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Abstract In the North China Plain, the grain yield of irrigated wheat-maize cropping system
has been steadily increasing in the past decades under a significant warming climate. This paper
combined regional and field data with modeling to analyze the changes in the climate in the last
40 years, and to investigate the influence of changes in crop varieties and management options
to crop yield. In particular, we examined the impact of a planned adaptation strategy to climate
change -“Double-Delay” technology, i.e., delay both the sowing time of wheat and the harvest-
ing time of maize, on both wheat and maize yield. The results show that improved crop varieties
and management options not only compensated some negative impact of reduced crop growth
period on crop yield due to the increase in temperature, they have contributed significantly to
crop yield increase. The increase in temperature before over-wintering stage enabled late
sowing of winter wheat and late harvesting of maize, leading to overall 4–6% increase in total
grain yield of the wheat-maize system. Increased use of farming machines and minimum tillage
technology also shortened the time for field preparation from harvest time of summer maize to
sowing time of winter wheat, which facilitated the later harvest of summer maize.

1 Introduction

The North China Plain (NCP) is one of the most important agricultural production regions in
China. With a dominant winter wheat-summer maize double cropping system, it provides
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more than 50% of the nation’s wheat and about 33% of maize production. Extensive studies
showed that China’s climate has generally become warmer and drier, especially since late
1970s and across the north part of China (Lin 1996; Smit and Cai 1996; Chen et al. 1998;
Tao et al. 2006). Such trends were considered to reduce the length of crop growing periods
and potential yield (Chen et al. 2010b). The decline in rainfall at some locations should also
have impact on crop yield (Xiong et al. 2007; Tao et al. 2008). However, grain yield of
wheat and maize in the NCP has been increasing from 1960s to middle 1990s, which implies
autonomous adaptations, because no planned adaptation strategies were officially developed
to mitigate the negative impact of climatic change. These adaptations include adopting new
crop varieties and management options to achieve high crop yield (Xu and Zhao 2001;
Zhang et al. 2005; Sun et al. 2007; Zhou et al. 2007; Liu et al. 2010), which are proved to be
also suitable to the conditions with rising temperature.

In recent years since middle 2000s, grain yield of wheat and maize has been further
increased, partly due to the application of a so-called “Double-delay” technology in the north
part of the NCP (National Bureau of Statistics of China 2008). “Double-Delay” means
delayed sowing of wheat crop and delayed harvesting of maize crop (including use of later
maturing maize cultivars). It has been promoted to agricultural regions in the NCP by
scientists and the government. Therefore, it can be seen as a planned adaption option.
However, no studies have systematically analyzed the background and quantified the
impacts of the “Double-Delay” technology on wheat-maize cropping system under the
warming climate in the NCP.

The effects of climate change and management practices on crop production have been
investigated by numerous studies in different parts of the world. Some studies assessed the
individual effect of rising temperature (Peng et al. 2004; Tao et al. 2006) and changing crop
varieties and sowing dates (Winter and Musick 1993; Egli and Bruening 2000; Kantolic et
al. 2007; Zhang et al. 2010). Others analyzed the compound impact of changes in climate,
crop varieties and management options (Sadras and Monzon 2006; Monzon et al. 2007; Luo
et al. 2009; Tao and Zhang 2010). The general conclusion was that adaptation options, such
as the improvement in crop varieties and the change in the sowing date, could alleviate the
negative effects of rising temperature and increase crop yield. In addition, the adaptation
option differed significantly between crop types and regions due to different climate, crop
characteristics, farming practice and other socioeconomic factors (Howden et al. 2007).
“Double-Delay” technology in the NCP was developed in addition to the autonomous
adaptation strategies. A systematic analysis of its background and its impacts on wheat-
maize cropping system under the warming climate in the NCP would shed light for future
development of new adaptation strategies.

The objectives of this study are to 1) analyze the climate background for the development
of “Double-Delay” technology, including the changes in climate and crop varieties and their
impact on crop production, 2) quantify the impact of “Double-Delay” technology on yield
potential of wheat-maize double cropping system in different agricultural regions in the
NCP.

