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ORIGINAL ARTICLE
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wheat on the semiarid Loess Plateau of China
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aInstitute of Soil and Water Conservation, Chinese Academy of Sciences, Yangling, Shaanxi 712100, People’s Republic of China; bUniversity
of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China; cInstitute of Soil and Water Conservation, Northwest University
of Agriculture and Forestry, Yangling, Shaanxi 712100, People’s Republic of China; dState Key Laboratory of Soil Erosion and Dryland
Farming on the Loess Plateau, Institute of Soil and Water Conservation, Northwest University of Agriculture and Forestry, Yangling, Shaanxi
712100, People’s Republic of China

ABSTRACT
Wheat yield is influenced by fertilisation, precipitation and variety, among other factors. There is
limited research identifying the most important factors affecting wheat yield and assessing their
relative importance in the long run. In this study, we evaluated the contribution of fertilisation,
precipitation and variety to wheat yield using a long-term field experiment (1984–2014) on the
semiarid Loess Plateau in China. The experiment consisted of six treatments: fertilisation with
nitrogen (N), phosphorus (P), manure (M), NP, NPM, and a control without fertilisation. We
monitored the yield of three varieties of winter wheat over time and assessed the changes in
grain yield, soil properties, fertiliser-contribution rate (FCR) and precipitation-use efficiency
(PUE) with different fertilisation treatments and precipitation patterns. Stepwise multiple
linear regression was used to identify the most important factors affecting wheat yield and
examine their relative importance. The results showed that fallow-season precipitation and
annual precipitation (AnP) positively correlated with wheat yield in the N, M, NP, and NPM
treatments. The amount of fertilisation, AnP, and monthly precipitation of February and
September were included in the linear regression model; however, the influence of variety
on yield could be ignored. With 30 years of fertilisation, soil organic matter, total nitrogen,
and available potassium levels with NPM was higher than the control by 70.6%, 70.5%, and
319.2%, respectively. Yield, FCR, and PUE with M increased annually at rates of 89 kg ha−1

y−1, 1.47 kg kg−1 y−1, and 0.13 kg mm−1 y−1, respectively. The yields and FCR, but not PUE, of
all fertilised treatments were higher in wet than normal and dry years. The FCR with P was
negative in all the three precipitation patterns. This study has implications for maximising
the long-term winter yield with various factors in the rain-fed winter wheat cropping system
of the Loess Plateau.
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Introduction

Wheat is a major cereal crop for global food supply,
with an annual planting area of >220 million ha
(Wilcox & Makowski 2014). Wheat yield (trend and
variability) is influenced by fertilisation, precipitation,
temperature, soil properties and crop variety, among
other factors (Pirjo et al. 2010; Miranda et al. 2011;
Mueller et al. 2012; Scursoni et al. 2012; Rozbicki et al.
2015). Identifying the major factors affecting wheat
yield and assessing their relative importance is critical
to maximise the long-term crop productivity.

The Loess Plateau is a major area of wheat pro-
duction in China. The responses of crop yields to ferti-
lisation on the Loess Plateau are quite strong but
variable, mainly owing to the unbalanced use of fertili-
sers and the variable precipitation (Wang et al. 2011).

The long-term application of combinations of organic
and inorganic fertilisers can improve soil fertility and
crop yields compared to the use of inorganic fertilisers
alone (Bandyopadhyay et al. 2010). However, numer-
ous studies that have focused on soil properties
suggest that increasing fertilisation may not be suffi-
cient to maintain higher wheat yield in the long run
(Huang et al. 2003; Fan et al. 2005).

Precipitation is the sole source of water for dryland
farming in semiarid ecosystems (Wang et al. 2005).
The temporal distribution of precipitation is uneven
on the semiarid Loess Plateau, with rain mostly concen-
trated from July to September (fallow-season precipi-
tation, FSP) (Huang et al. 2003). Although the FSP and
growing-season precipitation (GSP) are highly variable
in the Loess plateau region (Basso et al. 2012; Guo et al.
2012), the annual precipitation (AnP) can be divided
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into three general patterns: normal, wet, and dry (Guo
et al. 2012). Highly erratic temporal patterns of precipi-
tation often lead to more extreme wet and dry cycles of
soil-water content, which, to some extent, limit crop
growth and productivity, precipitation-use efficiency
(PUE), and fertiliser-contribution rate (FCR) (Basso
et al. 2012; Guo et al. 2012).

Moreover, crop variety and planting year affect the
yield of winter wheat (Rozbicki et al. 2015). However,
there is little research identifying the most important
factors affecting wheat yield and assessing their rela-
tive contribution in the long run. Subtle differences in
site characteristics or management practices hamper
the elucidation of the factors that control wheat yield
(Krupnik et al. 2015). The problem of identifying the
factors that most influence the yield of crops is how
to extract information from the data. A number of poss-
ible approaches are available to address this problem,
among which regression analysis is the most traditional
one (Roel et al. 2007). Multiple regressions with step-
wise-selection techniques are often used to examine
the effects of limiting factors on plant biomass,
species richness, and yield components. The main
advantage of stepwise selection is its ability to select
a subset of explanatory variables and then identify
and rank the limiting factors (Prost et al. 2008).

