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ABSTRACT 

Differences in photosynthetic rates among species in 300 ppm 

COg, intense light, and optimal temperatures were studied. Differ

ences among species were associated with three characteristics: 

(l) respiration in zero COg and intense light, (2) stamatal diffu

sion resistances, and (3) a third factor, the exact cause of which 

is still unknown. 

Upon considering the diffusion theory of CO^, the first char

acteristic would have to be associated with differences in sources 

of COg and resistances to CO^ diffusion in the leaf# Such considera

tions suggest differences in anatomy. Internal surfaces of cell walls 

exposed to the air were calculated for different species using the 

method of Turrell (1936). Camera lucida drawings of sections of 

leaves in two dimensions for 11 dicotyledonous species and in three 

dimensions for U monocotyledonous species are included in the disser

tation. The ratio of the internal exposed surface to volume of cells 

(S/V cell) was larger for species having photosynthetic rates about 

—2 —X 60 mg COg dm hr than for species with photosynthetic rates from 

—2 —X 
20 to SO mg COg dm hr . Corn, sorghum, bermudagrass and Amaranthus 

2 1 palmeri possessed high photosynthetic rates (60 mg CO^ dm hr ), 

high S/V cell ratio and their vascular bundles were enclosed within 

sheaths of large and compact cells. 

COg diffusion resistances in air (r&), stomata-leaf air spaces 

(r ), and cell wall-liquid phase (r ) were calculated from 
s in 

vii 
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photosynthetic and transpiration deterainations according to laaatra 

(1959)- From theoretical derivations of the diffusion and the dark 

reaction equations, it was concluded that information abotri the third 

characteristic was included in the asswptions of the calculations; 

namely, the estimation of GO^ concentration at the chloroplart. How

ever, new information was gained about such calculated resistances. 

Corn had values of r :r :r of 1:1.5:1 sec on~* when ? was 60 m a s m  
-2 -1 C02 dm hr • Species with the third characteristic had similar re

sistances when P values were corrected for respiration in light and 

zero CO.: r and r increased for species with the second and third 
£ s m 

characteristics. If one assumes that the third characteristic is as

sociated with rates of dark reactions, then CO^ concentration at the 

chloroplast probably increases by 25 per cent to drive the reactions 

as fast as when this difference is not present. This is the only 

situation when this concentration should differ aaong species* 
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photosynthetic and transpiration determinations according to Gaastra 

(l959)• From theoretical derivations of the diffusion and the dark 

reaction equations, it was concluded that information about the third 

characteristic was included in the assumptions of the calculations; 

namely, the estimation of CO^ concentration at the chloroplast. How

ever, new information was gained about such calculated resistances. 

Corn had values of r :r :r of 1:1.5:1 sec cm""*" when P was 60 mg 
a s m  

-2 -1 COg dm hr • Species with the third characteristic had similar re

sistances when P values were corrected for respiration in light and 

zero COgj rg and r^ increased for species with the second and third 

characteristics. If one assumes that the third characteristic is as

sociated with rates of dark reactions, then CO^ concentration at the 

chloroplast probably increases by 2$ per cent to drive the reactions 

as fast as when this difference is not present. This is the only 

situation when this concentration should differ among species. 



INTRODUCTION 

Much has been learned about the chemical and biophysical mecha

nisms of plant photosynthesis. The chemical reduction of COg into 

organic compounds and the physical mechanism involved in transforming 

light energy into potential chemical energy have been studied exten

sively. Although a large number of factors related to the plant and 

its environment control the overall reaction of photosynthesis, few at

tempts have been made to investigate the complexity of the plant-

environment interrelationship, due to the lack of efficient techniques 

and methods to control the wide variability in the natural habitat of 

plants. Previous work on environmental factors was directed mainly 

toward the physical features of climate and soil with less considera

tion of the plant as a member of this domain. 

In the last few decades the plant-environment complex has drawn 

the attention of a large group of investigators. Photosynthesis as a 

major process in the biological system became an active area of re

search, especially after the development of the rapid and more effi

cient technique of the plant chamber and infrared COg analyzer. 

Several papers have been published about the effects of ecological 

factors on the net assimilation rate of different plant species. How

ever, the objectives of these studies were quite diverse, and only few 

experiments were conducted to study the rate of photosynthesis under 

natural conditions. As a result, conclusions were reached that most 

land plants essentially have the same rate of GO^ uptake, and a value 

1 
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-2 -1 
of 17 to 20 mg C02 dm hr was assigned to the herbaceous mesophytes 

(Verduin, 1953)* Although Russian scientists observed higher rates, 

there was a strong tendency to accept the above-mentioned results until 

recently. 

Recent studies by American (Hesketh, 1963; Hesketh and Moss, 

1963), Japanese (Murata, 1961; Murata and Iyama, 1963b), Swedish 

(Jarvis and Jarvis, 1961|.) and Russian workers (Strogonova, 19610 have 

revealed a wide range in rate of photosynthesis among species* Grasses 

such as corn, sugar cane, and bermudagrass have rates as high as $0 to 

—2 -1 
60 mg COg dm hr (Hesketh, 1961; Hesketh and Moss, 1963; Iyama and 

Murata, 1963b). Low rates of less than 20 mg COg dm hr were asso

ciated with trees and cold-tolerant plants. Limited stomatal area was 

suggested as a causative factor for low rates of photosynthesis (Hes

keth, 1963). 

Hesketh (1963) also found that species with low photosynthesis 

increased their rates when provided with more light and COg, but a 100 

per cent difference still exists among several plant species. Since 

the factors controlling rates of photosynthesis and the significance 

of their effect among species are not well known, it was deemed impor

tant to investigate such factors and how they influence the rate. 

Differences in photosynthesis of single leaves in intense light 

and 300 ppm COg have been observed among species (El-Sharkawy et al., 

196^; Hesketh, 1963). Three causes of such differences have been de

scribed (El Sharkawy et al., 1961;): 1. The existence of some kind of 

respiratory COg leakage out of the leaf during active photosynthesis 
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in intense light, 2, Stomatal diffusion resistances associated with 

lack of stomata in the top surfaces of some leaves* 3, A difference 

between warm weather and cool weather species which is thought to be 

associated with some internal characteristic of the leaf. Each of the 

-2 -1 
three factors depressed photosynthesis by 15 to 20 mg COg dm hr , 

Many tropical grasses with none of the described limitations have photo-

_2 —T 
synthetic rates (P) of 60 to 70 mg COg dm hr j deciduous tree species 

of the temperate zone have all three limitations and leaf P values of 

-2 -1 
10 to 20 mg COg dm hr • In seeking more information about the three 

factors listed, studies of internal anatomy of leaf and COg diffusion 

resistances were undertaken using available species with various combin

ations of the three factors. 



REVIEW OF LITERATURE 

Technique 

Many workers have reviewed and discussed the application of the 

leaf chamber and the infrared COg analyzer in photosynthesis and respi

ration studies (Rabinowitch, 1951J 1956; Williamson, 1951; Parker, 

1953bj Bosian, 1955; Gaastra, 1959; Egle, I960; Musgrave and Moss, 

1961; Lister et al., 1961; Hesketh, 1961; Hesketh and Musgrave, 1962; 

Bierhuizen and Slatyer, I96I4.; Orchard and Heath, 1961;). 

Critical discussion and reviews of the limitations of the leaf 

chamber technique (Rabinowitch, 1951; Bosian, 1955; Gaastra, 1959) have 

shown the many hazards involved. Sources of error were associated with 

low rates of air flow, detachment of leaves or branches, unknown quan

tity and quality of artificial light, low sensitivity in CO,, measure

ment, and the overheating effect inside of the chamber (Hesketh and 

Musgrave, 1962). Based on theoretical considerations, Gaastra (1959) 

suggested that high rates of air flow and a reproducible position of 

the leaf in a narrow assimilation chamber are required in order to ob

tain accurate estimates of the average CO^ concentration. Low rates of 

air flow in plant chamber studies were used by early workers, and the 

rates ranged from 0.5 to 2.0 liters/cm of leaf area/hour (Hesketh, 

1961). The results of Heinicke and Hoffman (1933) and Decker (191+7) 

indicated that the effect of air supply on COg assionilation is curvi-

linear. Relatively high flow rates of air, up to 9 liters/cm leaf 

area/hour, were used in recent studies by several workers (Verduin 



et al. 1959; Hesketh and Musgrave, 1962; Baker and Musgrave, 1961*a,bj 

Scott and Billings, 1961;) • 

The infrared CO^ analyzer and leaf chamber technique have been 

used in different ways and arrangements depending on the objectives of 

investigators who used them in measuring CO^ exchange in plants. One 

method is based on the open-circuit system in which the input air is 

divided into two streams. One of these enters the infrared CO^ analy

zer in order to determine the original CO^ concentration. The other 

stream passes through the plant chamber first and then enters the in

frared analyzer to analyze its CO^ concentration. In both cases, air 

is drawn out of the system and new streams are taken in, resulting in 

continuous circulation of fresh air. Several papers have been pub

lished involving the use of the open system. It has been employed to 

investigate the interrelationships between photoperiodism and GOg 

metabolism in Kalanchoe (Gregory et al., 19Ski Spear and Thimann, 

195U), respiration of conifer needles during desiccation (Parker, 

1952), effect of ecological factors on plant photosynthesis (Parker, 

1953a; Bohning and Burnside, 1956; Burnside and Bohning, 1957; Hesketh 

and Musgrave, 1962 j Murata and Iyama, 1963a,b; Baker and Musgrave, 

196iia,b), effects of petroleum oils on respiration (Helson and Min-

shall, 1956), effect of ozone on respiration and photosynthesis (Todd, 

1958), and effects of ryania and ryanodine on photosynthesis (Helson, 

I960). 
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Differences in Photosynthetic Rates Among Species 

Verduin (1953) concluded that the net photosynthetic rate in 

300 ppm COg air, full sunlight, and approximate optimum temperature 

(for the photosynthetic process) was much the same within large groups 

-2 -1 
of species. He assigned a photosynthetic rate of 20 mg CO^ dm hr 

to the herbaceous mesophytes of the temperate zone. In a later paper, 

Verduin et al. (1959) suggested that this photosynthetic rate may be 

higher under field conditions because of inadequate stirring of air in 

the standard leaf chamber techniques then used in determining photo

synthesis. 

