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INTRODUCTION

A number of approach efforts have been made to
develop mathematical models to compute the net fixation of
CO, by plants from meteorological parameters and to
predict their productivity (e.g., DeWitt, 1965; Cunningham
and Balding, 1972: Brittain, 1974; De Puit, 1973). One
basic requirement for the realization of such models is a
detailed knowledge of the functional relationships between
the photosvnthetic efficiency of a plant and the external
conditions characteristic to its particular habitat. Special
attention must be paid to the responses of the different
morphological types, considering the variability of their
physiological state and their capacity for regulative
adaptations (Mooney and Shropshire, 1968; Bjorkman,
1968). With the more sophisticated models which have been
proposed recently, large gaps in our knowledge about the
influence of important internal and external factors on the
CO, exchange of plants have become apparent (Lommen et
al., 1971; Hall, 1971). Therefore, during our work on
productivity of desert plants and the development of a

model on net photosynthesis under desert conditions, we
focused our interest on a functional analysis of the
photosynthetic responses of the plants in their natural
habitat.

The photosynthesis modeling committee of the Desert
Biome recommended during its meeting (July 30, 1973),
that emphasis should be given to an empirical model which
is based on data which can be taken in the field and on data
which are already present at this time. Consequently the
following model follows the approach of Cunningham and
Balding (1972) and Brittain (1974). The main stress was laid
upon derivation of the input functions for the photosynthesis
submodel from actual field data. Because of the short time
period available for this work, Hammada scoparia was
chosen as the test plant. We had access to a considerable
amount of information on this species from previous work. *
However, all programs were made so general that they can
also be used for any other test plant.

THE MODEL

The model should calculate rates of net photosynthesis
(NP) taking the meteorological factors, light (L), tempera-
ture (TEMP), water vapor concentration difference
between leaf and air (WD), the water stress in the plant
(WS), and the phenological stage of leaf development (DAY)
into account as input variables. The changes in the
photosynthetically active organs of the plants with time
(aging, phenology) have to be defined separately by the
phenology and translocation submodel. The water stress in
the plant is handled as an independent input variable until
it is possible to connect this value to the soil and atmospheric
conditions. Whenever possible, water stress is handled as a
time function connected to the phenological stage of the
plant.

The general form of the model is:
NP = (NPMAX)*F (L, TEMP, WD, WS, DAY)

The maximal rate of net photosynthesis (NPMAX) is
defined to be the rate of CO, uptake at light saturation,
optimal temperature and humidity conditions but at the
water stress and phenological condition typical for the time
of the vear.

*The field experiments were carried out in Avdat, Israel,
1971, by U. Buschbom, M. Evenari, L. Kappen, O. L.
Lange, and E. D. Schultze. The methods used are de-
scribed by Koch, Lange and Schultze (1971), Schultze,
Lange and Lembke (1972) and Schultze (1972).

The effect of the different environmental factors F
(L. TEMP,WD ,WS,DAY) is scaled from 0-1. In the first
approach the different factors are connected multiplica-
tively. It is subject to further sensitivity analysis and
empirical tests to show if other and different connections of
these factors will be more useful for prediction of gas
exchange under certain conditions.

The light factor (FL) determines the increase on NP with
increasing light intensity from 0 to 120 Klux. This increase
is due to stomatal opening as well as to increasing rate of
biochemical CO, uptake.

The temperature factor (FT) describes the optimum curve
of NP at light saturation and optimal air humidity. This
temperature factor also includes a stomatal and a
biochemical effect.

The effect of the water vapor difference between the leaf
and the air on CO, uptake (FW) works through stomatal
reaction.

The water stress factor (FS) reduces NP through stomatal
closure and also through an effect on mesophyll resistance.

All these processes change with time, aging and
phenology. Therefore, they are expressed as a function of
DAY.

A general flow diagram of the photosynthesis model is
drawn in Figure 1. The model should finally operate on two
different possible levels of resolution: (1) the greatest
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Figure 1. Flow diagram of the photosynthesis model.
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refinement of the effect of environmental factors is obtained
by separating the effects on stomatal and mesophyll
resistance: (2) another level of refinement is obtained by
calculating the influence of the environment on the gas
exchange process as a whole. In the second case TEMP and
WD can be handled separately or as a combined
environmental stress factor. The decision as to which
pathway is taken for a given species at a given site depends
on the experimental data available. As long as mesophyll
and stomatal resistance are not being measured separately,
the accuracy of the predicted result is the same in both levels
of resolution.

Since not all information on stomatal and mesophyll
resistance can be worked up in the time available. most
emphasis was placed on finding a mathematical resolution
for the second level of refinement, taking TEMP and WD
into account separately.

THE FUNCTION (FT) OF THE EFFECT OF
TEMPERATURE ON NP

ThE TEMPERATURE RESPONSE OF NET PHOTOSYNTHESIS

Input-Experiments measuring rates of CO, uptake at
light saturation and at a high air humidity (WD
almost 0) at varying temperatures during differ-
ent times of the year.

Figure 2 shows a temperature response curve of net
photosynthesis for H. scoparia in spring (March 28).
Temperature optimum is at 28.6 C, the upper compensation
point is at 46.3 C. The experimental data are not complete
for a range of temperatures below the optimum of CO,
uptake to the lower compensation point. This is because of
the experimental difficulty of lowering temperatures in a
cuvette in the field under desert conditions and in full
sunlight to below the ambient air temperature. An
important fact is that the temperature dependence of NP
does not remain constant but changes throughout the year,

—16.5
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This is demonstrated in Figure 3. It shows the same kind of
response curve for July 19. The temperature optimum
shifted up 10.7 C to 39.3 C. At the same time the upper
compensation point shifted up 12.1 C to 58.4 C. Later in the
season the temperature dependence of NP shifted back again
to a range of lower temperatures (Fig. 4, September 22).
The temperature optimum is at 30.5 C and the upper
compensation point is 50.8 C. Maximal shift in the
temperature optimum during the year was 13.6 C, taking
the lowest spring value as a basis.

Figures 2-4 show that it is probably necessary for a model
of NP to take the shift of the temperature curve into account
as an adaptive feature of the plant to its environment. If all
the experimental data of the year are plotted together to
obtain a general temperature response curve for this species
(without taking the shift in the temperature optimum and
the temperature compensation point into account) and if
these data points are fitted by a polvnomial equation, the
resulting B? is .70, This further suggests that the data of
temperature-dependent NP are distributed on the tempera-
ture axis with enough scatter so that the application of a
general temperature function for that species and that year
is not useful,

15,04

15 20 25 0 a5 @ 45 50 55 60 65
TEMP

Figures2.3 and4. Percent photosynthesis (NP) of H. scoparia (unwatered) as related to leaf temperature (TEMP) on March
28,1971 (Fig. 2), July 19, 1971 (Fig. 3) and September 22, 1971 (Fig. 4). Fitted curve based on a polynomial equation (e): points
of measurement (o). Optimum of the polynomial curve is 100% .



