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Abstract

 

Crop yields on the Loess Plateau of China are mainly limited by available water. A field experiment was conducted
for winter wheat (

 

Triticum aestivum

 

 L.) during 1995–98 to evaluate the effects of limited irrigation on crop yield
and water use efficiency (WUE). The results showed that evapotranspiration, grain yield, biomass, WUE and har-
vest index depended on soil water content. The effect of irrigation on yield varied considerably due to differences
in soil moisture content and irrigation scheduling between seasons. High moisture treatment gave the greatest
evapotranspiration and biomass, but did not produce the highest grain yield and gave relatively low WUE. Appro-
priately controlled soil water content could improve grain yield, WUE and harvest index. Consistently high values
of grain yield, WUE, and harvest index were obtained under conditions of mild water deficit at the seedling and
start of regrowth to stem-elongation stages, with further soil drying at the physiological maturity to harvest stage.
We therefore suggest that for winter wheat periods of mild soil drying in the early vegetative growth period
together with severe soil drying in the maturity stage is an optimum limited-irrigation regime in this region. 
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L

 

IMITED

 

 irrigation means that the soil water deficit is 

controlled at certain stages of crop growth, a practice 

that has become more important in recent years in 

areas where water resources are limited. Water use 

efficiency (WUE) is defined here as the ratio 

between grain yield and total evapotranspiration 

during the growing season. For other definitions, see 

the review of WUE in Chapter 4.  Studies on the 

effects of limited irrigation show that crop yield can 

be largely maintained and product quality can 

sometimes be improved while substantially reducing 

irrigation volume (Li 1982; Shan 1983; Fapohunda et 

al. 1984; Sharma et al. 1986; Singh et al. 1991; Zhang 

et al. 1999).

These studies also show that the relationship 

between crop yield and seasonal evapotranspiration 

can take different forms and that the empirical 

coefficients vary with climate, crop type and variety, 

irrigation, soil texture, fertiliser and tillage methods. 

The relationship between WUE and 

evapotranspiration or irrigation water use also 

shows large spatial and temporal variability. 

Aggarwal et al. (1986) reported that WUE decreased 

with increasing evapotranspiration, whereas 

Musick et al. (1994) found that WUE did not 

change with seasonal evapotranspiration. Under 

limited irrigation, reductions in grain yield due to 

restricted water availability depend on the degree, 

duration and timing of the imposed soil moisture 

deficit. The impact of soil moisture deficit on crop 

yield depends on the particular phenological stage 

of the crop, and the most sensitive stage can vary 

regionally (Singh et al. 1991). Because these 

differences relate to regional variability in 

environmental and agronomic practices, region-

specific information is needed for developing and 

refining limited irrigation schemes.

The Loess Plateau is a vast arid and semiarid area 

with average annual rainfall ranging from 300 to 

600 mm. Rainfall distribution is uneven, with more 

than 60% occurring from July to September. Total 

annual rainfall also varies significantly from year to 

year. Winter wheat (

 

Triticum aestivum

 

 L.) and corn 

(

 

Zea mays

 

) are the main crops in the region. 

Available water is the most important factor limiting 

crop yields. During the last decade, irrigation water 

has been pumped from the Yellow River or from 

surface dams, and average crop yield has 

substantially increased. However, recently there has 

been a rapid decline in available water resources 

from the Yellow River; consequently, there is an 

urgent need for more efficient water use in order to 

sustain agriculture in the area (Kang and Li 1997). 

The Overview provides background information on 

the region; Figure 1 of the Overview shows the 

location of the Loess Plateau.

When the available water supply is severely limited, 

water deficits will be unavoidable during some 

periods of crop growth. Scheduling of irrigation 

times is then more complex because irrigation 

decisions must be based on the relationships 

between grain yield, crop growing phase and crop 

water use. Alternative irrigation schedules must be 

evaluated to determine which schedule maximises 

crop yield and WUE for a given level of water supply. 
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We lack adequate information on the relationships 

between grain yield and WUE under different 

irrigation regimes on the Loess Plateau; we also lack 

information about the degree of soil water deficit at 

different stages of growth, although many irrigation 

practices involve the control of soil water deficit.

