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a  b  s  t  r  a  c  t

Low  nitrogen  use  efficiency  (NUE)  and  adverse  environmental  impacts  caused  by  N  fertilization  increas-
ingly  threaten  the sustainability  of agriculture.  To  develop  strategies  for efficient  nutrient  management,
we  investigated  the  effects  of  long-term  (1991–2005)  various  fertilization  regimes  on  yield,  NUE  and  N
agronomic  efficiency  (NAE)  in  a wheat–corn  cropping  system  at  four  sites  (Changping,  Zhengzhou,  Yan-
gling,  and  Qiyang)  in  China.  Treatments  included  unfertilized  control  (CK),  chemical  fertilization  only (N,
NP,  NK,  and  NPK),  manure  application  (supplying  70%  N) with  NPK  (NPKm)  and  at  1.5×  rate  (1.5NPKm),
and  NPK  with  corn  stover  returned  (NPKs).  The  NP  and  NPK  treatments  resulted  in generally  higher  yield,
NUE  and NAE  than  the  N and  NK  for both  wheat  and  corn  demonstrating  the  importance  of  P  in  NUE
improvement.  The  manure  treatments  resulted  in  significant  increase  or  no  decrease  in  the  overall  sys-
tover return tem  NUE  in  all four  sites  with  the  highest  mean  NUE  (49%)  from  NPKm  treatment.  In acid  soil  at  Qiyang,
only  manure  treatments  resulted  in  significant  increases  of  NUE and  NAE  indicating  the importance  of
organic  amendment.  Wheat  was  more  responsive  to P fertilizer  and  corn  was  more  responsive  to  manure
in NUE  improvement.  Thus  an effective  nutrient  management  strategy  is to ensure  adequate  P  supply
for  the  wheat  crop  and  manure  application  for the corn  crop  to  improve  overall  NUE  for the  wheat–corn
production  system.

© 2013  Elsevier  B.V.  All  rights  reserved.
. Introduction

Wheat (Triticum aestivum L.) and corn or maize (Zea mays L.)
re among the most important food crops, accounting for 27% and
3% of the total cereal production in the world (FAO, 2008). Since
he 1960s, there has been an increasing global demand for both
heat and corn due to the world’s rapid population growth and

conomic development. This is particularly true in China where

heat and corn are grown in succession in a single year on about

9.2 million ha of land (47.1% of China’s agricultural land) produc-
ng 48.9% of total annual crop yields (CAY, 2006). Rotation systems

Abbreviations: NUE, nitrogen use efficiency; NUE, nitrogen agronomic efficiency;
K, control; NPKm, chemical nitrogen, phosphorus, and potassium fertilizer plus
anure; 1.5NPKm, 1.5 rate of NPKm; NPKs, chemical NPK with corn stover returned;

C, P fertilizer contribution; KC, K fertilizer contribution; MC,  manure contribution.
∗ Corresponding author. Tel.: +86 10 8210 5636; fax: +86 10 8210 6225.

E-mail address: mgxu@caas.ac.cn (M.  Xu).

378-4290/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.fcr.2013.12.012
involved with wheat–corn are popularly used in many countries
such as United States, Canada and Romania (Barbaricka et al., 2012;
Cociu, 2012; Dayegamiye et al., 2012).

High inputs of chemical nitrogen (N) have been used globally
to increase crop yields. Approximately 23 million tonnes of N fer-
tilizers were applied in 2008 in China, accounting for about 30%
of the total world N consumption (National Bureau of Statistics
of China, 2009). However, crop yields have been increasing at a
much lower rate than the increase in fertilizer applied (Vitousek
et al., 2009). For instance, from 1990 to 2008 application of N fer-
tilizer in China increased by ∼50%, but crop yields only increased
by ∼10% (National Bureau of Statistics of China, 2009). This has
resulted in particularly low N use efficiency (NUE). In China, NUE
for the wheat–corn rotation is as low as 26–31%, and a large amount
of applied N (∼180 kg ha−1 yr−1) is lost to the environment (Miao

et al., 2011). Since the 1990s, this has resulted in serious envi-
ronmental degradation including eutrophication of surface waters,
nitrate pollution of groundwater, acid rain, soil acidification,
greenhouse gas emissions, and other forms of air pollution

dx.doi.org/10.1016/j.fcr.2013.12.012
http://www.sciencedirect.com/science/journal/03784290
http://www.elsevier.com/locate/fcr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fcr.2013.12.012&domain=pdf
mailto:mgxu@caas.ac.cn
dx.doi.org/10.1016/j.fcr.2013.12.012
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Ju et al., 2009). Improved management practices that maximize
rop yield and maintain soil productivity while minimizing envi-
onmental impact are urgently needed.

Long-term field experiments are essential tools to assess and
evelop effective management practices on nutrients for sus-
ainable crop production, soil fertility, and environmental impact
Richter et al., 2007). Rasmussen et al. (1998) concluded that
etworks of long-term agroecosystem experiments are crucial for
aking regional projections regarding agricultural sustainability

nd evaluation of the impacts on global climate change. Long-
erm experiments are valuable for revealing changes in soil fertility
nd crop yields that cannot be revealed in short-term studies as
llustrated for various cropping systems (wheat–corn cropping,

heat–rice cropping, triple-rice cropping, and wheat or corn sin-
le cropping) by Zhao et al. (2010). These studies, however, did
ot conduct detailed analysis of the NUE, which becomes crucial
o assessing the long-term sustainability of cropping systems espe-
ially with the increasing awareness of groundwater contamination
rom nitrate leaching and greenhouse gas emissions.

