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INTRODUCTION 

In the semi-arid reqion of the Canadian pra1r1es, water is the most 
limiting factor for crop production. Climatic demand for evapotranspiration 
during the qrowinq season is often three or four times the amount of rain
fall received. The importance of managing the limited precious water re
sources on the Canadian prairies is well recognized since the survival of 
our agricultural communities is dependent on how well we achieve this. 
Solutions to problema are continually beinq sought by farmers, extension 
personnel, researchers, and politicians for better management strategies 
that can be used to maximize efficient use of available water for crop 
production. 

In order to apply any economic maximization technique to soil water 
management for crop production, a knowledge of the functional form of the 
relationship between crop yield and some measure of water use by the crop is 
required. This information is generally referred to as crop water produc
tion function. This paper will review the work done in the past regarding 
crop yield reponse to water and discuss different approaches for future 
research. 

CONVENTIONAL FIELD EXPERIMENTATIONS: CORRELATION AND REGRESSIONAL ANALYSIS 

Traditionally, on the Canadian prairies the crop water production 
functions were derived based on some simple assumptions that plant qrowth is 
directly related either to spring soil water content, growing season 
rainfall, total water use, irrigation amount, evapotranspiration deficit, or 
to many different combinations of these variables. Crop yields were gener
ally expressed as polynomial or exponential functions of variables, with 
reqression coefficients obtained throuqh linear or nonlinear curve fittinq 
procedures from a set of observed values. Usually, there was little con
sideration given to the physical and physioloqical processes involved. 

There are myriad number of those crop water production functions beinq 
published for use on the Canadian Prairies. In many cases, crop yields 
were simply related to the sum of available spring soil moist~re and growing 
season precipitation (Staple and Lahane 1954; ~ahane and Staple 1965; de 
Jong and Rennie 1969) • Some crop water functions were developed based on the 
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assumption that plant growth is directly related to evapotranspiration (ET) 
or total water used (Henry et al 1986; Campbell et al. 1988) . The water 
balance equation is often the basis for calculation of ET or total water use 
and is given as: 

ET • I + P + S - R - D 

where I is irrigation, P is precipitation, S is the change in soil water 
storage, R is runoff, and D is drainage below the root zone. The 
components of the above equation were either measured or estimated to obtain 
the value of ET. 

Numerous functional for.ms have been proposed to describe relationships 
between crop yield and ET. Some of these are: 

y - a + b ET 

y - a + b ET + c ( ET )2 
/ 

y - a + b ET + c ( ET )2 + d ( ET )3 

y - a + b ( ET + c ( ET ) 0. 5 

y - a ( ET )b 

where Y is crop yield and a, b, c, dare regression coefficients. However, 
in all cases, the r~sults were not satisfactory (Figures 1, 2) . The scat
tered data indicate that the variation of crop yield with ET is very 
obvious. 
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Figure 1. The relationship between wheat yield and total water use in 
Swift Current, Saskatchewan. 

When crop yield was regressed with ET, some of the variation were 
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attributable to yearly changes 
temperature or solar radiation. 
the relationship between crop 
was suggested. For example: 

of other climatic variables, such as 
To improve the reliability of prediction, 

yield and evapotranspiration deficit (ETd) 

Y • f (ETd) 

or Y I Ym • f (ETd) 

where ETd • 1 - ETIETp, Y is actual crop yield, Ym is maximum crop yield 
when water is not a limiting factor, ETp is potential seasonal ET, and ET 
actual seasonal evapotranspiration. The relationships between the 
relative yield (Y I Ym) and the relative seasonal evapotranspiration (ET I 
ETp) were summarized for some major crops grown on the Canadian Prairies in 
the UMA report (1982) . Fiqure 3 illustrates the type of variability 
encountered when data from different sources, experiments and years are 
combined. 
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Fiqure 2. The relationships between yield and total water use for fallow
seeded (left) and stubble-seeded wheat (right) (Adopted from 
Campbell et al., 1988). 