2 Materials and methods

2.1 Study sites, climate and crop data

Hebei, Shandong and Henan province are the three provinces with highest wheat and maize
yields in the North China Plain. Three sites, Luancheng (37.88°N, 114.65°E), Tai’an (36.19°
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N, 117.12°E) and Xinxiang (35.31°N, 113.88°E), were selected, each represents a typical
agricultural site of Hebei, Shandong and Henan province respectively (Fig. 1). For each site,
historic daily weather data from 1961 to 2008 were available from China Meteorological
Administration, including daily average, maximum and minimum temperature, rainfall,
wind speed, sunshine hours, and relative humidity. Daily global radiation was estimated
from sunshine hours based on the Angstrom equation (Wang et al. 2008). Average air
temperature at Luancheng, Tai’an and Xinxiang was 14°C, 15°C and 14.7°C, while average
annual precipitation was 516 mm, 700 mm and 575 mm, respectively.

Crop phenological stages and varieties used from 1981 to 2005 were recorded at the agro-
meteorological experimental stations at Luancheng, Tai’an and Xinxiang. Average grain
yield (kg ha-1) of winter wheat and summer maize in Hebei, Henan and Shandong province
from 1961 to 2008 were obtained from the internet website of Crop Cultivation Information
in China (www.zzys.gov.cn). These crop yield data were used to analyze the trend of change
in the length of crop growing period and grain yield.

2.2 “Double-Delay” technology and field experiments

In general, winter wheat is sown in early October, approximately 2 weeks after the harvest of
summer maize in late September, to allow time for field preparation. The “Double-Delay”
technology practiced in recent years was to delay harvesting of maize crop for about 7 days
and delay sowing of wheat crop for about 7 days, depending on climatic regions, compared
to traditional planting pattern. It aims to increase maize yield by increasing the growth
duration of summer maize.

In order to study the change in crop yield in response to changed sowing time of wheat and
harvesting time of maize, a field experiment was conducted by Sun et al. (2007) at the
Luancheng Agroecological Experimental Station from 2002 to 2005. The experiment consisted
of six treatments (T1 to T6) representing different time of sowing and harvest of winter wheat
and summer maize (Table 1). T1 represents the typical sowing and harvest time used by the

Fig. 1 The North China Plain and the study sites: Luancheng in Hebei province, Tai’an in Shandong province
and Xinxiang in Henan province
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local farmers. Other treatments were 5–25 days delay in wheat andmaize harvesting time. After
harvest, the grain yield, thousand-grain weight for wheat and hundred-grain weight for maize
were measured. The farming systems model, APSIM (Keating et al. 2003), is used here to
simulate the yield change of single crop variety in response to past climate change as described
below. These experimental data was used to test APSIM’s performance to simulate the wheat
yield change with delayed sowing time and maize yield change with delayed harvesting time.
Detailed descriptions of the experiments were given by Sun et al. (2007).

2.3 The agricultural system model APSIM and its validation

The Agricultural Production System sIMulator (APSIM, version 5.3) was used to simulate
the crop growth and grain yield of the wheat-maize double cropping system in response to
different sowing and harvesting dates from 1961 to 2008. Key APSIM modules used
included –wheat (Meinke et al. 1998; Keating et al. 2001; Wang et al. 2003), maize
(Carberry et al. 1989; Carberry and Abrecht 1991; Keating et al. 1991, 1992), soilwat2
(Probert et al. 1998), soiln2 (Probert et al. 1998), residue2 (Probert et al. 1998), and a
manager module that allows conditional application of management rules.

APSIM is well tested, widely used in Australia (Keating et al. 2003), and recently tested
and applied in the North China Plain (Wang et al. 2007; Chen et al. 2010a). These studies
indicated that APSIM was able to reproduce the observed crop growth, yield and water use
in the study areas of the NCP. The model could explain more than 80% of the variation in
crop biomass and yield. Here we rely on the previous work on model validation for normal
sowing dates of wheat and maize, only carried out additional test of the modeling under
delayed sowing time against the data collected by Sun et al. (2007) as described previously.

2.4 Simulation scenarios and APSIM parameterization

To simulate impact of past climate change on grain yield of single wheat and maize variety
(i.e. no variety change), one old wheat cultivar “Jinfeng1” and one earlier maturing maize
variety “Luyuandan9” were used. Simulations were conducted under normal sowing dates
every year from 1961–2008. Trend analysis was performed to investigate the change in
simulated length of growing period and grain yield.

