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Different growing strategies of two winter wheat cultivars under rainfed

conditions during dry years in North China Plain
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Abstract: The North China Plain (NCP) is a severe water shortage region, especially during the wheat growing season.
Understanding the response of grain yield and water availability in winter wheat cultivars (7riticum aestivum L.) is important to
adjust planting structure under groundwater reducible exploitation in rainfed dry years of NCP. Field experiments were
conducted at the Luancheng Agroecosystem Experiment Station of the Chinese Academy of Sciences, Hebei, China. Two
different drought resistant winter wheat cultivars (Jinmai47 and Shiluan02-1) were grown under rainfed conditions during four
years of 2010-2011, 2011-2012, 2012-2013 and 2013-2014. Grain yield and its components, aboveground biomass (AB), dry
matter accumulation translocation efficiency, water consumption, water use efficiency at field scale, and photosynthetic
characteristics were measured. The results showed that Jinmai47 rapidly accumulated AB by higher tiller and photosynthetic
potential comparing with those of Shiluan02-1. Its grain yield was 16.49% higher than that of the drought-sensitive winter
wheat variety Shiluan02-1 during the four rainfed years. However, the dry matter remobilization efficiency (DMRE) and
contribution of dry matter remobilization from heading stage to maturity stage to grain (CDMRE) of Shiluan02-1 was higher
than those of Jinmai47. The average water use efficiency at grain yield level (WUEy), WUE at aboveground biomass level
(WUEab), and WUE at grain yield under rainy conditions (WUEr) of Jinmai47 were 11.08%, 16.41%, and 17.21% higher than
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those of Shiluan02-1.

two wheat varieties under drought condition have different growing strategies.

There was a significant difference in the WUEab and WUEr between the two wheat cultivars.

The
Jinmai47 has more tiller number, earlier vigor,

and higher AB than Shiluan02-1, helping it to adapt to the fluctuations in the environment.
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1 Introduction

Wheat is the second important cereals in Chinal. It is widely

grown in the North China Plain (NCP). In 2014, the winter wheat
cultivation area was 4.49 million hectares, accounting for nearly
18.65% of the total cultivated area in China. The total output of
winter wheat was 2.89 million tons, contributing to more than
22.92% of total wheat output in China™”. During recently years,
the NCP is facing severe water shortage crisis. The mean
precipitation here is approximately 500 mm a year, mainly
concentrated in summer (July-September).  The long term
(1990-2014) annual average precipitation during winter wheat
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growing season (Oct.-Jun.) was 116.9 mm in the NCP, which only
meets less than 40% of the wheat water consumption (320-
550 mm)™. The winter wheat relies mainly on groundwater
extraction for high grain yield in this region™. Therefore,
irrigation water use is largely responsible for the decline in
groundwater level. Recently, the water table has been steadily
declining by about 1 m a year in the NCP. Over extraction of
groundwater has resulted in a series of environmental problems,
such as decrease in funnel land subsidence!”. Water resource
safety and ecological security are facing a huge challenge!®..

To achieve reducible exploitation of groundwater, several
measures to conserve water have been proposed. Since 2014,
comprehensive treatment schemes for groundwater over pumping
in Hebei Province have been implemented. These mainly
included adjusting crop planting structure and promoting high yield
and low-water consumption crops’”. In many regions, reducing
wheat cultivated area and resting the soil for some months have
been employed to achieve reducible exploitation. Furthermore,
some studies have suggested that the wheat-maize (Zea mays L.)
cropping system should be prohibited in the NCP®. Different
cropping systems have been recommended, including annual spring
maize or winter wheat-summer maize-spring maize thrice every
two years''”. However, in addition to agricultural and economic
benefits, winter wheat also has ecological function as a winter
cover. For example, if winter wheat cultivated area is reduced
because of groundwater reducible-exploitation, the farmlands will
be left uncovered, increasing sandstorms and sand blowingm. In
NCP, precipitation is low during the winter wheat growing season,
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while high precipitation occurs before winter wheat sown and
therefore the soil moisture content is suitable to sow winter wheat
and obtain some grain yield. In addition, many farmers have
abandoned their farm and moved to cities in search of high income

works. Therefore, there is seldom labor for fieldwork in rural area.

Furthermore, crops irrigation is difficult due to deeper groundwater
level and fewer water production of tube well. Therefore, it is
necessary to promote rainfed agriculture with high grain yield!'"l.
Several studies have recognized genetic variation in the water
use efficiency (WUE) since the beginning of the 20th century!'>'],
Dong et al.l'” reported that the winter wheat varieties can be
divided into four types: high yield and high WUE, moderate yield
and high WUE, moderate yield and moderate WUE, and low yield
and low WUE. However, only a few studies have concentrated on
the changes in the WUE of different cultivars under long-term
rainfed condition in the NCP. The WUE is significantly affected
by grain yield and drought tolerance under various deficit irrigation
conditions®. Nagy et al.l'”! showed markedly differences in

water consumption among different drought-resistant crop varieties.

Furthermore, the sensitive cultivars need more water than the
drought-resistant cultivars. Studies have indicated that the main
factors affecting grain yield are harvest index (HI) and
aboveground biomass (AB)™.  However, other studies have
reported that the HI is a more important factor than AB for grain
yield.  Further, water stress promotes the translocation of
assimilates to grains.  Plants have different strategies by
morphologic and agronomic characters to survive various
environmental stresses!'™'”.  Due to complex interactions of
mechanisms in response to water deficit during the growth and
development of winter wheat, limited information is available on
AB remobilization between resistant and sensitive wheat cultivars
grown under rainfed conditions. Long-term experiments in
rainfed fields are essential to characterize both constitutive and
adaptive traits related to the WUE.

