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PHOTOSYNTHETIC RESPONSE MODELS FOR A
TERRESTRIAL PLANT COMMUNITY

INTRODUCTION

Green plants function as the major producers of reduced carbon
for all living systems. There has been a great deal of recent interest
in analytical modeling of this primary production process. Such
models would provide estimates of constraints to primary productivity
necessary for sound decisions in vegetation management. Models of
primary productivity would also help in understanding the effect of
perturbations on the natural system such as irrigation, fertilization,
or air contamination,

Since primary productivity is responsive to the plant's physical
environment, a general prediction model should include environmental
variables. Fortunately, many invéstigators have studied plant
response to single environmental variables in terms of net photesyn-
thesis, the time derivative of primary productivity., These investiga-
tions form a sound conceptual basis for modeling the photosynthetic
response of small plant communities in terms of environmental
variables.

Models of net photosynthesis controlled by light and temperature
of a small red alder community‘are“ presented in this thesis. A new
controlled environment system linked i:o the computer has been:used

to collect the data for validation.



LITERATURE REVIEW

Photosynthetic Response Models

The prediction of dry matter accumulation, based on photosyn-
thetic and respiratory data, has received a great deal of attention
recently. Several authors (Cleary, 1971; Larcher, 1969; Ledig, 1969)
have proposed mathematical models relating photosynthesis to growth.
All models have a great deal of merit, but most of them suffer from
insufficient data either to verify the model or evaluate its coefficients.

Cleary's response model is of the general form:

Response = Ps = f(M, T,L,N...)

Ps = Photosynthesis
M = Moisture

T = Temperature
L = Light

N = Nutrients

By taking the partial derivative of the response to each environmental
variable and adding the appropriate error terms, the model becomes:

oR oR R
dR = (m)dM + (—é"f)dT + (ﬁ)dL + ...

This additive response model must be used to predict photosynthetic
response per unit of plant material since the equation has no compo-
nent for plant growth. Without this feature, the model does not

consider the changing response per plant due to such factors as



shading of lower leaves as upper leaves develop.

Ledig's model (Ledig, 1969; Ledig and Perry, 1969) is a
differential equation expressing dry weight accumulation as a function
of photosynthesis and leaf weight, both of which are written as
functions of time. This model considers the change in photosynthetic
efficiency with season and the translocation of photosynthates to

various plant parts.

ay(t) _ b
—at KP(t)a(Y(t))

Y(t) = dry weight as function of time
P(t) = photosynthetic rate as function of time

L(t) »a(Y(t'k))l“? =ileaf dry weight:as function of time

K dry weight/CO, weight

2
The function K(P(t)) is equivalent to net assimilation rate (NAR) which
is equal to the change in dry weight per unit time per unit leaf area.
The function L(t) is determined using the allometric relation between
leaf weight and total dry weight. The constants (a, b) are determined
for each species and each set of growing conditions.

This model illustrates the importance of photosynthetic rates
and photosynthetic movement in modifying dry weight accumulation.
The model was validated under the same experimental conditions that
were used to derive the functions K(P(t)) and L(t) and does not
incorporate photosynthetic response to changes in environmental

variables,
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A great deal of information is available in the literature on the
environmental effects on photosynthesis of single plants. The effects
of light, temperature, water potential, and ambient CO2 concentra-
tions have been emphasized in connection with photosynthesis. In
general, ambient concentrations of CO2 in the field do not vary
significantly, but increasing plant moiéture stress (or decreasing
water potential) decreases photosynthesis. The latter is a significant
factor in the growth of wildland sp.ééies a,knd:should be included in a
completed predictive model. Maximum growth‘occurs during periods
of low plant moisture stress. Growth during period of low stress is
therefore a strong function of light and temperature (Gaastri, 1963)--

the two variables evaluated in this review.

Light

The German botanist, J. Reinke, in 1883 was the first to note
the light saturation phenomenon of photosynthesis (Rabinowitch, 1969)
(Figure 1). However, it remainéd for F'. F. Blackman in 1905 to
interpret the shape of the curve as a two-step mechanism consisting
of an initial photochemical step followed by a temperature-controlled
dark step (Heath, 1969). Sinc‘e that time, many investigators have
expanded the interpretation of this basic phys iological phenomenon.

The light energy at which net photosynthesis (Psn) is zero is

termed the compensation point (Gaastri, 1963; Heath, 1969; Kramer,



Net COp
exchange

Light

Figure 1. Generalized light curve for net
photosynthesis.

1960; Rabinowitch, 1951). This is the point of zero CO2 exchange
between the plant surface and the atmosphere and may varyﬂwidelyf with
climatic conditions, species, and various light-adaptive features
(Gaastri, 1963). The initial part of the curve, which is nearly linear,
represents the photochemical reaction in photosynthesis (Heath, 1969;
Rabinowitch, 1969). This function determines the maximum quantum
yield, has a QlO nearly equal to one, and varies only slightly for
different species and different environmental conditions (Gaastri,
1963). This linear portion can be extrapolated through the compensa-
tion point to zero light intensity and the intercept value interpreted as
a measure of respiration.

Photosynthetic rates in the saturated region of the curve are
independent of light and dependent upon factors that influence the
dark reactions of photosynthesis (Rabinowitch, 1956). Thus, photo-

synthesis in this region is strongly dependent upon temperature, water



potential, species, specimen, and many internal factors, the most
important of which appears to be adaptation to strong or weak light.
Decreasing photosynthetic rates at strong light intensities are often
indicative of irreversible damage to the chloroplasts. Also, the
increased radiation load may affect other biochemical processes
resulting in decreased photosynthesis.

Between the light-dependent and light-independent regions of the
curve occurs a ''transition' zone. Some workers feel that a diffusion
limited process occursiin this regioniof the curve since the measured
QlO value of 1.1 is higher than a light- dependenf: value of 1. 0 but

lower than a temperature dependent process of 2.0 to 3.0 (Gaastri,

1963).

