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Abstract

Water availability is a major factor limiting crop yields on the Loess Plateau of China. As competition for water
intensifies, it is essential to develop alternative irrigation schedules that maximise crop yield and water use effi-
ciency (WUE) for a given level of water supply. A field experiment with winter wheat (Triticum aestivum L.) from
1995 to 1998 calibrated and tested a biophysically based model (WAVES) in terms of grain yield and WUE predic-
tion. The data collected include water and energy balance components, biomass and grain yield. Comparisons
between the measurements and the model predictions were made with three years of field data. Modelled grain
yield and WUE based on biomass and harvest index were in better agreement with the measurements than those
based on transpiration and harvest index. The model was sensitive to different irrigation treatments, and in rea-
sonable agreement with field measured data. The highest irrigation treatment resulted in the greatest evapo-
transpiration but not the highest yield, so WUE was relatively low. Appropriately limited irrigation could improve
the grain yield and WUE. Aiming only for maximum grain yield or for maximum WUE could lead to uneconomical
irrigation management.
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THE LOESS Plateau, located in the middle reaches of
the Yellow River, is one of the main agricultural
regions in China. The Overview provides
background information on this area; Figure 1 of
the Overview shows its location. Winter wheat
(Triticum aestivum L.) and summer corn (Zea
mays) are the main crops in the area. Average
annual rainfall ranges from 300 to 600 mm, with
over 60% occurring from July to September. As
rainfall is low and variable, water is the most
important factor limiting agricultural production in
the region. Crops are irrigated with water pumped
from the Yellow River or from collected rainfall.
However, the amount of available water in the
Yellow River has declined rapidly in recent years, so
there is an urgent need to reduce irrigation in order
to sustain agriculture in this area (Kang and Li
1997). A challenge is to develop management
techniques that increase water use efficiency (WUE)
while optimising crop production. Chapter 4
discusses this in more detail.

When available water becomes limited, water deficits
are unavoidable in some periods of the crop growing
season. Irrigation scheduling then becomes more
important and complex because irrigation decisions
need to be based on the relationship between water
use and grain yield and on WUE. This requires
people to evaluate alternative irrigation schedules
and choose a schedule that optimises crop yield and
WUE for a given level of water supply. There are few
detailed investigations on water use-grain yield

relationships and WUE under different water supply
conditions in the region, although many irrigation
practices involve soil water deficit control.

In order to develop guidelines for farmers and/or
decision makers to manage crop production, many
irrigation practices under various conditions must
be evaluated in terms of their effect on yield and
WUE. Process-based models can provide useful
information about different irrigation practices. For
example, Hook (1994) and Kang et al. (1992) have
used models to determine the best irrigation
strategies. Models can also add value to decision
making by transferring results from extensive field
experiments to other areas (Cheeroo-Nayamuth et
al. 2000; Cabelguenne et al. 1999; Jagtap et al. 1999;
Sankaran et al. 2000; Alagarswamy et al. 2000).

Modelling crop yield and WUE is an important
facet of crop water management and requires a
good understanding of crop-water relationships.
WAVES (water, atmosphere, vegetation, energy
and soil) is an integrated energy and water balance
model based on the biophysical processes in the
soil-plant-atmosphere continuum (Zhang et al.
1996). A detailed description of WAVES can be
found in Zhang and Dawes (1998) and in Chapter 1
of this volume. The model was successfully applied
to the Loess Plateau to model the processes of water
dynamics, crop evapotranspiration, and biomass
accumulation (Huang et al. 2001), but was not
tested for crop yield prediction.
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The objective of this chapter is twofold: to evaluate
two different methods for predicting crop yield and
WUE within the WAVES model, and to evaluate
optimal water management practices for improving
crop yield and WUE under limited water supply on
the Loess Plateau.

Field Experiments and Data

Site description

We conducted field experiments in Changwu,
Shaanxi Province, during 1995-98. The Overview
provides background information about the area;
Figure 4 of the Overview shows its location. The
study site has an elevation of 1206 m and has a
semiarid to warm temperate climate with an average
annual rainfall of 542 mm, concentrated from July
to September. Annual averages are 2226 hours for
sunshine duration, 9°C for temperature and

1552 mm for potential evaporation. The
groundwater table is 50-80 m below the surface.
The soil is a dark loess soil with aloam texture; it has
been intensively cultivated over many centuries.
Table 1 shows the major physical properties of the
soil. The top 30 cm contains 1.55% total organic
matter, 0.106% nitrogen (Bremner and Mulvaney
1982) and 0.095% available phosphate (Olsen and
Sommers 1982). The lysimeters were 3 m x 2 m in
area and 3 m deep, separated by waterproof
concrete walls buried up to the soil surface.