Recent studies by Hesketh (1962), Moss et al. (1961), El-

Sharkawy et al. (1965) and Muramoto et al. (1965) suggest photosyn

thetic rates under field conditions two to three times those quoted 

by Verduin. The tropical grasses such as corn had photosynthetic 

—2 —1 
rates of 60 mg COg dm hr ; sunflower and many species in Gossypium 

—2 —1 
had photosynthetic rates of U5 mg COg dm hr (El-Sharkawy and Hes

keth, 19614a). The herbaceous mesophytes which Verduin (1953) attempted 

—2 -1 to describe had rates between 25 and 35 mg CO^ dm hr . Deciduous 

tree species in the tengjerate zone had rates of 10 to 20 mg C0g 

-2 -1 dm hr . The unusually rapid photosynthetic rates have been con

firmed by Japanese (Murata, 1961; Murata and Iyama, 1963a,b), Swedish 

(Jarvis and Jarvis, 1961*), and Russian (Strogonova, 196^) investiga

tors. 

El-Sharkawy et al. (1965) have investigated recently the ef

fects of greenhouse versus field culture on leaf photosynthetic rates 
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and also the effects of handling plants in preparation for a photosyn

thetic determination# Photosynthetic rates of cotton plants in the 

field or grown outside in pots were almost twice as great as photosyn

thetic rates for similar plants grown in the greenhouse in winter. 

Plants placed in a dark laboratory after being brought from the green

house had low photosynthetic rates that were associated with the tem

porarily irreversible closure of stomata. Sunflower plants in the 

greenhouse were only slightly depressed in leaf photosynthetic rates, 

but plants grown in a shaded greenhouse had photosynthetic rates one 

half of those of field-grown plants, 

Muramoto et al. (1965) have studied photosynthetic rates of 

varieties of cotton within two species, Gossypium hirsutum and Gossyp-

ium barbadense and found no differences in photosynthetic rates. 

Others have reported similar findings among varieties of corn (Strog-

onova, I96I1). El-Sharkawy et al. (1965) studied the variation of 

photosynthetic rates within the genus Gossypium (26 species) and did 

find two-fold differences. However, the cultivated species in the 

United States had the highest photosynthetic rates. 

Murata (1961) studied the effects of leaf protein, potassium 

content, chlorophyll content, phosphorus content, and age on leaf photo

synthetic rates of rice. As leaves aged, photosynthetic rate declined 

with a decrease in protein, chlorophyll, and potassium. As the leaves 

expanded, photosynthetic rate increased as protein increased. Maximum 

photosynthetic rates occurred soon after leaves were completely 

expanded. Stolzy et al. (19610 have studied the effect of soil aera

tion on photosynthetic rates of plantsj photosynthesis declined 
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rapidly within hours after oxygen was removed from the root environ

ment. El-Sharkawy et al. (1965) observed the same effect after cotton 

plants were irrigated or after heavy summer rains. 

Gaastra (1959, 1962), Hesketh (1961), El-Sharkawy and Hesketh 

(I961ia,b) and many others have studied the effects of light, COg, tem

perature, water deficit, and stomatal opening of leaf on photosynthetic 

rate5 each of these factors affected photosynthesis greatly. Differ

ences in photosynthetic rate among species depend upon culture of the 

plants being compared, methods of preparing plants for determination, 

and conditions of the leaf environment inside the leaf chamber. All 

these factors must be controlled when studying differences in photosyn

thetic rate among species. The temperature optimum for photosynthesis 

varies among speciesj one must account for this when analyzing experi

mental differences. 

Limitations Among Species 

Respiratory CO? leakage: One of the interesting aspects of dif' 

ferences among species is their behavior in full light and zero COg. 

Singh and Lai (1935) found that under low light intensity and zero CO^ 

sugar cane leaves were not able to reuse their respiratory GO^, while a 

balance between photosynthesis and respiration was reached in full 

light. Under similar conditions, flax and wheat leaves continued to 

release endogenous CO^. Moss et al. (1961) made similar observations 

among species. 

Meidner (1961, 1962), while studying the stomatal movement, es

timated the minimum CO^ concentration in the intercellular spaces in 



9 

leaves of different plant species# He found that only in corn leaves, 

in a closed container, did the internal CO^ concentration reach zero 

under 100 f.c. and 20°C., and $00 f.c. and 30°C. At temperatures above 

30°C., the internal COg concentration exceeded zero. 

Hesketh (1963) observed differences in photosynthetic activi

ties among species under zero COg and full light (10,000 f.c.). Corn 

leaves had net photosynthetic rate of zero, while other species such 

as sunflower, maple, and red clover showed negative values of net 

photosynthesis. Tregunna et al. (1961, 19610, reported the photostimu-

lation effect on COg evolution during the dark period following illum

ination in tobacco, soybean, peperomia, and corn. Green leaves of 

tobacco, soybean, and peperomia showed a very high rate of COg evolu

tion immediately after the light was turned off, while there was no 

COg evolution from green leaves of corn in the first 60 to 100 seconds. 

On the other hand, corn leaves deficient in chlorophyll did not show 

any changes in C02 evolution due to post illumination effect. Zero and 

Ui pprn COg were the levels at which a balance between photosynthesis 

and respiration was observed for com and other species (tobacco, soy

bean and peperomia), respectively. 

Stomatal diffusion resistance: Freeland (191*8) studied the 

effect of number of stomata on COg diffusion and photosynthesis of 

different plant species having stomata on one or both surfaces of the 

leaves. He found that photosynthetic rates were higher with surfaces 

having stomata than with astomatous surfaces. However, a significant 

amount of COg diffused through the epidermis alone, and in some cases 

it was equal to the amount which diffused through the stomata. There 
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was little or no photosynthesis with species having both astomatous 

surface and a thick cuticle. With species having stomata on both sides 

of leaves, photosynthesis showed no consistent relationship with stoma-

tal frequency and distribution. 

Recent studies conducted by different workers (Brun, 1962j 

Stalfelt, 1963j Howe, 1962, I96I4.) confirmed the close association be

tween rates of photosynthesis and stomatal opening. Zelitch and 

Waggoner (1962a,b, 1961*) observed the effect of chemical control of 

stomata on transpiration and photosynthesis of both leaf disks and in

tact plants. A high negative correlation between transpiration rate 

2 and resistance of diffusion through stomata (r = -.89) was found. A 

2 negative correlation value (r * -.86) was observed between photosyn-

thetic rates and stomatal resistance. Shimshi (1963) studied the ef

fect of soil moisture and phenylemercuric acetate on stomatal aperture, 

transpiration, and photosynthesis. A reduction of photosynthetic rates 

was observed because of closure of stomata in leaves sprayed with the 

anti-transpirant chemicals. Hesketh (1963) reported a very low photo-

—2 —1 
synthetic rate (!? to 10 mg COg dm hr ) for plants such as oak and 

maple with stomata only on the bottom surface of the leaf. Very recent 

results by El-Sharkawy and Hesketh (l96Ua,b) on several species of 

plants showed that stomata were limiting photosynthesis of grasses such 

—2 —T 
as sorghum and corn, even at a very high rate of 60 mg CO^ dm" hr . 

Thespesia populnea, a species having stomata only on the bottom surface 

of the leaf, had a relatively low photosynthetic rate at intense light 

(10,000 f.c.) and 300 ppm COg. A reduction of about 10 to 20 mg COg 

-2 -1 
dm hr in rates was observed with leaves of several plant species 
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having either the bottom or the top stomata inactivated by a layer of 

vaseline (El-Sharkawy and Hesketh, 1961ic) • 

Gaastra (1959) has presented equations for the determination of 

stamatal diffusion resistance to COg from simultaneous measurements of 

photosynthesis and transpiration. Moss (1963), Slatyer and Bierhuizen 

(I961ja,b), and Bierhuizen and Slatyer (I96l4.b) have studied stomatal re

sistances in such a manner. Moss (1963) and Rawlins (1963) have 

developed the theory further; their modifications of the description 

of the stamatal resistance will be used in this study. 

Other limiting factors to photosynthesis: El-Sharkawy and 

Hesketh (I96I4.C) have recognized the existence of other limiting factors 

among species which are not yet understood. Hesketh (1961) and Gabri-

elsen (i960) have suggested that the light reaction inside the leaf 

does not vary among species. 

Bjorkman and Holmgren (1963) have associated the change in 

photosynthetic rate between plants grown in the sun and shade with 

changes in protein content, suggesting slower rates of dark reactions 

due to smaller amounts of enzymes. 

Because of its direct role in adsorping and transporting CO^ 

to the photosynthetic centers, the amount of the internal exposed sur

face of the cell was inferred to be associated with photosynthetic 

rates. However, studies were very rarely conducted to investigate this 

relationship. Turrell (1936) developed a method by which the internal 

surface, intercellular spaces, and other characteristics could be meas

ured. He worked out a mathematical equation from which the internal 
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surfaces could be calculated. This method was recently modified 

(Turrell, 1963). 