Temperature

The temperature range for reversible photosynthesis in many
plants is between 0 and 30°, At less than 5° a slow chill damage can
occur, and at greater than 25° the photosynthesis apparatus may be
irreversibly damaged by heat (Rabinowitch, '1956). . At extreme
temperatures, then, photosynthesis becomes a function of time and
temperature. In the range between 5 and 250, photosynthesis is
independent of time and often can be predicted from the Arrhenius

function.

B
P = Aexp(T)



P = photosynthesis
T = OK
A, B = constants

This function is nearly linear over a small range of temperature
because temperature is expressed in degrees Kelvin. However, net
photosynthesis does not follow this;linear relationship but more closely
approximates some curvilinear function between 0 and 40°C. Recent
data by Austrian workers (Pisek, ’19'69’) hax}e shown that the rise and
corresponding decline of net photosynthesis from 0 to 40°C is
symmetric about some intermediate temperature at which photosyn-
thesis is maximum. Expressing their data on a relative basis, they
were able to show that this functional relationship held for many
species during both the winter and summer. Strain (1966) found the
same general function for some woody desert perennials. Again,
some caution is advised in utilizing this function for high temperature
response where irreversible heat injury may cause enzyme deactiva-
tion (Belehfadek, 1957; Langriege, 1963).

Respiration at temperatures between 5 and 30°C can often be
predicted from the linear Van't Hoff relationship with Q 10 values
ranging from 2 to 3 (Forward, 1960; Lewis, 1970). Some workers
have found that respiration may increase in a slightly exponential
manner up to 45 to SOOC (Strain and Chase, 1966). Blackman has

proposed a qualitative relationship in which respiration increases
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exponentially until certain critical temperatures are reached where-

after it declines as a function of time; the higher the temperature, the

‘more negative is the time coefficient of respiration.

Light- Temperature Interactions of Photosynthesis

Except for the linear part of the light curve, all other properties
of the curve have temperature coefficients. Light energy at the
compensation point increases with temperature. This is because
respiration increases with temperature and photosynthesis is indepen-
dent of temperature at low light energies (Heath, 1969). Since the
linear coefficient for the light curve is temperature independent while
the compensation point is temperature dependent, the photosynthetic
intercept point at zero light intensity would logically become more
negative (an increase in respiration) as temperature increases. Many
workers have found this to be true. The asymptotic valﬁe for photo-
synthesis in the light saturation region of the curve is strongly
dependent upon temperature (Kramer and Kozlowski, 1960; Stalfelt,
1960). Most workers have shown an increase in photosynthesis in
strong light as temperature is increased, but a decrease in net
photosynthesis will undoubtédly occur at higher temperatures (Moir,
1969; Schulze, 1970). Stalfelt (1960) has shown that incre'asingr light
levels increase the temperature at which net photosynthesis is

maximum. Milner (1969) found that clones of Mimulus required higher



‘light intensities to reach. photosynthetic saturation as temperature

increased. The relation was found to be essentially linear.

Plant Community Photosynthesis
and Respiration

A group of plants may respond differently to light than does a
single plant. Light energy at various strata within the vegetation
canopy is often predicted from the exponential relationship (Loomis

etal., 1967; Saieki, 1963):

where
F = cumulative LAI
LAI = leaf area index = (leaf area/soil area)

K = extinction coefficient; function of community type, e. g.,
herbs, grasses, forest

I = radiation

Io = incident radiation at canopy surface

Interpreting this relationship qualitatively suggests that the inner
leaves of a forested canopy may only reach the compensation point
while the outer leaves of the canopy are exposed to full sunlight
(Kramer and Kozlowski, 1960; Saieki, 1963). Therefore, the light
saturation region of the photosynthetic light curve for a dense plant

community may never be reached. Also, the transition range

generally covers much higher light intensities than for-single plants.
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For example, single alfalfa leaves were found to reach photosynthetic
saturation at 0.12 langleys/minute while an alfalfa crop reached light
saturation at 0. 45 langleys/minute (Gaastri, 1963).

The dail? photosynthetic rates for communities with closed
canopies usually follow the diurnal radiation. Various workers have
attempted to simulate community photosynthesis for a single species
using the light saturation curve, various parameters characterizing
solar radiation, and community parameters such as leaf area index
and the spatial arrangement of the leaves in the community (Loomis,
1967; Saieki, 1963). The simulation works relatively well for solar
radiation if one considers the light adaptation of the lower leaves in
the canopy to low radiation. The simulation is less successful for
periods of diffuse radiation.

The reported respiration rate of leaves is from 5 to 10% of gross
photosynthesis at saturating light intensities. Daily respiration of
whole plants and of plant communities is a much larger fraction of
gross photosynthesis than for single leaves. Gaastri (1963) found the
total respiration of alfalfa to be between 35 and 49% of gross photo-

synthesis and for sugar beets the fraction was between 29 and 33%.
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METHODS AND MATERIALS

Photosynthetic measurements were made on a small red alder
community growing within a closed, controlled environment system
assembled by the author and linked to the computer. These data were
used as the foundation for constructing response models of photosyn-
thesis to light and temperature. A description of the system including
the Mallory environment chamber follows.

Computer-Linked Controlled
Environment System

The system consists of four sub-systems labeled A through D
on Figure 2, p. 12, System A is the nutrient cycling system for
maintaining an aerated solution at constant temperature, system B is
the environment chamber per se, system C controls the level of
carbon dioxide in the chamber, and system D is the CO2 measuring
system. The sub-systems are detailed in successive diagrams
(Figures 4, 5, 6, 7, 8). Data relating to the capability of the system
and the methodology used to determine this capability are listed in

the Appendix.

