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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

6
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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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Readers interested in more detailed modelling of micro-weather are
referred to Goudriaan (1977).

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,
CO, concentration in the ambient air and resistance to CO, diffu-
sion from the atmosphere towards the active sites. Transpiration and
CO, assimilation interact strongly, not only because a relatively
large transpiration may lead to loss of turgidity of the plant and
subsequent closure of stomata, but also because a low rate of
assimilation may lead to closure of stomata and low transpiration,
through regulation of the CO, concentration in the stomatal cavity.

Respiration 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, which may be about
equal to that of the plant. This intensity is independent of tempera-
ture, but growth respiration is indirectly influenced by temperature
through the temperature dependence of the growth rate. Usually,
CO, evolution resulting from translocation is included in the term
for growth respiration. 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 com-
position of the plant. The rate of maintenance respiration is sensi-
tive to temperature.

The growth rate of the organs is dependent on the amount of
reserves and temperature. Under internal water stress, growth of
shoots is retarded by making a larger proportion of reserves availa-
ble for growth of roots. By this mechanism a functional balance is
maintained between root and shoot. .

Up to now, no satisfactory solution has been found for the
simulation of the growth of leaf surfaces in relation to the growth of
leaf or shoot weight, so that these aspects are mimicked rather than
simulated: their description is based on information obtained from
field trials and not derived from knowledge of the underlying
processes. Hence, the simulation programs become considerably
limited in their application. However original research on plant
physiology rather than model building is necessary to improve the
situation here.

The water status of the plant is determined by the balance
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between transpiration and water uptake from the soil. The transpi-
ration rate of the crop is found by adding the transpiration 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
CO, 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.

2.2 Experimental evaluation
2.2.1 Field trials

The most straightforward way to evaluate the results of simulation
€xperiments is to compare them with the actual growth of crops.
These comparisons have been made in various years and at different
geographical locations for grasses, mainly perennial rye grass, a C,
plant, maize, a C,; plant, and wheat, a C; plant. Since morphogenesis
1S not simulated, it is necessary to introduce the leaf area index and
the chemical composition of the crop in course of time as a forcing
function. Hence deviations between simulated and observed rates of
dry matter growth must be attributed solely to an unsatisfactory
treatment of the main transfer processes such as assimilation, respi-
ration and transpiration. However, actual growth rates are deter-
mined by periodic harvests and the variance of the difference
between two successive yields is equal to the sum of the variances of
these yields. Even in carefully executed experiments with several
replicates, the variance of yield is at least (200)* (kg ha™')?, so that
the standard deviation of the difference is about /((200)?+(200)?) =
280 kgha™*. Since crop growth rates are often about 200 kg ha™"
day™', time intervals of 14 days between harvests are needed to
obtain an accuracy of 10 percent in the estimate of growth rate.
Hence in this way only averages can be evaluated over rather long
Periods and an evaluation of day-by-day performance and perfor-
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mance throughout the day is an illusion.
2.2.2 Crop enclosure

Obviously another evaluation technique is needed, and partly for
this reason, an installation was built that allows the continuous
measurements of CO, assimilation and transpiration in crop enclos-
ures in the field (Louwerse & Eikhoudt, 1975; Alberda et al., 1977).
With this installation, which is a modification of that of the Grass-
land Research Institute in Hurley (Leafe, 1972), the daily course of
transfer processes can be investigated and the reactions of these
processes to instantaneous modifications of the environment can be
observed.

A crop area which may be 2 X2 m?, is enclosed by a transparent
cover, tightly placed on a frame, hammered into the soil to a depth
of about 20 cm. The air in the enclosure is circulated over a cooling
and heating unit at such a speed that it is thoroughly mixed in the
enclosure. The air inside is kept at a slight overpressure, so that part
of it escapes through the soil, suppressing the influx of respiratory
CO, from this source. Evaporation is also suppressed in this way,
provided that the soil is covered by a 3-cm layer of gravel.

The rate of input of outside air is adjusted with respect to the rate of
CO, exchange with the crop and additional CO, may be added at
the inlet. Experiments with high CO, concentrations are also possi-
ble. The CO, concentration of the incoming air and the air in the
enclosure, is measured with an infrared gas analyser. Except inside
the enclosure, the air circuit does not leak, so that with thorough
mixing, the CO, concentration within the enclosure is the CO,
concentration of the outgoing air.

The cooler is designed in such a way that the condensed water
drops with little obstruction into the vessel of an automatic rain-
gauge. Together with the measurement of the absolute humidity of
incoming and outgoing air with regularly calibrated lithium chloride
cells, the transpiration rate is determined for hourly periods. Be-
cause of the time lag in collecting the water, a higher resolution time
is not possible. Recently, it became possible to measure the transpi-
ration with a resolution of the order of minutes by measuring the
rate of circulation of air and water vapour differences between air
entering and leaving the enclosure through the circulation system;
humidities are also measured with an infrared gas analyser.

Plate 1 gives an impression of the installation which is so mobile
that it can be put to work within a few hours. The power for the
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Plate 1. The mobile installation of the Centre for Agrobiological Reseafch
(Wageningen) for measuring CO, assimilation, respiration and transpiration
of crop surfaces.

installation is supplied by a 20 kW generator, which is placed at a
considerable distance from the mobile laboratory and preferably
downwind to avoid the CO, from the exhaust of the diesel engine
reaching the air inlet at the top of the tube on the van.

The weather within the enclosure is, of course, different from the
Wweather outside and it would be futile to try and make them the
Same. Instead, the weather section of BACROS is adapted. The
Influence of the transparent cover on the absorption of short-wave
radiation and on heat radiation is included. It is taken into account
that no wind profile is formed, the air within the whole enclosure
being thoroughly mixed. The influence of the characteristic time-

!ags of the instrumentation on the measured CO,-contents are also
Included.
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3 Weather

The crop growth models simulate situations which are charac-
terized by optimal supply of water and nutrients. Under these
conditions weather is the main determinant of growth so that only
weather parameters have to be introduced in the form of forcing
functions. This method does not present any difficulty for the
experimental evaluation of the simulation program. The appropriate
weather factors, like temperature, wind speed, incoming radiation,
may be measured at some arbitrary horizontal boundary in the air
above the crop and the weather parameters within the crop and the
soil can be simulated from these (Goudriaan, 1977). Simulated data
and data actually measured within the crop and soil can then be
compared to evaluate the micrometeorological aspects of the simu-
lation.

Simulation programs are not only constructed for evaluation, but
also for application. For instance, if irrigation schemes are planned
in an arid region, it may be useful to predict yield under optimal
conditions. However, the meteorological data used for this predic-
tion concern the region before and not after the irrigation works
have been set up. With the introduction of irrigation, the tempera-
ture at two meters is lower, the humidity higher and the wind speed
is reduced; especially the net long-wave radiation will be affected by
the temperature of the underlying radiation surface. Then it is
impossible to introduce some boundary at which measured data may
be correctly used as forcing functions, that is as data that are
independent of the conditions at the soil surface. Hence in a final
analysis, simulation of crop growth is only possible by simulating the
weather pattern on a macro-scale.

Of course, a compromise is possible. The simplest approach to a
practical solution is to assume that except for long-wave radiation
the effect of the surface condition on the measurements at standard
screen height is negligible and this assumption is in general made for
conditions in the Netherlands where the soil surface in meteorological
stations is covered with grass, reasonably supplied with water and
where most fields are also under green cover. This course is also
taken in arid regions, where crops are grown on a relatively small
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scale. However, where large-scale irrigation projects are anticipated,
a meteorological analysis to estimate expected changes in weather
parameters seems necessary.

Such an analysis is not attempted here, except for one aspect,
which concerns radiation exchange. As long as cloudiness is not
affected, it is fair to assume that the total global (short-wave)
radiation is independent of the condition at the soil surface. How-
ever long-wave radiation will certainly be affected and because net
radiation determines to a large extent evaporative demand, it is
dangerous to use data on net radiation under conditions other than
those under which they are measured. A proper course of action
may be the computation of sky temperature from short-wave radia-
tion, net radiation, and surface temperature and to use this sky
temperature as a forcing function. But this computation can be done
only when the station’s measurements are complete and accurate.

There are, however, also many conditions where it is necessary to
rely on Angstréom’s and Brunt’s type of formula for the computation
of the incoming short-wave radiation and the long-wave radiation
exchange. Then any sophistication is worthless, even in subsequent
Simulations of the micro-weather.

3.1 Input weather data

_ The main weather parameters show a distinct daily course and
Since the plant response to environmental factors is obviously non-
linear and many processes are interacting, it is necessary to account
for this systematic daily course of weather parameters in simulation
Programs that reflect the main physiological processes of plants.
However it is not worth the effort to include in the weather input all
details of the weather pattern that may be recorded with sophisti-
Cated instrumentation. Moreover, it is practical to work with
Standard meteorological weather reports.

Therefore, a program section was developed which generates
daily courses of weather data from daily totals and daily maximum
and minimum values of weather parameters measured at standard
SCreen height, using the latitude of the location and the date as
further information. These program sections concern incoming
short-wave radiation, long-wave radiation, temperature, humidity
and wind speed.

13



& 3.1.1 Incoming short-wave radiation

Both photosynthesis and transpiration of leaves may respond
non-linearly to radiation, so that not only the absolute course of
radiation intensity throughout the day, but also its distribution over
direct and diffuse radiation has to be approximated. The incoming
radiation flux during a time interval of simulation is then computed
from the radiation fluxes with a clear and overcast sky by assuming
that the sky is overcast for the time fraction (f) and clear for the
time fraction (1—f). Hence, it is assumed in BACROS that the
clouds are evenly distributed over the day.

The basic data for the computation are presented in Fig. 2 which
gives the radiation flux in the 400-700 nm wave band (visible range)
in Joule m™?s™! on a perfectly clear or overcast day dependent on
the height of the sun. The flux on the perfectly clear day is again
separated into direct radiation flux from the sun and diffuse sky
radiation. The values have to be multiplied by 2 and 1.7 to obtain
the short-wave radiation over the whole range of wavelengths for a
clear and an overcast sky, respectively (de Wit, 1965). The radiation
on an overcast day is 0.20 times the radiation on a perfectly clear
day. In Angstrom’s formula (1924), which relates radiation flux to
cloud cover, this ratio is close to 0.25. However this formula refers
in general to measured radiation fluxes on clear days and these
fluxes may be 10-20% lower than reported here because of dust
and water vapour. Perfect clear skies are used here to avoid
computation of maximum radiation totals that are smaller than
measured totals. The observational data are summarized in function
tables for direct radiation on clear days from the sun, diffuse
radiation from the sky on clear days and diffuse radiation on
overcast days.

These data for standard clear and standard overcast skies, integ-
rated to obtain daily totals for a clear and an overcast day, are § S,
and § S,, respectively. Total daily radiation actually measured | S is
related to the daily totals of clear and overcast skies to compute
what is called the fraction of time that the sky is overcast

§S.—(S
I=7s.=s.

Now the current total short-wave radiation at any moment of the
day is estimated with this fraction of the sky that is overcast
according to

S=£S,+(1-f)S. ) (3.2)
14
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Jm-2g~! SUNDTB
S00
400 |-
300 |-
200 |-
DFOVTB

100

— DFCLTB

Fig. 2, Incoming visible (photosynthetically active) radiation (400-700 nm)
a8 a function of the solar height. SUNDTB stands for the direct flux on a
Standard clear day, DFCLTB for the diffuse sky radiation on a standard

;laeaf day and DFOVTB for the diffuse radiation on a standard overcast
y.

d The standard fluxes of short-wave radiation for an overcast and a
he.ar sky, S, and S, respectively, are calculated from the sine of the
€ight of the sun. This sine depends on the sine and cosine of

declina_tion and latitude and the cosine of the hour angle of the sun
accordmg to |
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sinB =sinA sind +cosA cosd cos2w(t, +12)/24 (3.3)
in which

B =height of the sun

A =latitude of the site

é = declination of the sun

t, =hour of the day, time expressed in hours.

The declination & is given by (expressed in radians):

234
é6=-— 11380’” cos2m(ty +10)/365 (3.4)

where t; is the number of days since 1 January.

The above procedure is followed when daily radiation totals are
measured. Otherwise they may be calculated with Angstrom’s for-
mula:

Js= (a+b£—) Q (3.5)

In this formula the number of hours of sunshine (n) is often
known from measurements with Campbell-Stokes sunshine recor-
ders, but sometimes only estimates are available. N is the daylength
in hours, a and b are factors depending on location and are of the
order of 0.25 and 0.75, respectively. Q is total daily radiation with a
clear sky. As has been said, this total radiation is often 10-20%
lower than the radiation obtained from the data in Fig. 2, which
hold for skies with hardly any dust or water vapour. Hence, if the
data of this table are used to compute Q and then { S, the value of a
and b should be adjusted. A careful analysis of basic observational
data and computational procedure is necessary 1f systematic errors
larger than 10-20% are to be avoided.

3.1.2 Long-wave radiation

The simplest way to estimate loss of long-wave radiation (Joule
s~!) is by Brunt’s (1932) formula

B, = —0T%(0.56—0.092(0.75¢,)*5)(1—0.9f) (3.6)

in which T,,. is the absolute air temperature, o is the Stefan-
Boltzmann constant, ¢, is the vapour pressure in mm Hg, and f
is the fraction of time that the sun is obscured by clouds. -
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Since the temperature of the crop surface is also simulated, it is
tempting to substitute this temperature for the temperature of the
air. However Brunt’s formula is based on an analysis of experimen-
tal data, so that such a substitution cannot be done without changing
some of the constants. Since air and crop temperature do not differ
much for closed crops well supplied with water, this substitution is
anyhow not worthwhile.
~ As for short-wave radiation, B, is calculated separately for a clear
and an overcast sky. According to Eqn (3.6), B, for an overcast sky
is 0.1 of the value for a clear sky. The calculation of the fraction of
overcast sky f has been explained in 3.1.1.

The main problem of using Brunt’s formula is not the exact value
of the constants, but the assumption that cloudiness during the night
is the same as that during the day, which is unlikely. Only by
measuring sky temperatures, can the calculation of loss of long-wave
radiation be significantly improved.

3.1.3 Temperature, dew point and wind speed

In general, maximum and minimum temperatures are available
for each day and these are used for reconstructing the daily courses.
For this purpose, it is assumed that the maximum occurs at 14h00
and the minimum at sunrise. The daily course is described by a sine
wave for the period from sunrise to 14h00 and another sine wave
for the period from 14h00 to sunrise on the next day.

The same procedure is followed for the dew point. However, the
calculated dew-point may be higher than the calculated temperature
because of schematization errors or errors in measurements. To
avoid these, a lower limit equal to the air temperature is introduced
for the dew point.

The daily wind run is measured at screen height. The wind speed
1s assumed to be twice as high during the day as during the night in
such a way that the total daily wind run is equal to the value
measured. The wind speed at the top of the canopy may be
calculated from the logarithmic wind profile and the wind speed at
standard height.

The computation of the turbulent diffusion resistance is based on
the assumption of a logarithmic wind profile, an expression for the
turbulent diffusion resistance in s m~' between the crop and the air
derived by ~
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n, = ln(z';d)ln(z:g)/(kzu,) (3.7)

in which u, is the wind speed in ms™! at a height z, above the crop
surface, k the Von Karman constant (0.4) and z, is the height of the
crop. The stability correction factor is assumed to be one, because it
is also assumed that the air temperature within and above the crop
is the same. The heights d and z, are the zero plane displacement
and the roughness length of the crop, it being assumed that the wind
speed is ‘zero’ at a height d + z,.

Considerable experimentation has been done to determine d and
2,. Since canopies are not rigidly constructed, both depend on wind
speed (Monteith, 1973). If this dependence is neglected, it is often
assumed that d and z, are only proportional to the height of the
crop according to d =0.63z, and z, =0.13z.. The wind speed should
be measured at a height of at least one metre above the crop, and
sufficient fetch should be taken into account. As has already been
said (2.1), the wind speed measured at standard height in
meteorological stations is taken as a substitute. For computation of
wind speed within the canopy, wind speed at the top of the canopy
(u.) is needed. If one assumes the wind profile to be logarithmic,

)l e

In crop enclosures, the air is kept in turbulent motion and the
turbulence of the air is the same throughout the canopy. This
difference between crops in enclosures and normally exposed crops
may lead to considerable differences in transpiration rates.

3.2 Micro-weather
3.2.1 Micro-weather simulators

Temperature, humidity, wind and radiation in a crop change with
time and height and to simulate their time course, distributive
models are necessary in which both time and height are discretized.
Such models are conveniently represented as an electrical network
consisting of capacitors and resistances, as in Fig. 3. The capacitors
in the centre of the figure represent the heat capacity of the leaves
in each stratum. The resistances at the left represent the boundary
layer resistance to the flow of sensible heat and the resistances on
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Fig. 3. A scheme of the resistances and capacitors for sensible and latent
heat exchange inside a vegetation. The arrows represent the absorbed net
radiation in the leaf layers and on the soil surface. See text for further
details.

the right the stomatal and boundary layer resistances to the flow of
latent heat in the form of water vapour. The resistances and
capacitors in series on the left side of Fig. 3 stand for the exchange
resistances and heat capacities of the air within the layers and on the
right side for latent heat flow. The sensible and latent heat contents
(the capacitors) are represented by integrals and the rates of flow
are proportional to temperature or vapour pressure differences, the
conductivities (inverse of the resistances) depending on leaf mass
per layer, stomatal behaviour, wind speed within the layer and so
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on. The system is forced to function by radiation exchange with
the crop and by temperature, humidity and wind speed above t
crop. The transfer processes of heat, water and nutrients within t!
soil can be simulated in a similar way, the interface with the
being formed by a thin layer of soil at the surface. As the flow
sensible and latent heat is very large compared with the stora
capacity of leaves and the air between leaves, the time constant
the system is of the order of only 100 seconds. Hence, it
impossible to operate the model for a season or even a day. Tl
problem can be solved by application of Goudriaan’s (1977) bypa
sing method for stiff systems.

It is also possible to eliminate the capacitors so that only
network of resistances remains. A solution may then be obtained |
matrix algebra. However such programs are far less lucid, mo
difficult to change, and simplifications and linear approximatio
have to be introduced to obtain a straightforward solution, (Gou
riaan, 1977).

The macro-weather data that are needed for the operation of su
a detailed model are the temperature and humidity of the air, tl
wind speed, the direct and diffuse radiation from the sun and the sl
temperature or net radiation. Values measured above the simulate
canopy should be used in detailed models. It is a matter of furth
analysis to what extent the use of data of normal weather stations
justified.

The foliage characteristics that must be known are the leaf ar
index (LAI), the leaf width and the canopy architecture, the extin
tion of visible, short-wave and net radiation and the extinction
wind and exchange coefficients. The plant physiological character;
tics exert their influence mainly through stomatal conductivity whi
governs the division of incoming radiant energy into sensible he
and latent heat of evaporation. Stomatal conductance in its tu
does not depend only on the water status of the plant, but also ¢
CO, assimilation. The main soil characteristics are the hydraulic ar
thermal properties, which may be estimated from the compositic
and type of soil or they can be directly measured. Moreover son
average clod dimension is necessary to characterize the roughness
the soil surface. The wetness of the surface again determines t]
division of radiation into sensible and latent heat and a reasonab
simulation of the soil moisture content of the surface is necessary f
operating the model.

Goudriaan (1977) verified the operation of his simulator |
comparison with a series of measurements of Stigter et al. (197°
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Fig. 4. Simulated and measured differences between the temperatures (A)
and humidities (O) inside a canopy of maize and those above.

The performance is reasonable, as is shown in Figs 4 and S for a
maize crop, reasonably supplied with water. Fig. 4 concerns the
measured and simulated differences between the humidity inside
and above the crop, whereas Fig. 5 concerns temperature and
humidity profiles as measured and simulated on two days. Neither
the measured nor the simulated temperatures and humidities in the
crop differ by more than 3°C or 3 millibars from those above the
crop.
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Fig. 5. Simulated (broken line) and measured (solid line) profiles of air
temperature (A) and humidity (O) inside a maize crop.
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Since the responses of physiological processes to temperature are
often not known with great precision, it seems hardly worthwhile to
make all this effort for the simulation of small temperature differ-
ences. On the other hand, the period of dew formation at different
heights in the crop may vary considerably, so that in studies of the
epidemiology of fungus diseases, for instance, detailed models are
justified. Such models are also justified for open canopies and under
.conditions where the water status of the soil is suboptimal and there
is such a feedback on the water status of the plant that the stomatal
behaviour is affected.

3.2.2 A simplified micro-weather simulator

The macro-weather data, the knowledge of the plant physiological
responses, and the purpose of BACROS do not justify the use of
- detailed micro-weather simulators.

Considerable simplification is achieved by assuming that the tur-
bulent resistance in the vegetation is zero, so that the temperature,
humidity and CO, concentration of the air is the same throughout
the canopy. This simplification is suggested by the small gradients
that exist in conditions where the crop is well supplied with water
and the soil surface is not dried out (Fig. 5). It eliminates the
sensible and latent heat capacity of the air and the interactions
between the leaf strata within the crop. Another simplification is the
use of Penman’s (1948) combination method to compute the trans-
fer of sensible and latent heat from the leaf strata to the surround-
ings, so that the heat capacity of leaves, another series of integrals
with small time constants, is eliminated.

In Fig. 3 this simplification is introduced by neglecting the turbul-
ent resistances inside the canopy (r,(2), r,(3) and r,(4)), so that the
conditions of the air inside the canopy are uniform. In Table 1 the
effect of this simplification is presented. The differences between the
simulations are very small, so that for simulations with the crop
growth simulator the use of only one air layer is fully acceptable.
Within this simplified ‘model three kinds of resistances are needed:
the turbulent diffusion resistance of the air (r,), the boundary layer
resistance of the leaves (r,) and the stomatal resistance of the leaves
(r). The first two resistances, expressed in the correct units, are almost
the same for sensible and latent heat (water vapour). The resistances
I, and r; vary with the depth of the leaves in the canopy. The boundary
layer resistance depends mainly on the wind velocity around the
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Table 1. Simulated net CQO,-assimilation NCASC, total latent heat loss
TEHL, total sensible heat loss TSHL and soil heat flux G for a maize crop
at 12h00. The first column gives results when the profiles inside the

vegetation are taken into account. In the second column they are neglected
(Goudriaan, 1977)

fluxes with profile turbulent resistance

at noon dimensions inside vegetation inside vegetation
Zero

NCASC kgCO,ha~' h™* 83.8 91.0

TEHL Jm™?s™! 320.2 322.5

TSHL Jm™3s7! 263.2 258.5

G IJm™2s™! 70.4 70.2

1 I 1 ]
o1 1 2 3 4

LAI

Fig. 6. Calculated extinction of diffuse radiation for a crop with black
leaves and a spherical leaf angle distribution. The extinction is almost
exponential. '

leaves, so that for its computation the extinction of wind speed in
the canopy is needed. The resistance of the stomata governs the
ratio between sensible and latent heat loss of the leaves and will
therefore be treated in considerable detail in 5.2. The ‘wetness’ of
the soil surface is described by the resistance for evaporation r,,
which has the same controlling function for water loss as the leaf
resistance r,. The soil heat flux G passes through the resistance r,
from the soil surface to the centre of the top soil layer.

Light intensity decreases exponentially with depth in the canopy
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with a different extinction coefficient for visible, near-infrared and
thermal radiation. It is possible to arrive at simple expressions for
transmission and reflection coefficients of canopies with arbitrary
leaf distributions (Goudriaan, 1977). The radiation from the sun but
with a black sky (as on the moon) is then considered first for a
canopy with a large leaf area index. The extinction for black leaves
with a spherical leaf distribution is given by a solid line in Fig. 6.
. Since no radiation is reflected, this line also represents the net
downward flux. With scattering leaves, some light is reflected so that
the net flux at the top of the canopy is less. On the other hand the
net flux reaches further downwards because of the scattering.

1.4
1.3}

1.2}
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T
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Fig. 7. Numerically computed extinction coefficients (K,,) versus extinction
coefficients (K;) calculated with a simple equation (3.4), for many situations
differing in leaf angle distribution, scattering coefficient and geometry of the
incoming radiation.
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Subsequent analysis of numerical data obtained for a wide range
of leaf distribution functions, scattering coefficients and geometry of
the incoming radiation showed that the resulting extinction coeffi-
cient in the function e ¥®LAl may be fairly well approximated by
the expression

K(B)=(1-0)>* K, (B) (3.9)

in which o is the scattering coefficient of the leaves and K, (B) the
extinction coefficient of black leaves computed for radiation from
direction .

Good agreement is shown in Fig. 7 where numerically computed
values of K are plotted against the values calculated with Eqn (3.9)
for more than 200 cases. With the extinction coefficient the net flux
of radiation at a certain depth can be calculated. This flux consists of
a downward flux of direct radiation and downward and upward
fluxes of diffuse radiation. Subtraction of direct flux from the total,
~ gives the diffuse part of net flux.

These formulas account only for the radiation from the sun. The
radiation from the sky has to be superimposed on this. The extinc-
tion coefficient for diffuse radiation can be found by the weighted
summation for the nine zones of the upper hemisphere of 10
degrees each.

Expressions of similar complexity are developed also for reflec-
tion coeflicients of crop surfaces, but for these the reader is referred
to the original publication of Goudriaan (1977) and to the listing of
the simulation program.
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4 Water status of crop

. The water status of the canopy is governed by the balance
between water loss through transpiration and water supply by the
roots. Both are adjusted to each other through the relative water
content of the canopy, which may affect on the one hand the
opening of the stomata and on the other the difference in water
potential that governs water uptake. Several attempts have been
made to treat the relation between the weight and the geometry of
the root and the conductance for water uptake (Brouwer & de Wit,
1968; Lambert & Penning de Vries, 1973). However these aspects
are not incorporated in detail in the present model because em-
phasis here is on the canopy and its growth.

4.1 Transpiration

The rate of transpiration of the crop is obtained by summing the
rates of transpiration of successive leaf layers with a given leaf area
index. The calculations for each leaf layer are based on the combi-
nation method first proposed by Penman (1948). In this approxi-
mate solution, storage of heat in the transpiring leaf is neglected.
The expression for the latent heat loss per unit leaf area is then

AE =(sR, +(e,—e,)pc,/r,)/(s + v(r, + n)/1,) (4.1)

in which e, and e, are the saturated and actual vapour pressure,
respectively, s is the slope of the curve of saturated vapour pressure
against temperature at air temperature, 7y is the psychrometer
constant, R, is the absorbed radiation, r, and r, are the resistances
of the leaf and its laminar layer, and pc, is the volumetric heat
capacity of the air. This equation is used in the simulation model to
calculate the transpiration from individual leaf layers. The radiation
absorbed in each leaf layer follows from the balance between
incoming and outgoing radiation (3.1). For each of the radiation
components, exponential extinction with depth in the canopy is
assumed, each one with its specific extinction coefficient. These
coefficients are calculated from the crop architecture and the angle
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of the sun. The energy consumed by photosynthetic activity is also
taken into account.

The resistance to water vapour exchange through the laminar
layer, r,, is dependent on the wind speed around the leaves and the
size of the leaves. Several semi-empirical relations have been prop-
osed to calculate the resistance from these variables. The preference
for any particular formula depends on the conditions under which it
was established and those under which it should be used. For the
present_purpose the most reasonable approximation seems to be
r, = avw/u, in which a is a constant, w the width of leaf and u the
wind speed (described by Pearman et al., 1972). The wind speed in
each leaf layer is obtained from that above the canopy, assuming
exponential extinction, with an extinction coefficient of 0.7; for this
wind speed a lower limit of 0.02 ms™! is assumed. Stomatal conduc-
tance is governed by the CO, concentration in the stomatal cavity,
within given boundaries and is thus calculated from the current rate
of assimilation (5.3). It is, however, assumed that under conditions
of water stress, stomatal control by CQO, is ineffective. Then conduc-
tance is governed by the water status of the canopy, increasing
dehydration being accompanied by gradual closure of the stomata.
Since cuticular conductance is not negligible with nearly closed
stomata, it 1s added to the stomatal conductance to obtain total
conductance of the leaf surface. When the evaporative heat loss is
known, sensible heat loss is calculated by

C=R,—~\E-M (4.2)

in which M is the energy consumed for photosynthetic activity. The
temperature of the leaves T; follows now from

T, = T, + Cr/(pc,) (4.3)

in which T, is the temperature of the air.

The calculations for each leaf layer are done separately for the
fraction of time that the sky is clear (1—f) and for the fraction of
time that the sky is overcast (f). During the time that the sky is
clear, a distinction is made between leaves that are exposed to direct
sunlight, the sunlit leaf area, and leaves that receive only diffuse
radiation, the shaded leaf area. Total transpiration of the canopy is
obtained by summing the energy fluxes for all leaf classes, as is the
total sensible heat loss. The average temperature of the crop follows
from the average temperature of the various leaves.
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4.2 Water uptake

Uptake of water from the soil is governed by the difference in
water potential in the crop and in the soil and by the resistance to
water flow in the soil-plant system. Detailed models are available, in
which the flow of water through the soil and the expansion of the
root system are taken into account (Lambert & Penning de Vries,
1973). However such a detailed treatment is unwarranted in the
present program because optimum soil moisture conditions are
assumed throughout and because our knowledge about growth and
functioning of the root system is fragmentary. Moreover sufficiently
accurate methods of experimentation have only recently been de-
veloped. In the present model therefore, the root system is treated
as one unit, with respect to water flow characterized by its conduc-
tance.

The water potential in the soil is maintained at —0.1 bar, which
corresponds approximately to field capacity. The water status of
the canopy is characterized by its relative water content and its
total water potential. For the time being a unique relation between
the two is assumed. This relation may vary as a result of variations
in the component potentials contributing to the total potential i.e.
turgor pressure and osmotic potential. Especially the latter may
show variations due to chemical transformations in the plant. Lack
of quantitative data, however, restricts the application of these
aspects in the simulation model. A direct relation between relative
water content of the crop and water potential of the crop is
assumed, neglecting temporary changes of osmotic pressure. Meas-
urements of Kleinendorst & Brouwer (1972) show that this assump-
tion may be fair.

The total resistance to liquid flow through the plant is assumed to
be primarily concentrated in the root system, where the water must
traverse the protoplast as cell walls are suberized. There is also a
resistance to water flow in the xylem vessels. Such a resistance
would presumably be dependent on the size of the conducting tissue
and thus on the weight of the crop. In the present approach this
resistance has been neglected, also because it is generally accepted
that its influence is of little practical importance.

4-3 Rﬂot resiStance

The literature on the nature and magnitude of root resistance and
the factors influencing it is voluminous and often conflicting. Gener-
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ally a distinction is made between active and passive transport of
water across the outer cell-layers of the root to its xylem vessels.
However most authors agree that the potential gradients developing
under influence of transpiring leaves are such, that only passive
transport along these gradients is of practical importance. Research
has therefore been largely restricted to phenomena associated with
this transport and then mainly on individual plants in nutrient
solutions. The applicability of the results in simulation models
referring to the field situation is thus limited. In the model the
conductance of the root system is determined from the weight of the
root system, its composition i.e. the ratio between ‘young’ and ‘old’
roots, the soil temperature and a conversion factor relating weight
to conductance.

The growing roots are accumulated in an integral with young
roots, while at the same time these roots are subject to suberization.
Suberization proceeds in proportion to the amount of young roots
present, with a time constant of about 5 days. The conductance of
the old roots, through which water transport is hampered as a result
of the suberine layers, is set at 0.3 times that of young roots. This
value is-an average of ratios of root conductances determined along
a growing root, with increasing distance from the root tip (Brouwer,
1965). The suberized roots may die off during the growing season;
the total root weight of a crop often decreases as it matures.
Subsequently these dead roots may be subject to decay as a result of
microbial action. Since the quantitative aspects of these processes
are elusive, they have not been included in the model.

The temperature of the medium has a distinct influence on the
uptake of water by the root system. For proper understanding of
this phenomenon, two processes must be distinguished. In the first
place temperature may influence the structure of cell membranes,
thus changing the conductance of the roots. On the other hand
increasing temperatures give rise to decreasing viscosity of water,
which facilitates transport across the root. Kuiper (1964) demons-
trated with beans that in the lower temperature range (up to +15°C)
both effects influence water uptake, resulting in a Q,, value of about
4, while above 15°C changes in uptake rate can be fully accounted
for by changes in viscosity. The relation between temperature and
water uptake introduced in the program to describe the effect of
temperature on root conductance (Fig. 8) is based on own measure-
ments with maize.

The conversion factor, relating root conductance to root weight
and of primary importance for the calculation of conductance, is
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Fig. 8. Root conductance as a function of root temperature, relative to the
conductance at 37°C.

difficult to obtain from experimental data. As mentioned earlier,
most available data refer to single plants in pots grown on nutrient
solution, in which the quantitative relations may be quite different
from the field situation, even though the processes are the same.
The numerical value used in the model has therefore been esti-
mated, assuming that a crop, well supplied with water can maintain
its turgidity under a fairly high evaporative demand. An LAI of 1,
50 kg young roots and 450 kg old roots are assumed to exist. At a
high transpiration rate of 0.165 gm™%s™! and a relative water con-
tent of 0.975, the required conductance is then 0.08 g water
bar™' s~' m~2, This leads to a value for the ratio weight: conduc-
tance of +2500 kgha™! per g water bar~!s™! m™ which is used in
the model. Surprizingly enough, this calculated ratio is of the same
order as comparable data from nutrient solution experiments
(Brouwer, 1965).

