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1. INTRODUCTION

The model presented, which we refer to as TRALF, is an attempt to simulate the trans-
piration rate of a non-growing leaf throughout a day under varying environmental
conditions using time intervals in the order of 10 sec. Stomata play a key role in the
control of the transpiration process. Therefore special attention is paid to stomatal
properties and factors governing stomatal aperture namely, plant water status, CO,
concentration and light intensity. Endogenous rhythms of stomata and long term trends
of stomatal osmotic potential are not considered.

The equations by which the energy and gaseous exchange from irradiated and evapor-
ating wet surfaces may be calculated, are well known (Slatyer 1967). Using such equations
and some widely accepted assumptions concerning cuticular and stomatal diffusive
resistances, a static model of leaf transpiration may be built, from which the constant
equilibrium leaf temperature and transpiration rate can be derived. In a dynamic model
the continuously changing leaf water status and the time-dependent behaviour of
stomata should be considered. In order to achieve this a balance of water lost and gained
by the leaf and the root must be kept. The stomatal aperture, which determines stomatal
resistance, is the resultant of the relative water content of the guard cells and surrounding
epidermal cells. Both follow the relative leaf water content with a time lag. Due to the
special shape of guard cell walls an increase in volume of guard cells causes the stomata to
open and vice versa. Subsidiary cells, neighbouring cells of stomata, are quantitatively
less important and are supposed to work in the opposite way (Meidner & Mansfield 1968).
As a rule stomata open in light and close in the dark. Careful experiments have shown
that the low internal CO, level in light, due to photosynthesis, causes stomata to open
(Heath & Milthorpe 1950). A slight opening may also be induced by a direct influence of
light (Kuiper 1961). It is supposed that the CO, and light effects occur only in the guard
cells as these are usually the only cells in the epidermis containing chloroplasts. The
mechanism by which CO, concentration influences stomatal aperture is not known and
statements about relative influences of water, CO, and light are essentially estimates.
Most of the data in the literature about stomata have been obtained from many different
species. Few theories have been formulated dealing with all aspects of stomatal function-
ing. Those that do exist contain a considerable degree of uncertainty about the relations
between various processes and the magnitude the parameters involved (Woo, Stone &
Boersma 1966; Raschke 1970). A more complete model, however, gives a better insight
into the transpiration process and acts as a guide for further investigations into plant and
crop transpiration.

The model presented here is written in the simulation language Continuous System
Modelling Program (i8M 1969), which has proved to be suitable for the programming of
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58 A model of stomatal functioning

biological systems (Brouwer & De Wit 1968; Brennan et al. 1969). Emphasis during
model building and testing is nearly always on modelling and not on programming.
Perhaps the most important feature of csMp is its readability, so that the program can also
serve for communication purposes. The computer program of the model TRALF has
nearly the same order and the same organization as an ordinary written explanation.

The symbolic names used in this paper are similar to the ones used in the listing of the
operating computer model which is given at the end of the paper. Each new type of
computing statement will be explained briefly in this text.

2. DESCRIPTION OF THE MODEL AND ITS PROGRAMMING

First, (section 2.1.1. of the listing) the transpiration rate is calculated from the actual
conditions of leaf and environment and the diffusive resistances required are established
(2.1.2.). Section 2.2. describes how the stomatal aperture, which is related to the
stomatal resistance, depends upon the relative water content of the guard and subsidiary
cells (2.2.2. and 2.2.3.2)), the CO, concentration in the leaf and the light intensity
(2.2.3.3.). The CO, concentration in the leaf is obtained (2.2.3.4.) from the CO, diffusive
resistance, the light intensity and the CO, concentration outside the leaf. Guard and
subsidiary cells relative water content are found from the water balance of the leaf (2.3.1.)
and the root (2.3.2.). Finally, the heat balance of the leaf, required for the transpiration
computation, is defined (2.4.).

The lines in the listing beginning with an asterisk are not executed by the computer and
may contain comments. The last eight places of each line are also not executed and are
used for identification.

2.1. Calculation of transpiration

2.1.1. Transpiration rate
The model is set up to calculate the transpiration rate of a leaf. It starts therefore with a
straightforward statement to compute this using an Ohm’s law analogy

TRUA = VCD/TDRES

which states that the transpiration rate of leaves per unit area (TRUA, g/cm?/sec) is
equal to the vapour concentration differential (VCD, g/cm®) between leaf and surrounding
air, divided by the diffusive resistance for water vapour between the leaf and the bulk air
(TDRES, sec/cm). The vapour pressure in the leaf is set equal to the saturation vapour
concentration (VCLS, g/cm?) at the temperature of the leaf (TL), though this may not be
completely true (Jarvis & Slatyer 1970). TL is derived later in the heat balance section.
The tabular relation of temperature to saturation vapour concentration (SVCTB) is given
in CSMP by

FUNCTION SVCTB = (-5.,3.41), (—2.54.07),...... ,(45.,65.6).

The first term of each pair is the temperature and the second the corresponding saturation
vapour concentration (g/m?); in the listing three points following each other indicate
that the expression is continued on the next line. This table is read to give the saturation
vapour concentration of the leaf at leaf temperature (TL) with the statement

VCLS = (1.E-6)*NLFGEN(SVCTB,TL).
NLFGEN is the name of a function generator which interpolates quadratically between

the given points of the table. The factor 10~ ¢(1.E-6) converts g/m> to g/cm?®; an asterisk
in an expression is the symbol for multiplication.
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The saturation vapour concentration in the air (VCAS) is calculated similarly and then
multiplied by the relative humidity to obtain the actual vapour concentration (VCA).
The temperature of the air (TA) is given as a function of time by

TA = AFGEN(TATB,TIMIN).
FUNCTION TATB = (0.,20.),(1000.,20.).

The AFGEN function generator also enables the introduction of a table (TATB). Again
the first term of each pair (here TIMIN) is the independent variable and the second the
dependent variable (TA). For the values of time between the ones given in the table the
AFGEN function causes a linear interpolation to be performed. In this example TA is
constant. The time in some tables is expressed in minutes (TIMIN) and in the rest of the
program in seconds (TIME).

The total amount of water transpired by the leaf (TTL, g water), though not an essential
element of the model, is found by multiplying the area of the leaf (ARLE, cm?) by the
integrated value of the transpiration rate per unit area TTUA (g/cm?). The summing in
time of TRUA (g/cm?/sec) is achieved by

TTUA = INTGRL(0.,TRUA).

The integral function of CSMP (INTGRL) performs the correct integration of the rate
presented by the second variable between parenthesis (TRUA); the value of the first
name or number represents the level of the integral at the beginning of the simulation.
Evidently for this integral the initial value is zero. The integration, performed in a semi-
parallel fashion, is the realization of the rates over a short time interval (a few seconds)
during which they can be assumed to be constant.

2.1.2. Diffusive resistances

The total diffusive resistance to water vapour transfer (TDRES, diffusive resistances
are expressed in sec/cm) is the sum of the resistance of the air layer adjacent to the leaf
(DRESAW) and the resistance of the leaf (DRESL). The boundary layer resistance is
calculated using the empirical formula of Monteith (1965) for one single surface, and the
diffusion coefficient for water in air.

DRESAW = DL/DW;
DL = 0-32*SQRT(WDTL/WS);
PARAM WDTL = 10.

DL represents the effective diffusion length (cm). WDTL is the width of the leaf in the
downwind direction (cm); the label PARAM (parameter) indicates the type of constant.
The windspeed (WS, cm/sec) may vary in time but is here taken to be constant at 10 or
25. SQRT is the name of the function which takes the square root of the expression
within parentheses. This formula can be used without correction when the simulated
leaf is essentially hypostomatic and all water vapour passes through the lower air layer.
The diffusion coefficient of water vapour (DW) is 0-25 cm?/sec at 25° C.