To explore the impact of climate change on season overlap problems in the wheat-maize
double cropping system, the overlapping period needed for intercropping due to season
shortage for the two crops was modeled assuming the current wheat and maize varieties (see
below) were planted in the past and no crop varietal changes would have occurred from 1961
to 2008. The trend of change of the simulated length of the overlapping period was analyzed.

Two scenarios of simulations were conducted to study the impact of “Double-Delay”
technology on yield potential of irrigated wheat and maize crops at the three sites. Scenarios
one (S1) represents traditional sowing and harvesting times of wheat and maize. More recently

Table 1 Six treatments of Sun et al. (2007), covering different harvesting dates of summer maize and sowing
dates of winter wheat. Plant density of winter wheat was increased with later sowing

Treatments T1 T2 T3 T4 T5 T6

Harvest time of maize (day/month) 25/09 1/10 5/10 10/10 15/10 20/10

Sowing time of winter wheat (day/month) 5/10 10/10 15/10 20/10 25/10 30/10

Sowing amounts of wheat (kg ha-1) 135 142.5 153.75 168.75 183.75 198.75
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used wheat varieties “Gaoyou503”, “Keyu13” and “Zhengmai9023” were planted every year
on October 4th, 6th, 10th at Luancheng, Tai’an and Xinxiang, respectively and harvested at
physiological maturity. Maize varieties “Yedan21”, “Yedan22” and “Zhengdan958” were
planted every year on June 5th, 18th, 5th at Luancheng, Tai’an, and Xinxiang respectively,
and were forced to harvest on Sept 20th in order to allow about 2 weeks for field preparation
before sowing winter wheat, although maize might not reach its physiological maturity stage.

Scenario 2 (S2) represents delayed maize harvest and delayed wheat sowing. The same
wheat varieties as that in S1 were sowed on October 11th, 13th, 17th at Luancheng, Tai’an and
Xinxiang, respectively and harvested at physiological maturity stage. Maize (simulated using
the same varieties as in S1) was harvested at physiological maturity or on Sept 27th, whichever
were earlier. This will lead to a maize harvest date on average 7 day later than that in S1.

Tables 2 and 3 showed crop variety parameters for the simulation of phenological
development of wheat and maize and crop yield. These parameters were derived by match-
ing the simulated and observed stages of phenology and grain yield of wheat and maize with
a trial-and-error method. More detailed descriptions of crop parameters and soil parameters
are given by Chen (2008) and Chen et al. (2010b).

For all the simulations, irrigation was applied using the automatic irrigation facility in APSIM
to ensure that the crop did not have water stress. When soil water content dropped below field
capacity, irrigation water was applied to increase the soil water content to field capacity. Each
year, 100 kg N/ha was applied as the base fertilizer and another 100 kg N/ha was added at the
jointing stage during the growing season of winter wheat. 80 kg N/ha was applied at sowing and
another 100 kg N/ha was added at the stem elongation stage for summer maize to ensure the
crops were not nutrient stressed. Because irrigation did not increase soil water content above field
capacity, limited drainage as well as N leaching occurred as a result of irrigation.

3 Results

3.1 Climate change since 1960s and pre-winter temperature increase in recent years

The changing trends of climatic variables at Luancheng, Tai’an and Xinxiang from 1961–
2008 were shown in Fig. 2. There was a significant increasing trend in annual average and

Table 2 APSIM parameterization for four wheat varieties used in the study

Parameters Values

Gaoyou503 Keyu13 Zhengmai9023 Jinfeng1

vern_sens (sensitivity to vernalisation) 1.7 1.5 1.8 2.7

photop_sens (sensitivity to photoperiod) 2.3 2.0 2.0 3.3

startgf_to_mat (thermal time from beginning
of grain-filling to maturity (°C d)

600 420 420 420

Grains_per_gram_stem (coefficient of kernel
number per stem weight at the beginning
of grain-filling (g per stem))

23.0 24.0 25.0 23.0

potential_grain_filling_rate (potential grain-filling
rate (g per kernel per day))