Another aspect of the root resistance, which has received atten-
tion in the literature is its dependence on the potential difference
across the root, or the flow rate. Barrs (1970) reported that for a
number of crops root resistance was inversely proportional to rate of
flow so that the plant can maintain full turgidity under increasing
evaporative demands (Fig. 9). However, this phenomenon was
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Fig. 9. Relations between maize leaf temperature, leaf water potential,
conductance and transpiration rate. The last was varied by varying the
relative humidity from 41-80% (Barrs, 1970).

observed under low evaporative demand, while at high evaporative
demand the root resistance seemed constant. Kuiper (1972) exp-
lained this behaviour by assuming that new pores for moisture
transport are formed in the plasma membrane as a result of increas-
ing pressure. He also reported that it is restricted to pressures of 1
to 2 bar after which a linear relation is observed between pressure

and water uptake. In the present model this phenomenon has
therefore been neglected. )
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4.4 Water balance

The term water balance as used here refers to the balance
between water lost by transpiration and that taken up by the root
system. The description given so far is identical for the two versions
of the simulation model, the first one referring to a whole growing
season, and the second one calculating the daily course of photo-
synthesis, respiration and transpiration. The main difference be-
tween the two versions of essentially the same model, is the time
interval with which the programs are executed. The second version
is executed with variable time intervals, the magnitude of these
being determined at each moment by the ‘fastest’ process i.e. that
with the smallest time constant (de Wit & Goudriaan, 1974). To
maintain stability, the time intervals of integration are of the order
of minutes or even seconds. For simulating a 24-hour period such
small intervals are feasible but application for a whole growing
season, involving 150 or more days, would lead to prohibitively high
computing costs. The version applied to the latter situation is
executed therefore with fixed intervals of one hour.

As the state variable with the smallest time constant, 1.e. the heat
content of the canopy, has already been eliminated by calculating
canopy temperature from the radiation balance (4.1), the water
content of the crop is the determining state variable. When the same
example from the previous section is used, with a leaf weight of
1000 kg and a dry matter content of the material of 15%, the total
amount of water is 850kgha™. Applying the same rate,
1.65kgha™!'s™!, the time constant equals 500s (850/1.65). Thus it
can easily be seen that the model would be unstable when time
intervals of one hour are applied.

The same principle as applied for the temperature is used in this
situation: the water content of the canopy is not considered as a
state variable. Instead it is assumed that at each moment equilib-
rmum exists between the amount of water lost through transpiration
and that taken up from the soil. The actual value of the equilibrium
point is determined by the water potential or the relative water
content in the canopy. The stomatal resistance is either governed by
the control of the internal CO,-concentration (5.2) or the relative
water content. In the latter case, a decrease in the relative water
content may cause an increase in stomatal resistance and hence a
decrease in transpiration. At the same time the rate of water uptake
is increased. In the model the equ:llbrlum situation of water uptake
and transpiration is found by an iterative procedure. First uptake
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Fig. 10. Computed values of the transpiration rate TRC, the water uptake
WUR, and the relative water content of the crop RWCP in subsequent
iterations. When TRC and WUR are sufficiently equal, iteration is termi-

nated.

and transpiration are calculated under the assumption that the
relative water content of the previous time interval is still the
equilibrium value. When evaporative demand or root conductance
have changed to such an extent that the difference between uptake
and transpiration is larger than a preset accuracy criterion, a new
value for the relative water content is obtained dependent on the
sign of the difference and the calculation of uptake and transpiration
is repeated with new values for the water potential and the stomatal
resistance. This procedure is repeated until the accuracy criterion is
met, usually within 3 to 4 iterations. The procedure is graphically
illustrated in Fig. 10. When the equilibrium value of the relative
water content is obtained, the remainder of the program is executed.
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S Autotrophic processes and stomatal control

The process of CO, assimilation is the most important photo-
synthetic process. Its dependence on light is described in the prog-
ram on the basis of a response curve which is characterized by the
maximum rate of assimilation at high light intensity, the initial
efficiency of assimilation and the dark respiration. Our group (Sinc-
lair et al., 1977) is trying to estimate these parameters from basic
characteristics of the photosynthetic machinery, leaf structure and so
on, but it is felt that the results are not sufficiently accurate as yet to
be incorporated in growth models. The values of the parameters are
therefore derived from direct measurements of the assimilation
function. The advantage of this approach is simplicity and adaptabil-
ity because forcing functions are used. Its disadvantage is that any
feedback of past history of leaves on assimilation can only be
incorporated in an elementary way.

Superimposed on assimilation is stomatal control, which appears
to work in two ways. On one hand, assimilation may be controlled
by stomatal closure, mediated by water shortage and on the other
hand assimilation itself may control stomatal opening. The resulting
interaction between transpiration and assimilation may be satisfac-
torily treated by considering the CO, concentration in the intercel-
lular space of the leaf.

5.1 Assimilation of carbon dioxide

A characteristic light response curve of CO, assimilation is pre-
sented in Fig. 11. This curve is most conveniently described by:

F, =(F,.~ Fy){1—exp(—eR/JF,)}+F; (5.1)
in which

F, is net assimilation in kg CO, m™2 (leaf) s™*
R, is absorbed radiant flux in the 400-700 nm range in Jm™2s™!

F,, is maximum rate of net assimilation at high light intensities in
kg CO, m~?(leaf) s™*
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Fig. 11. A typical light response eurve of the net assimilation of carbon
dioxide for an individual leaf. F; stands for the dark respiration, £ for the
slope (or efficiency) at low light and F,, for the net assimilation rate at light
saturation.

e is the efficiency in kg CO, Joule™" at the light compensation
point
F, is net assimilation in the dark in kg CO, m™?(leaf) s™! (dark
respiration).

For C; plants, the experimentally determined number of light
quanta that is necessary for the reduction of one molecule CO, is 15
(Bjorkman, 1966), but when the oxygen concentration is lower than
0.05%, only 10.5 light quanta per molecule CO, are required.
Theoretical considerations show that the minimum number of light
quanta required for reduction of one molecule CO, is 8 (Bjérkman,
1966). As the first product of assimilation is glucose with an energy
content of 15700 Joule per gram, the maximum efficiency of photo-
synthesis is about 25% when radiation of 550 nm is used. The actual
efficiency is about &x25=13%, which may be explained by light
absorption by other pigments than chlorophyll. In the model, the
efficiency of light use in CO, assimilation is expressed in kg CO,
Joule™ h™' ha™! m?s. Expressed in these units an efficiency of. one
molecule of CO, per 15 light quanta has a value of:
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iz abtmA/(hcN,)

in which a, b and t are the conversion factors 102 kgg™,
10*m? ha™! and 3600s h™!, m is the molecular weight of CO,, 44 g,
¢ is the velocity of light 3-10°ms™', h is Planck’s constant,
6.626-1073* Js™!, N, is Avogadro’s number, 6.0225-10%3, and A is
the wavelength taken as 550-107° m. The result is 0.482 kg CO,
Joule™* h™'ha™! m?s.

Bjorkman & Ehleringer (1975) and Ehleringer & Bjorkman
(1976) found that the decrease in quantum yield of C, plants due to
their inherent higher energy requirement offsets the decrease in
quantum yield of C, plants due to oxygen inhibition. However, this
result was only for one temperature, since only the latter decrease is
temperature dependent.

Our own observations are considerably less conclusive than those
of Bjorkman et al., probably because of their routine character, but
possibly also due to variations in light absorption by other compo-
nents than chlorophyll, in dark respiration and in other photo-
synthetic processes than CO, assimilation. Our measurements cer-
tainly do not justify the introduction of any difference in initial
efficiency between C; and C; plants, or any influence of temperature
within the normal range. It is assumed therefore that the initial
efficiency equals 0.5 kg CO, Joule™ ha™' h™' m?s at 300 vppm CO,,
the dependency on the latter being considered later.

The maximum assimilation F,, depends on temperature much
more than does the initial efficiency, a characteristic situation for C,
and C, plants being given in Fig. 12. However, this phenomenon
appears to be complicated because this temperature effect depends
on the pretreatment of the plants. For instance, for maize plants
(not individual leaves) at a light intensity of 280 Joule m™%s™! and
pretreated at 15°C, the CO, assimilation was 9.15 and 16.65 kg
CO, ha ' h™! measured at 15 and 25°C, but pretreated at 25°C
tlhese values were 12.0 and 26.5kgCO,ha~'h™' (de Wit et al.,

970).

In an attempt to account for this adaptation in an elementary way,
a system illustrated in Fig. 13 was developed. For maize plants
grown at 25°C, the light saturated net assimilation, F,,, may depend
on the temperature of the measurement as given by the curve in the
upper graph. It must be noted that the maximum is reached at 32°C,
the optimum temperature being higher than the temperature at
which the plants are grown. When plants are grown at 20°C, and
presumably adapted to this temperature, it is assumed that F,, at
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Fig. 12. (a) Light response curves of the gross assimilation of carbon
dioxide for maize (C,) and sugarbeet (C,) leaves. (b) Dependence of the
maximum rate F,, on temperature, relative to the value at the optimum
temperature.

20°C for these plants is the same as F,, at 25°C for the standard
plants, grown at 25°C. Further it is assumed that the minimum
temperature of 10°C, where temperature response begins, is not
affected. So the standard curve of 25°C can still be used, provided
the actual temperature is converted to an effective temperature
according to one of the straight lines given in the lower figure. The
straight lines all start at the 10°C point because the minimum
temperature is assumed not to change. The slope of the line is
determined by the condition that the effective temperature is 25°C
for the average temperature at which the plants are grown. The
average growing temperature is calculated from the actual tempera-
ture in the daytime by an exponential delay with a time constant of
4 days. It seems reasonable to impose an upper and a lower limit on
the adaptation capability of the plants. The upper limit for adapta-
tion to the average growing temperature was set at 30°C and the
lower limit at 18°C. The optimum temperature will be 39°C and
22°C, respectively. The standard temperature curve for the max-
imum assimilation of maize, as presented in Fig. 13 is derived from
a representative series of measurements given in Fig. 14 (van Laar

38



kg CO, ha''n?
70

60+

x \
40 | / \
\

3OL- x \

/ °
oL "\
\

10F .7 \
Ol- e’ 1 1 ! 1 1 ! N1
d 30 35 40 45
effective temperature
°C

o
o
N
&
n
8]

10

151

average temperature

20

DB ———— — - -

35f

40}

45 -

50 k-
actual temperature 30°
]
C
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Fig. 14. Light response curves of CO, assimilation of maize leaves, meas-
ured at different temperatures.

& Penning de Vries, 1972) by setting the initial efficiency at 0.50
and adapting F,, according to Eqn (5.1). The part shown by a
broken line was found by extrapolation.

Although this mimicking procedure may be satisfactory for sum-
marizing the results of some experiments under laboratory condi-
tions, it was found that under field conditions plants adapt more
quickly and fully to varying temperatures. Therefore the use of this
system was omitted. This evidence is so much related to field
experiments with enclosures that further discussion of adaptation is
postponed to Chapter 8.

-

5.2 Other photosynthesis processes and dark respiration

Adenosine triphosphate (ATP) is produced in the chloroplasts in
the light. Certainly at higher light intensities, CO, may be in short
supply and excess ATP may then be used for processes other than
CO, assimilation in the leaves, such as transport of photosynthesis
products, maintenance, NO; reduction and synthesis of amino acids
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and proteins. Especially the reduction of nitrate is important be-
cause it requires a considerable amount of energy and because there
is much evidence at present that most of the nitrate reduction takes
place in the leaves and in the light (Challa, 1976).

At lower light intensities, the magnitude of the net assimilation of
carbon dioxide is to a large extent determined by dark respiration
(Eqn (5.1)). The dark respiration of comparable material may vary
-from practically zero to over 10% of the maximum net assimilation
rate in different experiments. This variation may be partly related to
differences in maintenance requirements, associated with past
photosynthetic activity of the leaf tissue and differences in transport
rates of assimilatory products out of the leaf. Unfortunately, no
physiologically justified method of determining dark respiration and
photosynthesis activities other than by CO, assimilation is available.
To proceed anyhow, the following two ad hoc assumptions were
made.

Dark respiration is set equal to one-ninth of the CO, assimilation
rate above zero, averaged with a time constant of half a day. This
procedure ensures that after a period of high light intensity, this
respiration is about one-ninth of the maximum net assimilation rate,
as suggested by Tooming (1967) and confirmed for cotton by
Mutsaers (pers. com.). On the other hand, the dark respiration
of leaves exposed to low levels of light is accordingly lower, reflect-
ing the reduced metabolic activity of these leaves. It should be
mentioned here that further sensitivity analysis showed that it is not
necessary for this fraction to be extremely accurate because the
respiration of photosynthesizing leaves is mostly small compared
with the respiration of heterotrophic tissue. In the model, dark
respiration per unit leaf surface is simply set equal to one-ninth of
the first order average of crop assimilation divided by the leaf area
index.

The costs of maintenance, nitrate reduction, amino-acid synthesis
and translocation of photosynthesis products out of the photosyn-
thesizing leaves are not considered, as it is assumed that these
pracesses take place during the measurements of the net assimila-
tion of healthy leaves attached to the plants. Such a phenomenon
could explain why the measured initial efficiency of light use of the
leaves is in general somewhat lower than the efficiency calculated
from quantum yield measurements. However, suitable methods of
measuring these photosynthesis processes are not available, so that
many details will remain obscure for some time to come.
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5.3 Stomatal control

The above treatment should be satisfactory for a first approach if
stomatal control does not interfere and the external CO,-
concentration is about 330 vppm. However even when water supply
is optimal, stomatal opening may be affected by the water status of
the plant and in addition CO, assimilation itself may affect stomatal
opening. Stimulated by suggestions of Raschke (1975) these effects
have been studied in considerable detail by Goudriaan & van Laar
(1978), so that it suffices to treat here only the basic elements of
their approach.

The CO, concentration in the intercellular spaces may be calcu-
lated by measuring simultaneously CO, assimilation, transpiration
and leaf temperature. Then plants sometimes regulate the stomatal
aperture in such a way that this internal CO,-concentration is kept
within narrow limits, whereas in other cases plants do not exhibit
this phenomenon. An example of both situations 1s given in Figs 15a
and b where CQ, assimilation is varied by varying the light intensity
and the external CO,-concentration. In both figures, the net assimi-
lation is given along the horizontal axis and the light intensity in a
downward direction along the vertical axis. Hence, the observations
in the fourth quadrant of the figures present the relation between
net assimilation and light at different concentrations of CO,. The
inverse of the resistance to CO, diffusion from the external source
towards the intercellular space or the conductance is given along the
vertical axis in an upward direction. These resistances may be
calculated from transpiration and leaf temperature data.

Fig. 15a refers to sunflower, grown under controlled conditions.
Here the conductance for CO, diffusion is independent of the
assimilation, light intensity and external CO,-concentration. Obvi-
ously, the internal CO,-concentration, calculated as the external
concentration minus net assimilation over conductance is not regu-
lated at all. Challa (1976) found that this regulation is also absent
with cucumber and experiments with CO, supply in greenhouses
strongly suggest that this may be a common phenomenon in hor-
ticulture.

Fig. 15b refers to maize, also grown under controlled conditions.
Here conductance is proportional to net assimilation at a given
external CO,-concentration and the proportionality factor itself,
that is the slope of the lines, is proportional to the external CO,-
concentration over a wide range. Thus a constant intercellular
CO,-concentration is maintained over a wide range of conditions.
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Fig. 15. Light response curves of CO, assimilation (lower graphs) of
sunflower (a) and maize (b), measured for different concentrations of carbon
dioxide. In the upper graphs the leaf conductance for carbon dioxide is
plotted against the net assimilation.

The actual value is for maize about 120 vppm. A similar relation
seemed to hold for bean (Phaseolus), a C; plant, but here the
intercellular CO,-concentration was about 210 vppm (Goudriaan &
van Laar, 1978). Verification experiments, which are discussed in
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8.2, suggest that this regulation of the intercellular CO,-
concentration is common for field grown maize and therefore this
feature is included in the simulation program.

Then the maximum net assimilation is set equal to

E,,=(G-C)In, (5.2)

in which r,, is the mesophyll resistance at high light intensity and full
turgidity, C; the intercellular CO,-concentration and C. the com-
pensation point for CO,. The CO, compensation point for C; and
C, plants is 50 and 10 vppm, respectively and the intercellular
CO,-concentration is assumed to be regulated around 210 and
120 vppm, respectively. This value may vary over a 20% range. Of
course, internal CO,-concentrations cannot be regulated at these
values if the external CO,-concentration is too low. Based on
estimates of Goudriaan & van Laar, the actual setpoints are taken
as the minimum of 120 and 0.4 times the external CO,-
concentration or 210 and 0.7 times this concentration for C, and C,
plants, respectively.

Sinclair et al. (1977) suggested a procedure to calculate the
mesophyll resistance at high light intensities from leaf thickness, cell
size, content of carboxylating enzymes and so on, but this procedure
has not -yet been incorporated in the program. Especially the
mesophyll resistance is assumed to be a function of temperature.

The resistance to CO, diffusion from the external source towards
the intercellular space is now calculated with the equation:

Y r=(C.-G)IF, (5.3)

In which C, is the external CO,-concentration and F, is the net
assimilation calculated according to Eqn (5.1). The stomatal open-
ing, calculated from Y r with r, =) r—r,, in which r, is the resistance
to CO, diffusion in the boundary layer, is therefore a result of the
rate of CO, assimilation which controls in this way the rate of
transpiration. The water status of the crop may, however, also
determine the rate of transpiration since the minimum possible
stomatal resistance increases with decreasing relative water content.
Care should be taken therefore that the minimal stomatal resistance
at full turgidity is lower than the resistance calculated with Eqn
(5.3); this adjustment problem is further treated during evaluation
in 8.2. .

Eqn (5.2) implies that the maximum assimilation rate depends on
the intercellular CO,-concentration. For C, plants, the initial effi-
ciency also depends on this concentration, and is then, according to
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Charles-Edwards & Ludwig (1974) best described by a saturation
function of the type y =bx/(x+a) in which y is the efficiency, x is
the CO, concentration and a and b are constants, fitted to experi-
mental data. The value of a may be of the order of 200 vppm CO,
(Ehleringer & Bjorkman, 1976). These dependencies on the CO,
concentration are of minor concern when the intercellular concent-
ration is regulated as in Fig. 15b, but should be considered in
situations where this regulation is absent, as in Fig. 15a.

The present programs include full regulation but when necessary
can be adapted for no regulation or intermediate situations where
the intercellular CO,-concentration is regulated at a value that
depends on the external concentration.

The difference between external and internal CO,-concentration
of C; plants is about 300—200 =100 and of C, plants is 300—100=
200 and this difference, rather than the difference in CO, compen-
sation point explains why the transpiration coefficient of C; plants is
about twice that of C, plants at any light intensity and at normal
CO,-concentrations. At low light intensity, the assimilation of the
two species is about the same (Fig. 12), but the stomata of the C,
species are so much more closed that the difference in internal
CO,-concentration is maintained. The transpiration of C, species is
then about half that of C; species. (Alberda & de Wit, 1961). At
high light intensity, assimilation of the C, species is about twice that
of C; species (Fig. 12) so that the stomatal conductances are the
same to maintain the difference in internal CO,-concentration. Then
the transpiration rate is also about the same.

When the stomatal aperture is determined by the water stress in
the leaf, it governs the intercellular CO,-concentration and with this
the assimilation. The intercellular CO,-concentration is then lower
than without water stress and therefore the transpiration coefficient
is somewhat smaller; this phenomenon has indeed been observed by
Lof (1976). Ageing of leaves is reflected in an increase of the
mesophyll resistance. This leads to lower assimilation, and conse-
quently to a lower stomatal aperture and a reduction in transpira-
tion. Thus these results imply that stomatal closure upon ageing is
the result of lower assimilation and not its cause so that the
transpiration coefficient is hardly age dependent.

Finally it is emphasized that any regulation of the stomatal
aperture leads to partially closed stomata and that breeding for
plants without such regulation would result in higher intercellular

CO,-concentration, higher assimilation of CO, and higher transpira-
tion.
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6 Plant synthesis, respiration and reserve utilization

The relational diagram of Fig. 1 illustrates that photosynthesis
products of the leaves are supposed to enter a reserve pool and that
these reserves are utilized for the growth of structural dry matter
and respiration. Although the photosynthesizing leaves produce a
mixture of carbohydrates, amino acids and organic anions, only the
carbon balance is treated here in more detail, it being assumed for
reasons of simplicity that all carbon reserves are weighted as starch.

The CO, evolution caused by growth processes is called growth
respiration. Maintenance processes counteract the continuous de-
gradation of proteins and ion concentrations. The CO, evolution
associated with it is called maintenance respiration. This chapter
considers the nature of growth and maintenance processes, their
efficiencies and the concurrent respiration. It describes also how
rates of shoot and root growth are calculated.

The processes of synthesis and maintenance have been treated in
considerable detail by Penning de Vries and coworkers (1972; 1974;
1975a,b; 1977a,b). It suffices therefore to summarize only those
results of these papers that are relevant for the present more
primitive approach. The programming aspects of growth, mainte-
nance and respiration are described in Chapter 7.

6.1 Principles

The underlying assumption of this section is that biochemical
reactions are the basis of growth, and that quantification of the
reaction equations represents in a realistic way growth processes
under most field and laboratory conditions.

For instance, the synthesis of the amino acid ornithine may be
represented by the reaction equation

1 glucose+2 NH;+1 ATP+1 NAD—
1 ornithine+1 CO,+2 H,0+ 1 NADH,+1ADP+1P, (6.1)

One molecule of glucose and two molecules of ammonia_are
combined -into one ornithine molecule and one CO, molecule is
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released. Some energy is consumed, and this is provided by break-
down of ATP into ADP and P,. On the other hand, reducing power
is retained by reducing the coenzyme NAD to NADH,. ADP and P,
are recombined to ATP at the expense of glucose. The hydrogen in
NADH, may cause formation of 3 ATP molecules by its mitochon-
drial oxidation, but it may also be used in other synthesis reactions.
Hence, during the formation of 1 ornithine molecule, energy is
released of which the equivalent of 2 ATP molecules is saved for
other uses. This may for example be consumed in the formation of a
protein, where presumably 3 ATP molecules are required to provide
the energy for joining 1 amino acid to a protein string.

Eqn (6.1) cannot be used as such, since it includes intermediates
like ATP and NADH,. To cancel these, it is necessary to account
for the cost of their synthesis or the result of their degradation.
Synthesis of ornithine protein, expressed in grammes rather than in
grammolecules may then be presented by

184.7 g glucose +34.0 g NH;+21.0 g O,—
132.0 g ornithine protein+50.9 g CO,+56.8 g H,O (6.2)

A detailed program to calculate such equations for the majority of

plant components and their combinations was developed by Penning
de Vries, et al. (1974). It is known that the relative abundance of
amino acids in proteins varies a great deal between types of pro-
teins. However, by applying the detailed program for different types
of proteins, it was found that the ratio of the weight of the substrate
used and the protein formed varied only marginally, so that all
proteins can be lumped together. The same holds within the group
of fatty acids (lipids), organic anions and structural carbohydrates.
The lignin-like substances are also characterized as one group, too
little being known about their biochemistry. Also it should be noted
that the detailed program assumes a highly efficient internal use of
energy and carbon.
* The characteristic values of conversion of glucose into categories
. of plant substances are summarized in Table 2. The group organic
N-compounds consists of 87% proteins, 10% free amino acids and
3% nucleic acids. The ‘production value’ in this table represents the
weight of the end product formed from 1 g of glucose. The ‘oxygen
requirement factor’ and the ‘carbon dioxide production factor’ are the
amount of oxygen consumed and the amount of CO, produced
during the conversion of one gram substrate, respectively.

The weight of organic N-compounds formed with N and S in the
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Table 2. Conversion characteristics for synthesis of five categories of plant
substances from glucose

CO, oxygen
production production requirement
value factor factor
gg gg” gg

Carbohydrates 0.86 0.07 0.051
Lipids 0.36 0.47 0.035
Lignin 0.46 0.27 0.090 .
Organic acids 1.43 -(0.25 0.13
Organic N-compounds with NO,  0.47 0.58 0.030
Organic N-compounds with NH;  0.70 0.15 0.74

form of NO; and SO, is much lower than with N and S in the form
of NH; and H,S because of the energy requirement to reduce the
oxidized forms. The production value for various carbohydrates is
close to 1, because most glucose molecules undergo little modifica-
tion before their incorporation into structures. The production value
of glucose for lipids (fats) is only 0.36, largely because much oxygen
is removed from the C skeletons.

Provided that the chemical composition of the plant is known, the
data of Table 2 enable the calculation of the amount of plant
material that may be synthesized from 1 gram of glucose, and the
concurrent CO, production and O, consumption. Then about
1 gram of glucose is necessary for the active uptake of 30 grams of
minerals, and the energy for the loading and unloading of the
phloem with 1 gram of glucose is derived from about 0.035 grams of
glucose. In this way one can calculate that about 0.7 gram of a
young maize plant can be formed from 1 g of glucose, NO; and the
necessary minerals. This result agrees reasonably well with data
obtained from maize embryos growing on glucose, nitrate and
minerals (Penning de Vries, 1972); results calculated for germina-
tion of bean and groundnut seedlings from their reserves are also in
good agreement with experimental results (Penning de Vries & van
Laar, 1977a).

6.2 Growth

The principles outlined above are used to calculate conversion
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efficiencies in crops. However, the situation is here considerably
complicated because part of the growth processes considered in 5.2
and part of the maintenance processes occur in autotrophic tissue.
Many complications are circumvented by assuming that photosyn-
thesizing leaves do not grow and growing organs do not photosyn-
thesize. This is a fair assumption for a plant like maize, where leaf
growth takes place at the base within the apparent stem formed by
the leaf sheaths. However, in plants like sunflower, growing leaves
photosynthesize and here also a fraction of the energy needed for
growth may be derived directly from ATP produced by photosyn-
thesis.

As has been said already, it is assumed that all carbon reserves
are weighted as starch, although the reserves are delivered to the
heterotrophic organs in the form of soluble carbohydrates, amino
acids and organic anions. This assumption simplifies the computa-
tions considerably, and is at the present stage justified because too
little is known about the photosynthetic processes in the leaves,
except for CO, assimilation. Taking into account conversion and
translocation costs in the heterotrophic organs, one can calculate the
starch utilization and the concurrent CO,-evolution with the data of
Table 3. Since the reserves are weighted as starch, but amino acids
are produced in the photosynthesizing leaves, it suffices to calculate
only the costs for formation of the amino acid skeletons. This holds
also for the organic anions which are assumed to be formed in the
photosynthesnzmg leaves during NO3 reduction accordmg to the
general reaction:

RH+CO,+NO; +8 H—>NH,+3 HZO +RCOO~ (6.3)

Except in conditions of nitrogen deficiency, the organic anion con-
tent of most plants fed on NO; is equal to or lower than the content
of nitrogen incorporated in amino acids and proteins; the excess
organic anions are transferred to the roots and decarboxylated
(Dijkshoorn, 1971). This decarboxylation results in an additional
evolution of CO, in the roots and the formation of glucose. All
translocation costs of carbohydrates are incorporated in the synth-
esis costs of carbohydrates, lipids, lignin and protein. Consequently,
one should not take into account again the costs of translocating
this glucose in the form of organic anions in the heterotrophic tissue.

Although part of the organic anions that are formed during
nitrate reduction may remain where they are formed, the assump-
tion of spatial separation between photosynthesis and growth neces-
sitates that one includes the translocation costs of all organic anions
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Table 3. Basic data for heterotrophic growth

conversion only

1.25 g starch —> the C-skeleton for the amino-
acids needed for 1 g proteins

0.892 g starch —> the C-skeleton for 1 g organic
anions

0.0391 g starch —> energy for the translocation of

1 g organic anions in hetero-
trophic tissue

0.03S5 g starch — energy for the uptake of 1g of
an average mixture of minerals
and NO;

1 g starch — 1.63 g CO, upon respiration

0.366 g starch — C lost by CO, evolution during

decarboxylation of 1 g organic
acids

conversion plus translocation

1.12 g starch — 1g carbohydrates+0.175 g CO,
2.73 g starch — 1glipids+1.618 g CO,

1.94 g starch — 1glignin+0.620 g CO,

1.25 g amino acids+0.518 gstarch — 1 g protein+0.844 g CO,

0.018 g starch — 1 g translocated minerals

+0.03 g CO,

that remain in the plants. It should be realized that any further
sophistication will only lead to corrections of a minor respiratory
term. For the same reason, sophxstlcatlon in the treatment of
mineral uptake and translocation in the tissue is not necessary. .
To apply the information of Table 3, the composition of the daily
weight increment has to be known. The simplest assumption is that
the plants maintain the same composition so that the increment
composntxon does not vary with time. Another way of programming
increment composition may be based on the assumption that the
composition of optimally fertilized plants depends on the physiologi-
cal age, but it should be realized that this oversimplifies the in-
fluence of environmental factors. In the present model a more
cautious way of programming is chosen. Increment composition is
introduced by a forcing function based on the data collected from
the verification experiments to be simulated.
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6.3 Maintenance

Even at minimum carbohydrate levels, energy consuming proces-
ses exist that are necessary to maintain the plant structure. These
maintenance processes compensate for the degradation of existing
structures at a cellular level of organization, for instance, resynthesis
_of hydrolysed proteins. Maintenance can thus be treated as growth
that counteracts degradation, so that the corresponding use of starch
can be calculated from the turnover rates of the cell constituents and
their cost of formation from the remaining building blocks. How-
ever, it is difficult to obtain reliable data on life expectancy of
chemical constituents and ion gradients, as was experienced by
Penning de Vries et al. (1974), who evaluated the biochemical
information.

The average turnover rate of the various leaf proteins may be
about 100 mg proteins per gram protein per day or 0.1 day™
normal temperatures in leaves assimilating at moderate light inten-
sities. Their resynthesis requires about 0.24-0.43 mg glucose per g
protem which equals about 7-13 mg glucose per g dry weight per
day in leaves.

The turnover rate of membranes is about 1 day™'. From total
membrane weight and an assumed fraction of proteins and lipids
that are completely degraded, the cost of membrane maintenance is
estimated at 1.5 mg glucose per gram dry matter per day for tissues
with a normal N-content.

‘The turnover rate of cell walls is so small that the cost of their
maintenance is negligible. The energy cost of maintaining potential
gradients of ions between the cytoplasm and its environment is
considerable. From a rough estimate of active fluxes through plas-
malemma and tonoplasts and from the assumption that the energy
of 1 ATP is needed for each active transfer, it may be concluded
that the total energy requirement for maintenance of ion gradients
amounts to 610 mg glucose per g dry matter per day.

There are no indications that a noticeable amount of energy is
needed for maintaining gradients other than those of ions, for
providing heat or for movements of organs or protoplasm. Although
it has been suggested that respiration without any useful purpose
may occur (‘idling’ or ‘uncoupled’ respiration), there is so little
evidence for this that it has been neglected.

In the model, maintenance respiration is not directly related to
dry weight but to the actual amounts of protein and minerals in the
plant. In this way, changes in plant composition are reflected in the
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maintenance rate. For the shoot, one should remember that part of
the tissue consists of photosynthesizing leaves and that their mainte-
nance is already accounted for. Hence, for maintenance calculations
the shoot weight should be reduced by this weight, which is equal to
the leaf area index times the specific leaf weight, the latter being set
for maize at 750 kg ha™! (leaf) if detailed information is lacking. The
total rate of maintenance respiration, calculated from these basic
data, is about 0.0225 g starch per gram protein per day and 0.03 g
starch per gram minerals per day and is about correct for plants
grown under moderate or low light intensities. It is too low for
plants growing in higher light intensities, probably because the
protein turnover rate is underestimated. This is corrected by the
addition of a term which characterizes the metabolic activity and
which is assumed to be proportional to a first order average with a
time constant of half a day of the starch use in the plant. The
numerical value is assumed to be 0.04 g starch per gram of starch
used. This comes close to a straightforward fudge factor and the
need for its use illustrates that in a final analysis it may be difficult to
maintain the present complete separation between growth respiration
and maintenance respiration.

The estimates hold at normal temperatures of 20-25°C. Since
protein turnover and ion fluxes are considerably temperature depen-
dent, maintenance respiration is also affected by temperature. It is
not clear in what range the classical 2-3 fold increase in mainte-
nance respiration with a 10°C increase in temperature occurs be-
cause most measurements of maintenance rate are obscured by
growth respiration, but this Q,, of 2-3 is applied over the whole
temperature range. Any direct effect of temperature on the dark
respiration of the photosynthesizing leaves is omitted because of the
assumption that maintenance contributes only little to its magnitude.

It appears from the whole treatment that there is indeed scope for
further research on the quantitative aspects of maintenance, and
especially as this process may affect the net production rate of crops
to a considerable extent. After all, a difference in 10 mg starch g dry
matter~' day™' means 100 kg starch ha™* day™" for a standing crop
of 10 000 kg dry matter ha™'.

By applying the constants for CO, evolution in Table 3, the rates
of CO, dissimilation can be directly derived from the starch utiliza-
tion and conversion processes. The CO, evolution due to mineral
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uptake and that due to decarboxylation of organic anions contri-
bute to root respiration. They must be distinguished because during
daily measurements of CO, assimilation the root respiration does
not interfere with the changes in CO, concentration within the
enclosure.

The programming is tedious and mistakes can be easily made,
therefore it is advisable to check the carbon balance independently.
" The amount of carbon gained by assimilation minus that lost by
shoot and root respiration plus the amount taken from the reserves
is compared with the amount of carbon that is incorporated in the
various chemical consitituents. In the present program, both sides of
the equality differ less than 1 percent, a deviation which may be
attributed to rounding-off errors. This agreement indicates that no
obvious programming errors are made, and that the sum of the
chemical fractions of the plant adds up to one. It does not give an
indication about the acceptability of the underlying assumptions.

6.5 Growth rates of root and shoot

The approach to relate the rate of carbohydrate consumption to
the rate of growth of structural material has been discussed, but the
problem of the magnitude of these processes remains. The growth
rates partly depend on the amount of tissue capable of growth, the
temperature, the relative water content and the amounts of car-
bohydrate reserves that are available.