The total resistance of the leaf consists of that of the cuticle (DRESC) and the stomata
(DRESS) in parallel. For the cuticle the value of 20 is used, which is common for shade
plants (Slatyer 1967, p. 261). DRESS is found from the relation of stomatal conductivity
to aperture (FUNCTION CNDSTB) which has been taken from Kuiper (1961) for bean
leaves, assuming that the maximal stomatal opening is 8 ym. The relative stomatal
aperture (ARAPER) is calculated later.
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2.2. Stomatal mechanism

2.2.1. Relative stomatal aperture
Aperture changes in stomata are caused by deformation of the guard cell wall due to

change in volume of the guard cells and the adjacent subsidiary cells (Meidner & Mans-
field 1968). It is herein supposed that their effects are additive. The actual relative stomatal

CNDSTB

TIMIN
(TIME) (RWCLE)

FiG. 1. Relational diagram of the factors contributing to stomatal aperture in the model
TRALF. For explanation see text.

aperture (ARAPER, a fraction of its maximum) is found therefore by summing the

aperture due to guard cell (AGC) and subsidiary cell (ASC) volume respectively.
ARAPER = AMAXI(0.,AGC+ASC).

The minimum aperture is 0., stated by the AMAX1 function. The change of AGC is
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often called ‘active stomatal movement’ and change of ASC ‘passive movement’ (Stalfelt
1955).

Stomata normally close when the leaf water potential falls, in darkness or at a high
CO, concentration in the ambient air. Detailed study of the process of closing induced by
darkness showed that the CO, concentration in the leaf and not light is the mean re-
gulating factor (Heath & Milthorpe 1950). It is proposed as a working hypothesis that the
leaf water potential, CO, concentration in the leaf and, to a small extent, light directly
affect the stomatal aperture, and that their effects are additive.

Fig. 1 is a relational diagram of the stomatal mechanism, which can be used as a guide
while reading section 2.2.
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F1G. 2. The response on a stepwise changing input of the csmp realpole function: FRESPNS=
REALPL (1., TIMCON, INPUT). For explanation see text.

2.2.2. Subsidiary cells

In most species an increase in water content of subsidiary cells or epidermal cells
causes the guard cells to be pressed together, which increases the stomatal resistance
(Meidner & Mansfield 1968). In this model the influence of epidermal cells is included in
the subsidiary cell effect. The relative influence of subsidiary cells and guard cells on
stomatal aperture is not known. It may be assumed that guard cells are more important
in controlling stomatal resistance under steady state conditions as this leads to the most
economical use of water for photosynthesis and plant growth. In this model it is rather
arbitrarily assumed that the relative stomatal aperture is decreased by the subsidiary cells
by 0-2 of its maximum when their pressure potential, or turgor (PPS, bar) is over 10,
increases it by 0-2 when PPS is below 2 and is proportional with PPS in between these
values (FUNCTION ASCTB). Indications of the order of magnitude of this relation-
ship were found from Meidner (1965) and Raschke & Kiihl (1969), but data of this type
are rare.

It is supposed that only the relative water content of the subsidiary cells causes their
pressure potential. Evidence for this is based on observations that their pressure potential
in light and darkness is near the value of mesophyll cells (Meidner & Mansfield 1968,
p. 21). The relation used between the pressure potential of mesophyll cells and the
relative water content of the leaf (FUNCTION PPLTB) is taken from measurements on
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cotton (Gardner & Ehlig 1965). For subsidiary cells the same relationship is supposed
to be valid. .

In a steady state the relative water content of the subsidiary cells (RWCSC) is equal to
the relative water content of the leaf cells (RWCLE), but when the latter changes, the
former follows with a time lag. This time lag was programmed as a first order exponential
delay with a time constant of 180 sec. In CSMP this was achieved by

RWCSC = REALPL(RWCAS,TCSC,RWCLE)

where REALPL is the function name, RWCAS the initial relative water content of the
plant and RWCLE the variable input. Fig. 2 illustrates the response with an exponential
delay to an arbitrarily chosen input. In the model the magnitude of the time constant
(TCSC) is related to the resistance of the subsidiary cells to water entry from mesophyll
cells and was estimated from Raschke & Kiihl (1969). The artificial (i.e. not existing in
nature) REALPL construction was used because not enough is known of the process of
water entering the subsidiary cells.

2.2.3. Guard cells

2.2.3.1. Total pressure potential. The regulating function of guard cells is affected by the
relative water content of the leaf, light intensity and the internal CO, concentration.
Light has two different influences; the first is direct and is relatively small, the second is
via photosynthesis by lowering the CO, concentration in the leaf. As a working hypo-
thesis it is assumed that the pressure potential of the guard cells consists of three com-
ponents, which depend on the relative water content, light intensity, and CO, concentra-
tion respectively.

The sum of the three pressure potentials is the total pressure potential of the guard cells
(PPG). 1t is assumed that, influence of the subsidiary cells apart, the relation stomatal
aperture v. pressure potential of the guard cells is linear; an experiment of Ursprung &
Blum (1924) gives some support for this. In the guard cells of open stomata the pressure
potential (PPG) of a number of species is on average about 21-5 bar and in closed ones
about 15 bar, while the pressure potential of mesophyll cells in these plants is about 10
bar (Meidner & Mansfield 1968, p. 21). If the simulated guard cells are able to open the
stomata pore completely at the observed maximum of 21-5 bar and to close it completely
at the minimum of 15 bar, the relative aperture of the stomata caused by the guard cells
(AGC) is given by

AGC = (PPG-15.)/6'S.
In other words, in this model the effective range of guard cells is 65 bar. It is assumed
that in guard cells the same relation is valid between relative water content and the
fraction of the pressure potential caused by hydration as in mesophyll cells; the excess,
from 5 up to 11-5 bar, being due to the internal CO, concentration and light intensity.
In this model the effects of the three separately calculated pressure potentials are additive.
Recently Raschke (1970) proposed a quantitatively similar stomatal mechanism.

The mechanism by which the CO, concentration changes the pressure potential of the
guard cells is unknown. Light-activated potassium transport has been demonstrated in
guard cells of tobacco plants (Shawney & Zelitch 1969)." Green cells in light produce
energy (ATP) at a high rate (Bassham & Jensen 1967) and it may be that the K*
transport is an active process which requires this energy (Stein 1967) and not light as
such. The carbon dioxide effect may then be seen as a direct or indirect stimulation
or inhibition of K+ transporting enzymes.
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Change in stomatal aperture due to an increase or decrease in relative water content
is often called ‘hydroactive’ and change due to light (and CO,) ‘photoactive.’

2.2.3.2. Water. The pressure potential of guard cells due to water (PPGW,Ebar) is
found from the function PPLTB using the relative water content of the guard cells
(RWCGC) (Fig. 3), this being calculated from the relative water content of the leaf
(RWCLE) with an exponential delay. The time constant used (TCGC, seconds) is 1200,
being about the average of many observations. Temperature and direction of movement
may influence the magnitude of the time constant (Meidner & Mansfield 1968), but have
not been taken into account.

2.2.3.3. Light. From Kuiper (1964) and Mansfield & Meidner (1966) it can be estimated
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that the steady state pressure potential due only to light in guard cells (EVPL, bar) is
numerically equal to 96 (bar cm? sec/J) times the effective light intensity (ESWR, J/cm?/
sec). This relation was experimentally measured in the range of 0-0-01 J/cm?/sec and
may therefore not be valid under field conditions. An exponential delay, similar to the
one for PPGW, is used to calculate the actual pressure potential due to light (PPGL, bar).

2.2.3.4. Carbon dioxide. It is assumed that in the steady state a relation (FUNCTION
PCO2TB) exists between a CO, concentration in the leaf (CO2CCW, 10~ °g/cm? is
ng/cm?®) and a fraction of the relative stomatal aperture. CO2CCW is supposed to be the
CO, concentration at the guard cell walls. A pressure potential (PPGCO2, bar) is taken to
be the intermediate between CO, concentration and a fraction of the aperture (Fig. 3).

The relative rate of change of the leaf CO, balance is much more rapid than that of

C APP.E.
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water or heat due to the relatively small CO, storing capacity of a leaf. Thus for the
simulation of the transpiration process the internal CO, concentration at any moment
can be considered to be in equilibrium with influx and net photosynthetic rate. To take
into account the relatively slow movement of stomata the pressure potential correspond-
ing to this CO, concentration (EVPCO2, bar) is delayed in a similar manner to PPGW
giving PPGCO?2 (bar).

The internal CO, concentration is calculated with a converted flow equation from the
external CO, concentration (ETCO2C), the actual net photosynthetic rate (ANPR, ng/
cm?/sec) and the total diffusive resistance for CO, (DRSCO2) by

CO2CCW = ETCO2C-ANPR*DRSCO2.