The simple relationship accounting only for seasonal ET may not predict 
well for grain production. This is because the components of grain yield 
(e.g. plant population, number of heads per plant, number of kernels per 
head, and kernel weight) are developing over different parts of the growing 
season and moisture stress may affect grain yield differently depending on 
the stage of growth at which it occurs. Thus the following crop water pro
duction functions were introduced to account growth stage effect: 

n ..2 ~ 
Y /Ym= II [1-(1-ET/ETp ,,1 ] I ,_, 
Y/Ym= !: X1 [1-(1 -ET/ETpt] 

1•1 I 
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where i is an integer representing the number of growth sub-periods, and 
1: represents summation, II multiplication, and A is a sensitivity 
factor of crop yield to water stress during growth sub-period i. 
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Figure 3. 
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The relationships between Y/~ and ET/ETP for 
alfalfa and grass grown in agro-climate areas 
river basin (adapted from UMA, 1982). 
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The above-mentioned crop water production functions are either additive 
or multiplicative in nature. Some fundamental differences in approach when 
defining the sensitivity of growth stages are obvious. Some researchers 
(Stewart et al. 1975; Campbell et al. 1981) noted that the degree of 
severity and the sequencing of water stress govern whether or not there is 
an especially sensitive stage; others have assumed that there is a 
"critical" growth stage irrespective of the degree of water stress and the 
sequence of stress occurrence. Bauer (1973) indicated that water stress 
at flowering stage was the most damaging to grain yields of wheat. Campbell 
et al. (1988) found that under certain circumstances such as stubble 
cropping in semi-arid climates, the water content for germination may be 
more critical because the seed may lie in relatively dry surface layer 
resulting poor germination. In UMA report (1982), the following equation 
was used to account the growth stage effects: 

(ET/ETp) 8 + a 5 (ET/ETp) 9 + a6 (ET/ETp)s * 

(ET/ETp)s + 

(ET/ETp)7 * 

(ET/ETp)9 

(ET/ETp)6 * 
(ET/ETP)s + a 9 

* (ET/ETp)s 

(ET/ETp)s + 

(ET/ETp) 8 * (ET/ETp)s 

where (ET/ETp) 5 , 6, 7 , ... are for month of May, June, July, .... and 
(ET/ETp)s for growing season. 

Singh et al. (1987) assessed those crop production £unctions which 
consider growth stage effects. They concluded that some of the functions 
performed better than others under a particular set of conditions, however, 
none performed satisfactorily under all conditions. This emphasized that 
those functions should be used with caution. It is evident that the 
effects of water stress at different growth stages and the effect of inter
stage dependence, if any, will only be thoroughly understood as the physio
logical processes governing plant growth and development are themselves 
better understood. 

There are many other functional forms describing crop yield response to 
water. For example, Bole and Pittman (1980) related barley yield to soil 
stored available moisture (Ws), growing season precipitation (GSP) and nit
rogen fertilizer (N) in the form: 

Y • a + b 1 Ws + b 2 ws2 + b 3 GSP + b 4 GSP2 + b 5 N 

+ b 6 N2 + b7 Ws * GSP + ba Ws * N + b 9 GSP * N 

+ b 10 Ws * GSP * N 

and Williams et al. (1975) used sixteen variables including time trend, soil 
texture, topograph, available soil moisture at seeding, potential ET, and 
evapotranspiration deficit for each month of May, June, and July to predict 
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crop yields o£ wheat, oat and barley. 

These correlation-based crop water production functions are widely used 
on the Canadian Prairies. There is no doubt that the application of this 
type of analysis has made contributions in increasing and stabilizing agri
cultural production, in converting unproductive or marginal areas into 
useful agricultural land, and in providing some qualitative understanding of 
some of the interactions that were involved in the processes. However, it 
is also well understood that considerable care is required in their 
applications because of their simplifications. They should only be applied 
for the conditions under which the relationships were established. Thus, 
their use is fairly local; accuracy will be reduced considerably if applied 
outside the range of calibration. The information obtained can only 
be rigorously applied to some other sites where the sequence of climate and 
crops are identical to those used in developing the original functions, and 
where the soil parameters of consequence to the crop are similar. The 
chances of such coincidence on the Canadian Prairies are rare and hence 
quantitative applicability of this type of information is remote. How does 
one extrapolate those results to an almost infinite array of soil, weather 
patterns, crop, new cultivars, and management practices that occur across 
space and time, over the Canadian Prairies? Dispite much emphasis on 
research efforts, problems of how to manage the precious soil water resour
ces more efficiently for crop production remain, due to our collective ten
dency to overgeneralized specific experience obtained in given set of cir
cumstances and to extend our conclusions to situations in which they do not 
necessarily apply. 