‘Penning de Vries et al. (1979) paid considerable attention to the
relation between respiration rate and the concentration of total
soluble carbohydrates in plants, assuming that the first reflects
growth and the second the availability of reserves. Results for
wheat, ryegrass and maize are presented in Fig. 16. In spite of the
unavoidable scatter in the observations, first the respiration in-
creases more or less linearly with the concentration of the total
soluble carbohydrates, but the response may level off at concentra-
tions of 10-20%. |

For species that actually accumulate starch, the total soluble
carbohydrates are only part of the reserves so that the problem
becomes more complicated as shown by data of Challa (1976) for
cucumber. The relation between respiration and total soluble car-
bohydrates was again linear for so-called winter plants (low light
intensity, short days) whereas a saturation level was observed for
spring plants (Fig. 17). Challa also observed that the rate of conver-
sion of starch into sugars was proportional to the amount of starch
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Fig. 16. The relation between respiration rate and the amount of total
soluble carbohydrates in the plants measured for some period after the
onset of darkness.

accumulated during the day (Fig. 18). The result is that in each
situation an equilibrium level of sugars is maintained in the plant at
which the rate of sugar consumption due to growth and respiration
equals the rate of production from starch. The sugar level decreases
upon rate of depletion of the starch store.

Since starch accumulation is not very evident in the species that
are at present under consideration and since levels of carbohydrate
reserves higher than 20% do not occur, it is assumed here that the
consumption rate of carbohydrate reserves for growth is linearly
related to the reserve percentage. Therefore the rate of growth may
be set proportional to the total amount of reserves in the canopy by
a relative consumption rate of reserves. This relative rate must be
assumed to be about 1 day™ under optimal conditions to reflect the
observation that the daily production of reserves is then used for
growth without accumulation at a high level.
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The multiplication factor to account for the influence of tempera-
ture on the relative consumption rate of reserves is given in Fig. 19
for maize, as derived from de Wit et al. (1970). This curve is again
assumed to hold for plants pretreated at 25°C. Temperature adapta-
tion of growth is also obvious and could be accounted for in the
same way as for assimilation in Fig. 13.

It should be noted that the influence of temperature on growth is
independent of that on assimilation. Thus at low temperatures, a
situation may occur where assimilation is so much higher than
growth that the reserves accumulate to unrealistically high levels.
This may be avoided by assuming that the relative effect of tempera-
ture on growth and assimilation is about the same, but most
evidence points to the contrary. Unrealistic accumulation of reserves
may also be avoided by assuming that their level feeds back on
assimilation, for which there is reasonable evidence, although the
physiological mechanism remains unclear (Neales & Incoll, 1968).

In the model this assumption is introduced by dividing the
mesophyll resistance by a factor which is 1, for reserve percentages
lower than 20, and practically zero for percentages higher than 25,
two rather arbitrarily chosen boundaries.

The consumption of reserves is partitioned over root and shoot
according to a distribution function dependent on the relative water
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Fig. 20. Distribution of dry matter over root and shoot in relation to the
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Fig. 21. Recovery of the original leaf-root ratio of bean plants (O——O),
after removal of parts of the leaves (X —- X) and of the roots (....... )
(Brouwer, 1963). The numbers indicate the period between measurements
in days.

content of the crop, as illustrated in Fig. 20. Root growth is
promoted at low relative water contents and shoot growth at higher
ones. This procedure ensures that a functional balance between root
and shoot growth is maintained.
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A sudden disturbance of the shoot-root ratio is followed by a
recovery towards the equilibrium level as shown in Fig. 21. The time
period needed to reach a new equilibrium is of the order of 5-10
days. This time span may also be arrived at analytically by applying
the concept of the time constant (de Wit & Goudriaan, 1972). Here
the definition of the time constant is:

T. = SRR / dSRR 6.4)

where SRR is the shoot-root ratio.
Elaboration of this expression yields

S‘R
L= R(dS/dt)S(dR/d¢) (6.5)

in which

S =shoot weight
R =root weight

The growth rates of shoot and root are given by

dS/dt=GR-F (6.6)
dR/dt=GR(1-F) 6.7)

GR is the growth rate of the whole plant, and F, between 0 and 1, is
the partitioning coefficient. In its turn GR equals the total plant
weight divided by the inverse of the relative growth rate or the time
constant of growth, that is (S+ R)/T,. Hence

ds/dt=((S+R)/T,)-F (6.8)
dR/dt=((S+R)/T,)-(1-F) | (6.9)
Substitution of these equations in Eqn (6.5) yields

‘R
r->X_ 1 ___.p (6.10)

S+R R-F—-S(1-F)

After root removal, the relative water content decreases and F
approaches zero, so that

R
T, = ~“S+R T, (6.11)

and for shoot removal F approaches 1 so that
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The opposite signs confirm the existence of a functional balance.
At a reserve level of 15 percent and a relative consumption rate of
reserves of 1 day™', the relative growth rate of the plant is
0.1day™, so that T, is 10 days. With a relative shortage of roots,
" R/(S+ R) may be around , so that the time constant of adaptation
is of the order of 2 days. With a relative shortage of shoots,
S/(S + R) may be about 0.5, so that the time constant of adaptation
is about 5 days, or even longer because CO, assimilation is de-
creased by shoot removal and consequently the time constant of
growth (T,) is increased.

The order of magnitude of the time constant and especially the
difference in value between the time constants for removal of root
and shoot are in good agreement with observational results, an
example being given in Fig. 21 (Brouwer, 1963).

The assumption of complementary growth governs also the shoot-
root ratio dependence of the evaporative demand. In case of
equilibrium

(6.12)

dR ds
——— —— —— 6.
3 /R — /s (6.13)

so that with Eqns (6.6) and (6.7) it follows that
- RIS=(1-F)/F (6.14)

At equilibrium, transpiration equals uptake. The difference in water
potential between shoot and root medium is proportional to (1—F)
and so is the uptake. Assuming stomatal regulation by water stress,
the transpiration is about proportional to F and with the evapora-
tive demand, E. Hence

R(1-F)=K:S-F-E or (1-F)/F=K(S/R)-E (6.15)
Substitution of this expression in the previous equation yields
R/S=VK-E (6.16)

The strict linearities assumed in this derivation do not occur in the
simulation program, so that the above square root dependency of
the shoot-root ratio on evaporative demand is approximate. How-
ever, the derivation shows that the simulation program contains the
necessary feedbacks to guarantee a realistic relation between shoot-
root ratio and evaporative demand.
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7 Description of the simulation models

In Chapter 2 the system to be simulated was described qualita- -
tively and a procedure for verification was outlined. In Chapters 3-6
the main components of the system were treated in detail, the
theoretical background of the different processes was discussed and
quantitative relations between the driving variables and the various
rates were described. In these chapters the many gaps in our
knowledge were revealed by the various estimates and short cuts
that were necessary for the construction of the crop growth model.

In this chapter two versions of the actual computer model are
presented in such a way that together with the comments in the
print-out (Appendices A and B), outsiders will be able to use them.
The first version (BACROS) simulates the growth of a crop over a
whole growing season, while the second version (PHOTON) simu-
lates the processes of photosynthesis, respiration and transpiration
during one day. The differences are that in BACROS provision has
been made for time intervals of one hour (as treated in Chapter 4)
while PHOTON contains options for the comparison of the simu-
lated results with measurements in the crop enclosure in the field.
Appendix C gives the dimensions used in the model and an explana-
tion of the abbreviations.

7.1 The basic crop growth simulator (BACROS)

A listing of the model for seasonal growth is given in Appendix
A. The model is divided into 10 sections.

Section 1 of the program contains the MACRO definitions, which
have to be defined before the structure of the model. A so-called
MACRO is a functional block containing basic functions that may
be used several times in a program. Each time a MACRO is called
upon in the model the set of statements contained in its definition is
inserted at that particular place. During this operation the ‘dummy’
input and output variables defined in the MACRO label card are
replaced by their equivalents in the call statement.

The first MACRO describes the calculation of the sensible and
latent heat loss, the leaf temperature and the photosynthesis per
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unit of leaf area. This MACRO is called on several times in the
energy balance section, its use being discussed there in detail.
MACRO 2 contains a function which calculates daily totals for
various rates of change, such as water loss, growth of plant con-
stituents and dry matter increase. In MACRO 3 the chemical
composition of the plant material growing at any particular moment
is calculated. As already explained in Chapter 6, this composition is
given here as a forcing function by introducing the measured
composition at discrete time intervals. In MACRO 4 a semi-
sinusoidal daily course is calculated for minimum, maximum and
dew point temperatures. The form of the function depends on the
time of sunrise and sunset and the actual values of the measured
daily minimum, maximum and dew point temperatures, as explained
in Chapter 3.

Section 2 deals with initialization of the model. First the geomet-
rical parameters pertaining to leaves and radiation are calculated in
a procedure, which is described in detail by Goudriaan (1977). Next
the variables defining the site of the experiment are given and finally
the state of the crop at the onset of the simulation is described by
the initial values of the relevant state variables. The quantitative
aspects of this initialization are treated in more detail in Chapter 8.

Section 3, the first section of the dynamic part of the model, treats
the weather conditions. Subsection 3.1 contains the calculation of
the position of the sun in the sky, air and soil temperature, wind
speed and the humidity of the air. In Subsection 3.2 the radiation
climate is calculated, for both the diffuse and the direct components,
and the extinction coefficients for both types of radiation under the
assumption of exponential extinction. A detailed treatment of the
processes defined in Section 3 is given by Goudriaan (1977).

Section 4 is the backbone of this simulation model. It contains the
calculation of the energy balance and the photosynthetic perfor-
mance of the leaves. These calculations are repeatedly executed for
subsequent leaf layers, each containing a total leaf area index of
one. Within each leaf layer the absorbed and reflected radiation in
the different wavelength regions, visible, near-infrared and long
wave are first calculated applying the methods given in Chapter 2. A
separate provision is included for calculations at night time, when
the incoming global radiation is zero so that a large part of the
calculations can be skipped.

Wind speed within each layer is obtained next, assuming expo-
nential extinction with depth in the canopy. This wind speed is
applied in a semi-empirical formula to calculate the resistance to
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exchange of water vapour and CO, in the boundary layer of the
leaves. With this resistance and the vapour pressure deficit of the
air, the ‘drying power’ term of the transpiration is calculated.
Now the MACRO in which the transpiration and assimilation of
individual leaf layers is calculated can be applied, the necessary
inputs being: the radiation intensity of visible, near-infrared and
long-wave radiation and the differential leaf area index for each
class of leaves. Within each leaf layer, the MACRO is applied for
overcast and for clear skies. In the latter case a distinction is made
between leaves directly exposed to the sun and shaded leaves.
Provisions are made for the total canopy leaf area index being
smaller than 0.2 and for the leaf area index of one leaf layer being
smaller than unity. Within the MACRO, the net assimilation rate of
individual leaves is obtained by interpolation in the CO, assimila-
tion curve, described by Eqn (5.1). This net assimilation rate is
applied in a Penman-type equation (Chapter 4) to calculate the
stomatal resistance of the leaves. Next it is checked whether the
resistance calculated in this way, is less than that expected from the
water status of the leaves. If so, the net assimilation is recalculated,
using the stomatal resistance obtained from the relative water
content of the leaves. The total leaf resistance for water vapour
exchange is obtained by assuming that transport takes place through
the stomata until they are completely closed, after which only
transport through the cuticle is considered. The evaporative heat
loss of the leaves is calculated by applying again a Penman-type
formula (Chapter 4), taking into account the energy used for the
photosynthetic processes. This energy in Jm™2s™! is obtained by
multiplying the net assimilation rate in kg CO, ha™" h™' by 0.3.
The sensible heat loss is found now by subtracting the evaporative
heat loss and the photosynthetic energy consumption from the total
absorbed radiation. Leaf temperature follows from the sensible heat
loss through application of Ohm’s law to the difference between air
and leaf temperature. The heat exchange resistance in °Cm?s
Joule™ equals the resistance of the laminar layer in s m™ divided by
the volumetric heat capacity of the air. The total evaporative and
sensible heat loss and the net assimilation of carbon dioxide per leaf
layer is obtained now by multiplying the rates for the individual
leaves by the surface area considered. Whole canopy totals for heat
loss and net assimilation are finally found by multiplying the rates
calculated for clear and overcast skies by the fractions of time that
these conditions exist. -
Section 5 deals with the water balance of the canopy. The
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iteration procedure, necessary for application of time intervals of
one hour in the simulation is described. An arbitrarily chosen error
criterion on the difference between water uptake and transpiration,
with a relative value of 0.005 or an absolute difference of
0.00004 g m~2s™!, results under normal conditions in an equilibrium
situation after 3 to 4 iterations (Chapter 4). The iteration loop is
constructed in such a way that only those statements of the simula-
" tion program that are needed for the iteration are repeatedly
executed. This is achieved by a careful choice of the variables
included in the relevant procedure statements.

Section 6 contains the variables associated with the water status of
the canopy. A detailed description is not necessary here as this point
was extensively treated in Chapter 4, and with the comments in the
print-out this section is self-explanatory.

In Section 7 the processes connected with reserve accumulation
are treated. First photosynthetic processes are considered. The
parameters describing the net assimilation curves, used in Section 4,
are obtained. The maximum assimilation rate in kg CO,ha ' h™! is
calculated from the mesophyll resistance, and the difference be-
tween the internal CO,-concentration and the CO, compensation
point. The internal CO,-concentration is calculated as a fraction of
the external concentration but has a set maximum value. The
numerical values of the parameters used may depend on plant
species. Also the dissimilation rate in the photosynthesizing tissue is
defined in this section, and is dependent on an average net assimila-
tion rate. This section contains also a description of a procedure to
account for the effect of temperature adaptation on CO, assimila-
tion.

In Subsection 7.2 the reserves of the plant are considered. The
amount of reserves increases due to CO, assimilation and decreases
due to growth and maintenance processes. The rates of increase and
decrease were discussed in Chapters 5 and 6, respectively. Standar-
dization is achieved by expressing the reserves in amount of starch.
To obtain the rate of increase of reserves from the assimilation rate,
a weight ratio of 1.63 kg starch per kg CO, is introduced (molecular
weight ratio per unit carbon). |

The level of reserves decreases by starch consumption due to
growth and maintenance processes in shoot and root. The efficiency
of growth (Subsection 7.3) is obtained by multiplying the growth
rates of the various plant components in root and shoot by the
starch requirement factors, given in Table 3. The starch required for
the formation of the C-skeletons of amino acids and organic anions
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is also taken into account, as is the carbon lost during decarboxyla-
tion of the excess organic anions in the roots.

In Subsection 7.4 the maintenance costs of the tissue are calcu-
lated for the fraction non-assimilating tissue of the shoot and for the
root, it being assumed (6.3) that in the autotrophic tissue these costs
have been accounted for in the curve of measured CO, assimilation.
In this process resynthesizing hydrolysed proteins and maintaining
ionic gradients are taken into account by considering the protein
and mineral fractions of the material. The difficulties arising from
the schematized distinction between growth and maintenance pro-
cesses are circumvented by the introduction of costs to maintain an
average metabolic activity in shoot and root (6.3). The temperature
dependency of the maintenance processes is introduced by a multip-
lication factor, expressing the classical 2-fold increase per 10°C
temperature difference. In the starch requirement for the root, the
energy needed for the uptake of nitrate and other minerals is taken
into account.

In Subsection 7.5, the CO, evolution connected with growth and
maintenance processes is calculated for both, shoot and root. The
CO, production factors used are those derived by Penning de Vries
et al. (1974). They are given in Table 3.

In Subsection 7.6, a carbon balance is calculated, which is used to
check the program for mistakes. Such balance equations are a useful
way of testing complex models for internal consistency. In the
present model the difference between carbon present and the ac-
cumulated balance of fixation and evolution should not exceed 1%,
small deviations being due to rounding-off errors during the calcula-
tion. :

Section 8 considers growth of the canopy. In Subsection 8.1, the
measured values of shoot and root weight are introduced for com-
parison with the simulated values. In Subsections 8.2 and 8.3 the
growth of shoot and root is considered. Both sections are practically
the same, with relevant parameter values substituted at the proper
places. First one calculates the rate of increase in structural dry
weight of shoot and root, which is dependent on the reserve level,
the temperature and the water status of the crop, according to the
principles described in Chapter 6. Next this structural material is
partitioned among the various plant constituents by applying for
each of them the MACRO INCREM, governed by the measured
chemical composition of the harvested material.

In the shoot section (Subsection 8.2) the rate of nitrate reduction
is calculated under the assumption that all the nitrogen required for
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protein synthesis is imported as nitrate. The formation of organic
anions proceeds concurrently and their rate of transport to the roots
is calculated. Sometimes the measured concentration of organic
anions requires a rate of formation in excess of the rate of nitrate
reduction. This is programmed by importing organic anions from the
root.

The root section (Subsection 8.3) contains the calculations on root
" suberization and decay, which results in a partitioning of the total
root system between ‘old’ and ‘young’ roots. -

Finally in Section 9 input data are given: Subsection 9.1 refers to
plant parameters, both physiological parameters and measured data.
Subsection 9.2 contains the measured meteorological data: max-
imum and minimum values of daily temperature and of dew point
temperature, wind speed and daily total global radiation. All
meteorological data are in principle measured in a Stevenson screen
in the field that is simulated. These data are used in Sections 2 and 3
to generate daily courses.

7.2 The computer model for simulation of assimilation, respiration
and transpiration throughout the day (PHOTON) :

The version of the model (Appendix B) that simulates transpira-
tion, assimilation and respiration throughout the day has basically
the same structure as the version for crop growth during the season.
The comments in the computer text make detailed discussion of all
differences between PHOTON and BACROS unnecessary: it
suffices to treat main differences.

1. The list of input data at the beginning of the program concerns
physiological parameters, physical properties of the assimilation
chamber or crop enclosure and run control.

2. In Section 1 the MACRO on assimilation, transpiration and
respiration is given. The MACROs for calculating daily totals, for
generating daily courses of meteorological forcing functions and for
computing daily increments of the plant materials are not used in
this version.

3. In Section 3, the influence of the crop enclosure on the radiation
1S treated.

4. Sections 4 and 5 are considerably shorter because of the absence
of the iteration procedure that allows time intervals of one hour for
the water balance of the plant. Here, the time intervals of integra-
tion, determincd by the Runge Kutta-Simpson procedure, are de-
pendent on the smallest time constant of the model, which is often
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the inverse of the relative rate of change of the relative water
content of the plant.

5. Section 9 enables a direct comparison of the simulated results
with the results of the measurements in the crop enclosure. Subsec-
tion 9.1 concerns the actual measurements on incoming and outgo-
ing air composition and the net assimilation and accounts for the
size and form of the crop enclosure.
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8 Performance of the models

8.1 Introduction

During recent years, considerable attention has been given to the
problem of model evaluation. Much of the problems and ideas were
discussed in a Workshop in Wageningen on ‘the evaluation of
simulation models in agriculture and biology’ (Penning de Vries,
1977¢). It was felt there that the word evaluation is the broadest
term for assessing the value of a model. It is used for checking
internal consistency and units used in the computer program, for
comparison of model output with real world data and for assessment
of practicability. Validation is then used as evaluation with emphasis
on usefulness and relevance of the model and verification for
evaluation with emphasis on truthfulness.

The model presented in this monograph is an attempt to explain
the behaviour of crop surfaces from the knowledge of the underly-
ing physical, chemical and physiological processes. Evaluation is
then done on two levels. The first concerns the verification of the
description of the underlying processes, as has been done in the
previous chapters. Mostly the description is unbalanced: some pro-
cesses are handled in detail and in a generally acceptable way,
whereas other processes are treated rudimentarily, in a more or less
ad-hoc fashion.

A scientific aspect of modelling is the exposure of the imbalance
of the treatment of various fields of research which in its turn guides
the identification of further relevant research areas. But relevant for
what purpose? The model presented here was constructed to obtain
a quantitative description of important aspects of crop growth with
the use of a minimum amount of experimental field data.

This purpose makes validation of the model by comparison of
model output with experimental data gathered under field condi-
tions necessary. This validation may result in the falsification of
some model components or may show the necessity of using forcing
functions which cannot be conveniently determined in the field
situation. In both cases, the validation process may indicate also
areas for further study. It should be realized, however, that a model

67



as a whole cannot be falsified, although one may come to the
conclusion that the result does not justify the effort. In this respect,
a model resembles a car in use: components may be malfunctioning,
but the user is reluctant to discard the vehicle until something better
turns up.

During validation, the model’s performance is in general im-
proved by calibrating it against the field data at hand. This calibra-
tion is essentially a process of curve fitting in which weak or
unknown parameters are adapted to reach a reasonable overall
agreement between simulated and observed results. It is a danger-
ous procedure because the number of parameters within simulation
models are in general large compared with the amount of experi-
mental field data at hand, so that indiscriminate application of this
technique could lead to a near-perfect but meaningless goodness-of-
fit.

Wherever applied, calibration should be guided by a sensitivity
analysis which is most aptly described as a test on the relative
influence of realistic changes in input data and parameters on the
relevant output of the model. Then in regions of the model where
structure is lacking and many parameters are necessary to describe
the processes, the sensitivity of the model’s behaviour to each
parameter is small and calibration leads to nothing. However, in
regions with sufficient structure, based on knowledge of the underly-
ing processes, the number of relevant parameters is relatively small
and the sensitivity to changes may be accordingly large. Then calibra-
tion may provide valuable estimates of parameters.

It is often advocated to execute the various steps of model
evaluation in strict order and to keep parameter estimation, based
on experimental knowledge of the underlying processes, separated
from the estimation by means of calibration. However, model
building and evaluation is a continuous effort which leads necessar-
ily to an iterative approach in which the various phases intertwine.

Nevertheless we have tried here to parameterize at first the model
as far as possible by means of physiological data obtained from
controlled environments with field crops. In this way, the relevant
deviations reveal the dangers of indiscriminate extrapolation from
controlled environment data to field conditions. Subsequently, some
parameters are adapted in a process of calibration and the adapted
model is then validated again, but then in reference to the result of
periodic harvest experiments in various parts of the world.

The evaluation of the model in this chapter is restricted to maize.
The reader is referred to other publications for evaluation of the
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performance of the model in various stages of development and
sophistication, with respect to other plant species. These are: espe-
cially perennial ryegrass (van Keulen et al., 1975), Rhodes grass
(Dayan & Dovrat, 1977), natural grassland vegetations (van Keulen,
1975), wheat (van Keulen & Louwerse, 1975), soybean (Sinclair &
de Wit, 1976) and rice (van Keulen, 1976).

" 8.2 Crop enclosures

During the first evaluation cycles, there were appreciable differences
between the simulated and measured daily course of net assimilation
of maize in enclosures. An analysis of these differences showed that
especially the relation between maximum assimilation rate and
temperature (Fig. 14) and the relation between stomatal conductance
and relative water content are different for plants grown under
laboratory conditions and in the field. Apparently, the plants adapt
themselves to the ever changing environment in the open air in a
way which is not sufficiently explained by the analyses of experi-
ments under controlled conditions. Because of this phenomenon, it
was necessary to abandon partly the principle that the basic data
should be collected exclusively in the laboratory (de Wit, 1970).
Therefore a calibration procedure has to be introduced, which
resulted in the following assumptions:

The maximum assimilation rate of leaves of field grown maize is
70kg CO,ha™' h™! at temperatures above 13°C and drops linearly
to zero within the range from 13 to 8°C. The stomatal conductance
of the leaves is 10 ms™! for relative water contents of the shoot
below 0.95 and increases linearly between 0.95 and 1.00 to
0.0143 ms™' when the stomata do not close because of internal
CO,-regulation. At low CO,-concentrations, the ratio between ex-
ternal and internal CO,-concentration is 0.6, rather than 0.4 as
observed in 5.3. For all other parameters and functional relations,
the data as given in the Chapters 2-6 are maintained. Except in a
few cases, all subsequent runs with the simulation program in both
the PHOTON and BACROS version are executed with these data.

PHOTON simulates the daily course of net assimilation and
transpiration of a crop surface. For evaluation, it is necessary to
Initialize the simulation program with the proper shoot weight and
leaf area and with the proper amounts of young and old roots. The
first two characteristics are obtained by harvesting the shoot in the
enclosure and determining the stem weight, the leaf weight and the
specific leaf weight, i.e. weight per unit leaf area. For experiments with
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plants with less than 6 leaves, about 15% of the leaf area is enclosed
by leaf sheaths which is accounted for by considering only the
exposed leaf area in the computation of light interception.

Initialization of the root weight is impossible because proper
techniques to determine amounts of young and old roots under field
conditions are not available. To circumvent this problem, the root
weights are initialized from simulation runs with BACROS up to the
moment the plants are covered by the enclosure. Year-to-year
differences within a climatic region were so small that it suffices to
work with an average relation between shoot weight and weight of
young and old roots, which is used for initialization in PHOTON.
When management practices deviate considerably from the usual
ones, especially with respect to planting density, initialization should
be based on knowledge of the particular experiment. In many cases,
it suffices also to initialize the amount of reserves in the same way,
but occasionally it may be necessary to obtain this initial value by
using PHOTON for the 24 hours preceeding the onset of the
experimental period.

A special experiment was executed in the enclosure to estimate
the relation between relative water content and stomatal closure.
For this purpose, net assimilation and transpiration were measured
for a few hours during a sunny day, the plants being clipped at their
base around 11h30 and kept in their original position by a wire
construction. At the end of the experiment, the plants were har-
vested, their fresh and dry weight being determined immediately.
From the transpiration data, it was then possible to calculate the
water content throughout the experimental period. The experimen-
tal results are given in Fig. 22a for the net assimilation and in Fig.
22b for the transpiration. The simulated curves are obtained by
assuming that the stomatal conductance decreases linearly from
0.0143 to 10 ms™! in the range of relative water contents from
1.00 to 0.95 (Fig. 23), a relation which was found by means of a few
iterations. |

Especially between 12h30 and 13h00, there are considerable
deviations between the measured and simulated results. These could
be eliminated by introducing a curvilinear relation between conduc-
tance and relative water content, but neither the experimental data
nor the physiological insight in the process warrants such a refine-
ment.

The simulated stomatal conductance of sunlit leaves with a high
relative water content is about half the maximum value of
0.0143 ms™! (Fig. 23), because the stomatal opening is at high
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Fig. 22. CO, assimilation and transpiration of maize. Species: Zea mays cv.
Caldera 535; density: 10 plants m™; measuring date: 1973-08-16; sowing
date: 1973-05-01; location: Droevendaal, Wageningen; LAI: 5.3 m*m™;

dry weight shoot: 12645kgha™'; stage: 4.5 (Hanway, 1966); height:
280 cm (van Laar et al., 1977).

Stomatal conductance
020}

Q15

010}-

} 1
90 100
Relative water content of plant

Fig. 23. The relation between relative water content and stomatal conduc-
tance in the absence of stomatal control by internal CO,-concentration.
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relative water contents controlled by the internal CO,-concentra-
tion and not by the water content. The higher conductances manif-
est themselves only at lower external CO,-concentrations.

These could also be seen in another experiment, where during a
bright day and with plants in their tasselling stage, the CO, concent-
ration in the enclosure was varied from 500vppm to about
100 vppm, the results being presented in Figs 24a—c, as net assimila-
tion and transpiration against time and net assimilation against CQ,
concentration. The measured and simulated net assimilation within
the range of about 500-200 vppm CO, does not change. These
results show indeed that the stomata are regulated in such a way
that the internal CO,-concentration remains constant within this
trajectory, as illustrated in Fig. 24c for the simulated stomatal
opening.

As has been explained before, a constant internal CO,-
concentration can only be maintained as long as the external CO,-
concentration is considerably higher than the setpoint of 120 vppm.
At lower concentrations, a ratio of 0.4 for the external versus
internal CO,-concentration had to be introduced for the laboratory
experiments (5.3) to explain better the observed stomatal regulation
in the lower CO, range. When this ratio was used for the enclosure
experiments, net assimilation started to decrease around an external
CO,-concentration of 300 vppm. By assuming a ratio of 0.6, this
decline was shifted towards 200 vppm, but even then a considerable
discrepancy remained with the experimental data. A further change
of this ratio together with the assumption that the maximal stomatal
conductance was larger than 0.0143 ms™}, improved the situation
somewhat, but led also to a too large discrepancy between snmulated
and expenmental transpiration.

Further experimentation with the relevant parameters in the
simulation program showed that the experimental results can only
be understood if it is assumed that the mesophyll resistance de-
creases with decreasing internal CO,-concentration, but this expla-
nation is too speculative to be incorporated in the simulation
program. Hence, the discrepancy between simulated and experi-
mental CO,-assimilation shows the lack of understanding. But the
practical consequences are small because these low external CO,-
concentrations do not occur under field conditions.

Besides, experiments were done with young plants in their 4th
leaf stage, a leaf area index of 10.7 being obtained by planting at a
distance of about 4 X4 cm. The simulated and measured dependence
of net assimilation on CO,-concentration is given in Fig. 24f. The
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Fig. 24. CO, assimilation and transpiration of maize as a function of time
and CO, assimilation as a function of CO, concentration of an old (o) and
young (y) crop. Species: Zea mays cv. Caldera 535; density: 10 plants m™>;
measuring date: 1973-08-15; sowing date: 1973-05-01(o); 1973-07-11 (y);
location: Droevendaal, Wageningen; LAL: 10.7 (y), 5.3 (0) m>*m™2; dry
weight shoot: 3403 (y); 12645 (o) kgha™!; stage: 0.5-1.0 (y), 4.5 (0)
(Hanway, 1966); height: 50 (y), 280 (o) cm.

N.B.: The seeds for the young crop were planted at a density of about
4 X4 cm to ensure a closed crop surface at a young stage. Hence the LAl is

extremely high (van Laar et al., 1977).
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.simulation was done here with a maximum assimilation rate of
50 kg CO, ha~! h™!, the maximum rate being lower for these very
young plants. Here again, the simulated decrease in assimilation
occurs at a higher external CO,-concentration than the measured
decrease. Again it was not possible to achieve a proper match
without speculating about a decreasing mesophyll resistance with
decreasing internal CQO,-concentration.

On 22 August 1973, an elaborate experiment was done with
maize planted at a normal density on 1 May (old plants) and with
maize planted at a density of 4 X4 cm on the 11 July (young plants).
During the day, the enclosures were covered at four intervals to
measure dark respiration, whereas the temperature was varied
within the range of 10-30°C, as shown in Figs 25c and f. The
measured and simulated results for both situations are presented in
Figs 25a and d. The results show a good agreement of the dark
respiration, within the normal temperature range, but at 30°C dark
respiration is underestimated by simulation. The simulation could be
improved in this particular case by assuming either a larger Q,, for
maintenance in the 20-30°C range or a larger effect of temperature
on the relative consumption rate of reserves. However, comparison
of other simulated and measured results showed that sometimes
respiration is underestimated and sometimes overestimated without
any apparent reason.

Both simulations were done with a maximum assimilation rate of
70kg CO,ha"'h™! which leads to underestimation for the old
crop and overestimation for the young crop. These deviations could
be easily eliminated by adapting this maximum rate, but this is a
fruitless exercise because other experiments would then need other
adjustments. It should be realized that for the densily planted young
maize crop, the amount of roots were adapted. When this adaption
was omitted, the plants developed water stress and the simulated
results were governed by stomatal closure only.

Fig. 25. CO, assimilation and transpiration of an old and young maize crop.
Species: Zea mays cv. Caldera 535; measuring date: 1973-08-22; location:
Droevendaal, Wageningen. Young crop: sowing date: 1973-07-11; LAI=
15.5m*m™2; dry weight shoot: 5010kgha™; stage: 0.5-0.1 (Hanway,
1966); height: 75cm. Old crop: sowing date: 1973-05-01; LAI:
5.7m*m™?; dry weight shoot: 16300 kgha™; stage: 4.5 (Hanway, 1966);
height: 280 cm; density: 10 plants m™2 (van Laar et al., 1977).
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The simulated and actual daily course of transpiration are pre-
sented in Figs 25b and e as three-hour averages. This averaging was
done because of the large time-lag in collecting the water from the
cooler in combination with the large discontinuities in temperature
and light regime. Because of the primitive method of measuring
transpiration, a more satisfactory agreement could not be obtained.
Therefore a much better method for measuring transpiration was

adopted (see 2.2.2).
Detailed comparison of the two measured assimilation curves in

CO, assimilation
kg CO, ha~'h~!

100} .
90 B . ) o.
80+ x
A
70 .
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o . Maize
50 - . Wageningen
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40k L. ° 10 °C temperature
L - x 15 °C "
- :.'. '20 °C
30 . a25°C
&
20F woa
b,
x &
10F
-}
{
Otof 1 1
] 500 1000
N  Jmis?
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Fig. 26. CO, assimilation versus light intensity for field grown maize,
measured in enclosures at four temperatures. Species: Zea mays cv. Caldera
535; density: 18 plants m™2; measuring date: 1975-08-18; sowing date:
1975-04-20; location: Droevendaal, Wageningen; LAIL: 7.76 m*> m™2; dry
weight shoot: 18687 kgha™'; stage: 5 (Hanway, 1966; van Laar et al.
1977).
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Figs 25a and d with the temperature curves reveals that response to
temperature is different. Old plants hardly react to a change in
temperature, whereas the assimilation of young plants goes up and
down with this variable. Other measurements in Fig. 26 show that
the temperature effect on the assimilation of old plants is small.
Under these conditions, the results of the simulation of temperature
experiments are in fair agreement with the measurements, if it is
assumed that maximum leaf assimilation is practically independent
of temperature above about 13°C, as was done in both cases.