With the line
ANPR = MNPR*DRSCM/DRSCO2

it is stated that the actual net photosynthetic rate may be given by the product of the
maximal net photosynthetic rate (MNPR), which occurs in a steady state when water is
not limiting, and the ratio of the diffusive resistance at no water limitation (DRSCM) to
the actual resistance (DRSCO2). This implies that no effect of the relative water content
on the photosynthetic system has been taken into account. Slavik (1965) showed that
there may be an effect of hydration, but it appeared to be small at high relative water
contents, DRSCM consists of mesophyll resistance (DRESM), boundary layer resistance
and the stomatal resistance as governed by light only (DRSCL), for which Kuiper’s
(1961) data were used. DRSCO?2 is calculated in a similar fashion by replacing the
minimum stomatal resistance (DRSCL) by the actual (DRESS). To convert a diffusive
resistance for water to a resistance for CO, it has to be multiplied theoretically by the
ratio of the diffusion coefficients for water and CO,, which is 1:73. The mesophyll
resistance is assumed to be 3 sec/cm.

The maximal net photosynthetic rate (MNPR, ng/cm?/sec) is calculated according to
formula (5) of Brown (1969), using a constant (PHOCAP, cm?/J), the CO, concentration
in the bulk air (ETCO2C, ng/cm?®), the effective radiation (ESWR, J/cm?/sec), the
minimum total diffusive resistance for CO, (DRSCM, sec/cm) and the respiration rate
(RESP, ng/cm?/sec) by

MNPR = (PHOCAP*ETCO2C*ESWR-RESP)/(PHOCAP*ESWR*DRSCM +1).

The value 20, used for the constant PHOCAP, is somewhat lower than the average
of data collected by Brown (1969). The external CO, concentrationis given in time (FUNC-
TION CO2TTB) via a table; the concentration in ng/cm? is 1-83 times the concentration
in ppm. It is assumed that 0-7 (EFAC) of the incident radiation is in the range from 400
to 700 nm (ESWR). The respiration rate of the leaf is assumed to be 1-7 (ng/cm?/sec).
Photorespiration and its possible effects, like a post illumination burst of CO,, have not
been taken into account. Effects of temperature on the photosynthetic rate are ignored.
RAMP is the ratio between the actual net photosynthesis rate and the maximum net
photosynthesis rate.

The relationship (FUNCTION PCO2TB) between the pressure potential of the guard
cells due to CO, (PPGCO?2) and the internal CO, concentration (CO2CCW) results from
the following considerations. In full light without water stress the pressure potential in the
actual guard cells is 21-5 bar (see 2.2.3.1.); 10 bar is due to the plant water status, so
11-5 is due to CO, and light. In darkness the total pressure potential is about 15- bar, of
which 10- is due to leaf water potential and the remaining 5- to CO,. Using the
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formula of Brown (1969) the internal CO, concentration was calculated for the experi-
ment of Kuiper (1961, Fig. 14a). The pressure potential of the guard cells in the range of
15-21-5 bar is assumed to be proportional to the stomatal aperture caused by the guard
cells (2.2.3.1.). Thus a relation between the internal CO, concentration and pressure
potential due to light and CO, could be derived. Subtracting the pressure potential
caused by light gives the required relationship, presented in Fig. 3.

2.3. Water balances
2.3.1. Leaf
The relative water content of the leaf (RWCLE) is the actual water content of the leaf
(WCLE, g/cm?) divided by the saturated water content (WCLS). To compute RWCLE a
water balance of the leaf is maintained by adding the net water gain of the leaf (WGLE,
g/cm?/sec) to the water content of the leaf.

WCLE = INTGRL(WCLI,WGLE).

The initial value (WCLI, g/cm?) of the water content integral is set equal to the saturated
water content (WCLS) times the relative water content at start (RWCAS, fraction).
WCLS follows from the thickness of the satured leaf (TCKNSS, estimated at 0-03 cm)
and the fraction of dry matter in the leaf (FDMLS, estimated at 0-1).

WGLE consists of the water supplied by the root (WSUPRT, g/sec) divided by the
area of the leaf (ARLE, cm?), minus the transpired water (TRUA, g/cm?/sec). The rate
of water flow from the root towards the leaf is equal to the difference in water potential
between them, divided by the resistance of stem and petioles (RESST). No indications
of the magnitude of this resistance were found in literature except that it is small com-
pared to the root resistance (Slatyer 1967). The assumption was made that it is equal to
one-tenth of the root resistance and this proved to be a reasonable estimate.

The total water potential of the leaf (TWPTLE, bar) is found from the computed
relative water content of the leaf using data of Gardner & Ehlig (1965). This relation is
assumed to be valid for leaf and root cells, although experimentally measured for
mesophyll cells only.

2.3.2. Root

The relative and absolute water content of the root (RWCRT and WCRT, g) are
calculated in a similar manner. The flow of water towards the root (WSUPSL, g/sec)
equals the difference in total water potential divided by the root resistance (RESRT),
taken to be 5:10° cm? bar sec/cm® (Brouwer 1954), divided by the surface of the root
(SUFRT, cm?). There are indications that the root resistance depends on temperature,
metabolic rate and hydration level (Slatyer 1967). The total water potential of the root
medium (TWPTSL) was taken to be equal to the osmotic potential (OSPTSL), which was
usually set equal to -1 bar. :

Root pressure is assumed to be negligible in the simulated plant.

2.4. Heat balance

The temperature of the leaf (TL, degrees centigrade) is equal to the heat content of the
leaf (HCLE, J/cm?) divided by its heat capacity, which is the product of its thickness and
the specific heat of the leaf (SPHL, 4-18 J/cm?®). The thickness of the leaf (TCK NS, cm)
is found from the thickness of the saturated leaf, the relative water content of the leaf and
the fraction of dry matter in a saturated leaf. The initial leaf heat content (HCLI, J/cm?)
equals the product of the initial thickness of the leaf (TCKNSI), the specific heat of the
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leaf (SPHL) and the initial leaf temperature (TLI), taken to be equal to the air temperature.

The heat balance considers the incoming (ASWR) and outgoing radiation (LWR),
sensible (SHL) and evaparative heat loss (EHL) and the fixed or released chemical energy
of metabolism (CEIMET). Both CEIMET and LWR are usually less than 109 of the
total energy exchange. All energy fluxes are expressed in J/cm?/sec (1 J = 0-2385 cal).

The incident short wave radiation (SWR) during simulation is given in table (FUNC-
TION SWRTB). It is supposed that 0-7 (FRABS) of the incident radiation is absorbed.
The net long wave radiation (LWR) is calculated, according to the Stephan—Boltzman
law, from emissivities and the difference in absolute temperature of the radiating surfaces
and the Stephan-Boltzman constant (SBC, J/cm?/sec/°K*).

LWR = SBC * (EMISL * (TL+273:) **4 -EMISW * (TW +-273-) **4),

(Two asterisks following each other indicate that the expression before the asterisk is
raised to the power behind.) The emissivity for long wave radiation of both leaf
(EMISL) and chamber wall (EMISW) is equal to 1. The temperature of the chamber wall
(TW) is supposed to be equal to the temperature of the air.

The sensible heat loss (SHL) is the heat flux from the leaf into the air due to conduction.
It is proportional to the temperature difference between leaf and surrounding air and
inversely proportional to the resistance of the boundary layer to heat transfer (DRESAH,
sec/cm). This resistance is found similarly to DRESAW by dividing the diffusion length
(DL) by the diffusive coefficient for heat in air (DH), which equals 0-22 cm sec™°-5, The
factor 0-5 is incorporated because the leaf consists of two parallel heat conducting
surfaces. A conversion factor (1:2¥1072 J/cm?/°C) was used to maintain the correct units.
The evaporative heat loss (EHL) of the leaf is correlated with the transpiration rate via
the latent heat of evaporation of water, which equals 2450 J/cm?.

The chemical energy involved in plant metabolism (CEIMET) is found from the actual
net photosynthesis rate by assuming that each gram of material photosynthesized or
respired corresponds with 17500 J.

2.5. Output and run control

Because the model was made to see how stomata behave, it has to operate for some
simulation time and during this time the values of the variables characterizing the
system must be printed. Therefore, besides statements defining the structure of the
model, run control statements have to be supplied.