In this study, we investigated the contribution of fer-
tilisation, precipitation, and variety to grain yield of
winter wheat using a long-term field experiment on
the Loess Plateau. The objectives of the study were
to: (1) identify the most important factors affecting
grain yield by stepwise-selection, (2) assess the
changes in soil properties, grain yield, FCR and PUE
with fertilisation treatments, and (3) determine the
changes in grain yield, FCR and PUE with precipitation
patterns, over the 30 years of the experiment. The
results are useful to develop a policy of optimum ferti-
lisation for the rain-fed region of the Loess Plateau.

Materials and methods

Experimental site

The ongoing long-term field experiment was initiated
in September 1984 at the State Key Agro-ecological
Experimental Station in Changwu County, Shaanxi Pro-
vince, China (35°12′N, 107°40′E; 1220 m a.s.l.), in the
rain-fed cropping region of the Loess Plateau. This
site has a semiarid and continental monsoon climate
with an annual mean precipitation of 570 mm, an
annual mean FSP (July–September) of 307 mm, and
an annual mean temperature (1984–2014) of 9.1°C.
The inter-annual and seasonal variations are the main

factors influencing the temporal distribution of precipi-
tation (Guo et al. 2012).

Records indicate that the experimental site has been
cultivated with winter wheat for several centuries. The
soil is classified as an aridic and loamy Cumulic Haplus-
toll (Heilu soil in the Chinese taxonomic system) devel-
oped from loessial deposits (Guo et al. 2012). The
surface soil (0–20 cm) at the start of the long-term
experiment in 1984 contained: 24.1% clay (<0.002
mm), 63.7% silt (0.002–0.05 mm), 11.5% sand (0.05–1
mm), 0.8 g kg−1 total nitrogen (N, TN), 37 mg kg−1 alka-
line dissolved N, 10.5 g kg−1 soil organic matter (OM),
0.7 g kg−1 total P (TP), 3.0 mg kg−1 available P (AP),
and 129.3 mg kg−1 available potassium (K, AK), with a
pH of 8.3 (Li & Hao, 2013).

Experimental design

The study tested the effects of precipitation in six ferti-
lisation treatments: CK (no fertiliser), N (120 kg N ha−1),
P (26.2 kg P ha−1), M (75 t manure ha−1), NP (120 kg N
ha−1 and 26.2 kg P ha−1), and NPM (120 kg N ha−1,
26.2 kg P ha−1, and 75 t manure ha−1). The concen-
trations varied from year to year, and average values
were as follows: OM, TN, AP, and AK in the manure
were 106.0 g, 2.65 g, 110.0 mg, and 905 mg kg−1,
respectively, and the pH of the manure was 8.2. Exper-
imental plots (10.3 × 6.5 m) were randomly arranged in
a complete block design, with three replicates. The fer-
tilisers were broadcast on the soil surface as a basal
dressing and ploughed into the top 20 cm of soil in
mid-September each year.

Varieties of winter wheat have changed over time.
We used three major local varieties that have been his-
torically widely used in the study area: qinmai4# in
1984 and 1985, changwu131 from 1986 to 1995, and
changwu134 from 1996 to 2013 (years represent the
sowing time). The plots were harrowed, and winter
wheat was annually sown at 180 kg seeds ha−1, with
20 cm intervals between rows, in late September and
harvested by hand at the end of June in the following
year; the rest of the year was the fallow season. The
plots were not irrigated but ploughed to a depth of
20 cm after the harvests in July and left fallow from
July to September to store water for the next sowing.
Crop cultivation and field management, including
pest and weed control, followed local farming
practices.

Sampling and analysis

Wheat was harvested each year from the central half of
each experimental plot when the aboveground
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biomass reached physiological maturity in July. Grains
were oven dried at 60°C for 48 h, and weighed.

The soil was sampled for measuring pH and concen-
trations of OM, TN, AP, and AK after 30 years of exper-
iment. Five soil cores were randomly collected from the
surface (0–20 cm) of each plot using an auger (diam-
eter, 3 cm) after harvesting in mid-September 2014.
Soil cores from the same plots were mixed by hand,
air-dried, and screened through 1- and 0.25-mm
meshes before testing. Soil pH was measured in
water at a soil:water ratio of 1:2.5. OM concentration
was determined by titration (Walkley & Black, 1934).
TN concentration was determined by Kjeldahl diges-
tion (Bremner & Tabatabai, 1972). AP concentration
was determined by the Olsen method of 0.5 M
NaHCO3 extractable P (Olsen et al. 1954). AK
(NH4OAc-K) was extracted with neutral 1 M ammonium
acetate (Hanway & Heidel 1952) and estimated by a
flame photometer.

Rainfall data were obtained from the Changwu
Meteorological Station, approximately 3 km from the
experimental site.

Data analysis

Precipitation in the region can be classified as GSP, FSP,
and AnP, based on the periods of cropping of winter
wheat. GSP falls during the crop season from October
to the following June. FSP falls between successive
crops from July to September. AnP is the sum of GSP
and FSP.

The drought index (DI) for the AnP was calculated to
assess the variations and statuses of precipitation
among different years as follows:

DI = (AnP−M1)/s,

where AnP is the annual precipitation,M1 is the average
precipitation, and σ is the standard deviation for pre-
cipitation. DI was used to distinguish among the wet
(DI > 0.35), normal (–0.35≤ DI≤ 0.35), and dry (DI < –
0.35) years (Guo et al. 2012). Similarly, the DIs for FSP
and GSP were calculated to assess the variations and
statuses in seasonal precipitation among different
years.