This lack of temperature response was not observed under con-
trolled conditions, either because no measurements were done with
mature leaves of plants in their tasselling stage or because constant

CO; assimilation CO, assimilation
kg-COz ha 'n™! kqCOzha' K’
90r 90r
:
80} 80+
70+ 70+
60 60 F
S0 S0+
40 40}
o © /
l .
30} 3 30 A
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/
20+ °3° measured simulated 20} I{‘“ measured simylated
/ 15°C = ,-s/ 215C & ——-
o,/ Wl e —-- ol 1 200°C » —
: 1f
0 1 1 1 L 0 _n'[ ) L 1 i
250 500 750 10002 : ’ 250 500 750 10022‘
light i ityJm<s” z light intensityJm*“s
-10{ Ight intensityJJm™“s _10‘ g Yy

Fig. 27. CO, assimilation at four temperatures as a function of light.
Species: Zea mays cv. Caldera 535; density 3X3cm (a), 4xX4cm (b);
measuring date; 1973-06-12; sowing date: 1973-05-01; location:
Droevendaal, Wageningen; LAIL: 17.5m*m™ (a), 14.7m’m™ (b); dry
weight shoot: 3708 kgha™ (a), 3297 kgha™' (b); stage: 0.5-1.0 (Hanway,
1966; van Laar et al., 1977).
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environmental conditions do not induce this temperature adapta-
tion. The phenomenon has not been studied in sufficient detail to
discuss the physiological and biochemical background, mainly be-
cause it escaped the attention of crop scientists. However, already in
the 1930s, extension officers in the Netherlands came to the conclu-
sion that maize performs exceedingly well in autumn at relatively
low temperatures.

As has been said, the response of the young plants to temperature
changes is more pronounced. This has been analysed in more detail
in a comparative experiment. The results are presented as a function
of light intensity in Figs 27a and b. Here, the crop assimilation
appears to vary more than 10% with the induced temperature
variation of 5 to 7°C on either side of 20°C. Since the initial
efficiency of light use is considered to be independent of tempera-
ture within the range concerned, these changes can be only simu-
lated by assuming that the effect of temperature on maximum
assimilation of individual leaves is about twice as large.

Some trial runs showed that the maximum assimilation has to be
estimated at 37.5, 50 and 70 kg CO,ha™'h™! for temperatures of
15, 20 and 30°C, respectively. The curves in Fig. 27 are the
simulated results. These agree with the measured results, except that
at high light intensities at 27.5°C, the simulated results are too low.
This difference is due to an increasing water shortage in the simula-
tion program. This temperature effect is of the same magnitude as
the temperature effect based on measurements of mature leaves of
plants in about their sixth leaf stage and grown under controlled
conditions, as given in Fig. 14,

8.3 Field experiments

The changes, adopted in the previous section —with a maximum
rate of assimilation of 70 kg CO,ha' h™! at temperatures above
13°C -, were also incorporated in BACROS and subsequent field
evaluations were done without any further changes or adaptations,
except for the forcing functions.

Field experiments in Wageningen, Flevoland (the Netherlands),
Davis (California) and Ames (Iowa) are used for evaluation. The
experiments in Wageningen and in Flevoland were done by L.
Sibma from the Centre for Agrobiological Research, in Davis (Cal.)
at the Department of Agriculture under the guidance of W. A.
Williams and C. T. de Wit and the result of the experiment in Ames
(Iowa) was kindly made available by R. M. Shibles. Some charac-
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Table 4. Mean weather data and crop growth rates of maize in its grand
period of growth at four locations.

Average for July

Location latitude radiation  max temp. min temp, crop growth rate
Jm™2 day™ °C °C kg ha™! day™
" Flevoland

1971 52 17.82x10 22.76 11.56 250

1972 52 15.24x10° 20.82 13.26 210
Wageningen

1976 52 19.14x10° 25.21 12.79 210
Ames :

1963 42 23.2x10° 29.68 17.55 300
Davis

1968 39 30.8%x10° 3435 = 1247 350

teristic weather data for the three locations are given in Table 4,
together with the average crop growth rate during the grand period
of growth. Detailed information on leaf area and dry matter weights
are given in Table 5. The experiments in the Netherlands were done
in 1971, 1972 and 1976, in Davis in 1968 and in Ames in 1963.
Planting densities covered a range from 2.5 to 40 plants m™ and the
crops were periodically harvested at 6-8 dates.

The experimental and simulated results in kg dry matter ha™" are
presented in Figs 28-31 as a function of time. The observational
points are the mean yields. The standard deviation of these mean
yields is about 10%. The continuous curves represent the simulated
results. These are obtained by introducing the actual weather data
as forcing functions. The courses of the leaf area index and the
chemical composition with time are derived from the experimental
results and are also used as forcing functions, because our aim is to
evaluate the simulation of the dry matter accumulation process only.
It would be possible to relate leaf area growth with crop growth and
development and simulate in this way the whole growth process, but
this was not our intention as was discussed in 2.1.

The agreement between simulated and measured results is in
general good, except for the low density in Davis. The simulated dry
matter yield is here about half the measured yield. It is quite
Incredible that the actual assimilation is so much higher than the
simulated assimilation with a maximum rate of 70 kg CO, ha™' h™',
The measured leaf area index at this low density must have been too
low. This assumption is supported by the observation that at the low
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F1g 28. Simulated and measured (encircled) dry matter production of
maize in Flevoland.
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Fig. 29. Simulated and measured (encircled) dry matter production of

maize in Wageningen.
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density in Davis the leaf area ratio (area/weight crop) is about half
that at the high density. But this observation is not confirmed in
Ames. Deviations may also be attributed to the estimation of the
exposed leaf area index, since a part of the leaf area of young plants
is not exposed to the light but enclosed in other leaves and leaf
sheaths, as said before.

The differences in the experimental conditions with respect to
latitude, radiation and temperature and with respect to planting
density cover a large range, which appears also from the crop
growth rate which ranged from about 210 to 350 kgha™ day™.
Therefore, the simulation program BACROS, as presented in Ap-
pendix A, is used with some confidence to simulate potential dry
matter accumulation rates of maize in feasible growth situations.
Consequently, further development is not so much directed towards
the improvement of the present program, but towards the simula-
tion of morphogenesis, especially in the early phase of growth and
after tasselling.

8.4 Root growth

Several attempts were made to determine the amount of dry
matter accumulated in the roots in the field situation, but the
problem of achieving sufficient accuracy without investing a prohibi-
tive amount of work has not been solved. The conclusion from
experiments is that, stubble excluded, about 1500 kgha™! roots
accumulate and by adjusting the ratio between root conductance
and root biomass, the program has been rigged in such a way that
these amounts of roots are simulated in the Wageningen situation.

It has been shown by a mathematical analysis in Chapter 6 that
the simulated root-shoot ratio increases about proportionally with
the square root of the evaporative demand and that the time
constant of adaptation of the root-shoot ratio is also realistic. Both
phenomena are illustrated here by some simulation runs with 1972
Flevoland data.

In Fig. 32 the simulated relation between shoot and root weight is
presented for the normal situation and for situations where either
half of the roots is removed, or the root weight is doubled. The
original shoot-root ratio is gradually restored as the weight in-
creases. However, full restoration does not occur because changes in
root weight also affect the ratio between young and suberized roots
and hence the average root conductance.

Fig. 33 presents the simulated shoot versus root weight under
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Fig. 32. Simulated shoot-root ratio for maize; the root weight is doubled at
350 kgha™! and halved at 700 kg ha™'. —— =simulation standard; ——-=
100% roots added; - - - =50% roots removed.

different evaporative demands which were created in the simulation
program by varying the humidity of the air. As suggested in 6.5 the
root-shoot ratio indeed increases about proportionally with the
square root of the transpiration. This behaviour is assumed to be
more or less realistic, but conclusive data are lacking.

Fig. 34 presents the simulated shoot versus root growth in Davis,
Ames and Wageningen for a normal plant density. However proba-
ble these differences seem, there are again no data to show that they
actually occur.

Under the conditions of Fig. 33 the potential evapotranspiration
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Fig. 33. The influence of a difference in vapour pressure on the shoot-root
ratio. The potential evaporation at a vapour pressure of +10, 0 and —10
percent was 4.2, 4.7 and 5.1 mm day " and the transpiration (exclusive
‘evaporation from the soil) was 1.18, 1.44 and 1.71 mm day™', respectively.

was 5 mm day™', whereas the transpiration was only 1.4 mm day™.
Even when we take into account that this figure does not include the
evaporation from the soil, this transpiration is surprisingly small.
This i1s a direct consequence of the assumption that the stomatal
conductivity is governed by net assimilation in such a way that the
internal CO,-concentration is maintained at 120 vppm. When this
assumption is relaxed so that all stomata are only closed during
night and open during the day at 0.008 ms™’, the daily transpiration
is 5.4 mmday!, a seemingly more normal value.

However, the simulated transpiration in PHOTON then becomes
too large, and the simulated values of the temperature and humidity
differences above and inside the crop deviate from the observations
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Fig. 34. Simulated shoot-root ratios at different locations.

as can be seen from the results presented in Fig. 35. Moreover the
assumption of open stomata is completely contradicted by observa-
tions with the diffusion porometer, as illustrated in Fig. 36.

From all this evidence, it is concluded that this low transpiration
rate of maize is realistic, however surprising this may be. Together
with a crop growth rate of about 200 kg ha™' day™, this leads to a
transpiration coefficien. smaller than 100 kg water per kg dry mat-
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Fig. 35. Simulated and measured profiles of air temperature and humidity
in a maize crop on 14 August 1973. The differences with respect to the
value at 3 m height are plotted against height above the soil surface.
temperature humidity
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ter. Obviously, nature has developed a mechanism which allows the
combination of high growth rates with small transpiration rates. This
mechanism is of extreme importance for agriculture in (semi)-arid
' regions. |

But how common is this phenomenon? Brown (1964) measured
by the flux method an evapo-transpiration of somewhat below
3 mmday™' and an evaporation of somewhat below 1 mm day™! for
maize on a clear day. One may doubt the accuracy of the measuring
method, but these low figures were also simulated by Goudriaan
(1977) assuming internal CO,-regulation. Experiments of Musgrave
and his students, Cornell University, (pers. com.) show consistently
that net assimilation of the leaves of field grown maize is over a
large range independent of CQO, concentration, which is also a
strong indication of regulation of the internal CO,-concentration.
However, experiments with maize grown under controlled condi-
tions, reported in literature cover the whole range from the absence
of any effect to a proportional effect of CO, concentrations. Thus
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Fig. 36. Measured (A and @) and simulated (A and O) leaf conductances
for water vapour, on 14 August 1973 (a) and 23 August 1973 (b) for
shaded (A and A) and sunlit leaves (O and @). For measurements and
further details see Stigter & Lammers (1974).

these results point to the whole range from regulation to non
regulation of the internal CO,-concentration within the same
species, in dependence of variety, growing conditions or both,
Our own experiments on sunflower under controlled conditions
show that the stomatal opening is independent of net assimilation
(Fig. 15a), but experiments in enclosures show again a close relation
between transpiration and net assimilation, and thus regulation of
internal CO,-concentration. The analyses of enclosure experiments
with wheat indicate an intermediate position for this crop. As has
been said in 2.2.2, the instantaneous measurement of transpiration
has been perfected considerably, and it is therefore expected that
more pertinent information will become available in due course.
The simulation program includes the assumption that the internal
CO,-concentration is regulated. The other extreme of open stomata
during the day and possibly closed stomata during the night is easily
programmed. The programming might be more difficult for inter-
mediate situations. In the most general case, it has to be assumed
that stomatal opening and net assimilation both depend on internal
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CO,-concentration. This assumption leads to a program section with
the internal CO,-concentration as a stafe variable (integral). If the
resulting small time constant appears too troublesome, this state
variable has to be eliminated by introducing another implicit loop,
as in 4.4, '
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Appendix A - BACROS: Basic crop simulator

TITLE ERTIC CROF SIMULRTOR
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FFOVV=0,
RFOVN=10.
EDIFE=0(,
EDIFV=0,
EDIFN=0Q,
DO 27 J=1+S
FFOVVY=FFOVV+EC(lreRFV (1410
FFOVH=RFOVN+E D oRFN 1+ 1
EDIFEsEDNIFE+EC D eErFé=kDIFCJ+1>» >
EDIFV=EDIFV+B v oEXP <=k IV I+l
cr EDIFN=EDIFN+E s ¢EXPi=kIN «I+1> )
KBL ==-NHLOSEDIFE>
KDFV==-HLOGEDIFV> .
FIFN=-RLOGEDNIFN»
EnfFe0
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seeee 3, CITE AND ZTHTE OF CFOP

CELT=COZ(PRUIeLAT

. CO~XINE LARTITULE
SHLT=Z 1IN (PRIILATY
. ZINE LATITULE

FRFAM LAT =%2,

IWNZ=RFGEN (MEMTE TTDRAY )

. INITIRL WEIGHT ZRHDDOT
IWYR =200, e(],=EXP(=TWZ 3200, 3D
L g INITIARL MEIGHT DF YDuNG FDOT
IWF  =JuyR+IM0F
* INITIRL WEIGHT OF FODTES

IwaP =IWz,/ 7. =1UYP
FRFAM FEZPI=N. 02

IFE:S =CJWZ+]WR) oFESP] (1, -FEZF]D
o INITIAL FESERPVET OF THE PLANT

IP=RFGEH(FPTE«CTDR Y e T
1CS=RFGEH(FCTEs STDRY> ¢ TUT
IFS=RFGEN(FFTEsSTIRY> ¢ TUZE
ILS=RFGENFLTE«STIR eIz
IMi=HFGEMFMTEs STDHY» oI NT
IARZ=RFGEHFRATE«STIRYY) o TWT
IFFP=RFGEN(FFTE«ZTDRYYelWP
ICF=RFGEMFCTR«STIHY) ¢ 1P
IFP=HFGEN(FFTEsSTIRY > e 1P
ILF=AFGENFLTEs STDAY) ¢ 11K
IMP=RFGEM(FMTE« STOARYY  LLIF
IRAP=HFGENH(FRATE«STDAYY ¢ [LIP

. INITIAL AMOUNTS I SHOOT AND FPOOTSFECFECTIVELY

] FFOTEINZe CHFEDHYDFATESs LIFPIDSe LIGHINS MIMEFALS OFGRMIC ANIDNT

RYTCP=AFGEH «MNTT-ZTDAYD

* RAYEFARGE TEMPEFATURE OF CRMOPYs IHITIRLLY
IRHCRL=1AMAS el . n2% 29 Bedni,
* INITIRL YAHLUE DOF FIFPST DRPLEF RYEFHSE OF CO2 RZSIMILATION
. FATE v COZ2/HA-SD
TAMAT =AMINT (TN /3000, 1, 3200,
. INITIAL AYEFPRGE METAREDLIC RCTIVITY OF THE <HOOTs DEFENDENT ON
* SHOOT MEIGHT (kG ZTHFCH/HHR-DAY)
IAMAR =1WP s TH-ec 0,
. INITIRL ARVEFAGE METHECLIC RCTIVITY IN THE FOOT (kG STARCHA-HA-ZDRAYY
YHAM I
COPC VOO CCOPPIOPP PP POOGS TECTION 32 PP PPCPC L0000 0000000000
. TIMEF YRFIARELEZ

DAY =AMODCAINT (TIME /28400, +STDAY) « 3805,
HOUF=RMOD(TIME-Z200, s 24,

FRFPAM ZTDARY=173Z,

hd CLIMRTE

sooee |, WERTHEW

FFOCEDUFE CHHIZCe TR TSoDIPTeRHVYP e VP ZLOFEs FHe MI=WEATH (DAY s HODUF)

. DIFECTION DOF THE Zu
DEC =-22.del0Zc2,oF]e i+l 0/ 205,
* DECLINARTION DF THE <LUM

SHDL =S IH«FADOLEL)
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* SINE DECLIMNRATIDNM
CEDC =COS «kRDeIEC)

* COSINE DECLINATION
SHHSS=SHLTeENDC+CELTeCSDCeLOZ (Pl e (HDUF+12,) 71,0

¢ SINE OF THE HEIGHT OF THE IuH
LEMHI=INTOFL (=0, Se (SHHIS=LINHHI> ~LELTY

. S HEIGHT AT LAST TIME TTEF

RISE =JHOLDGANDCSHHSS o =LINMHI) = Se HOUF-SHHESeDELT . ...

. C (HOTCEHHSS=LENHID +SHHTS-LEHHD) o300 ) =FIZED> +PIZE]
* TIME OF SUM FISE TODAYs IN HOUPS. ESTIMATE FOFR TOMOFFOM

INCON PISEI=4.8

. TEMFEFATUFE
TA =WRVE (DAY s HOUR e MMT T M TT«RISED
. TEMFEFARTURE AIP AT SCFEEN HEIGHT
TS =sINTGFL (20,9 (TR=-TS) 714400,
. TEMP, SOIL FOLLDMWE AIR TEMP, WITH DELRY OF 4 HOUPES
. ARIF HIMIDITY

DPTC =WAVE (DAY s HOURCEDPTTE-MIPTTERIZED
DPT  =HAMINI1 <TA-DLFTC)

. COFFECTS FOFP INPUT EFFDPS LERDING T0 DPT EXCEEDING TR
RVYP =R, 11eEXP17.4elPTA (239, +FTY >
. RCTUARL WMRTEF VAFDUF PFESSUPEs IN MERF
SVP =5,116EXP (17, 46TR/ (23929, +TH) )
. SATUPHTION VRFDUR FRPESSUFE. IN MERF
SLOFE=41%52, 0eSVP/ (TRA+Z39, ) eeg
. DEFIVRTIVE OF SATUFATIONM FFESSUFE MITH FESFECT TO TEMFEFATUFE
FH =HVP/SVP
g FELATIVE HUMIDITY
. WMIMD SFEED
WS =HFGENWETE DRY+HOUR /24,06 ...
IMIWM(AND (HOUP =6, « 1R, =HOUP) =0, Se D . EGERTs 1. 233233
. WIND SFEED IMN M- Se RT DARAYTIME TWICE THAT AT HIGHT
ENLFFD

*eeee 2, FADIATION

FROCEDURE SHMS«DIFOVeDIFONsDIFCLs SUNDCLsCFCsCFOsDPCsIFOs ...
FOVsFCLsLFOVeLFCLs CFADLWREs IS=INFADCSNHS S« TReLAD)
SHHT =FAMAXD (0. s SHHSS)
HIUN =ATANSNHS SORT (1. =CHHIeSHHS) > /FAD
DIFOY=AFGEN (DFOVTE«HIUN)

* DIFFUSE OVEPCRSIT VIZIELE
DIFON=G0.7eD1FOYV

. DIFFUSE OVERFCRST INFFPHPED
DIFCL=HFGENCDFCLTEsHILUIMD

* DIFFUSE CLE#P
SUONDLL=HFGENCSUNDTES HI LMD

. DIFECT CLEHF
CRC =«CCUNHDICUL+DIFCL) o2,

* - CUPFENT FARDIATION CLERPe ALL WAVELENGTHT
CkD = DIFOV +DIFON

* CUFFENT FAHDIATION OVEFCHIY

DRC  =DLYTOT <FCIsCRCY
DFO =DLYTAOT «<FOI«CFOY
INCON DROI =6.¢Ese DFRC1=3,3E7
DFCP =CHOLDCIMPULS CQ, « 2400, 3 » DPCY
IFOP =ZHOLD<IMPULS (0, e Sxd0n, > o k0
DTF =RFGEN‘DTPTsDHY) ¢FADCY
FCL =<«OTR-DFOP) - «NOT (DFCP-0FDOF +DFCP-DFOF)
FOVY =1.-FCL
LFOVY =LIMIT<(0,s1,FOWV
LFCL =1.-LFODVY
CRRD =LFCLeCRC+LFOVeCFO
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LUMRC I =S, FASE-Re (TA+ZTI D eede (11, SE=SOFRT (), 7SAVF) o, 152)
4 SURFRLE PRADIATION RFTER BFUNMT. 0.75 CONVERTS AVF TO MM HG

ALWRC=LWFCle (1, ~EXP (~kKELOLHI)

LWFOI=LWRCIen, 1

ALLFO=ALWFRCe0, T

LUWPI =LFOYeLWFDI+LFCLeLWFC]

RLUVF =LFOVeRLWFO+LFCLeRLWFC
. DISTRIERUTION

1S =(HIUN+10,.>710.,

FI1SUM=(HIUN+15.> /10,

IS =FISLM

F1 =FJEUN=-1SLN

KD =skDIRCISUNI o (), =FI)+F1ekDIRP (IIUN+1)

Ky =DV (JSUMY e, =Flr+FlexDlV (ISLIN+1D

kM =KIIN (JSUMI> el ~FI)+FlekDIN (]JSUN+1D

v zRFY (JSUMY e, -Fl)+FleFFY CISUN+1D

KN, =RFN (JSUM el ~FI)+FIePFN C(ISUN+1D

ERI =EXP(=kDRD

EFRPIV=EXF (~kY)

EFPIN=EXP (=FH»

> EXTINCTION OF ALL TYPES ASSUMED EXFONENTIAL

ENDIPRO

OOV OLOOOOPOOPIOSSPLOOS S SECTIOHN 4 COPOPLPPPPPPCPPP POV OG S GO GSOe e
'S ENERGY ERLANCE

FROCEDUPE RAVISOANIFOs AVISCsANIRFCs AVISs ANETRNETRSy ...
TEHL» TSHLy RAYTCP s HCRL=EHEFGY (TR« AMAHX)
FH =FARFLeSORPT (MDLAUWZ) 60, 5

4 DIFFUSTION FESISTANCE OF THE LAMINARR LAYER IN S/Ms
. FRCTOF .S ACCOUNTS FOR EDTH SIDET OF THE LERF
PAFAM PAFL =18%,
PAFRM WDL =0, 0%
. WIDTH OF THE LEAVES IN M
IF (EHHZ,.GT.0.> GO TO 100
. NIGHT PERIOD
101 AvIZO =0,
ANIPO =0,
AVISC =0,
HNIFC =0,
AVIES =0,

RMETR =HLLPF
HETRS =LUKI-HLLIF

EHL =0,
ZHL =ALWR/LAT
TEHL =0,

TEHL =ALWP
AVTICP =TR+SHLeRH-FROCF
FRFAM FHOCP=1200,

. HEART CAPACITY OF THE AIF IN J/Mee3 FER KELVIN
NCPL =-DLFLeLRI- 2600,
60 1O 10%

. DARYLIGHT PERIOD

1tan TAVISO=«1,-FFOVYV) eDIFDY
THNIFD= (1. -FFOVNO eDIFON
AVISO =TAVISOe (1, -EXP(~-kKDFVeLAI> >
RNIFD =TANIFPOe (1, -EXP (=KLFNeLARI> )
TAVISC=THVISOeDIFCL/DIFOV+SUNIICLe () . -FV)
TRNIRC=TANIFPOeDIFCL/DIFON+SUNDCLe (), -FRND) -
AVISC = AVISOeDIFCLADIFOV+SUNDCLe (1. =FW) e (1, -EXP (=KVeLAL> )
ANIRC = HHIPDODIFCL/DIFDH+<UHDfL0(l.-PN)¢<1.-ExP( ~kNeLKHI> )
ANETFO= AVISO+ ANIRD+ALUFD
ANETFC= AVISC+ ANIFC+ALMFC
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TNETRO=TAVISO+TANIFO+LWPDI
TNETFC=TAVISC+TANIRC+LUFC]
AVIS =LFOVeAVISO +LFCLeAVISC
ANETP =LFOVeANETPO+LFCLeRNETFC
TNETR =LFOVeTNETRO+LFCLeTNETRC
NETFS =TNETP-RMNETPR

TEHLO =0.

TEHLC =0.

TSHLO =0.

TSHLC =0,

RVYTCPO=0.

HVYTCPC=0.

NCRLO =0.

NCRLC =0.

IF (LA1.GT.0.2> GO TDO 103

LRI HOT GREATER THARN 0.2

FR =kH-RHOCP

DRYP =(SVP-AVP) PR

Lwa =LWRDI

LG =LUWRC]

VISDFO=(1.-SCV) eDIFDV

NIRDFO=(1.-3CM>eDIFON
VISDFC=«¢1.=-SCV) ¢ (DIFCL+SUNDCLOKIIR)

NIFDFC= (1. -SCN) ¢ (DIFCL+SUNDCL oK LIR>

TEHLOs TSHLOs AYTCFOs NCRLO=TRPH(VISDIFOsNIRDFOLWASLALY
TEHLC» TSHLCs AVTCPCy NCPLC=TRPH(VISIFCs NIRIFC« LLUCLAI>
¢O 7O 108

LAI GREATER THRN 0,
103 VISDFO=1,-PFOVV)> e (1, ~EDIFV)> ¢DIFDV
NIRDFO=(1.~-FFOVN>e (1. ~EDIFN)> ¢DIFON
VIST =SUNDCLe(1.-RV >e]1,~-EFPIV
NIRT =SUNDCLe(1.-RN >ec1.-EFRIMN>
VISD =SUNDCLe(1.-SCV)>e1.-ER]I O
NIPD =SUNDCLec1,.-SCHY>e(1.-ERI O
VISDFC=VISDFOeNIFCL-DIFOV+VIST-VISD
NIRDFC=NIRDFOeDIFCL/DIFONNIRT-NIPD
Lwg =(1.-EDIFB>eLuiRO]
LwC =10. ¢LW0O
SUNPER=SUNDCL/SNHS
SLLA =(1.-ERI>/KDR
SHLA =1.-SLLA
MAX =LAI+1.
DO 107 L=1sMAX
LAIC =L-1
WSX SAMAXL (WSeEXP (=0, TeLAICY s 0, 02D
rR =PARLOSORT (UL /WIX) ou. S
FR =RA/RHOCP
DRYP =(SVP-HRVP) /PP
LAIR =LIMITC(0,01s1.sLAI-LAIC
IF (LAIR.EG.1.> GD TOD 104
106 VISDFO=VISIFOe (1. ~EXP(-K[FVeLAIF) D>/ (LAIPe(1,.-EDIFV)
NIRDFD=NIRDFOe (1, ~EXP (~rLFNeLAIFP) D/ (LAJRe (1. -EDIFMN
VIST =VIST e(1.-EXP(=kV <oLAIF >/ (LAIFRe1.-EFPIV)
NIRT =NIRT e(1,~EXP(=kN eoLAIR) >/ (LAIRe (1. -EFFIN
VISD =VISD e(1,.~EXP(-KkDP oLRIR >/ (LAIPec1.-EFI
NIRD =NIRD o (1.~-EXP(~KDIP eLAIR) >/ ARIFRe(1 . ~ER] >
VISOFC=VISDFOeDIFCL/DIFOVeVIST~VISD
NIRDFC=NIRDFOeDIFCL/DIFDN+NIRT-NIFD
LwD =L W0e (1, -EXP (-KRBLeLRAIF> >/ (LAlIRe (1. -EDIFE> O
LWC =Lw0e10,
SLLA =SLLAe (). -EXP(-KDReLHIF> >/ ¢1,-ERD
SHLA =LRIR-SLLA
104 CONTINUE
TEMLO« TSHLD AYTCPOs NCRLO=TFPH(VISDFOYNIFDFOs LUD«LHIFD
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DO 1095 EM=1.10
IF (EUMF.NE.0.)> ZI1SSEMN=Z2¢1S+5MHD
RPER=SLLASZISEN
ELM =C(, 1eIN=-0, (15) ¢SLIMNFEF
VIS =VISIFC+ELMe 1, ~2CV)
HIR =HMIFTFC+ELMe ], -%CHD
TEHLC» TEHLC s AVTCFC s HCRPLC=TRFH (VIS e HIR s LMC s RFERD
105 CONTINUE
TEHLCy TEHLC» HYTCRFCs HCPLC=TRPH (VY ISDOFCoNIPLFCy LMC e SHLAD
IF (LRlFP.LT.1.> GO TO 107
VIST =VICSTeEFR1V
HIFT =NIRTeEFPIN
VISD =VIIDeERI]
HIRD =HIFDeERI]
VISDFO=VISDFDOeEDIFYV
NIFDFO=NIPDFO®EDIFN
VISDFC=VISDFOeDIFCL/DIFOV+VIST-VISD
HIPLFC=MIRPDFOSLIFCL/DIFDN+NIPT-HIED
Lwwg =LuWOeEDIFR
Lo =L C*EDIFE
SLLA  =ZLLAeERI
SHLA =1.-iLLA
107 COHMTINLE

102 TEML = LFOVeTEHLO +LFCLeTEHLC
TSHL = LFOVeTSHLO +LFCLeTIHLC
AYTCF =(LFOVeRVTCPO+LFCLeRYTCPO) /LHI
MCRL =«LFDVeNCFLDO <+LFCLeNCFLC> 7351000,
L 4 ENERGY FLUX «x6 CO2/7HA-S AT MEASUFED UNDER STAMDARPD COMDITIONS
109 CONTINUE
ENDFFO
DHETRS=DLYTOT (1030, s NETFED
DTLWR =OLYTOT (100, »LWR]DD
DTREFP =DLYTOT (1000, s RHETF)

. BOLFAT=TSHL (HOT (TEHLY +TEHL>
0000000000000 00600000600¢ CECTION S GO 0600 PSP OOPPS0000OPPGGSPOGS
. WHTER EARLANCE

soeee 1, REGIN DOF ITERATION

PFOCEDUFE FMCPy TEFS=EICIL(TADIFOYsLRIHLPI,ZELECT)
IF (TIME.EO.D.> PUCPL=(, 92

FUCP=RUCFL
. FEL. WATEP CONTENT DOF CARHOPY
LOOP=0,
1 TEFS=010ee (0, 1eAVTCP-2.%)
ENDFFO

eeeee 2, END OF ITEFRTION

FROCEDURE DIFFs LOOP=ESCIL ¢TRCobillIFs GRI)
DIFF1=DIFF
DIFF =TRC-WLP
. DIFFERENCE BETMEEN TRFANTPIFRTIDN AND SUFPLY
IF «(LOOP.6T.0.> 60 TO 2
FUCP =RWCP-0, 001
o0 70 3
e IF RES(DIFF/7LUP) LT.EFFOFP .OF, RES<DIFF).LT.4.E~S 6O TO 4
PAFAM EFPFDOR=N0, 00%
* FELATIVE EFFOF ARLLOWED IN SELF-CONSTRUCTED IMPLICIT LOOFP ~
FUCLT=FUWCFP,
FUCP =FUCPL- (FHCP-PLUCFPL) ¢DIFF1/«(DIFF=-DIFF1)
PUCPL=FWCLT
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3 LOOP =L0O0F+1,
IF (LOOP.LE.S0.> GO TO 1
IF YEEP.GT.0.% DIFF=101,
4 F'UCF’L=F'MCP
TOTDIF=INTGPL (0, «DIFF)

ENDFPRO

I 22T T YT R YT SECTION & CLPPOPOPPIPPOPPPLOPPPOCOSOISGS

. CFOP WHTERP STATUZ
SEu =1./7AFGEN(SFCTEs FHMCFP)

. STOMRTAHL CONDUCTAMCE DUE TO FELATIVE WRTER COMTENT (M-
TC  =TTRCC/ (HOT (MIC-IME +MIC-TMI+FES-TFED)

. TRANSFIRRYTION COEFFICIENT IN G WATERP/G LFY MRARTTEFR
DTTRC=DLYTOT (0O, «TRCel.E-2D

hd DRILY TOTRL DF WATER TFARNIPIFED (KG-/Meeds J.E.+» MM
TTRCC=INHTGFL (D}, o 10, eTRCD

. TOTHL MATEP LOSS FRPOM THE CARNOFY IN KG-/HH
TFC =TEHL/VAFPHT

. TPANSFIFRTION FATE «(G-Mee2-She FROM TOTAHL EVRFDFATIVE HEAT

CONHST VARFHT=23%0,

TWUR =IHTGFL (O, «biLiFe] ,E4D
WMUR  =<PTEL=-WFTC) ¢ACRE

. WATEF LUPTREKE EY THE FOOTS IN G/Meelr -

FRFAM LIPTSL=-0,1

. WATER FPOTENTIAL <OILs 0.1 COFFESFONMDE WITH FIELD CRFPRCITY.
WFTC =RFGENLIPTTE«RLICP)

* UARTEF FOTENTIAL CFOP IN EBRR
RCPS =dUyP+0, 2600F) oHFGEM(ETPCTE« TS Z/MCKP

¢ ACTURL COMDUCTARNCE DF FOOT SYSTEMe & WATER/Mee2-ERF-S

PREFAM WCFR =2%500.