0.0025 0.0023 0.0025 0.0025

Phyllochron (Phyllochron interval
(°C d/leaf appearance))

85 85 85 85
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minimum temperatures, while the increase in maximum temperature was significant at 95%
level only at Tai’an. The increase in average temperature ranged from 0.4°C per decade at
Luancheng to 0.17°C per decade at Tai’an and 0.16°C per decade at Xinxiang, indicating

Table 3 APSIM parameterization for four maize varieties used in the study

Parameters Values

Yedan21 Yedan22 Zhengdan958 Luyuandan9

Head_grain_no_max (maximum grain numbers per head) 500 560 630 500

Grain_gth_rate (grain-filling rate (mg/grain/day)) 9 10 10.5 12

tt_emerg_to_endjuv (thermal time (TT) required from
emergence to end of juvenile (°C d))

280 240 240 240

photoperiod_slope (change in TT required to floral
initiation per hour photoperiod increase)(°C/hour)

19.0 19.0 19.0 19.0

tt_flower_to_maturity (thermal time required from
flowering to maturity (°C d))

900 850 980 700

tt_flower_to_start_grain (thermal time required from
flowering to starting grain-filling (°C d))

130 160 160 130

Fig. 2 Trends in annual average (Taver) (a–c), maximum (Tmax) (d–f), and minimum (Tmin) (g–i) temper-
atures (°C), annual total rainfall (j–l) (mm) and global radiation (m–o) (MJ m-2 d-1). Straight line is the linear
regression line against year. ** Significant at P<0.01; * Significant at P<0.05
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more warming towards north part of the NCP. Global radiation showed a decreasing trend,
with a rate of -670 kJ m-2 d-1 per decade at Luancheng, -600 kJ m-2 d-1 per decade at Tai’an
and -340 kJ m-2 d-1 per decade at Xinxiang, mainly due to air pollution (Yang et al. 2004;
Che et al. 2005). Annual rainfall had no significant trend of change.

Rate of accumulation of temperature above certain base temperature (thermal time)
reflects the rate of development of crops. The base temperature for wheat and maize crop
development are 0°C and 8°C respectively. Table 4 shows the trends in monthly accumu-
lated temperature above 0°C during the period from October to next May (wheat growing
season) and above 8°C during the period from June to September (maize growing season)
from 1961 to 2008 at Luancheng, Tai’an, Xinxiang, respectively. There has been a signif-
icant increase in accumulated temperature above 0°C in the vegetative growth stage of
winter wheat in October, January to April at Luancheng, from February to April at Tai’an
and Xinxiang (P<0.05). For maize growth season, there was a significant increase in
accumulated temperature above 8°C in June-September at Luancheng and in September at
Xinxiang (P<0.05), while no significant change trend at Tai’an. The increase in temperature
accumulation implies accelerated crop development and reduced duration of crop growing
period for a given cultivar.

Figure 3 shows accumulated temperature anomalies above 0°C in the two months of
October and November before the over-wintering stage of wheat. Although the temperature
changes were not uniform at the three study sites, it is noticeable that the anomaly was
mainly positive in recent years, showing significant pre-winter warming due to climate
variability in the recent past.

3.2 Trend of changes in provincial grain yield of wheat and maize in the NCP since 1960s

Figure 4 shows the changes in average provincial grain yields of wheat and maize in the
NCP from 1961 to 2008, which reflects the compound effects of climate, crop varieties,
management options and socio-economic factors on grain production. There was a signif-
icant increasing trend in grain yields of wheat and maize from 1960s to 2000s. The average
yields of wheat and maize were 806 kg ha-1 and 1416 kg ha-1 in 1960s and reached 4965 kg

Table 4 Trends in monthly accumulated temperature above 0°C during the growing season of wheat
(October-May) and that above 8°C during the growing season of maize (June-September) from 1961 to
2008. ** Significant at P<0.01; * Significant at P<0.05