In the present study, two winter wheat cultivars were
conducted to evaluate their response to rainfed condition in terms
of crop yield and WUE at different levels (WUEy, WUEab and

WUEr) in the NCP. The study aimed to (1) investigate the effect
of rainfed condition on grain yield, WUEy, WUEab and WUEr of
the two types of cultivars, (2) determine the responses of different
characteristics of the two wheat cultivars, and (3) analyze the
ecological benefits of rainfed winter wheat. The results will
provide valuable information on how to select wheat variety in
groundwater reducible-exploitation.

2 Materials and methods

2.1 Study site

A field experiment was carried out during the wheat growing
seasons from 2010 to 2014 at the Luancheng Agroecosystem
Experimental Station at Shijiazhuang, Hebei Province in the NCP
(37°53'N and 114°40'E). The groundwater table of this area is
about 50 m below the surface. The area is semi-humid with a
monsoon climate. The annual mean temperature is 12.2°C. The
annual average evaporation was 1040 mm and the relative humidity
was 65%. The annual precipitation in the last 25 years was
500 mm, with 70% annual precipitation after the harvest of winter
wheat. The area is suitable for crop production, and wheat-maize
double cropping system is common. Soil at the study area was a
loam with a field capacity of 38.8%, a permanent wilting point of
13% (v/v), and a bulk density of 1.53 g/cm® for a 2-m profile.
Further, the nutrient contents in the 20-cm surface soil were as
follows: 15.7 g/kg total organic matter, 102.9 mg/kg available
nitrogen (N), 151.1 mg/kg available potassium (K), and 33.9 mg/kg
available phosphorus (P).
2.2 Experimental design and crop management

The winter wheat (Triticum aestivum L.) cultivars Shiluan02-1
and Jinmai47 were cultivated in a large area in the NCP.
Shiluan02-1 (9411/9430) is a high yield and relatively recent
cultivar, released in 2004. It is suitable for high water and
fertilized conditions, and is drought sensitive. Jinmai47
(12057/522/k37-20) is a drought-resistant cultivar, released in 1997.
It is a dry-land control variety of Huanghuaihai wheat cultivated
area. The characteristics of the two winter wheat cultivars are
shown in Figure 1.

a. Seed

b. Tiller number

Figure 1

Eight plots were laid out during the same growing season.
Each plot was 8 m X 6 m and was separated by 2-m wide protection
line. Each winter wheat cultivar was replicated four times. In
every plot 2 m long aluminum tubes were installed to measure the
soil water content at the center. Winter wheat was sown on
October 8, 2010, October 13, 2011, October 10, 2012, and October
9, 2013, respectively. The winter wheat was harvested on June 6,
2011, June 8, 2012, June 10, 2013 and June 5, 2014, respectively.

c. Growth in field d. Single mature plant

Characteristics of the two winter wheat cultivars

Before rotary tillage, the millet straws were laid on the fields, and
base chemical fertilizers containing N and P were applied. The
fertilizer rate applied was as follows: 200 kg/hm? N and 60 kg/hm?
P. There was no further addition of fertilizers and irrigation
throughout the growing season. After winter wheat harvest, millet
was sown after the first irrigation. Each irrigation was about
70 mm. All the plots were under the same natural precipitation
conditions during the four growing seasons. The main operating
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steps are presented in Table 1.

Table1 Main operating steps followed during the 2010-2014
growing seasons

Growing

season Operating steps followed

Laying of millet straws on field, application of base fertilizer, rotary
tillage, preparation of ground and bordering of plantation, sowing of
seeds on October 8-13 using a 2BJM bevel-type precision seeder
(Laiwu Hualong Machinery Factory, China).

The sowing row spacing was 20 cm, no irrigation and no fertilizer
application, harvested on June 5-10, return of wheat straw to the
field, one-time irrigation (70 mm), rotary tillage, planting of millet.
Precipitation was 291.9 mm, 344.3 mm, 484.2 mm and 461.5 mm in
2010, 2011, 2012 and 2013, respectively, between wheat harvest and
wheat planting in the subsequent growing season, millet harvested
on October1-5.