The coefficient of variation (CV) was calculated as
follows:

CV(%) = 100× s/�X ,

where s is the standard deviation and �X is the average
yield (Chloupek et al. 2004).

The yield of wheat was recorded every year (1984–
2014) from the experimental treatments. A simple

linear regression analysis of grain yield over years was
computed to determine a time trend as follows:

Y = a+ bt ,

where Y is the grain yield (kg ha−1) of the wheat, a is a
constant, t is the time expressed as the experimental
period in years, and b is the trend, expressed as the
slope of the regression line of yield with time (Manna
et al. 2007). The trends for PUE and FCR were similarly
calculated.

PUE (kg mm−1) was estimated as the ratio of grain
yield (kg ha−1) to AnP (Guo et al. 2012). FCR (kg kg−1)
was calculated as (Wang et al. 2010) follows:

FCR = (YT − YCK)/YT,

where YT and YCK are the yields of the fertilised and
control treatments at harvest, respectively.

Statistical analysis

The data were analysed using SPSS 18.0 (SPSS Inc.,
Chicago, IL, USA). Pearson’s correlation analysis was
first conducted to evaluate the relationships of wheat
yield with AnP, GSP, FSP, and monthly precipitation
(MnP) in various fertilisation treatments. Variety as a
categorical variable was converted to a “dummy” vari-
able before analysis. A dummy variable is a numerical
variable that usually represents a binary categorical
variable. For a categorical variable with multiple
levels (n), (n−1) numbers of dummy variables are
required to represent it (Xiong & Meullenet, 2006). In
the experiment, there are three varieties present.
Here, we used “1” for “qinmai4#” and “0” for
“changwu131” in 1984–1985; “1” for “changwu131”
and “0” for “qinmai4#” in 1986–1995; and “0” for both
“qinmai4#” and “changwu131” in 1996–2013.

Stepwise multiple linear regression (SMLR) was
then used to identify and quantify the relationships
of wheat yield with AnP, FSP, GSP, month precipi-
tation, fertilisation, and variety. The stepping criteria
used for entry and removal were based on the level
of significance of Fisher’s F, which was set at 0.05.
The data were standardised prior to the SMLR to elim-
inate their differences among various models. Zhan
et al. (2013) have reported that standard partial
regression coefficients are useful for examining the
differences between independent variables and can
represent the relative importance of different vari-
ables when the data eliminated the error from the
model.

SMLR can provide an equation linking wheat yield to
fertilisation, AnP, FSP, GSP, MnP, and variety. SMLR
constructs a multivariate model for the dependent
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variable, Y, based on the explanatory variables. The
best equation is selected according to the highest mul-
tiple correlation coefficient (R). The equation takes the
form:

Y = b0 + b1X1 + b2X2 + · · · + bnXn,

where Y is the dependent variable (i.e. wheat yield);
X1, X2,… , Xn are the independent variables (i.e. the
amount of fertilisation, AnP, year, and variety); b0 is a
constant, where the regression line intercepts the
Y-axis, representing the value of the dependent Y
when all explanatory variables are 0; and bi (1≤ i≤ n)
is the partial regression coefficient, which represents
the amount the response variable Y changes when
the explanatory variable changes by 1 unit (Zhan
et al. 2013). The data in the equation were original,
which were not standardized.

Analyses of variance (ANOVA) was performed using
the F-test at a 0.05 level of significance to determine if
significant differences existed among treatments
means. When F was significant, Duncan’s multiple-
range test was used to compare the means among
different treatments at p < .05. Linear regression ana-
lyses were performed to calculate the trends,
expressed as the slopes of the regression lines for
actual yields, PUEs, and FCRs over time at p < .05 and
< .01.

Results

Relationship of wheat yield with different
factors

The correlations of grain yield with FSP, GSP, AnP, and
MnP in various fertilisation treatments are displayed in
Table 1. FSP and AnP correlated positively with yield in

various fertilisation treatments except for the P treat-
ment. In the NPM treatment, the correlation between
AnP and yield reached a significant level (r = .60). GSP
was not correlated with yield in any of the fertilisation
treatments. However, the correlation between the
MnPSep and yield in the M, NP, and NPM treatment
reached a significant level (r = .54, .41, and .48, respect-
ively). Yield correlated positively with year in the M
treatment and negatively with variety in the P
treatment.

A correlation analysis conducted with a single par-
ameter may be insufficient, because the parameters
are often inter-related. SMLR was thus used to quantify
the relationships of wheat yield with AnP, FSP, GSP,
MnP, fertilisation, and variety. The SMLR equation opti-
mises the model for the relationship, and the statistics
calculated in this analysis were:

Wheat yield = −1137.977+ 22.927∗amount of M

+ 8.579∗amount of N+ 21.168∗amountof P

+ 2.359∗AnP+ 43.096∗MnPFeb

+ 6.481∗MnPSep(R2 = 0.576, F = 12.77, p , .05).