Environment Chamber

The environment chamber has a growth compartment of 4' x 2, 5!

x 4' and overall dimensions of 6'7'' x 3' x 8'. The closed chamber has a
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maximum CO2 leak rate of 0. 1 ppm/minute across a gradient of 80
ppm with a driving force of 1.0 cm of water pressure. The leak rate
across a 30 ppm gradient, which was the existing gradient under all
measurement conditions, was ., 025 ppm /minute. The pressure
gradient between the atmosphere and the chamber was maintained at
T 3 mm of water pressure with the pressure regulating device shown
in'Figure 7.

Light Source. Lighf energy, compar‘able in intensity and
quality to natural sunlight, was supplied with a single, water-cooled,
6000-watt xenon arc. (See light spectra, Figures 3A and 3B (Atlas,
1969).) The arc is jacketed withan»infrared absorbing inner filter and
a quartz outer filter. Distilled water was circulated through both

filters with tygon tubing and cooled with tap water circulating through a

stainless steel coil.

The walls and ceiling of the chamber are surfaced with stainless
steel to maintain a high light intensity by reflection. A stainless steel
reflector is positioned above the arc to give uniform light energy in
the horizontal plane of the chamber. Power to the lamp is monitored
with a watt meter and adjusted between 5500 and 6500 watts with an
l1-tap transformer to maintain constant radiation as the arc ages. A
24-hour timer controls the on-off cycle.

Light Energy Control, Light energy reaching the plant canopy is

modified by two retractable polyester fiberglass screens, each of
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which is controlled by a 24-hour time clock. Two additional filters

~ can be manually inserted to give a wide range of light energies. The

light energy as a function of filter combinations is presented in Table
6 on page 73 in the Appendix. The spectrum for the xenon arc and for
the filtered arc is shown on page 72 in the Appendix.

Temperature Control. Dry bulb temperature is controlled

t 0.5°C within the range from 4 to 45°C with lights either on or off.
The controller is a solid state proportional type that pulses either
refrigerant to the cooling coil or current to the 1000 watt heater.
Temperature can be adjusted manually by a set point programmer or
programmed automatically with a 24-hour cam programmer.

Wet Bulb Depression Control. Wet bulb depression is also

programmed with either set point or cam programmer. Humidifica-
tion is by steam from a distilled-water steam generator and dehumid-
ification is by one of two systems. One system involves vapor
diffusion to a cooling coil with a minimum dew point of 7°C with max-
imum relative humidity (r. h. ) approximately 90%. Vapor pressure
can be controlled with a maximum trans piration load of 0.4 liters per
hour. The other system is a self-generating chemical dehumidifica-
tion system capable of maintaining a 5% r.h. with a transpiration load
of 2.0 liters per hour. Both wet bulb and dry bulb temperatures are
monitored on a seven day recorder.

Air Flow. Air circulation horizontal to the plant bed is
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approximately 1.5 miles per hour with higher velocities across the
lamp and light filters. Both the supply of air to the plant growth area
and the return air are channeled through perforated stainless steel

at the ends of the chamber to obtain uniform horizontal velocities,

Growth Medium Control

The alder seedlings were grown in a nutrient flow system which
is schematically represented in Figure 6. Plants were sealed in five
separate 2" i. d. polyvinyl chloride (PVC) tubes with a 3/8' close
nipple and automobile distributor -wire sealing boot filled with a seal-
ing compound that solidifies by reacting with atmospheric water
vapor (see Figure 6). Mercury monometers monitored the pressure
in each of the PVC tubes; clamps were used to keep the pressure of
each tube at less than 1.2 psi.

Flow rate of the nutrient was maintained at four gallons per
minute with a variable flow pump. (All fixtures in the system were
either PVC, tygon, or stainless steel.) Aeration was continuous
(see Figure 6) and transpired water-was replaced with distilled water
controlled by a water-level regulator. Temperature was thermo-
statically regulated with a mercury resistance element located in the
manifold and was controlled by water circulating from a water bath
through a stainless steel heat exchanger.

Both the variable flow pump and the normally open solenoid on
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the distilled water line were wired to a double-pole single-throw

(DPST) relay that was activated by magnetic closure of the reed
switch located at the stand pipe (see Figure 6). If the flow system
developed a large leak, the relay closed the solenoid and, simul-

taneously, shut off the pump.

Carbon Dioxide Control and Measurement

The controls for maintaining CO2 in the chamber are dia-
grammed in Figure 8. The CO2 concentration was monitored
continuously during the day by the air flow system external to the
chamber. A small magnet, mounted on the recorder arm, closeda
hermetically sealed reed switch located on the recorder when the CO2
concentration in the chamber reached a predetermined level (usually
320 ppm). This activated a variable time delay relay which opened a
normally closed solenoid located inside the blower in the chamber and
a short burst (two to five secohds) of CO2 enteréd the chamber from a
pressurized bottle. The bursf of CO2 was precalibrated to raise the
COZ,concentration in the chamber back to the desired level (normally
335 ppm). Distribution of CO2 in the chamber took about ten seconds.

The CO2 measuring system is a semi-open system similar to

‘many used by other workers, The system is diagrammed in Figure 8.

Air is sampled at the base of the supply-air plenum in the chamber

and driven through the tygon system at the rate of 0.7 liters per
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minute with a. peristoltic pump. Water vapor is removed from the air
‘sample with eight-mesh calcium chloride and magnesium perchlorate.
The air is exhausted to the atmosphere after passing through the gas
analyzer.

Plant Community and
Environmental Program

After an initial experiment to determine the reliability of the
system, a second experiment determined photosynthetic response of
a small red alder community to light and temperature at steady-state
conditions. These data were modeled with 2 multiple linear
regression technique and a non-linear structural model prior to a
third experiment testing the prediction power of the regression model
under dynamic conditions ofllght and temperature.