To develop efficient nutrient management practices for one of
he most popular cropping systems with wheat–corn rotations,
ong-term experiments were established in 1990 to examine the
ffects of continuous applications of chemical fertilizer and manure
n crop yield and NUE in several highly productive regions across
hina. The effects of fertilization treatments on corn grain yield and
UE based on 15 year data were examined and reported in detail
y Duan et al. (2011). The corn data led to conclusions that manure
pplications resulted in more stable and significantly higher yield,
igher NUE, and increased soil nutrient storage with the most sig-
ificant improvement in an acid soil. Manure and P applications
ere identified as the most important factors to improve corn yield

nd NUE. The NUE data evaluated have implications on the overall
 used by crops or total N loss from fertilizer application. To evalu-
te the economic return from fertilizer application, the N agronomy
fficiency (NAE) can be examined. The objectives of this paper were
o (1) examine the effects of long-term fertilization treatments on
he yield, NUE and NAE of wheat in the wheat–corn cropping sys-
ems and compare with those for corn; (2) determine the overall
UE of the wheat–corn cropping system; and (3) develop efficient
utrient management strategies for the crop rotation systems. The
esults can be useful for similar wheat–corn cropping systems in
any other regions around the world.

. Materials and methods

.1. Site description and cropping practices

Long-term experiments were established in 1990 at four sites
overing the major wheat–corn production regions in China.
he study sites were at Changping (40◦13′12′′N, 116◦15′23′′E),
hengzhou (34◦47′25′′N, 113◦40′42′′E), Yangling (34◦17′51′′N,
08◦00′48′′E) and Qiyang (26◦45′12′′N, 111◦52′32′′E) from north to
outh. Detailed information about soil types, chemical properties
rior to the experiments, and climate conditions for the study loca-
ions can be found in Duan et al. (2011). One study site is located
n the north (Changping) and two in the central (Zhengzhou and
angling) regions of China. These three sites have similar precip-

tation and temperature (i.e. a warm temperate climate). The 4th
ite, Qiyang, is in the south and in the region with a subtropical
limate. The annual precipitation (1408 mm)  and mean annual tem-
erature (18 ◦C) at Qiyang are much higher than other three sites

525–646 mm and 13–15 ◦C) resulting in an acid soil due to high
eaching. Soil at Qiyang is developed from quaternary red clay and
ontains higher content of clay (41%) than the other sites (10–17%).

ith undetectable CaCO3 and low cation exchange capacity (CEC)
arch 157 (2014) 47–56

(10 cmol kg−1), soil pH at Qiyang (5.7) is significantly lower than
the other three sites (8.3–8.7). From 1988 to 1989, local wheat
and corn cultivars were grown without fertilization to reduce soil
fertility variability in all four crop fields. The total N, available
P and available K content were 0.6–1.1 g kg−1, 5–11 mg kg−1 and
65–122 mg  kg−1, respectively, in 1990 before the field experiment
establishment at the four sites.

At Changping, Zhengzhou and Yangling, winter wheat is sown in
early October and harvested in early June the following year; corn is
then planted in June immediately after wheat and harvested in mid-
September. At Qiyang, winter wheat was sown in early November
and harvested in early May  in the following year; corn was sown
between the wheat strips in early April and harvested in July. Local
wheat cultivars “8693”, “Zhengmai 9023”, “Shan 253” and “Yedan
13”, and corn cultivars “Tangkang 5”, “Zhengdan 8”, “Gaonnong 1”,
and “Xiangmai 4” were grown at Changping, Zhengzhou, Yanling,
and Qiyang, respectively.

2.2. Experiment design and fertilization management

The four study sites were designed as one full experiment by
including the same number of treatment at each site, i.e., the
treatments were replicated at the four study sites but not at the
individual site, which was  limited by the size of available fields and
the requirement for large treatment plot allowing typical grow-
ers’ practice or operation to be applied. Eight treatments included
in this study were: (1) unfertilized control (CK); (2) chemical N
(N); (3) chemical N and P combination (NP); (4) chemical N and
K combination (NK); (5) chemical N, P and K combination (NPK);
(6) chemical NPK combinations with manure (NPKm); (7) 1.5× the
application rate in Treatment 6 (1.5NPKm); (8) chemical NPK com-
binations with corn stover returned (NPKs). In all sites the chemical
source of N was urea, the source of P was superphosphate and the
source of K was  K2SO4 except that KCl was  used at Qiyang. Depend-
ing on local availability, the manure source varied with pig manure
at Changping and Qiyang, horse and cow manure at Zhengzhou,
and cow manure at Yangling. The manure rate applied to each site
varied slightly, adjusted by N content to supply 70% of the total
N for the treatment. All the corn stover harvested from each NPKs
plot was returned to the same plot annually. Due to the limited time
between wheat harvest and corn planting, farmers do not normally
return the wheat straw to the field. Thus in these experiments,
wheat straw was removed from the research plots after harvest.

Fertilizer application rates varied a little among the three sites
in the north and central region, but much lower at Qiyang accord-
ing to the local cultivar, potential yield, climate, and soil conditions.
The winter wheat yield was  often low at Qiyang due to higher tem-
peratures; thus lower amounts of nutrients were applied during
the wheat growing season at Qiyang than at the other three sites.
The annual application rates of nutrients for wheat were 150, 165,
165 and 190 kg N ha−1, 32, 36, 58 and 16 kg P ha−1, and 31, 69, 69
and 30 kg K ha−1 at Changping, Zhengzhou, Yangling and Qiyang,
respectively. Due to the complications in balancing all nutrient
applications only total N (not P and K) in the manure source was
considered. This resulted in additional input of P and K in the
manure treatments compared to the chemical fertilizer treatments.
Half of the N fertilizer and all of the P and K fertilizers were applied
as preplant fertilizers. The remaining N fertilizer was applied as a
top dressing during the growing season. The detailed sources and
nutrient content in manure were presented previously (Duan et al.,
2011).
All treatments in each site were randomized in the first
year and the plot received the same treatment in the follow-
ing years at all four study sites. The treatment plot size was
200 m2 (20 m × 10 m),  400 m2 (25 m × 16 m),  196 m2 (14 m × 14 m),
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MC  =
YNPK

× 100% (7)

where YNPKm (kg grain ha−1) is the grain yield or NUE  from the
NPKm treatments.