THE PrROCEDURE TO CALCULATE THE
TeMPERATURE RESPoNSE OF NP

It would be most desirable to apply a type of
mathematical function which represents the process
involved (Cunningham and Balding, 1972). The curve
should show a variable optimum which originates from low
temperatures assymptotically (dNP/dT, very small) and
which drops to negative rates of gas exchange at high
temperatures. Such a temperature function would provide
the opportunity to extrapolate to a certain degree beyond
the limits of experimental data, which would be
advantageous for any predicting purpose. In this work we
did not succeed in finding and applying a suitable
non-polynomial function to the process of temperature-
dependent net photosynthesis. Only polynomial equations
were used, leaving this problem open for further
photosynthesis modeling work. In applying polynomial

Species name FT = f{temp)

'

temp = TEMP — shift

DAY ‘T
Set of variables: Shift = TEMP of
NP/TEMP N NPMAX — reference
NP = [(TEMP) TEMP of NPMAX =
f(DAY)
ANP/dTEMP = 0 NP*NPMAX-1 =

f(TEMP)* NPMAX-1

A 4

TEMP of optimal NP
NPMAX at optimal
TEMP

Figure 5. Flow diagram of the procedure to calculate the
temperature effect on NP,

Auxiliary Submodels

equations, it is essentially necessary to plot the function with
the data points, This is because at a high R* the least square
fit might not represent the biological process one wants to
simulate and predict.

Figure 5 shows the flow diagram of the procedure to
calculate the temperature response of NP used in the model:

1. Each set of data of one temperature experiment on a
certain DAY is fitted with a third-degree polynomial
(for 13 different temperature experiments, each having
8 to 16 measurements of temperature-dependent NP,
the R? of the curve fit is .92 to .99).

2. The temperature optimum of each curve is the point at
which the first derivative is zero. An iteration program
determines the upper compensation point of NP.

3. Each parameter of the polynomial equations is divided
by the maximal rate of NP at optimum temperature, so
that the curves are scaled from 0 to 1.

4. The temperature of optimum NP versus time of year is
fitted with a polvnomial equation (R* = .65). This
curve is shown in Figure 6.

5. Each value of temperature-dependent NP is shifted
along the temperature axis to such a degree that all
the optima of NP are the same and equal to the lowest
temperature optimum as a reference (28.5).

6. One three-degree polynomial equation is fitted through
all the shifted experimental data (for H. scoparia, R* of
this equation is .86). Although this equation gives a high
R?, it was forced through some set-points to represent
a biologically meaningful curve of predictive value. A
four-degree polynomial equation should be considered
instead. Figure 7 shows the measured values of the
different temperature experiments being shifted to a
common reference point and a polynomial equation
fitted to these data. From the R® values of the curve fit,
including the shift of the temperature curves compared
to the R® before the shift, it is obvious that the shift of
the temperature curves is significant. From Figure 7
it is obvious that the shape of the temperature response
curve in the range from 10 C below the NP-optimum to
the upper compensation point changes only to a small
degree so that the temperature response is characterized
with sufficient accuracy by a general equation and by
the shift of the optimum. Major deviations from this
general function will occur at temperatures of more
than 15 C below the optimum, since the slope through-
out this part of the curve will change with the value
of the optimum. This deviation will be smallest if the
temperature curves are not shifted to the lowest
optimum as reference but to an average value of
optimal temperature. For the purpose of this model, the
range of temperature-dependent NP from 10 C below
the optimum down to the lower compensation point
was extrapolated linearly to a rate of NP of 0 at -5 C.
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Figure 6. Change of the temperature optimum of net
photosynthesis (TEMP OPT) with the time of year (DAY) for
H. scoparia (unwatered).
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Figure 7. The measured values of percent net photosynthe-
sis (NP) being shifted on the temperature axis to such a degree
thatall the optima of the single temperature curves of NP are
the same and equal to the lowest temperature optimum as a
reference as related to leal temperature (TEMP) for H.
scoparia (unwatered). Fitted curve based on a polynomial
equation (@); points of measuremert (0). Optimum of the
polynomial curve is 100 %.

THE FUNCTION TO OBTAIN THE EFFECT OF
TEMPERATURE ON NP (FT) IN THE MODEL

MO0y 1
PROC OPTIONSCMALND)
ON ENDFILE(SYSIN) STOP)
ToR
GET LIST(OAY,»TEMPYJ
TEMPOPT®Y4422297+0AY* (0421694154047 (0e0025184B5°0AY%04000006494))4
PUT SkIp DATACTEMPOPT))
SHIFTsTENPOPT = 27,343
TEMPIT®TEMP = SHIFT)
IF TEWPIT » 1940 THEN
Efsitunt-lanobzs?‘rE*Pl1'(20-159~0:{"Ftr-(-oaﬂzalzavT[NPx7-o.qc||111))1
L
FACTOR=A*08=TEMPIT)
TENPFACTORaFACTUR/ 1000
PUT SKIP DATACOAY#TEMPSTEMPFACTORsSHIN T
G0 To Tops
END wOCL)

The change of the temperature optimum during the
seasons was observed not only on H. scoparia but also on
several other plant species (Lange et al., in preparation). It

was observed on watered and non-watered plants of the same
species. Figures 6 and 7 contain the values of watered and
non-watered plants. It is obvious that there is no difference in
temperature response due to water stress (for H. scoparia to a
range of -86 bars). Furthermore, the watered plant was
growing and producing new photosynthesizing organs
throughout the year, which means that the change in the
temperature optimum is not connected with a certain
phenological stage. This response is probably an adaptive
mechanism to the temperature, climate and the photoperiod
of the habitat. This response, therefore, needs to be
correlated to the EXOGEN submodel.

THE FUNCTION OF THE EFFECT OF WATER VAPOR
DIFFERENCE BETWEEN LEAF AND AIR ON NP (FW)

THE Responske oF NP o Cuances in WD

Input-Experiments measuring rates of CO, uptake at
light saturation and at a constant temperature at
varying WD during different times of the year.

In a number of plant species WD has a direct and
reversible effect on the stomatal diffusion resistance (Lange
et al., 1971; Schultze et al., 1972). Figure 8 shows a linear
decrease of NP at increasing WD for H. scoparia in the
spring (April 28) at good soil water conditions (maximal
water potential of the plant in the morning, -13 bars;
minimal Wp during the day, -31 bars). As the dry season
proceeds this effect becomes more and more pronounced as
shown in Figure 9 (June 2: w max of the plant in the
morning, -41 bars; W min, -67 bars). An increasingly
negative slope of the WD-dependent NP curve is obvious.

TuE ProOCEDURE TO CALCULATE THE WD REsPonse oF NP

Figure 10 shows a flow diagram of the procedure to
calculate the WD response of NP used in the model:

1. Eachsetof data of a humidity experiment on a certain
DAY is fitted with a linear regression (for 13 different
humidity experiments, each having 3-6 measurements
of WD-dependent NP, the R* of the curve fit is .92
to .99).

9. The parameters of the equation are divided by the value

of the y-axis intercept (NPMAX at WID=0), so that
the regression lines are scaled from 0 to 1. It was tried to
fit a time-dependent regression through the values of
the slope of the WD-dependent NP (slope = {(DAY)).
For any polynomial equation, R* remained very low
(linear regression:R* = .02, second-degree polynomial
regression: R? = .08, third-degree polynomial regres-
sion: R® = .11). This shows that there is no simple time
function to calculate the seasonal change of the slope of
the NP/WD experiments with sufficient accuracy.



From laboratory experiments it was obvious that the
WD effect on the stomatal diffusion resistance is
affected by water stress. Therefore, the slope of the
NP/WD experiments is correlated to the minimal daily
water potential of the plant during the day at that
time of the year. Figure 11 shows this regression and
the data points (R* = .77) for H. scoparia. The closing
reaction of the stomata increases at increasing WD with
decreasing water potential in the plant to a maximum
value at about -65 bars. With a further decrease of
water potential the reaction becomes smaller again,
because of the overruling effect of internal water
stress on the gas exchange process.