The aim of this chapter was to study the effect of 

limited irrigation on crop yield and WUE for winter 

wheat in the field. The objectives were to:

• examine the impact of limited irrigation on crop 

yield; 

• determine an optimum soil water deficit scheme 

under limited irrigation; and 

• establish relationships between crop yield, WUE 

and the harvest index. 

It was expected that the results of the study could be 

used to provide guidelines to farmers and irrigation 

managers on how to minimise water use while 

maintaining high wheat yields in the region.

 

Materials and Methods

 

Plant material and experimental design

 

The field experiments were conducted in Changwu, 

Shaanxi Province (see Figure 4 of the Overview) 

during 1995–98. The site is at an altitude of 1206 m, 

and has a semiarid, warm temperate climate with an 

average annual rainfall of 542 mm, falling mainly 

from July to September. Annual sunshine duration 

is 2226 hours, annual average temperature is 9°C 

and annual potential evaporation is 1552 mm. The 

groundwater table is about 50–80 m below the 

surface. The soil is a dark loess soil with a loam 

texture, which has been intensively cultivated over 

many centuries. Its major physical properties are 

given in Table 1. The top layer of the soil (30 cm) 

contains 1.55% total organic matter, 0.106% 

nitrogen (Bremner and Mulvaney 1982) and 0.095% 

available phosphate (Olsen and Sommer 1982). The 

experiments were carried out in lysimeters 

3 m 

 

×

 

 2 m in area and 3 m deep. Irrigation and 

fertiliser were applied to the top 30 cm before 

sowing. Each lysimeter had an aluminium tube 2 m 

in length installed for moisture measurements. 

During storms, a plastic rain shelter was installed 

above the lysimeters to control soil water status. 

Winter wheat (cultivar Changwu 89-134) was sown 

in late September. Seedling density was controlled 

to 200 plants/m

 

2

 

. In total, 15 treatments of soil water 

deficit were included (Table 2) with three replicates. 

All plants were harvested in early July in the year 

following planting.

 

Measurements and statistical treatment

 

A neutron moisture meter (CPN503, United States) 

was used to measure water content every 10 cm to a 

depth of 2 m. Measurements were taken at weekly 

intervals. In controlling soil water deficit, average 

soil water content for the top 40 cm and 60 cm was 

monitored using time-domain reflectometry (Trase 

system, Soil Moisture Equipment Corporation, 

United States). When soil water content dropped to 

the lower limit of the designed range (see Table 2), 

the lysimeter was irrigated to its designated upper 

limit. The amount of irrigation water in each 

lysimeter was recorded and used to calculate total 

water consumption.

Table 1. Physical properties of the soils at Changwu.a

a Data are the average value in the top 60 cm soil layer

Particle composition (mm)
Bulk 

density 
(g/cm3)

Total pore 
space (%)

Field 
capacity 

(cm3/cm3)

Initial 
infiltration 

rate 
(mm/min)

Final 
infiltration 

rate 
(mm/min)Size >0.05 0.05–0.005 <0.005 

% in size class 3.5 65.6 30.9 1.21 50.6 0.255 5.9 1.6
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A portable gas-exchange recording system (CID-

301PS, CID Inc., Vancouver, WA, United States) 

was used to measure diurnal variations in the rate of 

photosynthesis and stomatal resistance on some 

clear days. The measurements were taken at hourly 

intervals from 7 a.m. to 7 p.m. At the end of each 

growing season, plants were harvested for 

estimation of dry matter in shoots and roots, and 

final grain yield.

Meteorological data—air temperature, air 

humidity, wind speed and rainfall—were recorded 

at a standard weather station located at the 

experimental site. Maximum and minimum 

temperature, maximum vapour pressure deficit and 

average wind speed were also recorded each day, as 

was daily potential evapotranspiration from an 

evaporation pan with a diameter of 601 mm.