The relationship was not significant between
Qinmai4# and wheat yield (r = .32), as well as
between Changwu131 and yield (r = .37). The effect
of variety on the yield thus could be ignored. The
partial correlation coefficients of the equation were
0.62, 0.43, and 0.25 for the amounts of M, N, and P,
respectively; and 0.22, 0.29, and 0.26 for the AnP,
MnPFeb, and MnPSep, respectively. The partial corre-
lations were significant for the amounts of M, N, and
P (p < .01), the MnPFeb and MnPSep (p < .01), and the
AnP (p < .05).

Table 1. Correlation coefficients of wheat yield with fallow-season precipitation (FSP), growing-season precipitation (GSP), annual
precipitation (AnP), and monthly precipitation (MnP) in various fertilisation treatments for 1985–2014.

CK N P M NP NPM

MnPJul 0.26 0.36 0.05 0.30 0.47** 0.32
MnPAug 0.20 0.29 0.16 0.10 0.11 0.28
MnPSep 0.33 0.31 0.31 0.54** 0.41* 0.48**
MnPOct −0.03 −0.06 0.13 0.09 −0.10 0.10
MnPNov 0.09 0.06 0.11 0.26 0.27 0.27
MnPDec −0.09 −0.23 0.12 −0.26 −0.34 −0.40*
MnPJan −0.07 0.03 −0.06 0.10 −0.02 0.03
MnPFeb 0.27 0.29 0.14 0.27 0.42* 0.39*
MnPMar 0.05 0.26 0.06 −0.14 −0.02 0.04
MnPApr 0.33 0.37* 0.14 0.19 0.43* 0.26
MnPMay −0.02 −0.00 −0.03 −0.06 −0.03 −0.01
MnPJun 0.00 −0.09 0.00 −0.17 −0.20 −0.10
FSP 0.40* 0.50** 0.27 0.46** 0.49** 0.55**
GSP 0.19 0.19 0.19 0.05 0.09 0.22
AnP 0.45* 0.54** 0.33 0.45* 0.49** 0.60**

Notes: CK, unfertilized control; N, nitrogen fertilisation; P, phosphorus fertilisation; and M, manure fertilisation.
** indicates significance at p < .01.
* indicates significance at p < .05.
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Changes in soil properties, grain yield, FCR and
PUE with fertilisation treatment

The manure had high concentrations of OM and AK, so
the soil properties were significantly affected by the
addition of M (p < .05) (Table 2). The soil pH changed
little among the treatments, except in the NP treat-
ment. The pH after 30 years had decreased little in all
treatments relative to the initial soil. The OM and AP
concentrations in the top soil, however, increased rela-
tive to the initial soil (1984) in all treatments. The OM
concentration in CK was 11.54 g kg−1, but was higher
in the M, NP, and NPM treatments than in CK by
69.41%, 30.76%, and 70.62%, respectively. The AP con-
centrations were 7.07-, 6.17-, and 10.38-fold higher in
the P, M, and NPM treatments, respectively, than in
CK. The TN concentrations were higher in the M, NP,
and NPM treatments than in CK by 67.95%, 29.49%,
and 70.51%, respectively. The AK concentrations were
lower in the CK, N, P, and NP treatments than in the
initial soil by 2.26%, 1.81%, 4.83%, and 9.58%, respect-
ively. The AK concentrations, however, were higher in
the M and NPM treatments than in the initial soil by
326.31% and 309.72%, respectively.

Wheat yields were significantly affected by fertilisa-
tion treatment (p < .05) (Tables 3 and 7). The average
yields ranged from 1320 to 4280 kg ha−1. The long-term

application of most fertilisers (M, NP, and NPM)
increased yields relative to CK, but the application of N
alone did not. The long-term application of P alone pro-
duced lower yields relative to CK after four years of plant-
ing. The average annual increases in yield in the M and
NP treatments were 89.0 and 53.3 kg ha−1 y−1, respect-
ively, between 1985 and 2014, a significantly increasing
trend. The average yield in the CK treatment remained
nearly unchanged, but the yields were highly variable,
with a CV of 38.4%. The yields for M, NP, and NPM had
CVs of 41.1%, 34.3%, and 36.9%, respectively. Yields for
the N and P treatments generally declined between
1985 and 2014, at rates of 20.8 and 23.2 kg ha−1 y−1,
respectively, and fluctuated markedly between years
with CVs of 45.7% and 44.2%, respectively.

The fertilisation treatments also significantly
affected FCR between 1985 and 2014 (p < .05)
(Table 4). M and NP FCRs increased between 1985
and 2014 at rates of 1.47 and 0.83 kg kg−1 y−1. P FCR,
however, decreased at a rate of 1.22 kg kg−1 y−1 and
fluctuated markedly with a CV of –148% between
years. The trend of FCR changes in the N treatment
was not significant. P FCR was lower than those in
the other treatments over the 30 years. The P treatment
generally had the lowest and the NPM treatment had
the highest FCRs between 1985 and 2014.