4, The change of the minimal daily water potential of the
plants during the seasons is certainly dependent on the
conditions in the atmosphere and in the soil. As a
preliminary approach, a third-degree polynomial
equation was fitted through the annual change of the
daily minimal water potential of H. scoparia (R* =
.92). Figure 12 shows a plot of this regression. It is
obvious that the extremes are not covered by this regres-
sion (e.g., day 229), which certainly will cause an
increased error in the overall photosynthesis model.

At large values of WD the stomata are expected to be
closed, not allowing a positive uptake of CO,. The
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Figures 8 and 9. Relative rate of net photosynthesis (NP)
scaled from 0 - 1 as related to the water vapor concentration
difference between leaf and air (WD) for H. scoparia
(unwatered) at a low water stress of ¥, -31.5 bar(Fig. 8) and
at a high water stress of ¥ P -67 bar (Fig. 9).
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experimental data do not show if the linear NP/WD
relationship is valid under very dry air conditions (WD
greater than 30 mgH,0/1), and it is very possible that in this
range of WD the rate of CO, uptake does not decrease with
the same slope. This effect was not taken into account in the
first model test. This means, that at large WD the reduction
of NP is probably overestimated with the linear regression.

Species name FW = —(dNP/dWD)
= *WD + 1
l Y

dNP/WD = f(WSmin)

i

Minimal daily water
potential

DAY

:

Set of variables:

NP/WD WSmin = f(DAY)
NP*NPMAX-1 =
NP = [(WD) i

f(WD) * NPMAX-1

WD = 0, NP=NPMAX

Figure 10. Flow diagram of the procedure to calculate the
WD effect on NP.
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Figure 11. The change in net photosynthesis per 1
mgHgO/1 increase of water vapor difference between leaf
and air (ANP/ AWD) as related to the minimal pressure
potential in H. scoparia (unwatered) during the day (w p
min).
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This overestimatation of the humidity effect became
obvious during the first model tests. An example is given in
Figure 13, where the observed values of NP show a
one-peaked daily course of CO, uptake whereas the
predicted NP has a pronounced depression during noon and
afterncon. The difference is caused by the linearly
extrapolated humidity effect.

For selected days the change of CO, uptake with WD at
low air humidity was plotted from the daily course of NP
and from the deviation between predicted and observed
values (Fig. 14). In this case the decrease of NP with WD
changes the slope at about 30 mg H,O/1. Stomata did not
close as rapidly as had been assumed from the first
experiments. In this range of stomatal closure, plant internal
control mechanisms (i.e. the mesophyll internal CO,
concentration) counterbalance the humidity-induced clos-
ing response.
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Figure 12. Change of the minimal pressure potential in H.
scoparia (unwatered) during the day (_min) versus the time
p
of year (DAY).
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Figure 13. The daily course of net photosynthesis of H.
scoparia (unwatered) on June 25, 1971. x-axis: rate of net
photosynthesis per gram dry weight and hour (NP). y-axis:
time of day in 1/10 of the hour (TIME). Predicted values (e);
measured values (0).

For the purpose of this model, the deviation between the
linear regression and the observed change of NP with WD
was corrected for the first part of the year until July 16
(DAY 197) with a correction function of the type Y =
A/X+B, where A and B are time-dependent parameters. In
future applications of the model this correction should be
included into a single humidity function. For this purpose,
however, humidity experiments need to be carried out at
very dry air conditions.

The effect of the applied correction according to Figure
14 is shown in Figure 15 for the same day as was presented
in Figure 13. In this figure the observed and predicted
values of WD match perfectly.
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Figure 14. Percent net photosynthesis of H. scoparia
(unwatered) as related to WD (mgHq0/1) plotted from the
daily course of NP (half hourly means) for the time of light
saturation of COg uptake on June 8-12, 1971. Linear NP-WD
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Figure 15. The daily course of net photosynthesis of H.
scoparia (unwatered) on June 25, 1971, but calculated with
the additional WD correction. x-axis: rate of net photo-
synthesis per gram dry weight and hour (NP). y-axis: time
of day in 1/10 of the hour (TIME). Predicted values (e);
measured values (0).
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THE FUNCTION (FW) TO OBTAIN THE EFFECT
OF WD ON NP IN THE MODEL

Original Function Used-In the future, a similar function
should be used after changing the equation of statement 8 to
the non-linear relationship at high values of WD.

HMODg!
Pic-c OPTIONS (MalN))
ON ENDFILECSYSIN) STOP)
ToP1
GeT LIST¢DAY.nE))
RSMINEGUBO7GueUAT (=] 1 6088292+0AY*(0su140833=0AY*0.00003169804)))
FACTOR®0 4003832164 +nSMIn (04000120063 +nSHIN® (01972805805 "NEMINT
0L 110582760620
FACTOR®==FACTQRJ
8- FrafacTor = wi + 1)
1F Fm < 0a01 TREAN
Fa=ga0l)
PUT SKIP CATACDAY2nD#Fn?)
GO TQ TOP}
END WgD2s

Function Used in This Model, Containing the Correction
for the Effect of Large Values of WD on NP-

FrafFaClror « nO] + 1.0

IF (Fm oLEs Q) FHe0,01
FRCORR=Fn

IF (Fm «LT1s 0428) FRCORRECA28
TEMPSA/FnCCKR + B

IF (TEMP sGT+ 1 sANU® QAY oLTe 197) FrefFrCORA « TEWP

where A and B are changing with DAY until July 16: A =
B17798TE-04"DAY**2-.2787197E-01*DAY + .3445914E01
B=-.2558189E-03*DAY**2+.1056985E 00*DAY-
.1643142E02
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Figure 16. Change of the water vapor difference between
the leaf and the air (WDI) throughout the day versus
increasing light intensity (LIGHT) under natural conditions
for H. scoparia (unwatered). (Avdat, July 28, 1971).

Auxiliary Submodels

THE FUNCTION OF THE EFFECT OF LIGHT
INTENSITY AND THE FUNCTION OF NPMAX

Tue Licut REsponse oF NP

Input-Experiments measuring rates of CO, uptake during
the course of a day from early morning until noon
at varying light, and humidity

conditions.

temperature

Figures 16, 17 and 18 show the change of WD, tempera-
ture and NP with increasing light intensity during the
course of a late summer morning until noon for H. scoparia.
In the desert, as light intensity increases, the climate gets
rapidly warmer and drier, which has a strong elfect on NP
at any time. The values of CO_ uptake in the morning are
measured when the air is moist but at temperatures far
below the optimum. The values of NP at noon are measured
at more favorable temperatures or at temperatures above
optimum, but when the air is very dry. NP increases with
light intensity to an optimum at 65-100 Klux. The rates
decrease again at higher light intensities.
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Figures 17 and 18. Change of leaf temperature (BTT) (Fig.
17) and change of net photosynthesis per gram dry weight
and hour (NP/TG) (Fig. 18) throughout the day versus
increasing light intensity (LIGHT) under natural conditions
for H. scoparia (unwatered). (Avdat, July 28, 1971).
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To attain the physiological light response curve the
environmental factors TEMP and WD need to be optimized
using the functions FT and FW. In a first step, the rates of
NP were corrected for the effect of WD only. Figure 19
shows the same data as in Figure 18 only corrected for the
effect of WD. The rates at light saturation increased more
than two-fold by this correction. If the data are corrected
only for TEMP, the rates of NP increase at low light
intensities, making the noon depression of NP even more
pronounced (Fig. 20). The light response corrected for
TEMP and WD is shown in Figure 21. There is no
recognizable depression of the rates of NP at high light
intensities. For this species the drop in water potential from
early morning to noon (-39 bars to -68 bars) has no
additional effect on stomatal aperture other than the
increased sensitivity to air humidity (the data were
calculated with WD =1 [water stress - 68 bars]). For other
species it is possible that with the correction of WD and
TEMP the rates of NP at a high light intensity at noon do
drop. This would indicate an additional effect of water
stress, which has to be taken into account in the model
separately.