One-year-old alder seedlings, 6 to 12 inches tall, were
removed in February, 1970 from a site in the Coast Range 20 miles
east of the Pacific and stored in a cold room before transplantirg
to the greenhouse. Plants were grown in an aerated nutrient solution
(see Appendix, p. 78) which:was changed weekly. Day length in the
greenhouse was maintained at 14 hours with a single bank of cool
white fluorescents augmented with incandescent bulbs. Total short-
wave radiation from the artificial lights was 0.021 ly/minute. Light
energy in the greenhouse during daylight hours ranged from 0.‘042

ly /minute under cloudy conditions to 0. 14 ly/min under full sunlight.
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Day temperature was ZIOC, and night temperature was 10°c.

Experiment One

After several weeks in the greenhouse, the seedlings were trans-
planted to PVC tubes, and placed in the environment chamber three
days later. The chamber was programmed with the following environ-
mental conditions for one month prior to photosynthetic measurements:
Light energy was changed in a stepwise fashion at two-hour intervals
using the retractable filters to simulate the increasing and decreasing
radiation of a fully sunlit day (see Figure 9). Dry bulb temperature
and wet bulb depression were programmed as a sine function, with a
minimum of lloC at 3. AM and a maximum of 260C at 3 PM (see
Figures 34 and 35 in Appendix).

Qualitative information on morphological response of alder
growing under xenon light was noted,. The photosynthetic light
saturation curve for this community was determined as follows:
Photosynthetic rates were measured in duplicate between 320 and
350 ppm ambient CO2 at five light energies. The light sequence was
programmed from low to high with a 20 minute interval for plant

equilibrium between measurements.

Experiment Two

In the second experiment, plants were grown in the greenhouse



Langleys/ min

8T
.6
4T
2 —1—
| | | | | | |
°T | I l | | ! !
0 2 4 6 8 10 12 14
Hours
Figure 9, Daily short-wave radiation pattern of alder community, experiment 1.

9¢



27
under the above environmental conditions and transplanted to PVC
tubes four weeks before being placed in the chamber.  The plants were

maintained under environmental conditions consistent with those in

‘the greenhouse for one week prior to taking steady-state photosynthetic

data.

Net photosynthesis was measured as a function of light energy
and dry bulb temperature within a range of 0.06 to 0. 68 ly /minute
(total short-wave radiation) and 5 to 30°C dry bulb temperature. For
each of five light levels, dry bulb temperature was changed at the
rate of 1° per five minutes, beginning at 15°C and proceeding upscale
to approximately 30°C. Measurements were then made by decreasing
temperature at the same rate until near 5°C at which time temperature
was increased again until 16°C. All measurements were made during
three successive days. Root temperature was held at 12°c ¥ 1°C and
wet bulb depression was held at 4°c t .715%.

Environmental variables were monitored at the plant level in
the chamber at one minute intervals throughout the experiment.
Radiation was monitored with a Kipp solarimeter located in the center
of the chamber near the top of the plants. Wet bulb depression and
dry bulb temperature were monitored with an electric psychrometer
from air sampled from the center of the plant community. Root

temperature was monitored with a thermocouple located in the center

PVC tube. All data were digitized onto paper tape with a 25-channel
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data acquisition system and relayed to the computer from a laboratory
teletype. Photosynthetic measurements were made between 320 and

335 ppm CO, from data taken from the strip-chart recorder.

2

Experiment Three

Non steady-state photosynthetic data. were taken on the same
plants for a 14-hour day for the purpose of comparing photosynthetic
measurements to those predicted from an equation developed from
steady-state data. Root temperature and wet bulb depression were
held constant as in Experiment Two. Temperature was varied
according to the pattern in Figure 10 and light energy was changed in
a step function to simulate sunrise and various cloud conditions (see
Figure 11). Data were recorded at one to two minute intervals over
a three day period.

The steady-state predictive equation was determined using a
stepwise multiple linear regression routine. Structural analysis of

the data was obtained with a non-linear curvefit program.
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RESULTS AND DISCUSSION

General morphological differences between alder seedlings
grown in the greenhouse and those raised under xenon light were
striking. The leaves of the greenhouse plant were large (up to 18 cm
long) and dark green while those grown under xenon were much
smaller (less than 8 cm long), were light green, and had a slightly
cupped appearance. Petioles of greenhouse-grown plants had a slight
red tinge while those grown under xenon were several shades brighter.
At maximum light intensities, some injury of the leaves was noticed

when leaves of adjacent plants rubbed against one another.

Experiment One

Carbon dioxide exchange in response to increasing light intensity
was observed in Experiment One (Figure 12) where plants were
preconditioned for one month under a total daily short-wave radiation
of 670 langleys. The shape of the curve is similar to that for individ-
ual plants except that photosynthesis is not clearly saturated at high
light energies. (There are too few data points to use a general curve-
fit routine to verify the presence or absence of light saturation.) The
absence of the saturation phenomenon for plant communities has been
predicted by many other workers (Gaastri, 1963; Kramer and
Kozlowski, 1960). The maximum net photosynthetic rate of 12 mg

CO, /gm leaf dry weight /hour is lower than found by Krueger and
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Ruth (1969). They found that the photosynthetic rates for single

‘leaves of alder plants preconditioned in 70% full sunlight photosyn-
thesized at 30 mg/gm /hr in the saturated region of the light curve.
The apparent low photosynthetic rates may reflect some chlorophyll
destruction resulting from a month of radiation levels that were
considerably higher than those in the greenhouse where the plants
‘were preconditioned. More likely, the lower rates reported here

result from self-shading within the alder community.

Expeﬁment Two

Stepwise Multiple Linear Regression Models

The steady-state photosynthetic data from Experiment Two was
analyzed with a linear stepwise multiple regression routine to
establish a predictive equation and to determine the relative contribu-
tion of each variable in explaining the environmentally controlled
variation in net photosynthesis. Although radiation and temperzture
are the two major variables, the small uncontrollable variation in

i
ro‘ot temperature (t lo), and vapor pressure deficit (1.0 mb) was
‘included to determine if this minor variation contributed significantly
to the variation in net photosynthesis.

