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Building models is one way of integrating knowledge. It has as important fea
tures that it 

helps to define and the stale of knowledge or the subject; 
- helps to locate gaps in and to make hypotheses explicit, and thus 

helps to set for research; 
- provides a tool to make the integrated information operational; 
- provides an effective link between scientists from adjacent disciplines, between 

researchers studying different levels of biological organization, and between 
fundamental and applied scientists. 

A developed and evaluated model 

- provides a key to determine progress in science; 
- provides a means for disseminating knowledge; 
- can be used for prediction. 

These points are demonstrated in this chapter. Quite impressive crop growth 
models have indeed been constructed. Still, evolution of modeling has been 
slow in the field of crop growth, in spite of such important assets. Lack of 
factual knowledge, particularly of kinetics of physiological processes, has been 
and is still slowing down progress. In fact, some of thl~ recent advances in 
crop physiology have been stimulated by modeling, as is shown in Sect. 4.4. 

Knowledge of crop physiology and growth models have partly been devel
oped in parallel and this poses a problem of the order in which they should 
be treated. Presuming that most readers have more background in physiology 
than in modeling, theory of systems and modeling has been emphasized first. 
The main aspects of crop physiology and the way in which they arc modeled 
are discussed later. 

Models of production and growth usually include a computation of photo
synthesis and transpiration. Those processes are reviewed separately in Chaps. 
8 and 16 of Vol. 12B. Growth and production models can be of great help 
in the study and further development of agricultural systems, as is pointed 
out in Chap. 5, this Volume. 

In 1978, about 3% of the agricultural research community in the Netherlands 
used or developed models. This was estimated from the number of publications 
concerning simulation in agricultural research. Ten years before, this figure 
was still below 1%. EDMINSTER (1978) estimated that about 2% of the current 
scientific effort of the Agricultural Research Service of the United States of 
America goes into modeling. He advocated a strong further increase, for reasons 
listed above. This demonstrates that modeling is slowly taking an important 
place among research tools in agricultural sciences. A similar development is 
occurring in the biological sciences. It is interesting to note that most scientists 
involved in dynamic modeling are concentrated in small groups. Successful mo
deling of plant growth requires apparently, a "critical mass" of from three 
to five scientists from different, but related disciplines, who collaborate closely 
for a long period. 
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4.2 Concepts in Modeling 

4.2. t Real World Systems 

One way of considering the real world is to divide it into systems. A functional 
description of a system is "a part of reality with strongly interacting elements, 
but with little influence on its environment". What part of the real world is 
singled out as a system depends first of all upon objectives. However, some 
elements of a system interact more than others, co-determining the shape of 
a system. Upon delimiting a system, one should thus take into account such 
natural contours, and consider all essential parts. (This is meant by the term 
"whole system approach".) Plant production on fields with fertile and irrigated 
soils, e.g., may be visualized as a system in which processes like photosynthesis, 
growth, maintenance and development interact intensively. The rates of these 
physiological processes depend strongly on weather conditions; weather is not 
modified noticeably by plant growth. One can thus delimit this plant production 
system by drawing a line between physiological and meteorological processes. 
As photosynthesis influences growth and vice versa, it makes little sense to 
exclude photosynthesis from this system even when the study of assimilation 
is not an objective. But when growth occurs in a greenhouse, air humidity 
and temperature may be moditled by crop growth and the 44 Weather" has 
become part of the system. The boundaries of a system can move apparently, 
with changes that may seem irrelevant for the objective of the study. Ideally, 
boundaries are chosen such that the environment influences processes of the 
system, but the system itself does not influence its environment. 

In a typical situation of plant growth in temperate climates the growth-weather 
relation is of major importance at the beginning of the growing season. Nutrient shortage 
reduces growth at a later stage. At any time, a brief dry spell may cause water shortage 
and reduce growth. Plant production can thus be seen as one large system in which 
the relative importance of elements changes. For production and growth models it is 
practical to consider the structure of the system as invariable during the time span of 
interest, and to keep the parts of the system that are temporarily unimportant as harmless 
ballast. One might also argue, however, that the structure of the system changes in 
such a case. This conception may become effective in phases of model development 
still to come. 

An elegant and practical delimitation of systems of growing vegetations 
or crops is proposed hy De Wit (in: DE WIT and PENNING DE VRIES 1982). 
They distinguish four levels of plant production. The systems of plant growth 
and crop productivity at each of these levels can be considered as belonging 
to one broad class. Those levels are: 

Production Level 1. Growth in conditions with ample plant nutrients and soil 
water. The growth rate of the vegetation is then limited by weather conditions 
and amounts to 100--350 kg dry matter ha --· 1 d · 1• This situation is sometimes 
realized in agronomic field experiments and in glasshouses. Major clements 
of this type of system are the dry weight of leaves, stems, reproductive or 
storage organs; major processes are photosynthesis, growth and maintenance, 
biomass distribution and leaf area development. 
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Production Level 2. Plant growth becomes limited by water shortage part of 
the time. This occurs on well-fertilized soils in semi-arid regions and in temperate 
climates. The situation is not very common, either in agriculture or in natural 
ecosystems. The extra elements in this class of systems are the plant and soil 
water balances: crucial processes are transpiration and other processes of loss 
or gain of water from the soil. 

Production Leuel 3. Plant is limited by shortage of nitrogen (N) 

and sometimes by water This is quite a common situation in agricul-
tural systems little and is also normal in nature. Important 
elements of this class of systems are theN in the soil and in the plant; important 
processes are the transformation of nitrogenous compounds in the soil and 
other processes of theN absorption by roots, growth-availability inter
actions and redistribution within the plant. 

Production Leve/4. Plant production is limited by the availability of phosphorus 
(P). Growth rates are 10-50 dry matter ha- 1 d- 1 over a growing season 
of about 100 days. This situation occurs in heavily exploited areas where no 
fertilizer is used, such as in the poorest areas of the world. Important elements 
of this class of systems are the P and N contents of the soil and plants, and 
important processes are their transformations in the soil, absorption by roots 
and the response of plant growth to their absolute and relative availabilities. 

Further in this review reference will be made to these levels of production. 
Though it is rare to find cases that t1t exactly into one of these production 
levels, and as also diseases, pests and weeds may interfere with growth, it is 
a very practical simplification in the beginning of a study to reduce specific 
cases to one of them. Only in more detailed studies does the complex situation 
in which different limitations intertwine during growth, earn consideration. The 
approach emphasizes dry matter production, while morphogenetic developments 
are of secondary importance. 

De Wit's definition of systems at different levels of production is rooted 
in the analysis of agricultural crops. But as his delimitation is based on the 
effect of external factors on physiological processes, it is not restricted to agron
omic situations, and applies to plant growth and production generally. More
over, cultivation of crops has changed little or nothing in the basic physiology 
of species, and the similarities in physiological and biochemical functioning, 
e.g. between cultivated species and their ancestral forms, are often remarkably 
large (e.g. KHAN and TsUNODA 1970). De Wit's analysis is therefore applicable 
to all situations of plant growth in agricultural and in "natural" environments. 
But the usual heterogeneity of the vegetation of" natural areas" is a considerable 
handicap to the development of simulation models of their growth and produc
tion. In spite of the generality of the production level approach, this review 
emphasizes therefore the models of crops, forests and rangelands that are already 
relatively advanced. 

It is characteristic for all of these systems that major elements (like plant 
biomass) change only gradually in value in time or in response to changing 
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external conditions such as weather or fertilization. Such systems are called 
"continuous", in contrast to "discrete" systems. 