. WEIGHT-COMDUCTARNCE FPATIO OF FODT SYSTEM

CEGGPPPOP00PPP0 00040400 SECTIDN ¢ PGP CPPCPEP SO0 EPES4808000000

¢*oeee 1, FHOTDSYNTHESIS

FRAFAM EFF=0,%0
. EFFICIENCY RT LOW LIGHT INTENSITIES. K3 CO2/7HA-HOUP FER Jd/Meel
FMES =«FCOZIM=-COCC) a2, 47 (AMAXTL (O, OQ1+AMR00Y oFEDFFL)

* AMAX1 FREVENTS DIVIDE CHECK

FEDFFL=RFGEN(FEDFFTs FESL)
¢ FEDUCTION FRCTOF RCCOUNTING FOFP FEEDERCK OF FESEPVE LEVEL
* TO FPHOTDZYNTHETIZ

FUNCTION FEDFPT=0.91.9 20019 2S5 . 0001 1.s,0001
HMAY, =(FC02]1-C02C) ecS. . 4/FMET
. MARXIMUM COZ2-HSSIMILATION DF SINGLE LEAVES
PRFAM COSC =10,
¢  COZ COMPENIAHTIONFDINT
FCO2I=MINY «(FCDZIMFIECOCeECDECY
* IMTERNAL COS-CONCENTRATION MAXIMALLY 120 VFPM FDF C3-FLANTS
. RMDY 210 VYPFPM FOP C3-FLANTS
FREAM FCO2IM=120.s FIECDZ=0.%
AMRO0=RFGEN «RMTE: TFD
FUNCTION FAMTE=Q.s0.« S92 0.9 13,0700 100,970,

IFL =0,11eRNCFL/LAl 3000,

. DISSIMILATION IN FHOTOSYNTHESIZIMG LEARVES G CO2/HA LERF/3D
. LVZED IN STOMATA FPEGULRATION

ANCPL=INTGRL CIANCRLy (AMAXE (0, sHOFL) =ANCFL) 7 (33200,3)
A FIFST OFDEF RAVEFAGE DF NMET CO2-ASTIMILATION
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HCHZC=NHCAT 200N,

‘e MET CD2-ATSIMILATION OF SHOOT CALCULATED IH VG COZ/HA/H
HCAZ =NCRL-GPI-MRI
. HET CD2-RTZIMILATION FATE OF SHOOT «6 CDZ/HRA-S)

esooee o, RESERVES

PESL =FPES/(FES+WIC+WPC)

. FESEFRVE LEVEL
FES =INTGRLC(IFESeNCFL/Z1,E629629-UPES)
4 AMOUNT DOF FESERVES (KG STRFCH/HRD .,
URFES =SP+SS+SpRS0A+SRDDA
. USE OF PESERVES
CELECT=FESL® (FFP+FCR+FFR+FLR+FMReSFMR)
. SELECTION FOFPMULA TD RESIST ITERATION

eeesee 3, EFFICIENCY OF GFOWTH

. $HOOT
R =LROGI+IPMS+EROGIRS+IRTPALT
. STARCH FECUIPEMENT OF THE SHOOT (kG ITHRCH/HA-/3)
SREE  =SRGPI+SPGCI+SPOFE+SPGMS+SPGLT
* STHRECH FEOQUIREMENT FOR GFOWMTH OF THE tTHOOT <K& STAPCH/HA-3)

SPGPS =GFPCe(, 517909
SRGLY =5PCSe1.12
SHGFE =GRFSe2.73
SKGLS =GRLSe1,94
SROMS =GRMSe0, (0184

L STRRFCH FPECOUIREMENT FOR CONVERSION RND TRANSLOCATION OF
* FROTEINSsCRREDHYIFATES s FATESLIGNIN AND MINERALS IN THE
. SHOOT (KG STARCH/HA-S)
SFGIAS=GRPSel , 25
* STRFCH FREOUIFPEMENT FOP FDRMATIDN OF SKELETONT OF AMING RCIDS
. FOFR SHOOT PROTEINS (kG STARPCH/HAZSD
SFTPRAS=GSeFRSeN, 0391
g STARCH RECQUIFEMENT FOR TPRNSPDRT OF DORGAMNIC ANIONE IN THE
4 SHOOT <(KG STHRRPCH/HARZZ
* FOOT
SREGPR =GRFPRe(0,. 517909
SFGCR =GRCRel,. 12
SKGFR =GRFRez2, 73

SFGLP =GFLKkel. 94
SRGMP =GRMPeD, 0184

. STAPCH FECQUIREMENT FOR CDNVEPRPSION HND TPANSLOCATION OF

. FROTEINS+CAREOMYDRATESsFATSSsLIGNIN AND MINERALS IN THE

. FOOT kG STRECH/HR/Z)
AN =4 =SROR+SRMR+SERGSAR+SMUIHIRTRPRHE

. TOTAL STRFCH REQUIFEMENT OF THE RDOT (kG STAFCH/HA-S)
SPOR  =SEOPR+SKRGCR+SFGFP+SPOLR+SREMP

. STRRCH FEOUIREMENT FOR GFOWTH OF THE FDOT
SFGIAR=GFPPRel , 25

L4 STAPCH FEQUIFEMENT FOR THE FORMATION OF SKELETONS OF

. AMIMO ARCIDT FORP FDOT PROTEINS ki STRHRCH/HA/S)
SRTPARR=GRAPe, 0391

. STARCH PECUIREMENT FOF TFANSFORT OF OFGANIC ANIDNS IN THE FOQT
SMi} =0, 0256 (GPMS+GRMP+FNOZ)

. STANCH FEOUIFEMENT FDOR THE UFPTAREKE OF MINERRLE AMD NITRATE

. (K3 STAFCH/ MH-D)
SFREOA =(PRF=-TFRPTY> ¢0,.5916

IS ETARCH FEOUIFEMENT FOR FORMHTION OF SKELETOMS OF DRFGANIC RNIDNS
SPIOR =TFRTe0, 266341 .

. STRRCH LOZT By CD2 EVOLUTION DURING DECHREDXYLATION

. OF OFRGAMIC ANIONS
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L2 2 224

4, MAINTEMRNCE

TSFMS =CPSeN, N22S5+MI e, U oFNATI+HMAS e, U4) o TEFS/ 80400,

* STHRCH FEOUIREMENT FOP MRINTENBNHCE OF THE SHODT (kG STRFCH-/HA-S)
FHHTS =1,-AMINL1 (1,750, ¢LRIAMZ0)
AMAS  sSINTGRFL CITAMASS (SS=-AMAS /78R4 00D, Y o2, y
. AVERFAGE METREDOLIC ACTIVITY SHOOT (kG STRFCH FRODUCED AMD UIED/ /DAY
L4 TEFS =010ee (i, 1e/vVTCP=-2.5y TEMP. EFFECT IN SHOOT
PRAFAM D10 =2,0
SFMP = (PPe, NZZ25+MFeN, NZ3+AMARS O, N4> ¢ TEFF /254013,
g STARFCH FEOUIFREMENT FOF MAINTENANCE OF THE FDOOT G STRRCH/HARZDD
AMAR  =INTGFL (IAMAPs (SF-AMAF/85400, 22, )
TEFP =D10ee¢ll, 1eTS~-c, )
seeee 5, COZ EVOLUTION
GRS =GRPSeN, E44+GFCIe N, 175+GFFTe] . 618+GFLSe(,E2+GFMEeD, 032, ..
+SFTFASel 629629
. COz EVOLUTION FESULTING FROM oGFOMTH OF THE SHOOT kG CO2-/HA-SY
MRS =SFMSe],629029
* CO02 EVOLUTION FESULTING FFOM MAINTENRNCE OF THE SHOOT (k5 COZ/HAAS)
LF =GFF+MFPP+FPUFT+IDRA
. TOTAL CO2 EVOLUTION IN THE POOT (kG CO2-HA<S$)
GKP =aFPRe, B44+L5FCF e, 1 7S+GFRFFel ., 01E8+GFLPe0, ce+GFMPeL, 03, ..
+SRTFAPe]. 629629
* CO2 EVDLUTION FESULTIMS FFPOM GFOWTH DOF THE FOOT (kG COS/7HAZD)
MrR =SFMPel 520G
. COe EVOLUTION PESULTING FPOM MAINTENRNCE DF THE FDOT kG COS/HR-D)
FUPT =SMUle], 629n29
* CO02 EYOLUTION FESULTING FFOM THE UPTRKE OF MINERALS
DDA =TFRTe, 597
* CD2 EVOLUTION FESULTING FFROM DECAPEOXYLATION OF OFGANIC AHIDNHT
*eeee v, CAREON EHLANCE
RIPF = (MCP=WCF) 7 (HAOT <MCPY +WCPD
WCP =CPS=IPS+(FR-IFP))> ¢, 55555+ ..
C(CS=1CO+((CF=ICRY> e 4500%+ ,,,
CFS=1FS)>+FP=1FF))e 7?7200+ .,
CILS=ILS +(LF=ILR) )¢, 69313+ ...
CRZ=IAS + (AP-1ARY ) ¢, 39627
MCF =TNCRFe,272727+ (IFES-FES) ¢,444444
. WCP AND BICF IN KG CRREON-HA. THE DIFFEPENCE EETWEEN EDTH MUIST EE
* SMALLERP THARN 0.01 TIMES THEIR VALUE
THCAP=INTGRL <0, s HCAS=DF)
. TOTRL NEY CO2-ASSIMILATION DF FLANT «kG CO2/HA>
A2 LI 222X TR LY Y Y ¥ TECTIDOHN = IYTTYTYIIXYIIT IR R YR RS2 2 22 X 2
seeee 1, CROP GPOMTH
TWT =WIC+LRC+FES
* TOTAL IRY LIEIGHT <(KG/7HAD
TWS =LWIC+FES
A TAOTAL WEIGHT IHOOT
WEIM =RFGENLISMTE, DAY+HOUR/24,)
¢ MEIGHT OF THOOT MERSURED
MEN =RFGENMWMSMTERsDAY+1.)
W0 =RFGENWMIIMTE.LAY)
DTGEM=LLYTOT (O, «GEMD
* DRILY TOTAL OF GRDWMTH OF SHOOT AS MEHIUFRED.
GSM  =AFGEN(MEMTE«DIAY+N, SO =HFGEN (MIMTEs DAY-0.5> M /726400,
* GRIN OF SHOOT WEIGHT MEASUREDs IN kG DPY MATTEP/HA/Z
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*

* 400

¢
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DTGEC=DLYTOT 0. 26D

DRILY TOTAL OF IMCREASE IH STRPUCTURAL WEIGHT OF THE <HOOQT
LAI =AFGEN(LAITEs DAY+HDOUF- 24.)

LEARF AFEA INDEX IN Meel /Meer

e. SHOO0T

WMSC sPS+CE+FS+LE+MS+RS
WEIGHT SKOOT CALCULATED

PS =INTGRL (IPSy BRPS)

cs =2INTGFL CICS«GRCE)

FE =INTGRL(IFSGRPFI)

LS =INTGFL CILTs GRLSED

M3 =]HTGPL C(IMZs BRMS)

HS =INTGFL (1A% s GPAS)

VEIGHT OF FROTEIMS» CAPEROHYDFATES+FAHTS«LIGHINeMINERALT ANL
OPGANIC ARNMIDONE IN THE SHOOT <k G-/HAD

GRPS =GSeFPS

GRCS =GSeFCS

GFFS =GSeFFS

6RLS =GSeFLS

GFMS =GSeFMS

GPAS =GSeFAS

GROUTH FATE OF FPOTEINSsCAREDHYDPATES «FATS,LIGHINSMINERALS AND
DFGANIC ANIONS IN THE SHOOT (kG HAAS

IN PHOTON FPSeFCSsFFSsFLS»FMS ARND FRS AFE GIVEN AT PAFAMETERS
CHEMICAL COMFPOSITION DOES HOT CHAMNGE DURING CRLCULATION

FPS=INCFEM(FFTE>
FCS=INCFEM(FCTED
FFE=INCFEMFFTED
FLE=INCFEM(FLTE>
FME=INCFEMFMTE)
FAS=INCFEM(FRTE>
CHEMICAHL COMPOZITION OF MATERPIAL GFOWING CUFFENTLY <«FPACTIONS)

6T =FESeFCRCeRFGENCTOTEs AVTCP) ¢R/FRENWMGSTEFUCP)
SFOWMTH PRTE OF THE <HOOT kG IM/HAZZD)

FCRS=1,.Z2E-%S

PELATIVE COMSUMPTIONM FATE OF THE FESERVES

TGTR PEFPEZENTS IHFLUENHCE OF TEMFEFRTUFE OH GFOWMTH

(SPECIES DEFENDENT?

WGETE ACCOUNTS FOR CHANGES IN PRPTITIOHING OF FPECERVES EETWEEN
SHOOT AND FOOT. UNDER INMFLUENCE OF WHTERF CONTENT

FPAHF =FND3el. 05

FATE OF FOFMATION DOF OFPGANIC AMIDMZ«COMCLIFFEMT MITH

FATE OF MITFRTE FEDUCTION

FNO3 =(GSeFPS+GYPeFFR) o), 652

FATE OF NITRATE FEDUCTIOM. AZIUMING THAT RLL PFOTEIN N ORPIGINATES
FROM NITRATES <«KG HO3-/HA-LD

TRRT =PHRF~GSeFAT-GYFeFHP

PATE OF TFANSPOFT OF DFGANIC ANIONT TO THE FOOY FOF
DECRREDXYLATIDN (KL HH-/Z)

3. FOOT

WFC  =uDR+WYR -
WEIGHT OF FDOTS CHLCULAHTED

WOFP  =INTGRL (ILDORs SYR-WTOF-FOTC)

WEIGHT DOF DLD FDOTS (SURERIZEID

ZYP  =WYPeRFGENETPCTE TS) #JUERC



. SUREFPIZRTION FATE OF YOunNs POOTS EGA/HAAS
FRFAM SUEC =4,50ES

. TIME CONMSTANMT FOFP SUBERIZATION OF YOUHNG FDOTS (= S DRYSY
. ETFCTE ACCOUNTS FDF THE INFLUENCE OF TEMFEFATUFE OM THE FATE
. OF SUEEFPIZHTION
FREARM FOTC =20.E6
. TIME CDMSTANT FOP FOTTING OF OLD FOOTS «(REQUT DONE YERRe Z0
4 INEFFECTIVE KEFE>
. WYF  =INTGRL (IR «BYF=-5YP)
. WMEIGHT DOF YDOUHG FDOTS kG DM -HAD
GYF =FESeFPCRFIeRFGENCTIGTESTEY oHFLHEN (WMGRTEsFMIF)
. GFOUTH FARTE OF YOuns FOOTE k5 DMAHAAD
* WGRTE RCCOUNTS FOR THE INFLUENCE DOF MATEP CONTENT DN THE
. FRFTITIONING EETWEEN SHOOT wMD FOOT

FF =INTGRL (IFPF«GFFRD

CFr =INTGRL CICK s GRCF)

FR =INTGFL CIFPs GFFP)

LF =INTGFL CILFs GFLF>

MEF =[HTGRL CIMP» GRMPD

AR =IHTGFL < 1AF« GRAPD
. AMOUNT OF FROTEINS«CHFEOHYDFRATES «FRTSSLIGHINMINEFRLS ANHD
* OFGANIC HNMIONT IN TRE FOOT <kG DM/ HH>

GFFP  =GYPeFFF

GPCR  =GYFeFCF

GRFP  =GYFeFFR

GFLF =GYPeFLF

GRMR  =GYFeFMF

GRAF  =GYReFRAP
. GROWTH FATE OF FFOTEINT CAREDOHRYDFRTESs FATSCLIGHINCMINEFALS AND
. OFGRNIC ANIONS IN THE FOOT «kG DM-HRA-S)

FERP=INIWM(FPI~0, 1sFFSyFPE-0, 0D

FCP=IHZWMPFPEI=N.1+FCIFCE+0. 0D

FFR=FFS

FLP=FLZ

FMF=FMS

FAF=FAT
. CHEMICARL COMPOSITION OF FOOT MATERIARL GPOWINGe. FRACTION OF
. FFOTEINT s CHPEOHYDFRTES s FRTS<LIGHINSMINERPRLS AND OFPGANIC ANIONT
¢ DEFIVED FFPOM THOIE 1IN THE SHOOT

AL Z T T T ALL LY LY LS SECTION 9 POV CC OV CPEOGG GG S 000000000
sesee 1, FALTURL PLANT DARTH
FUNCTIDON AMTE=0,s0.¢ R, eQ, 13,57, s 100,70,

FUMCTION SRCTE=.7¢1.E=de 8491, E~de ,9Se¢1.E=94e¢ 1.5.01d42%9¢ 1.5+,0142%

. IEFENDENCE OF STOMATAL CONDUCTANCE M-S ON FUCFPs FRDM

. MAIZE FFETFERTED AT HIGH INTENSITIES IN FHOTOSYNTHESIS FPOOM
FUMCTION WPTTE==1.9=200.s 0.5s=%90,s 0.7e=17.» D.Es=14,9 N, &3e-12.5 ...

’ 0. 83s=10,9 0,%e=S,1s 1,90, 1.5:40,5s &.S«200,

* DEPENDENCE OF WATEP FOTENTIAL CFOP <ERF> ON FWCP
FUNCTIDN ETPCTB=0-’U.' 10.’0.08‘ ED.'DOE?. 33.’0-94' 3?.’1‘
¢ EFFECT OF SOIL TEMFEFRATUFE ON FDOT CONDUCTHNCE

FUNCTIDON WSMTE =173,94%, s 187.9217.9 CUL.+1052.s 20B.9308Ces o0
220,508, 229.96647,9 Z41.9210013.+235, 71201,

g DPY MRATTEFP 1972 MRIZE FLEVOLRND

FUNCTION LAITE =173, 0, 02Ce 1&7,50,40% 201.92.034s 203.93.943 ...
E20.93. 876 S29,.93.42%9 241,932,444, &55.+3.¢

* LRI 1972 MAIZE FLEVOLAND

FUHCTIBN FPTB =1?3.’.E?0‘ 18?.‘.&?0‘ 201.’.33ﬂ! EOB.’-EED' s e e

109



220.2.165y 22%9%.9.150y 241,.5.130s 255.+.110
CFRUDE FPFROTEIN 1972+ MHIZE FLEVDLAND
FUNCTION FCTE =172.9.49949 187.s.4% e 201 ,.+.528y 208,9.531ls ...
Sl .S58 e 229, e Bilme 241 ,9,62d4s 255, . 651

. CRPEOHYIFRATE 1972« MALIZE FLEVDLAND
FUNCTION FFTE =173.4,02%9¢ 295,99, 02%
* FAT 1972« MHAIZE FLEVOLAND

FU“CTIUN FLTB =1?3p‘0£‘30' 18?- 9.':'50! E’(’!.!.U?i" 2':‘8.‘.(‘8(‘. vese
220 10U 255,100

. LIGHIN 1972 ESTIMARTED. MALIZE FLEVDLAND
FUMCTIDH FMTE =173.4,08%: 2%%5.¢.055
4 MINERHL 1972« MRIZE FLEYOLAND

FUHCTIDH FATE =172.s,0%5 187,95, 096 201, e,028s 208,+,.079. ,,,
220as,.Mcds  2C9,5.0%54e  2d4l.e, 045 255,,,03%

* OFGAHHIC AMIONT 1972s MAIZE FLEVOLAND

FUNCTIONM WUGFTE=0,e1.9 .Sel,s .9 . 8%,975:.5s 1.90,

. FELATIONM EETWEEN FELATIVE UWARTEP CONTENT AND GFPOWMTH FRTE OF FOOT
FUNCTIUN ‘.'lr.;E'-TE::I:lo'['.. 08. l:'-’ .9'.15.’ .??S' 05' 10’1-

* FELRTION EETWEEN PELATIVE WATERP CONMTENT ANHD GFRDWTH OF THE SHOOT
FUNCTION TGTE=D,s 0.9 10,30, SSaeles 35.01.9 40,90,

. FELATIOM EETWEEN TEMFEFATUFE AND GFOWMTH

eeeee ¢, METEOFDLOGICAL DATH

FUMCTION DFOYTE=0.90,9 S,e6,s [S.s26.9r 5,945,909 30.904d,9 45, 80,9 ...
55,999, BS.0210S5, VS,0112.9 St.0116,

FUMCTIDH DFCLTE=0.00,9 S.92%. s 15,042, S.94%. 9 30.+956,9 45,964, ...
55.’68.’ 65.'?1.’ ?S-’?S.' 9':'. ’??.

FUNCT!U“ E'.FY{I'TB'-U..':'.! 5.":'.' 15-’8’.—7:.' 250’1?50’ 3.:-'. ,2620, 45- ,3:‘:6.0 s s
55,002,965, 9452, 9 75,4832, 90,504,

. FARAOIATION VALVES FOR STRMDAFD Sk IES

FUNCTION WETE = 140,323, 0141903, ¢132,93,0142,93,91d4,.93,9...
1S90, 0148, 90R, 0147, 9130148, 5 1063149, %,,,.,.
150, 07 e 0 1S e e, 0152, 97.9153.03,9154,92,.%,...
155, 94,9156, 04,.3157,94,¢158,43,915%, 94,4.,..
160, ¢80, 918 .94, 0162, 03,9183, 94, ¢164,+3,4,..
169,02, 9186, 94, 9167, 0d, e 108, 04,9169, s2,.0...
170,085,917 105,917 C.03,0173.907.90174,35.9...
17 . 2B, ol rh. 93,0177 d, 0178, 93.917%, 9d,9...
0. ed, e 181,93, 9182.923.9183,94.9184,.95,9...
185,93, 0180,¢5,0 187939182, 02.918% . 9»4.9...
190,94, 0191 .93.92192,.94,.9192 ., 02,9194, 080 %00s
10 e s e 190, 02, 9197 .03, 0193, ¢S, 9199, ¢5,.9...
SO0, 03,020,923, 320800 3.eC02, 93,5209, 94, 9...
SS9 st s 2, 00 a0 3.0 20B, a5, 3209, sB8 .9, ..
Sll, 4, M.'.'ll.!E.'. sc1c.9C.5c13, ’40,214. ,B-l...
3150 ,ao ’216. ,50 ’21?0 ’50'318. '5-'219. ’4-!...
CCN,93,9221.95,.9082.94.9CC3, 93,9494, v,...
P PR PR Y -4 - PR ICTR Y-~k BCRRT-F3 " FAY JATN- o= JA I AT TP
SN 95, 0231.05,.9232.90.02833.93,9234.95,.%...
a9 e 1 25 029237 94,938, 04,9229, 50 %0 e
840. '2. ,2410940 'E‘;Ec ’40‘2430 95. 9244..5.!...
245. !;3. 0246. 94. 984?.'40 9248.’30.‘849.’21’...
0, 62,9851 03,9852 9C. 252, 98,9854,95,.9...
e PR R TR Y ~4= 1~ TR I AR -4 P - =412 AR B PR3 1 TR e JAF SRR
Ch0, ¢S, 3261,98. 90898 0Cn3. 03, 020,92,

L 4 WIND TFEED 197¢

FUNETIBN MDF’TTB=1400 ’ E.’o 3' s s e
141-’ 8.1’14809 5.4'1430' ’5‘ 8‘1441910.?'145o91101’...
1dn.e B,301d47,.0 3.59148, ¢ S, 80149,5 S.1150,¢ £.C9...
1910 0, 00152,¢10,79152, ¢ B, 8e1T4,0 7.29155.911.1v...
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*

158,012, 00157013, 801580 7.8015%,
161,95 9,4916C.r 7.4+163,.0 7.Br164.
!6?-’ 9.8’168-, 9.9’169.’

?.8’160.’ 5.6!...
?-691650’ 8.?’...
6.4’1?0.’10.5?--.

171y S.6917200 S.Sel173.9011.30174.911.1175,.9 78000
176,010,391 77,.916.40178,13.0s179.4016,4s180,¢ 9. 25,..
18,9 7,90182.9 9.9¢183.911.0:0184,910,45185,¢12,0s...
1E0 .9 13, 71871 15. 30182, 914,. 80189, 410,8:1%0,914,50...

191.915.64192.9 B.49193.¢13.2201%4. s

6-0’1950’18.0!...

196.'!2.5'19?.’13-2’198-'16169199l98003‘2000’2801’...
2010‘22-1‘20&.’20.9‘203.!‘?0392040!2003’205-915-89000
Eﬂﬁ.!ls.e'aﬂ?.!l3.61338-'10.3!309.915.9!310.!13.9'-..
211.¢13,0:212,913.3:213.911.7:214,.912.65215.+14.3r...
216.’12;?’21?-’10-2!21809le.9’219.!14.1’880:915.6!...
221.016,99222.210,4:283,912.5:2284.910, 02825, 9, 0v,..

CCh, 17,127 . 013. 80280 12. 70229, »

8.?’230.'13-4‘-0-

ER1.0 B,8e232.0¢10,4¢233,010.5¢234.911.9235,9 S9,.%,,.
C35es D437, 13.00238.914,.5:239.9010.30240,912.50...

241,y 9,.29242.% S.5¢242.9 E.51244.
Sdn.y E.19cd47.011,0e242,510,72249,
291.913.9985¢C.9 Q. T9E253.014,. 89254,
Chaee Q. 7257, 6,4eC58.9 7.0:25%,
cel.s 6,81y B.8e203.0 9. 2r1284d.

DEW FOINT 1972

FUMCTION EDFPTTE=140,s 2.3
141,y E.191d4C.9 S.d91d43, 0 B, 80144, 910,.7914%.s11,.1s...

]

146.’ 6.4914?.’ 4-5’148-! 8.8!1490!
1591, 6. 0¢152.910.72153,.s 6.8+1%4.,
196.912. 09 157.9213. 8158, 7.8 159,
161, 9,ds1EC,y 7odr 163,y 7. 8v1Bd,

167,93 D.cs168,s 9,9 169,

U, 49245, B.30.0
B.79850,+11.6r,..
9-&'855-’ 8-1’-..
B.2scbl.s EB.0s...
B.7+26%5,s 7.0

801915no’ 6.29000
TeCr15%.911.19,..
TeBalall,s B, 0s,,.,
2165, 8.7v...
604‘1?0.'10.5’-.0

171, 5.69172.9 S.89173.911,.39174,911.1+175,s 7.80...
1?&.,‘004! ??.’16.4’1?8-’13.0’1?9-’16.4,1801’ 9.2’...
181.9 7.d91E82.s 9,92 183,911,.0+184,910,.49185,.»12,0r...
186.,13.?,18?0!1503'1880’140891890’10o8’1900'1405'000

19‘.’15-6'1930‘ 6-4'19?-’13.8’19409

6.091950’120n'000

196.’13.5119?.!lS-&al?B.!16.6!l??o!30.3'200.'&2.1‘...
C01,¢22.19202,+C0.%203,917. 204,20, 3:205.+15.8s..,
C0B, 918, 84207, 01369202, 010.2209,915.9:210,913.%9...
e‘lo'l3.0‘2120’1303’213¢’110?!8140’1306'815.’14033000
Clr.s12.79217.910.89218.912.%219.914,19220.915.60,..
2&1-'16-9’822-!‘004!8330"205922409100032250’ Q0800

CCPer17.10227.913.C98C8.21C2.,7922%,

8.?’230.’13:490n¢

CRl.9 B,8:232,910,4¢833.910.59234.911.9923%.¢ 9,9 ...
30y 9493711300232, ¢14.5123%.910.4¢240,.912.%5r...

cdl.s 9.2scd2.y E.5¢243,y 8.5¢244.
S48, E,1e2847.911.0s848,9210.79249,
251.9013,9¢258.9 9. 79253, ¢14,. 89254,
2560! 90?!25?.’ 6.41258.9 ?.0!259.!
Chl.» 6,89262,9 B.8eC63.v F,.29264,

DEV POINT 1972 FLEVOLAND

FUNCTION MNTT = 140, $.0s141.5 S.15142.» 7.5s14%3.

145,910,809 1468,+11.89147.+11.89148,
1500'100291510, 9.09152-’ 9-3’153-1

Q.49245, 0 B.3%¢4
8.7+c50.+11.05,...
9.29¢55.¢ B.lvene
6.2’86&.’ 8-0’..-
8,7sc6S5.r 7.0

?.5'144.,10Ig,-.'
809,149-, 908'...
CeDe15%d,.s 4,.7s...

155.’1101’156.,1203,15?0, 8.5!158.’11.1’159-, ?I?’I.I

160,010, 00181,y 7.5s5162.r 9.9 163,
165.’ 8.1'166.’ 9-8‘16?., ?¢4.168¢9

?¢8'164o, ?08’000
8-9’169-, 506’..-

1?00, 9.9"?1.’12.0’1?2-' ?00‘1?3-’10-091?4|’l2-09.--

175.9 8,99176.910.00177.013. 0178,

9.?’1?9.’14.4’-..

1800'14.8‘181.’1208’1820’ ?.8'183-'10-191840’l105'000
165.912.49186.9 B, 05187.513.79 188,916,010 189,911,.0y...
190.’13.0"91.,14.5.1920,1205,193.’10l1’194., ?.0'--.
195.s B.19195,s B.8e197,9 B,.65198,914, 8199516, 05,
2000,12109801|!1809’2020'19.99203.’19-2’80409‘6089000
C05.917.8:s205,910.8:207.515.19208.514.0+y209.913.5r...
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210,014, 20211,.914,.5:218.¢14,9¢213,900103.00214,¢12.72...

215- ’1(‘.6.216.’ 1-30 ('931?. L
CCfl, 14,9221 13.%e2E2.211.9e223. ¢

ccSe s

230,012,002 %00

c30i, 0
c4%. s
S0, e
ES5%. s
cHoll, e

D, 0¢S818.913.3+219.011.10.,..
G.(sced. el 7Tr. .

6.3!286.'15.0!33?.!15.8!333.'14.g!339.913.3!...
23(’. ’ 1’:‘. ‘."E:'.gl. '1‘.‘:"&38.'1'-'.6,233-91!0198340 4 1305.000

e A 2B3T 01N, 293801119839, 913.80..

P.0s233,911.0eg8d2.010.CeCd3,910.8e244.0111,50...
9.8.’846..‘ ?.9’24?.'10.9.‘&480, 800,3491'
6.9’251.’ 9-69358091200‘3530‘13039254-‘11.4309-

5.6.’256., 8-!’25?..‘
8-8'251.’ ?01,268-’

MIN TEMP 1972 FLEVOLANMD

A, Te2SB, e B.7e85%,
6.5’&63., ?02,864.’

8.?’...

?.8‘.00

4.8

FUNCTION MATT = 140,914,359 141,016, 59142.917.%9143,517. 00144, e22.00..,
145,924, 10148, 914, 10147 ,515.79148,015,1+149,+13.5s...
150,913.%9 151 ,.914,6s152.¢15,10153.914,.01¢154,+14,%9.,,,
155,916,915, 015, 3015702112158, 921.8¢159, 085, Ne,,.
160.920.00161.,017.00182.017.10183, 015, 8s16d,.916,10,..
185, 01779168, 918, 2917, 18.60108,917.8el69,.s16.89...
170, 920,017 .921.89172.917.22172.017.%9174,.917.0s...
175,51 2.801768.0158,. 0017716, U178 020, 1¢179, 425,290
120, 024.30181.917.2¢182.917.9s 183,914, 0¢1284,514,.8v...
185.9l?,S.186.91?.8918?.93003918809860991890919.0'..0
190, s 19, 00 191, 916,55 192,517.35193,+17.29194,+18.5s, ..
195, e 19, e 95,019, 9 197,020, 0192, +21.72199, 924, 10...
CUMN, 124,292 o2&, S0, s30, 0203, 089, 29203, 329. B30
NS, 2T 3R 2 10T 22119202, e 19, D209, 017 Moy as
C10.¢18.0:s811.919,2+C1C.9019,.292132.920.99214,519, 0v,..
C15.e20.9:21F,.319, 1217218, 0e 218, 918. 892199159, 20
SN 129,198,287 1e222.224.C9223.920,8s824.988 019,44
S e v 19 e CCB v e CICET e D 2B, s 19, S 229,920, N3 0 0 ™
AN, s 18, 00231020, 1923200 1R 0e233.¢17,8+234, 412,55,
CRS . v 17, 1923081719237 .917.6¢228, 618, 892529, 917cCv%00us
240,919, 10281.9C1.C¢C42,.921.29C93,.921.%9244.921.50...
245 .+21.5e834R, 919, 7247 .2 168. 7248, s 19, 89249, 5 17.C%0 0 o
250,318,015 02,1252 921.12523.318, 054,32 1.59...
255,114,825, 915. 82807014, 91258, 215, 0sC859, 115, C%0 e

*

SED, »14.9¢201.914, 062,210, 023,915, 11echd, 19,2

MAX TEMP 1972 FLEYOLRND

FUHCTIDN DTPT = 140,10023.
141, 10523, » 142,

112

145.
149,
152,
157,
161.’
165,
169,
173.
177 .
181,
185,
189-’
193,

cehZ.s 146,
5434,.9150,
B180,+ 154,
644,99 158,
7eitl.r 162,
Q554.9166,
GRE9, 9170,
4122-!1?4-’

EEC3av 1432, 010095, 0 144, »

SN22, 147,
54?309151.!
T8O, v 155,
3195.9159, s
403, 9103,
B720.9 167, ¢
5945,9171.»
3188, 175,

645&.'1?8.’10001-'1?9.’

B0S4.»1BC.
Cl32.2 186,
7155.,190,
T3RE,»194,»

197.510202,.9193, -

cOl.
2905,
SNS.
213.,
217,
221.,
2¢S.
229, s

|S79,.s202. 0
5944, 206,
401,210,
0498 ,.4+214,»
SR33.9218.»
4706,.9222.
B185,.5226,.
A819,9230.

2518.+183%,»
48023.+187,.
237%.9191.»

Eo32,+« 148, «
6951.+152,.
4535.9156,. 9
8716.9160,
£43233.9104, ¢
7409, 2168,
Q7VShR. 178,y
BR09. 178,
6645.718ﬂ.9
C477 .2 1684,
95739188,
c0068,2192,.»

DRaL . 0195, 10599,»196,

9R33,.9199,
654?.'2D3.’
5363.98ﬂ?-!
4cd44,+c11.
??140‘2150'
4536-’2190’
7eg0. 223,y
3140.+227.
4163.9231.,

6313.’800.9
8?01.9804-!
4277 .v203. »
5992.v212. ¢
4261.9216.
9107,.92220.
744n,+224.
5450.’888-.
6320.9232.0

8811.' » o
§5040, T )
6598.! L)
8510.’ [
8344-’ sas
?938-’ s e
6?100’ "o
?865.9 "o
S322. "o
8618.’ sae
35060’ en e
5032.’ s s a
9228-’ L
8532, csw
8191.» se e
2431, xx
354?.’ LI
583?-' cse s
4048.9 sew
6?2?-’ e s
8385, cee
4920, e e
?91?.’ [



233-’ 8141.’234-.‘ 60!6. ’335.’ 5?30. ,336.' 5836-, s e e
237.r TATE, 238,y 4A521,923%, s 4240,4240,5 5151, e
24l.s 7770.9248.,3 7H02,s243, 9 TEEd, o244, 7419, P
245,y 6434,.9246,9 670, 98479 BIZHE, 248,y 3711, .o
2490’ 5050. ,2500’ 6405. 9251.9 4?85. 9852.’ 34430. s a0
S93.r 23940,9254. 9 29239,+c850.9 4020, 02%50.9 3061, P
257.+ 3603,9258.9 419,259y 4700, 9200, 2507, 0o
26131 3989. '868.’ 44?1-’263-’ 4933. 9264., 3263.’ s 00
265.» 4B2C2.:28RH.v 3T2l.v2h7.r SRUS,. 288, 5178,

‘- PADIATION FLEVOLAND 1972
FARAM RADCVY=239S,
. FADIATIDON COMVERTED 10 J/Mee?