The data of light-dependent NP, which were corrected
for TEMP and WD, are fitted with an assymptotic function:

f(x,a,b,c,) = a(l-e "PX) + ¢,

in which ‘a+c¢’ is the asymptote f(x) approaches with
increasing x, and ‘b’ is a parameter determining the rate of
rise hy which the curve approaches ‘a+c’; ‘¢’ is the intercept
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Figures 19 and 20. Change of net photosynthesis per gram
dry weight and hour corrected for the effect of water vapor
difference between leaf and air (NP/WD FACTOR) (Fig. 19)
and for the effect of leaf temperature (NP/ TEMP FACTOR)
(Fig. 20) versus increasing light intensity (LIGHT) under
natural conditions for H. scoparia (unwatered). (Avdat, July
28, 1971).

of the y-axis, which is negative and represents the
respiration rate. This function was fitted with a non-linear
regression program, which was especially adapted for this
problem.

Figure 22 shows the flow diagram of the procedure to

obtain the light response of NP from measurements of the
daily course of gas exchange.

o aoses

T T T
o 13 6 39 52 85 78 81 104 117 130
LIGHT

Figure 21. Change of net photosynthesis per gram dry
weight and hour corrected for the effect of water vapor
difference between leaf and air and corrected for the effect
of leaf temperature (NPTW) versus increasing light intensity
(LIGHT) under natural conditions. (e) calculated curve of
the light equation; (0) points of measurement for H. sco-
paria (unwatered). (Avdat, July 28, 1971).

NP = a([_e-b‘light)
+c

I i

Nonlinear regression to
fit NPTW = f(light)

Species name

DAY

|

i

Set of variables:
NP/light, TEMP, WD
from morning to noon

The effect of TEMP and
WD NPTW =
NP*FT-1*Fw-1

I

Function to remove the
effects of WD (FW)

NPT = NP*FT-1

I

i

NPW = NP*Fw-1

Function to remove the
"1 effects of TEMP (FT)

Figure 22. Flow diagram of the procedure to obtain the

light response of NP.



Procepure To OBTaIN THE LicHT RESPONSE OF NP:

PLQTTER:
sau oPrionsc*aind
BCL I FLOATS

88 FIXEDs

CNPTanPwanFTn)C300) Floats

CArxsCrDsEsFnaF ToFFraGaxx)(300) FLLATs

STRINGS CHAR(25)s

B(2) FLOAT)

ENDFILECSTRIN)

GC To FARTZ;

GET FILE(PARNS) LISTC(DAY))

STRINGS='Day = "(1DAY}

P

z

0

TaP
GET Eol?i‘lnaﬂat +EELDD)
ccon(rsfta,2r04" 602001
IF Ax s ¢ | BB = @ 1 CC = 0 1 00 ® 0 1 EE ® O THEn
6o To Toes
5?uh1-¢ WNT ¢+ 1)
alcountianad

X(COUNT yaBB)
CCCoUNnTatlCy
olcounTiepp?
ECCOUNTyatE)

G0 TO Tops
PARTZ!
CALL PLOTCCOUNT " axan))

GRARN(0,1,3,0,0, 'L1gnT ', ' TILE,SIRINGS)S
PLOTCCOUNT, 'o ¥, Xuc))
GRARM[Os12320508 LIGRT 2" BT '251AINGS))
PLOTCCOUNT, Yat,x,0))
GRAFHCO2 15320500 'L1GHT 2 "Rp1
CALL PLOTCCOUNTS"*'sxsE))
CALL GRAPMCO,1,4,=%, B8, 1LIGHT '3 NP /Ta ' »3THINGS )Y
AMAT=94eB0790sCAY " (=1 r8uB29240AT (0 0140033 °DAY *0+3169B06E=04) )7
FaCTOR=0,003832564vanaTn(0s00C1200639%amaTe(049720050E=05anAT s
041103827€=C0) )
FACTOR==FACTOR)
PUT PAGE)
oo l=1 fp County
Fu(lyabACTCR » DCI) @
IF Fucl) « 0,00 THEN
FrtlysoiCis
PUT SkIP DATACUATSOCI)FN(T)))
IF EC1) > © TREN
PRl T)=ECL)/FnCIDs
ELSE
MPRlL)=sECL))

cALL
CALL
CALL
cALL

CALL Yralalnesy)

1ad)

ENDJ
CALL PLOTLCOUNT, " uxahrn))
CALL GRAPMCO215 505208, "LIGNT ', "wP /0 FACTOR ' »STHINGS)D
AMAX®3402229T*0AY*(=042169415°0aY*(0eu02518489UAT 25400000464 2))
XuAXmXMAY * 2T o34}
Og I=1 10 CoUnTs
TEWPLT®CCT) = xmax)
COUNTImCOURTY + 1}
IF TEWPIT < 7 THEN DOJ
Freiyels
G0 TO ENCER)
ENCJ
IF TEWFIT » 20 THEN
FTCl)am16140L 37 TFMPITO(204 890 TEMPIT*("usb26328*1EurIT
QunCla1ii) )
ELSE
Frelymia.a * 3.436=TENFIT)
FTelyaFT¢lyr100)

ENDER!
PUT SkiP DATACOAY CCLDLFTCINS
IF E¢1) » O THEN DOJ
MPTCL)mECL/FTLL)S
NETRCIIOEC LD /FWCIIZFTLIDS

APTCL)=EC L))
NPTRCIeEC] D)
ENGS
ENC)
CALL PLOTCCOUNTLs "o sxanPT )
CALL gHAPH(O,1,3,m5, g, tLIGHT Y, vhp, TEup FACTOR!,STAINGS 3)
caLL PLoTCcounTis'stuxanPrng)
CALL GRAPF(Qs1232"5508s 'LIGHT »'nPTa'sSTRINGS))
00 sl TC coumTly
Put FILECOUTFUT) EQITOXCL) oNFTREED)
CCOLt1dsz (FUL0s2)0x020))0)
ENC)
CLoSE FILECQUTPLT) gPTloNsthoCx))
END FLOTTER?
ExPat
Proc oPTioNs(Malnd)
DCL CXXaY¥Ys2,Y)(300} FLOATH
GET FILE(OUTPUT) LISTCA,B,00)
Cg I=1 To 1300
xxClmid
* (1a0 = EXP(B'LY) » C)
ON ENpFILECQUTPUT) GO To PART2)
To0P:

GET FILE(CUTPLT, Ep1T(osE)
(COLL1)a2 Flos2200
COLNTACOUNT + 15
X(COUNT )al)
Y(COUNT)eE)
6C_Tc Taoes
PARTZ4
CALL FLotCr = 1, 'et,xx,7Y))
CalL PLOTECOUNTS'C'sxar))
SILL GRAPR(0,1,3,°5, 8, 'LIGNT!, 'NPTa',!
uT seIP Daracyyoi2a),770130)00
END EXPa)