4.2.2 Models 

A model is a schematic representation of our conception of a system. In the 
real world, the appearance of biological systems changes, and their models 
are often called "dynamic". The most obvious change in a plant production 
system is the growth of plants. Analysis of dynamic systems is based on the 
assumption that the state of a biological system at any particular time can 
be expressed quantitatively and that changes in the system can be described 
in mathematical terms. This assumption (according to DE WIT and GouDRIAAN 

1978) leads to the formulation of state-determined models in which state vari
ables, driving variables, rate variables and auxiliary variables are distinguished. 
An example of a flow diagram of such a model is given in Fig. 4.1. It represents 
the carbon balance, the central part of many simulation models, and shows 
that photosynthesis, growth and respiration processes are integrated to be part 
of one system. State variables characterize and quantify all properties that de
scribe the current state of the system. Examples of state variables are the amount 
of biomass, the leaf surface area, the N content of a part of the system etc. 
Driving variables are those that are not affected by elements within the system, 
and characterize the influence from outside. These may be meteorological quan
tities. It should be realized that, depending upon the choice of the boundaries 
of the system, the same variables may be classified as state or driving variables. 
Rate variables quantify the rate of change of the state variables. Their values 

----e 
\ / 
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1 
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Fig. 4.1. A simple diagram of the carbon balance. Rectangles represent state variables, 
rectangles with valve symbols represent processes (rate variables); the circle represents 
an auxiliary variable and the underlined variable is the driving variable. Full lines represent 
flow of matter, dotted lines flow of information. (Symbols according to FoRRESTER 1961) 
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are determined by the state variables and driving variables according to rules 
formulated from the knowledge of the underlying physiological, physical and 
biochemical processes. H is a basic assumption that rate variables are mutually 
independent, and related only through state variables. The calculation of rate 
variables may become so complicated that properly chosen auxiliary variables 
can be elucidated. The formulation of the relations between all variables is 
called the "structure'' of a model. The "behaviour" of a model is the total 
of the changes in the numerical values of variables during simulation. 

Given the structure of the model, the initial conditions and a certain light source, 
the model of Fig. 4.1 allows computation of how leaves and roots grow. To effectuate 
this, the growth rates are calculated and then multiplied by a short time interval. The 
resulting quantities are added to the appropriate state variables: weight of leaves and 
roots. The process of calculating rates and updating state variables is repeated until 
the desired time span has elapsed. The time step must be relatively small, i.e. the quantity 
added to a state variable should change its value by not more than 10% at a time. 

Simulation is the scientific activity of building and utilizing explanatory mod
els. Those models are called "explanatory", as their behaviour is based on 
the underlying knowledge integrated in the model. This type contrasts with 
demonstrative models, of which only the behaviour is like that of the real system, 
but the rules that make it behave in such a way are quite different. For example, 
the images of a film look like the real world, but are only a demonstrative 
model of it. Explanatory and demonstrative models come in many forms: dy
namic mathematical models, scale models, graphical models, electric analog 
models. Each form has its particular advantages and disadvantages. Except 
for the first type, their versatility is small, they are little tised and not discussed 
here. The general word "model" will be applied throughout this review for 
explanatory dynamic mathematical models. One form of demonstrative models, 
regression models, will be discussed below (Sect. 4.3.1) as they 11 rc ol'lcn the 
precursors of explanaLory models. 

The more one analyzes processes, the more details become unraveled. A 
single process may then be considered separately, and treated as a subsystem. 
Each subsystem, characteristically, considers faster processes and shorter dis
tances. The relaxation times of the systems and subsystems (i.e. the time to 
return to an equilibrium state after a sudden disturbance) differ considerably. 
By simulating the behaviour of a system, one links the explanatory lcvel(s) 
of basic information with the higher, explainable level. Models currently com
prise two or three hierarchical levels, the lower one(s) being the explanatory 
level(s). Relaxation times between explanatory and explainable levels differ 
about 10-100 fold. Time steps for simulations are typically 2-10 times smaller 
than the shortest relaxation time of a model. 

The biological sciences together span several levels of biological organization with 
relaxation times as small as a fraction of a second on the enzyme level to several years 
on the ecosystem level, i.e. a factor 107-109 apart (Table 4.1). In theory, models that 
link four or more levels of organization could be constructed. However, simulation of 
organs, tissues or the individual cells of whole plants would require programs that arc 
excessive for any computer system. Moreover, the development of such models would 
elude our comprehension, and even if it were possible to t:onstruct such giant models, 
their results would be too detailed and too specific to be of' any use (cf. LooMIS ct al. 
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Table 4.1. Levels of processes in biological and agricultural systems with characteristic 
relaxation times 

Relaxation Level Example Scientific 
time of process discipline 

Seconds Enzymatic TCA-cyclc, protein synthesis Biochemistry 

Minutes Cellular Stomatal closure, cell division Plant physiology 
Organismal Water uptake, sugar transport 

I lours Whole plant Growth Crop physiology 
Development Agronomy 

Days Vegetation Competition processes Ecology and 
among plants agronomy 

Years Ecosystem Vegetation succession Ecology 
in plant communities 

1979). From a more pragmatic point of view, one has to establish that in many areas 
not even sufficient knowledge has yet been gathered to make models of plant growth 
connecting two levels of knowledge. 

Dynamic models have been developed to simulate plant growth at each 
of the four levels of plant production. The degrees of understanding of underly
ing processes at those levels are unequal. As a result, their models are developed 
to different degrees. Section 4.3 deals with explanatory models in three stages 
of evolution: preliminary, comprehensive and summary models. 

4.2.3 Use and Evaluation of Models 

Models can be useful for development of science, for prediction and for instruc
tion, but not to the same extent: scientifically interesting models are often too 
detailed for those who want to apply them, while models used for predictive 
or management purposes are often too trivial or too crude to challenge scientific 
interest. Table 4.2 characterizes models in different stages of development in 
this respect. 

A scientifically interesting model contributes to our understanding of the 
real world because it helps to integrate the relevant processes of the system 
and to bridge areas and levels of knowledge. It helps also to test hypotheses, 

Table 4.2. The relative values of certain aspects of models in different phases of develop
ment 

Predictive Scientific Instructive Simplicity 
value value value 

Regression model ++ + + +++ 
Preliminary model + +++ ++ ++ 
Comprehensive model ++ +++ + + 
Summary model +++ + +++ ++ 
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to generate alternative ones and to suggest experiments to falsify them (although 
data from may not have sufficiently discriminatory power for this 
purpose, cf. FICK 1977; HUNT and LOOMIS 1979). 

A predictive model should simulate accurately the behaviour of a part of 
the real world. It is therefore a good instrument to apply scientific knowledge 
in practice. It should predict reasonably well over a range of boundary condi
tions to provide its users with alternative solutions of a problem. The less de
tailed the desired results are, the simpler the predictive model can he. The 
instructiz,e value of a model is its use for disseminating knowledge. 

The size of a model may increase because its objectives are broadened, 
or because it is eluhoruted. In the first case, the number or pHramctcrs usually 
increases and the sensitivity or model behaviour to each parameter decreases. 
Elaborating the model of a system implies the formulation of more structure. 
A thorough knowledge of a complex real world system, and thus a large model 
of it, is always required before the model can be summarized reliably for use 
by others. The simpler a dynamic model that still accomplishes its purpose, 
the better it is for instruction and for those who want to apply it in other 
fields or higher up in the model hierarchy. Hence, the model attains its maximal 
scientific value while it is being elaborated, while its value for application in
creases during subsequent summarization. 

Evaluation is a broad term to describe the action of judging the value of 
a model with a strong emphasis of its predictive value (cf. BAKER and CuRRY 
1976). "Evaluation" may be used for checking internal consistency and units 
used in a computer program for comparison of model output with real world 
data and for judgement of practical utility. The first thorough test of a model 
is often the comparison of the behavior of its output with that observed of 
the real system in an analogous situation. This behaviour includes, for instance, 
the general shape of the time course of variables, the presence of discontinuities 
and the sensitivity of output to parameter values. 

If the behaviour of a model matches qualitatively that of the real world 
system, a quantitative comparison and an evaluation of the predictive success 
of the model should be made. At this stage, statistical tools can be useful. 
But even when sufficient and accurate data are available, a model cannot be 
proven to be correct. Sometimes model behaviour can be falsified, and thus 
one or more model components may be shown to be in error. Behaviour analysis 
is a useful form of sensitivity analysis. It is done by increasing or decreasing 
the value of a single parameter or group of parameters over a reasonable range 
and comparing direction of change and shape of the output(s) with the known 
or expected direction and shape. Illustrations are given by INNIS (1978), LooMIS 

and No (1978) and SCHREIBER et al. (1978). 
Evaluation of models remains often limited in depth as a result of too small 

a data base. Some models are only "evaluated" by establishing a good corre
spondance between "predicted'' and "observed" results, while these observed 
results were used to derive constants in the model. That this is a dangerous 
procedure needs no further emphasis. Strong experimentation is indispensable 
in parallel with modeling: experimentation at the explainable level for evalua
tion, and at the explanatory level for further improvement. 
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Sources of increasing concern are errors in models and in their documentation. The 
fundamental and most difficult errors are conceptual mistakes. Apart from these, even 
carefully screened simulation programs often contain simple technical errors, such as 
key-punching errors, dimensionally incorrect parameters and deleted variables in expres
sions, or deleted equations. Some of these appear when the model is used to simulate 
new situations, or when someone else studies the simulation program. By vigorous evalua
tion, modelers should eliminate as many errors as possible before releasing the model. 
No guarantee, however, can be given that a model is free of errors. 