All data were statistically analysed; Duncan’s 

multiple range test was used to compare treatments.

 

Estimation of evapotranspiration, water use 

efficiency and harvest index

 

Crop evapotranspiration between two soil moisture 

content measurements or in the whole growing 

season was estimated from the equation:

 

ET

 

 = 

 

∆

 

W

 

 + 

 

I

 

 + 

 

P

 

 + 

 

S

 

g

 

 – 

 

D

 

 – 

 

R

 

f

 

(1)

where 

 

ET

 

 is crop evapotranspiration, 

 

∆

 

W

 

 is the 

change in soil water storage between two soil 

moisture content measurements, 

 

I

 

 is irrigation, 

 

P

 

 is 

rainfall, 

 

S

 

g

 

 is capillary rise from the water table to 

the crop root zone, 

 

D

 

 is downward drainage from 

the crop root zone and 

 

R

 

f

 

 is surface runoff from the 

lysimeter.

Because the water table was below 50 m, capillary 

contribution from the groundwater can be ignored 

(Zhang et al. 1995). During heavy storms, a mobile 

plastic rain shelter eliminated runoff from the 

Table 2. Controlled minimum soil water content of different treatments in the winter wheat growing season.

Treatment 
no.

Treatment 
typea

a The growing season was divided into five periods and soil water content in the top 60 cm (40 cm before the jointing stage) was maintained during
different growth stages. When soil water content approached the minimum value, water was supplied up to field capacity. H = high soil moisture
content (no soil water deficit); M = medium soil moisture content (mild soil water deficit); L = low soil moisture content (severe soil water deficit).

Soil water content maintained (% of field capacity)

Seeding to 
before winter 

freezing

Regrowth to 
stem 

elongation
Booting to 
heading

Flowering to 
milk ripeness

Maturity to 
harvest

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

LLLLL
LLLHM
LHMLL
HLMHM
MMMMM
LMLLM
MLLMH
MHLLH
MHMLL
HHLML
LMHMH
HHHHH
HMHLM
HMHHL
MMHHL

45
45
45
70
55
45
55
55
55
70
45
70
70
70
55

45
45
70
45
55
55
45
70
70
70
55
70
55
55
55

45
45
55
55
55
45
45
45
55
45
70
70
70
70
70

45
70
45
70
55
45
55
45
45
55
55
70
45
70
70

45
55
45
55
55
55
70
70
45
45
70
70
55
45
45
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lysimeters. The measured rainfall during such 

events was applied as irrigation and allowed to 

infiltrate. Since irrigation water was applied to the 

topsoil and moisture content was controlled below 

field capacity (Table 2), deep drainage was assumed 

to be negligible.

Crop water use efficiency was calculated as grain 

yield divided by seasonal evapotranspiration. 

Harvest index was estimated as grain yield divided 

by total biomass. 

 

Results and Discussion

 

Evapotranspiration, grain yield and biomass

 

Table 3 lists the average values of 

evapotranspiration, grain yield and biomass for 

different treatments in 1995–98. The growing 

season reference evapotranspiration calculated by a 

modified Penman equation was 534.2, 429.9, and 

479.3 mm for the respective growing seasons. 

Actual evapotranspiration was considerably lower 

than for winter wheat in the Southern High Plains of 

the United States (Howell et al. 1995; Schneider and 

Howell 1997) or the North China Plain (NCP) 

(Zhang et al. 1999). The differences may be due to 

different climatic conditions.

The plants in treatment 1 were grown in rainfed 

conditions, with no irrigation in the growing 

season. Seasonal evapotranspiration varied from 

213 to 267 mm. In 1996 and 1998, 

evapotranspiration was balanced by the growing-

season rainfall. However, because of drought in 

1997, 80 mm of stored soil water was used in 

addition to the seasonal rainfall. Grain yields varied 

between 1612 and 2493 kg/ha under rainfed 

conditions. In the irrigated treatments, seasonal 

evapotranspiration ranged from 227 to 519 mm and 

grain yield from 1771 to 4920 kg/ha, depending on 

the amount of water applied and the time of 

irrigation. Evapotranspiration and yield depend on 

the level of soil water deficit at different growth 

stages. In treatment 12 (high soil moisture), 

seasonal evapotranspiration was 358–519 mm 

during the three years of the study. These high 

values may have been due partly to relatively high 

soil evaporation resulting from more frequent 

wetting of the soil surface, especially early in the 

season, when crop cover was low. 

