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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 photosynthetic 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 
"hich arc 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 
submode! from actual field data. Because of the short time 
period available for this work, Hammada scoparia was 
chosen as the test plant. 'vVe had access to a considerable 
amount of information on this species from previous work.• 
Ho\\'ever, all programs were made so general that they can 
also lie used for an~· 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 submode!. 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 year. 

*The field experiments were carried out in Avdat, Israel, 
1971, by U. Buschbom, M. Evenari, L. Kappen, 0. 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
tiYel~·. 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 O to 120 Klux. This increase 
is due to stomata! 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 stomata! and a 
biochemical effect. 

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

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

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

aging and 
function of 

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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refinement of the effect of environmental factors is obtained 
hv separating the effects on stomata! and mesophyll 
rl'sistancc; (2) another level of refinement is obtained by 
calc11lating the influence of the environment on the gas 
exchange process as a whole. In the second case TEMP and 
WO 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 stomata! 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 stomata! 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 WO 
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 (WO 
almost 0) at varying temperatures during differ­
ent times of the year. 

Figure 2 shows a temperature response curve of net 
photosynthesis for I-/. scoparia in spring (March 28). 
Temperature optimum is at 28.fi 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. 
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-16.S 

!O " .. 
11'.MP 

.. 

2 

" 

4fi 

This is dcmonstrated in Figure 3. It shows the same kind of 
responst> curve for July 19. The temperature optimum 
shifted 11p 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 necessar~, for a model 
of NP to take the shift of the temperature curve into account 
a~ an adaptive feature of the plant to its environment. If all 
thl' experimental data of the vear are plotted together to 
obtain a general temperature response curve for this species 
( \\'ilhout taking the shift in the temperature optimum and 
the temperature compensation point into account) and if 
these data points arc fitted by a polynomial equation, the 
rl'sulting R' is .70. This further suggests that the data of 
ll'mperat11rc-dependent NP are distributed on the tempera­
lme axis \,·ith cno11gh scatter so that the application of a 
).!(•neral temperature function for that species and that year 
is 1101 11sd1d. 
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Figures 2, :3 and 4. Percent photosynthesis (NP) of J-1. scoparia (unwatered) as related to leaf temperature (TEMP) on March 
28, 1971 (Fig. 2). July HJ. 1971 (Fig. 3) and September 22, 1971 (Fig. 4). Fitted curve based on a polynomial equation (e): points 
of measure111l'Ilt (o). Optimum of the polynomial curve is 100%. 



THE PROCEDURE 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) 

1 
DAY ~ temp = TEMP - shift 

l 
Set of variahles: Shift = TEMP of 

NP/TEMP NPMAX - reference 

l 
NP= f(TEMP) TEMP of NPMAX = 

f(DAY) 

l 
dNP/clTEMP = 0 - NP'NPMAX-1 = 

f(TEMP) • NPMAX· 1 

l •• 

TEMP of optimal '.'lP 
:'\!'MAX at optimal 

TEMP 

47 

Figure 5. Flow diagram of the procedure to calculate the 
temperature effect on NP. 
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equations, it is essentially necessary to plot the function with 
the data points. This is because at a high R2 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 R2 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 O to 1. 

4. The temperature of optimum NP versus time of year is 

fitted with a polynomial 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 R2 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 O 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
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reference as related to leaf temperature (TEMP) for H. 
scoparia (unwatered). Fitted curve based on a polynomial 
equation (•); points of measurement (O), Optimum of the 
polynomial curve is 100 % . 
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THE FUNCTION TO OBTAIN THE EFFECT OF 
TEMPERATURE ON NP (FT) IN THE MODEL 
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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 
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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 submode!. 

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

THE RESPONSE OF NP TO CHANCES 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 stomata! 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 tJ.lp during the day, -31 bars). As the dry season 
proceeds this effect becomes more and more pronounced as 
shown in Figure 9 (June 2: tµ max of the plant in the 
morning, -41 bars; 1P p min, -67 bars). An increasingly 
negative slope of the WD-dependent NP curve is obvious. 

THE PROCEDURE 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: 

l. Each set of 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 WO-dependent NP, the R' of the curve fit is .92 
to .99). 

2. The parameters of the equation are divided by the value 
of the y-axis intercept (NPMAX at WO= 0), so that 
the regression lines are scaled from Oto 1. It was tried to 
fit a time-dependent regression through the values of 
the slope of the WO-dependent NP (slope = f(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. 