Another source of increasing concern is the briefness or inaccessibility of descriptions 
of most models and their programs. Too often, one is forced to believe, or disbelieve, 
an author without being able to check it. Some of the advantages of modeling (Sect. 
4.1) are then lost. 

4.2.4 References to Modeling Techniques 

Papers and textbooks are available to introduce and accompany researchers 
into modeling. Instead of citing from these texts, I will refer to a selection 
of them. 

DE WIT (1970), WAGGONER (1970), HESKETH and JoNES (1976) and BAKER 
and CURRY (1976) express views on modeling in biology and agronomy. DE 
WIT and GouoRIAAN's (1978) textbook introduces university students into anal
ysis of dynamic ecological systems and shows ways to model them in C.S.M.P., 
a suitable simulation language (manuals are available from IBM 1975). A text
book on simulation of growth of crops, with examples of summary models 
in C.S.M.P., was published recently (PENNING DE VRIES and VAN LAAR 1982). 
THORNLEY (1976) presents mathematical analyses and simulations of simple 
processes and small systems in plants. BROCKINGTON's (1979) textbook for begin
ning modelers in agricultural sciences avoids mathematical complications. HALL 
and DAY (1977) wrote a textbook with introductions into ecological models. 
INNIS (1978) and RosE and HARMSEN (1978) give illustrations and applications 
of sensitivity analysis. LOOMIS et al. (1979) cite journals in which many models 
are published and discussed. 6REN (1977) reviewed the available simulation 
languages. 

4.3 Current Models in Different Phases of Development 

4.3.1 Introduction 

For a decade models have been used to simulate plant growth and crop produc
tivity. The processes of the carbon and the water balance have been strongly 
emphasized. As a result, many aspects of models at the production levels 1 
and 2 (Sect. 4.2.1) are now well developed. This will be demonstrated in Sect. 
4.4. Over the last few years, some simulation studies have been directed towards 
relationships of plant growth and availability of nutrients from the soil. How
ever, knowledge of the underlying processes is as yet poorly developed. As 
a consequence, their models are still less advanced. Phases of evolution of models 
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will be discussed in this section. For this purpose, models of plant growth 
and production are divided into four groups. The regression type model provides 
the simplest characterization of a system. It relates crop yield to one or more 
environmental variables in a single, static equation. Next are three classes of 
dynamic models: the preliminary model, the comprehensive model and the sum
mary model. During development, a model moves gradually from one phase 
into the next. Preliminary models are defined as models with structure and 
data that reflect current scientific knowledge, and that are simple because insight 
at the explanatory level is still vague and imprecise. A comprl!hensi()<' model 
is a model of a system of which essential elements ii!T thoroughly understood, 
und in which much or this knowledge is incorporated. ,\'lllllllltll',l' 11/ode/s are 
abstracts of comprehensive models: essential aspects are formula ted in less detail 
than is possible for reasons of simplicity and accessibility. Summary and compre
hensive models are found at the levels of production where soil water or weather 
limits growth, whereas models for the lowest production levels are predominant
ly of the preliminary and regression type. The models of these developmental 
phases differ considerably in their value for instruction, for prediction, for scien
tific progress, and in simplicity. Table 4.2 rates them on an arbitrary scale. 

"Production" is defined as increase in biomass of a crop or a vegetation, 
and is usually considered on a time scale of weeks or a growing season; 
"growth" is the process of formation of biomass and its distribution over plant 
organs, and is typically expressed in hours or days. 

4.3.2 

Regression models are attractive because of their simple and straightforward 
relation between yield and one or more environmental variables, but they arc 
never accurate, and cannot be generalized a priori to other areas, other crops 
or other years. They are briefly discussed because they are often applied by 
those for whom agricultural productivity is basic information, such as econo
mists and food industries. A regression model can be the best predictive tool 
available if the mechanism by which the environmental variable leads to a 
certain yield is obscure. This situation was quite common and is still not rare. 
For example, quantification of P-fertilization for increasing farm yields in Aus
tralia is performed successfully with the regression type model DECIDE 
(BENNETT et al. 1978) and is as yet impossible with dynamic models. Many 
other examples could be quoted. As our operational knowledge of plant growth 
increases, models in this group will be outperformed by comprehensive and 
summary models. 

Regression models are also still useful for prediction of the yield of a single 
crop species over a large region with a variety of soil conditions, cultivation 
practices and disease problems: a combination of such factors is still beyond 
dynamic simulation. An example of a successful study on the scale of large 
countries is that of STEYEART et al. (1978), who related the average monthly 
barometric pressure (which is correlated with cloudiness and radiation) to yield 
of wheat to estimate productivity in inaccessible areas. How to deal with historic 
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Table 4.3. Some regression models 

Description Produc- Regression Regression Remark Reference 
tion output input 
level 

Productivity 3 Dry matter Precipitation Simple soil HANKS 1974 
corn and sorghum: and grain actual and moisture 
Nebraska ahd yield potential balance 
Israel evaporation included 

Potato leaf 2, 3 Morphological Air temp., Similar model HAUN 1975 
growth development solar radiation used for other 

and rainfall crops 

Vegetable crops: Plant weight Seed weight, GREENWOOD 
England sowing density et al. 1977 

Tree height: Daily increment Air temp., HARI and 
Arctic regions tree height development LEIKOLA 1974 

stage 

Quantification 3,4 Economic Soil type and Applied for BENNETT 

P fertilization: yield fertilizer history, farmers advice et al. 1978 
Australia economic since 1975 

environment 

Methodology of 2-4 Yield Historical trend, TALPAZ 
analysis of precipitation et al. 1977 
trends in yield 

trends in yield increase is demonstrated by TALPAZ et al. (1977). A short selection 
of regression models is listed in Table 4.3. 

One of the pitfalls of regression models, oversimplification, is demonstrated 
by results of a simulation study: VAN KEULEN et al. (1976) simulated biomass 
production in fertilized pastures with natural rainfall in a dry zone of Israel 
and concluded that in 5 out of 13 consecutive years, water was the primary 
limiting factor of plant growth (production level 2). In the other, wetter, years, 
production was determined by soil fertility (production level 3), which is not 
related to precipitation in the same way. This shift does not depend on the 
amount of precipitation only, but also on its distribution in time. A regression 
model cannot cope with such variation. Indeed, it is a gross underestimation 
of the inherent complexity of biological and agricultural systems and their envi
ronments to assume that from any (multiple) regression of yield to the many 
factors that exert an influence on it, a clear and accurate picture will emerge 
that is applicable to other crops, other geographic areas and even other years. 
Attempts to do so have l~tiled, as MURATA (1975) and NELSON and DALE (1978) 
concluded, except when the environment is relatively uniform (REINHARDT 
1975). Instead of pursuing further statistical analysis of yield and weather data, 
a better route is to analyze systematically such production systems and to devise 
explanatory models. This route is more promising and many have embarked 
on it, but one should realize that it is often a long way. 

All categories of dynamic models may predict yield better than a regression model 
does in a specific case. However, the more accurate the dynamic model is, the more 
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Explanatory models are also not far developed for the simulation of effects 
of diseases and pests on crop growth. GUTIERREZ and WANG (1977) summarize 
how they and others have tried to link models of population growth of insects, 
mites and other pests to crop-growth models to give "pest management" a 
more solid basis. Such interdisciplinary models are essentially preliminary mod
els at most, as the interface of micrometeorological and physiological conditions 
is not yet simulated in sufficient detail by any crop-growth model, and entomo
logists and plant pathologists hesitate to extrapolate knowledge obtained in 
laboratories to field situations (RABBINGE, personal communication). 

Climate rooms arc valuable research tools, but arc also a possible source of' problems: 
rate constants and parameters for physiological processes that arc determined indoors 
do not always apply to outdoor conditions as u result of acclimatization of field plants 
to harsher conditions. The maximum rate of' photosynthesis of leaves, for example, has 
often been underestimated as a result of this. Careful reflection is therefore needed on 
the extrapolability of' data obtained in laboratories to f'ield conditions. 