The high soil moisture treatment did not produce 

the highest grain yield. In fact, the highest grain 

yield was attained in treatment 15, which was 

subject to mild water deficits at the seedling, 

regrowth and stem-elongation stages, followed by 

soil drying during the period from physiological 

maturity to harvest. Seasonal evapotranspiration in 

this treatment was 7.4–24.9% less than that in the 

high soil moisture treatment. Hence, this treatment 

combines the benefits of reduced irrigation water 

(7.4–24.9%) and higher grain yield (0.4–18.0%). 

The results are only a first indication for a single 

area, but they support the idea that water resources 

can be conserved through a process of mild soil 

drying in the early vegetative growing periods 

followed by severe soil drying in the maturity stage. 

This can assist in developing sustainable agriculture 

and may help in preventing further depletion of 

water resources. Thus, limited irrigation may be of 

real value in making winter wheat production part 

of a program of sustainable agriculture.

Table 4 shows that the regulated soil water deficit 

reduced leaf and stem development and stimulated 

root development. An advantage of smaller shoots 

is that crops consume less water. Canopy 

transpiration is largely a function of net energy 

absorbed by the leaves when available water is not 

limiting (e.g. Monteith 1981), and smaller leaf area 

will reduce light interception. In addition, soil water 

deficit may reduce water loss through physiological 

regulation, such as by reduced stomatal 

conductance (e.g. Davies and Zhang 1991). The 

data indicate that total water consumption was 

reduced by both smaller leaf area and lowered rate 

of leaf transpiration.
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Table 3. Total evapotranspiration (ET), grain yield, harvest index and water use efficiency (WUE) of winter wheat plants, 
1995–98.

Year Treatment
Rainfall
(mm)

Irrigation
(mm)

ET 
(mm)

Biomass
(kg/ha)

Grain yield 
(kg/ha)

Harvest 
index

WUE 
(kg/m3)

1995–96 1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

239.6 0
97

107
269
167
183
241
281
216
268
302
408
302
383
390

213
300
278
385
359
291
338
387
323
389
403
519
420
383
390

6000
9250

10251
11401
10451
10526
11426
13726
11901
12401
14551
16726
14051
12976
14351

1750
3180
3375
3905
3570
3505
3870
4020
4080
4230
4245
4200
4600
4775
4920

0.292
0.344
0.329
0.343
0.342
0.333
0.339
0.293
0.343
0.341
0.291
0.251
0.327
0.368
0.343

0.822
1.060
1.214
1.014
0.994
1.204
1.145
1.039
1.263
1.087
1.053
0.809
1.095
1.247
1.262

1996–97 1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

137.0 0
60

112
246
158
197
280
302
235
293
284
391
306
378
361

220
277
231
232
310
235
296
285
254
285
227
358
330
340
329

6598
8294
7794
5598
9181
7984
8225
8026
9223

10746
6982

13001
12016
12717
10732

1612
3060
2039
1771
4079
2040
3060
2788
3076
3852
2045
4060
4749
4811
4792

0.244
0.369
0.262
0.316
0.444
0.256
0.372
0.347
0.334
0.358
0.293
0.312
0.395
0.378
0.447

0.734
1.105
0.883
0.765
1.315
0.869
1.036
0.978
1.212
1.353
0.902
1.133
1.439
1.417
1.458

1997–98 1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

267.4 0
88

120
217
174
198
271
296
204
253
267
350
297
324
319

267
308
304
310
301
339
356
370
362
305
292
399
354
367
370

8726
8727
8409
9293
8126
9974

10314
10653
9860
9180
9066

13860
11334
11106
10314

2493
3520
3089
3533
3060
3506
3441
3659
3672
3680
3294
4533
4325
4485
4553

0.286
0.403
0.367
0.380
0.377
0.352
0.334
0.343
0.372
0.401
0.363
0.327
0.382
0.404
0.441