The result of the first stepwise analysis is summarized in

Table 1. The F-level to enter a variable and to remove a variable

was set at 2. 0. Radiation was transformed to a logarithmic function
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Table 1. Summary of first stepwise r—.w,n‘a,lysis.”<
Variable Units Coefficient F-level R2
Constant ’ 111.9
loglo (rad) ly /min 54. 2 374 .66
air T °C 6.7 140 .81
v.p.d. ¥ mb 26.4 22 .83
(air T)3 °c - .003 12 .84
* -
**189 cbservations
vapor pressure deficit
3
Psn=111.9 + 54.2 log Xrad + 6'7Xair T - '0033Xair T +
26,
9vad (1)

and air temperature was both squared and cubed. Radiation and the
linear component of air temperature account for 81% of the total
variation in net photosynthesis, with F-levels of 374 and 140,
respectively. Vapor pressure deficit and the cubic air temperature
function account for the remaining 3% of variation and both have
significant F statistics at the 5% level. Both root temperature and
quadratic function of air temperature failed to meet the F-level
criteria of 2.0 and were dropped from the analysis.

Table 2 summarizes a stepwise analysis in which radiation was
fitted to a cubic polynominal, the air temperature squared term was
dropped, and the F-level criteria for entering or removing the

variable was set at zero.
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Table 2. Summary of second stepwise analysis,

Variable Coefficient F-level R2
Constant - b7.5
rad 1127.1 165, 8 .47
2
(rad) -1972.5 159. 4 .71
air T 7.2 170. 4 .85
(air T)3 - . 0035 31.5 .87
(ra,d)3 1072. 17.7 . 88
vpd 17.9 11.0 .89
root T - 4.2 2.5 .89
2 3
Psn = -57.5 + 1127.1X - 1972.5X + 1072X +
rad rad rad
7. - . 5X . 7. -
24Xair T 003 Xalr T +1 9vad
. 2
4 ZXroot T @)

The above regression equation explains 89% of the photosynthetic
variation, 88% of which is explained by air temperature and radiation
terms. The algebraic sign of the radiation and temperature co-
efficients are generally those expected; however, the positive
coefficient for the radiation cubed term would indicate a continually
increasing photosynthesis at high light energies which is contrary to
the expected light saturation phenomena. The positive sign probably
represents an artifact resulting from a lack of data between 0. 25 ly/
minute and 0. 68 ly /minute which causes the coefficient of the cubic

term to go positive to minimize the squared deviations. This
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examplifies the danger in extrapolation of polynomial models without
some prior knowledge of the physical constraints on the system.

The F-level of 2.5 for root temperature is not significant at the
5% level for 1 and 180 degrees of freedom. The F-level for the vapor
pressure deficit term is 11.0 which is significant at the 5% level.
However, this term increases the total r2 term by only . 007.

Table 3 summarizes the results of another stepwise analysis

in which vapor pressure deficit and root temperature were dropped

from the analysis and two interaction terms between radiation and air
temperature were included. The F-level for entering or excluding a

variable was set at zero.

Table 3. Summary of third stepwise analysis.

Variable Coefficient F-level R2
Constant 63.8
rad - air T 74. 1 288. 1 . 60
rad? - air T - 76.1 160. 9 .79
(air T)3 - .0099 506. 4 . 94
air T 1.001 20.3 . 95
rad 357.9 09 . 95
(rad)> 1821. 4 28. 1 . 96
(rad)® -1783. 1 138. 6 .98

Psn = 63.8 + 357.9X . - 1783. 1X°__ + 1821.4X"_ +
rad .rad rad

1.001X . 2, 0099X3 . + 74.1X
ai air ra

r T T d.XairT_

2
76, 3
6. 1X radxair T (3)
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All variables in this predictive equation are highly significant
according to the F-level criteria except for the linear radiation term.
Evidently, most of the variation due to this term has been explained
in the two interaction terms, radiation times air temperature and
radiation squared times air temperature. Inclusion of these multi-
plicative interaction terms has increased the explained variation to
98% from 89% in the previous stepwise analysis (see Table 2). The
signs of the coefficients are consistent with the physical system.,

This predictive regression equation accounts for 98% of the total
variation in net photosynthesis but is 6nly reliable for this plant

system under the experimental environmental conditions.

Non-linear Structural Response Model

An alternative to the previcus additive response model is a
non-linear model whose coefficients have a theoretical basis. Such
models are conceptually more reliable, and extrapolatidn to other
systems can be accomplished with more confidence.

A photosynthetic response model can best be structured around
the light saturation curve which, under optimum environmental
conditions, determines the maximum net gain in productivity.

The mathematical formulation of the curve shown in Figure 13
can take several different forms. One form is the expression:

_ B,Y
Z=B,+B (l-e 27)+B,Y (4)
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Net CO,
exchange

Light

Figure 13. Generalized light curve.

where

Z

i1

net photosynthesis (Psn); either relative or absolute units

Y

radiation in ly /minute

The coefficients relate to the following physiological responses:

Bo = respiration; Z intercept when radiation is zero

B1 = maximum net photosynthesis for a given temperature

B2 = transition regioh, approaches linearity for low radiation
B3 = slope of asymptote that Psn approaches at high radiation

Both Bo a,nd»B2 have negative signs while B1 is positive. B3 can
be zero,. negative, or positive, depending upon whether the response
approaches a zero derivative asymptote as for a single leaf, whether
the response is negative as in chlorophyll destruction, or whether the
response is positive as in heavy self-shading within a plant commun-
ity. (In the latter case the coefficient, B3, Qéuld probably be a

function of the leaf area index (L.AI).) B and B1 (respiration and

0

maximum net photosynthesis) are both dependent on temperature, but

szand B3 are temperature independent. Expression (4) can now be
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written:
Z = £(X) + g(X)(1-e"2Y) 4 B,Y (5)
where
X = temperature in degrees Celsius
f(X) = respiration as function of temperature

g(X) = net photosynthesis as function of temperature

A net photosynthetic response to temperature has been general-

ized by Pisek (1969) following his comparisons on a variety of plants.