4.3.4 

Reasons for developing comprehensive models are scientific curiosity, and the 
expectation that such models may finally become predictive tools. From good 
comprehensive models, summary models should be made, as large and complex 
models are almost impossible to communicate in full to potential users. Compre
hensive models should therefore not be considered as a final stage, but should 
necessarily be followed by a summary. Some comprehensive models are de
scribed in Table 4.5. 

Though the summary model of a system may be the most utilized version, in some 
cases it may be necessary to employ the full complex model, e.g. when a high accuracy 
of results is required. Simulation of the development of diseases may be such a case, 
where information is required in great detail in time and space on air temperature and 
humidity in the canopy, and on physiological conditions of plant organs. 

The model by DE WIT et al. (1978) may serve as an example of a comprehen
sive model. It simulates vegetative growth of crops at non-limiting levels of 
soil water and soil nutrients on the basis of standard meteorological ohscrvations 
and many physical, biochemical and physiological characteristics. It considers 
neither germination nor the reproductive growth phase. 

Growth in this model is defined as "increase in dry weight of the structural plant 
material, i.e. total dry weight exclusive of those organic substances that are classified 
as reserves .... Micro-weather is calculated from the weather measured at screen height, 
the extinction of radiant energy from sun and sky within the crop being taken into 
account. The infrared radiation from the canopy is also computed. A calculation of 
the distribution of radiation over the leaves is necessary for computation of assimilation 
and transpiration. The architecture of the crop determines this distribution of radiation 
and has to be defined. The extinction of turbulence in the canopy is also considered, 
so that transfer of heat, vapour and carbon dioxide can be computed. The ratio of 
latent and sensible heat exchange regulates to a large extent the micro-weather and 
this ratio is determined largely by stomatal behaviour .... The assimilation of carbon 
dioxide by the canopy is calculated by adding the assimilation rates of the variously 
exposed leaves in successive leaf layers. These rates are dependent on light intensity, 



Table 4.5. A list of comprehensive models. For further explanation. see Table 4.4 and text 

Name SIMED SUBGOL BACROS/PHOTON SOYMOD 
Description Alfalfa crop Sugar beet Vegetative Soybean crop 

crop growth grain 
crops 

Production level 1 1 1 1,2 
Reference HOLT et al. LOOMIS and NG DE \VIT et al. 1978 Cu'RR Y et al. 

1975; 1978; LOOMIS 1975; MEYER 
SCHREIBER et aL 1979 et al. 1979 
et al. 1978 

Carbon balance: 
compartments Roots, leaves Roots, storage Root, shoot. l Roots, leaves, 

stems root, leaves, reserves stems, reprod. 
reserves organs, reserves 

photosynthesis c s c c 
maintenance proc. R c c s 
rate and efficiency c c c c 

of growth 
Water balance 

compartments - - -/plant Soil 
transpiration - c c;c c 
effect of water - Direct and Direct and through l Through photo-

stress on growth through photo- photosynthesis synthesis 
synthesis 

Nutrient balance 
compartments - - - Roots, stems, 

I leaves, reprod. 
organs 

uptake - - -
,_ 

redistribution - - -

~~ effect of N level - - -
on grov.'th 

Morphology 
leaf area R R E R 
number of organs - Leaves - Fruits 

considered 
Other important Carbohydrate Leaf ageing Micrometeorology N assimilation 

features translocation 

Time step Hour Hour Hour/Second Hour 
Evaluation Extensive Extensive Extensive Extensive 

ARID CROP 
Herbage growth 
and water use 
in arid regions 
2 
VAN KEULEN 
et al. 1980a 

Roots, leaves, 
stems, seeds 

S. from transp. 
s 
p 

Soil layers 
c 
Direct and 
through photo-
synthesis 

-

-
-
-

R 
-

Germination, 
water stress 
death 
Day 
Extensive 

GOSSYM + RHIZOS 
Gro\vth and 
development 
cotton crop 
2, 3 
BAKER et al. 1976: 
LAMBERT et al. 1976 

Leaves, roots, 
stems, fruits 

c 
p 
c 

Soil compartments 
c 
Through photosynthe-
sis and N uptake 

Soil compartments, 
leaves, roots, 
stems, fruits 
p 
? 
p 

R 
Fruits 

Germination, root 
and inflorescence 
morphogenesis 
Day 
Extensive 

--

~ 

$; 
0 
0. 
~ s· 

O'Q 

0 ...., 
0 
0 
< ;. 
p; 
::l 
0. 
'"C) 
'"1 
0 
0. 
c 
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C0 2 concentration in the a·mbicnt air and resistance to C0 2 diffusion from the atmo
sphere towards the active sites. Transpiration and C0 2 assimilation interact strongly" 
(see Sect. 4.4.2.1). Respiration in this model "is the sum of maintenance respiration 
and growth respiration. The latter is caused by the conversion of reserves into structural 
material and is therefore proportional to the rate of growth. The intensity of growth 
respiration is affected by the chemical composition of the new material. This intensity 
is independent of temperature, but growth respiration is indirectly influenced by tempera
ture through the temperature dependence of the growth rate .... The rate of maintenance 
respiration depends on the turnover rates of proteins and the resynthesis of other degraded 
compounds and the maintenance of ionic gradients. This respiration process therefore 
depends largely on the chemical composition of the plant. The rate of maintenance 
respiration is sensitive to temperature. The growth rate of the organs is dependent on 
the amount ol' reserves nnd tempcrnture. Uudcr internal wuter stress, growth of' shoots 
is retarded by muking u lurg~r pmpmtion of n:scrvcs avuilahlc f'or growth of' roots. 
By this mechanism a fun~:tional balance is maintained between root and shoot. ... The 
water status of the plant is determined by the balance between transpiration and water 
uptake from the soil. The transpiration rate of the crop is found by adding the transpira
tion rates of the variously exposed leaves in successive leaf layers of the crop. These 
rates are calculated from the radiation absorbed, resistance of the laminar layer, humidity 
and temperature of the ambient air and stomatal resistance. Stomatal resistance is either 
controlled through C0 2 concentration and assimilation, or through the water status 
of the plant. The calculation also provides leaf temperatures, which are used in the 
photosynthesis section and averaged to give the crop temperature that affects growth 
and respiration. Water uptake is determined by the conductivity of the root system, 
the water status of the plant and that of the soil. The water status of the soil is assumed 
to be optimal (field capacity), so that the transport of water within the soil can be 
ignored. The conductivity of the root system is dependent on the amount of roots, 
their degree of suberization and soil temperature" (DE WIT et al. 1978). 

The model has been developed over more than a decade by DE WIT and 
a team of co-workers. Laboratory research, literature study and frequent evalua
tions led to a model that simulates growth, yield and water use quite reliably 
over a wide range of environmental conditions for C 3 and C4 crops. Its structure 
reflects cereal and grass crops, and small but specific sets of parameters and 
functional relationships specify the actual species under consideration. The mod·· 
el is adaptable to other types of species, but this has not yet been done. Like 
all models in this group (Sect. 4.2.2), De Wit's model is particularly weak in 
the section regulation of distribution of biomass, and in the development of 
leaf surface area. The latter limitation is a handicap in the early stages of 
growth, and to its transferability to other geographic areas. The simulation 
of the growth of an irrigated rice crop in a tropical area, shown in Fig. 4.2, 
is a typical example of an application of the model BACROS to other environ
mental conditions than those of temporal zones in which it was developed. 

De Wit's model, programmed in CSMP, has two versions of which essentially 
only the time steps differ: BACROS simulates growth and productivity of a 
field crop for a growing season with time steps of 1 h; PHOTON simulates 
gas exchange of a crop, usually in an enclosure, for a few days with variable 
time steps of tens of seconds. Two versions were developed so that the model 
could be evaluated with periodic harvests of the field crop (BACROS), while 
canopy photosynthesis and transpiration at the first lower hierarchical level 
could be evaluated with crop enclosures (PHOTON). At least one other group 
developed an enclosure for use in the field crop to allow accurate model evalua
tion (PHENE et al. 1978). 
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Fig. 4.2. The simulated and the actual course of the dry weight of the above ground 
biomass of a rice crop in Mali, West Africa. Water and nutrient shortages at any time 
were excluded. The individual vulucs of periodic hurvcsts in triplicutc of an experiment 
in JI>7H un~ indirutcd ( x ): the t'Ontlnwms line rcprcwcnts the l'esults obtained with the 
simul11tion model BACROS (run 21/4/HO) 

It is not by accident that the comprehensive models currently found are 
all at the productivity levels 1 and 2. Processes of the carbon and water balance 
received much attention from crop physiologists. Only the model GOSSYM 
(BAKER et al. 1976) for cotton, a crop that suffers necessarily from some nutrient 
stress, includes also a N balance. However, as most of the farming is done 
under nutrient stress, the utility of the current comprehensive models is still 
restricted to setting maxima for yield potentials and to establishment of the 
contribution of the individual processes and factors to it (DE WIT and PENNING 
DE VRIES 1981). 