0.933
1.143
1.018
1.138
1.016
1.035
0.966
0.990
1.014
1.205
1.130
1.135
1.223
1.224
1.232
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Under the rainfed conditions of treatment 1, 

minimum total above-ground biomass was 6000–

8726 kg/ha (see Table 3); the maximum biomass 

was recorded in the high soil water conditions of 

treatment 12 (13,000–16,726 kg/ha). The linear 

curve fit through the data in Figure 1 indicates that 

early-season soil evaporation was about 28 mm. 

With limited irrigation and a controlled soil water 

deficit, the biomass was lower than with a high soil 

water content. However, the reduction in biomass 

was small in treatment 15 and even less in 

treatments 13 and 14 in 1997 and 1998. This was 

due to a compensatory effect of photosynthesis after 

rewatering under controlled soil water deficit 

(Table 5). Soil water deficit at the seedling stage 

substantially reduced leaf photosynthesis, but it 

recovered a few days after rewatering, suggesting 

that stomatal inhibition was the main reason 

(Cornic 1994). Further soil water deficit between 

the start of regrowth and stem elongation had less 

effect on the photosynthesis rate in treatment 15, 

especially for plants subjected to soil water deficit at 

the seedling stage. This could be related to a larger 

and deeper root system (Table 4) following soil 

drying at the seedling stage. A deep root system is 

beneficial under water-limited conditions as it 

allows water to be extracted from depth. Studies on 

dryland crops have shown that utilisation of water 

deep in the profile may be limited by root density 

(e.g. Jupp and Newman 1987; Zhang and Davies 

1989; Kang et al. 1992; McIntyre et al. 1995).

Regression analysis shows that the relationship 

between grain yield and seasonal 

evapotranspiration is a quadratic function (Fig. 1). 

Grain yield did not increase when seasonal 

evapotranspiration exceeded a critical value: in this 

study about 434 mm, or approximately 84% of the 

measured maximum evapotranspiration. However, 

biomass increased linearly with evapotranspiration. 

Both biomass and grain yield showed good 

correlation with evapotranspiration (Fig. 1), but not 

with the amount of irrigation water applied 

(Table 3). These results suggest that the effect of 

irrigation on grain yield varied considerably due to 

differences in the soil moisture content and 

irrigation scheduling between seasons. A high soil 

moisture content throughout the season required a 

high water consumption but did not lead to higher 

grain yields. In some cases, high soil moisture 

content even resulted in lower grain yields (Table 3). 

Similar relationships have been reported for wheat, 

corn and cotton in Northwest China (Kang and 

Dang 1987), wheat in India (Rajput and Singh 1986; 

Table 4. Distribution of root, stem, and leaf dry mass (%) at different development stages of winter wheat grown in the 
field under different treatments,a 1995–96.

a Table 2 shows details of treatments 

Sampling 
date

Root Stem Leaf

LLLLL MMMMM HHHHH LLLLL MMMMM HHHHH LLLLL
 

MMMMM HHHHH

4 Nov 22.6 22.6 22.6 38.0 38.0 38.0 39.4 39.4 39.4

6 Dec 19.6 12.3 10.1 35.8 40.0 34.8 44.6 47.7 55.1

6 Jan 19.9 14.2 12.0 45.6 42.6 32.0 34.5 43.3 56.0

6 Feb 16.3 15.2 13.8 40.8 39.7 34.1 42.9 45.1 52.1

13 Apr 14.6 14.9 14.1 53.2 49.2 49.1 32.1 35.9 36.8

21 May 12.4 11.0 8.7 69.2 67.6 73.5 18.4 21.4 17.8

29 May 13.4 12.0 7.2 60.6 61.8 58.9 10.4 11.9 12.0
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Kumar and Khepar 1980), cowpea and corn in 

Nigeria (Fapohunda et al. 1984), and sorghum in 

Northeast Brazil (Sharma and Alonso Neto 1986).

