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Introduction

The climate near a plant affects the leaf temperatures, the
transpiration rate, and the photosynthetic rate and productivity
of the plant. Climate is described by the fluxes of radiation
incident upon a plant, the air temperature, the wind gpeed, and the
water vapor pressure or relative humidity of the air. Climate in-
teracts with a plant by the flow of energy between the plant and
the enviromment. If the energy input to the pimwtedwipdygh Lhe
plant temperature may be relatively high. If the energy input to
the plant is low the plant temperature may be relatively low.

Some of the energy received by a plant is consumed with the
evaporation of water from the plant. In fact, the rate of evapora-
tion, or transpiration rate, is an intimate part of the plant energy
budget and directly affects the plant temperzture. ilot only must
energy be available for water to be transpired by the plant, but the
water vapor must diffuse along a water vapor pressure gradient from
within the leaf mesophyll to the free air beyond the boundary layer
adhering to the leaf surface. In order for transpiration to occur
both energy nust be available and diffusion must occur.

If a plant is to photosynthesize it must take in carbon dioxide
to the chloroplasts embedded in the cells of mesopiyll. If water

vapor diffuses outward from the mesophyll through the stomates
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then carbon dioxide may diffuse inward through the stomates to the
mesophyll and the chloroplasts. The rate of diffusion of carbom
dioxide into the mesophyll depends upon the existence of a vapor pres-
sure gradient of carbon dioxide from the air to the chloroplasts with-
in the leaf. However, the concentration of carbon dioxide at the
chloroplasts depends upon the relative rates of photosynthesis and
respiration by the chloroplasts. The rate of respiration is a func-
tion of leaf temperature and somewhat a function of the amount of
light. The rate of photosynthesis is a function of leaf temperature
and of light quality and quantity at the chloroplasts.

Productivity, or the assimilation of carbon dioxide by the plant
which imvolves the fixation of carbon dioxide to glucose phosphate,
depends upon the leaf temperature, upon the amount of light, and upon
the diffusion of carbon dioxide into the leaf. Hence, the energy
budget of the leaf and the gas diffusioa of water vapor, carben dioxide,
and oxygen must all occur in a self coasistent manner such that one
process does not contradict another. It is the purpose here to de-
scribe the manner in wvhich the environment or climate of a plant leaf
affects the productivity of the plant through the exchange of emergy

and the diffusion of gases.
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Energy Exchange

Energy is transferred to and from a plant leaf by radiation,
convection, and transpiration. The processes of energy exchange
for a plant leaf have been discussed in detail by Gates (1968).
1f a plant leaf is in energy equilibrium with its enviromment the
leaf temperature T, is given by the solution to the following
equation.

d (Tz) -r.h. sda (Ta)

1/2
Qpg = €9T" + K cg) (i = 13) + L (T) st

*e (1)

0.20 _0.35
pofy + k2 ¥ D
2 033

where the term Qabs = radiation absorbed by the leaf, £ = cmissivity
of leaf, ¢ = Stefan Boltzmann constant, (o = 8.132 x 10711 cal em~2
min-l °"4), V = wind speed in cm sec '1, D = characteristic dimension
in cm of the leaf in direction of air flow, '1‘a air temperature °C,

L (Ty) = latent heat of vaporization as a function of leaf temperature
(L = 580 cal gm-l at 30°C, sdg (Tl) = gaturation density of water vapor
ingide the leaf substomatal cavity as a function of T;, gd, (Ty) =
saturation density of water vapor of the air as a function of the air
temperature T,, r.h. = relative humidity of the air, Hzorl = internal

1

resistance of the leaf to water vapor in min ecm™~, and W » character-

istic leaf dimension in cm in direction transverse to the air flow.