2010-
2014

2.3 Materials and methods
2.3.1 Weather conditions
Precipitation (mm) and temperature (°C) data used were
recorded in an automatic standard weather station approximately
500 m away from the experimental site during the four growing
seasons. The data are shown in Figure 2.
2.3.2  Soil water content and water consumption
The soil water content was measured using a neutron meter
(CNC503B; Aozuo Ecology Instrumentation Ltd., Beijing, China)
in every plot at 10-cm intervals during sowing, wintering, recovery,
jointing, heading, anthesis, filling, and maturity stages of winter
wheat. Soil moisture was measured in the 150 cm soil profile
since the effective root zone depth was in the first 150 cm of soil in
NCP. The total water consumption (TWC, mm) by the two winter
wheat cultivars was calculated as follows!?*?'!;
TWC=P+I+AW-R-D (@))
where, P is precipitation, mm, [ is irrigation water, mm; R is the
runoff, mm; D is water drainage, mm, and AW is the sowing soil
moisture minus the maturity soil moisture, mm. During winter
wheat growing season in 2010-2014, there was no irrigation,
therefore / was zero. Precipitation was only 47.5-87.7 mm during
four winter wheat growing season, it was lower than the long-term
average precipitation 116.9 m, so the four experimental growing
seasons were considered as dry years®. R was also negligible.
The soil water content indicated that there was no water drainage at
the site across the four growing seasons, therefore, D was also be
ignored. Thus,
TWC=P+ AW ?2)
233 Crop growth, grain yield, aboveground biomass and
photosynthetic remobilization
The heading date was recorded as the day when about 50% of
ears in a plot were headed. Besides, maturity dates were also
marked when there were no green ears. For aboveground biomass
measurements, 50 stems were sampled randomly and were cut at
the base during the heading and maturity stages from each plot.
Plant density of the two wheat cultivars was recorded. During the
maturity stage, all the wheat samples were divided into stems,
leaves, sheath, glumes and grains. The samples were dried at
80°C to a constant weight. According to methods developed by
Chu et al® and Sun et al.**, various parameters related to
aboveground dry matter calculated. Dry matter
remobilization from heading stage to maturity stage (DMR, kg/hm?)
was measured using the following equation:

DMR = DMH — DMM 3)
where, DMH (kg/hm?) is the aboveground biomass during the
heading stage; DMM (kg/hm?®) is the aboveground biomass of
leaves, sheath, and glumes during maturity stage.

were

The dry matter remobilization efficiency (DMRE, %) was
calculated as follows:

DMRE = DMR

%100 )

The contribution of dry matter remobilization from heading
stage to maturity stage to grain (CDMRG, %) was measured as
follows:

CDMRG = DMR
GY

%100 )

For grain yield, at maturity in each experimental plot, 3 small
samples of 2 m? were selected randomly and harvested manually
and air dried. Based on the collection data, the ear number (EN),
kernel number per ear (KNP), aboveground biomass (AB), and
harvest index (HI) were measured. The grain yield (GY) was
The 1000-grain weight
(TGW) was obtained using the mean weight of three 1000 grain
samples.

2.3.4 Photosynthetic characteristics

The flag leaf photosynthetic characteristic was investigated
using the Li-6400 portable photosynthesis system (LI-COR, Inc.,
USA). During the filling stage, the representative leaves were
selected for the measurement from 10:00 to 12:00. During this
time, the flow rate to the sample cells was 500 umol/s and the leaf
temperature was relatively stable, with an average of 25°C+3°C.
In-chamber quantum sensor reaching the leaves was controlled
between 0 and 1500 mol/(m?-s). Nine different light intensities
were used, including 0, 60, 120, 180, 250, 500, 800, 1200 and 1500
mol/(m*:s).

obtained using a stationary thresher.

The photosynthesis rate was measured at 2-min
intervals for each light intensity.
2.3.5 Water use efficiency at different levels

The WUE in grain yield level (WUEy, kg/(hm*-mm)) was
measured as GY divided by TWC during each winter wheat
growing season. The WUE in aboveground biomass level
(WUEab, kg/(hm*-mm)) was calculated as AB at maturity stage
dividled by TWC at each growing season. The water use
efficiency in grain yield level under rainy condition (WUEr,
kg/(hmz-mm)) was calculated as GY under rainy conditions divided
by precipitation during the winter wheat growing season.
2.3.6 Statistical analysis

The statistical analyses were performed with the SPSS version
16.0 software (SPSS Inc., Chicago, I, USA). The one-way
analysis of variance (ANOVA) tested the difference in grain yield,
aboveground biomass, water use, and water use efficiency at
different levels. The mean values were compared by the least

significant difference (LSD) #-test at p<0.05.
3 Results

3.1 Weather conditions

The monthly precipitation of 2010-2014 and long-term average
from 1990 to 2014 are represented in Figure 2a.  High
precipitation was recorded in April and May during the four
growing seasons. The total precipitation was 61.7 mm, 65.9 mm,
87.7 mm and 47.5 mm in the 2010-2011, 2011-2012, 2012-2013
and 2013-2014 during wheat growing seasons, respectively. The
mean total precipitation from 2011 to 2014 was 65.7 mm.
Because the long-term average precipitation in recent 25 growing
seasons was 116.9 mm, the experimental growing seasons was
considered as dry years?.
temperature at the experimental sites from October 1 to June 1 next

Figure 2b showed the daily air

year during the four growing seasons. The trend in temperature



September, 2018 Dong B D, et al.

Different growing strategies of two winter wheat cultivars during dry years in North China Plain

Vol. 11 No.5 153

variation was similar during the four growing seasons (Figure 2b).

The mean temperature in June was higher than that in other months.