Pickett (1937) and Pickett and Kenworthy (1939) studied the 

relationship between the internal structure and photosynthetic behav

ior of apple leaves. The internal-external surface ratio was deter

mined by Turrell's method (1936), and dry weight was used as represent

ative of photosynthetic activities. It was found that within each 

variety, the leaves possessing the more extensive intercellular space 

produced the greatest gain in total dry matter per unit of leaf area. 

A significant positive correlation coefficient, r = +0.52, was found 

between the chlorophyll content of the leaves and the internal/external 

surface ratio, while a nonsignificant association, r « +0.2U, occurred 

between dry matter and chlorophyll content. The rate of dry matter 

accumulation was strongly associated with the internal-external surface 

ratio (r » +0.70). 



MATERIALS AND METHODS 

Photosynthetic Measurement 

The standard leaf chamber technique as described by Bosian 

(1955)> Hesketh (1961, 1962), and El-Sharkawy and Hesketh (1961+a) was 

used for photosynthetic measurements • A Beckman infrared COg analyzer 

(Beckman model IR 15, Beckman Instruments, Inc., Fullerton, California, 

U.S.A.) was used and calibrated with standard air-CO^ mixture prepared 

by Matheson Company, Inc., Newark, California, U.S.A. For a zero point 

air was passed through "ascarite," a CO^ absorber. The calibration 

curve was established by mixing with two rotometers known proportions 

of two standard gases and passing the mixture through the analyzer in 

exactly the same manner as the CC^ determinations were to be made# 

The zero point and a COg concentration near that where the de

terminations were being made were checked every hour once the curve was 

essentially established. Calibrations thus were obtained from zero to 

600 ppm COg, 1000 to 2000 ppm CO^, and 3000 to 0000 ppm CO^. 

The leaf chamber, 3^" x 7-g" x 9t"» was made of plexiglass with 

a polyvinyl plastic top. Air was mixed with a fan to ensure uniform 

C0g concentrations around the leaf. Leaves were either sealed inside 

the chamber using a silicone rubber compound (RTV 11 Liquid Silicone 

Rubber, General Electric, Silicone Products Dept., Waterford, New 

Jersey, U.S.A.) or the chamber was clamped over the leaf with a seal 

provided by rubber-foam strips. The light source consisted of seven 

300-watt (General Electric) incandescent spot lights with of 

13 
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plexiglass and 3i41 of water between the lights and the leaf chamber# 

Light energy incident to the leaf was measured with an Eppley pyrheli-

ometer and was 2#3 langleys per minute at the leaf surface. Air-flow 

rate through the chamber was deterfnined with rotometers. Air-CO^ con

centration from the air lines in the laboratory was always above 300 

ppm. COg-free air was mixed with this air to maintain 300 ppm concen

tration. Air was pumped through tygon tubes from the air line of the 

laboratory, dried by passing through a column of anhydrous magnesium 

perchlorate (anhydrone), passed through a trap for foreign particles, 

then pumped through the analyzer. Joints in the air lines were sealed 

with silicone rubber compound. The output of the analyzer was fed to 

a continuous adjustable "H" Azar recorder (Leeds and Northrup, Phila

delphia, Pennsylvania), where it was amplified 10 to 20 times. 

Stomatal apertures were measured by using the silicone rubber 

technique developed by Sampson and employed by Zelitch (1962). Im

pressions of leaf surfaces (negatives) were made in silicone rubber. 

From these impressions, positive films of cellulose acetate were pre

pared. The degree of stomatal opening was measured in microns from 

these cellulose acetate films with an ordinary microscope. According 

to Zelitch (1962) this method permits accurate and rapid measurement 

of stomatal apertures without significant alteration of the leaf en

vironment. 

Vigorous plants used for photosynthetic measurements were grown 

in a peat-perlite-soil mixture (1:1:1) fertilized with a soluble ferti

lizer at each watering. During the winter, the plants were kept inside 
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the greenhouse and the temperature was maintained between 25° and i|0°C. 

In the spring, plants were grown both inside and outside the greenhouse 

for photosynthetic measurements. During the summer several species and 

varieties of cotton were grown in the field, and photosynthesis was 

measured under field conditions. In all experiments, fully expanded 

young leaves were used for measurements. 

In the laboratory experiments, and on cold days, plants were 

brought into the laboratory from the greenhouse in the afternoon for 

study the next morning. On warm days, plants were brought directly into 

the laboratory and leaves were immediately placed in the chamber under 

lights* 

Net photosynthetic rate (P) was calculated from the following 

equation: 

KCCLF 
r> _ ___ £ 

-2 -1 
where: P • mg COg dm hr 

K - 1^,000 mg (22mh L""'") x 0.9 x 60 min. 

108,000 

CO, >2 B COg differential between chamber intake and exhaust 

x calibration curve slope x , •, -3—— 
^ amplification 

F • air-flow rate through the chamber in liters per minute 

A «* leaf area in decimeters, determined by tracing leaves 

on paper of known weight per unit area (Hesketh, 196l). 
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Example: 

With a leaf of one square decimeter area, and presumed values 

of F = 1;0 L min~\ GO^ • 0.000010 parts per liter (10 ppm GOg by-

air volume), 

p . 108,000 (.000010) UP „ ̂  ̂ ̂  ̂-2 to-i s 

The dimensionless 0.9 in K is an approximate temperature and 

pressure correction factor in converting volumes of COg to weights. To 

obtain the concentration of CO^, slopes of the CO^ calibration curve of 

the infrared analyzer were determined. The differential measured on the 

recorder was multiplied by this slope (ppm GO^ per unit space) and di

vided by the amplification of the recorder. For example, 

30 spaces x 6.7 ppm/space (at 300 ppm COg) no amplification 

20 x amplification 

is equal to 10 ppm COg or one recorder space equals 0.33 ppm. 

Transpiration Measurements 

Humidity was measured with a hygrometer (Electric Hygrometer 

No. 1^-3000, Hydrodynamics, Silver Spring, Maryland, U.S.A.) by punning 

(Vanton Pump (model CC-P-2) Equipment Corp., Bley St. and Ramsey Aves., 

Hillside, New Jersey, U.S.A.) air through its sensing element for 5 

minutes before each reading. Alternative readings of humidity of air 

going into and out of the leaf chamber were recorded. 
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Transpiration Q was calculated from the following equation: 

F H90 

Q - ~~r~ 

-2 -1 
where Q •= transpiration rate in gm. H^O dm hr . 

HgO «= differential in water content of air in gnu/liter 

F = air flow rate in liters per hour 

2 A = leaf area in decimeters 

Resistance of the air (r ) was calculated from evaporation 
cl 

measurements made with wet filter paper where 

H2O 
r ' a evaporation rate 

Since leaves have two sides, evaporation was doubled to calculate the 

air resistance (r )• 
ct 

Leaf Anatomy 

The methods and techniques used in the present studies have 

been described and discussed by several workers (Johansen, 19i|0; Tur-

rell, 1936,1963). The formalin-acetic acid-alcohol mixture (Johansen, 

19i|0, p. Ul), commonly known as FAA, was used for killing and fixing 

the plant materials. Dehydration with tertiary butyl alcohol (TBA) was 

employed to remove the water from plant tissue. According to Johansen 

(19U0), this method is the most satisfactory of all. Dehydrated tissue 

was embedded in paraffin and sectioned with a rotary microtome. 



18 

Leaf sections were stained with safranin, fast green and orange 

G. Permanent slides were prepared and examined with an ordinary mi

croscope. Camera lucida drawings were made, and the method proposed 

by Turrell (1936, 1963) was used to calculate the internal exposed 

surfaces* 

Measurements of the Internal Exposed Surface 

Permanent slides were examined under the ordinary light micro

scope, and only good sections were selected for mesqphyll measurements. 

2 
Two sample areas (71*88 ^ ) free from veins were selected for measure

ments, and camera lucida drawings were made from these sections. Draw

ings were made with the 10X ocular and the UQX objectives lenses. These 

drawings were magnified and projected with an opaque projector in order 

to obtain more accurate measurements. 

The length of curved cell walls was measured with a chartameter. 

Irregular areas of cells and air spaces were determined by weight: area 

ratio of standard paper. All measurements were converted into microns 

before substitution in the formula. 

Calculations of the ratios, S and of the internal exposed 

surface of the photosynthetic tissue to the external ejqposed surface of 

leaf were made by substituting in the following formula as it was pro

posed by Turrell (1936): 

S = 
2K' 

.2 
2K' .2 
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where: 

S is "the ratio of the internal exposed stir face to the external 

surface" including the first palisade layer# 

is "the ratio of the internal exposed surface to the extern

al surface" including the second palisade layer. 

L is the average length of at least 10 cells in the palisade 

layer selected from leaf cross section (Fig. 1). is the same mea

surement for the second palisade layer. 

P is the total length of the palisade cell walls exposed against 

the air spaces and was measured from the tangential sections by the 

chartometer (Fig. 2), is the same measurement of a second palisade 

layer, h is the average length per cell of all exposed walls of spongy 

mesophyll making an angle not greater than U5° with the vertical (Fig. 

1) and was measured from cross section by the chartometer. 

C is the average length of the exposed cell wall per sample and 

was measured from tangential sections of spongy mesophyll (Fig. 3). 