The soil was irrigated, fertilised and well mixed in
the top 30 cm before sowing. In each plot, an
aluminium tube, 2 m long, was installed for
moisture measurements. A mobile plastic rain
shelter was installed above the lysimeters to control

soil water status. Winter wheat (cultivar Changwu
89-1341) was sown in late September. Seedling
density was controlled at 200 plants/m?. There were
seven treatments of irrigation deficit each year with
three randomly designed replicates (Table 2). 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, with measurements taken weekly. In
controlling soil water deficit, average soil water
content for the top 40 cm and 60 cm was monitored
using a time-domain reflectometer (Trase system,
Soil Moisture Equipment Corporation, United
States). When soil water content dropped to the
lower limit of the designated range (see Table 2), the
plot was irrigated to its field capacity. The amount
of irrigation water in each lysimeter was recorded
and used to calculate total water consumption. At
the end of the winter growing season, plants were
harvested and the dry mass and final grain yield
calculated. All data were statistically analysed and
treatments were compared using Duncan’s multiple
range test.

Meteorological data were recorded by a standard
weather station located at the experimental site.
Daily values of maximum and minimum
temperature, maximum vapour pressure deficit and
average wind speed were recorded.

1 This cultivar is widely used by farmers in the region.

Table 1.  The particle composition and hydraulic properties of soils at Changwu.

Size

Particle composition

(mm) >025 0.25-0.05 0.05-0.01 0.01-0.005

0.005-0.001  <0.001 mm 6 OF Owilt Yd

% 1.1 24 57.0 8.6

17.7 13.2

0.486 0.255 01 1.21

6, = saturated soil water content (cm?fem?); 0 = field capacity (cm3/em?); Oyiir = water content at permanent wilting point (cm?/cm?); and

Y4 = mean bulk density (g/cm?)
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Table 2.  Controlled minimum soil water content of different treatments in the winter wheat growing season.
Minimum soil water content maintained (% of field capacity)
Seeding to Regrowth to
before winter stem Booting to Flowering to Maturity to
No. Treatment® freezing elongation heading milk ripeness harvest
1 LLLLL 45 45 45 45 45
2 LLLHM 45 45 45 70 55
3 LHMLL 45 70 55 45 45
4 LMHMH 45 55 70 55 70
5 MMHHL 55 55 70 70 45
6 HMHHM 70 55 70 70 55
7 HHHHH 70 70 70 70 70

4 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 stages at one of three levels: high soil moisture content (H) (no soil water deficit); medium (M) (mild soil water deficit); or low (L) (severe soil
water deficit). When soil water content approached the minimum values, water was supplied up to field capacity.

Using the WAVES Model

WAVES can be used to predict crop yield and
WUE. Crop yield is estimated from the carbon
balance, determined by calculation of evaporation
and transpiration demand for a given day. These
fluxes are based on the soil conditions at the start of
the day. A portion of the energy balance is used to
estimate the stresses on the vegetation (Zhang and
Dawes 1998), and carbon balance is then used to
calculate assimilation based on those stresses.
Finally, evaporative demand is calculated using a
conductance based on the assimilation rate. In this
way a complete cycle between the atmosphere, soil
and vegetation can be made. The WAVES plant
growth model is a generic algorithm using rate-
based equations, physical principles and empirical
results (Wu et al. 1994). WAVES does not attempt
to model discrete phenological growth stages or to
predict yield. The model treats a plant as three
separate carbon sinks representing leaves, stems
and roots. Each of these is assumed to occupy the
conceptual site fully (i.e. leaves are evenly spread
across each square metre, stem numbers are not
determined but are uniformly spread and roots
totally explore the depths to which root carbon is
allocated).