™N

Net C 02
exchangg

X

Temperature
Figure 14. Generalized Psn response to temperature.

This function can be fit by a symmetric quadratic of the feliow-

ing form:

g(X) =B, + Bl'(X-BZ')Z (6)

This quadratic function is symmetric about BZ' which is the tempera-
ture at which photosynthesis has a maximum value of Bo'. Bl‘

determines the rate of change of photosynthesis with respect to

temperature and has units of ppm CO2 /hr/deg.



40

The steady-state photosynthetic data is plotted as a function of
temperature at each of five radiation levels (see Figure 15). A non-
linear curvefit program that uses a least-squares fit criterion was
used to estimate the parameters for g(X) at each radiation level. The
parameters appear in functional form on Figure 15 and are summarized

in the following table.

Table 4. Parameters from Equation (6) for five radiation levels.

Parameter
Short-wave :
g s Maximum Slope . Temp. of
radiation .
(ly /min) Psn coefficient max. Psn
(B0 (B1') (B2')
. 068 70.9 -.35 11.8
. 150 167. 4 -.48 19.3
. 190 196. 6 -.5h2 20,5
. 260 224.1 -.5h7 21.1

. 680 255.5 -.55 23.8

If the functional relationship for predicting net photosynthesis
from light and temperature is multiplicative (i. e., g(X)(l—eBZY)),
each parameter from Table 4 expressed as a function of radiation
would be of a form similar to the light curve. Figures 16, 17, and
18 show that these three parameters, expressed as functions of
radiation, do closely approximate the light curve form indicating the
functional relationship to be multiplicative.

The modeling of respiration (i.e., f(X)) over a wide tempera-

ture range is more difficult since response functions do not seem
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readily available from the literature. Also, respiration rates are
determined indirectly in this experiment by extrapolation of the photo-
synthetic light curve to zero and are more subject to error than
direct measures.

An estimate of respiration was made by extrapolation of hand-
fitted light curves at four temperatures. This data is graphed in
Figure 19. Since the relationship is only slightly quadratic, a
quadratic and a linear function were used to approximate respiration.
A non-linear curvefit technique using a least-squares fit criterion was

used to fit the data to the following model:

Z=B X+ (B, +B

0 1 2(

X-B3)2)(l-eB4Y) +B.Y (7)

where

BOX = respiration function = £(X)

Bl + BZ(

B

(1-e24 7y 4 B, Y

1t

2
X—B3) Psn temperature function = g(X)

Light curve function
Figures 20 and 21 illustrate three viewpoints for the surface

generated by the function:

Z = 5% + (391.3 - . 457((X-28. 98)2))(1-e 0 0¥y 4 Loo12Y (8)

Inspection of the response surfaces indicates that, generally,
the functions represent the expected Psn response of the plant system.
The single inaccuracy is the predicted increase in Psn at zero light

for negative temperatures. This is probably an artifact of the function
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-300< Z< 300 Z =ppm COz/hr
0<Y<0.9 Y =ly/min
-10 < X< 50 \ X=°C

PHOTOSTYNTHESIS=F< LIGHT. TEMPERATURE >

Figure 20. Photosynthetic response (Z) to light (Y) and

temperature (X).

Z=-5X+(391-.457((X-28.98)%))(1-e” 10-0°Y

(1 )+.0012Y
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that forces the linear respiration term through the origin. The B5
term is quite low (. 0012) indicating that light saturation approaches
a zero derivative asymptote. This suggests a minimum effect of
shading on photosynthesis at high light intensities.

Figure 22 is a frequency distribution of the residuals for function
(8). The distribution is skewed to the left which indicates that function
to overestimate the data.

Addition of an intercept coefficient for respiration while dropping

the ''self- shading' coefficient (BS) resulted in equation (9).

Psn =115 - 13.8X + (551 - .53((x-36.2)2))(1-e'10'8Y) (9)

A frequency distribution of the residuals (Figure 23) indicates a good

fit of the function. However, the function predicts net CO_ uptake at

2
zero light for low temperatures which is inconsistent with the plant
system although Walker (1971) has presented similar tentative findings
using a Siemens cuvette system.

The respiration term was altered from a linear function to a

symmetrical quadratic similar to that for net photosynthesis.

"4 Bln((X_BZn)Z)

Respiration = Bo

Bo" is the maximum respiration at temperature BZ". Since respira-

tion is the CO, flux from the plant, B

5 " is a negative quantity and

0

Bl" is positive. Figure 24 shows the response surface for the follow-

ing function considering maximum respiration to occur at BZ" equal
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Figure 23, Frequency distribution of residuals; equation (9).
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-300< Z< 300
0 <Y<.9

-10 <X<50

PHOTOSYNTHESIS=F<LIGHT, TEMPERATURE > : RESPIRATION QUADRATIC

Figure 24. Photosynthetic response (Z) to light (Y) and
temperature (X). Respiration is a quadratic function.

2 2 -10.49Y

) ) H4T72-.7T75((X-29.3) ))(1l-e ?

Z=(-294.7+.22((X-45. )
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to 45°C:

Psn. = (-294.7 + .22((X—45)2)) + (472 - . 775((X-29. 3)2))

(1-e” 10.49Y

) (10)

For light levels below .05 ly /minute and temperatures below
7OC, the function predicts an unexpected increase in net photosyn-
thesis., The same phenomenon can be observed in Figure 25 which
shows the response surface resulting from a quadratic respiration
function in which the temperature for maximum photosynthesis was
held constant at 23, 7°C. In addition, this function predicts abnor-
mally high CO2 uptake for low light levels at high temperatures. The
frequency distribution of the residuals for (1) is normally distributed
indicating the best fit of the function:when using a least-squares
criteria (see Figure 26).

