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The Huang-Huai-Hai plain in North China is 
one of the most important regions of agricultural 
production in China. The region covers the area 
of 1.445 million km2, amounting to 15% of the 
national total (Zhang et al. 2007). A major crop 
in this region is winter wheat. Long-term average 
annual precipitation in the region ranges from 
500 to 650 mm. The distribution of precipita-
tion is uneven, with more than 70% of the annual 
precipitation falling from July to September. As 
a result, precipitation during the winter wheat 
growing season ranges from 100 to 180 mm, ap-
proximately 25–40% of crop water requirement 
over the growing season (Zhang et al. 1999), and 
supplemental irrigation is required for the winter 
wheat grain yield.

The Huang-Huai-Hai plain in North China, how-
ever, has only 7.2% of the total national water re-
sources, and no sufficient surface water resources 
are available for irrigation. Consequently, ground-
water has been used for irrigation. With the rapid 
development in winter wheat production, more 
groundwater was required for irrigation; this has 
resulted in a gradual decline in the groundwater 
table. Overexploitation of groundwater was deemed 
as unsustainable (Yang and Zehnder 2001), which 
led to excessive exploitation of water resources 
and a reduction in runoff (Chen and Xia 1999, 
Xia and Tan 2002). The excessive exploitation of 
groundwater resources for irrigation from shal-
low and deep aquifers in this region caused the 
water table to fall and created many environmental 
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ABSTRACT

Water stress is a frequent and critical limit to wheat (Triticum aestivum L.) production in North China. It has 
been shown that photosynthetic active radiation (PAR) is closely related to crop production. An experiment was 
conducted to investigate the effects of deficit irrigation and winter wheat varieties on the PAR capture ration, PAR
utilization and grain yield. Field experiments involved Jimai 20 (J; high yield variety) and Lainong 0153 (L; dryland 
variety) with non-irrigation and irrigated at jointing stage. The results showed that whether irrigated at jointing
stage or not, there was no significant difference between J and L with respect to the amount of PAR intercepted by
the winter wheat canopies. However, significant differences were observed between the varieties with respect to the
amount of PAR intercepted by plants that were 60–80 cm above the ground surface. This result was mainly caused
by the changes in the vertical distributions of leaf area index (LAI). As a result, the effects of the varieties and deficit
irrigation on the radiation use efficiency (RUE) and grain yield of winter wheat were due to the vertical distribution
of PAR in the winter wheat canopies. During the late growing season of winter wheat, irrespective of the irrigation 
regime, the RUE and grain yield of J were significantly (LSD, P < 0.05) higher than those of L. These results suggest
that a combination of deficit irrigation and a suitable winter wheat variety should be applied in North China.

Keywords: deficit irrigation; winter wheat; variety; radiation use efficiency; yield

Supported by the National Key Technology R and D Program, Project No. 2006BAD04B01, by the Technology R and 
D Program of Saving Natural Resources Society in Shandong Province, China, Project No. 2006JY06, and by the Project 
of Postdoctor in Shandong Province, China, Project No. 200603043.



314 PLANT SOIL ENVIRON., 54, 2008 (7): 313–319

problems (Xia et al. 2005). The groundwater table 
keeps falling steadily at the rate of about 1 m/year 
and the main factors leading to this decrease are 
the expansion of wheat area to be irrigated with 
groundwater and the low water use efficiency 
(Zhang et al. 2006) Therefore, it is necessary to 
adopt water-saving agriculture countermeasures to 
achieve the largest possible increase in water use 
efficiency of winter wheat (Li et al. 2007); deficit 
irrigation is one of the most important aspects of 
water-saving in irrigated agriculture.