The PRINT instruction states which variables are to be printed in a standard format,
as represented in Plate 1(a). The PRTPLOT instruction generates plots of the variables
against time; the numbers within parentheses represent the lower and upper limit of the
plot following these are variables, which are merely printed (Plate 1b). The DEBUG
function is an output facility permitting the printing of all variables of the program with
their actual value a number of times (20) after a specified moment (0 sec). The instructions
on the card labelled with TIMER indicate the duration of the simulation (FINTIM,
seconds) and the time intervals between printing (PRDEL) and plotting (OUTDEL).
METHOD MILNE calls the subroutine for integration according to Milne, which
proved to be the most suitable of the available integration routines for this model. The
RELERR instruction allows the specification of different relative errors for the inte-
grators.

The END card indicates completion of structural, parameter and control definitions
for that run of the model.
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YTL = 8.1876E-0) LHR = 2,2216E-03
Tt = 2,3433F Ol SHL = 6.75698-03
Ta = 1.9600E O1 EHL = S.8056E-03
DRAESS = S.167%E 00 CEIHET= 1.9365E-0%
TORES = 5.3371E 00 MNPHDT=  2.0555€ 01
ASC = =1.6822E-01 ANPR = 1.1066E 01
AGC = 4,2747E-01 RAMP = 5,3836E-01

RINTMUH TRUA  VERSUS TIHE
0.0
TRUS
4.7213€-07

02 1. 5220E~06

0z 2.4446E~0b

02 2,7275€~06

03 2.9192€-04

03 2.,42728~00

03 2.1893E~06

03 1.8240E=06

03 1. 3743606

03 9.3768£-07

03 8,0579£-07

03 8,05486-07

03 8.08376-07

03 8.0661€~07

(13 9.0651€~07

03 B8.07108-07

03 8,0664E~07

03 8.0959€-07

03 Be 2594E-06

03 263696€406

03 2.6968E-06

Penning de Vires, Plate |

w.T.
RWCLE = 9.7033£-01
RHCSC = 9.71436=01
RWEGE =  9,6723E-01
TupPTLE= =2,40348 0O
THPTHT= ~1.B7$9E 0O
YHPTSLe =1.0000E 0O
EYC02C=  2.74508 O3
Co2CCH=  T,%946E 02
RWCLE = 9.71264E~01
RHCSC = 9.71536-01
RHCGL = 9.6B18E-01
TWPYLE= -2.3295E OO0
TWPTRY= -2.19826 00
TWPTSL= -1.0000€ ©O0
ETCN2E= 2.1960E 02
CO2CLW= 6.3886E Ot
RWCLE = 9.6310E-01
RHCSE = §.6T764E~01
RHCGE = 9.6806E-01
TWPTLE= -2.9893¢ 00
THPTRT= -2.6767E 00
THPTSL= —1.0000€ 00
£YCQ2C=  2.196Q€ 02
CO2CCH= 6.3686E 01
HAX] HUR
4, 0000£~06
1 T
1. 9600 01
2.44468 0L
2.31928 OL
2.2787€ 0%
2.2601€ 0l
2.2008E 41
2.2368E 01
2.2942f 01
2.37178 01
?2.44728 01
2.4861€ 01
2.48626 0}
2.4B97E OL
2,4813E 01
2.4871E Ot
2.4879E 01
2,48738 01
249148 01
2. H742€ 0L
2.3%33¢ 01
2.2942¢ Ot

PPL
PPS
PRG
PPGYW
PPGL
PRECOE=
ARAPER=
Tieitp =

®owoaowou

PPL
323

°PG

PPGY
pREL =
PPGLOZ=
ARAPER=
TIHIN =

wowow R

PPL =
epy =
PPG =
PRGN =
PPGL =
PPGLO2=
ARAPER=
YIHIN =

EHL
1.156TE~D3
3.T290E~03
$.98936-03
6,68256-03
T.1519€-03
5.9666E-03
5.36386-03
4.4688E-03
2.36T4E-03
2.2973£-03
1.9741€-03
1.9744E-03
1.9605€~03
1.9762€-03
1.9759€-03
1. 9774€-03
1.9763€-03
1,9835€-~0%
3.0610£-03
$.80%6€-09
6,6066€~03

(a) Example of the standard csmp PRINT output at times 85, 90 and 95 min during simu-
lation of the third experiment of Gaastra. (b) Example of the standard ¢smp PRTPLOT
output at times 0-100 min during the simulation of the third experiment of Gaastra.

(Facing p. 66)

¢.5437€ 00
9. 6144E 00
1.5684€ Of
9.3371E 00
1.3774€ 00
5, L6968 OO

0.9
8.50008 01

9.6019€ 00
9,6208E 00
1.6505€ 01
3.3998€ 00
1.3820¢ Q0
5.7232¢ 00
5.0511E~-02
§.00008 O}

9.0643E 00
9.3643E 00
1. 7TT79€ 01
9.3920E 00
1.3855€ 00
7.0010€ 00
2.5925E-01
9.5000& ©Of

TIWIN
9.0
§.00G06 00
1.0060€ 01
1.5000E 01
2.00060f 01}
2.3000€ Ol
3.0000¢ Ot
3.5000€ ot
4.00008 O1
4.%5000E 01
5.0000€ 01
5.5000¢ O!
6.0000€ 01
6.8000E Ol
7.000068 Ot
7.50008 01
8.9Q000¢ 01
8.5000€ Ot
9.0000¢ 01
9.5000€ 01
1.0000€ 02
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2.6. Reruns

Both a single or a group of new parameter or function definitions between two END
cards generate a rerun using the indentical model structure except for the newly defined
variable(s). The last (re-)run is characterized by STOP after END.

3. RESULTS AND DISCUSSION

With the model described, experiments carried out with turnip were simulated. The
transpiration rate, and in one experiment both leaf temperature and net photosynthesis
rate, were measured continuously during variations in light intensity and aerial CO,
concentration (Gaastra 1959). Many parameters and functions for turnip had to be
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FiG. 4. The measured and simulated (- — -) course of leaf temperature and transpiration rate
in time (minutes). The measured rate is relative, the simulated rate is expressed in ug/cm?/
sec (left on the right scale). The light intensity is given at the top (J/cm?/sec).

estimated or calculated from other experiments. The author is aware of the limitations of
the value of results due to these uncertainties, but it seems the only way at present to
test models of this type. Figs. 4-7 were obtained with the listed model. Only functions
defining the environment were adjusted to the simulated experiment; no estimations of
parameters or functions were made to fit curves.

Fig. 4 illustrates the effect of different light levels on measured and simulated trans-
piration rate and leaf temperature and Fig. 5 represents the net photosynthesis rate and
the internal CO, concentration. Both experimental rates were relative; for a comparison
the simulated and measured maximum were set equal. In these figures there is a good
agreement between measured and calculated rates as well in the response to a change in
the environment. The main differences are to be seen at low light intensities where the
model is the most sensitive to calculations of the internal CO, concentration used
(CO2CCW) to simulate the effect of CO, concentration on stomatal aperture. About time
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Transpiration rate
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FiG. 5. The measured and calculated (- --) course of net photosynthesis rate in time
(minutes). The measured rate is relative, the simulated rate is expressed in ng/cm?/sec. The
simulated internal CO, concentration (ng/cm?) is represented with a dash-dot line.
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o 120 240 360 ] 480
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FiG. 6. The measured and calculated (- - -) course of the transpiration rate (ng/cm?/sec)
in the second experiment. At the top are given aerial CO, concentration (ng/cm) and
incident radiation (xJ/cm?/sec).

Internal CO 5 concentration
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150, there is a disagreement between the experimental value for data about leaf tem-
perature and the measured transpiration rate: the transpiration rate is nearly zero, but the
relative leaf temperature is about —1° C. This conflict, of course does not occur in the
simulation. The slight increase in transpiration rate between 210 and 220 min is only due
to the increase in leaf temperature, the stomata are still closed. After 220 min stomatal
opening occurs. The same pattern is to be seen at time 20, but it is not present in closing
movements. The simulated net photosynthesis rate at low light intensities is relatively
higher than the experimental rate. This may be due to a different value of the constant
(PHOCAP) used in the photosynthesis calculation in the simulated plant and the real
turnip.
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FIG. 7. The measured and calculated (-~ - -) course of the transpiration rate (ng/cm?/sec)
in the third experiment. At the top are given the aerial CO, concentration (ng/cm3) and
incident radiation (10~3 J/cm?/sec).