Although the coefficient associated with the initial slope and the
transition region of the light saturation curve is normally considered
independent of temperature, it may be that this coefficient has some

‘temperature dependence in a plant community system. The

generalized expression can be writtens

(X)Y

7 = £%) + g(x)(1-e" XY (11)

where

h(X) = Bo + Bl((X - 23, 7)2)

A curvefit program that optimizes the fit of eight parameters
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-300 <z <300
0<Y<.9

0 <X<50

PHOTOSYNTHESIS=F< LIGHT., TEMPERATURE > ; RESPIRATION QUADRATIC

Figure 25. Photosynthetic response (Z) to light (Y) and

temperature (X). Respiration is a quadratic function.

Z=(-156.+. 58((X—29.8)2))+(408.2_ 1.17((x-23.7)2))(1-e‘10'41Y)
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resulted in the following function:
2 2
Psn = -328.4 + .16((X - 52.8) ) + (474.3 - .709((X - 30) ))

Y(10.45 - .007(X - 23. 7)2))

(1-e ) (12)

This function differs from the data by a weighted average of 3. 7% (see
residuals, Figure 27), but predicts net photosynthesis at zero light

intensity for temperatures less than 8°c.

Experiment Three

Figure 28 shows the results from monitoring net photosynthesis
for a 14-hour day compared to photosynthesis predicted from the step-
wise regression equation (3). In almost all instances, the predicted
exceeded the observed,

Figure 29 represents a comparison of the prediction accuraéy
between the stepwise equation (3) and the non-linear function (8) of
non steady-state conditions. Both models overpredict net photo-
synthesis for the range of temperatures and radiation programmed for
this 14-hour day. In general, the non-linear model seems the better

predictor for this experiment. Note that the deviations between

predicted and observed photosynthesis of the stepwise model are

completely in phase with the deviations calculated from the non-linear

model.
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CONCLUSIONS

Both the non-linear and the stepwise models explicitly point
out the nature of the interaction between temperature and light in
predicting net photosynthesis. The explained variation in photosyn-
thesis was increased significantly when multiplicative interaction
terms of radiation and temperature were included in the stepwise
analysis, The response surface of the non-linear model more clearly
shows the logarithmic increase in temperature controlled photosyn-
thesis as light energy increases. Comparative photosynthetic
responses of various plant systems to light and temperature would be
misleading without some measure of this interaction.

The prediction of net photosynthesis at zero light is an artifact
that results from a lack of critical data. Since there arenodata below
6° and because there are no photosynthetic data at very low light
levels, the function that predicts respiration is weighted by the curve-
fit program at terhperatures above 6°. The only way to force the
respiration function to conform to the known photosynthetic response
is to fix the algebraic sign of the coefficients. This was done in
equation (1) with the resulting biased fit of the data as seen in the
skewed distribution of the residuals. Additional work is needed before
the model can be extended to low light levels (5% full sunlight) at

temperatures below 6°.
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The non-linear equation (12) predicts net photosynthesis within
a. weighted average of T3, 7%. This excellent fit coupled with the
known physiological responses associated with the coefficients indi-
cates that the model is structurally reliable. However, additional
variables are needed before net photosynthesis can be used to predict
primary productivity so the model can be field tested. The photo-
synthetic response to preconditioning, plant moisture stress, and
vegetation density are the most important independent variables that
require future work. The computer-linked controlled environment
system that was developed as a part of this project can be a powerful
tool for collecting the large quantites of data needed to model these

additional response functions.
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APPENDIX

The controlled environment system was characterized prior
to experimentation with plant systems. The data and experimental
methods are described.

The system was tested for leaks by increasing the chamber CO2
concentration to 80 ppm above that of ambient concentration. Normal
environmental conditions were established and the rate of CO2
decrease measured with the gas analyzer. To localize any leaks, the
system was pressurized to 1 cm of water with 20% Freon-12. Leak-
age was determined with an electronic thermalconductivity cell and
leaks plugged with silicone sealant. The system was similarly leak
tested prior to placing plants in the chamber for each experiment,
The ambient CO2 concentration was determined prior to each experi-
ment and held constant by simply opening the laboratory door to the
outside air.

Light spectra were measured with an ISCO spectroradiometer,

model SR. The instrument was recalibrated every three weeks with a

‘quartz-iodine lamp calibrated by the National Bureau of Standards.

The output from the radiometer was digitized onto paper tape and
relayed to the computer for processing. The relative spectrum was
checked at several points in the chamber and found to be constant.
Several of these spectra are on pages 68 and 69. A computer pro-
gram was prepared to integfate the spectra to obtain measurements
on the light energy available between any two wave lengths. Some of
these data appear on page 70.

Spectra for lamp filters were determined and appear on page
71. Spectra for several combinations of filters appear on page 72,
In general, all light filters tend to have a constant percent trans-
mission in all wave bands except in the ultraviolet.

As the xenon arc aged, darkening appeared in one-half inch
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bands next to both electrodes. Also, considerable spattering of the
tungsten electrodes caused a thin white film to form on 50 to 70% of
the inner surface of the burner tube. This caused a 15% decrease in
output in the first 100 hours and a slower rate (2% /100 hours) there-
after.

Measurements of light uniformity were made with a Kipp
solarimeter whose output was taken on a microvolt meter, Data were
taken for three different horizontal planes and at nine points within
each plane. The data appear in Table 7 on page 74, Horizontal
uniformity is within 15% and the usual decrease in energy as a
function of distance from the light source is observed.