*esee 3, DUTPUT

FRINT AVISCo AHETR DTLUIR, TEHL s ‘e
HANIFC» NETRS. DTREF TSHL» -
RYTCPs INETRS, FOV. FUCPy e
TA. CFADs FHe» FDFF « ces
HNCFL» TFC» TC» SFh aen
"F’p’ F'NU39 I|PL7 F":F.S, s e
WRC GYR» SRy SFGRSY esa
WSCos G2y SSy SEMT, ces
F’ES’ lt'Sﬂ! Gpp' Ilp. veo
HCHS» HOUR » WCP WCF s " e
NCASCy DAY, DTTRC. Tus, cee
TTRCC LYK TUT

QUTPUT WSCrWSM

PAGE GFRDOUP

¢eeee 4, RUN CONTROL ‘Jgﬂ' N

gy Wi

TIMER DELT=3600.s FINTIM=6998400.s FFPDEL=43200.+ OUTDEL=4322040,

* TIME 1S EXPRESSED IN SECONDS

FINISH RDPF=0, 01

METHOD RECT

_END
STOP
ENDUDOR
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Appendix B- PHOTON: Simulation of daily photosyn-
thesis and transpiration

TITLE SIMULATION OF IRILY FHOTDIYMTHESIS AND TRRMIPIRATION

’ DIMENMZIDNH ZcC9slltxs S(Selin
o 23 DIZTPIEUTION DOF THE LEAVES WITH FESFECT TD IHCDMING SUNFAYS

seeee FOF EACH FUH THE FOLLOWINMG INFUT LATA AFE FECUWIFED

L )

eseee MRIZE FLEVOLAMD 1972

L ]

L L4 CLIMHTE DATAH

'S CFADTE INTENMZITY OF SOLAP PRDOIATION IH CAL/CMee2 /MIM
. TRTE TEMFEFATUFE OF THE AIF IN DEGFEES CENTIGRADE
. DFTTE DEW POINT TEMFERHTUFEe. IN DEGREES CENTIGFADE
FUHCTION WMIZITE=0,e1.s 1000,.1.

. WMIND ZFEED IM THE ENCLOCSLIFEs M-S

oo FHYZIDLDSICHL DATA

FRFRM TWi= 1245,

. ZHOOT LEIGHT IM kG DRY MATTEF-/HA

FARFRM PEZFI= 0,03

. IHNITIRL PEZERVE FEPCEMTRGE« DEPEMDING ONM FFRETFEATMENT

FRFPAM FPi=.22+ FCI=.53« FFCS=,02% FLS=,.02¢ FMI=, 005« FRS=, 0%
PAFAM FRP=.20s FCFP=.5%« FFF=,02% FLF=.08« FMF=,06%, FRF=, 03

. CHEMICAL COMFPOZITION OF FLANMT MATERIAL GPOWM OM THIS DATE

g FFOTEINZs CRAFREOHYDPATESs LIPIDC. LIGHIMe MINEFALSs OFGANIC ANIONS
FAFAM LAI= S, 3

. LEARF AFER INHDEX

. F LERF RAMGLE DISTRIEUTION

FRFAM FESCM =200,

. CUTICULAFR FESISTANCE TO WATERP. INM /M

FUNCTION SPCTE=.7Tel.E~de Ede], E~de . 9Se1.E-d» f1.e,.01429: 1.5..01329
. DEFENDENCE OF ZTOMATAL CONDUCTANCE (M-3> OH FUCFe FROM

. MAIZE FRPETPEATED AT HIGH INTENTITIES IN FHOTOIVHTHESIS FOOM

FRFAM LIDL =0, NS

. WIDTH OF THE LEAVES IH M

FUNMCTION TOTE=N,e0.0 10,50, 25,1, 35,01, 40,0,

X EFFECT DF TEMFEFATUFE ON GFOWTH

FL"“:TID“ l‘*PTTE: =|5’_5':'-' o?’-l\?-’ IE:,-14.. -84’-1205. .88!‘1':‘.’ s e
-9‘:‘.’—3.1' lo,':lo.‘ 1.5"40'5

i DEFPENDEHCE OF WHTEFR FOTENTIRL CPOP <ERP) OM FEL. WATEFP CDMTENT
FUNMCTION ETFCTE=0.e0,¢ 10,90, 03 20,90, 2% 33,.40,%ds Z7.e1.

. EFFECT OF <OIL TEMFEFRTUFE 0N FOOT CONDUCTANCES

. FFOM MAIZE TRAMZPIFPATION DRTA IH FHOTOTYNTHESIS FPDOM

. TRCMTE TPANCZFPIFATION FARTE IH & WMRTEF/-M2-/H

FPrFAM CO2C =10,
FRrREAM PCOSIM=1c0,.+ FIECOZ=0.%
FUNCTION FMMTE=0.etl, s Soelloe 13,070, 100,470,

L4 HISIMILATION CHAMEEP DRTH

. VFMOTE CONCEMTRRATION OF THE DUTGOINS COZ2 IN VPFPM

'S VFMITE CONMCENTFATION DF THE INCOMING COZ2 IM VFFM -
. LTARITE FLOW FHTE OF THE HIF I CHAMEEFR IM LITFES-H

FAFAM AE=10000, « RC=Z2,E

. LENGTH OF <IDE OF EMCLOZUREs AHND HEIGHT OF THE CFDOPS
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. MHEH ENCLOIUFE IS SUFPFOUNMDED BY ® CFDFe AE THOULD HRVE VALUE 1.E4
FRFAM ERKDOFF= 0,04

. AFEF DF THE ASSIMILATION CHAMEER

*e FU CONTFDL DHTH

FRFEARM STDRY =2cwn.

g HUMEEF OF CRLENMDRF DRY

FRFAM REGIN =11,

-e HOUF RT WHICH THE SIMULATION STRRPTT

PG00 000006000500000000 TECTION 1@ CPPPPPOPPPPPOPOPPPPOPPPPS0S 000
g RAYERRGE TEMFEFRTUFE OF CRNOFYe. ZEMZIELE RHD LRATENT KERT LOSC

MACFDO TEHL«TSHLeRVYTEF HCFLsRY IS« RNIFP=TFFH VYIS HIF e AFER)
REZFRAD=VIZSNIF
EVH sHMIH] CEFF oY IS HMAHR e300, D

. FFEVENTS UNMDEFFLDMW
HEFRIL =(RMAX+DFLY e ¢, —EXF i —EVHY s =-DFL
SFESL = aS, de ' WFMOC-FCOSID A AMASE e Q, QDL e HCFILY =FHel 322~ 1 . ER
IF ‘:FESL-':‘T- :F.l'l .UF'- :FEtL.LT. ':I-] ':‘U TU ?':“:l
SFECL =TFW
HCFIL =S, 3¢ (VFMOC-FCOSID) ~(SFMe]  nedPHeL, 220

0N SFES =AMINMLGFESCHCZFEZIL) .

ENF =0, oM FIL
EHL = (ILOFE® RECFRD-ENFY +DFYPY A (PSCHe RO, SI+IFESD JFA+SLOFEY
ZHL =RETFRD-ERL-ENF
TL =TH+IHLoFF
TEHL =TEHL <+RREReEHL
T-ZHL =TIHL +AFERe:IHL
HYTCFP =RYTCP+RFEReTL
HCFL =HCFL +RAFEReNCFIL
HY IS =RVIY +RFEReVIC
HIHIF  =ANIF +RFEReNIF

ENDMAL

COMZIT FICH=0,&7

. FOYCHFOMETFIC COMSTHNT IN MERF FEP KELVIN

CLEPPP000000 0000006000004 CECTION ¢ OGO GCPPOPPPOPPELPPCPSLPOOPOPIOIIOGS

* INITIRLIZATION
INITIRL
FIXED JTedekoebLoMeILs ISeICUNCEIN
STOFAGE F(9 e OAV (S
* ORY: AVEFARGE FPODJECTION OF THE LEAVES IN THE DIFFEFENT DIFECTIONS
TRELE Fe1=S=, 015, D450, 0730, 1590 . 1330, 1430, 1SSs 162, 174
* LEAF RNGLE DISTRIFUTION. HOT CUMODLATIVEs SuMMIn: 7O UNITY
P] =3, enTHRNM(L .
FRO=PI - 180,

*esee 1. EXFDIITIDN OF LERVES TO THE ZbLIN

FFOCEDLFE SUMFsZI1SSH=GEDMET <RADD
CHMF =R (1) 4F (21 +F i 23 4F (D +F SV +F tn s #F o T3 #F (5 oF (S
IF (ZUMF.ME.0.> 50 YO 10
. WHEN HO LERF DIZTRIEBUTION FUMCTION 1S FROVILDED
* H IFHEFICHL LERF ARNGLE DISTRIEOTION IS RISLMED
cISCH=01
IO 1 15=1e%
12 DRV aIZ»=n,5
D TO 11
110 ID c¢0 12=19
FlI=dlielZ=SveFRD
SI=ZINFI
CO=C0«FD


http://spesl.lt

Dh=n,
ID 21 IL=1,9
FLc1Ge]L~-5> oRA
HH=ZleL D (FL>
EE=COeIINH(FL)>
CC=RH
IF <lS.GE.IL> 60 1D &2
S0=S0RT CEEeEE-FASHRA)
CC=2.¢ (AReHTAN AR SN +S00 /P
Dh=DD+(CCeF CIL)
0 23 SH=1.9
FM=ZH- 111,
FR=FM-HH
CC=1.
IF «IZ.LT.IL> GO TO 24
IF (FN-EE.GE.fAH> GO TOD
IF «(FH+EE.GT.AA> GO TO
CcC=n,
60 70 23
S S0=S0FT (EEOoEE~-FROFMH)
CC=RTHNFRA/SD /F1+0. 5
60 70 23
cd IF (FH-AR.GE.EEY GO TO
IF (FN+#R.GE.EBEY 0D 70
LO=S0FT(EEeEE-FA®FH)
CC=RTRAN(FR~-SD)
Fr=FH+HrH
SO=C0FT(EEeRE-FreFF
CC=RATANR(FHA-SDHD +CCH> /P]
c3 SCILsTHY=CC
cl Sl =1,
EE=0,
DO 26 SH=1s10
cC=o0,
DO 27 1IL=1.%
c7 CC=CC+F (IL> ¢S (ILIMD
SFISe My =CC~-EE
e EE=CC
ch OAvV «IZ>=DD
11 CONMTINUE -
EHDFFO

a
ru

o
A

M
AW

eeoee 2, REFLECTIDN AMD EXTINCTION

FROCEDLURE EDIFDEEDIFOVSEDIFDMeKFELsKDFY e FDFN=EXTINC (SUMF«L AT DD
STOFAGE E(S) e FFVY(11>e FFHC11>s EDNHCI1Ye KIV(I1D)e KEDIRCLYL)
TRHELE E(1=%=, 0306, 037V e, 133001630, 1749 . 1630, 1339, 037, D30
. DISTRIEUTIOH OF INCILENT FLUXES OVER 9 ZONES OF THE SkY «UDO
SOVI =S0ORT<l.~SCV)
FRFARM SCV =0.2
. ZCATTERING COEFFICIENT OF THE LERVES IN VICIELE FEGIDN
SONHD =S0PTd1,-SCHY
FREPFM SCN =11, 285
. SCATTEFING CDEFFICIENT OF THE LERVYES IN NHERFP-INFFPRFED FEGIDM
FEFY =1, =Z0Y{3/(1,+30Y D
FEFI =1, =S0OHIM (1, +S0ONHD
DO 22 1S=19
CKDIPCIZ+1)=0AY(IZ) Z7SINC (10e]T=5) oRFHID
EDH «IS+1D=kDIP 1S+ eSO, Sdu g3+, 035
c8 KDV 1S+ =kDIFc]S+1d 0000, 3dng3+0, 025
KDIFC 1) =kDIPC -
FDIPA11D=KDIF 1M
KDY  1d=k[V &)
kI «11r=kDiv (10
KIIM « 1=k ¢ &>
YOI «110=k[id 1>

3F
33
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30

DIFECT FRDIATION
ID &2 It=1s11
kDIPIS =2, ¢kDIRID A kNIRPCISH+1,
FFVOISY=AMAXL (0,0 1. 1170, —EXP (=FEFVek RIS D=0, 0111)
FFHCISO =AMAXL (0,41, 1170 (), ~EXP (~FEFHeLDIFIS) D=0, 0111

DIFFUSE FROIRTION

FFOVY =0,

KFOVYN =0,

EDIFDE=0.

EDIFDV=(,

EDIFDN=Q,
g 30 Jd=1«9
FFOVY =FRFOVY +BE(D eFPFV (141D
FFOVH =RFOYN +RcheFFNCJ+1)
EDIFDE=EDNIFDR+E (D SEXP (=kDIP (d+1>eLARIIN
EDIFDV=EDRIFIV+ER () oEXP (=KIV <« l+1>eLALIID
EDIFDN=EDIFDN+R( D SEXP(~KDIIN (J+1d>eLRAIID

KEL =2=-RLOGCEDIFDER) /LRID

KIFY ==-fHLOG(EDIFDY> /LAILID

KFIFN =-RLOGCCEDIFIN) /LALID

EDIFIN=EXP (=K DIFNeLRKI>

EDIFIV=EXP (=kDFVeLAD

ENDFRO

*o00e

FRFAHM

¢

3. SI1ITE AND STATE OF CFDP

CSLT =COSPRDeLAT)
SNLT =SINPHRDeLAT)
LAT =52, .
LATITULE DOF SITE

IWCP =7.E8e (JHS+]IWR)

INITIAL WATER CONTENT OF PLRANTe EIGHT TIMES DFY MATTEFs TIMES .9
IR =1WDF+luWYR

INITIARL WEIGHT OF THE POOTS

IWOR =lWS /7.=1WYR

IUYR =600, e (], ~EXP (=TS /4200,))

IW/P =Q,25e1WS

IMOR =0,25¢1LS

FDOT INITIALIZATION FOP YOUNS FLANTS

IRES =C(JUS+JUR oRESPIZ (1. -FESPD)

IPS=FPSellS
JICS=FCSelWS
IFS=FFSelWs
ILSEsFLSeIWZ
IMS=FMSe ]S
1AS=FASelWS
IPFP=FFFellP
ICR=FCReIHWR
IFF=FFRe LR
ILF=FLReILF
IMP=FMRelF
IRR=FRPeIWRP
INITIAL AMOUNTS IN SHODOT AMD FODOTSFESPECTIVELY

FPFOTEINSs CRREDOHYDPATESs LIPIDSs LIGHINs MINERALTs OFGHNIC AHNIONE

IANCFL=1AMACe] 629429786400,

INITIAL YALUE OF FIRST OFLEFR AVEFRGE OF COZ ASSIMILATION
FATE G CODZ2/HA-S)

IAMAS =AMINL (TS 3000.91.) 6200,

INITIRL AVEPRGE METRECLIC ACTIVITY OF THE SHDOTs DEFEMDENT
ON SHOOT WEIGHT (kG STAFCH/HA-DRAY)?

IAMAR =1LR/IWSe200.,
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* IHITIARL RYEFRGE METAREOLIC RCTIVITY IH THE POOT skin STHFCH/HRA/DIAY)

LAID =AMIN1«LHT«3.D
FLAI =LHI-LAID

FELFFO=1,+2, R /HE
. REOMETRY FRACTOP RICOUNTING FOF FFOJECTION EECAUZE DF TIDE
. ILLUMINATION BV DIFFUZE LIGHT IH HEZENCE OF DIFECT LIGHY

DAY =ZTDRY
IVYFMO=RFGEN(YFMOTE«BEG I

. INITIARL “ALVLE DOF YPMO
IT: =AFGEH(TAHTE.EEGII
. INITIRL TEMFPEFATLFE DF THE ZOILe ECURL TO THE RIF TEMFEFRTUFE
I'YHRMIC
CPOCPPPPOPSPEPGOOOOS GOS0 SECTIDNH = 22222222222 222 P PR
. TIMEFR YAFRIAELE®
HOUF =TIME/Zo00, +AINT ¢EESIND
. EEGIH ON WHOLE HOUFZ. TF LOZING MRCFO FOF HOURP TOTALS
. CLIMRTE

seeee 1, WERTHEF
FFOCEDURE SHHZCs THe TS DPTeZVPs SLOFEsFHMEZaFRFRIFYP=LMERTH (IRY « HOUF)

* DIFECTION OF THE Suny
DEC =-c3.4¢0% (2. oFPleIRv+10, 2/ 205
SHIC =SIH«(rADIeDEC)
CIDC =COs«FAROSLEC)
IHHIS=INMLTeSHIC+CELToCEIiC oL O (FleHOLF+11. 22> 712,)

L SINE HEIGHT SUte TEN DEGFEES WETT OF TIME MEFPIDIFAMN
IS TEMFEFATLIFE
TH =HFGEM (TRTEs HOUF)
* TEMPEFATUFE DF THE HIF In LEGREE:S CEMTIGFRLE
TS SINTGRL(ITE e (TA=-TS» #14400,)
. T0I1L TEMFEFATLFEs FOLLOWE RIF TEMFEFARTUFE WITH LELAY DOF 4 HOUFS
* AIF HUMIDITY

IPT =RFGEMN(IFTTE«HOLRY
AVFP =R, 11eEXFP(17.9eDPT 239, +DFT) >

. ACTURL WATEP YRFOUR FRESZUFE. 1IN MERP
SVP =R, 11eEXP (17 .deTRH/ (223, +THY
. SATURATION YAPOLFP FPFESSUFEs INM MERF
SLOFE=41S2, 6eIVP/ (TH+Z2Z2Y9, ) eoc
* DERIVATIVE OF SATURPATION FFEZSURFE MWITH FESFECT TO TEMFEFATUFRE
FH =AVFP-/ZVF
> FELATIVE HUMIDITY
. WIMD SPEED AND FELHTED FESISTAHNLE
W =RFGEHMETEHOUPY
- WIND SPEED IMN THE ENCLOZURE. M-S
FH =FRAPLeICPFT (MDLA/WMI) 0, S
14 DIFFUSION PESISTANCE OF THE LAMINMARE LAYEP IM /M.
> FRCTDP 0,% ACCDUNTS FOP EBOTH ZIDES DF THE LERF

FPAFAM FPAHFL =189,
4 = =M, FHOCP
FAFAM FROCF=12014,
. HERT CARFRCITY OF THE RIF 1IN J-Meel FEP KELVIN
DRYP = (IVP-AVP) 7FF )
ENDFFO
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*eoee 2, FADIATIDNM

PFOCEDURE DIFDVDIFCLs SUNDCL«CFCoCROCFOVoLFDOVLFCLsCPRADsDFADY . 0.
SHHT s FRDOJoHIUH IS=INFAD(LAT s LAT D SHHIS)
SHHZ  =HMAXT (0, « SHHES
HIH  =ATAHCEHAS 7 SORT (1, =ZHHIOSHHSY ) /FAD
DIFDY =RFGEN(DFOYTEs HSLU
DIFON =i0.7eDhIFDV
. DIFCL =RFGENC«DFCLTE«HIUMD
SUNMDCL=RFGEM CSLIMDTE« HIUIHD

FUMCTIONM DFDYTE=,s0,¢ S,s6,s
S55.994,« 15,2105,
FUNCTION DFCLTE=0.e0t, e S, 089, 15,42,
. TDerEE Yy BS .7l Th.e 7S
FUOMCTIDN SUNDTE=0,el,s S.efl,s 15,88, ¢ 25,
S9.rdlC. e 8BS, 0452, 7O, 048
I

* FHDIATION YHLUES FOF STANDRFD Sk

a v J
¥ 3
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= e
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CFC =(SUNDCL+DIFCL) o2,
CFO = DIFDV +DIFDON
CFRAD =RFGEN(CFRDTE«HOUFY o700,
. - CFRD  =RFGEM«CFRDTE HOUFD
LIFAD  =INTGFL <, «CFRID
* CUMULATIVE FRDIATIOH. Jd-Meeg
FOv =(CFC-CFRDY # (HDT «(CFC-CFO» +CFC-CFOY
LFOY =LIMIT«0,.«1.5F0OV>
LFCL =1.-LFOY
IF ¢IHHZ.EO.0.> O TO 120

g DISTRIEUTION
IS = (HIUMH+10,.3710.
FISUH =HIUN+1S,>-110,
ISUN =FISLIN
Fl sFISUN=-1S0N
kEDF =kDIFCISUMD el . =FIX+F ek DIPCITUMN+1)
kA =DV (JSUNY el ~FId>+F ek DV (1300H+1)
EH - =FDH «(JSUM e, —FI>+F 1okt CIZUNH+Y>
FY =FFY (JSUNre ], =FI)+FJeofFFV C(l:UH+1Y
FH =FFH (IS e, =FI)+FIeFFN <ITUN+1)
CEMHE SOFT ., =SHHS e SHHTY
FFDO4 SHHZ+RCOLENHE-RE
ERID =ExF (=kIFeLRIDLOSNHI/FFOI
EFRPIIV=EXP (=kV eLAHIDeSHHI-FFON
EFFIIN=EXP -k eLHIDeSHHZ/FFOD
EFI =EXP (~KkDIIReLAI eSHHZ-FFON
EFFIVY =EXP(=kY oLHA] oIHHI- -FFOI
EFFPIN =EXP(=FN oLHAH] eIHHI-FFOI»

* EXTINCTION OF ALL TYFES ARSIUMED EXFONENTIARL

120 CONMTINUE
ENDFFQD

$404000000000000000000000 ZECYIDH 4 0000000000000 00000000000000000
¢ ENEFGY ERALANCE

FFOCEDUFE TEHL e TSHLs AYTCFeHEFLsNCFLOWHIFLCs AVISANIPCHETF= ...
EHEFGY «SFile SNH I« AMAXD

TEHLO =1,
TERLC =0,
TEHLO =2,
TIHLC =0,
HYTCFO=0,
RVYTCFPC=0,
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108
101

109

102

104

105
105

107

103

120

HCRLO =0,

HCRLC =0,

HVIZO =0,

AVISC =0,

ANIFD =0,

ANIRC =0,

1IF (CFRAD.NE.O.> GO TO 103

TEHL =LFPYPeLRI/Z (PZCHe (0, 93¢FPR+FESCID A PA+SLOFE)

TSHL =-TEHL

AVTCP =TH+TSHLePR/LA]

NCRFL ==DFLeLFHI-/3500,

60 70 103

IF (SNHZ.NE.0.> GO TO 109

SUNPEP=0,

LFCL =0.

LFOY =1.
VISDFO=0.8e<¢1,-FFOVY) ¢CPHDe (1. -EDIFDV) oFELFRO/ (LAILe1. 7>
NIRDFD=0.8e¢ (1. -PFOVM) ¢CPADe (1, -EDIFIIN) oFELFFO/ (LAIlI®e1 .70, 7
GO TO 102

SLLA  =AMIN1 (FFDJe (1, -ERI> /7 (SHHY ek TIRD> s LATID

SHLA =LARID=-SLLA

CPADF =FCHIW(LFOV-FOVsCFAD-CFOs1.sCPRDO/CRC) e), &

FAP =CRALFeFELPFDeDIFOV-LAID
VISIFD=<¢1.-FFOvVY>e (1. -EDIFIV) ¢PRF
HIRDFO=«1.-FFOVI> (1, ~EDIFDN) oFRFeD,. 7

VIST =SUNDCLeC1.-FV >edl,~EFFIIV)

NIRRT =IUNDCLec(l.-FN >e<{1l,.,~EFPILM>

YIZD =SUNDCLecl,~-SCVW el ,-ERID >

NIFRD =SUNDCLe(1,-SCHODe(1,.-EFID O
VISIFC=VISDFDeDIFCL/DIFOVe (VIST-VISID oCRADF PRI/ (SHHSOLRIDD
HIRGFC=NIRLFOeDIFCL/DIFON+«NIRT-NHIRID ¢CFPALFeFROJ/ (CNHSOLALID
SUNFER=CUNDCL 7 SHHE

CONTINLE

OVERCHST SKY

TEHLO, TSHLOs AYTCFDs HCPLOs AVISO> RHIFO=TPPH WWIZDFOsHIRPLFOSLALI DD
IF (FLAH1.EQ.0.> GO TO 104

VISIFO=VISDFOe <EDIFDV-EDIFIV) oLARID/ (FLAl® (1, ~EDIFDY) >
NIFDFO=NIFDFOe<EDIFDH-EDIFIMN) oLAID- (FLAlI® 1, -EDIFIM> >

TEHLOs TSHLOs AVTCFDYNCRLOsAVISO«HNIRO=TFFH VY ISDFONIPDFOs FLAT)

CLERAF SEY
IF «(LFOV.E0.1.> GD TO 107
TEHLCs TSHLCs AVTCPCsNCRFLEC s AV ISCoANIFC=TRFPH (VISDFCyNIFLFCe SHLFAD
0 105 SH=1+10
IF (SUMF.NE,.0,) ZISSN=Z2(IS+SMD
RFEA=SLLA®ZISEN
ELM =(0.1eSN~-0, 05) ¢SUNFEFeCRADF
VIS sVISIFC+ELMe (1, -3CY)
HIF =sNIRLFC+ELMe ). -SCHM)
TEHLCs TEHLCy AVTCFCHNCPLCYy HVISCoARNIRC=TRPH(VIS'HIR«RFERAY
CONTINUE

IF (RLAI.ED.0.> GD TD 107

VIST =ISUNDCLeCl,-PY Y& (EFRIDV-EFRIV)

HIRT =SUNDCLeC1,-FN De<EFRIDN-EFPIMN

VISD =SUNDCLe(1,-SCVWe(EPIDN -ERI

NIFD =SUNDCLe<1,.-SCHYe(EFID -EFI >
VISDFC=VIZLFOeDIFCL/DIFOY+ <V1IST=VIZID ¢CRHDF eFFOJ/ (SHHSOFLADD
NIRDFC=NIFPDFOCDIFCL/DIFDOM+ (NIFT=-NIRID ¢CFATLFeFFOJ  (SHHSeRLAD
TEHLCs TEHLCYAVYTCPCYNCFLCs AVISCyRHIFC=TRPRPH(VISTIFCoNIFDFCsPLR D)
TEHL = LFOVeTEHLDO +LFCLeTEHLC

TEHL = LFOYeTSHLD +LFCLOTENLC

AYTCF =«(LFOVeRYTCPO+LFCLeAVTCFOY LRI

NCRFL =«LFOVeNCFLO +LFCLeNCFLC) #2800,

RYIS = LFOVeRVYISO +LFCLeRVIEC



ANIR = LFOVeRNIFD +LFCLeRNIFC
NHETR =RYIS+ANMIF

ENDFFO
ooo;ooooooooooooooooooooo SECTION & COCOS0 L0000 0P000000000005000000
> WATER ERLANCE
FUCPF =0,125¢LUCPL7Z CUMECH+URT)
. REL. WRTER CONTENT OF CRNHOPRPY
WCFL =INTGFL (1WMCPe (MUR=-TRC) 10,
. WATERP CONMTENMT FPLANT IN KG WATER/HRA
CPPOPPPPPCPPPOPPPOPPOPPIOIOIS SECTIDH & OO GGV OIVOCOPOOP PO G OO OGP OOOOe
g CFROP WATERP STATLS

Sk =1, /AFGENCCSFCTES FLICP)
TRCHMH=RFGEM (TRCMTEs HOUR) ¢FLAG

¢ TRANSPIFATION FPATE OF CANDOPY MEASUFED (G WHTER/Meel2/HD
FUNCTIDN TRCMTR=0.s0.s 100..0,
* MEASUFED TRANSPIFATION FATE TRELE

FLRAG =IMPULS «0,92600,) ¢kEEP
TPCCH=(TTPCC=-ZHOLDCIMFULSCDELTs 3600, )okEEP;TTFcc> Y oFLAG

. TRANSPIFATIDON PAHTE OF CHNMOFPY CHRLCULATEDs G WATEFR-/Meeg H
TTRCC=INTGRL (0, s TRC)

* TOTAL TRANSPIRATION DF CHHOPY <G WHTER/Meeg)
TRC =TEHL-/VAHFHT

¢ TRANSPIFATION PATE OF CANOPY IH Gs/Meec /%

COMST VAPHT=Z23%0.

TWUR =INTGPL (0, s WURD

* MUP s=(IPTSL-WPTC) Z/{MRESFL+1, 7ACFS)

‘ BMUR =PTEL~-WPTC) eHCRS

. WHRTER UPTRKE EY THE FOOTS IN G/Meez- 3

PAPAM WPTSL=-0.1

* WATER POTENTIRL DF THE SDILsy 0.1 COFRFESFONDS WITH FIELD CRPHCITY
WPTC =HFGEN(UFPTTE«FLCP)

* UWHTER FOTENTIAL CRDP IN EAR
ACFS =lYR+0, 3eWOR) ¢RAFGENETFCTE TS ZUCRR

¢ ARCTUARL CONDUCTHNCE DF PDOT SYSTEMs G WRTER/Mee2 ERF /T

PARAM LICFP =2S010,

* WEIGHT-CONDUCTANCE FRTIO DOF RDOT SYSTEM

0000000000000 00006600000 SECTIDN 7 TYYIIITIYYIYIYITYR YRR Y I A R R LR R 2 2 Y Y

¢esee 1. PHOTOSYNTHESIS

Pﬂﬁﬁﬂ EFF=0,.50
EFFICIENCY AT LOW LIGHT INTENSITIESe KG CO2/HA/H FER JMee2/S,
FMES =(RCO2IM-COZC) ¢68. 4/ (AMAX] (0, Q01 AMIO(D oFEDFPL)
. AMAX] PREVENTS DIVIDE CHECK
AMI00=AFGEN (AMTER, TA)
FEIFRL=RFGEN(REDFRT, FESL)
. FEDUCTIDN FACTOF ARCCDUNTING FOR FEEDERARCK OF FESEFVE LEVEL
* TO PHOTOSYNTHESIS
FUNCTION REDFRPT=0.91.9 .20eles .259,0001s 1.s,0001
AMAX = (PCO21-C02C) ¢6%, 4/FMES
RPCO2I=AMIN] (FPCO2IM«RIECD2eVFMOC)
IPL =0.11eRNCPL-LAle2&00,
* DISSIMILATION IN FPHOTOSYNTHESIZING LERVES «kG CD2-/HA LERF-S
. USED IN STOMATA REGULATION
ANCRL=INTGRL (TANCRL s (AMAXE (0. s NCRLY —RNCFL) # (43200, )
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FIRST DFIDEP AVEFRGE OF MET COS-ASSTMILATION

NHCASC=HLASeZe 00,

HET CO& HIZIMILATION SHDOOT CRLCULATED IN kG COS/HA-H
HCAZ =HCFPL-GFS-MPZ
HET COS-AHISIMILATIONM FATE SHODT IN kG CO2/HA-S

c. FESEFVES

FESL =RES/(FES+MLC+LIFC)

FESEFVE LEVEL

FES =INTGFL(IFES«HCFL/Y,E629e29-LFES)
AMDUNMT OF FESEFVES kG STAFCH/HAD,
UFES =SP+ZC+XFI0R+SFIDDA

UZE OF FESEFVES

2. EFFICIENCY OF GFOMTH
sHDOT

ss =SFRE+SRPMO+SROGEAS+SRTRPAS

STHFCH FPEOUIFEMENT OF THE SHOOT (WG STHFCH/HAZD)

SFLS  =LPGPS+SROCS+SRGFS+SRGMI+SPGLS

STARPCH FPECUIFEMENT FOFP GROWTH DF THE SHOOT (kG STRAFCH/HA-S)
ERGPE =GFPSe0, 517903

SFGCE =GRCSel1,12

SPGFS =GFFSe2, 72

SPGLS =GRFLSet .94

SPGMT =GFMSen, N11£4

qTHPCH FEOUIFEMENT FOR CONMVERSION mHD TRFRMSLOCATIDMN OF
PPOTEINZs CAPEOHYDFATESsFATSLIGHIN AND MINEFALS IM THE
SHOOT kG STAPCH/-HR/ZD

SRGIAS=GRPSeL . 29

STRFCH FEOUIFEMENT FDRF FOFPMATION OF SKELETONS OF RMING ACIDS
FOF SHOOT FPOTEINS ki3 STRFCH/HAZD

SPTRPAS=GSeFHSe (1, N29]

STARPCH FECLIIPEMENT FDF TRRMSFOFT DF OFGARHIC ANIONS IN THE
SHODOT (kG STRFPCH/HAZZ)

FOOT

SEGPF =GFFRe(, 51790

ERGCR =GFCFRel, 12

SRGFP =GRFRe2,. 73

SPGLP =GFRLFPel, 94

SFGMP =GFMPe0, 0184

STRFCH FPEQUIFEMEMT FOP COMVEPRPSION AHD TRANSLOCATION OF
FROTEINSs CAREOHYDFATES«FATSSLIGHIN RNHD MINEFPALS IN THE
FOOT kG STRRCH-/HHZS)

A =S RPGP+SFMP+SRGSARISMULSRTPAP

TOTAL STRFCH PECLIPEMENT DF THE FOOT kG STRFCH/HA-S)
SFORP  =SFGFR+EFGCF+SFOFR+SRPGLF+IFGMP

STAFCH FPEQUIREMENT FOF GFOWTH DOF THE FDOT
SRBIAR=GRFPFel , 25

STAPCH FEOUIFEMENT FOF THE FOPMATIDON OF SKELETONS OF
AMINDO ACIDE FOFP FDOT PROTEINTS G STAPCH/MA-/S)
TRTFAFP=GFRFe, 1291

STRAFCH FECQUIREMENT FOF TRANSPORT DF OFPGANIC ANIODNS IN THE FPOOT
(kG STARFCH- KR/

SMU =0, 125e (GFMS+GFMP+FNOD

STRFCH FPEQUIFEMENT FOP THE UPTARFE OF MINEFALS AMD HITPHTE
(kG STRPCH/HAZS)

IFI0AR =FRF=-TFFPTYe0 2916



- ®

¢ STRFCH FECUIFEMENT FOF FORMRTION OF SKELETONMT OF DFGRHIC ANIONS
ZFIDA =TFPTe, a4
¢ STRECH LDZT EBEY COc EVOLUTIOHN DUFING DECAFEOXYLATIDONM
4 DF DFGRNMIC ANMIONT
*s0ee 4, MHINTEHRMNCE
SFME =CPSel, N2CS+MIe, U oFHATC+RMAT o0, O3) e TEF S 20 d i),
* STAFCH FEOUIFEMENT FDF MAINTENANMCE OF THE SHOOT <k STHFCH/7HA-D)
FHATS =1.-AMIH1 (1,750, ¢LAI AN
AMARE  =INMTGFL (JAMAZ o «SS=-HMHLZ /2640, Yol
. AVEFAGE METAREDLIC ACTIVITY SHODT «kx STHFCH FRODUCED HHD UZEDNMDRYD
TEFZ =010eed, leRpVT(P-2.%
FAFAM QtO0= 2,
SFMP =(FPe, OZT+MF e, 03+AMAFeN, D) ¢TEFF 82400,
. STRAFCH FEOUIREMENMTY FOF MARIMTENAMCE OF THE FDOT kG STHRCHAHHAAZ)
AMAR =INTGFL (TAMAR (SF=-AMAF /204010, 262, )
TEFF =Q10eec(, 1¢TS=-2,%)
seeee S, (CDz EVOLUTION
GFZ =FFSe, BId+GRCEeN, 17S+GRFEel . nl18+GRLS N, 62+GFMSe0,. 03, ..
+:FTFRACe] €292
g CD2 EVDLUTION FESULTING FFOM GROWNTH OF THE =HOOT «<kG CO2/HA-S)
MFS =3FMIe] . 259000
. CD2 EVDLUTIDOH FESULTING FFOM MARINTENANCE OF THE SHOOT«'G COZ/HA-S)
LF =5FF+MFP+FUFPT+DIRA
. TOTHL COZ-ENvVOLUTION I THE FOOT «kix COSAHAADD
oFP =FFFe0, SI3+GFCF e, 1TS+GFFRel .1 S+GFLF e}, 62+GFMPe0, 03, ..,
+SFTFRFEe] 052
. CO2 EVOLUTION FESULTING FFOM GFOMTH OF THE FOOT kG COZ2/HRADD
MFP sIFMFel . 6cSacS
A COZ2 EVDLUTION FESULTING FFOM MAINMTEHANMCE OF THE FDOOT <G CO2/HHAD
FUFT =tMUel ng%ng9
¢ CO2 EVOLUTION FESULTING FFOM THE UPTAHKE OF MINEFARLE
LA =TFFTe, 557
C02 EVOLUTIDN FESULTING FFOM DECRFEDRXYLATIDN OF DFGARHIC RNIONT
sse0e n, CHFEOM BERLRANCE
FPIFF =AiCP~WCF> 2 (HOT (MCF) +WCF)
WCP =dPI=1FS)+FFP-1IFF)) ¢ 55555+ ...
(CS-ICHO+ CR=1ICF)>> e, 45005+ ..,
CFS=IFSY+((FF=1FF) ) e 77200+ ..,
CLS=ILEY+(LP=]ILR)> e 69313+ ...
CRI=IRAS ¢+ (RP=IAF) ) e 39027
HWCF =TNCHAFe, 272727+ (IFES-FES)Y ¢, 444444
. WCF ANMD WCF IN kG CAFEDM-HAs THE DIFFEFENCE EETWEEN EOTH MUST EE
* SMALLEFR THANM (0,03 TIMES THEIF VALUE
THCAP=INTGRFL <0, s HCRT-IF)
. TOTAL HET COZ-ASSIMILATION FLANT (kG COS-HH
CEP0000 4000000000000 0000 0 SECTIDHN S8 FOPPTITIYITIIIII XY T T I 2L 2 2 2 2 2 2 28 o d
*eeee |, CROP GFOMTH
THMT =sWIC+WRCH+RES
d TOTAL DPY WEIGHT «ki3-HAD
‘TS =W3C+FES
*

TOTAL WEIGHT SHOOT
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0000

>

PRFAM
.