Table 2. Soil pH and nutrient levels in the 0–20 cm surface layers after 30 years of fertilisation.
Treatment pH OM (g kg−1) TN (g kg−1) AP (mg kg−1) AK (mg kg−1)

CK 8.29 ± 0.01a 11.54 ± 0.32c 0.78 ± 0.01c 4.98 ± 0.12d 126.38 ± 11.28c
N 8.27 ± 0.01b 11.77 ± 0.74c 0.86 ± 0.01c 4.85 ± 0.18d 126.96 ± 1.51c
P 8.29 ± 0.01a 12.33 ± 0.12c 0.80 ± 0.03c 40.18 ± 1.08b 123.06 ± 1.91c
M 8.29 ± 0.01ab 19.55 ± 0.14a 1.31 ± 0.03a 35.69 ± 2.22b 551.22 ± 4.39a
NP 8.25 ± 0.01c 15.09 ± 0.26b 1.01 ± 0.03b 22.17 ± 1.12c 116.94 ± 2.66c
NPM 8.28 ± 0.00ab 19.69 ± 0.86a 1.33 ± 0.04a 56.69 ± 5.16a 529.77 ± 5.85b

Notes: Values are expressed as mean ± standard error. Different letters within a column indicate significant differences between fertilisation treatments at p < .05.
CK, unfertilized control; N, nitrogen fertilisation; P, phosphorus fertilisation; M, manure fertilisation; OM, organic matter; TN, total nitrogen; AP, available phos-
phorus; and AK, available potassium.

Table 3. Means, coefficient of variation (CV), and trends of
wheat yield in various fertilisation treatments for 1985–2014.

Treatment

Wheat yield

Mean (kg ha−1) CV (%) Trend (kg ha−1 y−1)

CK 1495 ± 105c 38.4 −5.88 ± 12.28
N 1795 ± 150c 45.7 −20.79 ± 17.17
P 1320 ± 107c 44.2 −23.17 ± 11.74
M 3310 ± 249b 41.1 88.98 ± 23.90**
NP 3692 ± 232b 34.3 53.25 ± 25.29*
NPM 4280 ± 289a 36.9 43.81 ± 32.91

Notes: Yield mean and trend are expressed as mean ± standard error.
Different letters within a column indicate significant differences
between treatments at p < .05.

CV = standard deviation/mean yield.
CK, unfertilized control; N, nitrogen fertilisation; P, phosphorus fertilisation;
and M, manure fertilisation.

The trend is the slope of the linear regression line of yield against time for
1985–2014, tested for significant differences.

** indicates significance at p < .01.
* indicates significance at p < .05.

Table 4. Means, coefficients of variation (CV), and trends of
fertiliser-contribution ratio (FCR) in various fertilisation
treatments for 1985–2014.

Treatment

FCR (kg kg−1)

Mean (kg kg−1) CV (%) Trend (kg kg−1 y−1)

N 7.02 ± 6.89b 537.16 0.12 ± 0.81
P −18.56 ± 5.04c 148.79 −1.22 ± 0.55*
M 51.33 ± 3.21a 34.29 1.47 ± 0.26**
NP 57.85 ± 2.54a 24.01 0.83 ± 0.25**
NPM 62.65 ± 2.46a 21.55 0.57 ± 0.27*

Notes: Values are expressed as mean ± standard error. Different letters
within a column indicate significant differences between treatments at
p < .05.

CV = standard deviation/mean yield.
N, nitrogen fertilisation; P, phosphorus fertilisation; and M, manure fertilisa-
tion.

The trend is the slope of the linear regression line of FCR against time for
1985–2014, tested for significant differences.

** indicates significance at p < .01.
* indicates significance at p < .05.
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The fertilisation treatments significantly affected
PUE between 1985 and 2014 (p < .05) (Table 5). PUE
was higher in NPM than the other treatments. M PUE
increased at a rate of 0.13 kg mm−1 y−1, the highest
increasing trend among the treatments (p < .01). P
PUE was the lowest at 2.35 kg mm−1 and decreased
over time. CK and N PUEs generally declined between
1985 and 2014 at rates of 0.02 and 0.04 kg mm−1 y−1

and fluctuated with CVs of 29.6% and 36.2%, respect-
ively. NPM had the highest PUE, which was 182.5%
higher than the CK PUE.

Changes in grain yield, FCR, and PUE with
precipitation patterns

Pairwise correlation analyses showed that AnP was cor-
related with FSP (p < .01) and GSP (p < .05). However,
the relationship between GSP and FSP was not signifi-
cant (Table 6). AnP was highly variable over the 30
years of recorded meteorological data, with the
highest total rainfall in 2004 and the lowest in 1995.
GSP was lowest in 2011 and highest in 2000 at 177.2
and 367.6 mm, respectively. FSP was lowest in 1995
and highest in 2004 at 140.2 and 608.8 mm, respect-
ively. Precipitation among the years was divided into
three types based on the DIs: dry, normal, and wet.
AnP was 22.8% lower in dry years (DI < –0.35) and
23.3% higher in wet (DI > 0.35) than normal (–0.35≤
DI≤ 0.35) years. The frequencies of dry, normal, and
wet seasons were generally similar among the GSP,
FSP, and AnP data. The total annual rainfall varied
between years, and there were 11, 9, and 10 dry,
normal, and wet years, respectively, in the experimen-
tal period. The GSP, FSP, and AnP data sets, however,

Table 5. Means, coefficients of variation (CV), and trends of
precipitation-use efficiency (PUE) in various fertilisation
treatments for 1985–2014.