N

For this plant species, the above mentioned FW-correction
was applied for calculating the light response of NP. This
special procedure is included in the following FORTRAN
program:
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REAL LIal2au)snPAL240)inPal2a0) NETC2800 0P TREZ40) 00,00
CivensTun Hia)
CuvMMOn ahCRGT s au I Ns AMARITMINPTHAA LG
DATA FAL/73a,dCT40/sr227=] 6uB29¢/sFAd/ a0l 4083a/,FAu/=,3,869RG6L=007
PPl /auG3R:2360/ . F 02/ 1200039E=03/,F 337097 2duS4E=02/
PP a1 105027E G875 01 /0.80297 /0 A2/ 42109415/ 0X3/0u025,BuB/
P Xm0, GuIAE 05/ AL/ eutn90a/ 0 A2/ 00027d9179/ 5837061 7TyBTE=04/
#BL/=1044314/sb2/41059985/,84/°042550816¥E°03/0r1/"08140137/
#Fer20,169u4/0h 3/-0,32632870F47400tallTy
SuU 3 is1sn87
4 AaCira'
luavetio
luareguclaNiloay) = 4
ReAU(22100) MUNaLisalisNPanul
1 IMONan0n
ICNT ey
DAY= UL LANCHDN) =
rnlTEC6s 3004
FACTUR®FAL + GAT » (FaZ ¢ DAY =
FACICH=rH: » FACTUR o (FHe
FACTCHE=FaCiON
TMAASCL + NaT o
Aehl + UAT «
sy, + Lay =
] ILNTa[CAT + 1
wlACIUNI daLs
APALTCNT JaNr
FrstalTun « nul o 1L
b (Fm JLEe 0) bmmaul
TeMrea/tn + 84
NPW(ICNT YaNr
It (ieMr .GTe L) FasFa o TEuP
Ir 4aF JuT, D) KPatucCaT)anFria
TEMPauT, = a¥ax
P CTeMr L6l 1Y) G
Frug, 96 ¢ TewP o 18,4
Gu IC 9
Fler] o TEur o (F2 o TFuH @
Frett =« .01
PHITEC6,2C0) MURSCAY, LT 0T LaNPaadiaFraFT
Ir (nF JLEs 0) W0 Tu d
BPTCLLNT JaRr/F T
APTRIICHT Y 2nP/Fn/FT
U 1C lu
. MPTULLAT Y anr
NETaliCuTzak
MLAUES P IuOoeNLas) MunaLlssTianPanul
Ir (wuN £Q. IMUNY WO TO ¢
] nl1E06, 3010
ﬁ!‘ll'u'
Xulney
XMAKa]dy
YHlne=5,0
THAxu 35
CALL uHaPe{aCNT,TH,LIAaNFA)
anllE(e,353y
CALL oHaPr(sCNT 57M Lt shPR)
ARITL 6,301
CALL GRAPHOACNT SymsLlt NPTy
CALL FNUNILIASNFTRa LCNT2B)
DU o [®1alde
APACT) =]
o KPWL )mpl]) »
ARITEL6,304)
DO 7 lmtslCal
TEMFap(l) = (1.0 = LXP(BC2)
FaCricnsnFTagl) = TEWP
T PRITECS,202) LIACIIANPTACL) TEMFOP ACTUR
AHITECS, 3us)
FLGm)
CALL GRAFHUICNT,SYMaLIAsNPTR)
Stumtal
FLGs(
ICNTel g
CALL uRAPHOUICNT,STH,NFASNFR)
anlig(e,203) 8
Lt (wuN aKE. TMUN) wu T 0
sigr
FURMATCun, TusaxsF3,001%23F6.2)
FORMATC(2ISsuFB4zs2FB.a)
FURMAICY 'wufbag)
FORMATCP O CuEFFIENTS
FORMATC"1MMUD LA
1 UETY 20 -
FuRmMatT("1
FURMAT( "L
FORMAT( ')
FORMAT(']
FORMAT( "1
END

Ve e

luar

(ra3 + par
s FACTuR »

o thi))
(rud o racTOk » Fou))

(X2 « DAY = (x3
ChZ + UAT o a3
(o2 v JaY¥ » H4)

DAY = x8))

au

(r3 « TLMF o ba))

<o

fle0 = EXPlBCZI=D)) » BLI)

« LIACLDD) » B0 Y)

100
200
202
201
400

1 RESGUANL
8Tl NP/TH

1'aFi0a5)

113615460
Ll nO1

Fm

==1)}

Ll VERSUS NE/ZTP ')

L1 VERSUS NP/nD')

LI VERSUS NF/IEMP')

NPATG ENF/TG LEve' ¢!
LIA VERSUS AFLI) AND ENP (=)

Jol
Jo2
J03
3o
Joe

L1 139( mannaiy)

")

Tue Funcrion oF NPMAX

From the light curve of NP which is corrected for the effect
of TEMP and WD, the maximal rate of NP (NPMAX) is
defined as the rate of NP at high light intensity (120 Klux).

The asymptote of the exponential light function was not
taken as NPMAX, since many desert plants reach light
saturation only at a high light intensity (Schulze, Lange and
Koch, 1972). In such cases there is danger that the calculated
light curve does not reach an asymptote within the given
range of data, but could increase to very high values of the
parameter "a’. This parameter, therefore, does not represent
a physiological capability in all cases,
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The seasonal change of NPMAX is fitted with a third-
degree polynomial equation: NPMAX = f (DAY). This curve
is shown in Figure 23 (R* = .89).

Tue Funcrion (FL) oF THE EFFecT oF LicHT INTENSITY

From the seasonal change of the light curves of NP it is
obvious that the parameter a’ of the exponential function has
a high degree of variance. For this reason the seasonal change
of the light curve is calculated from the function of
NPMAX={(DAY) and from the change of the parameter ‘b’.
The parameter ‘¢’ is taken to be constant (average over the
season) because of its low variability.

The procedure to calculate the effect of light (L) on
NP(FL):
1. The seasonal change of the parameter b’ is fitted with a
third-degree polynomial equation: b={(DAY). This
curve is shown in Figure 24 (R*= .59, the F-values show

that all regression coefficients are highly significant).

2. The change of NPMAX with time is known from
NPMAX = f(DAY).

3. The parameter ‘a’ is calculated from tile exponential
light functions: a = (NPMAX-c)*(1-e-b"120)-1

4. The light curve of NP for any DAY is:
NP = a*(l-eP* L)+

5. The effect of light intensity is scaled from 0 to 1 by divi-
sion of NP by NPMAX:

FL = NP*NPMAX-! = (a*(1-e’P "L+ c)*"NPMAX-1,

L. T T T T T T
Mar Apr May Tun Jul Aug Sep

DAY

Figure 23. Change of the maximal rate of net
photosynthesis (NPMAX) of H. scoparia (unwatered) versus
the time of year (DAY).

0.02-

0.00.

DAY

Figure 24. Change of the parameter “b” of the light
equation (B) versus the time of year (DAY) for H. scoparia
(unwatered).