Engineering estimates of crop yield can be made
from knowledge of above-ground biomass and
actual and potential transpiration, based on
empirical relationships (Charles-Edwards 1982).
The simplest equation uses the harvest index:

Y=HIx DM (1)

where Y'is crop yield (kg/ha), HI is the harvest
index, and DM is the total above-ground dry matter
(kg/ha). Transpiration data can be used to make
alternative yield estimates (de Wit 1958):

ET
Y = H x m—= (2)
ET,

where m is a crop factor dependent on variety and
species (kg/ha), ET,, is actual transpiration, and ET),
is average potential transpiration rate over the
growing season. Within WAVES, the values of ET,
and ET), are stored and can be used for these
calculations with a user-specified harvest index and
m parameter.

Harvest index is related to water supply level
(Austin et al. 1980; Perry and D’Antuono 1989;
Siddique et al. 1989). Based on Kang et al. (2000),
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the harvest index for winter wheat was set to 0.25
(rainfed), 0.30 (limited irrigation), 0.40 (middle
irrigation) or 0.35 (full irrigation). The crop factor
m was set to 140 in all the simulations (Kang et al.
2000). Crop WUE was calculated as grain yield
divided by seasonal evapotranspiration.

Calibration was done manually (i.e. without the use
of software that optimises parameters for least
squares or other error criteria). The calibration
approach required a compromise between the
degree to which a parameter could be adjusted for
an individual plot, and the degree of parameter
variation across plots. In order to obtain model
parameters, the WAVES model was first run using
the meteorological data between September 1995
and July 1996 and treatment 1 (full irrigation).
Vegetation parameters for winter wheat were
selected from the work of Zhang et al. (1996), with
the accumulated temperatures and the maximum
root depth adjusted according to local conditions.
The soil in the experimental site has a fairly
uniform profile and was assumed to have only one
layer. The maximum rooting depth for winter
wheat was set to 2 m under limited irrigation. The
bottom of the soil column had a draining boundary
with a maximum rate of 0.01 mm/day. This
selection of the lower boundary condition is based
on the specific characteristics of water balance with
a winter wheat crop.
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Results and Discussion
Grain yield prediction

Figure 1 shows a comparison of simulated and
measured grain yield during the period 1995-98,
using Equations 1 and 2 (Figs. la and 1b,
respectively). Simulated grain yield using Equation
1 agreed well with the measurements. The best-fit
slope through the origin was 0.97, with a correlation
coefficient of 0.93. Grain yield simulated by
Equation 2 also compared reasonably well with the
measurements. The best-fit slope was 1.00 with a
correlation coefficient of 0.82. These results indicate
that grain yield can be approximated from estimates
of above-ground dry matter and crop transpiration.

The harvest index and crop factor must be known
to predict grain yield using the above methods. For
winter wheat on the Loess Plateau of China, the
harvest index varies from 0.25 to 0.40, depending
on water availability (Kang et al. 2000). In water-
limited crops that rely predominantly on stored
water, the harvest index is roughly proportional to
the amount of water available after anthesis (Nix
and Fitzpatrick 1969). This is not the case for crops
that rely predominantly on current rainfall
(Passioura 1986). In other words, the harvest index
varies with available soil water and other factors; it
cannot be considered as an independent variable.
The success of grain yield predictions using
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Figure 1. Effectiveness of WAVES in predicting grain yield for winter wheat, Changwu. (a) Prediction based on above-
ground matter. (b) Prediction based on transpiration.
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Equations 1 and 2 relies on accurate estimates of the
harvest index. The results shown in Figure 1
support the findings of Zhang et al. (1999) and
Wang et al. (2001), that the WAVES model can
accurately simulate plant biomass under various
soil moisture conditions.

The crop factor m is considered to be dependent
only on variety and species (Hanks 1983). It can be
applied to both water-limited and well-watered
situations (de Wit 1958). We used a constant value
in all simulations. Relationships represented by
Equations 1 and 2 are attractive because they are
simple; however, they are really useful only if we are
able to estimate crop transpiration independently.
This often means that a detailed model of a soil-
crop-atmosphere system is required.

Water use efficiency

Figure 2 shows the comparison of the simulated
WUE by the WAVES model and the measured
values. The results obtained using Equation 1
agreed reasonably well with the measurements. The
best-fit slope through the origin was 0.95, with a
correlation coefficient of 0.75. The results using
Equation 2 showed poor correlation with the
measured values. Mathematically, WUE is
estimated by dividing Equation 2 by actual

16
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Measured WUE (kg/ha/mm)

evapotranspiration and shows the variation in
potential evapotranspiration. Since this quantity is
independent of crop growth, little correlation can
be expected. Where potential evapotranspiration,
and therefore atmospheric demand, becomes the
most limiting factor in crop growth, the
relationship shown in Equation 2 may yield better
estimates of WUE.