]
ENT)

2. SHOOT

WMEC =PS+CI+FS+LS+ME+RE
WEIGHT SHOOT CALCULATED

PSS =INTGFL (TIPS GRPED

C3 =IHTGPLCICS«GRCE)

FS =INTORL (IFS»GFFS)

LS =2INTORL (ILSy» GRLED

Ms =] NTGRL (IMS» GFMD)

AS =INTGRL (JAS«GRAT)

LWEIGHT OF PPOTEINSs CAREDHYDRATES»FATSsLIGHIN«MINERALS AND
OFGANIC ANIDNS IN THE SHOOT (XG/HAD

GRFS =GSeFPS .

GRCS =GSeFCS

GRFS =GSeFFS

GRLS =GSeFLS

GFMZ =GSeFMS

GRHE =GSeFRS

GFROWTH RATE OF PROTEINSs CARROHYDRATES sFATSsLIGNINMINERALS AND
ORGANIC ANIONS IN THE SHOOT <kG/HA-3

GS =RESORCRISAFGEN (TGTERs RVTCR) ¢RFGEN (MGSTEs RUCF)
GFOWMTH PATE DOF THE SHOOT (kG IM/HACS)

FCkS=1,3E-S

FELATIVE CONZUMPTION FATE OF THE RESEFVES

TGTB FPEPPESENTS INFLUENCE OF TEMFERATUPE ON GROMTH (SPECIES DEFEND

FUNCTION WGSTE=0,.90.5 .89s0es 95,15 .975+.%5s 1.91.

*®

*

WGSTE ACCOUNTS FDP CHANGES IN PARFTITIONING OF FRESEPVES EETHEEN
SHOOT RND FDOT. UNDER INFLUENCE OF UATEF CDONTENT

FRF =kND3el, (6

FRATE DF FDPMATION OF DRGANIC AHIONS, COMCURRENT WITH

FATE OF HITFRATE FEDUCTION

PHO3 =(GSeFFPS+LGYReFPR) o0, €52

FATE OF NHITRATE FEDLCTIDONs ASSUMING THAT ALL PPOTEIM N DRIGINARTES
FFOM NITRATES (kG NO3/HA/5)

TRRT =RAF-GIeFAS=CYROFAF

FATE OF TPANSPORT OF OFGRNIC ANIONZ TO THE FDOT FOR
DECRREOXYLATION <KG/HA/3)D

3. ROOT

UWRC =MOR+UWYR

WEIGHT OF FOOTS CRLCULATED

ORF =INTGRL (1W0OR SYR-LIOF-FOTC)

MEIGHT OF OLD FOOTS C(SURBEFIZEID

SYR  sWYReRFGEN(ETPCTEs TS) /SUEC

SUBERIZATION PATE DOF YDUNG FDOTS (KG/7HAZS)

SUEC =4,50ES

TIME CONSTANT FOR SUBERIZATION OF YOUNS ROOTS <= S DAYS)
ETFCTE ACCDUNTS FDOR THE INFLUENCE OF TEMFERATURE ON THE FPATE
OF SUBERIZATIDN

FOTC =20.E6

TIME COMSTANT FOF ROTTING OF OLD FOOTS C(HEDOUT ONE YEAR. SO
INEFFECTIVE HEFED

WYR =INTGFL C(IWYF»BYR=-SYPD

WMEIGHT OF YOUNG FODTSE kG [IM/HAD

GVR =FPESOPCPSeRFGEN(TGTETS) oHFGEN (MGRTE RUCP) -
GROWTH FATE OF YOUNG POOTS k6 DM/HRAS)H

FUNCTIUN "‘GRTB’O.’I.’ 08’10’ 09—' 0859 -9?5' 05’ 1.o00,

L
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. PRETITIONING BETWEEN SHOOT ANMD FDOT

FR =INTGFL (1PR+GFFPF)

CR sINTGFL (1CF» GFCR)

FPR =INTGFL (IFR«GFFR)

LK =]NTGFL (ILR«GFLFD

MP =INTGFL (IMRs GRMRD

HR =[NTGFL C(1RF» GFHF)
g AMOUNT OF PFROTEINS«CRAREOHYDRATESsFATSLIGHIN'MINEFALS AND
A OFGANIC ANIONS IN THE ROOT K& DM/ HAD

GKPR  =GYReFFR
GRCR  =GYReFCP
GFFR =GYReFFR
GRLR =GYRFeFLF
GFMFE  =GYReFMR
GRAF  =GYReFHF

. GFOWTH FATE OF FPRDTEINSs CHREDHYIRRTES«FATS«LIGHINSMIMNERRLE ANHD
. OFGANIC ANIDHS IN THE FODT (kG IM/HAZD)
LGP LPPPPPOPPLPP2 0060000 SECTIDH < COOPPPPPPPGOPOPOPEPPPE PSS 00

*eeee 1. DHATA FFKOM ASSIMILATION CHHNMEER

VPMOC=INTLORFL (GO0, s LTRIFRe (VPMI=-VFMOC)> o0, (DI -HCATeEAKOFFPeT4, 54545

i OVERALL CO2 CONCENTRATION CRLCULATED IN VPFM
LTARIF=HFGEN (LTRITEs HOUR)> #3600,
* LITFES OF AIP SUFPPLIED FER SECDND

VFM] =RFGEN(VFMITE«HOUR)
HCRASM=0, (ceelLTAIR e (VFMI-VFMOM> - ERk OFP

* NET COc-RESIMILATION SHOOT MEASURED IN KG CO2/HA-H
VPMOM=RFGEMN (VFMOTE» HOUR)

. FELFFO=1.+2.eRC/HE
. GEDMETRY FARCTOFP ACCOUNTING FOF FFOJECTION EECRUZE OF SIDE

* ILLUMINATION BY DIFFUSE LIGHT IN REIENCE OF DIRECT LIGHT
*eeee 2. DUTPUT

NOIORT
CALL DEBUG(Z,0.)
IF «(kEEP.LT.0.35> GO TO 200
TTRCM=TTRCM+TRCMH
IF (TIME.EQ.0.> TTFCM=0.
200 TELLER=TELLER+1,
IF (TIME.EQ.0N.> TELLEP=0,

PRINT DAY o DRAD » NCRL » RUCF » cee
HOUR « CPHD AMAS . SKEW cen
Tﬁc L} F‘NIP 9 HCRS ’ pﬁ L X
‘-"Up ’ RVI S * F‘NCPL’ F’Cps ] see
TEHL » HETK » NCFLO. WXC o ces
TSHL 1A s NCFLCy WMKRC cee
TTRCCs FOV o IFL WYR  » cew
TTRCM, PLFF 63 ) FES o cee
AVTCP, SHHT ) €] 4 * VYFMOC cee
VFEFMOM, vPMI o HCHSC NCHS M cee

TRCCH, TRCMH» rCD21
OUTPUT NCASM«NCASCo CRAD
FAGE GROUP=2

*esse 3. FUN CONTROL

FINISH TELLER=6G00, s AVTCP==1, s AVTCP=100, +NCAS==100, s KIFF=0. 01
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TIMER FINTIM =£5400, «FPPLEL
. TIME 1% EXPREIIED

METHDD PEE

cooee 4,

FUNCTIDON
*11.167.

1 18.500e28.T219E3¢20,333¢28, 9BNGER20. 00028, ITOUE 321,83
W22 0NN 2R, IRNVEZI S, 82R28, GBOGEZe 24, NU0e 2E, SRNVEZ 2T, 83
2. 000y B 92NSEZIE7 . 8238, QROYEZ 8. MO0 2B, 9SOFE3 30, 33
A 3N, 500,22, 9SNSE3s 31,832 28, FROVER 32, 0NN 28, IFOTET 32, 33

EXCHANGERELE DRTH

11. (1.

LTRITE =

1

S.2¥7 v EY

=1200, «QUTLEL
CECOMDT

=900,

Q. 2477E3+ 11,5900 13,.879CE30 11,667 1 2. 879ZE3¢ 11,883,211, 0S14EZ
¢« 12.050: 21, US14EZe 12,223 28, FCICER+ 12,40 EE.TE2ISES 12, D00y 22, Y219E3
12,6672, T2I9E25, 13, 02228, 721939 13,250 2R, VSISES 1 3. 333228, 7219ET
213,500,228, P219EZe 13, 823328, 7219EZ30 14, 000+ 28, VC1SES 14, SO0 R, 7219ER
214,667+ 28. 7CIGER 10, 3323+28, 7219E34 15,500 R, TEISE3s 16, 33308, V2C19ER
116, 50028, 7E19EZ« 17,322 2B V219ER+ 17,000 2B, 721I9EZ 1R, 3332, 7219E2

¢ 22,500, 2R.GROSED

FUNCTION
L l 1. 16?9
s 12.0%0.
v12.667
L 1305':“:"
14,667,
v16.500.
» 18,500
e D00
ochH, (e
e 30,500
» 22, D00
FUNCTION
v11.167
212,050
2 12.667
«13.500,
v 14,667
v16.5010,
e 18,5000
a2, 000
ek, (e
e 30,500
e 22,5010
FUNCTION
211,167
«12. 050
e 12.667
» 13,500,
e14, 667
. 16. 5':“:"

T 918,500,

‘22. 0009
w26, 000,y
e 30,500,
v 32500,
FUNCTION
v11.167
. 1&0 I:lf'rJ,
v12.667
9 13.500,
' 14,667
2 16,500
s 18,500
o2 0100
yCh, (N
« 30,501
’320 50':'9
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CPARDTE = 11,000
0.9C24E0. 11,500,
1.05979E0« 12,233
1. 020ZEQe 132, 0273
1. 0202ENe 13,833
1. 1OSZEQ, 15, 272
O, 6929EQ0e 17, 22
0, 220%ENs 20,33
0.0000ED22.223y
D, 0000EDs Y. 82320
D.022NEDe 31,833
0.4917E0D

THTE = 11,000
Cad27TEL9 11,500,
C.tcSOELs 12.23%s
C.ESETEL 12,0273,
C.TICCEL» 13,823
2. 7812E1+15.333
«r18BEL1017.323
CeTuZDELe20, 333
LNON0OEL» 23,833
1.800CEl27. 833
1.2730E15 21,833
1.8750E1

YFMOTE = 11,000
1.1819E2+11.500
S.112eES+12.233s
CehISSECY 13, 053
3. 174EEZ 132,833
4,3301E2915.332
4,.5082ECs 17. 333
S.1115ECy20,. 333
3.278BEC»23.832
R.3924E2+27. 833y
3. 3040EC2 31,833
5. 0eheEe

VPMITE = 11,000,
3. 1201ECs11.50100,
2. 02821ES2512.233
3. SE"EJEE! 130 083’
4, 0744E2» 12,923
E'o 2346E2’ 15. 333'
S.2C9%EC+ 17.333
S.3814E2:20.333»
3. 1882E2+23. 8232
2.3119ECs27.832
F.2877E2 31,833
S5.45¢c4ER

I N i

0,9234E0 ...

1.0132E0011.567
1. US02EQs 12, 40000
1, 020ZE013.250,
1. DESZED« 14, 000
0, 8791ED 15,500
0, 4R1SEN 17500
O, 00DNEQ 20,530
0. 0000EQs2d, DO
0. 0000EGe 28, DD
G 2800GEQe 22, GO

c.43VSEl ...

C.OF13EI»11.667
Ce6eSUELs 12,4010
C.7B8IZELs 13,250
C.TE13EL» 14,000
2.8125E1+15.500.
C.hE7SEL17.500,
. ICSNELs 20,500
C.ONRNELs2d, 0N
1.693E7EL2E, 00D,
1.6552E1s 32, 0101

1.1819% ¢ ...

1.6139EC+11.€657
CeCTl0ESs 1. 400
2.2419EC« 13,250
3.8060ECs 14, 000
d.339EE2»15.500.
4, 74Z21E2»17.500
3. 293(*E2! 80. 5':”:'9
3.3945%E2+24. 000
J.40N1GESs 2B, QU0
5. 135LECe 22, N1k

3.1201E2 ...

3.1016E2911,.667
3. 0721E2+12,400,
4, 07e2E2» 13,2500
4,7421ECs 14, 0000
G.229%EC 15,500,
S CCYSEZY» 17.500
2. 169%EC 20, S0
R.26460E2s 24, 0010
2. 3356E2 8. D00
S.48SAE2 s Z2. (100

3
3
2
3

1.0122EGs 11,687,
1. (S0CENe 12,501,
1. 0S0ZEQe 13,3330
1. 05SZEQs 14, Siliila
0.2791E0« 16,3233
D.4819E0« 18,323
D.0000EQe21, 8330
0. 000VEQ 25, 333

EES0EL1» 12,5000
TEIZEY1s 13,2323
C.r21ZELs 14,500
E.SIESEIQ 16. 33'39
C.EB7TELY 18,3332
C.1850ELsy21.833
S, O0N0DELs 25,833
1.0927EL1s30, 333
1.656Z2E1+ 32, 333

ce
c.
e

1.613%E2s 11,8830
C.2710EEs 12.500,
3.2419E2» 13, 323
3.80060EC» 14,500
4.33%9E2» 16,323
4.74c1E2y 18,323y
3.C930ESr21.8330
2. 354%SEC25.833
3.4019E2y 30, 333
5. 1351ER2s 32,333

2. 1016E2» 11,883
3.07CIE2s 12,500,
4, 0762E2, 13,333
4.7421E2+ 14,500,
D.229%E2s 16, 333
S.8C99EC 18, 2230
3. 169%9E22 21,833y
3.Ch4BEC»2S. 83D
2.3350ECY 30333
T.4856E24¢32, 333

o2
s c
'

PS8 OROSESD

B, 9B0OSEZ
2 9BOSER
H.9R0%EZ

1. 057SED
1. 0302ED
1.0S02E0
1. 0052EQ
,&Q2SEDQ
0,230%E0
. 0000EQ
N.00ACED
N. 0S820ED
0.4917E0

c.6CSNEL
c.65h3ZEL
c.7188E]
2.7E813ED
c.7168E1
c.362%E1
c. GNONEY
1.80682E1
1.3750E1L
1.87S0EY

c.01CkES
2. 6955k
3. 174€E2
4,3301E2
4,.5033Ee
S.111%5E2
3.c7uske
3.3924E2
3. 3040E2
S. 026CER

3. 1831E2
3.5C61E2
4, 0744E2
D.c246E2
S.ec%ste
S.3814E2
3. 188882
3. 3119E2
3. 3877ES
S.45¢24E2

L N



FUNCTION DPTTE=

12.90, 14,00
14,00,13.00
17.50+16.50
24.00,10,00
32.00, 7.00

- * W » @

11.16516,50
12.669 13,50
14.06213,.50
18.50s 14,00
cé6. 00, 8,50
32.50« 8. 00

- @ & 9 @

11.665 16,00
13.85913.50
15.50s 14, 00
c0.S50+12. 00
c¢8. 00« 5,00

. @ & @* @

12. 0515, 00
13.50¢13.00
16.50s 12, 00
c2. 0010, 00
30,50 6,50

e
LR
Peeow
LA

L

FUNCTION TRCMTR = 11.90.+¢12.9604,%9 12, ¢740,4514,9581.,.03+15,+520.8.
16. ’498. l’ l?. ,4600 d 18o ,4540 5, 19- ’351.2'20. '818. 5?&1. ’ 123. 0’

*

END
sTOP

C2etB87.C9C3a990,6924.990,6925.980.0986.9377.1327,.9168,7+28,.+6%,2

9. 925.8930.938.4931,+40.132,991,8
EXPERIMENT PFN 345

ENDJOR
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Appendix C - List of abbreviations

HAME

AN
HE
HEZRAD
RC
HORS
RLLIE
HLWFO
HLWRC
AM3O0
FHFRR
AMAS
HMAX
FHMAX1
HMTE
RHCFL
AHETR
AHETRC
ANETRO
HHIR
HHIRC
AHIRO
RP
AFER
R

l‘) l [ nd
Av1ISC
ARYISO
HYP
HYTCP
AYTCFC
AYTCPO

}

BAKOFP
EE
FEGIN
BLM
BFOWRAT

co
cgzc
Ck
CRAD
CPADF
CRADTE
CFC
CFO

cs
c3nc
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LEZCRIPTIDN UNIT
INTEFMEDIATE VHRIRELE -
SIDE EMCLOZUFE |
TOTRL AETOREED PRDIATIVE ENERGY FER LERF HRFER JM2s8
HEIGHT CHNOPY M
HCTURL CONDLCTANCE OF THE FDOT SYSTEM G HzD 7 M2/ EAR
LOMG WAVE DR THEFMAL FRADIATIDN ABSDREED EY CANOPY JrM2/S
THEEMAL ‘FADIATION OVEFCAST SKY AETOREED EY CANORPY Jrmerss
THEFMRL FPRDIATION CLEARF SKY AESOFEED BY CANDOPY JrM2/8
MAXIMUM FHOTOSYNTHESIS AT 300 VRPFM KB CO2> ~HACLERF)
ARVYEFARGE METHEOLIC RCTIVITY FOOT K6 (STRRCH> 7HR/T
HRVERAGE METREOLIC RCTIVITY SHOOT Ko (STHRCHY #HA/L
CO2 ASSIMILATION FATE OF A LEAF WT LIGHT SATURATIDON KG«CO2> ~HR(LERF)
CIMP FUNCTION THREES THE GFEATEST OF THE TWO ARGUMENTS -
TRELE OF AMAX VYERIUS AIF TEMPERARTURE AT 300 VPPM CO2 -
FIRST ORDER AVERAGE OF NET COZ-HITIMILATION KG/HA/S
NET FADIRTION AHESOREED EY CHNOFY JM2ss
MET FADIATION ABSOREBED BY CANOFY UNDEFR CLERR SKY JM2sS
NET FADIATION ABRSOREED RY CANOPY UMDER OVEPCAHST ITKY JrM2/S
HEAFP-INFPARED FADIATIONs AESOREKED kY CRNOPYsFER GROUND AFER JrM2sS
HESZOFEEL NERFR-INFRARED UNDER R CLEAR SKY JrMess
HESOPEED NEAF-INFRARKED UNDER AN OVERCAST SKY JrMess
AMOUNT DOF OFGRNIC ANIONZ IN FOOTS KG-HA
AFEA OF LEAVES IN A CERFTAIN IRRADIATION CLASS M2 (LERF)> /M2 (GFOWM
HMOUNT OF OFRGRNIC ANIDNYT IN THOQT KG-HA
VISIELE FRDIATIONs AESOREED BY CANOFY.FPER GROUND HFER JrMerss
ABSOREED VIZIELE FADIATION UNDER & CLEAR ZKY J7M2sS
AREZOFRED VISIEBELE FADIATION UNDER AN OVERCAST SKY JrMess
ACTUARL WHTER VRFOUR FREIIURE MERR
RYERAGE TEMPEFATURE DF ALL LERVES LHEGREE (C
AVERFHGE TEMPERARTURE CHNOPY UNDER CLERR SKY DEGREE ¢C
HYERAGE TEMPERFATURE CANDPY UNDER OVERCASY SkY DEGREE (C
FELRTIVE CONTRIEUTION OF NINE ZONES DOF UNIFDRM OVERCHST SKY -
(130TROPIC
GROUND RREAR OF ENCLOIURE M2
INTERMEDIATE VHRIRELE -
HOUR WHEN SIMULARTION EEGINS H
INTEFMEDIATE NAME FOR SINE OF INCIDENCE OF SUNLIGHT ON LERF -
EOWEN‘S FATID -
INTERMEDIATE MAME FOR COZINE OF LERF INCLINRTIDN -
CO2 COMPENIATION POINT VPPM
AMOUNT OF CRFBOWYDRATES 1IN ROOTS KG/HA
CURFENT GLOBRL PARDIATION JrM2s s
CUFFENT GLOBAL FADIATION RELARTED TO CRC AND CRO -
THBLE OF MEASURED GLORRL FADIATION HS FUNCTION OF TIME -
CUFRENT GLOERRL PADIATION CLEARR = JrMess
CUFKRENT GLORAL KHDIATION OVERCAST JrMers
AMOUNT DOF CRREONYDRATES N SHOOT KG/HA

COSINE OF DECLINATIDN



HAME

CIN3
CILT

DRY
RO

LEC
DELT
DFCLTER
LFOQVYTE
LIFCL
LIFF
DIFFy

"T'NIFON
DIFQyY
DLYTDY
IHETRS
DFL

DIPT
DPTC
IPTTR
) (=2
LFC
LECI
o =
DFRD
I'xQ
DFDI
DhrRDP
DryYp
DTREP
DTGsC
DIGsM
ITLwR
nToT]
BTOT
bTOTY
DTR
DTRT

DTITRC

ECOzC
EDIFE
EDIFDE
EDIFDN
EDIFDY
EDIFIN
EDIFY
EDIFN
EDIFy
ELPTTR
EFF

EFRIDN
EFRIDYV
EFRIN

UNIT

DESCRIPTION

- i e S - S

COZINE OF SUN HEIGHT -
CO3INE OF LATITULE -

NUMEEF DF DAY IN THE YERR FROM 1ST OF JRNURRY

CDe EVOLUTION RESULTING FFOM DECAREDOXYLATIDN DF DRGANIC
ANIONS kG602 #HA-/ S

DECLINRTION OF SUN WITH RESFECT TO THE ECQUATOR LEGFEE

TIME STEP OF INTEGFRTION s

DIFFUSE VISIELE FADIATION STANDRFRD SKY CLERR TAELE -

DIFFUSE VISIELE PRDIATION STANDARD SkY DVEFCAST TARELE -

IIRY

DIFFUSE VISIELE FRDIATION STANDRPD SkY CLERR JM2rS
DIFFEFENCE EBEETMEEN TRRNSFIFATION OF CAMOPY G(HZO) /HA/S
DIFFEFENCE EBETWEEN TRAMSFIFATION OF CANDPY RAND WRTER UPTHREE
ERTE GHa» 7HAAS

DIFFUSE NERR=-INFFARED FRDIATION STAHDARD SKY OVEPCAST JrMe s
DIFFUSE VISIELE FADIATION STANDARFD SKY OVERCRHST JrMe s
NRME OF MRCRO TO CARLCULATE DRILY TOTHL -
DRILY TOTRAL DOF NETRS JM2 A IRY
DISSIMILATION FATE DOF LEAVES THAT FHOTOSYNTHESIZE IN DARYTIME

. KGCCO2>» /HRA(LENF) /S
DEW FOINT TEMPERATURE DEGREE «O>
DEW FOINT TEMFEFATUFE DEGREE (O
THRELE OF DEW FOINT TEMPERRTURERS A FUNCTION OF TIME -
TOTAL COS-EVOLUTIDN OF THE ROOT K5 CO2Y 7HA/S
IRILY TOTAL GLDEML FRODOIATION CLERFR JM2
INITIRL VNLUE DF DRC J-M2
LRC ON FFREVIOUS DAY JM2
HCCUMULATED GLOEBAL FADIATION JrM2
DRILY TOTHRL GLORAL RADIATION OQVERCAST JMe
INITIARL VALUE DF DPO J M2
O ON FPEVIOUZ DRY Jme ,
IRYING FOLEP OF AlF MERR J-M2/S/DEGREE (O
DAILY TOTAL PRUOIATION RESOFEED EY CRNOFY JrM2 - DRY
DAILY TOTAL GFOMTH SHOOT CHLCULRTED KG/HAZDIRY
DARILY TOTAL GFOMTH SHDOT MERSURED KG/HA-DRY
DRILY TOTAL LONG WAVE FARDIATION JMe/DRY
INTERMEDIATE VARIAELE IN MRCFO TO CRLCULRTE DARILY TOTAL -
INTERMEDIATE YHRIAELE IN MARCRD TO CRLCULATE DRILY TOTAL -
INTEFMEDIATE VAFIAELE IN MACPFD TO CRLCULATE DARILY TOTAL -
DRILY TOTAL GLOEARL PADIATION MEARSLIFED J-M2-DRY
DRILY TOTARL MERSUFED GLOERARL FHDIATION FUNCTION VERSUS TIME JM2-IRY

(OTHER DIMENSIONT LIKE CRL/CMZ OF COUNTS RRE RLSO FDSSIRLED
CRLCULATED DRILY TOTAL OF TRANSPIRATION MM OF KGHZD> #M2/DHY

EXTERNARL CO2-CONCENTRATION VPFPM
TPANSMITTED DIFFUSE EBLRCK INFPARED -
TRANSMITTED -BLRACK-DIFFUSE FADIRTION -
TFRNSMITTED DIFFUSE NERP-INFRARED -
TRANSMITTED DIFFUSE VISIELE FRADRIATION -
TRANSMITYED DIFFUSE NERR-INFFRFED -
TRANEMITTED DIFFUSE VISIELE FADIATION -
TRANSMITTED DIFFUSE NERR-INFRARED -
TPANSMITTED DIFFUSE VISIELE FADIATION -
DEW FOINT TEMPEFATUFEAT SUN PISE VEFSUZ TIME -
EFFICIENCY DF CDO2 RSSIMILATION

[ERIVATIVE OF €02 ASSIMILATION VERSUS RESOREED YISIELE

FAUIATIDN AT LDW LIGHT INTENSITY KGOy 7 HA-H M2S
TRANSMITTED NERF~INFPRFED FADIATION <DIFECT) -
TRANSMITTED VISIELE FADIATION (DIFECT -
TRRANSMITTED NERR-INFRARED FADIATION «DIRECT) -



HHME

EFFIY
EHL
ENF
ERI
ERID
EFRFOF

ETFCTE
EVH

F
" FAR
FAS
FATE
FCL
FCHSW
FCR

FCS

FCTH
FFR
FFS
FFTB
FGNS

Fl
FicC
FINTIM
FISUN
FLRI
FLF
FLS
FLTB
FMR
FMS
FMTE
FHATS
Fav
FPR
FFPE
FPTE
FF

FS

FT

GRAR
GRAS
GRCP
GFRCE
GFFRF
GFFS
GFLF
GRLE
GFMR
GPFME
PR
GRPS
GFF

GRS
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DEZCKRIFPTIDHN

TFANTMITTED VISIELE PADIATION (DIRECT)
EVAFOFATIVE HEAT LDSS DF LERVES PEP LERF FFEA

EHERPGY UZED FOF €02 AZSIMILATION FEP LERF AREA
TFRNTMITTED DIFECT FADIATION

TRANIMITTED DIFECT PADIATION

ACCEPTED DIFFEFPENCE EETWEEN TRANSPIRATION RATE AND
WATEF UPTAKE IN ITEPATION FRDCEDURE

EFFECT OF TC OM COMIUCTARNCE OF #OOT SYSTEM TRELE
INTEFMEDIATE YARIRELE COMPRISING EFFICIENCY DF INCOMING
FADIATION AND MAXIMUM CO2-ASSIMILATION

LEAF ANGLE DISTRIBUTION

FRACTION DF OFRGANMIC ANHIONT IN FOOTT CURPKFENTLY SYNTHELSIZED

FRRCTION OF ORGANIC ANIONS 1IN SHOOTS CURRENTLY SYNTHESIZED

FRACTION OF OFRGRMIC ANIONS TAELE VERIUS TIME

FRACTION OF OF TIME THRT kY 1S CLERR

CEMP FUNCTION

FRACTION OF STRUCTURAL CRFEOHYDFARTES IN RDDTS CUPRENTLY
SYNTHESIZED

FRACTION OF STRUCTURAL CREEDHYDRATES 1IN SHOOTS CURRENTLY
SYNTHESIZED

FRACTIDN OF CARREOHYDFATES TRAELE VERSUZ TIME

FFACTION OF FATS IN ROOTS CURPRENTLY SYNTHESIZELD

FRACTION DF FATS IN SHOOTS CURRENTLY SYNTHESIZED

FRACTION OF FRTS TAELE VERIUS TIME

FRACTION OF SHOOT GROWTH OCCURRING IN NOM-HIZIMILATING

ZHOOT PARTS

ANGLE OF INCOMING SUN FAYS

FRACTION OF PLANT CONSTITUENMTS IN MACFO INCPEMENT

TOTARL DURATION OF SIMUOLATIOH PUN

ANGLE OF INCOMING UM FRYS

CONTFOL VRPIRELE

FRACTIDON OF LIGHIN IN POOTS CURRFENTLY SYNTHESIZED

FRACTION OF LIGHIM IN SHOOTS CURPENTLY SYNTHEZIZED

FFACTION OF LIGHIN TRELE VEPSUZ TIME

FPACTION OF MINERALS IN FOOTS CUPRENTLY SYNTHESIZED

FRACTIDH DF MINERALS IN SHOOTS CUFRENTLY SYNTHESIZED

FRACTION OF MINEFPALS THELE VERSUZ TIME

FRRCTION DF HON-ASSIMILATING TISIUE

FFACTION OF TIME THAT SkY IS OVERPCALT

FRACTIDH DF PPOTEINZ IN POOTE CURFENTLY SYHTHEZIZED

FFACTION OF FROTEINS IN SHOOTS CURPRENTLY SYNTHESIZED

FFACTION FPOTEINT TRELE VYERPIUZ TIME

AMOUNT OF FATS INM FOOTL

AMODUNT OF FATS 1IN SHODT

FFRACTION

GRONMTH FATE OF DRGANMIC AMIONS 1IN THE ROOT
GROWTH FATE OF OFGRNIC ANIONT IN THE IHOOT
GROWTH PARTE OF CARREDOHYIDRATES IN THE R0OOT

GFOWMTH FATE OF CARREDOHYDRATES IN THE THOOT
GFDWTH FPRTE OF FATS IN THE KFOOT

GROMTH PATE OF FATS 1IN THE tHOOT

GROWMTH FATE OF LIGHIN IN THE POOT

GRFOWTH FATE OF LIGHIN IH THE SHOOT

GROMTH FATE OF MINERALES IN THE FOOT

GROMTH FATE DF MINERALS 1IN THE ZHDOT

oFOMMTH FHRTE OF PROTEIN IN THE FOCGT

CFOWTH PATE OF FROTEINT IH THE ZHDOT

COe EVOLUTIOH FEIULTIMNG FFOM GPOLTH OF THE POOT
C02 EVODLUTIDN FESULTING FPOM GPOWTH OF THE SHDOT

UNIT

-—

J-M2 (LEFRF)
J-M2 (LEFF)

S B I !