Figs. 6 and 7 illustrate the effect of various aerial CO, concentrations on the trans-
piration rate; both measured and simulated rates are absolute. A significant difference
exists in the level of the transpiration rate between experiment and simulation when under
conditions of a low light intensity and this difference increases at high light intensities. A
reason for this difference was not found. Possibly the assumed minimum stomatal
resistance was too high. It must be noticed, however, that the experimental relative
humidity was not available and only the initial air temperature was measured. The
dynamic behaviour of both treatments agrees well, the direction of change in simulation
and experiment being always similar but the model responding faster to environmental
variations than the plant. When light intensity and aerial CO, concentration are zero, the
model predicts closed stomata, though the real ones still are partly open (Fig. 6) or
closing (Fig. 7). The reason for this may be an overestimation of respiration rate and of
the relative influence of subsidiary cells on stomatal aperture.
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Simulation of Gaastra’s experiments test the model mainly on its response to CO, and
light variations. The behaviour of the simulated stomata and the course of the trans-
piration rate during water limitations have been tested elsewhere (Lambert & Penning de
Vries 1971), using essentially the same model, coupled to a model of water transport in a
cylinder of unsaturated soil (Van Keulen 1971). The results could not be empirically
evaluated but did conform to what might be expected. With the combined model longer
term dynamics (hours) were investigated. With Gaastra’s experiments both short term
dynamic (minutes) and static aspects of the model were tested.

The correct way to model biological systems seems to be to describe separately and
quantitatively all underlying physiological details together with their structural inter-
relationships. Often this is not possible because of a lack of knowledge, but it must
remain a guiding principle for modelling. In the model described, artificial constructions
were introduced in places where the exact interrelationships are not of great importance,
as with the simulation of the leaf CO, balance, or when they are not known. Thus the
exact stomatal mechanism is unknown; neither a delay as such, nor a direct conversion
from a CO, concentration to a pressure potential occurs in nature, but they were used to
overcome a lack of knowledge. The results of the model agree with the experimental data
with an accuracy to be expected, bearing in mind the kind of assumptions that had to be
made and the incomplete nature of the experiment with which model behaviour was
compared.

The most important parameters and functions about which little is known are: the
relative influence of subsidiary and guard cells, the direct effect of light and internal CO,
concentration on guard cells, the constant in the photosynthesis calculation, the diffusive
resistance for CO, in the mesophyll, the resistance to water flow in stem and petioles and
the time constant incorporated in the delay functions.
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5. SUMMARY

A dynamic model of a water-containing and water-conducting system is described,
representing a non-growing, transpiring leaf with an attached root in a nutrient solution.
The simulated transpiration rate is determined by environmental conditions and leaf
conductivity, the latter being mainly under stomatal control. A hypothesis of stomatal
functioning based upon the interaction between guard cells and subsidiary cells is
presented. The control mechanism of the guard cells is supposed to be affected both by
present and past plant water status, light intensity and CO, concentration in the leaf,
which depends on photosynthesis and diffusion rates. The function of subsidiary cells
is taken to be affected only by present and past plant water status, Experiments are
simulated to evaluate the model.

The model is written in the computer simulation language csMp and is presented in such
a way that the added listing of it may be understood after studying this paper without
previous knowledge of programming.
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LISTING OF THE MODEL

#* TRALF UPDATED 31-12-70 TRLF0O010
* : TRLF00?20
* THE NUMBERS OF THE SECTIONS REFER TO THE CORRESPONDING PAPER TRLF0030
* A MODEL FOR STMULATING TRANSPIRATION OF LEAVES TRLFO0040
# WITH SPECIAL ATTENTION TO STOMATAL FUNCTIONING TRLF 0050
+* ) - TRLFO0060
% ERE -2 TR TRRE AL R RN LR LR L2 L 2 L2 X TRLF()()7()
¥ 3F 3k 34 44 38 3p 3 47 3t 2e1e TRANSP‘RATTON HedtaReR ittt s TR FOORD
R H AR R 3 3 AL SR AR A b AP S AP b dr Sy AP A bR S BN A S ARG R UGG TRLF()()QO
* TRLF0O100
ARt 2elele TRANSPIRATION RATE TRLFO110
TRUA=VCO/TDRES . TRLF0120

# TRANSPIRATION RATE LEAF PER UNIT AREA (G/CM##2/SEC) ’ TRLFO130
VCO=VCL=-VCa ' TRLFOl40

4+ VAPOUR CONCENTRATION DIFFFRENTIAL (G/CM##3) : TRLFO0150
vCcL=vCLS ] TRLFO160

* VAPOUR CQNCENTRATION AT SITE OF EVAPORATION IN LEAF (G/CM##3) TRLFO170
VCLS=(1eF=g) #NLFGEN(SVCTBsTL) TRLFO0180
VCA=VCAS#(RH/100.) TRLFO190

#* VAPQUR CONCENTRATION ATR (G/CM#%3) : : TRLF 0200
VCAS=(1eE=6) *NLFGEN(SVCTR.TA) TRLFO0210

* SATURATTIQN VAPQUR CONCENTRATION AIR (G/CM##3) TRLF 0220
FUNCTTON SVCTB==5043s41 9 =2¢S544,07 5 009485 s 259575 9 569680 9 o0 TRLF0230
7¢598e01 o 10699040 o 12:541100 o 15691283 o 175914092 » coo TRLF0240
200917030 o 2265420600 9 250923095 27-5'26-50 s 300093038 seee IRLF0250
32593474 9 350939063 9 3705445e)1 9 4009512 9 42650579 o seo TRLF0260
45096506 TRLF 0270

4 SATURATTON VAPQUR CONCENTRATION(G WATER/M##3) VERSUS TEMPERATURFTRLF 0280
TA=AFGEN(TATBe TIMIN) ‘ TRLF0290

® TEMPERATURE AIR (DEGREE CEMTIGRADE) TRLF0300
FUNCTION TATB= 0es20s ¢ 1000c20 . TRLFO0310
TEMPERATURE AIR VERSUS TTIMF (MINUTES) TRLF0320
RH=AFGEN (RHTBL +TIMIN) TRLF0330

# RELATIVE HUMIDITY (PERCENT) TRLF 0340
FUNCTION RHTBL = 04980s s 1000.580s TRLF 0350
RELATIVE HUMIDITY VERSUS TIME (MINUTES) " TRLF0360
TIMIN=TIME/60. TRLFO0370

#® TIME (MINUTES) TRLF0380
TTL=ARLE#TTUA TRLF0390

* TOTAL TRANPIRATION (G/LEAF) TRLF 0400
TTUA=TNTGRL (0e s TRUA) TRLFO0410

# TOTAL TRANSPIRATION (G/cM##p) TRLF0420
* TRLF 0430
anue 2.1.2. DIFFUSIVE RESISTANCES ~ TRLFO0440
TORES = DRESAW + DRESL . TRLF0450

# TOTAL DIFFUSIVE RESISTANCE (SEC/CM) TRLF0460,
DRESAW=DL/DW ) TRLF 0470

# DIFFUSIVF RESISTANCE OF THE AIR LAYER FOR WATER (SEC/CM) TRLF0480
DL = 0«32 # SQRT(WDTL/WS) TRLF 0490

3 . DIFFUSION LENGTH (CM) <DIMENSION OF CONSTANT IS. CM#SFC## (=0e5) TRLF0500.
PARAM WDTL=10e TRLFO0S10
" WIDTH LEAF (CM) ‘ TRLF 0520
WS=AFGEN (WSTBs TIMIN) i TRLF 0530

“ wWIND SPEFD (CM/SEC) TRLF 0540
FUNCTION WSTB = Qesl0s o 10000s10e TRLF 0550
WINDSPEEN VERSUS TIME (MINUTES) TRLF 0560,

PARAM DW=0.25 TRLF 0570
DIFFUSIVE: CONSTANT OF WATER IN AIR (CM##2/SEC) TRLF 0580.