The lowest mean temperature was recorded in January. The
lowest mean temperature in 2013-2014 was higher than that during
the other three growing seasons (Figure 2b).
3.2 Soil water content at sowing

Under drought rainfed conditions, emergence rate is important
for grain yield of winter wheat. And soil water content at sowing
is significantly related to emergence rate. Figure 3 shows the soil
water content in the 0-150 cm soil layer at sowing of the two wheat
cultivars in 2010, 2011, 2012 and 2013, respectively. The trend
of soil water content change of the two wheat cultivars was similar
during four growing seasons. The soil water content in the 0-
40 cm soil layer was lower than that in the 40-150 cm during the
four growing seasons, especially in 2012-2013 and 2013-2014
growing seasons. Because much more precipitation was stored in
the soil than in 2010-2011 and 2011-2012 during wheat harvested
and wheat sown in the subsequent growing season (Table 1), the
soil water content at sowing in the 40-150 cm soil layer increased

significantly. Furthermore, the fluctuation amplitude of soil water
400
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content during the four growing seasons was marginally different
between the two wheat cultivars. The range of soil water content
in the 0-150 cm before sowing in Jinmai47 was 20.54%-25.67%,
21.93%-25.85%, 19.92%-29.08% and 22.19%-33.03% in 2010-
2011, 2011-2012, 2012-2013 and 2013-2014, respectively. The
soil water content within the 0-150 cm before sowing in Shiluan02-1
was  19.83%-26.52%, 22.92%-27.52%, 17.66%-29.50% and
21.76%-34.08% in 2010-2011, 2011-2012, 2012-2013 and 2013-
2014, respectively. In 2010-2011 and 2011-2012, the mean soil
water content before sowing in Shiluan02-1 was higher than that of
Jinmai47 due to difference in basic soil moisture. The water
content showed a significant difference between the two wheat
cultivars in the 60-110 cm soil layer before sowing in 2010-2011
and 2011-2012. However, after four years of continuous rainfed
cultivation, the soil water content of Shiluan02-1 was lower than
that of Jinmai47. Furthermore, a significant difference was found
in the 100-140 cm of soil. At the same growing seasons,
precipitation is the same for the different plot. Soil moisture
differences at sowing might be attributed to the difference in water
consumption of two winter wheat cultivars and millet.
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Figure 2 Precipitation and temperature at the experimental sites from 2010 to 2014
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Figure 3 Variation of soil water content in different depths of soil at sowing for different years



154  September, 2018 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org Vol. 11 No.5

3.3 Photosynthesis-light response curve across years

The photosynthesis-light response curve effectively reflects the
of plants. The trends in
photosynthesis-light response curve of the two varieties in
2010-2011, 2011-2012, 2012-2013 and 2013-2014 are summarized
in Figure 4. The data obtained during the 4-years study period
showed that the flag leaf of Jinmai47 and Shiluan02-1 exhibited a
The response curves of

photosynthetic  characteristics

similar trend of the light response curves.
photosynthetic rate of flag leaf showed a decrease in upward
tendency. When the light intensity was 0-250 gmol/(m?'s). The
maximum photosynthetic rate and the response curve slope of

25
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Jinmai47 were significantly higher and steep than those of
Shiluan02-1 during the four growing seasons. With increase in
the light intensity (PAR > 250 umol/(m>-s)), the photosynthetic rate
slowly increased. However, the maximal photosynthetic rate of
Jinmai47 was always higher than that of Shiluan02-1. At the
same PAR, the differences in photosynthetic rate between the two
wheat cultivars were as follows: 2012-2013 > 2013-2014 >
2010-2011 > 2011-2012. that the
photosynthetic capacity of flag leaf of Jinmai47 was higher than
that of Shiluan02-1.

Figure 4 indicated
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Figure 4 Variation of photosynthesis rate to light of two wheat cultivars during grain filling stage from 2010 to 2014

3.4 Plant height (PH)

As shown in Figure 5, a significant difference was observed in
the height of the two cultivars during the four growing seasons.
Among the four growing seasons, for the wheat cultivar Jinmai47,
the plant height in 2014 was significantly higher than that in the
other three growing seasons. In 2014, the height of Jinmai47 was
32.63 cm higher than that of Shiluan02-1.
reasons might be the high precipitation between wheat harvest and

One of the main

wheat sowing in the subsequent growing season in 2013 and higher
growth rate of Jinmai47 (Table 1). The height of Jinmai47 was
significantly higher than that of Shiluan02-1 irrespective of the four
growing seasons. The average height of Jinmai47 was 73.74 cm,
which was 39.94% higher than that of Shiluan02-1.  This
indicated the obvious effect of different growing seasons on the
height of Jinmai47 and Shiluan02-1. This effect was more
significant in Jinmai47 than in Shiluan02-1, indicating that
Jinmai47 has characteristic related to fast growth, under rainy
conditions.
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90} ====Trend line Jinmai47 = + = Trend line Shiluan02-1
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E
2 60 _1__
= - ERER
2o Sau
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=
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Note: The bars represent the least significant difference at p<0.05.
Figure 5 Height of the two cultivars during different growing
seasons under rainy conditions

3.5 Dry matter remobilization
The AB accumulation and remobilization varied with different
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cultivars and growing seasons (Table 2). During the heading
stage, the DMH of Jinmai47 was higher than that of Shiluan02-1
during the four growing seasons. The average DMH of Jinmai47
was 5924.63 kg/hmz, which was 14.32% higher than that of
Shiluan02-1. The ANOVA showed that the difference in DMH

during 2012-2013 and 2013-2014 reached the 5% significance level.