Table 1
Tests of fixed effects on wheat yield in long-term (1991–2005) fertilization
experiment.
Y. Duan et al. / Field Crop

nd 200 m2 (20 m × 10 m)  at Changping, Zhengzhou, Yangling, and
iyang sites, respectively. To avoid edge effects, the treatment plots
ere separated by 100-cm deep concrete barriers at all sites.

.3. Soil and plant sampling and analysis

Soil samples were collected at the beginning (1990) and during
he 15 years of long-term experiments. Soil samples were collected
very year approximately 15 days after the corn was harvested. To
ollect a representative sample, a total of 20 soil cores from each
lot were collected and mixed to produce five composite subsam-
les for analysis. Changing rates of total N, available N, P and K
ontent in the soil over time were analyzed and the data were
eported in detail in a previous paper (Duan et al., 2011). The results
ill be discussed or summarized in this paper as needed.

Data on wheat plant samples were collected similarly as for the
orn measurement described in Duan et al. (2011). Yield was deter-
ined for the whole treatment plot. All the above-ground biomass
as harvested, removed from the plots, and measured. Upon har-

est, five composited straw and grain samples were sampled in
ach plot for N analysis. Means of the sample analyses were used
n reporting.

.4. Statistical analysis

Considering that the treatments were replicated at four different
ites and the same treatment as applied to the same plot over the
ears, a mixed model was used to statistically analyze the effects
f treatments and time (year), as well as their interactions, on the
utputs (e.g., annual yield and NUE). In the mixed model, treat-
ents and time were chosen to be the fixed effects and the site was

he random effect. The analysis was conducted using SAS 9.2. (SAS
nstitute, 2008). Further multiple comparisons of the treatment
ffects were conducted for data from all four sites and no compar-
son among treatment effects can be performed in each individual
ite. A Tukey–Kramer adjustment was used to avoid Type I errors in
his study. To examine the time effect, linear regressions and hyper-
olic relationships were used to evaluate the changes or trends in
rain yield and NUE during the 15 years using SigmaPlot (SigmaPlot
0.0, 2006, Systat Software, Inc.). For NAE, because its changes were
imilar to that of NUE, we focus on evaluation of this economic
eturn parameter on the specific crops and its comparison with
UE.

.5. NUE calculation and fertilizer contribution analysis

Nitrogen use efficiency can be described in different ways
epending on the objective of analysis (Bandyopadhyay and Sarkar,
005). The NUE (based on total biomass or crop uptake) and agro-
omic N efficiency (NAE, based on the yield) are employed in this
tudy. The NUE has implications on total N used or lost in crop
roduction and is used to address environmental pollution issues
rom N fertilizer use. The economic return (grain yield) from fertil-
zer application is evaluated with the NAE. The two  terms are often
losely correlated; however, in some cases, higher biomass may
ot necessarily lead to a higher yield that will result in differences
etween NUE and NAE.

The NUE of wheat is defined as the uptake of N by the plant from
ertilization divided by the total applied N and was  calculated in the
ame manner as corn (Duan et al., 2011).

UE = UWN − UW0 × 100% (1)

AWN

here UWN (kg N ha−1) is the total N uptake by wheat (grain
nd straw) from treatments with N fertilizer application, and
W0 (kg N ha−1) is the total N uptake by wheat (grain and straw)
arch 157 (2014) 47–56 49

from treatments without N fertilization and AWN (kg N ha−1) is the
amount of fertilizer applied (N in inorganic fertilizer and total N
in manure). The N in roots was  not considered in the computations
due to practical experimental difficulties and insignificant biomass.

The NAE is defined as the grain yield (for either wheat or corn)
from N application over the total N applied (Peng et al., 2006; Chuan
et al., 2013).

NAE = YN − Y0

AN
(2)

where YN (kg grain ha−1) is the grain yield from treatments with N
fertilizer, Y0 (kg grain ha−1) is the grain yield from treatment with-
out N fertilizer and AN (kg N ha−1) is the amount of fertilizer applied
(N in inorganic fertilizer and total N in manure).

The annual overall wheat–corn system NUE was calculated as
shown in Eq. (3):

NUE = UWN + UCN − UW0 − UC0

AWN + ACN
× 100% (3)

where UCN and UC0 (kg N ha−1) are the total N uptake by corn from
treatments with N fertilizer application and without N fertilizer
application, respectively, and ACN (kg N ha−1) is the amount of N
fertilizer applied during corn growing season.

To analyze the cumulative effect of the fertilization regime, we
focused on the analysis of NUE by determining the NUE trends
or the annual change rate (% yr−1) using the least squares linear
regression (Tang et al., 2008).

Y = a + bX (4)

where Y is the NUE (%), a is the intercept (i.e. the initial NUE), b is
the slope (changes in NUE per year), and X is the time (year).

The contributions of fertilizer sources as P (PC), K (KC), and
manure (MC) to the increase of wheat and corn yield and NUE were
estimated. The PC to crop yield or NUE increase was  calculated
as the yield or NUE difference between NPK and NK treatments
divided by the yield or NUE from the NK treatment by referring to
the method applied by Tang et al. (2008).

PC = YNPK − YNK

YNK
× 100% (5)

where YNPK and YNK (kg grain ha−1) are the grain yield or NUE from
NPK and NK treatments, respectively. Using the similar approach,
the KC to crop yield or NUE increase was calculated based on the
difference between NPK and NP treatments.

KC = YNPK − YNP

YNP
× 100% (6)

where YNP (kg grain ha−1) is the grain yield or NUE from NP treat-
ments.

The MC to crop yield or NUE increase was  calculated as the yield
or NUE difference between the NPKm and NPK treatments divided
by the yield or NUE from the NPK treatment.

YNPKm − YNPK
Effect Numerator d.f. Denominator d.f. F value P > F

Year 14 303 3.85 <0.0001
Treatment 7 23.5 18.6 <0.0001
Year × treatment 98 284 0.86 0.8082
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Table  2
Average annual wheat and corn grain yield or above ground biomass (Mg ha−1) under various long-term (1991–2005) fertilization treatments at four study sites.