4.3.5 Summary Models at the Highest Production Levels 

Summarizing a comprehensive model can (and should) be done to make it 
(more) accessible to others in an intellectual and in a practical sense. The extent 
lo which summarizing is useful depends on many t~tctors, including future use 
or the model and its inherent complexity. but simplification should achieve 
a level al which the model becomes really accessible to non~spcciulists. In the 
process of summarizing, it is essential to indicute specitlcally the limits within 
which the model is valid. Construction of summary models should be done 
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by scientists who know the comprehensive model by heart, and who are in 
contact with potential users for suggestions in which direction and to what 
extent to summarize it. Unfortunately, modelers may not always he motivated 
to do so, as the process provides little scientific challenge. Summary models 
can be made by shedding all excessive detail, using sensitivity analysis (as Ros1~ 
and HARMSEN 1978 show lor ecosystem models) and hy regression or model 
results to the main driving variable of the system. 

Some static summary models have been made of aspects of the carbon and water 
balance. Current dynamic summary models of crop productivity simulate growth only 
in very good conditions of soil water and soil nutrients. [n technical sciences, the results 
of simplification of well-developed models are called metamodels (MESAROVIC eta!. 1970) 
or rcpromodels (MEISEL and CoLLINS 1973). Such summary models are instructive, but 
the procedure to arrive at them emphasizes too greatly the reproduction of behaviour 
and too little the reproduction of the basic mechanisms to be advisable for agricultural 
and biological models. 

An example of a summary model is that by VAN KEULEN (1976) for potential 
rice production. Its basic equation for the rate of daily growth can be given 
as: 

growth =(GP x 0.68- MC x DW) x CE 

GP stands for gross photosynthesis (in kg C0 2 m- 2 d- 1
; 0.68 converts it to 

kg glucose m -z d -l ), DW for total dry weight (kg dry matter m- 2 ), MC for 
the maintenance coefficient (kg kg- 1 d- 1

) and CE for the conversion efficiency 
of the growth process (kg kg- 1 

). Van Keulen distributes biomass formed in 
one time-step over roots, leaves, stems and, after flowering, to inflorescences 
plus seeds in predetermined proportions and related to the physiological age 
of the crop. GP is calculated from standardized data. The leaf surface area, 
required in the photosynthesis calculation, is found by dividing the leaf weight 
by 0.1 kgm- 2

• MC is 0.02-0.015; the effect of temperature on MC could be 
neglected as this model was applied in a fairly constant environment. CE is 
only a function of the chemicnl composition of the biomass formed, and a 
value of about 0.7 is common (Sect. 4.4.1.3). Final yield is calculated by proceed
ing with time steps of 10 days. The summary model is of an elegant simplicity, 
and is programmable on a small hand calculator. Unfortunately, the exact 
program was not included in the publication. For a justification of the summar
ies made, see the original paper. 

The structure of the above summary model is correct for many other crops with 
a determinate growth pattern; parameters and functions might need adjustment. The 
model is also principally correct at lower levels of productivity. However, the equation 
focuses on photosynthesis as the limiting factor for growth, which is not correct. Only 
very cautiously may the above summary growth model thus be applied to other productiv
ity levels. At the level where availability of water limits productivity, one could use 
the transpiration coefficient to calculate gross photosynthesis from the actual transpira
tion rate (Sect. 4.4.2.1). This principle was used in the summary model for maximum 
world food production by BURINGH et al. (1975). 

The respiration equation of McCREE (1970), a regression model. can he 
transformed into: 

growth= 0.75 X (GP X 0.68) --0.015 X OW 
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which shows a great similarity to Van Keulen's summary model. Progress in 
crop physiology can be shown by examining the differences between both: (1) 
the summary model gives correctly a higher priority to maintenance processes 
than to growth processes, which the McCree equation does not, (2) additional 
precision for the summary model can be added at will, and (3) the limitations 
of the new growth model are better known. 

4.3.6 Results of Modeling Other Than Models 

Apart from instruction and application in other models there are areas where 
comprehensive and summary models have been shown, or promise, to be useful: 

1. Simulation can help to suggest new areas .for research for modelers and non
modelers: (a) During construction of models, one often finds that crucial infor
mation is lacking. Such points may be simple to resolve by experimentation, 
like the determination of the sensitivity of a process for temperature; or may 
initiate a large study, such as on the efficiency of growth processes. (b) Sensitivity 
analysis can help to establish which data and which structures are the most 
important for model behavior and hence steer research into more efficient direc
tions. It does not regard the question whether essential processes were neglected 
in the model. (c) Application of a comprehensive or summary model often 
needs the association with models in related fields. Hence it stimulates interdisci
plinary cooperation and research. 

2. Prediction. This point needs little explanation. Comprehensive models have 
already been used to predict growth rate and water use in conditions that elude 
experimentation, such as increasing atmospheric C0 2 levels (VAN KEULEN et al. 
1980 b). Food, chemical and fertilizer industries are becoming interested in dy
namic modeling ( cf. BARRETT and PEART 1979), which signals their positive 
expectations. 

3. Genetic Engineering. To plant breeders, deliberate suggestions might be given 
as to what plant characteristics should receive attention (cf. LoOMIS et al. 1979). 
LANDIVAR (1979) suggests how to use the GOSSYM model to predict the possi
ble results of genetic manipulation in cotton crops. DE WIT et al. (1979) dis
cussed improvements that might be considered, based on their earlier work 
with simulation models and systems analysis. The scope for such improvements 
may be great. Tomato production, for example, is much enhanced as a result 
of the breeding of a determinate variety suitable for mechanic harvesting from 
an indeterminate variety, difficult to harvest (RICK 1978). However, the breeding 
program started long before reliable plant growth models were available. Such 
a success compels modelers to modesty, and recalls PASSIOURA's (1973) statement 
that "there is a much quicker way of getting ... a framework in which to 
hang one's research ... than spending a year to create a comprehensive simula
tion model". 

4. Optimization of Plant Environment. An important problem is often the formu
lation of proper criteria for optimization. Results of attempts to optimize are 
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still not exciting, and trying to achieve such goals is probably still a long shot, 
but seems basically a sound idea. 

Considerable progress has been made in climate control in greenhouses. 
Optimization is directed towards reducing the economic cost of crop production 
by shortening the growing period (CHALLA and VAN DE VooREN 1980) and 
by using air conditioning more efficiently (SEGINER 1980). GOSSYM (BAKER 
et al. 1976) was employed to evaluate management options, such as soil tillage, 
for the cotton field crop. Optimization of cotton yield by irrigation with simula
tions was suggested by STAPLETON et al. (1974) and MAPP et al. (1975). Optimi
zation of productivity by means of pest management is currently receiving atten
tion (WELCH and CROFT 1979). 

4.4.1 The Carbon Balance 

4.4.1.1 Introduction 

The carbon balance is part of the system at all production levels, although 
it controls the growth rate only at the highest level. Intensive research has 
been done on it, in particular on photosynthesis. Current models consider photo
synthesis as a starting point for growth, and a biomass increase as its result. 
However, photosynthesis is also often supposed to become reduced in a revers
ible way at high levels of reserve carbohydrates. This situation may occur at 
temperatures or nutrient levels that limit carbohydrate consumption more than 
photosynthesis, and also if the size or number of the growing organs has become 
too small (cf. TOLLENAAR 1977). In almost all models of plant growth, it is 
assumed that photorespiration reduces the flux of carbohydrates into the plant 
and that this is its only effect on growth. In high light, more ATP can be 
formed than is absorbed in C0 2 assimilation. N0 3 reduction and other pro
cesses can then occur at the expense of the extra A TP, and can absorb an 
additional 10% or more energy (PENNING DE VRIES 1975b). DE WIT et al.'s 
model (1978) accounts for this detail. 

