 ± 0·7 NS
2004 605 ± 4·0 598 ± 1·9 599 ± 4·3 600 ± 3·7 NS
2005 421 ± 4·4 410 ± 8·2 429 ± 3·7 433 ± 6·0 NS
2006 454 ± 7·0 463 ± 17·6 452 ± 8·1 468 ± 6·8 NS
2007 487 ± 2·5 488 ± 10·1 499 ± 6·4 528 ± 3·0 ⩽0·01
2008 499 ± 16·2 491 ± 8·9 502 ± 16·2 497 ± 9·7 NS
Average 455 ± 39·5 457 ± 39·3 459 ± 39·4 467 ± 38·8 NS
Year (Y) P < 0·001
Treatment (T) NS
Y × T NS

T, conventional tillage; TS, conventional tillage followed by stubble retention; NT, no-till; NTS, no-till followed by stubble
retention; NS, not significant.

Fig. 3. Grain yield under different tillage treatments during 2002–2008 at Xifeng, Gansu, China. Letters separate means based
on a significance level of P < 0·05 by pair-wise comparison. Error bars indicate the S.E. of mean. T, conventional tillage; TS,
conventional tillage followed by stubble retention; NT, no-till; NTS, no-till followed by stubble retention.
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Economic benefits

For the different tillage systems, the total input costs
ranged from US$ 219/ha in NT practice to US$ 323/ha
in TS practice (Tables 2 and 6). The output value
resembles the grain yield. The TS treatment provided
the greatest average output revenues compared with
others, and the NT treatment provided the lowest.
The total input costs for TS practice were higher than
others. No-till provided lower yield but required sig-
nificantly lower inputs, leading to higher economic
return (expressed as an output/input ratio) than other
treatments. The NTS treatment provided similar eco-
nomic benefits compared with T and NT treatments,
and slightly greater economic benefit than TS (US$
41/ha higher).

DISCUSSION

Wheat is an important food source for human con-
sumption as well as providing high-quality forage for
livestock. As a cool-season annual crop which under-
goes the C3 photosynthetic pathway, winter wheat
features both high crude protein concentration and

Fig. 4. Water productivity (WP) under different tillage treatments during 2002–2008 at Xifeng, Gansu, China. Letters
separate means based on a significance level of P < 0·05 by pair-wise comparison. Error bars indicate the S.E. of mean.
T, conventional tillage; TS, conventional tillage followed by stubble retention; NT, no-till; NTS, no-till followed by
stubble retention.

Table 5. Sensitivity analysis based on multiple linear
regression and leave-one-out approach to evaluate the
contribution of different variables on predicting winter
wheat yield under different tillage treatments during
2002–2008 at Xifeng, Gansu, China

Method

Multiple linear regression

MAE (t/ha) RMSE (t/ha) R2

With all variables 0·350 0·421 0·917
Without SAW 0·585 0·596 0·213
Without RVP 0·363 0·437 0·737
Without RRP 0·441 0·578 0·419
Without PTQ 0·426 0·641 0·358
Without R/ET 0·349 0·429 0·382

MAE, mean absolute error; RMSE, root mean square error;
SAW, soil water storage at planting; RVP, rainfall of vegeta-
tive period (total rainfall from germination to anthesis); RRP,
rainfall of reproductive period (total rainfall from anthesis to
maturity); PTQ, photo-thermal quotient (the critical period of
one month before anthesis using esteemed incoming radi-
ation and average daily temperature above a base tempera-
ture of 4·5 °C); R/ET, ratio of entire growing rainfall/
evapotranspiration.
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great demand for soil water (Nielsen et al. 2016).
Therefore, conserving soil water and increasing crop
WP are becoming tremendously important for suc-
cessful wheat production in semi-arid regions.

The results of the current study indicated that pre-
cipitation is always the primary contributing factor in
determining the grain yield of winter wheat under
the studied conditions. However, in the semi-arid
Loess Plateau region of China, the quantity and
pattern of precipitation could be very different from
one year to another. The annual grain yield data
from the current study agreed well with total annual
precipitation records.

Tillage plays an important role in altering soil water
holding capacity, and ultimately affecting crop root
growth conditions (Huggins & Pan 1991; Hou et al.
2013). Conventional tillage, which was widely
adopted for hundreds of years, has led to severe soil
erosion, soil organic matter loss, increased evapor-
ation and surface runoff in Chinese agriculture (Feng
et al. 2010). With the increasing incidence of
extreme weather conditions and water scarcity,
incorporating reduced/conservation tillage practices
into dryland agricultural production is becoming
more important for winter wheat cropping systems in
the semi-arid regions of the world (Hansen et al.
2015). In the North China Plain, the double cropping
system consisting of winter wheat and maize under no
or minimum irrigation and various levels of stubble
retention has become very popular in recent

decades. However, limited long-term research has
been conducted in the Loess Plateau region integrat-
ing traditional agronomic studies with in-season
water status monitoring, economic analysis and mod-
elling. The results from the current project verified that
conservation tillage practices preserve within-season
SWC better than conventional tillage, which agrees
with findings reported by other previous studies
(Machado et al. 2008; Feng et al. 2010).