Temperature uniformity was determined by locating seven
thermopiles at various points throughout the chamber (see Table 8,
page 75). The output was digitized onto paper tape with the data
acquisition system and the millivolt signal reduced to degrees C with
a computer program. The data were taken with lights off since high
radiation loads necessitated that the thermocouples be thoroughly
shielded and insulated to obtain reproducible temperature data. The
data indicate uniformity to be within 1°C and that chamber temperature
is within 1°C of that programmed.

The accuracy of the cam programmer was determined by cutting
the cam to produce a sine wave with a 24-hour period, and monitoring
the temperature in the center of the chamber at ten minute intervals
for 24 hours with an electric psychrometer. Millivolt output from
the psychrometer was digitized and reduced to degrees C, The graph
on page 76 shows the chamber temperature and the programmed
temperature for a 24-hour period. In only one instance did the
chamber temperature deviate from the programmed temperature by
more than 1°C.

Vapor pressure uniformity was not rigorously tested since a

constant temperature profile assures a constant vapor pressure
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profile in a closed system. The accuracy of a cam programmer for
‘wet bulb depression was determined simultaneously with dry bulb
temperature. The results appear on page 77. The graph shows that
for the morning hours from 7 to 11 AM, wet bulb depression was less
than that programmed. This is due to an excessive accumulation of
the cooling coil during high relative humidites during the night. The
water vapor precipitator was inadequate to remove large volumes of
water from the system during short time periods thus causing in-
creased humidities. Once the cooling coil was dried, the wet bulb
‘depression was maintained within 1°C of the programmed wet
depression.

The air velocity profile was measured with a Thornwaite
anemometer. The data are presented in Table 9 on page 78,

The COzrcontrol system can be evaluated by referring to the
graph on page 79. Pulse height is reproducible within 5 to 10% and

mixing within the chamber occurs within ten seconds.
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Table 5. Energy distribution between visible and infrared spectra of xenon arc.

cee . %o
Position in Waveband M1crov2/atts/ Ly /min Visible /
chamber¥* cm

total

24,15, 12 375-725 20363 0.29
725-1100 24351 0. 35 45, 3

24,15, 18 375-725 26913 0.38
725-1100 32597 0.47 44,7

24,15, 12 375-.725 39532 0.57
725-1100 47546 0. 68 45. 8

ale
-+

ok Data from integration of spectra, Figure 31.
Refers to inches from a reference point (0,0, 0) in the x, y, z coordinate system,

Reference point is lower front corner of chamber near supply air plenum,
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Table 6. Short-wave radiation transmission of xenon arc for
several filter combinations,

18' from floor.

Filter

combination mV Ly /min
All 0.22 . 025
Double grey + grey + white 0.41 . 043
White + gfey + single grey 0.76 . 081
Grey + white 1.33 . 142
Grey 1. 62 . 173
Double + single grey 1. 65 . 176
Double grey + -white 1.82 . 194
Double grey 2.28 .243
White + single grey 3.36 . 358
Single grey 4. 14 . 441
White 5.82 .619
None 7.43 . 790




Table 7. Radiation uniformity in the environment chamber.

Position of radiometer*

X%, ¥, z (inches) mV Langleys

24, 15, 18 7.2 L7
4, 15, 18 7.0 .75
44.5, 15, 18 7.2 17
44.5, 3.5, 18 7.5 . 80
44, 25, 18 7.0 .15
24, 27, 18 6.9 .73
24, 5, 18 6.6 .69
4, 27, 18 5.9 .61
10, 27, 18 7.6 .81
3.5, 3, 18 7.3 .78
3.5, 3, 24 8.1 .86
3.5, 15, 24 7.8 . .83
3.5, 27, 24 7.4 .78
11, 27, 24 8.1 .86
24, 27, 24 8.2 . 87
24, 15, 24 10.5 1. 12
24, 6.5, 24 8.6 .91
44, 4.5, 24 7.6 .81
44, 15, 24 8.1 .86
44, 27, 24 7.5 .80
24, 15, 12 5.5 .59
24, 26, 12 5.7 . 60
24, 4, 12 5.3 .57
4, 26, 12 6.4 . 68
4, 15, 12 6.7 .71
4, 4, 12 6.6 .20
44, 15, 12 7.1 .75
44, 26, 12 6.5 .69
44, 4, 12 7.2 77

*
Reference 0,0, 0 is the lower front corner near the supply air
plenum.



Table 8. Temperature uniformity in environment chamber.

Programmed Actual temperature
temp. Position (x, y, z)¥
(C) 4,15, 18 24,15,18 44, 15,18 24,4,18 24,22,18 24,15,36 29,15,4
16 . 15.9 16.3 15.9 16.7 16.8 16.3 16.6
20 20.6 21.0 20.5 20.9 21.3 20.1 19. 6
25 25.5 25.4 25.5 25.5 25.5 25,7 25.9
30 30.1 29.5 30.3 29.5 29.2 30.2 30.4
35 35.4 34.5 35.8 34.3 34.1 35.6 36.0

%
Reference position (0, 0,0) is at the lower front near the supply air plenum.
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Table 9. Air velocities in chamber.

Anen?o.meter mph m/sec
position*

24, 15, 18 1.3 .582

24, 15, 9 1.5 L671

24, 15, 24 1.85 . 827
4, 15, 9 2.8 1.25

44, 15, 9 1.2 . 537

e

"Reference position (0, 0, 0) is lower front of chamber

near supply air plenum.

Table 10. Nutrient solution used for red alder,

Chemical
KZSO4

- 7
HgSO4 HZO
KH2 PO4
KZHPO4

Ca,SO4 . HZO

Ca,Cl2
NH4NO3

Microelements

H3BO4
MnSO4 . 4HZO
- ZnSO .- 7HZO

4
CuSO4 . SHZO
Na,MoO4 . ZHZO

FeEDDHA

Molar concentration

0.0016
0. 002
0.00017
0.00083
0. 006
0. 0005
0.001

ppm.
.25
. 05
. 05
. 02
.01
1.0
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