Sites Treatments

CK N NP NK NPK NPKm 1.5NPKm NPKs

Grain yield of wheat (Mg  ha−1)
Changping 0.6 (0.1) a 0.7 (0.1) 2.9 (0.2) 0.9 (0.1) 3.5 (0.3) 4.0 (0.3) 3.9 (0.3) 3.5 (0.2)
Zhengzhou 1.9 (0.1) 2.2 (0.2) 6.3 (0.3) 2.7 (0.3) 6.4 (0.2) 5.9 (0.2) 6.4 (0.2) 6.2 (0.2)
Yangling 1.0 (0.1) 1.0 (0.1) 5.2 (0.3) 1.2 (0.3) 5.4 (0.3) 5.6 (0.4) 5.8 (0.3) 5.5 (0.3)
Qiyang  0.4 (0.03) 0.4 (0.1) 1.0 (0.1) 0.5 (0.1) 1.2 (0.1) 1.6 (0.1) 1.7 (0.1) 1.3 (0.1)
Mean  1.0 b 1.1 b 3.9 a 1.3 b 4.1 a 4.3 a 4.4 a 4.1 a

Straw  weight of wheat (Mg  ha−1)
Changping 1.0 (0.1) 1.4 (0.2) 4.6 (0.5) 1.6 (0.3) 4.8 (0.3) 5.8 (0.4) 6.0 (0.5) 4.9 (0.4)
Zhengzhou 2.2 (0.2) 2.4 (0.2) 6.6 (0.4) 2.8 (0.3) 7.2 (0.5) 8.0 (1.1) 7.9 (0.6) 7.6 (0.6)
Yangling 1.8 (0.1) 2.2 (0.3) 6.4 (0.4) 2.1 (0.2) 7.2 (0.5) 8.7 (0.7) 9.0 (0.5) 7.6 (0.5)
Qiyang  0.9 (0.1) 1.2 (0.3) 2.1 (0.4) 1.2 (0.3) 2.3 (0.4) 3.6 (0.3) 4.2 (0.4) 2.8 (0.5)
Mean  1.5 b 1.8 b 4.9 a 1.9 b 5.4 a 6.5 a 6.8 a 5.7 a

Grain  yield of corn (Mg  ha−1)
Changping 1.9 (0.2) 2.3 (0.3) 4.2 (0.4) 2.5 (0.3) 4.8 (0.4) 5.4 (0.4) 5.1 (0.4) 4.9 (0.3)
Zhengzhou 3.2 (0.2) 3.8 (0.4) 6.2 (0.3) 4.5 (0.4) 6.3 (0.4) 6.6 (0.4) 6.8 (0.4) 7.0 (0.4)
Yangling 2.2 (0.1) 3.0 (0.2) 6.3 (0.2) 3.5 (0.4) 6.1 (0.3) 6.6 (0.3) 6.9 (0.4) 6.6 (0.3)
Qiyang  0.6 (0.1) 2.1 (0.3) 3.3 (0.3) 2.4 (0.3) 3.6 (0.3) 5.1 (0.3) 6.2 (0.3) 4.1 (0.4)
Mean  1.8 c 2.4 c 4.7 ab 2.9 bc 5.2 a 6.0 a 6.3 a 5.6 a

Stover  weight of corn (Mg  ha−1)
Changping 3.3 (0.4) 3.6 (0.4) 4.8 (0.7) 5.4 (0.6) 5.8 (0.6) 6.1 (0.5) 6.0 (0.7) 5.4 (0.6)
Zhengzhou 3.2 (0.3) 3.0 (0.3) 4.8 (0.3) 5.6 (0.3) 5.6 (0.4) 6.1 (0.4) 5.9 (0.5) 5.6 (0.4)
Yangling 2.0 (0.1) 2.4 (0.2) 3.3 (0.1) 3.8 (0.1) 4.3 (0.1) 4.1 (0.2) 3.5 (0.2) 3.8 (0.2)
Qiyang  0.9 (0.1) 1.1 (0.3) 2.1 (0.3) 2.7 (0.3) 4.8 (0.3) 5.9 (0.3) 3.5 (0.3) 2.7 (0.4)
Mean  2.4 d 2.5 cd 3.8 abcd 3.0 bcd 4.4 abc 5.1 a 5.5 a 4.7 ab

r 15 y
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a Values in parentheses are standard deviations of the mean that was averaged fo
Different letters in the same row indicate significant differences between treatme

. Results

.1. Response of wheat yield to fertilization treatments

Statistical analysis on yield data collected from all four study
ites showed that the treatment and year both had a significant
ffect on the wheat grain yield, but their interaction was not sig-
ificant (Table 1). In most cases, significantly higher yields were
btained from the NP, NPK, NPKm, 1.5NPKm and NPKs treatments
ompared to the CK, N and NK treatments (Table 2). There were
o significant differences in grain yield between the treatments of

 and NK, NP and NPK, NPK and NPKs, and NPKm and 1.5NPKm,
ndicating that K application, stover return, and higher amounts of

anure, did not significantly increase yield.
Based on the average yield across the 15 years, manure applica-

ion in the NPKm treatment resulted in an average 33% grain yield
ncrease at Qiyang compared to the NPK treatment, while little dif-
erences were observed at the other three sites (Table 2). However,
he NPKm treatment increased the wheat straw weight by 21%,
1%, 21% and 57% at Changping, Zhengzhou, Yangling and Qiyang,

espectively, compared to the NPK treatment. The total biomass of
heat (grain plus straw) was increased by 18%, 2%, 13% and 51% at
hangping, Zhengzhou, Yangling and Qiyang, respectively, by the
PKm treatment compared to the NPK treatment.

able 3
ncreased rate (Mg  ha−1 yr−1) of grain yield of wheat over the period of 1991–2005 from v

Sites Treatments

CK N NP NK 

Changping −0.05** −0.06** −0.02 −0.10
Zhengzhou −0.03 −0.12** 0.06 −0.15
Yangling −0.03 −0.07** 0.09 −0.03
Qiyang −0.01* −0.09** −0.10** −0.10

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
ear long-term experimental period.
P < 0.05 according to Tukey–Kramer adjustment.