Tue Funcrion (FL) To OBTAIN THE EFFECT OF
LicHT INTENSITY ON NP IN THE MODEL
“0D3t
PRCC CPTIONS (MAlN)J
ON ENCFILE(SYSIN) STOPS
T0P1
GET LIST(OAY,L1uHT )}
KNP M AN 7 §341 79 e0AY 00, 7u5aTS3¢DAY (0 +72008256703°UAT#=0,40228656205)))
BFACT="0,02174303+04Y*00,00104134340AT+(eC 790661 24E=05+0AY
ae1%0%426p07)))
AFACTOOXNPHAY = 04141063)/0140 = EXPC=BFACT o 12003
XLEAFACTeC] 0 = EXPCBFACTeLIGHT)) = ce2443a)
FLBXL/XNFMAYX)
PUT Sklp UATALDATSLIGHTSFL)
G0 10 To#s
END ¥OC3)

THE WaTER STRESS FacTOR (FS)

An increase in plant water stress during the day is expected
toreduce the TEMP and WD corrected rates of NP, especially
at a high light intensity at noon. In this case the correction for
the effect of TEMP and WD would not compensate for the
noon depression. The decrease of the corrected NP values
with increasing light would be a measure of the stress effect.

For H. scoparia the curves of light-dependent NP either
level off or show an increasing rate of CO, uptake until high
light intensity. Therefore, in this case, the development of a
separate stress function was not possible. This, however,
might be necessary for other desert species.

THE MODEL TO CALCULATE NP FROM THE TIME
OF YEAR (DAY) AND FROM THE CLIMATIC DATA:
LIGHT, TEMPERATURE AND DEWPOINT

Input-The climatic data (light, temperature and dew-
point) are obtained from the METEOR common
block which contains the output of the EXOGEN
program. The WD value is calculated from the
temperature and the dewpoint data. For each
species the following parameters must be deter-
mined:

1. parameters for the correction of the effect of
TEMP (TEMPCI1-TEMPCS)
2. parameters for the correction of the effect of

WD (WDC1-WDCS8)
3. parameters for the correction of the effect of
L including the calculation of NPMAX (XLICI1-

XLIC8)
4. constant for conversion of the output from

mgCog*gdw'l*time'l to mgC“gC'l*time span‘l
(Const).

The model calculates NPMAX = f(DAY) and corrects this
value for the effect of L, TEMP, WD multiplicatively
(see Fig. 1). An effect of water stress still needs to be included

if necessary.
The output of the model ismg C* gC-1*time span-1

The FORTRAN program interfaces with the Desert
Biome “General-purpose” Model. Tt is as follows:



SUuBRCUTINE PHLTUS

CuMmMcn sFPARM/
I TEMPCLCLS) s TEMPC2U19)r TEMPLICIS) s TEXFCH(15) s IEMPLSUIS) s TEMPCO(1S)
ZaTEMPCT(LS) A TEMPCELLIS) o nDCLCIS) pAuC2C15),mDCI0L5 ) muCaliS)s
3 nOLSC15)»auCh 5 sa0C? (1) AuCetLS)a LICI(15)anLlCeiL5)s
4 XLLCA015 Al Catyo) s xlICoCi5)RLUCo0LS) 2 LICTCL9)nALICHLLS)
9 #CUNDTCIS)Y

CuMMmUn/ZINCIMY /Lo ILs IR
CUMMCN/aTAT/ZCVELC1S,1026)
CUMMON /CHanGE/LVEGUQC15,10-8)

CUMMLn/METEUR/EVAP» TOAY» T luHT sUATRvPeDnlNAVILR LN, DAPHOT S

1 UAYRAD,OUST 2DUSCOHC6)+RALNCOKA)2LRUDLATRUNDRUNNLEE)sDRUNUR(E)
2 +DRULNLTC(Ssulds CASNUW) DAHAINSHIEMPL24),rL]luni{cd)snRELIU(P )

3 nDenPT(2a)sMniND(24) s KEVAP(24)

CuMMON/SPEC/OUMC30) s EYRUAT ) ULE2UD s NuEDLUaUZ (XA} amuNLT
CUMMON/TOTALS/0a (23T )sAVEW(15210)

Nubhi1aNUNIT/ZIGOG

OU 11 KalsNuNIl
CaYa[rDaYex=1i

Du 11 Jel,24

IF CPLIGHT (Ul To24260 "0 11

< CURNECTLIUN rOR IHE cFFECT Or TENFLRATURE
TEMPCP =TEWPCLLL)w0ATaa 3 TERPC20l nUaTapare (EMPLICT JoyhTaTErrLull)
SHIF [mTEMPIF =27434
TEMPIIaRTEMP(J)=5SHIFT
I CTEMPITaLT?40G60 Ty 20
Lt CTeMFITauTadus)
ATFE(TEMPCSCL)nTEMPITop 30 TEMPCOUIDmTE NP [ Ten2eTiuru?(d)alpmupP]]
1 +TewrColl)r100

LE (TeMPITaLTa200) 1Feld gbaTevriinla l)/ily

€d TC 30
€0 TF=g
30 CunNTlnuE

CURRELTICN rOr THoe EFFPECT Ur WATFm (APUUH DUFremfnCe otlacEn CEAF and alX
moMlnmnUCl(LlaoAYaesenDC2ljaunrlme2endCiCl)abaTsnulul])
MUFma(apCStidnnsMINaee3endCaildoasmlnee2enul7Cl)nnsMihenuCllin)

Lol 25787 e=9+nTEMF(Udemat, 192/ lvE~dorTeHF(J)any

2t lGIIUlE e BT EMP LU eeds 333707 enTEMP(d) U BaTSE)

2= (L p57827e 5 RDEAFT u)®att 1527 9L FsRLEnP Ty eed

4 +alCIICAE-d+HUEAPT (L) vn2e 333707 a4ubnPT LU ed 847560 )4]

IF (nDF . LT4a0LInDF=.u1
Fuzy

CALCULATTIUN OF maalMAL RATE OF mE) FHuTuSTNTRESLS

ANPRAX=XLIC I CTI)aDA T ew3sXLICetd)nbaYaocsxL IC3idn0aY e xLIvAL])

CORRECTLIAN FOr Tre EFRECT QF Lland

ERACTaxLICS I opAyeedaxiILacT)moAT nZonLiliClomLarerLiCetl)
AFALTa(XNPYAA= 141 40d )/ C1=EaP(=aFalT212¢)
FLeabaCTe(1=€Xr(=ngf ACToHLIGHT(UD D) =uld1u0d

Fuar L sXnFuig

CALCULATTIUN OF AfTuAL wale gF AP
XinPeynFuAxel LeaDF «IFaf>

1o TUTNPTLTINE+ NP

1 CuhTinUE

TUTNFRTUTNPaCUNST (L)

FOoRTETUTNP®AVEGL LS IL)

CvELQull o ILa Ik eCyEQQC il s In)eFsATE

RETURN

EnTry InFrOs

Cu 18 J=l,l

15 READCS /) TEMPOLCS) s TEMPCZUJ ), TEMPLILUD s TRHPLALV Y JoTERFLSL YD

1 TEMFLOLJI IEMELT (L) 1EMPLECL)snDCT(0doniletddanbCItalsnllatdd.
2 nRCELdenDubludrnul/{udondLBio)ral s CllulaRLlC2(u)saLICaty)
3 AL CuCad X lCS 0 xLICEC ) pXLTCT L2 XLICHTUIACLNETLY)
RETURN

END

TrE TEsT OF THE MODEL

The model was tested against NP measurements which
were taken under natural conditions in the field but were not
incorporated during building of the model. For the period
from April to September, 104 days were chosen. For these
days, NP was predicted on a 6-min time step. The result was
compared with the actual measured rates of gas exchange.
The test program worked on a 6-min time step, with only one
species, taking WD as an input variable. The test program is
as follows (for this species, the NP-WD relationship was
corrected for the non-linearity in the range of large values of
WD):

