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1 Introduction

1.1 Purpose

For several years much attention has been paid to the construc-
tion of models for simulating crop growth and to their evaluation at
the Department of Theoretical Production Ecology of the Agricul-
tural University and at the Centre for Agrobiological Research
(CABO), both in Wageningen. Although there have been several
publications on the models and submodels treating various aspects of
plant growth, this monograph is the first comprehensive report of the
work. It has been written in such a way that the approach can be
critically evaluated and further work on the subject may be stimu-
lated in Wageningen and other centres,

A simulation program which covers all aspects of crop growth
defeats its purpose. Such a program would be too large to be
critically evaluated and to solve detailed problems that arise under
field conditions. Therefore, the model described here is restricted to
the potential growth situation, loosely defined as those growing
conditions where the supply of water and nutrients is optimal for the
crop, and there are no pests, diseases and weeds. Crop performance
1S then mainly affected by weather, crop husbandry and the proper-
ties of the plant species.

Simulation of plant growth in this situation is considered espe-
cially important because its results can be used as a reference for
measurements in the field and thus sets goals and raises pertinent
questions. Are yields lower than anticipated because some nutrients
are not optimally supplied? Is there some disease which escapes
attention? Are the results of the simulation over-optimistic and is
more basic research needed?

Moreover, a simulation model of potential growth enables a
quantitative evaluation of the influence of weather on yield and may
provide a further framework for the analysis of weather and climate
with respect to plant growth. What is then the influence of microcli-
mate management through manipulation of the soil surface, or why
does a crop like maize grow so well in temperate climates?

The growth of a crop may be divided roughly into three phases.
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The germination and establishment, the vegetative growth and the
storage phase in which seed setting, tuber formation or other similar
storage processes occur. Until now, most attention has been paid to
the growth in the vegetative stage for various reasons. Production of
grassland is of primary importance under conditions in the Nether-
lands and is of increasing importance in other parts of the world.
Since most grass is produced on permanent pastures, neither the
germination and establishment phase, nor the seed-setting phase is
very important. On the contrary, harvesting is generally done before
the generative phase starts, to maintain quality of herbage and
sward. Moreover the vegetative phase is of prime importance during
the growth of species other than grass, which are also often grown
for silage.

The purpose-of the simulation and the present state of our
knowledge are the main reasons for restricting attention to vegeta-
tive growth. This leads to a model that integrates knowledge of
plant assimilation and carbon metabolism and of regulation of water
flow through plants for the prediction of daily and seasonal patterns
of crops in the ‘potential growth situation’, and evaluates the
present concepts of growth mainly by comparing predicted and
observed values and trends. The vegetative period in the ‘potential
growth situation’ is the simplest case but still has much in common
with actual field situations. Nevertheless its simulation requires a -
large number of processes and relations. Part of these are well -
known, but the model includes also relationships based on ad hoc
assumptions.

In our opinion, simulation models, if they are to be useful at all,
should form a bridge between reductionists, who analyse processes
separated from their physical, chemical or biological background,
and generalists who are interested in the performance of whole
systems in which the individual processes operate in their natural
context. Both the reductionist and the generalist should recognize
their work in the simulation program. By comparing detailed output
the generalist can independently evaluate how the model operates
with field data, and the reductionist can determine whether the
treatment of the processes that form the basis of the simulation
model correspond with his ideas. To the reductionist simulation can
be a guide to areas where research is most promising for further
understanding of the system studied. To the generalist simulation
extends his capability to envisage how a whole system functions.

It is possible to construct valuable models that simulate crop
growth in many less optimal situations. Then it is necessary to .
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describe primary production processes more simply, so that one can
focus better on the major questions in the development of the
model. Thus elaborately defined processes may be summarized and
then incorporated in such broader models. This procedure has been
used in other fields of research (van Keulen, 1975).

It is also possible to specialize further. Instead of being interested
in the vegetative growth of crops, one may be interested only in the
vegetative growth of one species: perennial rye grass, wheat,
potatoes or maize. The present simulation was attempted on the
assumption that the processes of vegetative growth of the main
agricultural crops are similar because the underlying principles of
plant physiology are the same. A change in the model from one
plant species to another may thus be achieved by alteration of
parameters only. These non-species-specific programs may work
because the most complicated aspect of plant growth, the develop-
ment of form and function, is only treated superficially at present.

1.2 Simulation technique

The simulation models used, are based on the assumption that the

state of the system at any particular time can be expressed quantita-
tively and that changes in the system can be described mathemati-
cally. This assumption leads to the formulation of state determined
models in which state variables, driving or forcing variables, rate
variables, auxiliary variables and output variables can be disting-
uished.
A system may be defined as a limited part of reality, containing
Interacting elements. The totality of relations within a system is
called the structure of the system; both systems and models have a
structure. The physical limits of a system are obvious if the system is
well isolated from its environment. Often, however, this is not so,
and processes in one part of the system affect those in other parts.
For example transpiration, assimilation and growth processes affect
the composition of soil .and air. On the field scale, however, these
effects of a growing crop in the ‘potential growth situation’ are
negligible, so that our model of primary production processes can be
restricted to crop processes and weather within the crop.