DRESL = 1. /(1e/DRESC + 1./DRESS) TRLF 0590
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* DIFFUSIVE RESISTANCE LEAF (SEC/CM) TRLF0600
PARAM DRESC=20. TRLFO0610
it DIFFUSTVE RESISTANCE CUTICLE (SEC/CM) YRLF 0620
DRESS=1/CNDS TRLF0630

* DIFFUSTVE RESISTANCE STOMATA (SEC/CM) TRLF0640
CNDS=NLFGEN(CNDSTB s ARAPER) TRLF 0650

3 . CONDUCTTIVITY STOMATA (CM/SEC) ; - TRLF 0660
FUNCTION CNDSTB= 0.90e01 9 0e150.0855 9 062500160 9 063500212 ses TRLF0670
0e494Ne?250 . 9 065906285 o 046906330 o 06730365 ees TRLFO680
0eBe0+390 s 10e90,390 TRLF0690

#® CONDUCTIVITY STOMATA VERSUS RELATIVE STOMATAL APERTURE TRLFQ700
3 DATA FROM KUIPER (1961) FOR PHASEOLUS TRLFOT10
i TRLFO720
L] . BRAREEE R R R TRl N T - R R R IR R Y R R R R R TRTR R R R T TRLFO?BO
B R A 2¢2s STOMATAL MECHANTSM dunudRuRta TR FOT40
* B AR LR EE LR ALY LR TR R X X N TRLF0750
# TRLFO760
prvens 2020l RFLATIVE STOMATAL APERTURF TRLFOT7T0
ARAPFR=AMAX) (s s AGC+ASC) TRLFOQT780

% ACTUAL RELATIVE STOMATAL APERTURE (FRACTION OF MAXIMUM) TRLFO0790
¥ i TRLF0800
i 20220 SUBSIDIARY CELLS TRLF0810
ASC=AFGEN(ASCTBPPS) TRLF (0820

¥ RELATIVE APERTURE OF STOMATA CANSEDN BY SUBSIDIARY CELLS TRLFO0B30
FUNCTIQON ASCTB= (es0e2 5 2e90e? ¢ 10e9=0e¢2 ¢ 11e59=002 TRLF 0840
* COMTRIBUTION To RELATIVE STOMATAL APERTURE VERSUS PRESSURE POT. TRLF0850
PPS=pPPSW ’ TRLF0860

i PRESSURE PQTENTTAL SUBSTDIARY CELLS (BAR) TRLFO0870
PPSW=AFGEN(PPI.TB4RWCSC) ' TRLF0880

% PRESSURE POTENTIAL SUBSINIARY CELLS DUE TO WATER (BAR) TRLF 0890
FUNCTIONM PPLTB=0,0¢00 9 0Ne7090a 5 0e805009 3 DeBhole? o eoe TRLF0900
06904409 o 1e0911e5 o 119186 TRLF0910

K3 PRESSURE POTENTTAL LEAF TARLE (EXTRAPOLATEN) TRLF0920
3 VALUES FQR COTTON (GARDNER AND EHLIG 1965+PG 707) TRLF0930
PPL=AFGEN (PPLTB4RWCLE) TRLF 0940

s PRESSURE PQTENTIAL IN MESOPHYLL CELLS (BAR) TRLF0950
RWCSC=RFALPL(RWCASy TCSCoRWCLE) TRLFO0960

* RELATIVE WATER CONTENT SUBSIDIARY CELLS (FRACTION OF MAXIMUM) TRLF0970
PARAM TCSC=180. TRLF 0980
* TIME CONSTANT OF FIRST ORDER DELAYs MAGNITUDE INDICATES RESISTANCETRLF0990
M e TRLF1000
Rl 232030 GUARD CELLS TRLF1010
AGC=(PPG=15.)/605 TRLF1020

* CONTRIBUTION TO RELATIVE STQOMATAL APERTURE VERSUS PRESSURE POT. TRLF1030
K TRLF1040
4 4 20203610 PRESSURE POTENTIAL GUARD CELLS TRLF 1050
PPG=PPGW+PPGCO2+PPGL . TRLF1060

# PRESSURE POTENTTAL GUARD CELLS (BAR) TRLF1061
% : TRLF1070.
IR 2023626 PRESSURE POTENTIAL DUE TO PLANT WATER STATUS TRLF1080
PPGW=AFGEN (PPLTBsRWCGC) " " TRLF1090

# PRESSURE POTENTTAL IN GUARD CELLS CAUSED BY WATER (BAR) TRLF1100
RWCGC=REALPL (RWCASs TCGC+RWCLE) JRLF1lll0

#* RELATIVE WATER CONTENT GUARD CELLS TRLF1120
PARAM TCGC=1200. ' TRLF1130
# TIME CONSTANT OF FIRST ORDER DELAYs MAGNITUDE INDICATES RESISTANCETRLF1la0
* ) TRLE11S50
it 202:303, PRESSURE POTENTIAL DUE TO LIGHT TRLF1160
PPGL=REALPL.(0+sTCGCSEVPL) -TRLF1)70

R PRESSURE POTENTTAL DUE TQ (LTGHT (BAR) TRLF1180
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EVPL=96.%F SWR TRLF1190

#* ‘EQUTLIBRTUM VALUE PRESSURE POTENTIAL DUE TO LIGHT (BAR) TRLF1200
# ESTIMATED FROM DATA OF KUIPER (1964) TRLF1210
#* TRLF1220
HH e 20263040 PRESSURE POTENTIAL DUE TO CO2 CONCENTRATION TRLF1230
PPGCO?=REALPL(5¢sTCGCIEVPCQR) TRLF1240

# PRFSSURE POTENTIAL GUARD CELLS DUE TO c02 (BAR) TRLF 1250
EVPCQ2=AFGFN(PCO2TBsCORCCW) . TRLF1260

# FQUTLIBRIUM VALUE OF PRESSURE POTENTIAL DUE TO Cc02 (BAR) TRLF1270
FUNCTION PCO2TRB= 069966 ¢ 11739058 ¢ 19765914 es TRLF1280
259098:31 9. 265697¢21 s+ 2760%6e4T » 2BT7095699 ¢ esa TRLF1290
294¢%5:6]1 9 301095630 ¢ 324695012 ¢ 85209500 TRLF1300

* PRESSURE POTENTIAL VERSUS G072 CONCENTRATION TRLF1310
* ESTIMATED FRQOM DATA OF KUIPER (1961) TRLF 1320
CO02CCW=ETCQ2C-ANPR¥DRSCOR TRLF1330

it CO? CONCENTRATTON  (NG/CM##3) TRLF1340
FTCO2C=1.83%C02PPM TRLF 1350

* EXTERNAL CO2 CONCENTRATIQN (NG/CM##3) RLF1360
CO2PPM=AFGFN (CQ2TTBs TIMIN) TRLF1350

* CO2 CONCENTRATION (PPM) TRLF 1380
FUNCTION CO2TTB = 069300 o 100093004 TRLF1390
#* €02 CONCENTRAIION (PPM) VERSUS TIME (MINUTES) TRLF1400
ANPR=MNPR#DRSCM/DRSCO2 TRLF 1410

# ACTUAL NFT PHOTOSYNTHESTS RATE (NG/CM*#2/SEC) fRLF1420
MNPR= (PHOCAP*ETCO2CH*ESWR=RESP) / (PHOCAP#DRSCM#ESWR+1e) TRLF1430

* MAXTMAL NET PHOTOSYNTHETIC RATE (NG/CM##2/SEC) TRLF 1440
#* ACCORDING TO BROWN (PHYSTOL. PLANT, 229 19699 PG 623) ADAPTED TRLF1450
PARAM PHOCAP=2(. . TRLF1460
* PHOTQSYNTHESIS CONSTANT (CM##3/JOULE) TRLF1470
FSWR=SWRH*EFAC TRLF 1480

#* EFFECTIVE SHORT WAVE RANTATION (JOULE/CM¥#2/SEC) TRLF 1490
PARAM EFAC=0.7 TRLF1500
i EFFFCTIVITY FACTOR LIGHTe ToEe FRACTION ACTIVE IN PHOTOSYNTHESISTRLF1510
PARAM RESP=1.7 . TRLF1520
* RESPIRATION RATE (NG/CM##2/SEC) TRLF1530
DRSCM=(DW/DCO2) * (DRESAW+DRSCL ) +DRESM TRLF 1540