FILE &=FILEA,UNITaREADER,RECORD=14

FILE SaFlie5,UNTIsDLSKPALK,RECORUIasBLOCKEING=30
FILE @sFlLt8,UNIT=PRINTER,HECORDR2L

PILE 7sFlee7, UNTisPRINTERsRECORD=22
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REAL LI HHaHRA(ZU0)aNPINPACLGO)sNFHAX

CANENSTUN FaACcu0iat TAC2GU)SFLALZHD)2ENFALZA0) sABL O) s XL{B)AFC(Y)
L aFACTCB)sEnFBlLA0)FRN(240)

CUMMLN AA(RG7 I XMINs KMAXsTMINS YHAASFLG

DaThA AA/BeTs! v

Tuara101

TudrsgUclantIDar) = 14

ReAuCars) AoCorxusFCaFACT

CLO3E 4

MRl TEC62200) AuloxCaFCaFALT

HeAu(52100) HONehfsLl+RTIsNFaADI

LuCnanOn

ILNTap
CaYmy UL iAn(mON) =
FACTCREFL(A) *+ LAY
FaCTCrsrica, o FaCTuR
FaCigu==FaACIOR
AmAxeXC(a) » CAY »

Luny
+ (FCU4) + DAY o (FC(2) ® UAY
#(FLCT) + FACTIOR #(FCCED o

s PCCL))
FALTUR « FL(S)))
CxCC3) » OAY * (xCL2) + UAY »
AshuCi4) » LAY o (ARCL1) + UAT = LapCl2) + DAY »
brAoC(B) + uAY & (ABCET) + wAY * LABCLE) * UAT
hewaxef aCT(u) ¢ DAY o C(FALTC(3) # LAY =
BFACTaFALT(a) + DAY o (FALT(7) + LaYy =
BHALT==nfal]

xCL1a3)
ABV(1) )
ABLL5)))
(FACTLZ) + DAY & FACTC(1)))
(FACTCO) + UAY = FACT{5)))

AbRCTS(LPEAE + £o26436)/C100 = EXF(BFACT = 12u))
nRITE(&,3000

Snbag

SeArFug

SENF L0

ILNTelChT 1

Freib IXtRRZICO) * MUOLFHRSLO0G)I/6Uwy

FRACIAN] Jern

APACICHY JeNP

TekbrepTi = amex

Ir ¢1ewr LGls 1y Gu 7€ 3

Flag, 36 » TevP + 1644

Gu I( 4

FloaCis) « TEWF = (aCE7) + TEMP = (AC06) » TEMP = 20(514)
Freb: = gl

FLepb el & (lab = EAPLBFALT s L)) = 2,g4836
FLsbL/hpray

FasbalTuk « all « 1.0

It (Fe JLE. D00 tmeayl

POl =bn

FaCirw=tn

FrPistiPrAy o FL oo ba o b1

I (#m oLTe Ouces FalyRReuacd

TEMFEA/ERLTAR & b

It (TEmF .Glae 1, FasFaCUKR =« TEMP

EnPehFrax « FL s Fn ¢ FT

L (ke LBQe 0 ab=avl

CUOT=ENF /NP

ARITECA200) MUNaDATabRsLTlpeTionDiat allust maTeMrsFTobLaENFIENFLISNY
1 »Quld

SNPzsnF & NP

SEAFsSERF + ENF

SENPleSEhFL ¢ EAPY
Fwl¢l(MI)aFalLly

FrnAllCNT)=Fa

FIACLINT )&F )

FLACICNT ) =F L

EnPo(lCnTachPl

ENPACIONT yaphP
REALCS#100reND=E) MUNsudsL BT IoNFanDd
IF (WLN «EQs IMUN) Wi TO 2
AnllEC6,2C3) SENP,SEAPLASNP
SnP=100,0/507

SeNFrSENF 0 SAF

SENFLESENF] & SKF
RHITECE,20a) SENP,SENPIL
RHITECS,207) MUNSCAY,FACTUR  XMAXs R s NPHAKSdF ACTSAFACT
Sruaist

Xmulnza

XmArz20

THIN=Q

TMAkal

WRITECS, 207

CALL WRaPFCICNT SYM naAsFal)
ARlTECE,3C1)

CalL GRAPROICNT,SYmymEAFaA;
WRITECL,302)

CALL WRAPR{ACNT,SyM,npd,FTa)
YHINa=0,2

mRITECO, 3030

CALL GRAPR(LCNT SYMsHndsFLA)
nelTECB,300)

XMAXE|E

Xulhz=2

TrArez0

Tulues

FLG=]

CALL GRAPRCLICNT,SYMLENPASHRA)
FLG=(

SyMa'y!

CALL GRAPHCUICNT,SYM,NFS HHAD
nllECE,306)

FLG=1

CALL GRAFFCUCNT,SYM,KPARHRA)
FLe=(

Steatet

CALL GRAPRCUICHT,SYMAENPEIHRA)
IF ¢[MCH «NEs MUN) WO TU 1§
sigr

FURMATCuX,214sF augrdFasz)
FURMAT( 21530 642,152110F8.2)
FURKAT(4(5%,E15.7))

FORMATCTOMMLD DAY FACTOR(WU) SKLFT AlnDCURRY '
I oat BlaCLUKK) WPMAX gFACTUFL) AFACTLRLYY 4
Z gl{remmmaty) / £15+761546)

FURKMBTC'OTOTALS 2 70x,3F842)

FURMATL! FERCENTS'seaxszfoig)

FURMATO'LuMuD DAY TIVE Ll Il nul LTS bw 1
1 . 'TEMF £ bL XN ANF1 NPATR  Gulla® £ 0 ',
2 L1(Vemmmmt)

FURMATL'L Fr VEKRSUS TlMe '3

FURNAT( '] FT VERSUS TiML')

FUuRMaT('1 FL VERSUS TiMe')

FORMATC'L XNP (=) AND NF/TR (u) YERSULS TIME nulTH bm ',
1 YCURRFLTION ')

FURMATL' ] AWP (#) ANU NE/TR (u) VEWDU> TIME WiThhul ')
1 "Fa CORRECIIUN *)

FURMAT('] ¥a wlTHUUT CORRECTION  VERSUS TIME')

EnD



Schultze et al.

Figure 25 shows the test result in a drawing, in which the
measured and predicted daily sums of CO, uptake are plotted
as a function of DAY. The scatter of the observed values (0)
is greater than that of the predicted (®) values. Extreme
high and low observed values (i.e. DAY 129, 141 and 142)
should be checked on the original recordings of the raw data.
The average deviation of the predicted and the observed
values of the daily sum of CO, uptake is -18 to +14 mg
CO,"gdw-1 *DAY-1, which is on the total average, an error
of -8%. It is important that the scatter of the predicted and
observed values seems to be random. There is no systematic
over- or under-estimation of the predicted NP at any time of
the year.

A great number of daily courses of NP is predicted very
closelv. An example is given for a day in spring (April 22) in
Figure 26; for a day in summer (June 17) in Figure 27 and for
a day in late summer (September 17) in Figure 28. The
predicted values (®) match the observed ones (o) for all
conditions throughout the day. '

The limitations of the model are obvious from days with
extreme climatic conditions and from days where production
is systematically over- or under-estimated. Figure 29 (July 28)
shows an example, where the predicted values (®) are much
higher than the observed values (0). The reason for such an
over-estimation of production is mainly due to a wrong
estimation of NPMAX at that point of the annual curve. For
long-term prediction of CO, uptake, for instance the NP
estimation of a whole growing season, such errors should
equilibrate. For extreme climatic conditions, however, there
is still a need to test whether the approach of handling the
effect of various factors multiplicatively is correct. In some
situations an average effect of the various factors, or the effect
of the minimum factor only, might lead to a better result.
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Figure 25. Daily sum of COq uptake (ZNP) as related to the
time of year (DAY) for H. scoparia (unwatered). Predicted
values (@): measured values (0).