A is the average cell area per sample and was obtained from 

tangential sections of spongy mesophyll (Fig. 3). 

lg is the total length of the walls exposed to air spaces, 

making an angle greater than bB° with the vertical, and was measured 

from the same drawings from which h was measured (Fig. 1). 

lj. was obtained from the same drawing for h and lg, and it is 

the total length of spongy cell walls, exposed and non-exposed, which 

made an angle with the vertical greater than 

L is the average number of layers of cells which composed the 

spo n g y  m e s o p h y l l  ( F i g .  1 ) ,  a n d  i s  t h e  s a m p l e  e x t e r n a l  a r e a  ( 7 U 8 8  n ) .  
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Figure 1. Cross section of soybean leaf through palisade and spongy 
tissues, used for measurements 1, 1., h, lg, 1^, and L 
(represented by numbers 1, 2, and 37. 



If 

Figure 2. Tangential sections of soybean leaf. 

Top: through upper layer of palisade tissue, used for 
measurement p. 

Bottom: through lower layer of palisade tissue, used for 
measurement P^. 
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I S  

Figure 3o Tangential section of soybean leaf through spongy 
mesophyll, used for measurements A, C, and K*. 
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The percentage volume of intercellular space (V$) was calcu

lated using the following equation (Turrell, 1963): 

1 (K2 - A ) + d (K2 - A ) x 100 
V %  -  - E -  E  ^ ^  

V 

where: 

1 is the average length of palisade layer inU, or microns 
P 
0 2 
Kc is the sample area (7^88 y. ) 

2 
Ap is the area of palisade cells in ji 

d is the average depth of spongy mesophyll in 
s 

2 Ag is the area of spongy mesophyll in y 

tg is the average thickness of the leaf blade inji • 

The ratio of surface/cell volume was calculated from the equation. 

S m S 
V cell " {% cell volume) (tg) 

where: 

S is the ratio of the internal exposed surface to the external 

surface of the^leaf, and tg • leaf thickness ixijx . 



RESULTS AND DISCUSSION 

Studies of Leaf Anatomy 

The internal structure of a leaf is thought to influence either 

directly or indirectly its transpiration and photosynthetic rates (Tur-

rell, 1963). Very few anatomical studies have been made to investigate 

the relationship among the efficiency of leaf photosynthesis, transpir

ation, and internal structure. The objective of the present study was 

to investigate some of the internal characteristics of leaves such as 

percentage volume of air, percentage volume of cells, and internal sur

face of cells exposed to air, using different species having a wide 

range of photosynthetic rates. Camera lucida drawings were made for 

IS species (Figs. 8 to 1*3, Appendix II). These drawings formed the 

basis for measurement of the above internal characteristics. 

Table 1 contains information about several leaf characteristics 

of 15 different plant species. Paraffin leaf sections were studied us

ing Turrell's optical method (1936, 1963). Since shapes of cells may 

change as a result of the fixing procedure used, Turrell made some com

parisons with free hand sections and found good agreement with similar 

paraffin sectioned material. Leaf characteristics were determined with 

leaves of species which had been included in the photosynthetic studies 

during the period of collections of leaves and previously. Generalized 

photosynthetic rates (P^qq) suĉ  species are presented in Table 1. 

Such values were representative of the plants from which leaves were 

collected and were obtained from many studies reported previously 

2k 



Table 1« Photosynthetic rates and characteristics of leaf anatomy among 15 plant species 

Species 

General P 
values 

Mean of 2 determinations + st. error 
Va«inan4- I* 

mg C0_ dm 
2n 
hr 

-2 

T _ Diameter of .. , Percent „ 
Leaf ,. . Volume surface 

Lsophyll -fjfxh air P« 
y eel!, 90 f * air) 3̂ s) 

r 

1* Zea mays L. var. 
Funks G7I1A 60 110*5 6*0.5 

2, Cynodon dactylon L. 
var. Coastal, 60 83*3 6±0.5 

3. Sorghum vulgare L. 
var. Hegari. 60 135i8 6±0.5 

U* Amaranthus palmeri Wats. 
(Careless Weed) 60 lkS^5 8*0.5 

5. Helianthus annuus L. 
var. Manchurian grey 
striped li5 

6. Gossypium hirsutum L. 
var* Deltapine 
Smooth Leaf (DPSL) bS l60±5 9*1 

7. Gossypium hirsutum L. 
var. Acala Uh U5 106*1; 8*1 

235*10 9±1 

36.0" 

28.0* 

3lu0* 

33.055" 

Ww5* 35.0*" 

10.0 

7.0* 

10.0* 

+1.3? 
-1.9" 

+1.3, 
-2.1' 

*1.2 
-1.8* 

+l.fc±0.1 
S8.541.lt 56*1.0 8.5*0.11 -2.010.1 

81i.5*0.1t 1*6+0.5 15.5*0.2 1.3*0.01* 

33.7*1.7 2ii±1.0 10.0±0.1 1.0*0.1 

10-.5*1.0 53*2.0 6.1±0.1 1.1*0.1 



Table 1.—Continued 

8, Gossypium harbadense L. 
var. Pima S-2 1+5 165±7 10*1 32.8*1.5 38*2.0 11.1*0.3 1.1*0.1 

9. Gossypium armourianum 
Kearney 1+0 185*5 11*1 53.0±1.0 38*1.0 10.6*0.6 0.9*0.07 

10. Gossypium somalense 
(Gurke) H. 1+0 115*3 10*1 22.8*0.8 27*1.0 8.2*0.2 1.0*0.1 

11. Gossypium raimondii Dlb. 1+0 115*1* 11±1 33.8*0,5 1+0*1.0 8.1+±0.5 1.1*0.15 

W 
12. Avena sativa L. +0.7,, 

var. Markton 30 180*9 12*1 59.0*7.0 l+l+*l+.0 7.1*0.3 -0.8W 

13. Thespesia populnea 
(L.) Soland 20 215*1+ 10*1 61+.6*11.0 1+0*6.0 12.1*0.1+ 1.0*0.08 

11+. Glycine max. 
Lee ^ 27 130*5 12*1.5 1+6.5*U.3 l+7*l+.0 6.8*0.8 1.1*0.2 

15. Beta vulgaris L. 
var. U.S.H2 30 325±l5 17*2 91.6*2.1+ 37*1.0 8.8*0.2 0.5*0.01+ 

Single values with no error 

For entries Nos. 1, 2, 3# and 12 S/V cell ratio was expressed in (-) when the vascular 

bundles were excluded and in (+) when the vascular bundles were included. 

ro 
Os 
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(El-Sharkawy and Hesketh, 196i;a,b,cj EL-Sharkawy et al» , 19 6U, 1965)* 

Means of two determinations or calctilations Of leaf characteristics are 

presented in the same table with the standard error, with the exception 

of some characteristics of the first three entries# 

Leaf sections of corn, sorghum, and bermudagrass were not thin 

enough (8 to 10^) to see all the changes in shape and the many small 

intercellular air spaces. , -Internal surface was estimated; this esti

mate is conservative since thinner sections tended to reveal more de

tail of changes in shape and small air spaces. This difficulty was 

not encountered with Amaranthus palmeri. Modified equations were used 

for calculations of internal surfaces for monocotyledonous species. 

The equations of Turrell (1936, 1963) were satisfactory only for dicot

yledonous plants. No error values were put on the volumes and the 

internal surfaces for the reasons mentioned. 

2 
Correlations coefficients (r) and r values between photosyn-

thetic rates (P^qq) and internal characteristics of leaves are pre

sented in Table 2. There was no significant correlation between P^OO 

and volume of air spaces (r«=-.38), per cent volume of air spaces 

(r«=-0.07), and internal surface per unit external surface (r«-0.0l) of 

leaves. These results suggest that no relationship could be established 

between net photosynthetic rate and such characteristics of leaves. 

The correlation between photosynthetic rate (P^oq) and leaf thickness 

was negative (r»=-0.Jjl). Although r was significant, its low value sug-

gests that only 26 per cent of the variability in P-joo ,e0*26) may be 

attributed to variation in leaf thickness. This is illustrated by the 
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Table 2. Correlations between net photosynthesis (Poqq) some 
internal characteristics of leaves of different species. 

Leaf Characteristics 

Net Photosynthesis (P^oq) 

2 
r r 

Leaf thickness (tg) - . 5 1 "  .26 

Diameter of palisade 
or mesophyl cells - .77 .59 

Volume of air 
spaces (V) - .38 .lit 

Per cent volume of 
air spaces ($V) - 0.07 •00i;9 

Internal surface per 
unit external sur
face (s) - 0.01 .0001 

S/V cell ratio + 0.81;** 0.71 

Correlation between diameter of palisade or mesophyll cells 
and S/V cell ratio: r « -.81^, r* « 0.71. 

"Significant at per cent 

"Significant at 1 per cent 
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wide range in photosynthetic rates (P q̂q) of species having less vari

ability in leaf thickness. 

Highly significant negative correlation coefficients were found 

between the diameter of palisade or mesophyll cells and both P^qq 

(r=-.77) and the S/V cell ratio (r=-.81j). Also a very strong positive 

correlation between P- q̂q and the S/V cell ratio was found (r*=+.8l0. 

From these results it seems that a physical relationship exists between 

the size of the photosynthetic cells, the internal exposed surface per 

volume of cell, and the photosynthetic rate. The smaller the diameter 

of the palisade or mesophyll cells the larger the S/V cell ratio. The 

positive correlation coefficient between the S/V cell ratio and net pho

tosynthetic rate (P^qq) indicates that the more internal surface exposed 

to the air the higher the photosynthetic rate will be. 

S/V cell values are large for species such as corn, sorghum, ber-

—2 -1 
iraidagrass, and Amaranthus paljneri, where P q̂q is 60 mg CO^ dm hr . On 

the other hand, the ratio was less (Student t«=10.8) for other species with 

P300 from 20 to 50 mg C02 dm" hr" , including six species of Gossypium. 