Linear regression analyses showed declining yield (−0.03 to
−0.15 Mg  ha−1 yr−1) for the N and NK treatments (  ̨ = 0.01) during
the 15 year study (Fig. 1 and Table 3). The balanced nutrient treat-
ments (NPK, NPKm, 1.5NPKm and NPKs) resulted in unchanged
yields of wheat at Changping and Zhengzhou, and increased yields
over time at Yangling (  ̨ = 0.05 or 0.01). At Qiyang, the wheat yield
declined significantly for all the chemical treatments and the NPKs
treatment at rates ranging from −0.01 to −0.10 Mg  ha−1 yr−1 and
had no significant decrease only for the NPKm and 1.5NPKm treat-
ments over the 15 years.

3.2. Nitrogen use efficiency of wheat

Fig. 2 shows the annual wheat NUEs over the period of
1991–2005 in response to fertilizer treatments at the different
study sties. The NUE of wheat was  clearly in an increasing trend and
higher in the NP and NPK treatments than in N and NK treatments.
While decreasing in the N and NK treatments, the NUE of wheat in
the NP treatment showed increase at Yangling while unchanged at
Changping and Zhengzhou, and declined at Qiyang (Table 4). The

NUE of wheat increased at rates of 1.8–4.1% yr−1 at Changping and
Yangling, and did not change over time at Zhengzhou in the bal-
anced nutrient treatments (NPK, NPKm, 1.5NPKm and NPKs). At
Qiyang, the NUEs of wheat declined significantly (  ̨ = 0.01) for all

arious fertilization treatments at the four study sites.

NPK NPKm 1.5NPKm NPKs

** 0.11 0.12 0.12 0.07
** −0.03 0.08 0.07 0.05
** 0.12* 0.16** 0.12* 0.14**

** −0.09** −0.01 −0.02 −0.09**
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Fig. 1. Changes of annual wheat grain yield from 1991 to 2005 from chemical (left graphs
study  sites.

Table 4
Changing rate of nitrogen use efficiency (NUE) in wheat and corn over the period of
1991–2005 from various fertilization treatments at the four study sites.

Sites Treatments

N NP NK NPK NPKm 1.5NPKm NPKs

Wheat NUE (% yr−1)
Changping −0.6** 0.5 −1.5** 2.9** 2.8** 2.6** 2.2**

Zhengzhou −1.4** 0.3 −1.9** 0.6 0.2 0.2 −1.4
Yangling −1.7** 2.1** −0.1* 2.7** 4.1** 2.4** 1.8**

Qiyang −3.3** −4.3** −4.0** −3.0** −0.1 −0.1 −3.2**

Corn NUE (% yr−1)
Changping 0.3 2.3** 0.2 2.7** 2.5** 2.9** 2.8**

Zhengzhou −1.4** 0.2 −0.8** 1.3 1.1 0.4 0.4
Yangling −1.9** 0.8 −0.6** 1.6** 1.3 1.1 0.2
Qiyang −2.6** −2.7** −2.4** −1.6** 1.9** 1.4** −1.0

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
) and mixed chemical and organic (right graphs) fertilization treatments at the four

the chemical treatments including the NPK and NPKs treatment at
rates ranging from 3% yr−1 to 4% yr−1, and no significant changes
were observed for the NPKm and 1.5NPKm treatments over the 15
years. However, towards the end of the study period, the manure
treatments showed consistent increase or higher NUEs than oth-
ers and also higher NUEs from NPKm than that from the 1.5NPKm
treatment (Fig. 2).

Compared with the NPK treatment, the NPKm fertilization treat-
ment increased the average NUE only at Qiyang by 15% and a steady
NUE increase was observed during the last 7 years of the experi-
ment (Fig. 2) although no significant increase rate was concluded
during the 15-yr study period (Table 4). The average NUE over 15

years for the NPK and NP treatments (59% and 53%, respectively)
was 4–5 times higher than for the NK and N treatments (14% and
11%, respectively). This indicates the importance of P application in
enhancing wheat NUE.
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Table 5
Average nitrogen agronomic efficiency (NAE)a (kg kg−1) of wheat and corn over the
period of 1991–2005 for various fertilization treatments at the four study sites.

Sites Treatments

N NP NK NPK NPKm 1.5NPKm NPKs

Wheat
Changping 1 15 2 19 23 15 19
Zhengzhou 2 27 5 27 24 18 26
Yangling 0 25 1 27 28 29 27
Qiyang 0 7 1 9 13 14 10
Meanb 1 b 19 a 2 b 21 a 22 a 19 a 21 a

Corn
Changping 3 22 4 25 32 22 26
Zhengzhou 1 23 3 27 31 20 29
Yangling 2 24 2 29 37 38 31
Qiyang 1 7 1 7 13 16 9
Mean 2 d 19 bc 3 d 22 ab 28 a 24 ab 24 ab
ig. 2. Changes of nitrogen use efficiency of wheat from 1991 to 2005 from chemic
our  study sites.

.3. Nitrogen agronomic efficiency of wheat and corn

The average annual NAE of four sites for both wheat and corn
re given in Table 5. For both crops, the NAE values were signifi-
antly higher in the NP, NPK, NPKm, 1.5NPKm and NPKs treatments
7–38 kg kg−1) than in N and NK treatments (1–5 kg kg−1). The NAE
n the NPKm treatment was significantly higher than that in the NP
reatment for corn while no significant increase was observed for
heat. The highest NAE (29 kg kg−1 for wheat and 38 kg kg−1 for

orn, respectively) was detected in the 1.5NPKm treatment with
xtremely close values (28 kg kg−1 for wheat and 37 kg kg−1 for
orn, respectively) for the NPKm treatment. While similar NAE
anges were observed between wheat and corn for the chemical
ertilizer treatments, the manure and stover returned treatments
esulted in higher NAE for corn compared to wheat. The overall NAE

data not shown) for the production system was also examined and
howed a similar trend with the NUE. Thus further data analysis is
n NUE only.

a The NUE of wheat–corn system was determined using Eq. (3).
b Different letters in the same row indicate significant differences between treat-

ments at P < 0.05 according to Tukey–Kramer adjustment.
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Table  6
Average nitrogen use efficiency (NUE) and the increased rate of NUE for the total
wheat–corn system over the period of 1991–2005 for various fertilization treat-
ments at the four study sites.