The DMM exhibited a trend similar to that of the DMH. The
DMM of Jinmai47 was higher than that of Shiluan02-1 in every
especially in 2012-2013 and 2013-2014.
However, the DMR exhibited a tendency contrary to that of the
DMH and DMM. The DMR of Jinmai47 was lower than that of
Shiluan02-1. The DMR of Shiluan02-1 in 2013-2014 was the
highest and that of Jinmai47 in 2010-2011 was the lowest.
However, it did not exhibit significant difference between the two
winter wheat cultivars in 2010-2011 and 2011-2012 (Table 2).

growing season,

The DMRE of Shiluan02-1 was 64.32% higher than that of
Jinmai47. The highest DMRE was observed in Shiluan02-1
during the 2013-2014 growing season (27.03%), whereas the
lowest DMRE was found in Jinmai47 during the 2010-2011
The highest CDMRG was observed in
Shiluan02-1 during the first growing season. Jinmai47 presented
the lowest CDMRG in 2013-2014. The CDMRG of Shiluan02-1
was 119.16%, 1.00%, 53.80% and 170.63% higher than that of
Jinmai47 in 2010-2011, 2011-2012, 2012-2013 and 2013-2014,
respectively.

growing season.

The dry matter remobilization indicates that
Shiluan02-1 has a response strategy by rapid translocation of the
DMH to grain under rainfed conditions, whereas the total biomass
of Shiluan02-1 was lower than that of Jinmai47. It also suggested
that Jinmai47 has stronger assimilation ability than Shiluan02-1
after heading stage with decrease in soil water content.

Table 2 Aboveground biomass accumulation and remobilization, remobilization efficiency, and contribution of dry matter
pre-heading to grain in the two cultivars

Cultivar Growing season DMH/kg-hm™ DMM/kg-hm™ DMR/kg-hm™ DMRE/% CDMRG/%
2010-2011 3960.02 + 106.66¢ 3417.18 + 502.70de 542.84 + 106.66d 13.71 £2.69cd 16.49 + 3.24bc
Jinmaid7 2011-2012 5358.03 +205.44d 4267.09 + 408.00c 1090.94 + 205.44bc 20.36 + 3.83abc 24.89 + 4.69b
2012-2013 8044.04 +218.47a 6914.31 +515.02a 1129.73 +£218.4b 14.04 +2.72cd 22.77 + 4.40b
2013-2014 6336.43 +195.09b 5641.96 +843.21b 694.47 £ 195.09¢d 10.96 + 3.08d 12.77 £ 3.59¢
2010-2011 3607.76 + 100.94¢ 2698.83 £ 549.38¢ 908.92 + 100.94bcd 25.19 £ 2.80ab 36.14+4.0la
Shiluan02-1 2011-2012 5194.03 + 141.74d 4187.06 + 169.30cd 1006.97 + 141.74bc 19.39 £ 2.73bc 25.14 £ 3.54b
2012-2013 6086.03 + 353.76bc 4535.20 +£917.23¢ 1550.83 + 353.76a 25.48 £ 5.81ab 35.02 £ 7.99a
2013-2014 5842.83 +322.36¢ 4263.55 + 557.66¢ 1579.28 + 322.36a 27.03 +£5.52a 34.56 + 7.05a

Note: DMH: dry matter at heading; DMM: dry matter of leaves, sheath, and glumes at maturity; DMR: dry matter remobilization from heading stage to maturity stage;

DMRE: dry matter remobilization efficiency; CDMRG: contribution of dry matter remobilization from heading stage to maturity stage to grain (CDMRG).

followed by different letter(s) in each column are significant (p<0.05).

3.6 Grainyield

Significant differences in grain yield were observed during the
four years between the two winter wheat cultivars (p<0.01)
(Table 3). The grain yield during the four years ranged from
2515.26 kg/hm® to 5437.96 kg/hm?. The mean grain yield of
Jinmai47 was 4519.05 kg/hm?, which was 16.49% higher than that
of Shiluan02-1 (3879.48 kg/hm?®) (Table 4). The higher winter
wheat yield was observed in 2012-2013 and 2013-2014. The
grain yield of Jinmai47 was 30.89%, 9.44%, 12.08% and 19.00%
higher than that of Shiluan02-1, respectively during the four
growing seasons. The grain yield was not significantly different
between the two cultivars in 2011-2012.  Both received
considerable amounts of precipitation (61.7 mm and 65.9 mm,
respectively) during 2010-2011 and 2011-2012; however, there
were significant differences in grain yields between two growing
seasons. This is because of higher precipitation in the jointing and
booting stages in 2011-2012 than in 2010-2011 (Figure 2).
Furthermore, there was high soil water content before sowing in
2012-2013 and 2013-2014 because of high precipitation after the
harvest of wheat (Table 1). So, the grain yield of two cultivars
was much higher in 2012-2013 and 2013-2014 than in 2010-2011
and 2011-2012. The results suggest that drought tolerance plays

Values

an important role in wheat yield improvement in dry years.

This study also found that there was a significant difference
in the EN, KNP, TGW, AB (Table 3). During the four different
growing seasons, the EN, AB, and TGW of Jinmai47 were higher
than those of Shiluan02-1, whereas the KNP of Jinmai47 was
lower than that of Shiluan02-1. During the four growing
seasons, the AB of Jinmai47 was 6709.40-11876.86 kg/hm? and
that of Shiluan02-1 was 5214.09-8963.07 kg/hm®>. The AB of
Jinmaid7 was 28.68%, 5.59%, 32.51% and 25.44% higher than
that of Shiluan02-1 during the four growing seasons, respectively.
The EN of Jinmai47 was 10.76%, 6.55%, 0.78% and 7.13%
higher than that of Shiluan02-1 during the four years, respectively.
The KNP of the two cultivars was 26.75-31.27 grain/ear. The
KNP of Jinmai47 was lower than that of Shiluan02-1. However,
the TGW of Jinmai47 was significantly higher than that of
Shiluan02-1 during the four growing seasons. There was a
significant difference between the two winter wheat cultivars.
In addition, the HI of the two winter wheat cultivars exhibited no
significant difference, except in Jinmai47 during 2012-2013.
The results suggest that the difference in grain yield between the
two wheat cultivars might be due to the difference in AB and
TGW.