It can be deduced from Figure 1 that grain yield 

required a minimum evapotranspiration of 152 mm 

for winter wheat. This value is lower than the 

206 mm for dryland and irrigated wheat reported by 

Musick et al. (1994), and higher than the 84 mm for 

winter wheat on the NCP (Zhang et al. 1999), but 

very close to the 156 mm for wheat in the 

Mediterranean region (Zhang and Oweis 1999). 

The relationship between grain yield and biomass is 

fitted with a quadratic function in Figure 2. Grain 

yield increased with biomass until it reached a value 

of 15,000 kg/ha, and then remained more or less 

constant, in line with the data in Figure 1.
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BM = 35.01 ET – 992.24

R2 = 0.8011

Y = – 5.901 × 10–2 ET2 + 51.19 ET – 6.595 × 10–2

R2 = 0.79

Figure 1. Relationships between growing season evapotranspiration (ET) and biomass (BM) and grain 
yield (Y) for winter wheat at Changwu. 

Table 5. Photosynthesis rate (Pn) and relative photosynthesis (RPn)a of winter wheat plants under different treatments.b

a Relative photosynthesis is the ratio of photosynthesis rates in each treatment to the rate of the control treatment (HHHH)
b Data are the daily average value of measurements in 1996. Values are means of replicates for each treatment.

Variable Treatmentc

c See Table 2 for details of treatments

Date (day/month)

17/4 29/4 6/5 10/5 11/5 18/5 23/5 29/5 9/6

Pn 
(µmol/m2/s)

LLLLL
MMMMM
HHHHH
HMHHL
MMHHL

3.90
6.10
6.20
6.01
6.10

4.52
6.67
6.97
6.37
6.26

6.31
8.27
8.74
7.12
7.44

3.33
5.12
4.85
4.85
4.80

3.01
5.49
4.74
5.03
4.94

7.64
8.04
7.94
8.53
8.41

5.19
6.26
5.71
6.40
6.47

3.95
4.25
5.32
5.93
5.82

4.45
4.95
4.81
4.71
4.60

RPn
(%)

LLLLL
MMMMM
HHHHH
HMHHL
MMHHL

62.9
98.4

100
96.9
98.4

64.9
95.7

100
91.4
89.8

72.7
94.6

100
81.5
85.1

68.7
105.6
100
100
99.0

63.5
115.8
100
106.1
104.2

96.2
101.3
100
107.4
105.9

90.9
109.6
100
112.1
113.3

74.3
79.9

100
111.5
109.4

92.5
102.9
100
97.9
95.6
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These relationships also indicate that the highest 

biomass was associated with maximum 

evapotranspiration, but not with the highest grain 

yield, which was reached by appropriately 

controlling soil water content and limiting 

evapotranspiration and biomass.

 

Water use efficiency and harvest index

 

WUE ranged from 0.73 to 0.93 kg/m

 

3

 

 under rainfed 

conditions (Table 3) and from 0.77 to 1.46 under 

the irrigated treatments. The level of WUE depends 

on the controlled ranges of soil water deficit at 

different stages. WUE in the high soil moisture 

treatment (12) ranged from 0.81 to 1.14 kg/m

 

3

 

 but 

the highest WUE values were recorded in treatment 

15 (1.23–1.46 kg/m

 

3

 

 over the three years of the 

study), as expected from the information on yield 

and seasonal evapotranspiration. The lower values 

for treatment 12 arose because seasonal 

evapotranspiration was the highest recorded in any 

treatment, but yield was not.

WUE values in our study were higher than those for 

winter wheat (0.40–0.88 kg/m

 

3

 

: Howell et al. 1995; 

Schneider and Howell 1997) and for irrigated wheat 

(0.82 kg/m

 

3

 

) in the US Southern Plains (Musick et 

al. 1994), but close to those (1.08–1.19 kg/m

 

3

 

) for 

winter wheat in the Mediterranean region (Zhang 

and Oweis 1999) and for winter wheat (0.84–

1.39 kg/m

 

3

 

) on the NCP (Zhang et al. 1999).