Some researchers studied the effects of deficit 
irrigation on the evapotranspiration (Eberbach 
and Pala 2005), water use efficiency (Lauenroth 
et al. 2000, Angus and Van Herwaarden 2001, Li 
et al. 2008b) and yield (Pan et al. 2003) of winter 
wheat; Zhang et al. (1999) discussed the relation-
ship between evapotranspiration and yield. These 
studies, however, have not reported the integrated 
effects of the deficit irrigation on the radiation 
use efficiency (RUE) in North China.

Under field conditions, crop growth is dependent 
on the ability of canopy to intercept incoming ra-
diation, which is a function of leaf area index (LAI) 
and canopy architecture, and convert it into new 
biomass (Gifford et al. 1984). The effects of deficit 
irrigation on the yield and water use efficiency may 
act by restricting one or both of these processes, 
or sometimes through a combination of both. The 
fraction of the incoming photosynthetic active 
radiation (PAR) that is absorbed by the canopy 
mainly depends on the LAI and crop geometry 
(Plénet et al. 2000). The conversion efficiency of 
the intercepted radiant energy into dry matter is 
called radiation use efficiency (Monteith 1977). Li 
et al. (2008a) showed that furrow planting pattern 
should be used in combination with deficit irriga-
tion to increase the RUE and grain yield of winter 
wheat in North China. Miralles and Slafer (1997) 
indicated that post-anthesis RUE appeared to be 
closely and positively associated with the number 
of grains set per unit biomass at anthesis. Uhart 
and Andrade (1995) found that stresses reducing 
the leaf photosynthetic rate could result in lower 
RUE. These studies, however, focused only on one 
cultivar. At present, developing high water use 
efficiency wheat cultivars in North China is an 
important objective of water-saving agriculture. 
The aim of this study was to determine whether 

deficit irrigation affects the canopy characteristics 
responsible for the interception of incoming radia-
tion and RUE during the late growing season of two 
wheat cultivars. In addition, radiation interception 
levels were measured after anthesis.

MATERIAL AND METHODS

Experimental site. This study was conducted at 
the experimental station of Shandong Agricultural 
University (36°10'19''N, 117°9'03''E) located in 
the Huang-Huai-Hai plain of North China. The 
mean annual precipitation is 697 mm, a majority 
of which comes in the period from July to later 
September. In 2005–2006, the precipitation in 
the winter wheat season was 126.8 mm (Table 1). 
Mean annual temperature is 12.9°C, and mean 
annual accumulated temperature greater than 0°C 
is 4731°C. The total yearly sunshine duration is 
2627.1 h and the non-frost period lasts 195 days. 
The winter wheat Jimai 20 (J; normal cultivar) and 
Lainong 0153 (L; dryland cultivar) were planted 
on October 16 2005, and were harvested on June 
7 2006. At the time of sowing, 30.0 g/m2 of triple 
superphosphate, 30.0 g/m2 of urea, and 7.5 g/m2 
of potassium chloride were applied to the soil.

Experimental design. The experiments were 
conducted in triplicate using a randomized block 
design; for every cultivar, the following two amounts 
of irrigation were applied throughout the entire 
growth cycle of winter wheat: no supplemental 
irrigation (0), and irrigation only at the jointing 
stage (1). Irrigation application was 60 mm. Water 
was supplied from the outlet of a pump by using 
plastic pipes, and a flow meter was used to mea-
sure the amount of water applied. The area of the 
plots was 12.0 m2. Between two irrigation plots, 
there was a 2-m-wide zone without irrigation to 
minimize the effects of two adjacent plots.

Measurements. The LAI and aboveground dry 
matter were measured from reviving up to har-
vest. During this period, approximately twice per 
month, the aboveground dry matter was measured 
by sampling triplicate 0.50 m × 0.50 m squares 
in each treatment/replicate. From each square 
sample, plant number, green leaf and dry weight 
were determined. The LAI was computed as the 
product of specific leaf area and the total leaf 

Table 1. Precipitation in the growing season of winter wheat in 2005–2006

Month 10 11 12 01 02 03 04 05 06

Precipitation (mm) 4.6 5.4 3.8 4.7 7.8 0.0 23.5 77.0 0.0
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mass divided by the sample area (320 cm2), and 
the values of 0–20, 20–40, 40–60, and 60–80 cm 
above the ground surface were computed.