Sites Nitrogen use efficiency (NUE) (%)

N NP NK NPK NPKm 1.5NPKm NPKs

Annual of wheat–corn system a

Changping 10 40 15 49 42 38 48
Zhengzhou 13 53 21 55 48 41 43
Yangling 11 53 14 59 63 48 51
Qiyang 9 22 12 31 45 42 37
Meanb 11 b 42 a 16 b 48 a 49 a 42 a 45 a

Increased rate of NUE (% yr−1)c

Changping −0.4 0.9 −1.0 2.8** 2.6** 2.7** 2.3*

Zhengzhou −1.4* 0.3 −1.3* 1.2 0.9 0.3 −0.1
Yangling −1.8** 1.9* −0.4 2.4** 2.7** 1.8* 1.3*

Qiyang −2.7** −2.8** −2.8** −1.6** 1.2** 0.9* −1.9*

a The NUE of wheat–corn system was determined using Eq. (3).
b Different letters in the same row indicate significant differences between treat-

ments at P < 0.05 according to Tukey–Kramer adjustment.
c The increased rate was  determined using a least squares linear regression:

Y  = a + bX, where Y is the NUE of wheat–corn system (%); X is the year; b is the slope
(i.e.  the NUE change rate).
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* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.

.4. Nitrogen use efficiency of wheat–corn system

To compare the effect of different fertilization regimes on the
erformance of the two-crop production cycles, the average over-
ll NUE of the wheat–corn system was analyzed and the results
re given in Table 6. Averaged over the four sites, significantly
igher NUE of the wheat–corn system were obtained for the NP,
PK, NPKm, 1.5NPKm and NPKs treatments compared to the N and
K treatments. No significant differences in the NUE can be deter-
ined between or among the treatments in the two groups based

n variations among the 4 sites although the NUEs appear very dif-
erent at different sites. Compared with the N treatment, the overall
UE was increased 30%, 40%, 42% and 13% in the NP treatment, but
nly increased 5%, 8%, 3% and 3% in the NK treatment at Changping,
hengzhou, Yangling and Qiyang, respectively. Manure application
NPKm) and stover returned with NPK (NPKs) resulted in net 14%
nd 6% increases in NUE respectively, from the NPK treatment at
iyang. The NPKm treatment resulted in little change in the NUE
alues of the wheat–corn system when compared to the NPK treat-
ent at Changping, Zhengzhou and Yangling. The 1.5NPKm showed

elatively lower NUE than the NPKm in all sites possibly due to
xcess N applied in the treatment.

The annual NUE change rates (% yr−1) of the total wheat–corn
ystem were calculated, analyzed using linear regression based on
ata shown in Fig. 2, and shown in Table 6. At Changping and Yan-
ling, significant increases of NUE were observed for all balanced
ertilizer treatments (NPK, NPKm, 1.5NPKm and NPKs). The N and
K treatments resulted in significant decreases of NUE, but for the
ther treatments there were no changes at Zhengzhou. At Qiyang,
ll the chemical N, NP, NK and NPK treatments as well as the NPKs
esulted in significant NUE decreases and the manure applications
NPKm and 1.5 NPKm) resulted in significant NUE increases. The
tover returned (NPKs) treatment showed variations among the
our sites, but with a similar effect as the NPK treatment on NUE.

.5. Contribution of P, K, and manure to wheat and corn yield and
UE increase
Averaged across the four sites, the contributions of P (i.e. PC) to
rain yield and NUE increase of wheat were 229% and 398%, respec-
ively, or 2.3–3.4 times greater than that for corn (98% and 118%)
arch 157 (2014) 47–56 53

(Table 7). The contributions of K (i.e. KC) to grain yield and NUE
increase were 1.3–31% for wheat and −3.2% to 44% for corn. The
further contributions of manure (i.e. MC)  to grain yield and NUE
increase of corn were 17% and 14%, respectively, and for wheat were
lower (11% and 0.6%). On the whole, PCs were as high as 55–742%
based on the improvement of yield and NUE while KCs were rel-
atively insignificant as compared to the PCs. Further contribution
of manure to yield and NUE improvement were confirmed for both
crops. Between the two  crops, wheat was more responsive to P and
corn was  more responsive to manure applications for both grain
and NUE by the higher PC values for wheat than that for corn and
higher MC  values for corn than that for wheat.

4. Discussion

4.1. Difference in response to fertilization treatment between
wheat and corn

The results from this research have shown that manure and
P are the most important fertilization treatments to improve the
yield and NUE for both wheat and corn (detailed data for corn are
reported in Duan et al., 2011). There are significant differences in
the crop response to the fertilization treatments. Prior to examina-
tion of these differences, it should be noted that the computation
of PC was based on NK treatment (low yield and low NUE) and
NPK treatment (Eq. (5)); and the MC  was based on NPK treatment
(higher yield and higher NUE than NK) and NPKM treatment (Eq.
(7)). The NPK treatment had substantially higher yield than the NK
treatment that resulted in much higher PC values than the MC  val-
ues; but these values do not necessarily indicate more importance
of P than manure. Positive MC  values indicate further improvement
upon sufficient or high P supply. The crop response to P and manure
treatments is discussed below based on the relative differences
between the two crops.

The P fertilizer effect on wheat yield and NUE improvement was
larger than that observed for corn (Table 7). The contributions of P
fertilizer to both grain yield and NUE were higher for wheat, about
2.3–3.4 times that for corn, average of the four sites. Manure, how-
ever, did not further improve the yield and NUE of wheat in alkaline
soils at Changping, Zhengzhou and Yangling (ave. MC  −13% to NUE
and 3.4% to yield) but showed significant improvement in the acid
soil at Qiyang (33–41%). For corn, manure application increased
NUE not only at Qiyang, but also at most other study sites (ave.
MC  17% to yield and 14% to NUE) with most MC  values relatively
higher than that for wheat, though it was not significant in statis-
tical because of the large variability among four sites.