For the ecosystem model the sum of CO, uptake over the
season is the most important result of the photosynthesis
model. During the time from April 1 to September 30, for 104
test days from a total of 183 days, the total sum of CO., uptake
is calculated. The predicted sum of CO, uptake is 7063.54
mgCOg*gdw‘l, whereas the measured rate is 7078.22 mg
C()g*gdw'l. The difference between the measured and the
predicted result over this period of time is only -14.69 mg
COQ*g__f,dw‘l. Thus the final error of this model test is in this
case less than -1%
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Figures 26 and 27. The daily course of net photosynthesis of
H. scoparia (unwatered) on April 22, 1971 (Fig. 26) and June
17, 1971 (Fig. 27) with FW correction. x-axis: rate of net
phosynthesis per gram dry weight and hour (NP/TG). y-axis:
time of day in 1/10 of the hour (TIME). Predicted values (®);
measured values (0).
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Figures 28 and 29. The daily course of net photosynthesis of H. scoparia (unwatered) on September 17, 1971 (Fig. 28) and .
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y-axis: time of day in 1/10 of the hour (TIME). Predicted values (®); measured values (o).

CONCLUSIONS

When we began to build the model it was not known if this
approach would lead to a reasonable result. Especially, it was
not known whether the function of the effect of L, TEMP and
WD would be sufficient to predict NP under natural
conditionsin the field. For H. scoparia this approach seems to
be sufficient and correct. For other species, however, other
mechanisms may be of more importance, and may be added

in a similar approach to the existing model.

For the application of this approach to other species, all the
parameters of the different equations have to be determined
from field data. If no data are available, new experiments
should be carried out. For species comparison, it would be
most desirable if similar sets of experiments could be
performed.

SENSITIVITY ANALYSIS OF THE MODEL
AND AN APPLICATION

A model gives the opportunity to test single factors in their
effect on the system as a whole which usually cannot be
accomplished by the original data set. Such an extrapolation
is certainly possible only within a limited range given by the
experiment.

In the following, an attempt is made to solve a specific
problem taking the primary production of H. scoparia as an
example. From the SST project the question has been asked,
What effect has a certain change in climate on plant
production? For 40° -60° latitude the following cases ought to
be tested:

1. change in mean temperature °C: -3, -1.5, -.75, + .75
2. changein wind and precipitation: -10%, -5%, -2.5%, 0
3. change in radiation: -3.1%, -1.6%, -.8%, 0

These changes should occur over a three-year period.

In solving this problem the following restrictions have been
made:

1. The model was run for 104 out of 180 days ranging from
April I to September 30. This is the main growing season
of H. scoparia in the Negev desert. The last heavy rains
occurred in mid-April. There is no rain until the end of
October. The percentage change of each case is
calculated.

The mean change of any parameter was accomplished
by subtracting this change from the original field data.
This is certainly not correct, since a mean change has a
certain statistical variation. A 3° change in mean
temperature means that also a change of 10° and more is
possible. Such episodial events have a drastic influence
on plant distribution. They are not covered here.
3. The model does not account for any acclimation, which
certainly will occur in a plant if conditions change over
a period of time.

A change in climate might reach certain physiological
threshold values (e.g., temperature induction of
enzymes, influence of photoperiod, etc.) which again
have a feedback on net photosynthesis and which are
not covered by the model.
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A change in climate will influence many other physiolog-
ical processes besides photosynthesis and respiration,
which in a feedback loop influence NP again, The
model does not account for such indirect effects.

Long-term changes of climate will certainly influence
the competition between plant species and induce a new
succession. Also this problem cannot be solved by
a photosynthesis model.

The model determines the relative importance of certain

factors for this special plant in its habitat. It also will show,
under certain changing conditons, if new factors and
functions have to be considered as important for the model.

H. scoparia shows the following responses in NP at the

proposed changes in external conditions:

L;

Percent NP

Influence of a change in leaf temperature without taking
a change in WD into account: a change in leaf tempera-
ture will certainly affect NP differently during the cold
temperatures in spring as compared to the hot summer.
Figure 30 shows the result of a temperature change on
the total rate of CO; uptake over the season.

Change in TEMP Rel. rate of CO, gain

-5.0 C 85.77%

-3.0 C 92.13%

-1.5 C 96.43%

0 100.00 %
+1.5 C 102.76 %
+3.0 C 104.47 %
+5.0 C 104.97 %

For a desert plant adapted to a hot desert climate, a
temperature drop of -3 C would decrease production by
7.9%. This change will certainly be smaller if this

T T T
—4 -2 o +2 +4
& TEMP

Figure 30. Relative change of the photosynthetic gain

(percent NP) for H. scoparia (unwatered) at a certain change
in mean temperature ( A TEMP) without taking a change in
WD into account. Constant WD (—): changing WD with
TEMP (----).

temperature change occurs over a long period of time,
since H. scoparia shows a great adaptation in its temper-
ature response (see I'ig. 6), It is a remarkable result that if
WD is not changed, production of H. scoparia will
increase 4-5% with a temperature rise of 3-5 C.

Influence of a change in leaf temperature with taking a
change in WD into account: a change in leaf tempera-
ture has a large effect on WD if the dew point is constant
especially at high temperatures typical for a desert day.
Figure 30 shows also the result of a TEMP and WD
change on the total rate of CQO, uptake over a growing
season.

Changein TEMP Rel. rate of CO, gain

-5.0 C 102.56 %
3.0 C 102.85 %
-1.5 € 101.99%
0 100.00 %
+1.5 G 97.26 %
+3.0 C 93.23%
+5.0 C 88.08 %

The result shows that in contrast to case (1), NP increases
2-3% with decreasing temperature. This increase is
terminated at a temperature change of -3 to -5 C because
of the great effect of the unfavorable cool temperatures,
Although a pure temperature increase will inercase pro-
duction, rising temperatures with a simultaneous
change in WD will decrease total production 12% at +5
C by humidity-induced stomatal closure.

Influence of a change in rainfall: a change in rainfall in a
desert area could have severe effects on plant growth,
All the cumulative effects on phenology will mainly
change the NPMAX curve. At decreasing rainfall the
maximal rates of CO, uptake will be lower. However,
since the effect of phenology on NPMAX is not modelled
vet, the effect of decreasing rainfall cannot be
handled properly by the model.

Influence of a change in radiation: the influence of
light intensity on the gain of CO, uptake is expected to be
small in the desert (Fig. 31). It might have an additional
effect on a change in leaf temperature and WD which is
not accounted for.

Change inlight Rel. rate of CO, gain
+10% 105.00 %
+ 5% 102.58 %
+ 3% 101.57%
0 100.00 %
- 3% 98.37%
-5% 97.25%

-10% 94.33%
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Figure 31. Relative change of the photosynthetic gain
(percent NP) at a change in light intensity (A L) for H.
scoparia (unwatered).

The results show the dominating effect of WD and TEMP
on the rate of NP of H. scoparia. The effect of changing water
stress still needs to be investigated. The changing light
intensity will influence NP in the given range only
insignificantly.
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