-

by

-1

2 nin

Each term in Eqn. (1) is expressed in cal cm™ and the coef-
ficients are all defined such that each term comes out in these units.
The following values were obtained for k1 and k2 from careful measure-

ments of leaves in a wind tunnel, .
fr

If WD or W=D>5 cm or 10 em k, = 10x10~3 k, = 35x10~3
1 2 o antises
If  W<D<lOcp or WeD<5 cm k, = 16.2x1073 K, = 26x12073

The transpiration rate of a leaf is the rate at which water vapor
diffuses out of the leaf into the free air beyond the boundary layer
of air adliering to the leaf surface. The transpiration rate E in

gm cm~2 min~} 1s given by

. - g4 (Tp) = r.h. gda(Ty)
w020 [0.35
VO.JS

Hy0%, + ko (2)

W0.20 p0.35
.___zrgg__m represents the resistance of the leaf boundary
VY.

layer which is proportional to the dimensions of the leaf and in-

The quantity ko

versely proportional to the air speed across the leaf. The character-
istic dimensions of a leaf are discussed for leaves of various shapes
by Parkhurst, Duncan, Gates, and Kreith (1963).

1f the transpiration rate, as given by Eqn. (2), and the leaf

temperature, as given by Eqn. (1), are evaluated ag_a function of
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abs’ Ta’ r.h., V, and uzorz one can express the results in various

graphical forms. One such form is to plot the dependent variables
of transpiration rate and leaf temperature as a function of air

temperature and leaf resistance as shown in Fig. 1 or as a function

of wind speed and leaf resistance as shown in Fig. 2. Other relations

could be shown and are discussed by Gates (1963).

Carbon vioxide Diffusion

In order for a plant to photosynthesize carbon dioxide must
diffuse from the air into the leaf mesophyll through the stomates.
Lowever, in addition to the pathway for water vapor from the sub-
stomatal cavity through the stomate and boundary layer of adhering
air, carbon dioxide diffusing into the leaf to the chloroplasts
must diffuse through the cell walls and cellular cytoplasm. There-
fore there 1s additional resistance for the passage of carbon
dioxide into the leaf than there is to water vapor passing out of
the leaf. For the same pathway the ratio of resistance for carbon
dioxide to resistance for water vapor is approximately inversely
proportional to the ratio of the diffusion coefficients. The dif-

fusion coefficient for water vapor in air is approximately 0.24

2 1 2

cem “sec” " and for carbon dioxide in air is approximately 0.14 cm™
sec™l, The ratio of these is 1.7. Hence,

co,F," 147 50ty + coyty

vhere cozrm is the mesophyll resistance to carbon dioxide diffusion.

3)
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The total resistance to carbon dioxide diffusion from the free air
beyond the boundary layer to the chloroplast must include the boundary

layer resistance. Hence,

1.7 171 ”0.20 D0.3S *
r = T, + r, =1, Yo + .. % ol kg b

The driving force for the diffusion of carbon dioxide into the
leaf is the concentration difference between the density of carbon
dioxide in the free air COZda and the density of carbon dioxide in
the leaf at the chloroplast COsz‘ llence, the diffusion equation
for carbon dioxide is written:

d. . d d - dg
. " Cop @ = COp % _Coya .coz ()

VO.JS

The rate of net photosynthesis of the leaf cannot exceed the
rate at which carbon dioxlde is supplied to the chloroplasts by
dlffusion. For a given concentration of carbon dioxide in the air
the maximum rate of carbon dioxide diffusion is acliieved when the carbon

dioxide concentration at the chloroplast dz is zero. If the normal

Ccoz
concentration of carbon dioxide in the air of 1,25 x 1078 moles cm™3

is assumed to be the concentration difference between air and chloro-
plast (which assumes that the concentration at the chloroplast is weroc)
one can calculate the maximum rate of diffusion of carbon dioxide into
the leaf as a function of the total resistance to flow of carbon dioxide,
of air speed at the leaf, and of leaf dimension as shown in Fig. 3.