In the current study, the average grain yield across
all treatments was very similar to another wheat
study conducted by Zhang et al. (2015b) in the
Loess Plateau region. Additionally, no statistical differ-
ences in grain yield were detected in the first 2 years,
because the effect of tillage on grain production might
require a long period of time (>2 year) before it can be
detected (Halvorson et al. 2002). Previous studies also
suggested that traditional winter wheat cropping
systems (winter wheat followed by summer fallow
using conventional tillage) could be replaced by no-
till or sweep-tillage practices followed by herbicide
application, which should provide increased WP
and comparable grain yield (Riar et al. 2010;
Machado et al. 2015). The current results indicated
that conservation tillage practices consistently pro-
vided comparable or lower yield than conventional
tillage practices, as NT and NTS treatments had
lower yield than T, a result that is quite different
from many studies conducted in the dryland areas of
North China (He et al. 2007a; Su et al. 2007; Zhang

Fig. 5. Measured and predicted wheat yield (t/ha) using multiple linear regression equations and tenfold cross validation.
Independent variables include soil water storage (mm), rainfall during vegetative period (mm), rainfall during reproductive
period (mm), the ratio of rainfall/evapotranspiration and photo-thermal quotient (MJ/m2 °C). The solid diagonal line
represents the 1 : 1 line.
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et al. 2013; Shao et al. 2016). However, according to a
global meta-analysis study using 5463 yield observa-
tions from 610 studies, crop yield usually declines
when no-till practice is implemented alone (−9·9%;
Pittelkow et al. 2014). This is highly consistent with
the results of the current study (NT production is
10% lower than T). Pittelkow et al. (2014) also found
that stubble retention could alleviate the negative
impacts on yield of no-till alone, by 4·8%. Likewise,
the NTS production in the current study is 3·8%
lower than T. Similar findings were also reported
from other long-term studies conducted by Camara
et al. (2003) and Machado et al. (2008). However,
the limited productivity reported by Machado et al.
(2008) was caused mainly by weed encroachment in
the Pacific Northwest environment. This does not
apply to the current study, because weeds were inten-
sively managed throughout the growing season.
Again, it is suspected that the limited productivity of
the NTS was mainly caused by the tillage impact on
root growth, emphasizing the importance of incorpor-
ating root phenotyping work into future projects.
Previous studies also found that NTS tends to
provide better yield and WP within various wheat
cropping systems compared with other conservation
tillage practices in the arid and semi-arid region (Li
et al. 2007). In the current study, however, grain
yield under NTS was lower than anticipated. This
was unlikely to be caused by germination differences
because no statistical significance was detected in
plant counts among treatments (data not shown).
Beneficial effects on soil health, such as increased
soil carbon reserve and soil microbial diversity, were

consistently observed from previous research. Yang
et al. (2013a, b) found that NTS significantly enhanced
soil microbial metabolic capacity, compared with no
tillage, within the same field. Therefore, NTS has the
potential to improve soil fertility and improve agricul-
tural sustainability. Future studies should incorporate
molecular soil microbiological approaches and
advanced instrumentation techniques, such as
eddy-covariance towers and spectroscopy-based
soil respiration systems to quantify soil microbial
activity and diversity in the semi-arid Loess Plateau
region.

Wheat WP was affected by tillage treatment and
year-by-year variation in pre-sowing soil water
storage and growing season precipitation. In the
current study, the average value of WP was 1·07 kg/m3,
which was similar to the values reported by Wang &
Shangguan (2015; 1·06 kg/m3) but was lower than
those reported by Zhu et al. (1994; 1·48 kg/m3) and
Su et al. (2007; 1·17 kg/m3) in Northern China. Great
similarities were found between wheat grain yield
and WP because none of the plots were irrigated
during the growing season and the spatial distribution
of precipitation tended to be uniform under small-
plot systems. Neither NT nor NTS treatment provided
increased WP, suggesting the importance of incorpor-
ating other managerial practices, such as rotational
tillage (Hou et al. 2013) or fertilizer management
regime (Zhang et al. 2015a), into the existing wheat
production systems in this region when conservation
tillage practices are used.