Treatment

PUE (kg mm−1)

Mean (kg mm−1) CV (%) Trend (kg−1 mm−1 y−1)

CK 2.63 ± 0.14c 29.63 −0.02 ± 0.02
N 3.10 ± 0.20c 36.16 −0.04 ± 0.02
P 2.35 ± 0.17c 39.17 −0.05 ± 0.02*
M 5.81 ± 0.36b 33.83 0.13 ± 0.03**
NP 6.48 ± 0.33b 27.95 0.08 ± 0.04*
NPM 7.43 ± 0.40a 29.72 0.05 ± 0.05

Notes: Values are expressed as mean ± standard error. Different letters
within a column indicate significant differences between treatments at
p < .05.

CV = standard deviation/mean yield.
CK, unfertilized control; N, nitrogen fertilisation; P, phosphorus fertilisation;
and M, manure fertilisation.

The trend is the slope of the linear regression line of PUE against time for
1985–2014, tested for significant differences.

** indicates significance at p < .01.
* indicates significance at p < .05.

Table 6. Fallow-season precipitation (FSP), growing-season precipitation (GSP), and annual precipitation (AnP) for 1985–2014.
FSP DI Type GSP DI Type AnP DI Type

1986 223.4 −0.76 Dry 276.9 0.28 Normal 500.3 −0.59 Dry
1987 202.7 −0.95 Dry 277.8 0.30 Normal 480.5 −0.76 Dry
1988 233.4 −0.67 Dry 320.4 1.15 Wet 553.8 −0.14 Normal
1992 153.2 −1.41 Dry 215.2 −0.96 Dry 368.4 −1.71 Dry
1994 267 −0.37 Dry 309 0.93 Wet 576 0.05 Normal
1995 140.2 −1.52 Dry 178.2 −1.70 Dry 318.4 −2.13 Dry
1996 174.8 −1.21 Dry 273.7 0.22 Normal 448.5 −1.03 Dry
2000 200.8 −0.97 Dry 367.6 2.10 Wet 568.4 −0.01 Normal
2001 152.4 −1.41 Dry 283.4 0.41 Wet 435.8 −1.14 Dry
1998 269.3 −0.35 Dry 326.9 1.28 Wet 596.2 0.22 Normal
2003 184.6 −1.12 Dry 257.1 −0.12 Normal 441.7 −1.09 Dry
1990 285 −0.20 Normal 273.2 0.21 Normal 558.2 −0.10 Normal
1993 346 0.35 Normal 270.7 0.16 Normal 616.7 0.39 Wet
1999 327.8 0.19 Normal 246.6 −0.33 Normal 574.4 0.04 Normal
2002 313.5 0.06 Normal 361.1 1.97 Wet 674.6 0.89 Wet
2005 309.5 0.02 Normal 213.8 −0.99 Dry 523.3 −0.40 Dry
2006 299.3 −0.07 Normal 229.2 −0.68 Dry 528.5 −0.35 Normal
2007 333 0.24 Normal 194.8 −1.37 Dry 527.8 −0.36 Dry
2008 344.4 0.34 Normal 291.8 0.58 Wet 636.2 0.56 Wet
2009 315.2 0.07 Normal 177.5 −1.72 Dry 492.7 −0.66 Dry
2010 289.2 −0.16 Normal 242.8 −0.40 Dry 532 −0.32 Normal
2013 304.6 −0.02 Normal 217.9 −0.90 Dry 522.5 −0.40 Dry
1985 379.5 0.66 Wet 293.6 0.62 Wet 673.1 0.87 Wet
1989 516.2 1.91 Wet 268.1 0.10 Normal 784.3 1.81 Wet
1991 392.8 0.78 Wet 272.7 0.20 Normal 665.5 0.81 Wet
1997 371.2 0.58 Wet 223.3 −0.80 Dry 594.5 0.21 Normal
2004 608.8 2.75 Wet 281.7 0.38 Wet 890.5 2.71 Wet
2011 457.9 1.38 Wet 177.2 −1.72 Dry 635.1 0.55 Wet
2012 443.4 1.24 Wet 260.6 −0.05 Normal 704 1.13 Wet
2014 377.2 0.64 Wet 305.3 0.85 Wet 682.5 0.95 Wet

Notes: DI is defined as (AnP−M1)/σ, where AnP is the annual precipitation (the sum of FSP and GSP), M1 is the average precipitation, and σ is the standard
deviation for precipitation during the observed years.

Dry, normal and wet years are classified by DI <−0.35, −0.35≤ DI≤−0.35 and DI > 0.35, respectively.
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differed substantially. For example, three years (1988,
1994, and 1998) with wet GSPs had dry FSPs but
normal AnPs (Table 6).

Yields generally increased with precipitation and
were significantly higher in wet than normal and dry
years (p < .05) (Figure 1). The yields in various fertilisa-
tion treatments had CVs of 14–50%. Yields were
higher in the N, M, NP, and NPM treatments than in
the CK treatment in all the three precipitation patterns.
Yields in the NPM treatment were higher than those in
CK by 163–212% for the three precipitation patterns.
Yields in the NPM treatment were higher than those
in NP by 10.6%, 12.8%, and 22.4% and those in M by
21.7%, 40.2%, and 27.8% in the dry, normal, and wet
years, respectively. Yields in the M treatment were
higher than those in the N treatment by 97.8%,
84.0%, and 76.1%, while yields in the P treatment
were lower than those in CK by 6.5%, 15.5%, and
13.2%, in the dry, normal, and wet years, respectively.