#* DIFFUSIVF RESISTANCE FOR €02 MINIMAL (SEC/CM) TRLF 1550
DRSCL=1+/CNDSL TRLF1560

* DIFFUSIVF RESISTANCE STOMATA DUE T0 LIGHT (SEC/CM) TRLF1570
CNDSL=NLFGEN(CDSLTBSESWR) TRLF 1580

* CONDUCTIVITY STOMATA ONLY DUE TO LIGHT (CM/SEC) TRLF 1590
FUNCTION CDSLTB= 0+90.01 + 0.000850.029 s 000016500645 eeo TRLF1600
0s0024900114, » 00032904159 s 0004000.208 ees TRLF1610
0.0048000255 9 00056504320 s 0001900390 9 160900390 TRLF 1620

* STOMATAL CONDUGCTIVITY VERSUS LIGHT . TRLF1630
DRSCO2=(DW/DCOZ2) # (DRESAW+DRESS) +DRESM TRLF 1640

# DIFFUSIVE RESISTANCE FOR C02 {(SEC/CM) TRLF 1650
PARAM DCO2 = 0.15 TRLF1660
#* DIFFUSTVE COEFFICIENT OF GO02 IN ATR (SEC/(CM##0.5)) TRLF1670
PARAM DRESM = 3, ' TRLF1680
# DIFFUSIVE RESISTANCE MESOPHYL FOR c02 (SEC/CM) TRLF1690
"RAMP=ANPR/MNPR ‘ TRLF1700

# RATIO ACTUAL TO MAXIMAL PHOTOSYNTHESIS RATE TRLF1710
# . TRLF 1720
L4 PR RN R P LT LLLEDEE TEL R e R TRLF173()
HRB B R HG 263, WATER BALANCES BHERBBRRBEBTRLF1T40
3t e db e R R A A A I AR S i I BN WG TRLF175()
& TRLF1760
sHRnn 2e3ele LEAF TRLF1770

RWCLE=WCLE /WCLS TRLF1780




* RELATIVF LEAF WATER CONTENT (FRACTION OF VALUE AT SATURATION) TRLF1790
WCLE=TNTGRL (WCLI<WGLE) TRLF 1800

#* WATFR CONTENT LFEAF (G/CM##?) TRLF1810
WCL1=WCLS#*RWCAS TRLF 1820

* WATER CONTENT |LEAF INITIAL (G/CM##2) TRLF 1830
PARAM RWCAS=0.98 TRLF1840
i RELATIVE WATER CONTENT AT START TRI.F1850.
© WCLS=TCKNSS#* (1 .=FDMLS) TRLF 1860

# WATER COMWTENT LEAF WHEN, SATURATED (G/CM##2) TRLF.1870
PARAM TCKNSS = 0,03 TRLF 1880
* THICKNESS LEAF WHEN SATURATED (CM) TRLF 1890
PARAM FOMLS=0.10 TRLF1900
s FRACTION DRY MATTER LEAF SATURATED TRLF1910.
WGLE=WSUPRT/ARLE=TRUA TRLF1920

2 WATER GATN LEAF (G/CM##2/SEC) TRLF 1930
PARAM ARLE = 100. TRLF 1940
3 AREA LEAF (CH¥#2) TRLF 1950
WSUPRT=(TWPTRT=TWPTLE) /RESST TRLF1960

+* WATER SUPPLY To LEAF FROM R0OOT (G/SEC) TRLF1970
THP TLE=AFGEN(TWPLTBsRWCLE) . TRLF 1980

* TOTAL WATER POTENTIAL LEAF (BAR) TRLF1990
FUNCTION TWPLTB=0e209~60e o 0o409=300 9 06509=24¢ o s0s TRLF2000
0e605=20e 9 Do709=17e 9 0e805=14el v eee TRLF2010

0e843=12¢5 9 (0.889=10e0 s 00909=8Bc1 aee TRLF2020

10Q90, 9 105900 TRLF2030

#* TOTAL WATER POTENTIAL VERSUS RELATIVE WATER CONTENT TRLF2040
3 VALUES FOR COTTON (GARDNER AND EHLIG 1965+PG 707) TRLF2050
RESST = 0.1 # RESRT TRLF2060

*® RESTSTANCE STEM (SEC/CM) TRLF20.70
*® TRLF2080
3434 263020 ROOT TRLF2090
WCRT=TNTGRL (WCRT ¢WGRT) TRLF2100

* WATER CONTENT ROOT (G) TRLF2110
WCRI=WCRS#RWCAS ) TRLF2120

* NATER CONTENT ROOT INITIAL (G/ROOT SYSTEM) TRLF2130
WCRS=VOLRT# (| «=FDMRT) TRLF2140

#* - WATER CONTENT ROOT WHEN SATURATED (G/ROOT SYSTEM) TRLF2150
PARAM VOLRT=1. TRLF2160
# VOLUME ROOT (CM##3) TRLF2170
PARAM FDMRT=0.10 TRLF2180
#* FRACTION DRY MATTER IN ROOT SATURATED WITH WATER TRLF2190
RWCRT=WCRT /WCRS TRLF2200

i RELATIVE WATER CONTENT ROOT TRLF 2210
WGRT=WwSUPS|_=WSUPRT TRLF2220

* WATER GAIN ROOT (G/SEC) TRLF2230
WSUPSL=(TWPTSL=-TWPTRT) /RESRT TRLF2240

# WATER SUPPLY To ROOT FROM ENVIRONMENT. (G/SEC) TRLF2250
TWPTSL=0SPTSL TRLF2260

* TOTAL WATER POTENTTIAL SQIL FOR NUTRIENT SOLUTION (BAR) TRLF2270
PARAM OSPTSL==-1. . TRLF2280
* QSMOTIC POTENTIAL NUTRIENT SOLUTION (BAR) TRLF2290.
TWPTRT=AFGFN (TWPI_TB9sRWCRT) TRLF2300

g TOTAL WATER POTENTIAL ROOT (BAR) JRLE2310
RESRT = 1./ (PERRT#SUFRT) TRLF2320

#* ~ RESISTANCE ROOT SYSTEM (SEC#BAR/CM##3) ) TRLE2330.
PARAM PERRT=2.E=6 TRLF2340
* PERMEABTLITY ROOT (CM#®3/CM##2/SEC/BAR) (BROUMER 1954) TRLE2350
SUFRT = 35, # VOLRT TRLF2360

* SURFACE RQOT 1S 35 CM#s#p/cM##3 (DIAMETER 0.11 CM) TRLF2370
* TRLF2380
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76 A model of stomatal functioning

it $H33E3EAE 30 3 3 AR 3 gp AL AP AP IR 4L 0 L AP LS A SH ISP W L A AP B TRLF2390
LT T 2eb. HEAT BALANCE FHUHCERET RO F 2400
3+ PR A G e A AR G RS R S SRR G PR RGN REREB DR BRI TRLFZ@]()
* TRLF2420
Tt = HCLE /(SPHL#*TCKNS) TRLF2430

3+ TEMPERATURE LEAF (DEGREE CENTIGRADE) TRLF2440
CONSTANT SPHL=4.1855 TRLF2450
# SPECIFIC HEAT LEAF (JOULE/CM¥#3) TRLF2460
TCENS=TCKNSS® ((] ,=FDMLS) *RWCLE+FDMLS) TRLF2470

* THTICKNESS LEAF (CM) TRLF2480
HCLE = INTGRL (HCLIeHGLE) TRLF2490

w HEAT CONTENT LEAF (JOULF/CM##2) TRLF2500
HCLI=TCKNST#SPHL#TLI TRLF2510

i HEAT CONTENT LEAF INITIAL (JOULF/CM##2) TRLF2520
TLI=T1AT TRLF2530

#* TEMPERATURE LEAF INITIAL (DEGREE CENTIGRADE) TRLF2540
PARAM TAI=20. TRLF 2550
* TEMPERATURE ATR INTTIAL TRLF2560
TCKNST=TCKNSS#( (] =FDMLS) #RWCAS+FOMLS) TRLF2570.