3. F~om laboratory experiments it was obvious that the 
WD effect on the stomata! 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 2 = . 77) for H. scoparia. The closing 
reaction of the stomata increases at increasing vVD 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 O - 1 as related to the water vapor concentration 
difference between leaf and air (WD) for H. scoparia 
(unwatered) at a low water stress oftµ p -31.5 bar(Fig. 8) and 
at a high water stress of tµ 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) 

·wn + 1 

i 
DAY 14--- dNP/WD = f(WSmin) 

l 
Set of variables: 

Minimal daily water 
potential 

NP/WD WSmin = f(DA Y) 

l 
NP= f(WD) 

NP'NPMAX· 1 = - f(WD) • NPMAX•l 

l •• 

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 I 
mgH 20 / 1 increase of water vapor difference between leaf 
and air ( /J. NP/ 6 WD) as related to the minimal pressure 
potential in H. scoparia (unwatered) during the day ( tµ 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 
afternoon. 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 stomata! closure, plant internal 
control mechanisms (i.e. the mesophyll internal CO, 
concentration) counterbalance the humidity-induced clos­
ing response. 
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70 90 110 171 191 212 2l? 252 272 
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Figure 12. Change of the minimal pressure potential in H. 
scoparia (unwatered) during the day (tµpmin) versus the time 
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 l / 10 of the hour (TIME). Predicted values (e); 

measured values (o). 
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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 = 
AIX + B, where A and Bare 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 (mgH 20/l) plotted from the 
daily course of NP (half hourly means) fur the lime of light 
saturation of CO 2 uptake on JuneS-12, 1971. Linear NP-WD 
relationship (- - - - ); correction function(--). 
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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 (•); 
measured values (o). 



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. 

t40~i~c oPTJONs<~-'1">' 
ON [P!Of'IL[(S't'Shd STQf'J 

TOP I 
G[T LI5l(0A'f, .. C)J 
,iS"l~•h el:I0191l •"A f•< •1 •6•8292•0il 'f•(0 •vl ll08)3•0.1. 'f •0 •0000l 169806 > l J 
f 1, C T0A •o .oo lU2 J6 II• -s~ ,,,_ • (0 1000 l 2006 l'f • "i" IN• (0 • i 12eos•c -o,·•SM , .. • 

0,1105827[•06)» 

8- ~:;;~~;~:•~T~~J • IJ 
IF f111 c. 0,01 HH 

r,. •O. o 1, 
PUT S,clP 0AUC0AY.11D1f.,>J 
tiO TO TOP} 

[NO 11Q02J 

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

r ... r_.ctoR • .,a, • 1,0 
If cf111 .Lt, O) f"li1•O,Ol 
f 11C OAR■r i, 
lf' er. ,Ll. 0•28) r .. CoRf4•0,2ll 
fE•P•-'lf'IIICChR • 8 
rr (f[14p •GT• I HhU' QA'f •LT• 1'H) f,o ■ f,iCO,c,~ 1 TEMP 

where A and B are changing with DAY until July 16: A 
.6177987E-04 *DAY* *2-.2787197E-0l *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 

THE LtGIIT RESPONSE OF NP 

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

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. scoparid. 
In the desert, as light intensity increases, the climate gets 
rapidly warmer and drier, which has a strong effect 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 (BTI) (Fig. 
17) and change of net photosynthesis per gram dry weight 
and hour (NP /TC) (Fig. 18) throughout the day versus 
increasing light intensity (LIGHT) under natural conditions 
for H. scoparia (unwatered). (Avdat, July 28, 1971). 



Schultze et al. 

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 stomata! aperture other than the 
increased sensitivity to air humidity (the data were 
calculated with WD=f [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 -bx) + c, 

in which 'a +c· is the asymptote f(x) approaches with 
increasing x, and 'b' is a parameter determining the rate of 
risP. hy which the curve approaches ·a+c'; '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). 
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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. 
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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. (•) calculated curve of 
the light equation; (o) points of measurement for H. sco­
paria (unwatered). (Avdat, July 28, 1971). 

Species name NP= a(l-e-b'light) 

+c 

i T 
DAY 

Nonlinear regression to 

Ht NPTW = f(light) 

l T 
Set of variables: The effect of TEMP and 

NP/light, TEMP, WO WDNPTW = 
from morning to noon NP'FT·l •Fw•l 

l T 
Function to remove the 

NPT = NP'FT-l 
effects of WO (FW) 

l T 
NPW = NP'Fw-l ... Function to remove the 

- effects of TEMP (FT) 

Figure 22. Flow diagram of the procedure to obtain the 
light response of NP. 



PROCEDURE TO OBTAIN THE LIGHT RESPONSE OF NP: 
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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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THE FUNCTION 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. 



Schultze et al. 

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). 

THE FUNCTION (FL) OF THE EFFECT OF LIGHT 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 = f(DA Y) and from the change of the parameter 'b'. 
The parameter 'c' 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 = f(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 the exponential 
light functions: a= (NPMAX-c)•(1-e-b•12oi-1. 