N, NP, and NPM FCRs were higher in normal and wet
than dry years, whereas the FCRs did not differ signifi-
cantly in the other treatments among the three precipi-
tation patterns (Figure 2). NPM FCRs were higher in the
dry, normal, and wet years than those in P by 620.8%,
360.1%, and 392.1% and those in NP by 5.7%, 6.6%,
and 13.3%, respectively. N FCR fluctuated markedly
with a CV of –722.2%, 165.9%, and 152.7% in the dry,
normal, and wet years, respectively.

P PUEs were higher in dry than wet and normal
years, whereas PUEs in the other treatments did not
differ significantly among the three precipitation pat-
terns (Figure 3). N, M, NP, and NPM PUEs were higher

Figure 2. Response of FCR to three precipitation patterns in
various fertilisation treatments. Different letters in italics
denote significant differences among the precipitation pat-
terns within the same fertilisation treatment (p < .05). The
different letters above and below the error bars (one standard
deviation) denote significant differences among the fertilisa-
tion treatments within the same precipitation pattern (p < .05).
Note: N, nitrogen fertilisation; P, phosphorus fertilisation;
M, manure fertlisation; NP, nitrogen and phosphorus fertilisa-
tion; NPM, nitrogen, phosphorus and manure fertilisation;
FCR, fertiliser-contribution rate.

Figure 1. Response of grain yield to three precipitation pat-
terns in various fertilisation treatments. Different letters in
italics denote significant differences among the precipitation
patterns within the same fertilisation treatment (p < .05). The
different letters above the error bars (one standard deviation)
denote significant differences among fertilisation treatments
within the same precipitation pattern (p < .05).
Note: CK, unfertilized control; N, nitrogen fertilisation; P, phos-
phorus fertilisation; M, manure fertlisation; NP, nitrogen and
phosphorus fertilisation; NPM, nitrogen, phosphorus and
manure fertilisation.

Figure 3. Response of PUE to three precipitation patterns in
various fertilisation treatments. Different letters in italics
denote significant differences among the precipitation pat-
terns within the same fertilisation treatment (p < .05). The
different lowercase letters above the error bars (one standard
deviation) denote significant differences among the fertilisa-
tion treatments within the same precipitation pattern (p < .05).
Note: CK, unfertilized control; N, nitrogen fertilisation; P, phos-
phorus fertilisation; M, manure fertlisation; NP, nitrogen and
phosphorus fertilisation; NPM, nitrogen, phosphorus and
manure fertilisation; PUE, precipitation-use efficiency.
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than those in CK for the three precipitation patterns.
PUEs were higher in wet years in NPM than in CK, N,
P, M, and NP by 186.0%, 123.3%, 232.6%, 27.3%, and
22.0%, respectively. PUEs in dry and normal years
were 158.6% and 211.6% higher, respectively, in NPM
than in CK. P PUEs, however, were 4.4%, 15.3%, and
14.0% lower than those in CK in the dry, normal, and
wet years, respectively.

Discussion

Identification of the most important factors
affecting yield

Many variables can affect wheat yield in the rain-fed
cropping region of the Loess Plateau, such as fertilisa-
tion and precipitation (Huang et al. 2003; Guo et al.
2012). SMLR, which has a scheme for selecting vari-
ables, can quantify the relationship between a depen-
dent variable and one or more independent variables
(Prost et al. 2008). Selection and elimination steps
determine the significant variables in the model
(Prost et al. 2008). In this study, we used SMLR to evalu-
ate the relationships of wheat yield with fertilisation,
precipitation, and variety in a 30-year experiment on
the Loess Plateau.

Prior to the SMLR, Pearson’s correlation analysis indi-
cated that wheat yield correlated with FSP and AnP in
various fertilisation treatments, except for the P treat-
ment. The exception of P treatment may be related
to the poor mobility of P in the soil (Liu & Zhang
2000a, 2000b). Meanwhile, MnP showed different
effects on grain yield in various fertilisation treatments.
We found that the MnPSep had higher correlation with
grain yield in the M, NP, and NPM treatments, while the
MnPFeb had higher correlation with grain yield in the
NP and NPM treatments (Table 1). The precipitation
in September (sowing period) provides favourable con-
ditions for seed germination, and the precipitation in
February (before turning green) is beneficial to robust
growth of plant seedlings, thereby contributing to
yield formation (Dang & Gao 2003; Basso et al. 2012).

Zhang et al. (2013) showed that variety, fertilisation,
and weather could influence wheat yield on the North
China Plain. Lobell et al. (2002) reported that precipi-
tation and management strongly influence wheat pro-
ductivity in the semiarid region of northwestern
Mexico. In the present study, however, the SMLR analy-
sis showed that wheat yield correlated with the
amounts of fertilisation and precipitation, but not
with variety. The influence of variety, which changed
with time, was lower than the other factors for the
yield, and thus could be ignored. Our result is in

agreement with the finding of Zhang et al. (2008)
who reported that the three varieties were associated
with similar grain-filling characteristics and yields.

In the regression equation established in this study,
a high standard partial regression coefficient for the
amount of manure indicated that its contribution was
greater than that of N application, which were both
greater than the amount of P and the MnPFeb and
MnPSep. The significant contribution of manure can
be attributed to the low levels of organic nutrients in
the original Heilu soil, as has been reported by Dang
and Zhang (1999).