From anthesis to maturity, the radiation that 
was incident (PARci), transmitted (PARgi), and 
reflected (PARcr) at the ground level was measured 
using a 1.5-m-long linear sensor (SunScan). To 
measure the transmitted radiation, the line sensor 
was placed parallel to the row direction and near 
the winter wheat roots of each plot in different 
positions (Li et al. 2008a, b). The average of these 
measurements was considered as the radiation 
transmitted by the canopy. The reflected PAR was 
measured with the SunScan covering the canopy 
of different treatments (Chen et al. 2003).

The PAR capture ratio was calculated as the ratio 
of the difference between the PARci and PARgi to 
the incident radiation, these values were obtained 
from instantaneous measurements obtained every 
hour between 8 a.m. and 8 p.m. on clear days. 
The incident radiation was measured hourly by 
a weather station (ET106) at a distance of 50 m 
from the experimental site. Every month, the data 
from the datalogger were electronically transferred 
to a cassette tape and then transferred from the 
cassette to a personal computer.

PAR penetration ratio is calculated as follows:

PAR penetration ratio = PARgi/PARci

PAR reflection ratio is calculated as follows:

PAR reflection ratio = PARcr/PARci

The RUE is calculated as follows (Plénet et al. 
2000):

RUE = (Wn – Wn–1)/(cPARan – cPARan–1)

In this equation, W is the aboveground biomass measured 
at dates n and n–1; cPARan and cPARan–1 are the cumu-
lated amounts of PAR absorbed by the canopy at dates 
n and n–1

Yield was measured at maturity in an area of 
2.4 m2 corresponding to the two central rows of 
each plot.

Statistical analyses. For the treatments, an 
analysis of variance (ANOVA) was used; it was 
performed at α = 0.05 level of significance to de-
termine whether significant differences existed 
among treatments means. The multiple compari-
sons were done for significant effects with the 
LSD test at α = 0.05.

RESULTS AND DISCUSSION

LAI

The irrigation and cultivars could alter the ver-
tical distribution of LAI in the canopy after the 
heading stage (Figure 1). In the absence of irri-
gation, the LAI at 0–20 and 60–80 cm above the 
ground increased significantly (LSD, P < 0.05) in 
the case of J; however, there were no significant 
(LSD, P < 0.05) effects on the LAI at 20–40 and 
40–60 cm above the ground surface. When irrigated 
at jointing, the LAI at 0–20 cm above the ground 
surface increased significantly (LSD, P < 0.05) in 
the case of J; however, there were no significant 
(LSD, P < 0.05) effects observed in the LAI at 20–40, 
40–60, and 60–80 cm above the ground surface. 
During the late winter wheat growing season, the 
vertical distribution of LAI in the canopy could 
affect the capture and utilization of PAR.

PAR capture ratio

Table 2 shows the PAR capture ratio, PAR pen-
etration ratio, and PAR reflection ratio in the late 
growing season of winter wheat. As for the cultivar, 
the PAR reflection ratio was not significantly differ-
ent (LSD, P < 0.05) between treatments; however, 
both the PAR penetration ratio and PAR capture 
ratio were significantly different (LSD, P < 0.05) 
between treatments. With irrigation at jointing 
stage, the PAR penetration ratio significantly (LSD, 
P < 0.05) decreased in the case of both J and L; 
however, the PAR capture ratio had significantly 
(LSD, P < 0.05) increased. Whether irrigated at 
jointing stages or not, the PAR penetration ratio 
significantly decreased (LSD, P < 0.05) and the 

Table 2. Effect of deficit irrigation and cultivars on PAR 
capture ratio in winter wheat canopy

Treatment Capture 
ratio (%)

Penetration 
ratio (%)