In a similar rotation system, results from a 36-year experiment
also showed that wheat was  the crop most sensitive and corn was
moderate to the absence of P fertilization (Colomb et al., 2007).
There were three possible reasons for the different response of
wheat and corn to P fertilizer and manure. (1) During the early
growth stages of wheat, the mineralization of organic materials
and release of P in soil was slow because of low soil temper-
ature (i.e. from early October to early June). This would reduce
P availability in soil and limit P uptake by wheat (Sharpley and
Ahuja, 1982; Sánchez and Boll, 2005). In contrast, the temperature
during the early growth season for corn (i.e. from early June to mid-
September) was  high, which could lead to greater availability of P
in soil, thus increasing the supply of P for corn. (2) The manure
applied before the wheat season most likely released P slowly for
the wheat growing season, and for the same reason released or

increased P supply during its warmer corn growing season from
mineralization. (3) The sensitive stage to P nutrient deficiency is
the seedling stage for wheat (Romer and Schilling, 1986), but the
later period for corn (Girma et al., 2007). The sufficient chemical
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Table  7
Contribution of P (PC), K (KC), and manure (MC) (%) to improvement of the mean annual yield and N use efficiency (NUE) at the four study sites.

Sites PCa on grain yield KC on grain yield MC  on grain yield PC on NUE KC on NUE MC  on NUE

Wheat
Changping 289 21 14 479 23 −14
Zhengzhou 137 1.6 −7.8 230 1.3 −24
Yangling 350 3.8 3.7 742 3.4 −0.4
Qiyang 140 20 33 141 31 41
Mean  229 12 11 398 15 0.6

Corn
Changping 90 14 13 96 23 −11
Zhengzhou 55 1.6 4.8 86 12 6.8
Yangling 79 −3.2 8.2 139 25 18
Qiyang 166 9.1 42 150 44 44
Mean  98 5.5 17 118 26 14
P-valueb 0.07 0.37 0.62 0.08 0.29 0.48
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a Percent changes for PC, KC, and MC were calculated using Eqs. (5)–(7), respecti
b The P-value represents the probability to be same between wheat and corn in a

ertilizer in earlier stage and slow mineralization of manure led
o the different response of wheat and corn to chemical P and

anure.

.2. Nitrogen agronomic efficiency of wheat and corn

High NAE was  achieved from the 15 year long field experiment
rom NPK applied treatments especially with manure applications
Table 5). For corn, the NAE achieved 37–38 kg kg−1 in the NPKm
r 1.5NPKm treatments. Vanlauwe et al. (2011) was reported that
ased on over 700 data points, the NAE of corn were in the range
f 10–30 kg kg−1 and values over 25 kg kg−1 were obtained in well-
anaged systems. The low NAE from all treatments were due to the

ow grain yield at Qiyang (Table 2). Compared with the NPK treat-
ent, the NPKm treatment increased the NAE of corn by 15–86%

t the four study sites. Vanlauwe et al. (2011) also showed that
AE of corn increased from 25 kg kg−1 to 38 kg kg−1 after manure
pplied to chemical fertilizer. The very low NAEs (0–5 kg kg−1) for
he N and NK treatments indicate that the N and NK treatments
esulted in a low increased yield than the control. This was true
hen unbalanced fertilizer application caused soil physical, biolog-

cal, or chemical degradation, referred to as “poor, less-responsive
oils” by Vanlauwe et al. (2011). Negative NAE value was even
etected in Peng et al. (2006) because of the excessive N application.

The NAE values of wheat were in the range of 9–29 kg kg−1

or the NPK treatment in our study, which was similar to
he values reported in Yadvinder-Singh et al. (2009) for wheat
14–24 kg kg−1). The similar NAE of wheat between NPK and NPKm
reatments suggested the manure did not improve NAE, average of
he four sites, but much higher NAE in NPKm treatment was  found
or corn although the difference not significant (Table 5). Aulakh
t al. (2000) also showed that the NAE of wheat did not change after
anure applied to chemical fertilization and might increase after

he ratio of chemical N fertilizer was decreased in the combined
ertilization.

The NAE and NUE showed a similar response to fertilization
reatments indicating that the grain yield was highly correlated
o the biomass production for a crop. However, between crops,
he NAE was not completely consistent with NUE because of the
ifferent harvest index (HI, ratio of grain/total biomass). The corn
ad a relatively higher HI (0.43–0.55) than wheat (0.38–0.44) that
an be deduced from data in Table 1. The NAE of corn (maxi-
um 38 kg kg−1) was similar to or higher than wheat (maximum
9 kg kg−1), while the NUE of corn (maximum 71%) was  always
ower than wheat (maximum 91%) at the same sites (Fig. 2; Duan
t al., 2011). The data suggested that the corn was more efficient
han wheat in converting the N into grain.
 parameter.

4.3. Relationship between soil nutrient status change and NUE

Soil nutrient status changes from the long-term experiment
were reported in detail earlier (Duan et al., 2011). In summary,
the total N in soil increased significantly under manure applica-
tion (NPKm and 1.5NPKm) at Changping, Zhenzhou and Yangling
and available N increased significantly at Zhengzhou only. The soil
available P content increased to some extent in the NP and NPK
treatments, and increased substantially in manure treatments. Sig-
nificant increases in soil available K content were only observed
from K fertilizer treatments at Zhengzhou and Yangling.