Figure 3 illustrates how evapotranspiration relates
to simulated grain yield and WUE, using the
WAVES model. Grain yield and evapotranspiration
increased simultaneously when evapotranspiration
was below a critical value; the slope increased as
evapotranspiration decreased and became negative
when evapotranspiration was larger than the critical
value (about 500 mm). However, the maximum
WUE was reached when evapotranspiration was at
440 mm and did not correspond to the maximum
grain yield. When evapotranspiration was relatively
low, an increase in water use by a crop could result
in large increases in both grain yield and WUE.
However, at maximum WUE, an increase in crop
water use could still lead to an increase in grain
yield, but could only reduce WUE.

Simply aiming for maximum grain yield under
limited irrigation will require too much water.
However, aiming for maximum WUE will result in
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Figure 2. Effectiveness of WAVES in predicting water use efficiency (WUE) for winter wheat, Changwu. (a) Prediction
based on above-ground matter. (b) Prediction based on transpiration.
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alower grain yield. Thus, it is necessary to consider
both yield and WUE when irrigating. The
association of high WUE with high yields has
important implications for efficient use of water
resources on the semiarid Loess Plateau of China.

Table 3 shows total evapotranspiration, grain yield,
biomass and WUE calculated by summation of daily
output from simulations over the whole growing
season from 20 September to 2 July for three years,
together with irrigation water use and rainfall.
Simulated seasonal evapotranspiration varied
between 234 and 526 mm. Simulated biomass was
between 8800 and 12,600 kg per hectare (kg/ha). The
simulated grain yield was 1600-5140 kg/ha, and
2200-5040 kg/ha, using Equations 1 and 2
respectively. Crop WUE was 6.16-12.87 kg/ha/mm
and 7.78-12.33 kg/ha/mm for yield simulated by
Equations 1 and 2 respectively.

Clearly, evapotranspiration, biomass and grain
yield were lower under rainfed conditions than
under irrigation. Evapotranspiration and yield
depend on applied irrigation. Both
evapotranspiration and biomass were maximised
by full irrigation treatment, and were
correspondingly lower without irrigation. However,
the maximum grain yield occurred in treatment 5,
in which applied irrigation water was 300 mm,
reduced by one-third compared with the full
irrigation treatment, with the deficit of
evapotranspiration between 7% and 13%. The
simulated results indicated that WUE of winter
wheat could be improved by limited irrigation.
Table 3 also indicates that the maximum WUE
usually occurred in treatment 4. It suggests that the
limited irrigation scheme has practical value for
winter wheat production in this semiarid area.

6000 20
Yield = -0.0479ET2 + 48.559ET - 7598.5
5000 | R2=0.844 A
A
1 15
4000 [ —
2 £
©
< ors 5
< 3000 | 410 5
% N WUE =-0.0001ET2 + 0.1189ET - 14.005 f
S~ =)
2 —
2000 - ° R2=7442 =
A { s
® WUE1
O 1 1 1 1 1 1 0
200 250 300 350 400 450 500 550
Evapotranspiration (mm)
Figure 3. Effectiveness of WAVES in predicting the relationship between seasonal

evapotranspiration (ET), water use efficiency (WUE) and grain yield for
winter wheat in Changwu.
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Conclusion

The WAVES model can be used to predict grain
yield of winter wheat on the Loess Plateau. The
simulated grain yield based on biomass and harvest
index showed better agreement with the
measurements than that based on transpiration and
harvest index. The simulated WUE using grain yield
from biomass and the harvest index agreed
reasonably well with the measured values. However,
when the grain yield obtained from crop
transpiration and the harvest index was used to
calculate WUE, the results estimated from the
model showed poor correlation with the
measurements. The model was very sensitive to
different irrigation treatments. The harvest index is
an important parameter for grain yield prediction.
The model was developed with a constant harvest
index for different irrigation treatments. However,
the values of harvest index were similar but not
constant for different irrigation treatments, and
related water supply level.

WUE in this region can be improved by irrigation
scheduling. Evapotranspiration was the highest
when most irrigation water was applied, but WUE
was relatively low. Appropriately controlled
irrigation could improve the grain yield and WUE.
Aiming only for maximum grain yield or for
maximum WUE could lead to uneconomical
irrigation management.
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