Table 3 Variance analysis of grain yield (GY), aboveground biomass (AB), ear number (EN), kernel number per spike (KNP),
1000-grains weight (TGW), harvest index (HI), and water use efficiency (WUE) at different years (Y) and in different cultivars (C)

Effect GY AB EN KNP TGW HI WUEy WUEab WUEr
Y <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.014 <0.0001 <0.0001 <0.0001
C <0.0001 <0.0001 0.823 0.182 <0.0001 0.119 0.823 <0.0001 <0.0001

YxC 0.562 0.012 0.003 0.019 0.01 0.03 0.003 0.029 0.071
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Table 4 Grainyield (GY), ear number (EN), kernel number per spike (KNP), 1000-grains weight (TGW), aboveground biomass
(AB), and harvest index (HI) of the two cultivars during the four wheat growing seasons

Cultivar Growing season EN/10* hm™ KNP/grain/spike TGW/ g GY/kg-hm? AB/kg-hm™ HI
2010-2011 289.86 +13.75d 26.75 +3.14¢ 42.46 £ 1.43a 3292.22 +156.17¢ 6709.40 + 920.07¢ 0.49 £0.02a
Jinmaid7 2011-2012 456.77 + 42.76bc 27.31+0.33bc 35.14+0.97¢ 4383.49 £ 410.31cd 8650.58 +408.00b 0.51+0.05a
2012-2013 518.19 +45.92a 29.64 +2.56ab 32.31+0.92d 4962.54 + 141.41b 11876.86 + 515.02a 0.42+0.01b
2013-2014 461.25 + 47.19abc 28.72 + 3.71abc 41.05+1.10b 5437.96 + 556.36a 11079.92 + 949.60a 0.49 £0.05a
2010-2011 261.69 + 11.46d 27.47 £ 4.00bc 34.99 £ 0.86¢ 2515.26 £ 110.13f 5214.09 + 549.38d 0.48 £0.02a
Shiluan02-1 2011-2012 428.71 £27.93¢ 29.83 + 1.41ab 31.33+0.97d 4005.24 + 530.40d 8192.29 + 169.30b 0.49 £ 0.06a
2012-2013 514.17 + 32.67abc 31.27+1.71a 27.54 +0.88¢ 4427.87 £ 299.26¢cd 8963.07 + 810.07b 0.49 £0.03a
2013-2014 430.55 +34.67¢ 30.96 +2.27a 3428 +1.15¢ 4569.54 + 314.20bc 8833.09 + 557.66b 0.52 +£0.04a

Note: Values followed by different letter(s) in each column are significant (p<0.05)

3.7 Water consumption and water use efficiency at different
levels

The data in Table 5 showed that there were differences in
water consumption, WUEy, WUEab, and WUEr between the
The WUEy was significantly affected
by year and the interaction between year and cultivars (Table 3).
The WUEab and WUEr were influenced by year and cultivars (p<
0.0001) (Table 3). The WUEy, WUEab, and WUEr values ranged
from 15.30 kg/(hm? mm) to 26.12 kg/(hm?* mm), 31.72 kg/(hm?-mm)
to 5322 kg/(hm*mm), and 40.77 kg/(hm*mm) to
114.48 kg/(hm* mm), respectively during the four years. Water
consumption by the two winter wheat cultivars ranged from
164.36 mm to 225.76 mm during the dry growing seasons. The
values were significantly lower than those in the normal and wet
years. Water consumption in 2010-2011 was significantly lower
than that in 2011-2012, 2012-2013, and 2013-2014. Water
consumption in the same growing season was not significantly
different for two cultivars, except in 2013-2014. The WUEy

two winter wheat cultivars.

between the two cultivars was not significantly different, except in
2010-2011, during the same growing season, whereas the WUEab
and WUEr were apparently different between the two cultivars.
The WUEy, WUEab, and WUEr in 2010-2011 were significantly
lower than those in 2011-2012, 2012-2013, and 2013-2014 for the
two winter wheat cultivars because of the low AB and grain yield.
The WUEy, WUEab, and WUEr of Jinmai47 were higher than
those of Shiluan02-1 during all four growing seasons. The WUEy
of Jinmai47 increased by 30.58%, 7.40%, 7.04%, and 5.43%,
respectively during the four growing reasons, when compared with
that of Shiluan02-1. There was a similar trend in the WUEab and
WUEr. The WUEab increased by 28.33%, 3.56%, 26.56%, and
11.15%, respectively during the four growing seasons, when
compared with that of Shiluan02-1. The WUEr of Jinmai47 was
30.89%, 9.44%, 12.08%, and 19.00% higher than that of Shiluan(02-1
during all four growing seasons, respectively. These findings
indicate that selecting drought-resistant variety is important to
improve crop water use efficiency in rainfed fields in the NCP.