The intersection of the lines of constant wind speed and leaf dimension

with the ordinate give the maximum photosynthetic rates possible,
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as lfwited L. ca-bon dioxide diffugion, when the iuternzl diirfesion
resistance 002'1 = 0 and the diffusion rate is limited only by the
resistance of the boundary layer of adhering air at the leaf surface.
All plants must function within these limiting rates of carbon
dioxide diffusion. If there is some internal resistance to diffu-
sion, as indeed there always is, then the maximum possible photo-
syathetic rates are even less than without internal resistance and
the rates are seen directly from Fig. 3. The straight line which
is approached as the wind speed increases is tne limiting case of
maximum carbon dioxide diffusion when there is no adhering boundary
layer of zir and hence no boundary layer resistance; a situation

approxinated only at maximum wind speed.

Obserxvations of Photosynthesis

llany measurements now exist to show the relation lLetween

photosynthesis and temperature or between photosynthesis and light
for whole plants or for single plants leaves. The exaiples shown in
Fig. 4 are taken from Ll-Sharkawy aud Hesketh (1964) and are typical
of many similar curves which are published for other plants. Each
species will have a different relation between photosynthetic rate
and temperature and differences will occur within species which have
had different environmental historics; see Mconey and West (1964).
Clearly the photosynthetic systems of plants are regulated by a
complex of enzymes which respond to temperature and light. Alpine
plants have optinum photosynthetic rates at temperatures as low as

12°C and some tropical grasses may have optima at temperatures as high
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as 40°C. Some higher plants will ceasc photosynthesis at temperatures
between 40 and 45°C while some will photosynthesize at temperatures up to
60°C. Brock (1967) indicates that there seems to be a definite upper

limit to photosynthetic life at a temperature of about 75°C for procaryotic
algae. Some bacteria continue to live at temperatures as high as 90°C,

see Bott and Brock (1969). It is suggested that organisms do not evolve
proteins which are much more stable than they need to be for the
environmental conditions encountered by the organism. sdn- -f3sbedfa.

seems that au organism will have optimum photosynthesis at a tempera-

ture compatible for the upper limit for growth.

The photosynthetic curve for a bryophyte, Bryum Sandbergii, as a

function of temperature is shown in Fig. 5. This moss has an optimum
at about 30°C and would not photosynthesize at temperatures above

about 45°C. In contrast to the higher plants the moss does not take

in carbon dioxide through the stomates but rather through the cuticle
and cell valls directly. The photosynthetic rate as a functiéﬁ of light
is discussed by liesketh and licss (1963) but is not included as a part

of the analysis presented here.

Kinetics of Photosynthesis

The relations observed for whole plants or whole leaves between
photosynthetic rate and temperature or light are the products of all
mechanisms by which carbon dioxide enters the leaf and by which assimi-
lation takes place at the chloroplasts. In order to understand the
specific influence of envirommental or geophysical factors on photo-
synthesis or productivity it is necessary to separate the kinetics

of photosynthesis from the dynamics of energy exchange and gas diffusion.
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It is well known that many enzyme catalyzed chemical reac-
tions proceed according to the itichaelis-Menton Equation which
describes the ratc of reaction as a function of substrate concentra-

ticn. Hence, if P is the photosynthetic rate, Py is the maximum

photosyntheti« rate possible, and Cquz is the concentration of carbon

dioxide at tle chloroplasts, then:

where K is the Michaelis constant for the rate of reaction.

If the gas diffusion equation is written:

d, - d
Co,"a ~ CO,”%
r
Coq
dence,
(8)
P= -
co,” ¥ “cop%a T o
or !
COZdl - COZda - P (9) .
Substituting this into Eqn. 6 one obtains
P,
P= i — (16)
+ S
1 COzda -rP

This is now a quadratic in P with two roots.
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One knows that as co dé + « that P + Pm. On this basis one

2
finds after algebraic manipulation that the root with the minus sign

is the only acceptable root to the problem. Hence the solution to
the quadratic equation is:

2 1/2z
(co,T Pm + K + co,da) - [co,r P + K + go,da)” = & copf co,da Pl

‘2 r
€Oy (11;