The harvest index was 0.24–0.29 under rainfed 

conditions and 0.25–0.45 under irrigated 

conditions, meaning that appropriate irrigation and 

controlled soil water content can increase harvest 

index. Maximum harvest index was recorded in 

treatment 15. However, under treatment 12 (a high 

soil water treatment), the harvest index was only 

0.25–0.33, much lower than under other irrigation 

treatments. This treatment resulted in high above-

ground biomass (Table 4), causing lodging in the 

late growing stage, with adverse effects on grain 

filling. Sheng and Wang (1985) found that high soil 

moisture content during the grain-filling stage may 

result in lower 1000-seed weight and grain yield. 

Other investigators (e.g. Zhang et al. 1998) have 

reported similar results; it has been well established 

that remobilisation of carbohydrate reserves from 

the stem and the leaf sheath is a key factor for grain 

filling. In wheat, low soil moisture content during 

grain filling may lead to better use of the carbon 

reserves in stems and sheaths (Palta et al. 1994; 

Ricciardi and Stelluti 1995).

Regression analysis indicated a quadratic 

relationship between WUE and seasonal 

evapotranspiration (Fig. 3). WUE reached its 

maximum value at a seasonal evapotranspiration of 

354 mm, then started to decrease with 

evapotranspiration. However, maximum WUE did 

not correspond to maximum grain yield (Figs 1 and 

3). When evapotranspiration is relatively low, water 

availability is the limiting factor for grain yield and 

an increase in evapotranspiration results in 

significant increases in both grain yield and WUE. 

However, the rate of change starts to decrease as 

evapotranspiration further increases. Once WUE 

reaches its maximum value, an increase in total crop 

water use could still lead to a marginal increase in 

grain yield, but WUE would decrease. For example, 

at the maximum WUE the grain yield was 4134 kg/

ha; a further increase of 20% in total crop water use 

would increase grain yield by only 8%. In economic 
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terms, grain yield response to total crop water use is 

a diminishing-return function. Therefore, aiming 

for maximum grain yield under limited water 

resources is not economical and should not be 

encouraged. These results also indicate that it is 

possible to maintain relatively high grain yield and 

WUE by limiting the duration and severity of plant 

water stress under limited irrigation.

The relation between harvest index and seasonal 

evapotranspiration is also nonlinear (Fig. 3). 

Maximum harvest index, like maximum WUE and 

grain yield, did not coincide with maximum 

seasonal evapotranspiration but was recorded when 

the seasonal evapotranspiration was about 346 mm. 

Therefore, the maximum value of the harvest index 

is attained under an appropriate evapotranspiration 

deficit. 

The nonlinear curves fitted through the data in 

Figure 3 also indicate that WUE increases linearly 

with harvest index, in agreement with results from 

other studies (Austin et al. 1980; Perry and 

D’Antuono 1989; Siddique et al. 1989). Passioura 

(1977) and Fischer (1979) have suggested that in 

water-limited conditions a relatively high harvest 

index is needed to obtain high WUE. In our study, 

the highest harvest index occurred when 

evapotranspiration was about 70% of its maximum; 

the index then started to decrease with increasing 

evapotranspiration (Fig. 3). Improving the harvest 

index led to improvement in WUE under limited 

irrigation conditions.