O —1 
Since these efficient species (P300 " ̂  In® X̂T1 ^ ̂ maintained a 

balance between the photosynthesis and respiration under full light and 

at an external concentration of zero COg (El-Sharkawy et al. t 196U), the 

large S/V cell ratio may have slowed down or prevented the respiratory 

COg from leaking into the external system. This leakage of about 10 to 

15 mg COg dm" hr" is one of the proposed limitations responsible for 

differences among species (Hesketh, 1963). Species having both negative 

values of net photosynthesis at zero CO^ and low S/V cell ratio appar

ently are not able to reuse their endogenous CO^ before it leaks out. 
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Therefore, it may be suggested that the efficiency of photosynthesis 

of different species is related to the size of mesophyll cells or the 

S/V cell ratio. Many more species would have to be studied before such 

a statement can be made with great confidence. 

Another distinctive characteristic was observed to be associated 

—2 -1 
with species having of 60 mg COg dm hr • All the vascular bun

dles on both sides of the main vein were enclosed with sheaths of large 

and compact cells (Figs. 29, 35, 38, 1*6, Appendix II). This vascular 

bundle sheath in other species consisted of small cells which were not 

distinguishable from the rest of the mesophyll cells. Efficient mono-

cotyledonous plants such as corn, sorghum, and bermudagrass and 

Amaranthus palmeri, the only dicotyledon species having the same photo-

synthetic rate, were very similar in their internal structure (same S/V 

cell ratio and same vascular bundle system). Because of such close sim

ilarity, it may be suggested that their internal structure represents 

an evolutionary step which adapts plants to 300 ppm GO^ of the atmos

phere. 

Esau (1961) discussed the existence of the vascular bundle 

sheath in the dicotyledons. However, the cells of a bundle sheath may 

resemble mesophyll cells. Amaranthus palmeri. a dicotyledon, has a 

vascular bundle system and bundle sheaths different than the other nine 

dicotyledonous species studied. As it appears in cross section of the 

leaf (Figure 29, Appendix II), all vascular bundles are parallel to 

the blade j such a characteristic is different from the rest of the 

other dicots with a reticulate system, but more or less similar to the 

vascular system of monocotyledons. The large and compact cells of the 



31 

vascular bundle sheath in Amaranthus palmeri were not observed with the 

other dicots studied. 

The system of vascular bundles differs also with species of the 

monocotyledons# Corn, sorghum, and bermudagrass have one layer of 

large and compact cells forming the sheath in which the vascular bundle 

is tightly embedded. On the other hand, the oat leaf has bundle 

sheaths consisting of small cells arranged in two layers, an inner lay

er with thick walls and an outer layer with thin walls. Such a system 

is used in classification of plants of the grass family (Esau, 196l). 

Species with double-layer sheath such as oats, barley, and wheat are 

primitive and less advanced than species such as corn, sorghum, sugar

cane, and bermudagrass which have only one large layer of sheath cells. 

Since the latter group of species was found to be the most efficient 

so far in assimilating CO^, it may be deduced that their photosynthetic 

apparatus as well as other structures are best adapted to the environ

mental factors under which they have survived. 

Table 3 contains some morphological characteristics of leaves 

of several plant species. Leaves were examined under low power of the 

microscope. Veins with no covering of chloroplasts were drawn by 

camera lucida techniques. Areas of nonphotosynthetic tissue of leaves 

were estimated by weighing paper traces of the veins. Area of large 

veins were determined under low power j whereas area of small veins be

tween large veins were determined under higher power. These areas are 

presented in Table 3. Soybean and Thespesia leaves have a small vein 

percentage of 16 and 13 per cent, respectively, whereas 



32 

Table 3. Morphological characteristics of leaves of different plant 
species: area of veins with no cover of cells with chloro-
plasts• 

Species 
* , 

leaf area of" 
small veins 

(1) 

% 
leaf area or"" 
large veins 

( 2 )  

Chloroplast"' 
diameter in 
microns 
(3) 

Nicotiana tabacurn L, 
var. Bur ley white 0 * 0 

Helianthus annus L. 
var. Manchurian gray 
striped 8 ± 1.0 

Zea mays L. 
var. Funks G711A 6.5 - 1.5 

Gossypium barbadense L. 
var. P S-2 6.7 ± l.U 

Gossypium hirsutum L. 
var. Deltapine 
Smoothleaf 5«3 - 1.5 

Glycine max L. 
var. Lee 16.0 ± 3.0 

Thespesia populnea 
(L.) Soland 13.0 ± 1.0 

Hibiscus tiliaceus L. 7.0 ± 3.0 

Cynodon dactylon L, 
var. Coastal 

L. S. D. 

9.0 ± 1.0 

1.6 

0.5 

o 

0.9 

0.6 

0.6 

0.7 

1.6 

0 

3.0 ± 0.5 

1.5 ± 0.5 

3.5 ± 0.5 

2.5 ± 0.5 

3.5 * 0.5 

2.5 * 0.5 

1.5 ± 0.5 

1.5U 

'""Mean ± st. error. 

""Area of large veins are less than the st. error of measure
ments of the area of small veins. 
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tobacco leaves possess a negligible amount of small veins noncovered by 

chloroplasts• Other species have areas of small exposed veins ranging 

from 5 to 9 per cent. Species of the grass family such as oats, corn, 

and bermudagrass have no large exposed veins, where in dicotyledonous 

species about 5 to 1.6 per cent of their leaf are occupied by large 

veins noncovered by chloroplasts. Size of chloroplasts is not differ

ent between species such as corn, oats, and bermudagrass, 1.5yU, and 

species such as sunflower, cotton (P S-2) and soybean (3.0 to 3»5yU)» 

Both corn and bermudagrass have high photosynthetic rates (P^oo " ̂  ̂ 

CC^ dm hr ), whereas sunflower and cotton have medium rates (P^oo = 

n 
li£ to $0 mg COg dm hr~ ), and soybean has a low rate (P q̂q e 27 mg 

C02 dm"2 hr"1). 

Photosynthesis (P30Q), Transpiration (Q), and COg Diffusion Resistance 

Transport of COg from the external air near the leaf surface 

toward the reaction center inside the cell is considered a diffusion 

process which may limit the rate of photosynthesis (Gaastra, 1959)• 

During the transport of GO^ into the cell, several types of resistance 

are encountered. Theoretical equations for determining these resis

tances were developed by Gaastra (1959), for which photosynthesis, 

transpiration, and evaporation measurements are required. The present 

experiments were conducted to study the relationship between photosyn

thesis and transpiration of different plant species. Results of such 

studies may help in analyzing the limiting factors of photosynthesis 

among species. 

Photosynthetic and transpiration rates and stomata measurements 

for 8 different species are presented in Table 1*. Measurements of P~__ 



Table 1*. Photosynthetic, transpiration, and stomatal measurements for 8 different species. 

Species" 
P r300 

-2 -1 
mg COg dm hr 

Mean ± st. error 

Q -2 -1 
gm HgO dm hr 

P300 
Q 

Top bxn 
Bottom bxn 

Corn (3)" 63 4 2 3.3 ± 0.6 1.9 ± 0.3 81/100 

Sunflower (it) 50 ± 1 3.5 ± 0.2 1.5 - 0.1 68/100 

Cotton, DPSL (2) 38 ± 1 3.1 1 0.6 1.2 ± 0.1* 7V1U 

Oats (3) 31 * 3 3.6 ± 1.6 1.0 ± o.h 90/96 

Hibiscus (3) 23 ± 5 3.1 ± 0.7 0.8 ± 0.3 62/200 

Tobacco (5) 21 ± 5 2.3 ± 1.0 1.2 ± 0.U 51/86 

Soybean (2) 25 ± 1 2.3 ± 0.6 1.1 ± 0.3 15/121 

Thespesia (3) 18 ± 5 2.8 ± 0.5 0.7 ± 0.1 0/182 

Numbers in parentheses represent total numbers of experimentss 

bxn - numbers of stomata (n) per square centimeter of leaf area multiplied by the length 
of the greater axis (b) of the stomata in microns. 

For details about species used, see Table 1. 
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and transpiration (Q) were taken for the same leaf under full light 

and 300 ppm COg. Stomatal measurements were made for both surfaces 

of the leaf. 

The results show that the photosynthetic-transpiration ratio 

is variable among certain species# There is not much difference in 

transpiration rates among species having P300 ̂ rom 38 to 63 mg CO^ 

dm" hr~ (corn, cotton, sunflower), and species having P q̂q from 30 

to 3h mg COg dm hr (oats). On the other hand, transpiration rates 

are low for species having low P30O su°h as soybean, tobacco, Thespesia. 

These variabilities are reflected in variable photosynthesis-transpira

tion ratio P^qq/Q* For example, it is as high as 1.9 for corn, followed 

by sunflower, 1.5, and as low as .7, .8, 1.0, 1.1, 1.2, 1.2 for Thespes

ia, Hibiscus, oats, soybean, cotton, and tobacco, respectively. When Q 

is constant among species, then the ratio P q̂q/Q depends upon P^OO* 

When Q decreases as P300 decreases, then P^qq/Q does not change as much. 

There are obvious differences in stomatal area and their dis

tribution among species studied. On one hand, Thespesia and soybean 

represent a group of species with relatively low stomatal area in the 

top surface of the leaf. On the other hand, corn and oats show moder

ate stomatal area with an even distribution on both top and bottom sur

faces of the leaf. Other species such as sunflower, cotton, and Hibis

cus possess the highest stomatal area among the aforementioned species. 