Reflection 
ratio (%)

J0 87.86b 7.70c 4.44c

L0 82.19d 13.21a 4.60a

J1 90.16a 5.48d 4.36c, d

L1 86.41c 9.04b 4.55a, b

The data are the average values on 3 May, 6 May, 13 May, 
and 17 May 2006. Values followed by a different letter 
are significantly different at 5% probability level
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PAR capture ratio significantly increased (LSD, 
P < 0.05) in the case of J; this was mainly because 
the LAI of J at 0–20 or 60–80 cm above the ground 
surface significantly increased (LSD, P < 0.05). As 
for L, in both irrigation regimes, the PAR penetra-
tion ratio increased significantly (LSD, P < 0.05); 
consequently, the PAR capture ratio decreased 
significantly (LSD, P < 0.05). Hence, compared 
to L, J resulted in an increase in the PAR capture 

ratio in the late growing season, irrespective of 
irrigation.

Daily amount of PAR interception

Results of the daily PAR interception amounts 
were very similar between days; therefore, only 
data of 13 May 2006 are presented (Figure 2). 
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Figure 1. LAI above the ground surface 0–20, 20–40, 40–60, and 60–80 cm in winter wheat canopy after heading 
stage. Averaged measurements on 23 April and 14 May 2006. J0 and J1 stand for Jimai 20 with non-irrigation and 
irrigated at jointing stages; and L0 and L1 stand for Lainong 0153 with non-irrigation and irrigated at jointing 
stage. Vertical bars are standard errors
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Figure 2. Daily amount of PAR interception in the wheat canopy with different cultivars and irrigation. The 
data was measured on 13 May 2006. The average incoming daily total of PAR was 920.74 µmol/m2/s. J0 and J1 
stand for Jimai 20 with non-irrigation and irrigated at jointing stages; and L0 and L1 stand for Lainong 0153 
with non-irrigation and irrigated at jointing stage. Vertical bars are standard errors
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The daily PAR interception amounts at 60–80 cm 
above the ground surface were contrary to those 
obtained at 0–20 cm above the ground surface. 
However, the daily PAR interception amounts at 
0–20 cm above the ground surface were consistent 
with the PAR penetration ratio, i.e. the greater the 
PAR was captured at 0–20 cm above the ground 
surface, the higher were the PAR penetration val-
ues. In the absence of irrigation, the daily PAR 
interception amount was by 11.32% higher in J0 
compared to L0; however, at 60–80 cm above the 
ground surface, the daily PAR interception amount 
was by 17.35% higher. Irrigation at jointing stage 
resulted in the daily PAR interception amount that 
was only by 12.33% higher in J1 compared to L1. 
However, at 60–80 cm above the ground surface, 
the daily PAR interception amount was by 61.10% 
higher. It is obvious that although winter wheat 
cultivars clearly altered the LAI and its distribu-
tions in the canopy, they had little effect on the 
PAR interception amount; nevertheless, they had 
a significant (LSD, P < 0.05) effect on the vertical 
distribution of PAR in the canopy. Irrespective 
of irrigation, J resulted in a significantly (LSD, 
P < 0.05) increased daily PAR interception amount 
at 60–80 cm above the ground surface; hence the 
flag leaves were mainly centralized at 60–80 cm 
above the ground surface. As a result, an increase 
in the PAR interception ratio in this part could 
definitely aid in the accumulation and transporta-
tion of photosynthetic products in the late grow-
ing season of winter wheat.

RUE and grain yield

Figure 3 shows the RUE and grain yield of winter 
wheat. In the absence of irrigation, the RUE and 
grain yield of J were by 0.05 g/mol and 216.92 kg/ha 
higher than those of L, respectively. It is appar-
ent that in the absence of irrigation, J resulted in 
a significant increase in RUE and grain yield.