P =

It can be shown that

d Pm co da
lin P=2022%apd limp e o 022
o> Co,F co,r*o K+ g4y Q2

The values of COzda and Cozr are fairly easy to obtain. The

normal density of carbon dioxide in the air is 300 to 310 ppm or

3 at standard temperature

5.90 x 1077 gm en™3 to ¢.25 x 1077 g o
and pressure. Thue total resistance to carbon dioxide diffusinn can

take any value from a minimum near 0.017 min em! or 1.0 sec cm—1 to
infinity. Tha appropriate values of Pm and K must be evaluated for a
particular plant. It is noticed from Eqn. (6) that K has the same units
as Cozda or Cozdl’ e.g. ppm or gm cm~3., From data by Hesketh (1963) a
determination was made of P and K for tobacco and maize. The values
obtained are as follows: for maize, K = 800 ppm or 3.3 x 1078 moles of
€0, em™3 and Py = 1.07 x 108 moles of co, cn~2 sec™l and for tobacco,

K = 5000 ppm or 21.0 x 10-8 moles of CO, cm-3 and Pm « 3.1 x 108 moles

of C02 cn~2 gec~1,
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Tenperature Fuanctions

In order to proceed with our analysis of the photosynthesis of
higher plants we need to know the maximum photosynthetic rate for the
chloroplasts of higher plants as a function of their temperature when
supplied with a saturated concentration of carbon dioxide when the flow
of carbon dioxide is not limited by diffusion. Since the data we need
are not available we must resort to an assumed temperature response
for P. In order to estimate such a response we have reviewed the
information available in the book by Johnson, Eyring, and Polissar (1954)
concerning the chemical kinetics of enzyme systems and of organisms.
Examples of the temperature dependence of moderately simple systems
are shown in Fig. 6. Further consideration led us to believe that the
temperature dependence of the photosyuthetic rate of a bryophyte,
without a gas diffusion pathway, might better approximate the situation
for chloroplasts of higher plants. This is because a bryophytc has
no stomates and the only resistance to carbon dioxide diffusion is
resistance offered by the cell walls and cytoplasm. A photosynthetic

temperature curve for Bryum Sandbergii taken from Rastofer and Higinbothom

(1265), which has been shifted 12.5°C toward higher temperatures, is
shown in Fig. 7. ilormally its optimum temperature is at 33°C, but since
we wish to apply a curve of this shape to the photosynthesis of sorghum,
which has a high optimum temperature, we have shifted the optimum
temperature to 42.5°C. In other words, we are using the photosynthetic

curve for Lryum Sandberzii merely for shape and the curve shown in Fig.

¢ 18 the model upon whiclh we wish to base our calculations in order to
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demonstrate the procedure by which we are estimating the photosynthetic
productivity of highér plants. If we were to estimate the photosynthetié-
rate of a plant with an optimum at lower temperatures, then a model curve
for Pm(Tg) would be selected with a low temperature optimum.

The temperature function for Pp(T;) 1s based on Fig. 7, but the
photosynthetic rates, P, determined by the chemical kinetics and gas
diffusion, are calculated from Eqn. 11. The shape of the curves
obtained for P depend upon the specific values of Py and K chosen for
a partlcular species of plant as well as the resistance to co, diffusion.
For example, if Py = 5 x 10~8 moles €O,y em-2 sec'l and X = 6 x 10_8 moles
COq cu~3 then for a concentration of carbon dioxide in air of 1.25 x 1079
woles COy cm3 one calculates from Eqn, 11 the photosynthetic rates P
as a function of leaf temperature T, and total resistance Co,T to carben
dioxide and obtains the curves shown in Fig. 3. It is interesting
to note that for low values of total resistance the photosynthetic
rates are quite sensitive to temperature, but at high resistances the

rates are very insensitive to temperature.