Beside the fact that the experiences obtained at one site are not 
readily transferable to other sites, the end result in term of accuracy for 
most of the correlation-based equations, even applied to the same site, is 
often not satisfactory. There is considerable body of experimental evidence 
showing that the relationship between crop yield and total water use is 
linear or curvilinear with correlation coefficient up to 0.8 - 0.9 when 
data were collected at the same site in a short term study. However, due 
to unavoidable variability associated with weather and field work, it 
generally takes a lengthy time (10 or 20 years) to develop relationships in 
order for meaningful interpretation to be obtained. Statistical evidence 
based on longer term studies on Candian prairies shows that from 30 to 40% 
of the total variation is usually associated with experimental error. An 
example of the relationship between wheat yield and total water use, along 
with five prediction equations commonly used in southern Saskatchewan are 
given in Figure 4. The data were obtained in the Brown and Dark Brown soil 
zones on Topographic Class ·3 soils under the Innovative Acres Research and 
Development Project, which was initiated in 1982 (Rennie and deYong 1989) . 
The scattered data indicate that the variation of grain yield with total 
water use is obvious. The correlation-based equations only result in a 
statistical "average". With such a large variation, statistical "average" 
provide little valuable information on identifying better management 
strategies that can be applied to maximize efficient use of the limited 
water available for crop production. 

On the Canadian Prairies, risk related to variable and unpredictable 
climate is the most serious impediment to profitable and stable agriculture. 
Sensible farming decisions to maximize profit when opportunity exists and to 
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~n~~ze loss when facing inclement weather are important strategies which 
farmers must make in order to survive on the Canadian prairies. Because the 
correlation and regression analysis only results in a statistical "average", 
it is a fundamental error to expect that this type of information will 
assist farmers in making those important decisions. Thus, searching for 
more efficient agricultural water management on the Canadian prairies, we 
need emphasis on three important areas that are related to climatic risk: 

I 

l. Development of prediction model and their use to improve 
quantification of risk; 

2. Crop and soil management that reduces or buffers climatic risk; 
3. Long range ( i.e. growing season ) weather forecasting that can 

enhance far.m management 
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Figure 4. The relationships between wheat yeild and total water use in 
southern Saskatchewan. Observed data (.) were collected during 
1982-1986 from Brown and Dark Brown soil zones on Topographic 
Class 3 soil under the Innovative Acres Research and Development 
project (Rennie and de Yong 1989) • 

In recent years, the development of explanatory crop growth simulation 
models has shown promise for increasing the opportunities of analyzing 
production potentials and developing appropriate techniques to achieve the 
above-listed itema l and 2. 

ALTERNATIVE APPROACH: PROCESS-BASED SIMULATION MODELS FOR FUTURE RESEARCH 

In crop growth simulation models, attempts are made to consider all 
aspects of crop growth and water dynamics through the soil-plant-atmosphere 
system, based on firmly established Physical and physiological principles. 
A general overview description of a plant growth simulation model when water 
is the only limiting growth factor is given in Figure S. 
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Figure 5. Flow diagram of dynamic plant growth simulation model. 

In theory, a representation of all aspects of water dynamics in the 
soil-plant-atmosphere system and their influences on plant growth, based on 
soundly established physical and physiological understanding, should produce 
a crop water production model which would be applicable universally. Of 
course it is impossible at the present time to develop a model that embodies 
a perfect depiction of reality because not all the processes involving water 
flow in soil and plant and their influences on plant growth are fully 
understood. Thus, today's crop growth simulation models still are 
limitations of reality with some assumptions and simplifications. However, 
with continued research and increased understanding of such phenomena, those 
assumptions and simplifications will be gradually replaced by more 
physically and physiologically approaches when processes involved are 
understood. Although the advanced models become more complex, they are 
accompanied by increasing precision, generality, and explanatory power. 
This is a no~l mode of progress. 