In the case of irrigation at jointing stage, J pro-
duced significantly (LSD, P < 0.05) higher RUE 
than L; it was higher by 0.10 g/mol. Furthermore, 
the yield of J was also significantly (LSD, P < 0.05) 
higher by 504.72 kg/ha than that of L. This sug-
gests that irrespective of deficit irrigation, the 
RUE and grain yield of J always reached higher 
values in the experiment.

Many researchers, such as Whitfield and Smith 
(1989), Chen et al. (2003), and Li et al. (2008a) 
showed that crop yield was positively related to 
RUE; the values presented in this paper are in 
accordance with their results. However, the main 
reasons for the effects of deficit irrigation and 
winter wheat cultivars on the RUE and grain yield 
was not the change in the PAR capture amount in 
the canopy, but vertical distribution at 60–80 cm 
above the ground surface. As for winter wheat yield, 
more than 70% was the product of photosynthetic 
matter of green organ produced after heading in 
the late growing season; this was approximately 
60% more than that produced by the flag leaves 
(Fang et al. 2006). PAR capture ratio in the upper 
layers of winter wheat canopy would contribute 

Figure 3. The average RUE and grain yield of winter wheat. J0 and J1 stand for Jimai 20 with non-irrigation and 
irrigated at jointing stages; and L0 and L1 stand for Lainong 0153 with non-irrigation and irrigated at jointing 
stage. Vertical bars are standard errors
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to achieving higher grain yield. It is apparent that 
varieties could optimize the distributions of PAR 
in the winter wheat canopy; therefore, the highly 
efficient photosynthetic colony could be achieved 
as well as higher RUE and grain yield.

Non-irrigation resulted in a decrease in the 
RUE and grain yield in the case of J and L. Still, 
the RUE and grain yield in case of J were higher 
than those of L in both treatments. Only under 
the serious drought conditions, dryland varieties 
could have higher osmoregulation abilities, and 
photosynthetic rate decreased little (Ma et al. 
1995). Based on the annual mean precipitation 
during the growing season of winter wheat in 
the Huang-Huai-Hai plain, North China, in most 
years, especially in the key stages of grain yield 
formation from April to May, the precipitation 
was frequent; winter wheat thus cannot confront 
serious drought conditions and deficit irrigation 
should be applied before this period. As for the 
cultivar selection, J resulted in a significant increase 
in RUE and grain yield, irrespective of irrigation. 
Hence, it can be assumed that a combination of 
deficit irrigation and J should be applied in the 
Huang-Huai-Hai plain, North China.

REFERENCES

Angus J.F., Van Herwaarden A.F. (2001): Increasing 
water use and water use efficiency in dryland wheat. 
Agron. J., 93: 290–298.

Chen J.Q., Xia J. (1999): Facing the challenge: Barriers 
to sustainable water resources development in China. 
Hydrol. Sci. J., 44: 507–516.

Chen Y.H., Yu S.L., Yu Z.W. (2003): Relationship be-
tween amount or distribution of PAR interception 
and grain output of wheat communities. Acta Agron. 
Sin., 29: 730–734. (In Chinese)

Eberbach P., Pala M. (2005): Crop row spacing and its 
influence on the partitioning of evapotranspiration 
by winter-grown wheat in Northern Syria. Plant Soil, 
268: 195–208.

Fang Q.X., Chen Y.H., Li Q.Q., Yu S.Z., Luo Y., Yu Q., 
Ouyang Z. (2006): Effects of soil moisture on radia-
tion utilization during late growth stages and water 
use efficiency of winter wheat. Acta Agron. Sin., 32: 
861–866.

Gifford R.M., Thorne J.H., Hitz W.D., Giaquinta R.T. 
(1984): Crop productivity and photoassimilate par-
titioning. Science, 225: 801–808.

Lauenroth W.K., Burke I.C., Paruelo J.M. (2000): Pat-
terns of production and precipitation-use efficiency 
of winter wheat and native grasslands in the cen-

tral great plains of the United States. Ecosystems, 
3: 344–351.