Photosynthetic processes and their modeling has heen dealt with in Chap. 
16 of Vol. 12 B. This section will deal with heterotrophic processes. A conceptual 
framework of the heterotrophic carbon balance processes for models with short 
time steps has geen given in Fig. 4.1. For such models, it is essential to distin
guish at least one pool of reserve carbohydrates. In models with time steps 
of one day or more, production and consumption of carbohydrates are roughly 
equal, and reserves can be neglected. 

As hormones are not yet linked quantitatively to carbon balance processes, 
they are ignored in all growth models. WAGGONER (1977) and LooMIS et al. 
(1979) reviewed recently carbon balance modeling. 

4.4.1.2 Distribution of Biomass 

Description of Phenomena. The growth and appearance of plant organs occurs 
in a fairly fixed rhythm, particularly in species with a determined development 
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pattern. It is customary to express the increase in weight of leaves, of roots, 
of stems and of storage and reproductive organs as a fraction of the total 
weight increase of the plant. These fractions change in time. The pattern of 
changes becomes fairly independent of external and internal conditions if ex
pressed on a "physiological time" basis. Physiological time is calculated simply 
as degree-days above a threshold temperature, or as the integrated value of 
the development rate which depends non-linearly on the ambient temperature 
(e.g. DE WtT ct al. 1970). The development rate can he altered by daylength 
in photoperiod-sensitive species. BAKER et al. (1976) reported satisfactory results 
for cotton growth simulation with 1-day time steps, using a fixed distribution 
pattern, on which the effects of carbohydrate and nutrient stress are superim
posed. They treated internodes separately. 

BARNRS (1979), following a different approach, expressed weight of the 
storage root of sugar hcct us n function of shoot weight nnd time. This. nnd 
other very direct relationships explain little, und at·e basically regression models 
at this level of detail. They are used to circumvent dynamic simulation. 

The description of biomass distribution versus physiological time is often 
sufficient for models with time steps of 1 day. But it is insufficient if one looks 
more closely at model behavior, and is unreliable in unusual conditions. More
over, the biomass distribution pattern has to be established experimentally for 
each individual species. The description of biomass distribution pattern is even 
less generalizable for indeterminate plants, as the distribution pattern depends 
also on growth conditions. 

Mechanisms. At the explanatory level the growth rate of an organ is generally 
calculated as its potential growth rate multiplied with the current effects of 
temperature, water stress and concentration of carbohydrate reserves, and some
times also with those of nutrient stresses (see LooMIS et al. 1979). The potential 
growth rate diminishes as tissue ages, and a complex treatment of aging is 
essential when individual leaves are to be considered (LooMIS et al. 1979; cf. 
DE WIT et al. 1970; DE WIT et al. 1978). 

The effects of water stress, temperature and concentration of reserve carbo
hydrates on the growth rate have assumed values in all models, as they are 
difficult to measure. However, their exact values are also not very important 
for the overall effect, when the relative effects for organs are well chosen. A 
fairly direct method to measure growth rates has been proposed and utilized 
(PENNING DE VRIES et al. 1979). They confirmed the general form of the assumed 
relations of carbohydrates and of temperature to growth, but the response to 
water stress appeared to be indirect rather than instantaneous. 

The extent to which internal and external factors influence the growth rate may 
differ between species and might be the result of adaptation processes as well. It is 
questionable whether these factors exert a numerically equal effect on growth of the 
different organs. BROUWER and DE WIT's model (1969) with a functional balance between 
roots and shoots, stated that roots are more sensitive than shoots for carbohydrate 
stress, while leaves suffer more from water stress. Their model simulates only one level 
of carbohydrates and one of water stress in the plant. Many models use the same concept. 
THORNLEY (1976) proposed that organs have similar sensitivities to such factors, but 
that the sugar concentration and water stress are unequal in shoot and roots. McKINION 
and WEAVER (1979) provided an intermediate proposition. On the basis of a model for 
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the Miinch hypothesis for phloem transport, they suggest that the phloem flow equals 
about 5% of the transpiration stream. This implies that carbohydrate translocation is 
proportional to the transpiration rate, and some function of the carbohydrate concentra
tion in the leaves and of the activity of phloem loading by leaf cells. This hypothesis 
may help to understand consequences of temperature changes and of water stress for 
carbohydrate transport. 

Regrowth of plant organs or tillers after cutting was modeled successfully 
by DAYAN and DoVRAT (1977) and by FICK (1977), basically as a normal growth 
process that starts from dormant buds and occurs at the expense of reserve 
carbohydrates in the stems or roots. 

Current simulation models treat carbohydrate reserves as a homogeneous 
pool. However, there are indications that only soluble carbohydrates are 
"sensed", whereas starch is a reserve carbohydrate that only replenishes the 
soluble carbohydrates when their level drops too low (cf. CHALLA 1976). A 
pool of nitrogenous compounds must also exist, as N03 reduction occurs pre
dominantly parallel with photosynthesis, but growth is continuous. This aspect 
of" reserves" is probably related to protein turnover (Sect. 4.4.1.4) and redistri
bution ofN (Sect. 4.4.3.3). Simulation of the daily course of growth of individual 
plant organs will require a better knowledge of the carbohydrate and protein 
metabolism of mature cells (THORNLEY 1977; PENNING DE VRIES et al. 1979), 
and of the response of individual organs to internal and external factors. 

4.4.1.3 Efficiency of Conversion Processes 

Assuming that the intricate conversions that occur during growth can be ap
proached by a series of biochemical reactions of which the stoichiometry, rather 
than enzyme kinetics, is crucial, PENNING DE VRIES et al. ( 1974) computed how 
much plant biomass can be formed from a certain amount of carbohydrates 
as sole substrate, and what the concomitant synthesis respiration is. They 
assumed maximal efficiency for all reactions. (Note that the efficiency of growth 
of the process is discussed, not its rate.) It is a fortunate situation that most 
of the growth processes proceed in heterotrophic conditions and that cells only 
rarely grow with their own supply ofphotosynthate. This considerably facilitates 
computations and modeling. For their computations, biomass is divided into 
six chemical fractions: proteins (i.e. all nitrogeneous compounds), carbohy
drates, lignin, fats plus oils, organic acids and minerals. It was derived that 
about 0.7 kg of vegetative plant tissue can be formed from 1 kg of photosyn
thate. But this ratio is a variable, and is as low as 0.3 for seeds rich in oils 
and proteins (soybean) or as high as 0.85 for organs that store only starch. 
These conversion factors are probably similar for all species of higher plants, 
do not change as a result of stresses and are similar at all temperatures. DE 
WIT et al.'s model (1978) includes a detailed calculation of conversion efficiency 
and plant respiration. 

The cost of translocation of components was estimated to be small although 
the only set of experimental data shows a high value (Ho and THORNLEY 1978). 

A direct evaluation of the computations of the conversion efficiency has 
not been performed. Indirect evaluations in rapidly growing systems were made 
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by MOLDAU and KAROLIN (1977), PENNING DE VRIES and VAN LAAR (1977}, 
YAMAGUCHI (1978) and HUNT and LOOMIS (1979). All experimental data support 
the validity of the approach, and the assumption that the conversion process 
is quite efficient. A conversion efficiency based only on chemical constituents 
of the biomass formed is generally used in comprehensive models, and the 
subject does not need a high priority for further research. 

4.4.1.4 Maintenance Processes 

Maintenance processes comprise the turnover of proteins and lipids in enzymes 
and membranes, the maintenance of concentration gradients across membranes, 
plus the generation of ATP to drive these reactions. Too little is known as 
yet about the rates of these processes and their regulation, particularly in plants, 
to calculate its intensity from basic data. Protein turnover, the most important 
fraction of maintenance, counteracts the spontaneous degradation of enzymes, 
and may give the plant a capacity to adapt to new conditions where other 
enzymes function better (PENNING DE VRIES 1975 a). In addition it enables re
distribution of N through the plant (MILLER et al. 1978). Basic research is still 
needed to elaborate this matter. 

Measurements of maintenance respiration arc difficult to obtain as it is 
often confounded with other respiratory processes. Moreover its rate is probably 
not a constant but related to the overall metabolic activity of the plant. Measure
ments indicate "normal values" of 0.015-0.06 kg C0 2 kg- 1 dry matter d -t 
in vegetative tissues (McCREE 1974: PENNING DE VRIES 1975 a) but substantially 
lower values in fruits and in storage organs. The substrate requirement for 
maintenance may seem negligible, but as it is a continuous process, the inte
grated value of maintenance respiration over a growing season is 0.5-2 times 
that of growth respiration. Maintenance respiration rates at one temperature 
differ considerably between species, but they are always considerably stimulated 
by increasing temperatures. 