There are many plant growth simulation models available (de Jong and 
Zentner 1985; Stewart and Dwyer 1985; Ritchie and Otter 1985; van Keulen and 
Seligman 1987; van Diepen et al. 1988; Willams et al. 1988; Walker 1989). 
They vary widely in aim, structure, and level of detail. Only few years 
ago, the literature was replete with a bewildering array of experimental 
studies not.based on explicit theory, and their seemingly contradictory 
results could not be reconciled, owing to the absence of unifying c.oncept. 
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However, due to the widespread availability of computer and analysis 
techniques capable of handling complex systems, nowadays it seemed that the 
opposite problem has appeared, namely, a plethora of theoretical models. 
Most models are virtually untested or poorly tested and hence unproven. It 
has become altogether easier to formulate models than to validate them. 

Since not all the processes affecting plant growth and water flow in 
soil and plant are fully understood, all crop growth simulation models are 
approximations of reality with some assumptions and simplifications. A 
model needs extensive experimental calibration and validation. It should 
be tested not merely for its overall predictions but also for its component 
processes under widely differing sets of environmental conditions to assess 
whether the model is structurally sound, and as well, to assess the extent 
and limitations of it validity. Only after extensive and independent 
experimental validation, can a plant growth simulation model eventually 
become (no doubt after numerous modifications) an actually working tool 
capable of providing guidance in the practical management of agricultural 
systems. 

When a complex crop growth simulation model is proven to be valid at an 
acceptable accuracy level, the possibilities inherent in the model are 
varied and numerous. The use of the crop growth simulation model to obtain 
the crop water production function, instead of using relationships derived 
exclusively from regression analysis of collected yield data, permits the 
extrapolation to other sites with different climatic and soil inputs. The 
model can also be used as a tool for quantifying the risk due to various 
climatic uncertainties; numerical experimentations in cases where field 
experiments are slow, expensive, or impossible; evaluating the possible 
impact of climatic changes or new agronomic practices on crop production; 
predicting the state of crop growing conditions and using the predictions 
for making sensible farming decisions; screening out which parameters 
affect most significantly the final output and identifying promising concept 
for plant breeding; and improving our understanding of the underlying 
processes and the importance of their interaction. 

Many biophysical processes associated with plant growth are well known 
qualitatively. Many instruments for measuring water status of soil and 
plant are presently available. No longer are we constrained by computa
tional capability. It may now be appropriate to restrict the number of 
correlation-based conventional experiments and replace some of them with 
completely instrumented and intensively monitored experiments to allow 
calibration and validation of process-based crop growth simulation models. 
With such information, a limited number of field trials would provide more 
quantitative, applicable, and less costly obtained information than the 
large number of uninstrumented trials now commonly employed. 

CONCLUSIONS 

The primary aim of establishing relationships between crop yield and 
water use is to identifying better management strategies that can be used to 
maximize efficient use of the limited available water for crop production on 
the Canadian Prairies. Traditionally, these relationships were derived 
from correlation-based regressional analysis. The ready-made correlation-
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based solutions are sp~cifio and inflexible and will therefore rarely apply 
as new problems arise in varying circumstances. 

With the ever-dwindling resources available for research, it is impera
tive that projects are ~ocused on developing a better understanding of the 
physics of water dynamics in the soil-plarlt-atmosphere system and their in
fluences on the physiology of plant growth with less emphasis on empirical 
correlation-based relationships. Research should build on the solid founda
tion of available knowledge, use the potential of the first-rate instruments 
that are available, and intergrate measurements with model development to 
assure validity of the process-based model. 

The development of a process-based crop growth simulation model re
quires separate understanding of plant, soil and atmospheric_ factors which 
affect the soil water balance and plant growth. To reach the goal, we need 
close linkage among scientists of different disciplines; especially soil 
scientists, agrometeorologists, plant physiologists, plant breeders, 
engineers, and computer specialists. Multidisciplinary teams willing to 
work together in unison will be needed in order to develop optimun crop 
production systems to meet the challenge of managing our limited and unpre
dictable agricultural water resources more efficiently on the Canadian 
Prairies. 
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