Effects of fertilisation treatment on soil
properties, grain yield, FCR, and PUE

Fertilisation and precipitation are the main factors lim-
iting wheat production in rain-fed cropping systems in
arid and semiarid regions (Huang et al. 2003; Guo et al.
2012). The contribution of the amount of manure to
wheat yield was higher than that of precipitation in
our study, mainly because of poor organic nutrients
in the Heilu soil. Fertiliser management is used primar-
ily to maintain soil fertility and sustain crop yield (Yang
et al. 2015). Appropriate fertiliser management can
improve the soil quality and crop yield, while poor
management can degrade soil quality and decrease
crop yield (Chen et al. 2011; Yang et al. 2015).

Our study showed that annual yields in the N and P
treatments (Table 3) and FCR in the P treatment tended
to decrease with time (Table 4, Figure 2). Similarly,
Sharma and Subehia (2003) reported a strong decrease
in the yields of corn and wheat fertilised with N treat-
ment over 25 years in the western Himalayas of India,
where the soil pH decreased, limiting the growth of
plants. Our study found that the soil pH had the
same decreasing trend over time. The soil pH,
however, had changed little after 30 years of fertilisa-
tion relative to the initial level. The soil can become
deficient in other nutrients with the long-term appli-
cation of N and P fertilisers and a consequent accumu-
lation of N and P (Yang et al. 2006; Guo et al. 2008). In
our experiment, the long-term application of N and P
fertilisers particularly decreased the levels of AK
(Table 2) and thus might limit the yield of wheat.

The trends of yield and FCR were the highest in the
M treatment over 30 years. The addition of manure
with N and P improved the nutrient levels in the soil
and increased wheat yield and FCR (Tables 2–4). A com-
bination of organic and inorganic fertilisers may
improve the efficiency of nutrient uptake by crops
and pose a positive effect on crop yield on the Loess
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Plateau compared to no fertilisation or to the addition
of only inorganic N and P (Han et al. 2004; Fan et al.
2005; Yang et al. 2006). This result suggests that
adding manure to the soil can be used to sustain soil
fertility and improve wheat yield and FCR in the rain-
fed cropping system of the Loess Plateau.

Effects of precipitation pattern on grain yield,
FCR, and PUE

As the sole source of soil water, precipitation is a major
factor in determining the optimum fertilisation treat-
ment in rain-fed cropping systems (Huang et al. 2003;
Guo et al. 2012). From the SMLR, we could know that
precipitation was also an important factor affecting
the yield of winter wheat. Precipitation patterns can
strongly influence the structure and functioning of
semiarid ecosystems (Miranda et al. 2011). In our
study, the precipitation patterns had a strong effect
on wheat yields over the 30 years: yields were higher
in wet than normal and dry years (Figure 1). Similar
results have been reported by a study of wheat yields
with different level of N treatments in three precipi-
tation patterns (Guo et al. 2012). The FCR was higher
in the normal years than in the dry years for the N,
NP, and NPM treatments (Figure 2). However, the
three precipitation patterns did not affect PUE within
the same fertilisation treatments, except P treatment
(Figure 3). This is because grain yields changed less
with precipitation in the P treatment compared with
other fertilisation treatments.

Predicting AnP is difficult due to the high seasonal
variations in precipitation. On the semiarid Loess
Plateau of China, the temporal distribution of rainfall
is uneven, especially before the growing season. This
variation is important to plant communities and AnP
(Miranda et al. 2011; Basso et al. 2012). FSP, however,
was easily recorded before planting, which positively
correlated with AnP in the study region (Table 6).
These results thus identify a potential method for
selecting a reasonable fertilisation treatment based
on FSP before planting, because FSP has a considerable
influence on wheat yield (Guo et al. 2012). For example,
an M treatment is recommended when FSP before
planting is <224 mm, that is, a dry year (e.g. 1992,
1995, and 2001). In contrast, fertilisation with NPM
would be optimal in years with higher FSPs.

Although 35–40% of the FSP is retained in soils
under conventional management on the Loess
Plateau, the amount of FSP is important for yield
(Guo et al. 2012). The proportion of FSP retained may
be increased by reasonable conservational practices,
such as reduced or no tillage during the fallow

season (Moret et al. 2006; Moret et al. 2007). Recent
studies on the Loess Plateau have suggested that
cover crops combined with no tillage can restore the
water-holding capacity and biological activity of the
soil, which help to solubilise soil nutrients and
thereby reduce the need for chemical inputs (Liu
et al. 2013; Chen et al. 2014). These conservational prac-
tices during FSP may thus contribute to the efficient
use of precipitation and the sustainable production of
food in rain-fed cropping systems.

We found that average grain yields and FCRs were
consistently highest in the NPM and lowest in the P
treatments regardless of precipitation pattern.
However, wheat yields in arid and semiarid regions
vary considerably from year to year, perhaps due to
different precipitation patterns and fertilisation treat-
ments (Huang et al. 2003; Guo et al. 2012). The inter-
actions between N and M fertilisation and
precipitation pattern were significant in our study
(Table 7). Sandhu et al. (1996) also founded the N
cycling and precipitation had a strong interaction in
crop yields.

Therefore, combining conservational practices
during FSP with optimised NPM levels may be the
best solution to improve the efficient use of precipi-
tation and the contribution of fertilisers for sustainable
production of wheat in rain-fed cropping systems.
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