!

DEGREE

IEGREE

I IO IO O I N B

K HRZS
KG/HH-$
KG HH A
K HA~S
KG/HAZS
KG/HH/
kG HH~
KG/HH-!
K/ KA/
¥ /HA-:
kG HR.
Kz HA~
Ko MM
K rHR



HHME
ERN

GIM
CN' 4

HOWR

T OHSUNY

I

IA
TAMAE
TAMAS
TR FL
1AR
IR
ICR
ICS
IFpP
IFS
IL
ILR
ILs
e
IM=
IFR
1PS
IFES
120N
1TS
IVPMD
TWCP
1u0R
TR
13
1LvR

KEL
kDLFN
KDFy
kKDIR
kKDIRIS

LS (]
kLR
k Dy
KEEF
KN
ky

LAl
LRIC
LAID
LAIR
LAITE

LESCFIPTION LHIT

GFOWMTH SHOOT <UMADJISTEDD NG HFS
GFOUTH SHOOT MERSUFED kG HA-S
GFOWMTH FRATE OF YOUMNS FOBTS «UNHADJUITEIDD kG HA-S
TIME OF THE DAY IN HOURS H

HEIGHT OF THE ZUN DEGFEE

FUMMEF Ittt DO LOOF -

INITIAL AMOUNT OF OFGARNIC ACIDD 1IN SHOOT mRMD FOOT b HA
INITIARL YALULE DF AMAF FRCITRECHY A HA T
INITIRL “YALUE OF FMAC R ZTHFCH A HA - I
INITIRL VRLUE DF ANCFL PacHAAD
INITIRL VRLUE OF HF K- HA
INITIARL VYRLUE OF RHY ki HRA
INITIAL VYRLUE OF CF Kz HRA
INITIRL VRALUE OF C% K oHA
INITIRL VYALUE OF FF ki3 HA
INITIRL VRLUE OF FS k13- HA
NUMEEF OF INCLINATION CLRA:S OF LERF -

INITIRL VRLUE OF LF ‘ K53 HH
INITIRL VRLUE OF LS ki3~ MM
INITIRL VRLUE OF MF K5 HA
IMITIAL VYRLUE OF MS ki3-HA
INITIARL VARLUE OF FF kG HHA
INITIRL YRLUE OF FPS - Ki3-HA
INITIRL OF RES FQeZTHRFCHY

MIMEEF OF IMCLINRTION CLASS OF Ui -
NUMEEF OF IMCLIMATION CLRIS OF SUMCSHIFTED S DEGFEES -
INITIRL VRLUE OF T3 DEGFEE <D

INITIRL VARLUE OF vPMOC VFFM

INITIRL YRLUE OF WCFL FiaoHSO) M
INITIRL VRLUE OF WWOF KG oMY - HA
INITIARL VRLUE OF W:iC K DM A HA
INITIRL VRLUE OF WYk ki3 (MDY - HA

FUNNER IN DO LDOP =

EXTINCTIDN COEFFICIENT <IN GEMEFAL) 1-LAI
EXTINCTION COEFFICIENT FOF DIFFUSE FRDIATION AND ELACK LERVES 1-LAI
EXTINCTIDN CDEFFICIENT FOR DIFFUSE  MERF-INFFRFED 1-LAI
EXTINCTION COEFFICIENT FOP DIFFUSE VISIELE FADIATION 1-LAI
EXTINCTION COEFFICIENT FOF DIFECT FADIATIDN AND ELACK LERVES  1-LAI
EXTINCTION COEFFICIENT FOF DIFECT FADIATION IN CANOFY

WITH HORIZONTAL LERVES 1-LRAI
EXTINCTION COEFFICIENT UNDEF DIFECT IRFADIATION NEAR-INFFRARED 1-LRI
EXTINCTION COEFFIENT FOF DIFFUSE DIFECT FRADIATION 1-LAI
EXTINCTION COEFFICIENT UNDER DIRECT IRFADIATION YISIELE 1 LRI
INTERNAL CSMP VRPIRELE »1 IF INTEGFATION 1S FEFFORMED -
SEE KDN 1-Lnl
SEE KDV 1-LRI

FUNNERP IN IO LDOF -

LERF AFER INDEX M2 (LERF) - M2 i GFRDUN
LEARF ARER INDEXe RECKONED FROM REOVE M2-MS

THE UFFER FRRT OF LAls UF TO A MAXIMUM OF 3 M/ M2
LECIMRL PRFT OF LRI :
LERF MRER INDEX TAELE VERSUS TIME -

131



HAME

LAT
LE
LFCL
LFDY
LS
LENHS
LTAIR
LTAITE
LWC
Lvg
LWR
LuWkC1
LR ]
LurRO1

MAXT
MOFPTTER
MINTY
MHTT
MATT
MF

MER
MES

Mz

tH
NCAT
NCATC
NCAZM
NCRIL
HCFL
NLFLC

HCRLO

NETR
NETRS
NIF
NIRD
NIFRDLFC

NIFDFO
NIFT

o~y
OuUTDREL

FAP
PRPL

Pl

PR
FPIEL
Pe
PECH
PFOJ

132

DESCPIFTION UMIT
LATITULE OF EXPEPIMENTAL FLOT DEGFEE
AMOUNMT OF LIGMNIN 1IN PDOTS KG/HRA
COMPLEMENT DF LFOY -
FOVsFESTRAINED EETHEEN 0 AND 1 -
AMDUNT DF LIGHIN IN SHDDT KG/HA
SINE HEIGHT OF YESTERDAY’S SUN -
FLOW DF FRESH AIPs INJECTED INTO THE SYSTEM LITER-S
TAELE OF FLOW OF FRESH AIFe INJECTED INTO THE SYSTEM
LONG WAVE PADIATION FER LEAF AFREA UNLER CLEAP SKY J M2 (LERF,
LOMS WAVE PADIATION FPEP LERF AREA UNDER OVERCAST SKY J/M2 (LERF:
NET AESOREED LONG WAYE RADIATIOH FER LERF RRER J-M2 (LERF:
NET THEFMAL PADIATION CLEAP SKY JrMzss
ACTURL NET INCOMING THERMAL FADIATION J’Mzss
NET THEPMAL FADIATIDN OVERCAST SKY JM2S
MAXIMUM VALUE OF VARIARELE IN MACFO WAVE -
MIMIMUM DRILY DEW POINT TEMPEFATURE MEASUFED VEFSUS TIME -
MINIMUM VALUE OF VARIAELE IN MACFO WAVE -
MINIMUM DARILY TEMPEFATURE MEATURED VERSUS TIME -
MAXIMUM DRILY TEMFERATURE MERSURED VERSUS TIME -
AMOUNT OF MINERALS IN FDOTS KG/HF
€02 EVOLUTIDM PESULTING FFOM MAINTENANCE OF THE FOOT KG/HA/S
COZ EYOLUTION FESULTING FPOM MAIMTENANCE OF THE SHOOT KG/HA-S
AMDUNT OF MINEFALS 1M SHOOT KG/HA
FPUMMEF IM IO LOOF -
NET COZ-ASSIMILATION SHOOT K(G (CO2) 7/ HF
NET CDZ-RISIMILATION SHOOT CALCULATED kG (CO2) /HF
MET COZ-AISIMILATION SHOOT MERSURED kG (CO2) #HF
NET CO2-ASSIMILATION INDIVIDUAL LEAVES KG (CO2)> 7HA (LEAF)
NET COZ-ATSIMILATION«ALL LEAVES IN CRNOPY KG (CO2) 7 HF
NET CO2-AZSIMILATION OF ALL LEAVES IN CANDOPY UNDER

, CLERAF LIGHT CONDITIONS KG (CO2) /HF
MET CO2-A3SIMILATION OF ALL LEAVES IN CANOPY UNDER

DVEFCAST LIGHT CONDITIONS KG (02> /HF

NET FADIATION. AEBSOREED EY CRANDOPY « FPER GRODUND AREA JrM2-5
NET FRDIATION AT SOIL SUFFRCE JM2S
ABSOFEED MERF-INFRAFED PRDIATIDN FEP LERF ARER J7M2 (LERF)
RUXILIAFY VARIAELE J/M2 (LEFAF)
ARESOFEED DIFFUZE NEFF-IMFRARED PRDIATION FEF LERF AFER UNDER
A CLEFP Sk¥e EITHEF IN THE TOP LAYER OF LAI=3 OP IN THE
FEST EELOW IT J7M2 (LEAF)
SHME AT NIPDFC EUT UNDEF AN OVEPCRHIT SKY J/Me (LERF)
AUXILIARY VAPIRELE J7M2 (LEFF)
AVEPAGE FFOJECTION OF THE LEAVES IN THE DIFFEFENT DIFECTIONS -
TIME INTEFVAL FOF DUTPUTTING FLOT FESULTS s
INTEFMEDIATE VRFIAELE J7M2 (LERF)
COMITAMT IN FOFMULA FOP CALCULATION OF EBOUNDEFY LAYER
FEZISTANCE APOUMD THE LEFF See (0.5
CIFCUMFERENCE OF # CIFCLE s DIVIDED-EY ITS DIAMETER -
AMOUMT OF FFOTEIN IN POOTS Ko HR
TIME INTEFVAL FOF OUTPUTTING FRINT FESULTS S
AMOUNT OF PROTEIN IN SHOOT K G~ HA
FIYCHFOMETRIC CONSTANT MERF -/ DEGREE «

FHTIO DOF THE RFEA ZHRDED EY ENCLDZURFE AND ITE
HCTURL GRPOUMD AFER

-



HHME DESCRIPTIDH UNET

- - - - A T e - i —

o010 INCREASE IN FATE OF MAINTENANCE FRPOCESIES FEP 10 DEGFEE C -

FH FESISTANCE DF ROUNDARY LAYER FOUND LERF FOF HERT /M
FAD 1 DEGFEE IN FADIANS A180/FPD) -
FADCY FRDIATION CONVERSIDN FRACTDR FOF DIFT INTO JM/Me -

FRF FATE DF FOFMATION OF OFGANHIC ANIONS CONCURFENT WITH THE FATE

OF NITPATE FEDUCTIDN kGsHRAS
FATE INFUT VARIRELE IN MRCFO -
FCO21I INTEFPNAL CONCENTFATIONMAINTAINED EY STOMATHAL FESULATION VFFM
FCOZIM MAAIMUM INTERNAL CO2-COMCENTFATION VEFM
RCFS FELATIVE FATE OF CONIUMPTION OF FESEFVES 1-3

kOFF FELATIVE DIFFERFENCE EETWEEN CHRPEDN FFRESENT IN FLANT
HND CHFEDON 1IN NET FLUX INTO PLRANT -
FEDFRL FEDUCTION FACTOF ACCOUNTING FOP FEEDERCE DF FESEFVE LEVEL -
FEDFFT FEDIFFL VEFSUS REZEFVE LEVELHT R FFACTIOND -
FEFN FEFLECTIUON CDEFFICIENT CARHOPY MITH HORIZOMTAL LERAVES NEARF-
INFFRFED -
FEFY FEFLECTION CDEFFICIENT CANOFPY WITH HORIZDNTRL LERVES IN
VIZIELE FEGION -
FELFFD SHALE OF ENCLOSUFE » AVEFAGE OVEFR HEMISFHEFE -
FES FEZEFVE CAPEOHYIIRAHTES «ITRFCHY IH FLANTS k.G HA
FESCW  CUTICULARP FESISTANCE FOF TRANIFPIFRTION S7M
FESL FESERVE LEVEL IN PLANTS -
FESPI  INITIARL FOF FECEFVES FEFCENTHSE -
RFN FEFLECTIDON CDEFFICIENT CRNOFY FOFP DIFECT FADNIARTION
NERF-INFFRFED -
FFOYN FEFLECTIDN CODEFFICIENT CANDFY UNDER OVEFCHST SkY FOF
NHEAF-INFFRFED -~
#FOVY FEFLECTIDN COEFFICIENT CRNOPY UNDEF OVEFCAST kY FOR
VIZIELE FRADIATION -
FFyV FEFLECTARNCE CANDPY FOR DIPECT FADIATION VISIELE -
"RIECD2 FRATIOD INTEFMAL-EXTEFNAL CO2-COMCENTRATION -

FH FELATIVE HUMIDITY ‘ -

FHOCF YOLUMETFIC HEWMT CRFACITY OF THE AIR J M3/ DEGFEE

FISE  TIME DF SUNNRISE H

FISEDI INITIAL VALUE OF PISE H

FMES  MESOFHYLL FESISTANCE FOF COZ2 DIFFUSION S/M

FLAT  EXCESS LEAF HFERM INDEX AEDOVE 3 M2 M2

feit SEE FFN -

FHOZ  FATE OF NITFATE FPEDUCTIDN KGO A

FOTC  TIME CONSTRNT OF PHTE OF FOTTIteS OLD FOOTS <

kR " HEAT EXCHANGE FESISTANCE DEGREE (C) S oM2 (LERF

ngT CD2 EVOLUTIDOM FESULTING FPDM THE UPTHKE OF MINEFALS K3 «COS> 7}
SEE FFV -

RMCLT AUKILIARY VAPIAELE 7O CALCULATE FELATIVE WATEF CONTENT FLANT -
FUCE FELATIVE WATEF CONTENT FLANTS -
FUCPL  AUXILIAFY VYREIAELE TO CRLCULAHTE FELATIVE WNTER CONTENT PLANT -

“

DISTRIEUTION FUNCTION OF LEAYES IN © DIFFEFENT INCLINATION

. CLASSES OVEF SINES OF INCIDENCE FOR & INCLINATIONT OF THE IuN -
SN SCATTEPING CDEFFICIENT DF LEAYES FOP NERF-INFFRFED -
3CV_ SCATTERING COEFFICIENT OF LEAVES FOF VISIELE FRDIATION -
SELECT DUMMY VARIRELE .

SHL SEMSIELE HEART LDSS OF LERVES FEF LERF AFERA J<M2 C(LEHF
SHLA  SHADED LEAF RFEA IN THE TOF FOFTION OF LAl=2. -
31 INTEFMEDIHTE YARIRELE =
SLLA  SUNLIT LERF ARER M2 C(LERFY ~MZ (FOL
SLOPE SLOPE OF SATUFATED VRFOUF PFESSUFE CUFPVE AT RIF TEMP. MENRF 7 LEGFEE
SMU STAPCH FEQGUIFED FOP UPTAKE OF MINEFALS AND NITFATE kG HA/S

SHIC SINE DECLINATIDOM DF SUN -
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- S S -

HUMEEP DOF CLAZS OF SINE OF INCIDENCE

ZIME OF HEIGHT OF sfun BUT JERD WHEN SUN EBELOW HORIZON

SINE DF HEIGHT DF ZuUM. ALSO WHEN HEGRTIVE

SIME OF LATITUDE DF EXPERIMENTHL FLOT

INTEFMEDIATE VARPIAELES TD DETHIN RRCCTINE

FRCTOP OF DECFREAZE OF EXTINCTION CDEFFICIENT FOF
HEAR-INFFARED PADIATION

COEFFICIENT FDR VISIELE

FRDIATION

FACTOFR OF DECFEARZE OF EXTIHCTION

TOTAL STHRPCH FEQUIFEMENT OF THE FOOT
STAFCH LOTTY EY CO2 EVOLUTION DURING DECARFEOXYLATION
OF DFGAHIC ANIDNT
LEAF FPESISTRNCE FDOF TRPANMSPIFRTION
LEARF FPESISTRNCE FOP TRANSPIFATION.ART DETEFMINED EY CO2
REGULATION
STAFCH FEOUIFEMENT FOFP CONVERSIONM AMD TRPANZLOCATION OF
CRFEOHYIIFARTES IN THE FOOT
STRRCH FECUIFEMENT FOP CONVERSION
CAFREOHNDFATED I THE SHOOT
SETRFCH FEOUIFEMENT FOFP CONVERSION
FATS IN THE F0OOT
STHPCH REQUIREMENT FOF COMVERSION
FATS IN THE IHOOT
STARCH FECUIFEMENT FOR
LIGHIN IN THE POOT
STRRCH FEQUIFEMENT FOF
LIGHIN IN THE SHOOT
STAPCH FEQUIREMENT FOR
MINERALS IN THE FOOT
STRFCH FECUIFEMENT FOP
MINERALS TN THE SHOOT
STRFCH FPECUIFEMENT FOR
FROTEINS IN THE FOOAT
STAFPCH FEOUIREMENT FDR
FFROTEINS IN THE :=WDOOT
STRFCH FPEGUIREMENT FOR
STRPCH FECUIREMENT FOF GFOWTH OF THE SHOOT
STHRCH PECDIREMENT FDF THE FOFMATION OF SKELETDMS DF
AMINDO ARCIDS FDP FDOT FPDTEING
STRRCH REQLITFEMENT FOR FORMATION OF SEELETONT OF AMING ACIDS
FOr SHOOT PROTEINZ
STRRPCH FEOUIREMENT
STRPCH FEGUIPEMENT
ETRPCH FEOUIPEMENT
OF OFGRHIC ANIONS
SHODT-ROOT FATID
STRFECH FEQUIIFEMENT FOF TRANSFPORT OF OFGANIC ANIONS
STAFCH FECQUIREMENT FOFR TRANSFORT OF ORGANIC ANIONS
LERF RESISTHNCE FOPRP TRANSPIRATIONCAT DETEFMINED EY

AND TPANSLOCATION OF

HHD TREARNSLDCATION DF

AND TRAMSLOCATIDHN OF

COMVERSION AND TPANILOCATION OF

CONVERSION AND TRANILOCATION OF

CONVERSION AND TEANZLDCATION DF

CONVERZIION RHD TRANZLOCATION OF

CONVERZION AND TRANSLOCATION OF

CONVEFTIDM RND TRANSLOCATION OF

GROMTH OF THE RDBOT

FOR MAINTENMNCE OF THE FDOOT
FOR MRINTEMANCE OF THE IHOOT
FOF FOFMATION OF SEELETONS

IN FOOT
IN SHOOT
UNHTER
FOTENTIRL
STOMATHL CONMDUCTANCE TAELE VEPIUL FWCP

TOTARL STARCH FPECUIFEMENT IM SHOOT

DAY IN THE YERF WHEN SIMULRTION STRPTS

TIME COHZTHNT OF SURERIZATION DF YDUNG FDDTS

M OF LERF ANGLE DISTRIEBUTIOH.IHOLWLD ECUAL 1

DIFECT WVWISIEBELE FRDIARTION STRNDINED SkY CLERR

DIFECT FPRUDIATION FOR STRNDARD SKIES TRELE

DIFECT SUN IPFRDIATION. FEFPENDICULAFR OH THE EBEERM EITHEF

FOR VISIELE OF FOF HERF-INFRAFEDFIFTY/FIFTY DISTRIRUTION)
SATUPATED VARFOUR FRESZIURE

FARTE OF SURERIZHTIDON DOF YDUNG FDOTS

LUNIT

K HH/S

KG/HAR/S
S/M

S/M

KG/7HHAS
KG/HR/S
K3 /HA/S
KG/HAR/S
KG/HA/S
KG/HR/S
KG/HA/S
KG/HR/S
KGAHAZS
EG/HR-S
KG/HR-/S
kG /HRAS
KG/HR-S
KG/HA/S
KG/HA/S
K3/HAR-S
KG/7HA-S

kG /HA-S
KG/HRAS

S/M

K6 HRA/Z
I'HY
s

JM2S

dIrMers
MERK
KG/HAZS



HARME DESCRIPTION UHIT

- - - — i " s . v G A —— ———

TH AIF TEMFEFPATURE DEGFEE @
TANIRC AUKXILIARY VARIAELE FOP CRLCULATING OF ANIFC JME T
TRNIFO AUXILIARY VAPIARELE FOF CALCULATING OF ANIFD NP N
TATE THELE OF TEMFPEFATURFE AT FUNCTIDN OF HOUF OF THE DAY -

TRAVISC AUXILIARY VAFIAELE FOF CALCULATING OF AVISC LI § o
TAVISO ALXILIARY VARIARELE FOR CALCULATING DF AVISD N P L P
1C TRANIPIFRTION CDEFFIENT <HZD TFANSPIRED/SHODT FDFMED <DFY)) X

TEFR EFFECT DF TEMPEPATUFE DH KATE OF FDOT MAINTENANCE -
TEFS EFFECT OF TEMFEFATUFE ON FATE OF SHOOT MAINHTENRNCE -

TEHL EVAFORATIVE HERT LOSE OF LERAVES FEF GFOUMD AFEAR JMEAE
TEKLC EVAFOFATIVE HEAT LOSS FER GFOUNIDt AFEASSKEY CLEAP JeME AL
TEHLO EVAPORATIVE HEAT LOSS FEP GFOUND AFEASSKY OVERCAST dM2AL

TELLEF TELLER COUNTS HOW MANY TIMES PFOGFAM IS UPDARTED
TGTE THRELE OF TEMFERATUFE EFFECT OM GFOMTH (MULTIFLICHTION FRCTOF

AT LI

TIM USED IN MACFDO TD CALCULATE WAVE
TIME  SIMULRTED TIME ELAPSED SINCE STRPT DF SIMULATION <
TL LERF TEMFERRTUFE DEGREE «C:
TNCAP  TOTALLED NET CO2-ASSIMILATION FLANTS K5 HA
TNETR TOTRAL NET FADIATION doMIAs
THETRC TOTAL MET FADIATION UNDER CLERP SKY JMEAE
THETRO TOTAL NET FADIATIDN UNDEF DVERCAST KV M2 S
TOTDIF ACCUMULATED DIFFEFENCE BETWEEN TRAMIFIFATION FRTE AND

FATE OF WATER UPTHYE IN ITEFATIDON FFOCEDUFE GeM2
L ARCCUMULRATED WHOLE PLANT DISSIMILATIOM LGz -
TRC TPANSPIPATION FRTE OF CRNHOFY GM2AS
TRCCH  TRANSPIRATION FATE OF CRNOFPY CALCULATED G OHED #M
TRCMH  TRANSPIFATION FATE OF CANOFPY MERSUFED G (HS0> ~ M
TRCMTE TAELE OF MERSUFED FATE OF TRANZPIFATION OF FIELD CFOF IN TIME -
TPFPH  NAME DF MACFD<LESCRIEING EMEFGY EALANCE OF INDIVIDUAL LERVES -
TRRT  PATE OF TFANSFOFT OF OFGHNIC ANIONS TO THE FOOT FOF
T3 S0IL TEMFPEFATUFE IM FDDT ZDNE DEGFEE (L
TEHL  <SENSIELE HEAT LO3S OF LERVES FEP SFOLIMD RFERA dM2os
TEHLC  SENTIELE HERT LOSS FEF GRFOUND AFERSEY CLERP ME-s
TSHLO <ENSIELE HEAT LDS: FER GFROUND AFERSKY DVEFCAST JeMErs
TTRCC TOTALLED TRPANSPIFATION OF CANDFY CALCULATED FeHEOY /M
TTPCM  TOTALLED TFANSFIFATION DF CANMDOPY MERIUFED G (H2D) A1
Tus TOTAL WEIGHT OF SHOOT AND FESERVES kG-HA
TWT TOTAL WEIGHT CFOP K5 HA
TWUR TOTALLED WMATER UPTAKE EY FODOT SYSTEM 5 CHEOY ~M2 OAROU
UFES ~ cONZUMPTIDN FATE OF UTILIZATION OF FESERVES KGCSTRRCHS /H
VAL YALLE UTED IN MRCFO 10 CRLCULATE WAVE -
VALAMP AMFLITUDE UZED IN MRCFO TO CRLCULATE MWAVE -
VALAY  AVEFRGE VALUE LIED IN MACFO TO CRLCULATE MAVE -
VALSS  VALUE AT SUNIET UIED IN MACFD TO CARLCULATE WAVE -
VALSR  VALUE AT SUNRISE UIED IN MACFDO TO CALCULATE WAVE -
VAFHT  HERT OF VAFOFIZATION OF WATER 475
V1S AESOREED VISIELE FADIATION FEFR LERF RAFER A M2 LERF
VISD  AUXILIAFY VARIAELE J-M2 LERF
VIST  AURILIAFY VAFIAELE M2 CLEAF
VISIFC tHME AS NIFDFC EUT FOF VISIELE FADIRTION UNDEP A CLERF SEY  J1-M2(LERF
VISOFO SAME AS NIFDFO EUT FOP VISIELE FRDIATION J-M2LERF
VFMI D2 CONCENTPATION OF AIR FLOWING INTD THE ENCLOIUFE YFFM

VFMITR TAELE DF VFMI VERSUS TIME -
VPMOC CALCULATED CO2-CONCENTFATION OF AIF FLOWING DUT OF ENCLOTURE  VFFM
VFMOM  MEASUFED COZ-CONCENTPATION OF RIF FLOWING DUT OF EMCLOSUFE  WFFM
VPMOTE TRELE OF VFMDM VERSUS TIME -
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DEZCPRIPTION uMlIT
WEIBHT OF RCCUMULATED CARREDM DF THE NET FLUK INTO PLANTS ki3 (L) 7HA
WEIGHT OF CRFEONM IN PLANTS : KG<C>-HA
WATER CONTENT FLANTS KGcHeO» »
WEIGHT COMDUCTHNCE FATIO OF ROOT SYSTEM CKG/7HAD 7 (G (MO Z/EHR - S
AVEFAGE WINTH OF THE LERVES M
FELRTION RETUEEN PELATIVE WHRTER COHMTENT AND GFDWTH DOF FDOT -
FELATIDON EBETWEEN PELRTIVE WHTEP CONTENT AND GRFDWMTH OF <KHOOT -

MEIGHT DF DLD FDOTS KG3/HA
WATEP FOTEMTI1AL DF PLANTS ERAR
WHRTEF FOTENTIRL DF SDIL ERF
TAELE FLANT MATEP FPOTENTIAL VS PLANT FELATIVE WATER CONTENT -

MEIGHT FOOT SYSTEM CARLCULATED KG/HA
WIND SPEED IN THE ENCLOSURE M-S
WMEIGHT <SHOOT CALCULRTED kG /HA
WEIGHT SHOOT MERSUFED KG/HA
WEIGHT SHOOT MEASLFED AT DAY M + KG/HA
MEIGHT SHODT MEASUFED AT DAY N K G/HA
THELE OF MEASUFED SHOOT WEIGHT IN TIME -

TABLE OF WIND SPEED IN THE ENCLOSURE AS FUNCTION OF HOLWR -

FATE OF MATER UPTRKE EBY FDOOT SYSTEM G-M2/S
WEIGHT OF YOums ROOTS KG/HHA

DISTRIEUTION FUKCTION OF ALL LEAVED TOGETHER OVEFR CLASSES OF
SINES OF INCIDENCE

CUMULATIVE FUNCTION OF 2

SHME AT £

CEMP FUNCTION
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assimilation rate 69
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auxiliary variable 3
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carbon 53, 64
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water 33, 62, 65
bean 43
biochemical reactions 46
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Brunt’s formula 16
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canopy architecture 20

carbohydrates 47, 49

carbon balance 53, 64

cell walls S1

chemical composition 8, 48, 50,
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CO, assimilation 8, 35, 42, 59, 63,
69, 72

CO, assimilation curve 62

CO, compensation point 44

CO, concentration 23, 72

CO, dissimilation 52

CO, regulation 69

coefficient
extinction 25, 26, 61
reflection 25, 26
scattering 25, 26
transpiration 45, 89
combination method 23, 27
compensation point
CO, 44
light 36
composition 50, 51
conversion 49
crop growth rate 79
crop enclosure 10, 18, 69
crop temperature 28
crop water status 27
cucumber 53

daily temperature 65

dark respiration 3§, 40, 74
decarboxylation 49, 53, 64
declination 15

DELT 4

dew formation 23

dew point 17

dew point temperature 61
diffusion porometer 89
dissimilation rate 63
driving function 4

dry matter weights 6, 79

efficiency 36
efficiency

initial 37, 78

growth 63
photosynthesis 36
energy balance 61
enclosure 10, 69, 72, 91
Euler 4
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evaluation 6,9, 67,68, 78,79

evaporative heat loss 62

evapo-transpiration 90

external CO,-concentration 42,45,
69

extinction 20, 24

extinction coefficient 25, 26, 61

field experiments 9, 78
forcing function 4, 35
fraction overcast 14
functional balance 57, 59

global radiation 13, 65
glucose 48, 51
grand period of growth 79
growth 48, 56, 63, 64
growth

leaf 49

potential 1

protein 51

root 46

shoot 46
growth rate 8§, 53, 90
growth rate

crop 79
root 53, 64
shoot 53, 64

growth respiration 8, 46, 52

humidity 13, 18, 20, 23, 61, 88

initial efficiency 37, 41, 44, 78

initialization 61, 70

input weather 13

integration 4, 65

intercellular CO,-concentration 42,
44

internal CO,-concentration 33, 42,
45, 63, 69, 88

internal CO,-regulation 90

ion gradients 51, 64

latent heat loss 27, 60
latitude 15
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laminar layer resistance 28, 62
leaf area 69, 79

leaf area index 20, 25, 61, 72, 79
leaf distribution 25, 26

leaf growth 49

leaf temperature 28, 42, 60, 62
leaf width 20

light compensation point 36
lignin 49

lipids 47, 49

long-wave radiation 13, 16, 61

MACRO 60
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52
maintenance requirement 41
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74
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mineral uptake 48, 50, 52
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models 3, 67
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simulation 60
state determined 3
morphogenesis 86

nitrate reduction 40, 41, 48, 49,
64

nitrate uptake 64

natural grassland 69

near-infrared radiation 61

net assimilation 62, 69, 72°

organic anions: 47, 49, 63, 65
output variable 3



parameter estimation 68
Penman 23, 27, 62
perennial ryegrass 53, 69
phloem

loading of 48

unloading of 48
PHOTON 65
photosynthesis 14, 40, 60
plant components 51, 63, 64
plant synthesis 46
potential growth 1
proteins 8, 47, 49, 51, 52, 64
Q0 30, 52, 74
radiation 18, 61, 86
radiation

global 13, 65

long-wave 13, 16, 61

near-infrared 61

short-wave 13, 14

total daily 14

visible 15,61
radiation flux 14
rate variable 4
rate

assimilation 69

crop growth 79

dissimilation 63

growth 8, 53, 90

respiration 53

transpiration 10, 31, 34, 44, 45
reflection coefficient 25, 26
relational diagram 6, 7
relative consumption rate 54, 59,

74
relative water content 29, 31, 56,

58, 62, 66, 69, 70
reserves 8, 46, 53, 56, 63, 70
reserve level 59, 63, 64
resistance

boundary layer 19, 23, 62

laminar layer 28, 62

mesophyll 44, 63, 72, 74

root 29, 31

stomatal 9, 19, 23, 33, 62

turbulent 23
respiration 8, 35, 46, 51
respiration rate 53
Rhodes grass 69
rice 69
root conductance 30
root growth 46, 53, 57, 64, 86
root resistance 29, 31
root respiration 53
root-shoot ratio 58, 59, 86
root weight 30, 64, 70
roughness length 18
Runge Kutta-Simpson 65
ryegrass 53, 69

scattering coefficient 25, 26
sensible heat loss 28, 60, 62
sensitivity analysis 68
shoot growth 46, 53, 57, 64
shoot-root ratio 58, 59, 86
shoot weight 64, 69
short-wave radiation 13, 14
simulation models 60
simulation technique 3
sky temperature 13, 17
soil characteristics 20
soil heat flux 24
soybean 69
specific leaf weight 52, 69
standard deviation 79
state determined models 3
state determined systems 4
state variable 3, 33
stomata &
stomatal closure 70, 74
stomatal conductance 20, 69, 70,
86, 88
stomatal control 35, 42
stomatal regulation 59, 72
stomatal resistance 9, 19, 23, 33,
62
suberization 30, 65
sugarbeet 38
sunflower 43, 49, 91
synthesis
amino acids 40, 41
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plant 46
protein 40, 65

temperature 8, 17, 18, 20, 23, 52,
56, 64, 88
temperature
crop 28
dew point 61, 65
leaf 28, 60
minimum 61
maximum 61
sky 13, 17
temperature effect 37
time constant 20, 33, 58, 59, 65
time interval 4, 65
total daily radiation 14
total water potential 29
translocation 8, 41, 49
transpiration 9, 14, 27, 33, 42, 59,
62, 69, 72, 87
transpiration coefficient 45, 89
transpiration rate 10, 31, 34, 44,
45
turbulent diffusion resistance 17,
23
turnover rate
cell wall 51
membrane 51
protein 8

unit system (SI) 6
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minerals 48, 50, 52
nitrate 64
water 9, 29, 34, 63

validation 67, 68
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output 3

rate 3, 4

state 3, 33
verification 67
visible radiation 15, 61
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water balance 33, 62, 65
water potential 33
water status 8, 27, 62, 63, 64
water uptake 9, 29, 34, 63
weather 7, 12, 61, 79
weather factors 12
weight

dry matter 6, 79

root 30, 64, 70

shoot 64, 69
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wind 18
wind profile 18
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