¥ THTICKNESS LEAF INITIAL (CM) TRLF2580
HGLE=ASWR=|_WR=SHL=EH_-CEIMFT TRLF2590

* HEAT GATN LEAF (JOULE/CM##2/SEC) TRLF2600
ASWR=SWR#FRABS TRLF2610

# ABSORBED SHORT WAVE RADIATION (JOULE/CM##2/SEC) TRLF2620
SWR = AFGEN (SWRTIBsTIMIN) TRLF2630

* SHORT WAVE RADTATION (JOULF/CM##2/SEC) TRLF2640
# 1 CAL/CM##2/MIN = 0.0698 JOULE/CM##2/SEC TRLF2650
FUNCTION SWRTB= OesQo ¢ 30090- 9 310’0.007 9 60-'0-007 L o..TRLF2660
61900014 o 90904014 9 91906021 » 1200900021 c0s TRLF2670
1210'05035 [} 15090035 9 15‘09000698 L] 180"0!0698 TRLF26BO

3 SHORT WAVE RADTATION (JOQULE/CM##2/SEC) VERSUS TIME (MINUTES) TRLF2681
PARAM FRABS=(0.7 TRLF2690
i FRACTTON ABSORBED TRLF2700
LWR=SBCH (EMISL¥ (TL42736) ##4,~EMISWH (TW+2T3e) #it4,) TRLF2710

bt LONG WAVE RADIATION (JOQULF/CM##t2/SEC) TRLF2720
CONSTANT SRC=5.673E-12+ EMISL=1.e FNISW=1e TRLF2730
K STFPHAN BOLTZMAN CONSTANT TN JOQULE/CM##2/SEC/ (DEGREE KELVIN)##4 TRLF2740 .
* EMTSL AND FWMISW ARE EMISSIVITY OF LEAF AND WALL TRLF275n
TW=TA TRLF2760

s TEMPERATURE WALL (DEGREE CENTIGRADE) TRLF2770
SHL=(1¢2E=3)# (TL=TA) /NRESAH TRLF2780

A SENSIBLE HFAT LOSS JOULF/CM##2/SEC) TRLF2790
DRESAH = ¢5 # DL/DH TRLF28B10

#* DIFFUSIVE RESISTANCE FOR HEAT QF AIR (SEC/CM) TRLF2820
PARAM DH=0,22 TRLF2830
3 DIFFUSIVFE CONSTANT FOR HEAT IN AIR (CM##2/SEC) TRLF2840
FHL=2390.#TRUA TRLF2850

# EVAPORATIVE HEAT LOSS (JOULE/CH##2/SEC) TRLF2860
CEIMET=1.76E~5%ANPR TRLF2870n

#* CHEMICAL. ENERGY INVOLVED IN METABOLISM (JOULE/CM##2/SEC) TRLF2880
* TRLF2890
* E2 2 T R T R R A R R S R LR TRLF2900
ML AL A A 205, OUTPUT AND RUN CONTROL #uenenateas TRLF2910
3+ ué#&%n*%%&*ﬁ%&ﬁ%#ﬁ«»#ft%-u-}t%ﬁﬂﬁ#&*&QQ“““”&##»Q##&%“##* TRLF2920
# TRLF2930
PRINT TRUA ASWR RWCILE PPL see TRLF2940
TTLo LWR, RWCSCa PPS, cee - TRLF2950

T e SHL ¢ RWCGCo PPGo cee TRLF2960

Tae EHL TWPTLFE o PPGW, 600 TRLF2970

DRESS« CEIMET» TWPTRT PPGL s sc0 TRLF2980
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TNRESs MNPR ¢ TWPTSL e PPGCO2s soe
ASCs ANPR o ETC02C» ARAPERY soe
AGCs RAMP ¢ CO2CCWe TIMIN
PRTPLOT TRUA (Qoe 4eE=gs TLo EHLa TIMIN)
PRTPLOT TI (18,9 28600 TRUAs ETCO2Cs TTMIN)

PRTPLOT ANPR (=5.% 6Nee RAMPs CO2CCWe TIMIN)
TRAI F=DEBUG (2090, )
TIMER FINTTM=10.e PRDEILL=300.9 QUTDFL=300-

# IF MO TNTTIAL SEGMENT 1S USEDs ONE DUMMY (RE) RUN 1S REQUIRED
* FOR CORRECT INITTALTZATION OF THE INTEGRALS AFTER AT EACH NEW
* INTTIAL CONDITION.

METHQOD MILWF
RELERR TTUA=0ele WCLE=1.E=4

i SPECTFICATION OF RELATIVE ERROR OF INTEGRATION

£ND

TIMER FINTIM=13200,

END

Ri3

i PRI LTRSS L LT LT RS LY AL 2 2 X211

HEET ST AT 266 RERUN SEGMENT LYY T
i EIRTRIR R R TR R R R L R T Y R R LR L 2 S -4 2 22
HEpRdsetd QERUNS GAASTRA

TITLE GAASTRA DIFFERENT LIGHT LEVELS (EXPo 1)

PARAM TAI=21.1

FUNMCTION TATB= (Qes2lel ¢ 1000.921sl

FUNCTTION RHTBL = 0o950. 9 100009500

FUNCTION CO2T1TB = 0e¢300e ¢ 100009300,

FUNCTION SWPTB= (0e90e 3 2Das0e o 20019000199 » 80.50.0199 o
80s190.0131 s 10009020131 ..c 1000140000065
160090400065 s 1606140600177 o 2109000177
21019000063 9 260690.0063 o 26001500199
100090.0199

#* SWR TABLE IN9JOULE/CHM#a2/SEC.

#* TIMIN IS EQUAL TO TIME IN GAASTRA

TIMER FINTTM = 10

END

TIMER FINTIM = 18000+ PRDEL = 1R0., OUTDEL = 180,

END .

TITLE GAASTRA DTFFFRENT CO2 LEVELS, LOW LIGHT (Exp. 2)

PARAM TAI=19.6
FUNCTTION TATB= (00919¢6 9 1000:91966
FUNCTION CO2TTB= (e9310e 9 20a93100 s 20e191270e¢ o 1006912706 o
- 100e19130¢ 9 16009130s .o..160019420e . 9 25009420 9
2501900 ° 435090 ° 4356191340 9 10000913400
FUNCTION SWRTB= 0ec90e 5 0¢290000165.. 9 410090000165 >
. 4100190 9 1000690

.

i TIMIN=20. 1S EQUAL TIME IN GAASTRA

TIMER FINTIM = 10

END

TIMER FINTTM=30000.s PRDEL=300., OUTDEL=300,

END

TITLE GAASTRA DIFFERENT CO2 LEVELSs HIGH LIGHT (EXP. 3)

PARAM TAT=19.6
FUNCTION TATB= 0e519¢6  1000.919.6

FUNCTION CORTTR= 0a9300e 9 20.9300e ¢ .200151500e. o 9002915000 .5

90e1912ne o 220091720 s 22001s430s 9 26529430 9

265¢15580e s 290.9580e ¢ .2900101010¢ . .9..340e91010a ...2...

34061900 o 4156300 s 4150191310. ® 1000691310
LFUNCTION SWRTB=  Qas0e 9 06290.0207 s 38002000207

3800}.90. 12 1000c9000

i TIMIN=20., IS EQUAL TIME IN GAASTRA
TIMER FINTIM = 10e

END

TIMER FINTIMT30000.s PROELT300., OUTDELZ300.
Enp

STop

717

TRLF2990
TRLF3000
TRLF3010
TRLF3020
TRLF3030
TRLF3040
TRLF 3050
TRLF3060
TRLF 3070
TRLF3080
TRLF3090
TRLF3100
TRLF3110
TRLF3120
TRLF3130
TRLF3140
TRLF3150
TRLF3160
YRLF3170
#eaTRLF3180
TRLF3190
GAAS1010
GAAS1020
GAAS1030
GAAS1040
GAAS1050
GAAS1060
002 GAASIOTO
00cGAASLI0B0
s00GAASI090
20sGAASL100
GAaS1ll0
GAAS1120.
GARS1130
GAAS1140
GAAS1150
GAASILTO
GAAS1180
GAAS2010
GAAS2020
GAAS2030.
00 o GAAS2040

“ ‘.QGAASZOSO

GAAS2060
000 GAAS20T0
GAAS2080
GAAS2090
GAAS2100
GAAS2110
GAAS2120
GAAS2130
GAAS3010
GAAS3020.
GAAS3030

a0 aBAAS3060.
o0 GAAS3050
2.0.0GAAS3060.
GAAS30T0
0.0GAAS3080.
GAAS3090
GAAS3100
GAAS3110
GAAS3120
GAAS3130
LGAAS3140
TRLF3200
~ERLEA2 L0