The ability of the MLR equation to predict grain
yield is significantly degraded without including

Table 6. Cost and revenue values of winter wheat production under different tillage treatments during
2002–2008 at Xifeng, Gansu, China

Treatment AGY YT (%) ATGW AWP OV* IV O/I EB† BD‡

T 3336 0 40·08 1·12 601 288 2·09 : 1 313 0
TS 3367 0·9 38·88 1·16 606 323 1·88 : 1 283 −30
NT 3001 −10·0 39·61 0·97 540 219 2·47 : 1 321 8
NTS 3209 −3·8 38·97 1·02 578 254 2·28 : 1 324 11
P value NS NS NS NS

AGY, 7-year average grain yield (kg/ha); YT, yield advantage (%); ATGW, 7-year average thousand grain weight (g); AWP, 7-
year average water productivity (kg/m3); OV, output value (US$/ha); IV, input value (US$/ha); O/I, output/input; EB, economic
benefit (US$/ha); BD, benefit difference (US$/ha); T, conventional tillage; TS, conventional tillage followed by stubble reten-
tion; NT, no-till; NTS, no-till followed by stubble retention; NS, not significant.
* OV was calculated based on market grain price (US$ 0·18/kg).
† EB =OV− IV.
‡ BD was calculated as EB difference from T treatment.
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SAW at planting time, indicating that SAW has the
most significant effect on determining grain yield.
This observation is in agreement with findings from
other previous studies (Chen et al. 2003; Alvarez
2009; Ding et al. 2016). Particularly, Chen et al.
(2003) found that grain yield was greatly influenced
by planting date in the inland Pacific Northwest
region as a primary response to SAW. Likewise,
Ding et al. (2016) indicated that delayed planting
date of winter wheat could significantly increase
yield and WP on the Loess Plateau by improving the
soil water conditions.

The MLR-based analysis approach allows the rate of
variation of estimated wheat yield to be assessed with
changes in each influential variable. This could help
researchers and producers understand how estimated
wheat yield varies with SAW, RVP, RRP, R/ET
and PTQ and to what extent these variables should
be altered to reach the accurate predicting value.
The MLR equation used in the current study explained
the majority of the variation from the yield data (R2 =
0·917). The overall prediction performance of the
equation (R2 = 0·708) based on tenfold CV is satisfac-
tory, particularly considering only six variables were
included in the MLR equation and there are many
other important environmental and physiological
factors (e.g. soil) that could also greatly impact crop
yield but were not included in this equation. This
cross-validated result was comparable to other
studies including those using advanced computa-
tional methods for predicting wheat yield, such as arti-
ficial neural networks (Alvarez 2009).

The economic profitability of adopting conservation
tillage practices in the semi-arid region can be greatly
affectedbymany factors, such asplanting density, pres-
ence or encroachment of weeds, and variety selection
(Janosky et al. 2002). The use of conservation tillage is
generally considered profitable in terms of yield advan-
tages and resource savings on farm inputs (Zentneret al.
2002; Lithourgidis et al. 2006); Pittelkow et al. (2014)
used meta-analysis and observed limited response of
grain yield, but dramatic reduction in diesel input
costs associated with reduced tillage, indicating that
the economic benefits of conservation agriculture was
strongly drivenby cost reductions rather than increased
yields. A seven-growing-season-wheat study on the
Loss Plateau also supported this (Su et al. 2007). In the
current study, particularly, the NTS treatment gener-
ated similar or slightly greater economic benefits
despite of its low grain yield compared with all other
treatments. Overall, the farm-level economic analysis

provided great insights into trends and tendencies that
are likely to be observed across populations of
farmers and helping make recommendations for
future policy initiatives.

CONCLUSION

China is by far the leading wheat-producing country in
the world, and the Loess Plateau is one of the primary
wheat cultivation areas nationwide with more than
four million hectares planted each year. Therefore,
identifying the optimal practices for wheat production
in this water-limited region is of paramount import-
ance. No-till treatment-basedwinter wheat production
combined with stubble retention of the summer maize
residue appeared to offer a possible solution to main-
tain adequate grain yield and great WP. Additionally,
it also provided similar or slightly greater economic
benefit among all other tillage practices primarily due
to the reduction in input costs, but at a lower benefit dif-
ference than NTS. The sensitivity analysis approaches
indicated that pre-season soil water storage contributes
greatly to the final predicted grain yield. Therefore, to
improve grain production and economic benefit of
winter wheat production in the water-limited Loess
Plateau region, efficient managerial strategies should
include (1) increasing soil water storage during the
wheat sowing season and (2) encouraging the use of
conservation tillage practices (NTS).

The current study was one of a few long-term inte-
grated studies conducted in the Gansu Province
region on the Loess Plateau. It demonstrated that a
period of at least 3–4 years was required before
wheat yield started to respond to different tillage treat-
ments. This emphasizes the importance of conducting
long-term agronomic research related to conservation
tillage practices.
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International Agricultural Research (LWR/2007/191),
Key grant Science and Technology Project of Gansu
Province (1203FKDA035), and the Program for
Changjiang Scholars and Innovative Research Team
in University (IRT13019). Authors are grateful to Ms
Jing Yang, Ms Mingming Wang and Dr Caiyun Luo
for their contributions to the field data collection.
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