Theoretical equations for determining resistances to diffusion 

of COg into the leaf have been developed by Gaastra (195>9) where 
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P - (C02)a - (C02)chl / (ra + rs + pb) C02 (1) 

Q - (HgCOcell - (HgO)out / (rft + rg) HgO (2 )  

Evaporation « (HgO)surface - (H20)air / (r^HgO (3) 

Definitions of terms are presented in Appendix I (page 60). The resis

tances (r and r ) H90 can each be calculated from (2) and (3) by as-& S b 

suming water vapor at the cell wall -evaporating surfaces is at satura

tion or 100 per cent relative humidity. Where (r^COg • (r^)Ho0/D 0̂ / 

DJJ Q >= (r^Hg0/0.6, one can also calculate (r& and rs)C02* 

If one assigns a value to (COp)f>h1 (zero ppm CO^), then one can 

calculate In strong light and air of zero COg, it has been 

observed that corn leaves did not evolve COg, whereas leaves of dicoty

ledonous species did (Hesketh, 1963; El-Sharkawy et al.t I96J4). There is 

no reason to believe that some minimum concentration of COg is necessary 

for the photosynthetic reactions in the chloroplastj therefore, the evo

lution of C02 by many leaves in light must be associated with different 

diffusion resistances and/or anatomical characteristics of the leaf. It 

is proposed here that this phenomenon be called a "CO^ leakage factor," 

and equation (1) must be modified: 

P - (D- (002)x - «X)2)a/ra ̂  (U) 

where r^ is a resistance associated with the "GO^ leakage factor." This 

r can include aspects of r and r • 
x m s 
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P of (1) then is corrected for this leakage factor by adding 

an estimated rate to P. This is the first time that such a correction 

has been proposed; others have assumed that the CO,, compensation point 

is (002W 

From Rabinowitch (1951-1956), photosynthesis is described by 

rates of CO^ changes other than (l): 

1 
(r + r + r )C0p 

(co2)a , ^ JSL=J± (co2)ohl (5) 

(ra + rx)C02 

HW + A AC02 (6) 

21^0 + I (light) > U(H) + 02 (7) 

AC02 + li(H) ^ > A + CH20 + HgO (8) 

If one assumes that step (8) is irreversible and the total COg 

- acceptor Aq = A + AC02, then 

P - K3 (ACO2) (H) (9) 

and when photosynthesis is constant (steady state conditions are satis

fied), 

d(AC0p) 
-5^- - 0 - Kl(A-Ao - A002) (co2)ohl - K2 (A002) -

K3 (AOOj) (H) (10) 
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From (10), 

ACft, - KjA^CO,)^ /[K2 4 K3(H) • yco,,)^ 

and from (9) and (10), 

P - K3(H) / It, • K3(H) • yoo.,)^ (12) 

From (1) and (12), 

(13) 

and (COg^jji cannot ever equal zero; otherwise, equation (12) would be 

zero. If (COg^hi assumed to be zero, it appears that calculated 

r will depend on the real (CX^^chl* which cannot be measured. Hence, 

K^, A, and (H) all affect P and cannot be analyzed using equations (l), 

(2), and (3) for comparison among species. However, r^ will be ana

lyzed here assuming (C°2^chl " see ŵ a"t information can and 

cannot be derived from such an analysis. 

Calculations of CO^ diffusion resistance are presented in 

Table 5. In column 1 are values of r air (r ), r stomata (r ) includ-
ol S 

ing stomatal resistance through air spaces to the walls of the photo-

synthetic cells, and r mesophyll (rm) from the liquid-air interface 

at the cell wall to the chloroplast. Under the conditions of the 

present studies C02 diffusion resistances in the air around the leaves 

(ra) are the same for all species, except for Thespesia where evapor

ation data from one surface were used instead of two. There are small 



Table 5. CO2 diffusion resistances calculated from photosynthetic-transpiration data using 
equations as proposed by Gaastra (1959), and from photosynthetic data corrected 
for respiratory leakage# 

Species 

CM 
O
 
O
 

(1) 

diffusion resistances 
sec/cm 

(2) 

Corrected P values 
mg COg dm~2 hr-1 

(3) 
Corrected r 
using P values 

from (2) 
sec/cm r a 

A/ 

V rm* 

(3) 
Corrected r 
using P values 

from (2) 
sec/cm 

Corn 1.1 B- O
 .
 

ro
 

1.5 ± 0.4 1.0 ± O.ii 63 1.0 

Sunflower 1.1 

C
M .
 

O
 

•H 

1.7 ± 0.2 1.5 ± 0.2 63 0.8 

Cotton 1.1 ± 0.2 2.0 ± 0.6 2.9 ± 0.6 51 1.3 

Oats 1.1 ± 0.2 1.7 * 1.1 ii.l ± 1.2 k h  2.7 

Hibiscus 1.1 ± 0.2 1.9 ± 1.0 7.3 ± 1.1 36 3.3 

Tobacco 1.1 ± 0.2 3.6 ± 2.6 5.5 ± 1.9 3U 1.9 

Soybean 1.1 ± 0.2 2.7 ± 0.9 5.5 ± l.l 38 2.2 

Thespesia 2.2 ± O.ii 1.1 ± 0.7 9.7 ± 3.1 31 3.9 

r is the resistance of the air down to the leaf surface. 3. 
rg is the resistance from the stomata to the liquid-air interface at the wall of the 

photosynthetic cells. 
rm is the resistance from the liquid-air interface to the chloroplast. 

^"Values of ra, rs, and r are means ± st, error. 
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differences in stomatal resistances (r ) for GO diffusion among 
S <L 

species having stomata on both surfaces of the leaf; r ranged from s 

1.5 to 3.6 sec cnf"*". A range of 1.0 to 9«7 sec cm""*" in mesophyll re

sistances (r ) for COg diffusion was observed among species. 

Column 2 in Table 5 presents rates of photosynthesis corrected 

-2 -1 
for COg leakage. The difference of about 13 mg COg dm hr which 

exists between sunflower and corn was added to the P^oq measurements 

of all other species. It is proposed that this amount represents that 

portion of COg diffusion outside of the leaves under full light and 

zero COg or out of cells into the stomatal cavity in 300 ppm CO^. 

Since this portion of CO^ is used by efficient species such as corn, 

sorghum, and bermudagrass and is not used by the rest of the species 

so far studied, P must be corrected then for this leakage. On the basis 

of the corrected values of P Q̂Q, CO^ mesophyll resistances were calcu

lated for the same species (Table 5, column 3). This new proposed cor

rection resulted in only two classes of mesophyll resistances. One 

class, with lew r of 2.9, 1.5 sec cm""'*' (cotton and sunflower plants) 

but which have corrected net P of 51 to 63 mg GO^ dm" hr and corrected 

r of 1.3 to 0.8 sec cm""*", are similar to corn with r of 1.0. The 
m * m 

second group which includes other species with corrected P^qo °f 31 to 

—2 —1 ' —T 
38 mg COg dm hr and corrected r of 1.9 to 3.9 sec cm. 

The r values of Table 5 are much less than those reported by 

others (Bierhuizen and Slatyer, 19614b j Gaastra, 1962 j Slatyer and Bier-

huizen, 196iia). This is caused by the controversially high P q̂q which 

others have confirmed (Jarvis and Jarvis, 196k', Murata and Iyama, 1963b; 

Strogonova, 1961;). The first report of these P q̂q values (Hesketh, 1961) 
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logically predicted lower r^j hence, such low values were not expected. 

Since these high photosynthetic values have been confirmed by three 

independent groups of workers (Jarvis and Jarvis, 19 6U; Murata and 

Iyama, 1963b; Strogonova, 19610* the low r^ can be accepted. Slatyer 

and Bierhuizen (l96Ua) have calculated (r^) CO^ for cotton leaves of 

very low P^OO mg CO^ dm" hr" )« The r^ values are of little value 

when considering the species cotton in the field. P-jqq f°r greenhouse 

cotton in Table $ are also low. Hence, r for field cotton should be 
' m 

similar to that of sunflower. Accurate calculation of (r ) CO. makes 
m c 

necessary accurate description of photosynthesis, just as stomata must 

be fully open for accurate calculations of rg. 

If one doubles the rg of corn and corrected sunflower, thereby 

eliminating stomata on one side of the leaf, P 0̂0 becomes 35 mg CO^ 

-2 -1 
dm hr • Data of P q̂q where surfaces of leaves were covered with 

vaseline suggest that rg does not quite double, so P^oo ̂ or -'•eaves 

—2 -1 no top surface may approach ijO mg CO^ dm hr • Cuticular diffusion 

—2 —1 
of CO2 may increase P^OO ^ CO^ dm hr to 1|5. Approximately 

—2 —1 
1$ to 20 mg COg dm hr can be attributed to loss of top stomata. 

This value plus cuticular resistance was estimated to be the equivalent 

-2 —1 
of 20 mg COg dm hr in an earlier paper (El-Sharkawy and Hesketh, 

196Uc). 

A summary of differences among species is presented in Table 

6. General maximum P^qq values are listed in column 1. These P^qq 

values were corrected for areas not covered by chloroplasts and the 

corrected values are presented in column 2. Such corrections range from 

—2 -1 
0 to 5 mg COg dm hr . In column 3 are listed P values of column 2 



Table 6. Proposed limitations to photosynthesis among species. 

Species 
General 
maximum P300 

mg C0o dm~2 hr~^ 

Correction"" 
no chloroplast 

cover 

Respiratory* 
leakage 

correction 

No topn 

stomata Unknown0 

(1) (2) (3) (U) (5) 

Corn 65 70 (5) 70 - -

Sunflower 51 56 (5) 70 (11+) - -

Cotton 39 m  (2) 55 (Hi) 15 (greenhouse 
effect) 

Oats 3 k  37 (3) 5L (lit) - 19 

Hibiscus 28 32 (3) 1*5 (lit) - 25 

Tobacco 26 26 ho Ok) 5o (10) 20 

Soybean 26 32 (5) 45 (Hi) 55 (10) 10 

Thespesia 23 26 (3) l+o (14) 60 (20) 10 

'""Correction made by dividing P300 in column 1 x 100 by 100 minus the two values in columns 
1 and 2 in Table 3* 

^Everything corrected for the difference between sunflower and corn, some form of respira
tory leakage. 