State variables characterize and quantify all properties that de-
scribe the current state of the system. Examples of such variables
are amount of biomass, number of animals, content of mineral
elements in various parts of the system, amount of food, amount of
Poison, number of niches, water content, temperature of the soil and
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so on. In mathematical terms, state variables are quantified by the
contents of integrals. Their values have to be known at the onset of
simulation.

Driving or forcing variables are those that are not affected by
processes within the system, but characterize the influence from
outside. These may be macrometeorological variables, the amount of
food added in course of time and so on. It should be realized that
depending on the boundaries of the system to be simulated, the
same variables may be classified either as state or driving variables.

Rate variables quantify the rates of change of the state variables.
Their values are determined by the state variables and the driving
variables according to rules formulated from knowledge of the
underlying physiological, chemical and physical processes. These
processes may be so complicated that the calculation process be-
comes much more lucid when use is made of properly chosen
intermediate or auxiliary variables. Output variables are the quan-
tities which the model produces for the user. Sometimes they are
state variables, sometimes rates and sometimes auxiliary variables
that may be calculated especially for the purpose.

In such state determined models, rates are not mutually depen-
dent: each rate of change depends at any particular time on the
values of the state and driving variables and can therefore be
calculated independently of all other rates. Thus structural equa-
tions, that means n equations with n unknown rates, do not occur."
The various sections of the model discussed interact nevertheless
strongly, because the simulation is executed parallelly.

The time courses of the variables are generated in the model by
calculating at an instant of time all rates, and realizing these over a
short time interval, DELT. This procedure gives the value of the
state variables at a time DELT later and it can then be repeated.
The rectilinear or Euler method of integration is the most elementary
one. It allows for discontinuous processes such as sudden leaf-fall,
sudden cutting of crops or abrupt changes in weather, but forces the
user to choose the time interval DELT small enough compared with
the smallest time constant of the system. More sophisticated integra-
tion methods adapt the size of the time interval to the relative rates
of change, but can only be used if all processes are continuous.

The use of the state determined system approach for the simula-
tion of ecological processes has been analysed, discussed and illus-
trated by de Wit & Goudriaan (1974) in another monograph of this
series. In this book, the simulation language CSMP S/360 (Continu-
ous System Modelling Program, IBM manual SH20-0367-4) was
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used, both for programming and for the explicit formulation of
structural relations. To understand the technical aspects of the
present work it is useful to consult this monograph. The simulation
programs presented here make use of CSMPIII (IBM manual
SH19-7001-2).



2 OQOutline of model and evaluation methods

A modelling effort, based on an analysis of the processes that are
operative in a system, results in special models for various purposes.
The models that are discussed here include the seasonal growth of
closed crop surfaces and the daily course of assimilation, respiration,
growth and transpiration. However, in other studies the same or
similar model elements have been used to simulate the micro-
weather in so far as it affects the growth and development of
diseases, efficiency of water use under arid conditions, growth
regulation in greenhouses or competitive phenomena. Therefore,
the various processes are at first not discussed in the form in which
they were incorporated in the main models, but in a somewhat
broader way that enables expansion for special purposes. In the
body of the model, the international unit system (SI) based on kg,
m, s, °C and Joules as a derived heat unit is used, except for the unit
of water vapour pressure (mbar), the unit of plant water stress (bar)
and the unit of CO, concentration (volume parts per million,
abbreviated as vppm). ‘

2.1 OQutline of model

First the Basic Crop Simulator (BACROS) is briefly described, to
put in perspective the many detailed processes that are considered
in the next chapters.

A crop in the vegetative phase of growth is considered, which is
well supplied with water and nutrients. Growth of this crop 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. The model is based on physical, chemical and
physiological processes, so that there is no restriction to the geog-
raphical range in which it can be applied. In Fig. 1 a simplified
relational diagram of the simulation model is given; the rectangles
represent state variables, the valves rates and the circles are aux-
iliary variables.

Micro-weather is calculated from the weather measured at screen
height, the extinction of radiant energy from sun and sky within the
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Fig. 1. Relational diagram of the simulation model. Rectangles represent
State variables; Valves represent rates of change of the state variables;
Circles represent intermediate or auxiliary variables or systems.

Crop being. taken into account. The infrared radiation from the
canopy is also computed. A calculation of the distribution of radia-
tion over the leaves is necessary for computation of assimilation and
transpiration. The architecture of the crop determines this distribu-
tion 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
heqt exchange regulates to a large extent the micro-weather and this
ratio is determined largely by stomatal behaviour. Basic models on
heat transfer in the soil are available (de Wit & van Keulen, 1972).
However, soil temperature is not simulated here in detail, it being
assumed that this temperature follows the air temperature with a
delay of 4 hours. Chapter 3 describes how the weather is modelled.
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