Table 5 Water consumption, precipitation, WUEy, WUEab and WUEtr of the two cultivars during the four wheat growing seasons

Cultivar Growing season Total water consumption/mm  Precipitation/mm  WUEy/kg:(hm?-mm) WUEab/kg:(hm*mm) ~ WUEr/kg-(hm?-mm)
2010-2011 164.81 £ 6.51d 61.7 19.98 £ 0.95b 40.71 +5.58¢c 53.36 +2.53de
Jinmaid7 2011-2012 195.82 = 7.72bc 65.9 22.38 £2.10b 44.17 +2.08bc 66.52 + 6.23¢
2012-2013 225.76 £9.07a 87.7 21.98 £ 0.63b 52.61 +£2.28a 56.59 + 1.61de
2013-2014 208.21 + 14.50ab 475 26.12£2.67a 53.22+4.30a 11448 +11.71a
2010-2011 164.36 £ 14.46d 61.7 15.30 £ 0.67¢ 31.72+£3.34d 40.77 = 1.78f
Shiluan02-1 2011-2012 192.16 + 8.85bc 65.9 20.84 +£2.76b 42.66 £ 1.08¢ 60.78 + 8.05¢cd
2012-2013 215.63 £10.83a 87.7 20.53 = 1.39b 41.57 £ 3.76¢ 50.49 +3.4le
2013-2014 184.47 £ 6.30c 47.5 24.77 + 1.70a 47.88 +3.02b 96.20 + 6.61b

Note: Values followed by different letter (s) in each column are significant (p<0.05).

3.8 Correlation analysis

There was a similar trend between the two wheat cultivars.
Significant positive correlations were found between plant height
and AB (Figure 6a) (R* = 0.63, Shiluan02-1, p<0.01; R* = 0.62,
Jinmai47, p<0.01). The correlation analysis also indicated that
the WUEYy strongly positively related with grain yield under rainfed
conditions (Figure 6¢) (R* =0.81, Shiluan02-1, p<0.01; R* =0.73,
Jinmai47, p<0.01). Moreover, there was significant positive
relationship between the AB and WUEab under rainfed conditions
(Figure 6d) (R* = 0.81, Shiluan02-1, p < 0.01; R* = 0.89, Jinmai47,
p<0.01). As shown in the quadratic curve (Figure 6b), grain yield
correlated with the AB (R?=0.84 and 0.86 in Jinmai47 and
Shiluan02-1, respectively, p<0.01).

4 Discussion

The present study evaluated two different winter wheat

cultivars, which showed contrast physiological and ecological
responses under continuous rainfed conditions in the NCP. The
grain yield, AB, WUE, and associated characteristics, help
understand the coping strategies of different drought-resistant
Jinmai47 and Shiluan02-1.
new idea for the government sectorto adjust the structure of
plantation.
41 Grain yield of two wheat varieties under rainfed
conditions in NCP

With increase in water shortage and decrease in rural
agricultural work, there is an urgent need to develop rainfed

Therefore, the study will provide a

agriculture in the NCP. In the present study, the average grain
yield of Jinmai47 and Shiluan02-1 was 3879.48 kg/hm? and
4519.05 kg/hm?, respectively (Table 4), which is higher than that of
the winter wheat Shanxi in dryland'®®. The grain yield of the
drought-resistant wheat cultivar Jinmai47 was higher than that of
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Shiluan02-1 during all the four growing seasons. The findings
suggest that the drought-resistant variety has significantly higher
grain yield during the dry years in the NCP. This might be related
to the difference in AB (Table 3 and Figure 6b). Some studies
have indicated that the improvement in yield is more strongly
related to the biomass than HI among winter wheat™***"!.  Zhou
2% also demonstrated that the increase in wheat yield
Photosynthesis

et al.
significantly depends on the increase in AB.

capacity plays an important role in increasing the production of AB.

The higher the photosynthesis capacity of flag leaf, the higher the
grain yield and aboveground biomass™® !, In the study, Jinmai47
exhibited higher AB accumulation than that of Shiluan02-1 owing
to higher photosynthetic capacity of leaves. Based on the
correlation presented in Figure 6b, the grain yield of Jinmai47 was
higher than that of Shiluan02-1. Furthermore, it was also related
to the total precipitation, time of precipitation, and temperature
status between the two winter wheat cultivars during the four
growing seasons (Figure 2a). Under similar conditions, when
compared with those of Shiluan02-1, Jinmai47 had more tillers,
higher TGW (Tables 3 and 4), and lower CDMRG. This indicates
that Jinmai47 was active and reproduced by growing quickly and
by increasing aboveground biomass accumulation under water
stress.  Grain yield of the two winter wheat cultivars during the
four growing seasons was in the following order: 2013-2014 >
2012-2013 > 2011-2012 > 2010-2011. This can be attributed to
the higher amount of precipitation, 192.3 mm and 169.6 mm in
2012 and 2013, respectively, than that in 2010 between wheat

harvest and next wheat planting season (Table 1). The results

suggest that grain yield of winter wheat was at least
2515.26 kg/hm® during the dry years in the NCP. If sowing
drought resistance and high-water efficiency winter varieties, grain
yield can increase to 5437.96 kg/hm’. With increasing
water-resource crisis, there will be limited available groundwater
for irrigation in the future. High drought-resistant wheat varieties
can be planted during the dry years in the NCP.
4.2 Water use efficiency across scales

Due to increased water scarcity, it is a serious challenge for
agricultural researchers to improve crop grain yield and water use
efficiency through various technologies, especially under rainfed
[63435] " Genotypic variation for WUE has been reported
in durum wheat!'”. The WUE has different definitions at
different levels, such as WUEy, WUEab, and WUEr, which
represent the WUE of a variety in the field. Therefore, we should