Currently, maintenance processes are usually programmed as a constant 
respiration rate per unit of biomass, sometimes it is related to the quantity 
of N. DE WIT et al. 's (1978) model assumes also a relation to the overall metabol
ic activity. The effect of temperature is generally included. Further measure
ments and analysis of maintenance processes, their rates and regulations, will 
considerably improve the quality of the carbon balance models (cf. THORNLEY 
1977; BARNES and HOLE 1978). 

4.4.1.5 Root Growth and Root Respiration 

Root growth has received little attention in comprehensive growth models, 
RHIZOS (LAMBERT ct al. 1976) being an exception. There is little knowledge 
about it on the cxpluinable and on the explanatory level. Exudation may some
times be an important process. 

Root respiration is more difficult to measure and to interpret than respiration 
of any other organ. A thorough analysis would be very welcotne. 

) 
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Root respiration consists of 3-5 components: (a) maintenance respiration; (b) growth 
respiration; (c) ion uptake. Uptake of a single ion requires little energy, but as ion 
absorption for the whole plant is concentrated in the roots, respiration linked to uptake 
can become a large fraction of total root respiration (VEEN, personal communication). 
It is unknown how many membranes each ion crosses actively, and this makes a theoreti
cal approach unreliable; (d) in some species, part of the uptake of N03~ occurs in 
exchange with a hydrocarbonate ion (HANSEN and JENSEN 1977; DE WIT et al. 1978). 
This non-respiratory process causes evolution of C0 2 • (c) LAMBERS (1979) observed that 
roots of some species utilize intensively the cyanide-resistant pathway of respiration, 
a pathway that yields ATP 3 times less efficiently than the "normal" pathway. He 
suggested that this occurs to eliminate carbohydrates supplied to roots in excess to the 
current demand. This explanation does not fit easily into the functional balance concept 
except when it occurs exclusively at low levels of plant productivity. 

4.4.2 The Water Balance 

4.4.2.1 Introduction 

Transpiration and soil water balance models are reviewed in Chaps. X and 
1 ofVol12B, VAN KEULEN (1975) and HSIAO et al. (1976). 

The water balance is of particular interest when it limits the growth rate 
of plants or crops. This may be when an excess of soil water blocks root aeration, 
and hence reduces root functioning (cf. Chap. 14, Vol. 12 B). No publications 
on simulation of this situation were found. 

Shortage of water causes a reduction of photosynthesis and of transpiration, 
and possibly also a change in the distribution of new biomass. The effects 
of mild to moderate stresses for brief periods have been studied in detail, and 
there is a fair understanding of the mechanisms involved (cf. Chap. 9, Vol. 
12B and HSIAO et al. 1976). The effects of severe stresses that result in partial 
death of plants has been much less investigated (cf. Chap. 10, Vol. 12B). 

Models to simulate the daily course of carbon and water balances produce 
the effect of water stress always by stomatal closure. Some growth models 
that use time steps of 1 day reduce photosynthesis by a factor that depends 
on the average water stress of the last day. Other models with 1-day time 
steps calculate gross photosynthesis by dividing daily transpiration by a water 
use coefficient. The latter approach seems superior, due to the constancy and 
predictability of this coefficient, particularly when transpiration is expressed 
relative to potential evapotranspiration (DooRENBOS and KASSAM 1979). This 
constancy is brought about by (1) gross photosynthesis and transpiration are 
almost proportional because stomata offer the largest diffusion resistance to 
both, particularly under water stress, (2) the efficiency or the growth process 
is unaffected by water stress, and (3) the rate of maintenance respiration probab
ly diminishes slightly as a result of the lower overall metabolic activity. 

A corollary about the water use coefficient is that non-stressed plants often show 
a similar constancy of the coefficient, as stomata open and close in correspondence 
with the rate of photosynthesis (see Chap. 7, Vol. 12 B). This regulating mechanism 
maintains a constant C02 concentration within stomata over a wide range of photosyn
thetic rates (RASCHKE 1975, GOUDRIAAN and VAN LAAR 1978, WONG et al. 1979). 
BACROS includes such a mechanism (VAN KEULEN et al. 1980b). Further research into 
this mechanism seems worthwhile, as it may lead to very efficient water use. 
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4.4.2.2 Water Uptake and Root Growth 

Models of plant growth with a water balance calculate the now of water through 
the plant hy dividing the difference in water potential between soil and air 
by the sum of' plant resistances, applying Ohm\~ law. One of those, the resistance 
of the xylem vessels, is rarely considered in dynamic models, although this 
may he necessary under high transpirational loads (PASSIOURA 1972). The xylem 
resistance of the root system was modeled by SEATON and LANDSBERG (1978). 
Two types ol' preliminary models for water uptake and root growth have been 
developed successfully for agricultural situations. 

VAN KEULEN's (1975) model of water uptake and root growth by annual grasses 
in fertilized pasture is conceptually simple: canopy transpiration equals potential evapo
transpiration (a meteorological characteristic) at low transpiration rates, and water is 
absorbed equally from all rooted soil layers. If soil water runs low in one or more 
layers, only a fraction of this potential rate is extracted. Root growth is modeled as 
a constant increment of rooting depth per day (modified for soil moisture content and 
temperature only). VAN KEULEN ignores rooting density, as he supposes density to be 
irrelevant above a low, minimum value. 

LAMDERT et al. (1976) and BAR YosEF et al. (1978) modeled root growth in a more 
sophisticated way, as their model deals with row crops and simulates uptake of NO). 
The soil is thought to be divided into compartments horizontally and vertically. Root 
growth per compartment is simulated in much the same way as discussed on p. 137 and 
in three age classes. Once a minimum amount of roots has been formed, roots can 
grow into lower and into adjacent compartments. They assume a constant fraction for 
root sloughing per unit of time. 

Both models arc fairly successful in simulating root growth and water uptake 
in the environments for which the models were devised. As their scientific depths 
arc still quite superficial, these models can only be used in other situations 
with much can:. Models for root growth in ecosystems have been less successful, 
not least because the intensive turnover of root systems makes good observations 
hard to come by (INNIS 1977). 

4.4.2.3 Water Stress, Dry Matter Distribution and Death 

The effect of mild water stress on dry matter distribution is to promote growth 
of the root system relative to the shoot (BROUWER and DE WIT 1969; HSIAO 
et al. 1976). By the reduction of photosynthesis during stress, plants suffer from 
carbohydrate shortage for growth and maintenance of heterotrophic tissues. 

DooRENBOS and KASSAM (1979) quantified the sensitivity of the yield of 
26 crops in different phases of development to water stress on the basis of 
a voluminous summary of experimental results. They concluded that water 
shortage during flowering and, to a smaller extent, during the remainder of 
the reproductive period, had a larger effect on yield than stress during the 
vegetative period (though there are exceptions to this rule). Abortion of flowers, 
induced by carbohydrate shortage during flowering, is probably an important 
aspect of it: as fruits generally do not grow beyond a certain size, their number 
sets a maximum to crop yield. Most of the photosynthate formed during the 
reproductive phase goes into the fruit, so that reduction of photosynthesis during 
this phase cuts directly into the final yield. Though these effects have been 
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described and are qualitatively understood, a dynamic model of it has not been 
encountered. 

VAN KEULEN et al. (1980 a) included the effects of severe water stress on 
development, photosynthesis and death rate in ARID CROP. Their simulations 
of growth in quite different growth seasons showed a realistic behavior, although 
there is still little of a physiological basis below the formulation of these effects. 

4.4.3 Nutrient Balances 

4.4.3.1 Introduction 

Only the macronutrients N and P will be discussed here. N becomes available 
in the soil by a complex set of largely microbiological processes an integrated 
picture of which is developing. These are reviewed in Chap. 5 of Vol. 12 C 
and by BEEK and FRISSEL (1973), REUSS and INNIS (1977) and VANVEEN (1977). 
The availability of P depends on microbiological and physical processes and 
is less understood. Interesting papers on P availability in soils have been written 
by CoLE et al. (1977) and BEEK (1979). For reasons largely unknown, consider
able differences exist in ion uptake by crops of different species (GERLOFF 1977). 