Photosynthesis of Hicher Plants

In order to select the proper values one must consider now a
specific plant. Since there are measuremcnts of the phLotosynthetic
rate of Scrghum by Fl-Shark_ .,y and Hesiketh(1964) we used the observed
data in order to determire a set of values for P and K. A value of
P at T, was read from their photosyuthetic curve. The value of P at
optimum temperature T, = 42.5°C was 0.44 x 107 moles cm"2 sec’l. at

this stage it is assumed tnat the observed photosynthetic rate at
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maxioum, e.g. 0.44 x 10"8 moles cw2 sec"l, is diffusion limited
and that the concentration of carbon dioxide at the chloroplasts is
zero. Reference to Fig. 3 shows that for P = 0.44 x 1078 moles cu™?

-1 -1

sec™! = 1.9 x 1077 gm CO, em2 sec™! the maximum resistance possible

to carbon dioxide diffusion is about 3.0 sec cm_l. This assumes a carbon
dioxide concentration of zero at the chloroplasts. For kinetic reasons
this is not realistic. If one assumes a more realistic concentration

at chloroplast, e.g. half atwospheric concentration, then COof = 1.5

sec cm_l. Equation 10 indicates that various specific pairs of K aad

P represent P = 0.44 x 1078 moles cn~? sec™l for Co,t = 1.5 sec cr1

and cozda = 1.25 x 10”° moles cm™2 secl. The value of K for Sorghum
must be estimated from the data available for maize since the appropriate
information concerning photosynthesis as a function of carbon dioxide
concentration is not available for Sorghum. K is determined from the
observational data of Hesketh (17(3) for maize plctied ancording to

the Lineweaver - Burk method (1/P versus I/COZda)‘ The va2lue obtained
for K is 1.0 x 10™° moles CO2 em™3. Then from Eqn. 10 the value for

P, is 1.19 x 108 moles co, em~2 sec™l, Using this pair of values of

Pm and K, derived from maize for application to Sorghum, and using the
tewmperature dependence relation for Py (Ty) which wes baszd onm Fig. &,

1 a curve for

one can calculate from Eqn. 11 for COzr = 1,5 sec cm”~
photosynthesis P as a function of Ty for Sorghum. The calculated curve
is shown in Fig. 9 wvhere it is compared with the observed photosyrthetie
rate for Sorghum as a function of the temperature. It is interestiwg

to note that the rates of photosynthesis at optimum temperature aud

the shapes of the two curves agree rather well. The departure at very
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high temperatures, e.g. at Ty > 50°C, would be corrected if respira-
tion was included in the calculations.
A similar procedure to that used for the calculation of the photo-

synthetic rate of Sorghum as a function of temperature was used for

3 8

cotton for which K = 1.0 x 107> moles C0, cm ~ and P = 1.186 x 10~
moles CO2 em2 sec~l. Estimating a total resistance to carbon dioxide
diffusion for cotton one gets the calculated photosynthetic-temperature
curve shown in Fig. 10. The shape of the calculated curve agrees well
with the shape of the measured curve. The two curves would superimpose
if the total resistance to carbon dioxide diffusion was reduced from 5.0

sec cu~l to about 4.0 sec cm’l.

G.ophysical Factors Affecting Productivity

It is of interest to explore the dependence of photosynthesis
and transpiration on the envirommental conditions expressed by radiation,
air temperature, wind speed, and relative humidity. By means of Eqns. 1
and 2 one can calculate the leaf temperature and transpiration rate for
any set of Qabs’ Ta’ V, and r.h. From Eqn. 11 one can calculate for
a particular plant the photosynthetic rate as a result of the kinetics
and gas diffucion for each particular leaf temperature. The results
of these calculations are shown in Figs. 11 and 12, It is interesting

to note the ratio of the number of carbon dioxide molecules assimilated

iérthe numberréf water molecules transpired. At a relative humidity
of 50% the ratio is between 1/100 and 1/300 as seen in Fig. 11, A=~
high temperatures and low resistances an increase of wind speed produces

an increase in the amount of water loss and of the photosynthetic rate,
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but the ratio 1/H decreases and the efficiency for productivity dim.rishes.
Here N is the number of water molecules transpired for every carbon
dioxide molecule assimilated. At low air temperatures throughout an
increase of wind speed will reduce photosynthesis, reduce transpirationm,
and increase the ratio 1/W. At high air temperatures and high resistance
an increase of wind will increase photosynthesis, decrease transpiration,
and increase the ratio of 1/M.