4. The light curve of NP for any DAY is: 

NP= a•(l-e-b•L)+c 

5. The effect of light intensity is scaled from Oto l by divi­
sion of NP by NPMAX: 

Mar 

FL= NP*NPMAx-1 = (a*(l-e-b'L)+c)*NPMAx-1. 

,,, ,~ 
UAY 

, 

'"' Sop 

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

Figure 24. Change of the parameter "b" of the light 
equation (B) versus the time of year (DAY) for H. scoparia 
(unwatered). 
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THE FUNCTION (FL) TO OBTAIN THE EFFECT OF 
LIGHT INTENSITY ON NP IN THE MODEL 
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THE WATER STRESS FACTOR(FS) 

An increase in plant water stress during the day is expected 
to reduce 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 EXOCEN 
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 (TEMPCI-TEMPC8) 
2. parameters for the correction of the effect of 
WD (WDCI-WDC8) 
3. parameters for the correction of the effect of 
L including the calculation of NPMAX (XLICI­
XLIC8) 
4. constant for conversion of the output from 
mgCO,*gdw-I•time-I to mgC•gc-l•time span-I 

(Const). 

The model calculates NPMAX = f(DA Y) 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 is mg c• gc-1 *time span-I 

The FORTRAN program interfaces with the Desert 
Biome "General-purpose" Model. It is as follows: 
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THE TEST OF THE MODEL 
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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): 
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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 (o) 
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,• gclw-1 • DA y-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 
closely. 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 dav 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 svstematically over- or under-estimated. Figure 29 (July 28) 
shows an example, where the predicted values(•) are much 
higher than the observed values (o). 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 shuul<l 
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 CO 2 uptake (INP) as related to the 
time of year (DAY) for H. scoparia (unwatered). Predicted 
values (•): measured values (o). 
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For the ecosystem model the sum of CO, uptake over the 
season is the most important result of the photosynthesis 
111odel. During the time from Aprill to September 30, for 104 
lest clays from a total of 183 days, the total sum of CO, uptake 
is calculated. The predicted sum of CO, uptake is 7063.54 
mgCO, *gdw-1, whereas the measured rate is 7078.22 mg 
CO,*gdw-1. The difference between the measured and the 
predicted result over this period of time is only -14.69 mg 
CO,*gdw-1. 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 (unwaterecl) 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 ITC). y-axis: 
time of day in l / 10 of the hour (TIME). Predicted values(•); 
measured values (o). 
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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 
July 28, 1971 (Fig. 29) without FW correction. x-axis: rate of net photosynthesis per gram dry weight and hour (NP /TC), 
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 
conditions in 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 TI-IE 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. change in 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 1 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. 

2. 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. 

4. 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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5. 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. 

6. 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 th is 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: 

1. 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. 

110 

100 

., 

Change in TEMP 
-5.0 C 
-3.0 C 
-1.5 C 
0 

+1.5 C 
+3.0 C 
+5.0 C 

Rel. rate of CO, gain 
85.77% 
92.13% 
96.43% 

100.00% 
102.76% 
104.47% 
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 
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Figure 30. Relative change of the photosynthetic gain 
(percent NP) for H. scoparia (unwatered) at a certain change 
in mean temperature ( t:.. TEMP) without taking a change in 
WD into account. Constant WD (--): changing WD with 
TEMP(----). 
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temperature change occurs over a long period of time, 
since H. scoparia shows a great adaptation in its temper­
ature response (see Fig. 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. 

2. 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 CO, uptake over a growing 
season. 

Change in TEMP 

-5.0 C 
-3.0 C 
-1.5 C 
0 

+1.5 C 
+3.0 C 
+5.0 C 

Rel. rate of CO, gain 

102.56% 
102.85 % 
101.99% 
100.00% 
97.26% 
93.23% 
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 increase pro­
duction, rising temperatures with a simultaneous 
change in WD will decrease total production 12 % at + 5 
C by humidity-induced stomata! closure. 

3. 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 
yet, the effect of decreasing rainfall cannot be 
handled properly by the model. 

4. 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 in light 

+10% 
+ 5% 
+ 3% 

0 
- 3% 
- 5% 
-10% 

Rel. rate of CO, gain 

105.00% 
102.58 % 
101.57% 
100.00% 
98.37% 
97.25% 
94.33% 



,oo 

o,,.L_ __ ~--~---~---,-------,---_, . . 
Figure 31. Relative change of the photosynthetic gain 

(percent NP) at a change in light intensity ( 6. L) for H. 
scoparia (unwatered). 

The results show the dominating effect of WO 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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