Uptake of nutrients has only been modeled in a preliminary way (Sect. 
4.3.3). VAN KEULEN et al. (1975) calculated that in a moist soil, all N0.3 can 
be absorbed by a root in about 24 h from a cylinder with a radius of about 
10 mm, the N arriving partly in the mass flow of water, partly by diffusion. 
Application of the same reasoning to phosphate shows that P is available only 
from a cylinder of about 1 mm radius in the same period. The radii of these 
cylinders increase proportionally to the square root of time, but root sections 
may remain active in uptake for only a few days. As a consequence, a rooting 
density that allows only the absorption of all available N in the soil does not 
suffice to absorb all P. This matters particularly in young plants. SELIGMAN 
and VAN KEULEN (1980) calculated the demand for N of the crop. The lower 
value of this demand and the available N is supposed to be absorbed, assuming 
that all N03 in the rooted layers is close enough to roots to be absorbed 
within 1 day after becoming available. LAMBERT et al. (1976) compute No;
uptake as being equal to the N0 3 dissolved in the water absorbed for transpira
tion, neglecting N supply by diffusion. 

Obviously, much research remains to be done to clarify, and even to pose, 
questions about availability of N and P in the soil and their uptake by the 
root system. 

4.4.3.2 Growth and Availability of N and P 

TheN concentration in annual grasses and cereals remains within certain limits: 
it diminishes with age from about 5% in very young plants to 1.5% in mature 
plants with ample fertilizer, while these figures go frotri 2.5% to 1% in plants 
on very poor soils (SELIGMAN and VAN KEULEN 1980). These upper values apply 
also in tropical grasses, but the minimum values are lower: from 1.25% to 
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0.5°1<> (PENNING DE VRIES et al. 1980). A second important observation is that 
in experiments on poor soils a little fertilizer stimulates crop productivity consid
erably but increases its N concentration only little, while the N concentration 
increases more rapidly than biomass production does at high fertilization rates. 
SELIGMAN and VAN KEULEN supposed that a crop grows as long as the actual 
N concentration remains above the minimum N concentration (or until it dies 
for other reasons). The N demand by the crop at any moment equals the weight 
of the biomass times the difference between the actual and the maximum N 
concentration. 

BARNES et al. (1976) model crop growth in direct response to availability 
of N and of K from the soil. Their model is based on analysis of experiments 
with vegetable crops. 

Both approaches can give a fair impression of growth and productivity 
if one is interested in total biomass. It does not suffice if the weight of a specific 
fraction is to be known. In such cases, the phenomenon of redistribution of 
N within the plant plays a predominant role, as it determines to a large extent 
quality and quantity of individual organs during growth under nutrient stress. 

4.4.3.3 Redistribution 

An illustration of redistribution of elements during growth in a sugar beet 
plant is given by VAN EGMOND (1975). The availability of nutrients from the 
soil diminishes, particularly in final stages of plant growth. Availability of nu
trients for individual organs depends then not only on the supply from the 
roots but increasingly on what becomes available hy export from old organs. 

Explanatory models of crop growth under conditions of nutrient limitation 
require much more knowledge about growth and redistribution processes. Few 
models describe redistribution in a preliminary way, and only for all leaves, 
stems or fruits together: MILLER et al. (1978), simulating growth of shrubs, 
assume that half of the N incorporated in new tissue is stable, while the other 
half will be exported to support new growth. PENNING DE VRIES et al. (1975) 
and FAGERSTR()M (1978) modeled a similar process for N in pine needles on 
an annual basis. Redistribution is included in GOSSYM (BAKER et al. 1976) 
but it is not described how. SOYMOD (CURRY et al. 1975) considers growth 
and N concentrations independently. SELIGMAN and VAN KEULEN (1980) allow 
the N in excess of the minimum amount of N in leaves and stems to satisfy 
the N demand from seeds. 

Most studies of the effect of P shortage compare the concentration of P 
in the tissue with a minimum and an optimum level. No dynamic model of 
growth and P availability is known to the author. PENNING DE VRIES et al. 
(1980) suggested basing a judgement of whether P shortage limits growth or 
not on the ratio of P to N rather than on the P concentration as such. They 
argue that much of the P in the cells is structurally and functionally related 
toN. 

There is an interesting consequence to redistribution. Export of N and P from leaves 
that exceeds their uptake leads to reduction of leaf photosynthesis and finally to leaf 
death. Hence, the more rapidly redistrihution occurs, the shorter the reproductive phase 
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and the lower seed yields will be. SINCLAIR and DE WIT (1976) treated this process 
quantitatively in soybeans, and labeled the fast redistribution, aging and death "self
destruction". 

4.4.4 

4.4.4.1 Introduction 

Aspects of form are usually of little interest to the modeler of growth and 
production. The exceptions lie where plants interface with their environment: 
i.e. where form assists in the interception of light, C0 2 , water and nutrients. 
Proper treatment of form and size of interfaces is indispensible in accurate 
models because of a positive feedback: at the highest production levels an over
estimation of leaf area leads to an overestimation of photosynthesis and hence 
of biomass growth and leaf area growth, causing a further overestimation of 
photosynthesis. At the lowest production levels, such a positive feedback exists 
for root growth. 

Models for the simulation of development of form of organisms and of 
organs are still highly descriptive and explains little, but attempts are being 
made to give the mathematical formulas a biological basis;. ERICKSON (1976) 
reviewed such models. HouEWEG (1978) described cell division characteristics, 
and derived a preliminary model of the development of form of cellular systems 
in space. 

4.4.4.2 Leaf Surface Area 

The ratio of area to leaf weight ts m the order of 0.1 kg m- 2 foliage, but 
differs considerably between species and due to growth conditions in a way 
that is not really predictable. 

The surest approach to specify leaf area in models is to give observed values 
as a forcing function. The common way to simulate leaf area is the integration 
of its growth rate, which is set equal to the growth of leaf weight divided 
by a constant factor. This is useful in cases where leaf area development is 
not crucial to model behaviour. On WIT et al. (1970) attempted to compute 
leaf area growth from leaf weight increase and leaf thickness, the latter varying 
according to an averaged value of gross photosynthesis. They were unsuccessful 
as a result of the positive feedback indicated. 

HORIE et al. (1979) suggest that such approaches are fundamentally wrong 
because plants have a strong internal regulation of leaf area growth, independent 
of the carbon balance. Their concepts of leaf initiation and leaf growth are 
promising, but are as yet too little developed to judge their usefulness for dynam
ic growth models. It is one of the critical areas for further research if simulation 
at the highest production level is to be improved. 

4.4.4.3 Root Surface Area and Root Profile 

The variability of the root surracc urea/root weight ratio is much l:trger tlwn 
that of leaves. In spite of this, most models that simulate root growth apply 
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a constant factor to obtain root surface, root length or even root permeability 
from root weight. This is not disturbing at the production levels 1 and 2: 
the rooted volume is then more important for water uptake than root surface. 
;\t the lowest production levels root activity and the ratio of root length or 
root surface to root weight arc important, for P uptake in particular. No quanti
tative model has been published on this aspect, nor on the effect of root architec
ture on effectivity of nutrient absorption. RHIZOS (LAMBERT et al. 1976) ts 
the only dynamic model to simulate the root growth at different depths. 

4.5 Conclusions 

Models can be used in research as tools that enable the integration of knowledge 
of different processes that take place in a biological system. This allows simula
tion of the behaviour of the system, i.e. the calculation of the course of processes, 
and consequently the increase of a quantity, such as biomass. Even for the 
study of relatively simple agricultural and biological systems, models can be 
of considerable help. 

Phases of development of individual models can be distinguished. If knowl
edge of its processes is not yet well-founded, then a model of this system is 
preliminary. It can be useful as an integrative, scientific tool, but predictions 
made with it are still of little value. Some models have been developed of 
systems many of the processes of which are well understood and quantified. 
Carbon balance models fall into this category. Such comprehensive models are 
generally large and complex. They are helpful as an integrative tool, and predic
tions made with them can be fairly good. Some such large models have been 
summarized. Such summary models are fairly simple to use, and can be used 
with some confidence to make predictions within a clearly delimited set of 
circumstances. 

Evaluation of a model is a continuing process and takes many forms. Obtain
ing data, for the purpose of evaluation, about the real behaviour of the modeled 
system, that are independent of the data with which the model was produced, 
is therefore often difficult and can pose a serious problem. 

As more of the basic physiological, biochemical and physical processes 
become understood, modeling will become even more useful as an integrative 
technique. An important part of models will take the form of dynamic and 
explanatory computer simulation models. 
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