 

Conclusions

 

Evapotranspiration, grain yield, biomass, WUE and 

the harvest index of winter wheat were all affected 

by controlled ranges of soil water content during 

growing seasons. Grain yield response to irrigation 

varied considerably due to differences in soil 

moisture content and irrigation scheduling between 

seasons. Evapotranspiration was highest under 

continuous high soil moisture conditions, as was 

above-ground biomass. However, grain yield was 

not the highest in these conditions, and WUE was 

relatively low due to inefficient use of the stored soil 

water. Maximum values of WUE and the harvest 

index occurred under appropriately controlled soil 

water conditions. WUE appears to increase linearly 

with harvest index; improvement in WUE under 

limited irrigation conditions is thus the 

consequence of an increased harvest index.
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Appropriately limited irrigation and controlled 

soil water content level could lead to higher grain 

yield, WUE and harvest index. Compared to high 

water treatment, this practice has the advantage of 

lower above-ground biomass before flowering, 

greater net photosynthesis rates during grain 

filling, and larger grain yield. Hence, mild soil 

drying in the early vegetative growth period and 

severe soil drying in the maturity stage of winter 

wheat is an optimum limited irrigation regime in 

the Loess Plateau of China. 
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of perennial native vegetation with annual species 

have resulted in increased drainage, thereby 

disturbing the existing equilibrium of groundwater 

levels. This may ‘recharge’ the groundwater, 

resulting in raised groundwater pressures in low-

lying discharge areas. The increased recharge may 

then discharge into low-lying areas and rivers (e.g. 

Wood 1924; Dyson 1990; Nulsen 1993; George et al. 

1997b). At 2 m depth, the rate of salinisation is such 

that we can observe saline conditions in surface soils.

 

Seepage salinity

 

Salinity can occur through capillary rise from 

deeper (7 m) saline groundwater tables on silt loam 

soils. As water moves into the upper layers there will 

be a net mass flow of salt in solution in addition to 

capillary action bringing salts higher in the profile, 

closer to the evaporating surface or plant roots. This 

type of salinity is usually called seepage salinity. 

Over the past four decades it has affected an 

estimated 2.5 million ha of land and is predicted to 

increase fourfold over the next three to four decades 

(Coram et al. 2001).

 

Acidity

 

Soil acidity is a severe soil degradation problem that 

can greatly reduce the production potential of 

farming systems. Most occurs in productive 

agricultural zones. It causes production losses 

within paddocks, and also long-term and offsite 

effects, including:

• poor water use by plants (leading to higher 

recharge and erosion); 

• increased leaching of nutrients and aluminium; 

and 

• the irreversible breakdown of layer silicate 

minerals in soils.

Soil acidification can be determined by assessing the 

pH of a soil, which determines the concentration of 

hydrogen ions or acid in the soil. The pH is 

measured using a logarithmic scale: soils at pH 7 are 

neutral, those of pH < 7 are considered acidic. Soil 

acidity is not thought to restrict the growth of most 

crops or pasture until the pH drops to < 5.5–6.0 

(pH

 

w

 

) or < 5.0–5.5 (pH

 

Ca

 

).

Development of acidity in soils is a natural process, 

especially in the high rainfall regions of southern 

Australia. Some soils are inherently acidic because 

of the high rates of leaching in these regions. Even 

in lower-rainfall cropping areas, some soil types 

have become acidic because they have no free lime 

in the profile. As soils become more acidic, plants 

and crops that cannot tolerate acidic conditions do 

not flourish, so productivity and yields decline. 

When conditions become severely acidic (e.g. 

pH < 4, such as in inland acid sulfate soils), 

biogeochemical processes start to break down the 

layer silicates in the soil, releasing aluminium, iron 

and manganese. This may lead to mineral toxicities 

and nutrient imbalances.

The natural rate of acidification is accelerated by the 

use of acidifying fertilisers, nitrogen fertilisers, the 

removal of agricultural products and nitrate 

leaching. The management of soil acidity involves 

the following requirements at the farm level:

• recognising paddock indicators of soil acidity

• monitoring soil pH

• knowing crop and pasture tolerances to acidity

• treating paddocks that have acidity problems.

Acid soils can be ameliorated by applying liming 

material or other types of neutralising agent, 

growing acid-tolerant plants or reducing the rate of 

acidification. 

 

Erosion

 

Soil erosion by wind and water is a worldwide 

environmental problem that seriously threatens 

sustainability of agriculture. A recent study showed 

that the direct and indirect annual cost of erosion 

may be as high as $400 billion worldwide. This 
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