Site Luancheng Tai’an Xinxiang

Wheat growing season October 1.29** 0.44 0.55

November 0.55 0.44 0.45

December 0.38 0.28 0.17

January 0.42* 0.27 0.073

February 1.58** 1.04* 1.28**

March 1.73** 1.04* 1.18*

April 1.58** 1.22** 1.3**

May 0.06 -0.2 0.52

Maize growing season June 0.63* -0.067 0.22

July 0.77* -0.074 0.44

August 0.61* -0.31 0.28

September 1.36** 0.57 0.66*
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ha-1 and 5121 kg ha-1 in 2000s, respectively. The period from the 1960s to the middle of the
1990s was characterized as a rapid increase period of grain yields due to increased water and
fertilizer inputs, improved varieties and management options (Wang et al. 1995; Ellis and
Wang 1997; Zhou et al. 2007; Liu et al. 2010). Thereafter, grain yields remained stable
because varieties and management options were relatively stabilized and water and fertilizer
inputs were able to meet crop demand and even becoming excessive (Ju et al. 2009). The
small downwards trend in a short period was caused by farmers’s reluctancy to grow grain
due to the transitory food surplus and piled storage (Wang et al. 2009a). However, a
noticeable further increase in grain yields of wheat and maize can be observed since 2004.

Fig. 3 Anomaly of accumulated temperature (above 0°C) during October and November before the over-
wintering stage of winter wheat at Luancheng (a), Tai’an (b) and Xinxiang (c) respectively from 1961 to 2008

Fig. 4 Changes in average grain yields of wheat (a) and maize (b) in the North China Plain from 1961 to
2008. The grain yields are average values of crop yields in Hebei, Shandong and Henan Province
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3.3 Simulated impact of climate change on phenology and yield of wheat and maize in the
NCP

Simulation modeling enables the use of a single cultivar for each crop to grow for many
years. By assuming no water and nutrient stresses, the simulation results can be analyzed to
disentangle the influence of climatic trend and management options on crop yield. Figure 5
shows the trend of change in simulated length of growing season and yield of winter wheat
and summer maize using wheat variety “Jinfeng1” and maize variety “Luyuandan9” at
Luancheng, Tai’an and Xinxiang from 1961 to 2008. It shows what would have happened if
no crop varietal changes would have occurred in the past. The simulated length of growing
season of winter wheat was significantly shortened at all the three sites (about 2 days/
decade) due to the increase in average temperature. Consistent with the findings of Liu et al.
(2010), the warming mainly occurred in vegetative growth stage, while simulated length of
reproductive growth phases was relatively stable. The reduced growing season and biomass
growth rate led to a significant reduction in simulated winter wheat yield at all the three sites.

The simulated length of growing season of summer maize had no significant trend of
change at Tai’an and Xinxiang. At Luancheng, increased temperature in September reduced
the duration of maize growth. There was a declining trend in simulated maize grain yield at
all the three sites due to the reduction in solar radiation, which is consistent with the results
of Chen et al. (2010b).

Figure 6 shows the change in simulated intercropping period between wheat and maize
(using modern wheat variety “Gaoyou503” and maize variety “Yedan21” at Luancheng,
wheat variety “Keyu13” and maize variety “Yedan22” at Tai’an and wheat variety “Zheng-
mai9023” and maize variety “Zhengdan958” at Xinxiang). The intercropping period from

Fig. 5 Simulated grain yield (a–c), length of growing season (d–f) and biomass growth rate (biomass/length
of growing season) (g–i) of wheat (cultivar Jinfeng1) and maize (cultivar Luyuandan9) at three study sites
(1961–2008). Straight lines show the linear trends against year. ** Significant at P<0.01; * significant at P<
0.05
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maize sowing date to wheat harvest date has been decreasing at all the three sites from 1961
to 2008. If the modern wheat variety was planted 40 years ago, maize would have to be
planted before wheat maturity in order to get enough season length for maize to mature. The
warming also shortened simulated length of season overlap from maize harvest date to wheat
sowing date at Luancheng. If the modern maize variety was planted in the past, it would not
be able to mature before winter wheat sowing date for almost every year before 1997 at
Luancheng. Due to less change in temperature during maize growth season at Tai’an and
Xinxiang, there was no significant trend in the change in simulated length of season overlap.