Li Q.Q., Chen Y.H., Liu M.Y., Zhou X.B., Dong B.D., Yu 
S.L. (2007): Effect of irrigation to winter wheat on 
the soil moisture, evapotranspiration, and water use 
efficiency of summer maize in North China. Trans. 
ASABE, 50: 2073–2080.

Li Q.Q., Chen Y.H., Liu M.Y., Zhou X.B., Yu S.L., Dong 
B.D. (2008a): Effects of irrigation and planting patterns 
on radiation use efficiency and yield of winter wheat in 
North China. Agric. Water Manage., 95: 469–476.

Li Q.Q., Chen Y.H., Liu M.Y., Zhou X.B., Yu S.L., Dong 
B.D. (2008b): Effects of irrigation and straw mulching 
on microclimate characteristics and water use effi-
ciency of winter wheat in North China. Plant Prod. 
Sci., 11: 161–170.

Ma R.K., Jian J.L., Jia X.L., Liu S.Z. (1995): Characteris-
tics of leaf water potential in water saving cultivation 
of high yielding winter wheat. Acta Agron. Sin., 21: 
451–457.

Miralles D.J., Slafer G.A. (1997): Radiation interception 
and radiation use efficiency of near-isogenic wheat 
lines with different height. Euphytica, 97: 201–208.

Monteith J.L. (1977): Climate and the efficiency of crop 
production in Great Britain. Phil. Trans. R. Soc. Lond. 
B, 281: 277–294.

Pan X.Y., Wang G.X., Yang H.M., Wei X.P. (2003): Effect 
of water deficits on within-plot variability in growth 
and grain yield of spring wheat in Northwest China. 
Field Crops Res., 80: 195–205.

Plénet D., Mollier A., Pellerin S. (2000): Growth analysis 
of maize field crops under phosphorus deficiency. 
II. Radiation-use efficiency, biomass accumulation 
and yield components. Pant Soil, 224: 259–272.

Uhart S.A., Andrade F.H. (1995): Nitrogen deficiency 
in maize. I. Effects on crop growth, development, 
dry matter partitioning and kernel set. Crop Sci., 
35: 1376–1383.

Whitfield D.M., Smith C.J. (1989): Effect of irrigation 
and nitrogen on growth, light interception and ef-
ficiency of light conversion in wheat. Field Crops 
Res., 20: 279–295.

Xia J., Liu M.Y., Jia S.F. (2005): Water security problem 
in North China: Research and perspective. Pedo-
sphere, 15: 563–575.

Xia J., Tan G. (2002): Hydrological science towards 
global change: Progress and challenge. Resour. Sci., 
24: 1–7. (In Chinese)

Yang H., Zehnder A. (2001): China’s regional water 
scarcity and implications for grain supply and trade. 
Environ. Plan., 33: 79–95.

Zhang H., Wang X., You M., Liu C. (1999): Water-yield 
relations and water-use efficiency of winter wheat in 
the North China plain. Irrg. Sci., 19: 37–45.



PLANT SOIL ENVIRON., 54, 2008 (7): 313–319 319

Corresponding author:

Prof. Zengjia Li, Shandong Agricultural University, College of Agronomy, State Laboratory of Crop Biology, 
Taian 271018, P.R. China
e-mail: hhf@sdau.edu.cn

Zhang J.Y., Sun J.S., Duan A.W., Wang J.L., Shen X.J., 
Liu X.F. (2007): Effects of different planting patterns 
on water use and yield performance of winter wheat 
in the Huang-Huai-Hai plain of China. Agric. Water 
Manage., 92: 41–47.

Zhang X.Y., Pei D., Chen S.Y., Sun H.Y., Yang Y.H. 
(2006): Performance of double-cropped winter wheat-
summer maize under minimum irrigation in the 
North China plain. Agron. J., 98: 1620–1626.

Received on April 25, 2008