^Species corrected for no top stomata or large r_ values. s 
°Unknown differences, probably rates of dark reactions, also vigor of plant. 
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corrected for the difference between sunflower and corn which is caused 

-2 -1 
by unknown factors. This correction here was 11* mg CC>2 dm hr , P 

values of column 3 were then corrected for large r or r caused by no 
9l S 

top stomata (Thespesia)t few top stomata (soybean), or apparent stomatal 

closure (tobacco). These corrections are listed in column k and range 

-2 -1 
from 10 to 20 mg CO,, dm hr • The differences between the maximum 

-2 -1 corrected P values and 70 mg COg dm hr of corn are listed in column 

5, The cause of these differences is, as yet, unknown. The 15> mg CO^ 

-2 -1 
dm hr of cotton is associated with a greenhouse effectj leaves in 

the field have P values of U5 to $0 mg CO^ dm~^ hr~\ 

The analysis of resistances helps to clarify differences among 

species because of characteristics of stomata. Such an analysis helps 

eliminate variability in P due to mishandling of leaves which results 

in closed stomata and low P values in the laboratory, A new but very 

small difference is proposed in Table 6, which is probably due to the 

area of chloroplast-free veins in leaves of some species. 

Little new information is revealed about the third difference 

-2 -1 
of 10 to 20 mg COg dm hr , which is associated somehow with some 

factor inside the leaf. The leaf anatomy studies revealed no physical 

barrier to diffusion unique to species of low photosynthetic rates# 

The third difference is about 15 to 20/65 to 70, or 30 per cent of the 

maximum rate known so far. 

The values of r will be less as (CO.) is increased: thus 
m 2 chl 

far, it has been assumed to be close to zero or zero. For example, if 

(C02)chi were 30 ppiri CO,, by air volume or the liquid equivalent, r^ 
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would be 0.6 for com with a 1*0 per cent errorj if were 60 

ppm C0o. r would be 0.3 with an error of 70 per cent. Differences in • c' ui 

rm resulting from the so-called "unknown" difference in photosynthetic 

rates among species are approximately 100 per cent. If rates of dark 

reactions are slower, which is probably the case, then there will be an 

increase in (CC^chl 2 5 to 30 per cent over that of coin. Any other 

difference among species are not apt to cause such an increase in 

^°2^chl* ̂ ence, "the use of "minimum level" of GO^ or the "CO^ compen

sation point" for estimate of (C02^chl not valid in principle, but 

does correct rffl in much the same way as adding respiration COg to the 

P values. Such estimates reflect the "leakage of respiration COg ef

fect." There is no reason to believe that the "leakage factor" should 

affect (CO^)cj^> Ĉ02 ĉhl shou- d̂ increase only when dark reactions and 

light reactions become more limiting or slower. 



GENERAL DISCUSSION 

Limitations Among Species 

It has been shown from the present study and previous work by-

others (El-Sharkawy and Hesketh, 196Ua; Hesketh, 1963J Murata and Iya-

ma, 1963b) that there is a wide range in rate of photosynthesis among 

—2 -1 
plant species (5 to 65 mg CO^ dm hr ) in intense light and 300 ppm 

COg, Attempts have been made to explain such differences# Three 

causes were suggested: first, the leakage of the respiratory COg out 

of the leaf during active photosynthesis in intense light (Hesketh, 

1963; El-Sharkawy et al., 1961;); secondly, C02 diffusion resistances 

associated with few or no stomata in the top surfaces of leaves of some 

species (El-Sharkawy and Hesketh, 196i;c) j thirdly, the difference be

tween warn weather and cool weather species which is thought to be 

associated with some internal characteristics of the leaf. Each of 

the three causes depressed photosynthesis by about 15 to 20 mg CO^ 

dm"2 hr"1. 

Species with stomata on only one side of the leaf such as 

maple, oak, and Thespesia have a low rate of CO^ assimilation, 10 to 

20 mg COg dm hr (El-Sharkawy and Hesketh, 196Uaj Hesketh, 1963). 

These species, which are adapted to the temperate zone, possess the 

three limitations listed. Tropical grasses have photosynthetic rates 

—2 —1 
of 65 to 70 mg COg dm hr j since these species have the highest 

photosynthetic rates known, they do not have the limitations listed 

above as defined from comparisons of photosynthetic rates among species. 

U5 



Another group of species native to warm climates or warm environments 

include a group of species with stomata in both surfaces of the leaf 

such as cotton and sunflower and with photosynthetic rates of I4O to 5>0 

-2 —1 -2 —1 
mg COg dm hr • A difference of about 15 to 20 mg COg dm hr 

exists between this group of plants and the tropical grasses and care

less weed (Amaranthus palmeri). This difference has been attributed 

to the leakage of the respiratory GO^ out of the leaf. Structural dif

ferences in cell arrangement inside these leaves were demonstrated in 

—2 -1 
the present study. Such species with P q̂q « 60 mg CO^ dm hr al

ways have a large vascular bundle sheath with tightly packed photosyn

thetic cells. Also, such species possessed a higher ratio of internal 

exposed surface to volume of cells (S/V cell «= 1.8 to 2.0, see Table 

—2 1). Since species with photosynthetic rates of 60 to 70 mg GO^ dm 

hr"^ do not possess the first limitation as listed above, it is postu

lated that the presence of the vascular bundle sheath and the high S/V 

cell ratio may somehow prevent the endogenous respiratory CO^ from 

leaking out of the photosynthetic cells and out of the leaf. 

The third difference of about 10 to 20 mg CO^ dm""^ hr""'" that 

exists between cool weather plants such as oats and soybean and the 

warm weather plants such as cotton and sunflower has not yet been 

closely associated with any causal factor. Differences in light re

actions have been excluded as possible limitations among speciesj 

stomatal diffusion resistances are included in the second difference 

listed above. The third difference must then be associated with some

thing inside the leaf such as mesophyll diffusion resistances or rates 

of dark reactions. The sections of leaves revealed no obvious 



bl 

obstacles to COg diffusion inside leaves of the cool weather species. 

Since similar differences occur when the warm weather species are grown 

in the shade with little change in leaf anatomy (this hasn't been 

proven, but shade leaves are more succulent or contain less structural 

cellulose inside the leaf) that should slow down internal diffusion of 

C02# Rates of dark reactions must be the limiting factor here, and 

Bjorkman and Holmgren (1963) have demonstrated a decrease in leaf pro

tein from sun to shade leaves. The sun-shade effect may provide a 

lead for studies in the future about the third difference. 

Limitations to Photosynthesis Among Species in Relation to Variables 

in the Natural Environment 

Differences among species in photosynthetic rate were found 

for leaves in intense light, 300 ppm CO^ air, and temperatures close 

to the optimum for net photosynthesis. It is known that rates of 

photosynthesis of different plant species are influenced by these 

factors (Decker, 19U7 j El-Sharkawy and Hesketh, 1961jbj Hesketh, 1963s 

Murata, 1961; Waggoner et al.t 1963). The response of photosynthesis 

to such factors will be discussed here in relation to the difference 

in photosynthesis under defined conditions. Theoretical models are 

constructed to show the response of photosynthesis to variables of the 

environment or leaf, Figures U, 5, 6, and 7. Factors affecting the 

shapes of the curves in these figures are presented in Table 7. 

Actual data corresponding to each figure have been reported (Baker and 

Musgrave, 196Ua; Bohning and Burnside, 1956; El-Sharkawy and Hesketh, 

19614b; Hesketh and Musgrave, 1962; Murata, 1961). This discussion 
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P m a x 

full sunlight 

Model A: Net P—light response curves 

Figure U* Theoretical model illustrating response curves of net 
photosynthesis to light intensity. 
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0 20 40 

Temperature °C 

Model B: Net P-temperature response curves 

Figure $. Theoretical model illustrating response curves of net 
photosynthesis to temperature. 



Model C: Net P-C02  response curves 

Figure 6. Theoretical model illustrating response curves of net 
photosynthesis to CC^. 
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/  i '  P  m a x  

/ \ r  
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—  S t o m a t a l  w i d t h — >  

Model D :  Net P—stomata response curve 

Figure 7. Theoretical model illustrating response curves of 
net photosynthesis to stomatal width. 
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Table 7. Limitations to photosynthesis (see Appendix I for definition 
of terms). 

Model Limiting factors 

A. P. 
max 

CO2, stomatal width, r., T, K_, water 
stress 1 

lira 

B. P. 
max 

lim (1) 

?l±m (2) 

For wide range of chlorophyll, P^im is 
constant. Theoretically, it 
changes with GOg. 

Light, CO2, stomatal width, chlorophyll, 
K^, r^, water stress 

Kl' ri> rs 

Conditioning temperature, water stress, 
enzyme inactivation. 