It is well known that the WUE often strongly
[36]

conditions

pay attention to it.
relates with crop drought resistance and drought tolerance
There was a difference of 42.1% in the WUEy among 19 winter
wheat cultivarsl'.  Based on the results of the present study, this
study also made a similar conclusion (Tables 4 and 5). The two
winter wheat cultivars exhibited different water consumptions rates,
WUEy, WUEab, and WUEr. The average WUEy, WUEab, and
WUEr of the drought-resistant cultivar Jinmai47 were
22.62 kg/(hm?* mm), 47.68 kg/(hm*mm) and 72.74 kg/(hm* mm),
respectively. They were 11.08%, 16.40%, and 17.21% higher
than those of Shiluan02-1. The WUEy of Jinmai47 was
marginally higher than that of Shiluan02-1; however, WUEab and
WUETr were significantly higher than those of Shiluan02-1 during
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the four growing seasons (Table 3). This indicates that
drought-resistant wheat cultivars improve the WUEy by increasing
AB and WUEab. This is consistent with the findings of Sun et
al.’ and Zhou et al.*®
4.3 Growth strategies of different wheat cultivars

The results of the study indicate differences in response
strategies between the drought-resistant and drought-sensitive
winter wheat cultivars in dry years. Jinmai47 and Shiluan02-1 did
not significantly differ in their water consumption during the four
growing seasons except in 2013-2014 (Table 5). This suggests
that the wheat cultivars with strong drought resistance increased
their WUE, which did not mainly depend on the decrease in its
water consumption. This is consistent with the findings of earlier
studies’”.  According to the study, Jinmai47 has high efficiency
tillers, plant height, and TGW, which are associated with high flag
leaf photosynthesis potential®!. However, it has low DMRE and
CDMRG. Although the AB of Shiluan02-1 was lower than that
of Jinmai47 because of lower plant height, and fewer efficiency
tillers or EN, the DMRE and CDMRG were significantly higher
than those of Jinmai47. It indicated that there was different
growth strategy for the two winter wheat cultivars under water
stress conditions. Jinmai47 obtain higher grain yield mainly
owing to higher AB than that of Shiluan02-1.

Under rainfed conditions in field, Jinmai47 exhibits high dry
matter accumulation during grain filling. Under sufficient water
condition, Jinmai47 grows quickly and produces many tillers to
accumulate high AB. It is not only a way to gain a competitive
advantage, but also a way to produce seeds for next generation
when there might be water stress. The findings are in accordance
with the observations of Sheng et al.*® and Wang et al.*”! Sheng et
al.®® reported that more tillers or high AB of drought-resistant
crops is an ecological strategy for crops to adapt to fluctuations in
28 Shiluan02-1, a drought-sensitive winter wheat
variety, did not exhibit high growth redundancy and grain yield
mainly due to high CDMRG to withstand water stress. These
results demonstrate that the growth strategies of the wheat varieties

environmen

differ during the dry years.
44 Winter wheat planting and adjustment of cropping
structure

Optimization of cropping patterns is important for
water-saving agricultural management!*”. In the NCP, winter
wheat is grown from October to June next year. During this
period, there is little precipitation for the growth and development
of wheat®.  To achieve high winter wheat grain yield,
groundwater is exploited for irrigation, leading to its continuous
decline. Measures to adjust plantation structure by reducing
planting area of winter wheat have been proposed. The results
revealed that the grain yield of winter wheat can reach up to
4519.05 kg/hm? with four continuous rainfed years. Precipitation
after harvesting wheat can compensate soil water content before
winter wheat sowing. Furthermore, wheat planting can prevent
the exposure of soil and reduce the risk of sandstorms. Therefore,
for environmental protection it is important to plant winter wheat.
The measures of groundwater reducible exploitation should include
planting drought tolerant wheat varieties under rainfed condition
instead of simply reducing wheat cultivated area or prohibiting
wheat  planting™. However, some studies argue that
drought-resistant winter wheat has no high capacity grain yield.
In the NCP, dry year is rarer than normal year. Selecting
drought-resistant winter wheat cultivars will be a risk to obtain low
grain yield. Moreover, the experiments were conducted using two

winter wheat cultivars in one site. Thus, drought resistance and
high WUEYy will be the breeding objectives in the future.

5 Conclusions

During the four growing seasons under rainfed conditions, the
average grain yield of Shiluan02-1 was 3879.48 kg/hm?. When
compared with that of Shiluan02-1, the grain yield of Jinmai47
increased by 16.49%. The AB of Jinmai47 was 28.68%, 5.59%,
32.51% and 25.44% higher than that of Shiluan02-1 during the four
growing seasons, respectively. The WUEab and WUEr were
significantly higher than those of Shiluan02-1. The results of dry
matter remobilization revealed that Jinmai47 have stronger
contribution of post-heading assimilates to grain. However, the
CDMRG of Shiluan02-1 was higher than that of Jinmai47. The
two cultivars exhibited different adaptive strategies under drought
condition. The results showed that the drought-resistant winter
wheat cultivars have high tiller numbers, early vigor, and high
aboveground biomass to adapt to rainfed conditions in NCP, such
as Jinmai47. The results will provide valuable information on
how to select wheat variety in measures of groundwater
reducible-exploitation.
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