In Fig. 12 one sees the influence of relative humidity on the
photosynthetic rate and transpiration rate. At any given temperature
a decrease of humidity increases the inefficiency of productivity, in
other words it decreases the ratio 1/X. Also an increase of tempera-
ture always produces a reduction in the efficiency of productivity.
It is also of interest to note that under certain conditions of high
humidity, an increase of air temperature produces first an increase of
photosynthesis and then a decrease since the leaf temperature is
exceeding the optimum temperature. However, at low humidity an increase
of air temperature almost always produces an increase of photosynthetic
rate except at very high resistances. The number of water molecules
transpired to each carbon dioxide molecule assimilated may vary from
100 to 50V for plants of high resistance when going from very humid
to very dry air. At low temperatures an increase of resistance results
in a slight increase of photosynthetic efficiency, while at high teupera-
tures an increase of resistance results in a decrease of photosynthetic
efficiency. The ratio of the number of water molecules transpired to
the number of carbon dioxide molecules assimilated ic given as a function

of air temperature and leaf resistance in Figs. 13 and 14 for wind speeds
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of 10 and 50 cu sec™!

respectively. At the higher wind speeds the
photosynthetic efficiency increases with an increase of resistance for

most air temperatures normally encountered.
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Transpiration rate and leaf temperature as a function of the
air temperature and the leaf resistance for cthe conditionms
indicated.

Transpiration rate and leaf temperature as a function of the
wind speed and the leaf resistance for the conditions in-
dicated.

Flux of carbon dioxide into a leaf of shape W = D as a func-
tion of tgtal resistance to_carbon dioxide for a wind of
10 cm sec ! and 100 cm sec™) for D = 1, 5, 10, and 20 cm.

Observed net photosynthesis as a function of the leaf tempera-
ture for Sorghum, sunflower, and cotton.

Relative rate of net photosynthesis for the bryophyte
Bryum Sandbergii as a function of its temperature.

Relative luminescence of bacteria and multiplication of
Echeri coli as a function of temperature.

Relative photosynthetic curve as a function of temperature
with an optimum temperature of 42.5°C but with the shape
of the curve based on Fig., 5 for Bryum Sandbergii.

Calculated net photosynthesis as a function of leaf tempera-
ture and diffusion resistance to carbon dioxide for an air
concentration of 1.25 x 1078 moles of CO, cn °, a maxigum
photosynthetic rate of 5 x 1078 moles of 09 em~2 sec” » and
a Michaelis-Menton coefficient of 6 x 107" moles CO, em™3.

Comparison of calculated and observed net photosynthetic rate
for Sorghum as a function of the leaf temperature.

Comparison of calculated and observed net photosynthetic rate
for cotton as a function of the leaf temperature.

Calculated net photosynthetic rate and transpiration rate as
a function of the air temperature, the leaf resistance,
and the wind speed for the conditions shown.




Fig. 12, Calculated net photosynthetic rate and transpiration rate
as a function of the air temperature, the leaf resistance,

and the relative humidity for the conditions shown.

Fig. 13. Ratio of transpiration rate to net photosynthetic rate as a
function of the air temperature and the diffusion resist-
ance for the conditions shown. A low value of E/P repre-
sents a high photosynthetic efficiency in terms of low water

use per C02 molecule assimilated.

Fig. 14, Ratio of transpiration rate to net photosynthetic rate as
a function of the air temperature and the diffusion resistance

for the conditions shown. A low value of E/P represents a
high photosynthetic efficiency in terms of low water use
per CO2 molecule assimilated.
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