The relationship between NUE of wheat and soil total N, avail-
able P and available K was evaluated using the Mitscherlich
equation from Colomb et al. (2007). The results (data not shown)
were similar to corn that was discussed by Duan et al. (2011).
Total N and available K did not significantly affect the NUE of
wheat except for a weak relationship between the available K con-
tent and the NUE at Qiyang (R2 = 0.2*). Available P content in soil,
however, had a significant effect on NUE of wheat (R2 = 0.3–0.6*)
at all four sites. The maximum NUEs of wheat predicted by the
Mitscherlich equation were 59%, 61%, 69% and 39% at Changping,
Zhengzhou, Yangling and Qiyang, respectively. These values sug-
gest that wheat NUE could be increased up to 40–70% by providing
sufficient soil P. At the four study sites, the available P content in soil
increased in balanced fertilization from the 5–11 mg  kg−1 in 1990
to 16–27 mg  kg−1 (NPK treatment) in 2005 from P fertilization.

The NUE of wheat–corn system was  significantly improved by
manure application at Qiyang and the additional P from manure
must have contributed to the improvement. The total P content
in Qiyang soil was  lower (0.5 g kg−1) than the other three sites
(0.6–0.7 g kg−1) in 1990 (beginning of the field experiment) and
increased quickly after P fertilizer and manure applications (Duan
et al., 2011). Other studies also showed that with P fertilizer appli-
cation, soil P concentration increases are greater for sites having
lower initial soil test P values (Dodd and Mallarino, 2005; Anthony
et al., 2012).

4.4. Yield and NUE affected by soil and climate conditions

Crop yield and NUE response to fertilization treatments were
most likely affected by soil and climate conditions in wheat–corn
cropping system based on the observations at the four study sites.
Among the three sites in north and central China (Changping,
Zhengzhou and Yangling), the improvement of NUE due to K fertil-

izer was  only observed at the Changping site because the available K
in 1990 at this site was the lowest (65 mg  kg−1) and did not increase
to a higher level in soil during the 15 years (Duan et al., 2011).
The average NUE of the wheat–corn system was  40% and remained
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onstant during the 15 years for the NP treatment, while increas-
ng to 49% at annual rates of 2.8% yr−1 for the NPK treatment at
hangping (Table 6). Therefore, K fertilizer should be applied at the
orthern region where soil K level is low to improve the overall
UE for the wheat–corn production system.

Qiyang is located in southern China and the soil pH was 5.7
n 1990. A significant decline in pH occurred in this type of soil
ue to chemical fertilization and the annual pH decline ranged
rom 0.07 to 0.12 pH units (Zhang et al., 2008). This is due to
he high precipitation, low cation exchange capacity of the soil,
nd especially intensified nitrification from inorganic N fertilizer
pplication causing soil acidification. In acids soils, even balanced
PK applications resulted in NUE that decreased over time (Fig. 2)
nd higher NUE can be achieved only through manure applica-
ions. Manure application was found to prevent acid soil from
urther acidification, which is another important reason for the
mprovement of NUE by increasing yield and plant N uptake. There-
ore, manure applications appear necessary to increase the overall
heat–corn yield and NUE to a greater extent for acid soils com-
ared to alkaline soils due to the benefits of improving acidic soil
roperties.

.5. Nutrient management strategies for wheat–corn cropping
ystem

In this study, the average NUE of wheat achieved 38–63% in
anure treatments at all four sites. In the acid soil at Qiyang, the
anure treatments increased NUE to as high as 70% for wheat. The
UE of corn achieved 54–70% from manure and P fertilizer appli-
ations at the four study sites (Duan et al., 2011). The current NUE
or wheat and corn in China is about 26–28% (Miao et al., 2011).
he reported low NUEs are likely due to either imbalanced nutri-
nt supply or excessive N supply. This long-term field study showed
hat much higher NUEs can be achieved with balanced nutrient and

anure applications or stover returns. The results also illustrate
ositive gains from the use of more organic sources of nutrients,
uch as manure, while providing good economic benefits to the
armers.

As the wheat yield showed more improvement in response to
 fertilizer than corn and corn yield showed more improvement
o manure applications, it is therefore recommended to emphasize
he P supply for wheat and manure application for corn to improve
UE further in the rotation system in China. It should be noted,
owever, that P fertilizer has been over used in some parts of China
nd there were excess amounts of P in soil. In this case, caution
ust be taken and no P fertilization should be recommended to

void losses of P to the environment. Determination of soil P level
s necessary for effective nutrient management.

The overall NUE of wheat–corn system can be increased to 63%
Table 6) by the application of P fertilizer and manure with proper
mount and timing. However, nutrient dynamics from fertilizer,
specially manure, and its relationship to plant requirements are
ot well understood. For a better understanding of the different
esponse of crops to fertilization, the physiological process of nutri-
nt in crops and after effect of fertilization should be examined
urther. Nutrient release from manure application needs to be char-
cterized so that this knowledge can assist in decision making
n application timing for efficient plant uptake. Precision nutrient
anagement systems need to be established that respond to not

nly the field-to-field and year-to-year variability in nutrient sup-
ly and crop demand for a single crop, but also for the integrated

roduction systems. The information gained from this long-term
esearch is valuable for further research and will help to develop
ffective nutrient management strategies that will lead to more
alanced nutrient approach, less reliance on chemical fertilizers,
arch 157 (2014) 47–56 55

increased nutrient-use efficiencies, reduced environmental degra-
dation, and ultimately sustainable intensification.

5. Conclusions

Based on the 15-year long field research, crop yield and nitrogen
use efficiencies can be significantly improved for the wheat–corn
cropping system by management strategies for both chemical and
manure fertilizer sources. The NUE of overall rotation system was
40–60% in well balanced fertilization treatments. The balanced fer-
tilization especially with manure applications resulted in high grain
yield, increased NUE at three alkaline soils. The NUE improvement
from manure applications was more significant in acid soil than
in alkaline soils. Phosphorus was clearly one of the key factors to
improve NUE of the system in all study sites. Phosphorus fertil-
izer was more effective to improve yield and NUE for wheat than
for corn, while manure application effect was relatively greater for
corn than for wheat. Although similar NAE was  obtained for both
wheat and corn, the higher biomass of corn leads to high NUE val-
ues than for wheat. These results can guide chemical fertilizer and
manure application to improve the system production and NUE.
There is a great need for further understanding the dynamics of N
from manure application to increase its nutrient use efficiency and
minimize potential impact on soil productivity.
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