3.4 Impact of adaptation of crop varieties

Figure 7 shows the changes in observed phenological stages of winter wheat and summer maize
at the study sites with variety changes from 1980 to 2005. For winter wheat, there was a
significant reduction in total growth duration at Tai’an (about 5 days/decade), but not at
Luancheng and Xinxiang. The difference between observed and simulated phenological stages
at Luancheng and Xinxiang reflect that varietal change had a counter effect to climate change.
For summer maize, there was a significant increasing trend in observed total growth season at
all three sites, especially at Xingxiang (about 7 days/decade). The observed length of vegetative
growth stage was shortened about 1 days/decade at Luancheng but increased slightly at Tai’an
and Xinxiang. The observed length of post-flowering period was increased at three sites,
significantly at Xinxiang. Longer post-flowering period suggested the potential of increased
grain filling period and increased grain yield – a positive adaptation to the warming climate.

Fig. 6 Simulated length of overlapping period from wheat harvest date to maize sowing date (a, c, e)
(positive values represent that maize was sown before wheat harvest and the negative values represent maize
was sown after wheat harvest), and of overlap period from maize harvest date to wheat sowing date (b, d, f)
(positive values represent that wheat was sown when maize was forced to be harvested before maturity, and
the negative values represent the days that wheat was sown after maize harvest) from 1961–2008
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Fig. 7 Trends of change in the durations of observed developmental stages (sowing to maturity, sowing to
flowering and flowering to maturity) of winter wheat (10 varieties at Luancheng, 19 varieties at Tai’an and 13
varieties at Xinxiang) and maize (13 varieties at Luancheng, 13 varieties at Tai’an and 15 varieties at
Xinxiang) from 1980–2005 at Luancheng (a–b), Tai’an (c–d) and Xinxiang (e–f). Straight lines show the
linear trends against year. ** Significant at P<0.01; * significant at P<0.05
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3.5 Impact of adaptation of cultivation management – “Double-Delay”

Field experimental results in LuanchengAgro-ecological Experimental Station from 2003 to 2005
showed that the “Double-Delay” technology resulted in increase in maize yield, but led to
reduction in wheat yield (Fig. 8). Average yield reduction of wheat was 0.5% day-1 of delay of
sowing date fromOctober 10 andmaize yield was increased (through increasing kernel weight) by
about 0.6% each day delayed from the harvest date of October 5 at Luancheng (Sun et al. 2007).

Figure 9 shows the average response of observed and simulated crop yield to delayed
sowing time of wheat and harvesting time of maize. The simulation results give the same
trend of yield change in response to the “Double-Delay” technology, which demonstrates
that the model is able to capture the impact of changed sowing/harvesting time on crop yield.

Figure 10 shows the simulated percentage increase in grain yield of the wheat-maize double
cropping system under two simulation scenarios (traditional planting pattern versus “Double-
Delay” planting pattern). The results indicate that maize yield could be increased on average by
9% at Luancheng, 15% at Tai’an and 7% at Xinxiang if harvest date of maize was delayed for 7
days. Though there is a risk of yield loss of wheat due to late sowing, total yield of wheat-maize
double cropping system could be increased by 4%–6% at all the three sites.

Figure 10 also shows that the “Double-Delay” technology could lead to increase in crop
yield of the wheat-maize system in earlier years. However, it has only practiced in recent
years because no-tillage or minimum tillage technology became widespread in China since
2002 (Zhang et al. 2004), which results in significant reduction in field preparation time
between the harvest of summer maize and the sowing of winter wheat.

4 Discussion

In China, mean temperature has increased during the last decades particularly since the
1980s, with the largest increase in the northern part (Tao et al. 2003). While a number of

Fig. 8 Percentage increase of yield with delayed sowing time of wheat (a) and harvesting time of maize (b)
from 2002 to 2005 at Luancheng (original data from Sun et al. 2007)
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Fig. 9 Measured and simulated
percentage increase of yield with
the delay in wheat sowing and
maize harvesting time, averaged
from 2002 to 2005 at Luancheng

Fig. 10 The percentage increase
in grain yield of winter wheat and
summer maize simulated from
1997 to 2008 at Luancheng (a),
Tai’an (b) and Xinxiang (c). The
increase indicates the change of
yield from traditional planting
pattern to ‘Double-Delay’
planting pattern
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studies showed the increase in temperature would reduce the length of growing period of
wheat and maize and thereby lead to decline in yield (Tao et al. 2008; Wang et al. 2009b;
Chen et al. 2010b), the actual yield change in the NCP shows the opposite. Improved crop
varieties and management options have been able to steadily increase crop yield levels.

In the NCP, the warming in the past decades mainly occurred during the vegetative (pre-
flowering) growth stage of wheat and maize. Similar phenomenon also occurred in the
growth season of wheat in Australia and Argentina (Sadras and Monzon 2006). Although it
had a potential to reduce the length of crop growth period and crop yield if no varietal
change could have occurred, adoption of new crop varieties had been able to stabilize the
length of pre-flowering period against the negative effect of warming and extend the length
of the post-flowering (grain-filling period), which has led to increased crop yield (Liu et al.
2010). The modeling study of Kantolic et al. (2007) also indicated shortening pre-flowering
period without changing the length of whole growth period would increase crop yields.

The results of Chen et al. (2010b) showed that the warming in the past decades has shortened
the intercropping period between winter wheat and summer maize in Beijing. Our results
confirm the findings also at other sites of NCP. These results indicated that the increase in
temperature in winter in the past decades also lessened the season shortage problem to
accommodate the wheat and maize crops within a year. The warming made it possible to delay
the sowing time of wheat and harvesting time of maize, leading to the development of the
“Double-Delay” technology. The yield reduction of wheat due to late planting (reduced length
of growing season) could be partly compensated by increased planting density (Sun et al. 2007).
The delayed sowing of wheat allows a longer duration of maize growth (longer grain filling
period), or accommodation of longer season maize varieties. The increase in maize grain yield
due to extended grain filling period thorough the “Double-Delay” technology outweighs the
yield decline in wheat, resulting in an overall yield increase of the two crops by 5%.

For double cropping system, the management strategies should consider the yield advan-
tages of the whole cropping system other than individual crops (Evans 1993). Monzon et al.
(2007) indicated earlier sowing of soybean could increase the yield of wheat-soybean system
in Argentina attributed to significant benefit for soybean and without yield reduction in
wheat. The “Double-Delay” technology takes advantage of the warming climate, and leads
to a more efficient use of the season to allow maize crop reach full maturity. In some years, it
also avoids the over-growth of wheat before winter, which could lead to crop injury during
cold winter and spring time (Sun et al. 2007). While improved irrigation, fertilization and
crop varieties have contributed to the major increase in crop yield in the last three decades,
maize yield increase in recent years since 2004 was thought to be partly due to the
application of the “Double-Delay” technology especially in north part of NCP. Our results
provide the scientific basis to explain the success. The success also suggests well planned
adaption options could effectively mitigate the negative impact of adverse climate and
increase the crop yield potential under global warming.

Other farming technologies, mainly increased use of farming machines, and minimum tillage
technology also contributed to the adoption of the ‘Double-Delay’ management option. In the
past, field preparation needed about more than 2 week from the harvest of summer maize to
sowing of winter wheat in theNorth China Plain. Now, the time of field preparationwas shortened
significantly to about 7 days, which enabled longer season varieties to mature (Sun et al. 2007).

The changed planting pattern through the ‘Double-Delay’ also has the potential to
increase water use efficiency in the North China Plain under limited irrigation condition.
Due to the summer monsoon climate, about 70% of annual rainfall falls in the growth season
of summer maize (Wang et al. 2010). Concentrated summer rainfall could meet water
demand of maize crops in some wet years in large part of the NCP (Chen et al. 2010a).
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The extension of maize growing period can make a better use of the summer rainfall. The
rainfall in wheat growing season is much less than crop water demand, the shortened wheat
growing length could also lead to less water needed to irrigate the wheat crop.

The ‘Double-Delay’ technology has shown to be a success to increase crop yields in the
north part of NCP in recent years. However, the increase in crop yields is through better use
of seasonal conditions and climate resources, which has to be supported by high inputs of
irrigation water and fertilizers. How the resource use efficiencies have been changed under
the “Double-Delay” technology, and how the technique is sustainable under future climate
change require further studies to clarify.
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