G. P. 
max 

P - f(co2) 

Light, T, K^, r^, water stress 

Ki 

P •= f stomata^fg (COg) rg, CO^ 

D. P. 
max Light, T, K^, ri# water stress 

lim 



summarizes this information. Factors limiting photosynthesis of a 

single leaf must be thoroughly understood before photosynthesis can be 

coirqpared among species# 

In the four models, the absolute maximum rate is always af

fected by the three limitations listed above. Thus, among species, 

the maximum photos ynthe tic rates (P^^) vary, creating a family of 

curves under these limiting lines (P ). Model A in Figure 1+ repre-max 

sents a family of net photosynthetic (NP)-light response curves. In 

full light, Pmax i*1 a single leaf will vary with CO^ concentration 

(Hesketh, 1963), stomatal width, temperature, and water stress (El-

Sharkawy and Hesketh, 19614b) • The shapes of the family of response 

curves for a single leaf, as photosynthetic rate is varied in intense 

light by the factors listed, are much the same as shapes of curves 

found among species where photosynthetic rate in intense light varies 

the same. The initial slope of the light response curve or P-^ does 

not vary in a single leaf or among species except when chlorophyll be

comes very limiting (Gabrielsen, I960; Murata, 1961). 

Model B, Figure 5, shows a family of response curves of net 

photosynthesis to temperature. The maximum rate of photosynthesis 

(P„„) varies within a single leaf with the variables listed in Table max 

7. Among species, Pmax is a function of the limitations listed above. 

As P__„ decreases, the NP-temperature response curves become more ITLcuC 

broad for single leaves and among leaves of different species (El-

Sharkawy and Hesketh, 196i;b5 Murata and Iyama, 1963b). P^im (l)' 

the limiting maximum photosynthetic rate at low temperatures, varies 
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among species with stomatal resistances, rates of dark reactions, and 

respiratory leakage, the three limitations listed above* 

the limiting photosynthetic rates at the higher temperatures, varies 

among and within species with conditioning of plants, water stress, 

and enzyme inactivation. As the leaves are stressed for water, P^im(2) 

moves to the left, and the curves become more peaked# 

Model C, figure 6, illustrates a family of response curves of 

net photosynthesis to GO^ concentrations. The maximum photosynthetic 

rate (P ) varies within species with light intensity, temperature, 
max 

stomatal opening, and water content of the leaf whereas it varies 

among species with the three limitations listed above. The shape of 

P = fCCOg) varies with the three limitations among species while the 

limiting line in high CO^ concentrations varies with stomatal opening 

and rate of dark reactions. 

Model D, Figure 7, illustrates the relationship between the 

photosynthetic rates (NP) and stomatal width. Among species, P^^ 

varies with the three limitations. Within species. P varies with 
* ' max 

light intensity, temperature, and water content of the leaf. P^^ 

varies with number and arrangement of stomata. 

One of the interesting aspects of these models is that species 

with low photosynthetic rates in 300 ppm C02 will behave almost exactly 

like species of rapid photosynthetic rates in models A, C, and D if 

P^, or the photosynthetic rate in 300 ppm C02, is increased by in

creasing COg so that P equals that of the most efficient species in 

300 ppm COg. Similarly, if the photosynthetic rates of the most 
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efficient species are decreased by decreasing light intensity, then 

the shapes of response of photosynthesis to COg, temperature, or sto-

matal width will be similar to those of species with low photosynthetic 

rates in intense light. All combinations are possible. For this 

reason, all possible shapes are found in the literature as describing 

that which occurs in nature. One could also consider many other fac

tors that might affect leaf photosynthesis such as nitrogen content 

of the leafj in the models presented, the possible limitation by low 

chlorophyll was not considered but can be easily accounted for. 



SUMMARY 

The present study was undertaken to analyze the difference in 

leaf photosynthetic rates among species. Internal characteristics such 

as the anatomy of the leaf and number of stomata and their distribution 

for several plant species were studied. The standard leaf chamber tech

nique was used for photosynthetic measurements; CO^ exchange was deter

mined by a Beckman Infrared CO^ analyzer (model IR 1$). Rates of 

photosynthesis of single leaves were measured in the laboratory under 

controlled conditions and also in the field. Plants used for the labor

atory experiments were grown both inside and outside the greenhouse in 

winter and spring, respectively. Young but fully expanded leaves were 

selected for photosynthetic measurements, and the results were expressed 

_2 
in mg COg assimilated by a dm of leaf area per hour. 

During a single experiment all factors were kept constant ex

cept those under investigation. Unless otherwise stated, all photosyn

thetic measurements were conducted at light intensity of 2.3 ly min-"*", 

300 ppm COg and at air temperature of 32 * 2°C. The following is a sum

mary of the experimental results: 

Studies of Leaf Anatomy 

Leaf sections of 15 plant species having a wide range of photo

synthetic rates were used in studying the internal characteristics of 

leaves. Significant but small negative correlation coefficient 

2 
(r 18 -.51, r •= .26) was found between the maximum net photosynthesis 

56 
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and leaf thickness (tg). No relationships were found between the maxi

mum net photosynthetic rate (P q̂q) and volume of air spaces, percentage 

of volume of air spaces, and the ratio of internal exposed surface to 

external leaf surface (S). Another ratio was calculated in which the 

variation in leaf thickness, air spaces, and cell size could be consid

ered. The ratio was calculated as a ratio of unit internal exposed 

surface to volume of cells (S/V cell). A highly significant correla-

tion coefficient (r = +.81;, r •= .71) was found between maximum net 

photosnythetic rate and the S/V cell ratio. A negative and highly sig

nificant correlation coefficient was found between S/V cell ratio and 

the diameter of palisade or mesophyll tissue (r = -.81|, r = .71)» 

S/V cell ratio was large for species such as corn, sorghum, bermuda-

grass and Amaranthus palmeri, where net photosynthetic rate was 60 mg 

—2 —1 
CO^ dm hr • Other species with photosynthetic rate from 20 to 5>0 

—2 —X mg CO^ dm hr possessed smaller S/V cell ratio. It was suggested 

that the large S/V cell ratio may slow down or prevent the respiratory 

COg from leaking into the external system. This leakage of about 10 to 

-2 —1 
15 mg COg dm hr was proposed as a causative factor for photosynthe

tic differences among species. 

Another distinctive character was observed to be associated 

with species having high photosynthetic rate such as corn, sorghum, 

bermudagrass, and Amaranthus palmeri. The vascular bundles in the 

leaves of these species are enclosed within sheaths of large and com

pact cells. Other species studied did not possess such characteris-

r tiCS. 
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Photosynthesis-Transpiration and C02 Diffusion Resistance; Studies 

Experiments were conducted to study the relationship between 

photosynthesis and transpiration of different plant species. CO^ dif

fusion resistances through air (r ), stomata (r ), and mesophyll (r ) Q. S III 

were calculated from the transpiration-photosynthetic data in order to 

analyze differences in photosynthetic rates among species. 

Photosynthesis, transpiration rates, and stomata measurements 

were made for 8 different species having a range of photosynthesis from 

—2 —1 
18 to 60 mg COg dm hr . Little difference in transpiration rates 

was found between species having photosynthetic rates from 38 to 60 mg 

—2 —X 
COg dm hr (corn, cotton, and sunflower) and species having medium 

—2 -i photosynthetic rates of 30 to 3U mg CO^ dm- hr" (oats). Transpira

tion rates were low for species having low photosynthesis (18 to 25 

—2 —1 
mg COg dm hr ) such as soybean, tobacco, Thespesia and Hibiscus. 

Because of the low variability in transpiration rates and the wide 

range in photosynthesis among these species, it was concluded that 

photosynthesis/transpiration ratio is a function of photosynthetic 

rates. 

There were differences in stomatal area and their distribution 

ambng species studied. It was low on the top surfaces of leaves of 

Thespesia, soybean, and tobacco plants, while a moderate stomatal area 

with an even distribution on both surfaces of the leaves was observed 

for corn and oats. Other species such as sunflower, cotton, and Hibis

cus showed the highest stomatal area among the forementioned species. 
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Estimates of resistances to diffusion of GO^ into the leaf were 

obtained using Gaastra's equation (1959). According to these estimates 

there was a range in mesqphyll resistances to CO^ diffusion among spe

cies, A correction of the actual photosynthetic rates was introduced 

to account for the CO^ that leaks out from the leaves of rates less 

—2 -1 than 60 mg CO^ dm hr • COg resistance values based on the corrected 

rate of photosynthesis did not considerably differ among species hav

ing variable rates of photosynthesis. 

From these studies several limitations to photosynthesis among 

species were suggested. Models and mechanisms explaining the differ

ences in photosynthetic rates among species were discussed. Differ

ences among species were associated with three characteristics: (l) 

respiration in zero CO^ and intense light, (2) stomatal diffusion re

sistances, and (3) a difference the exact cause of which is still un

known. More studies are needed to investigate causes of such 

difference. Possible differences in anatomy of the leaves, rate of 

dark reactions, concentrations of CO^ inside the leaf, and the inter

relationship between the mitochondria and the chloroplasts are areas 

for future research. Also, better techniques are needed for studying 

the internal characteristics of the leaves. 
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APPENDIX I 

DEFINITION OF TERMS 

(CO,) «= C0_ concentration of air at least 1 cm away from the leaf# 
u & b 

(r.)pn * A resistance to diffusion of C0_ along a C0o concentration 
1 2 gradient. 

(r.)„n «A resistance to diffusion of Ho0 along a Ho0 concentration 
1 z gradient. 

r * Air resistance to diffusion of H^O or CO^ in the air layer 
a around the leaf. 

r «= Stomatal. cuticular, and intercellular air resistance to 
s * diffusion of CO^ or H^O. 

r = Cell wall, liquid phase resistance of C02 diffusion along 
m a gradient to the chloroplast or reaction site. 

r = Some "unknown" diffusion resistance of CO2 from respiration 
x in the leaf cells some distance from the chloroplast. 

(C0_) _ = CO2 concentration at the chloroplastj a factor almost im-
v possible to measure directly. 

= Forward reaction rate of (6) under steady state conditions. 

= Back reaction rate of (6) under steady state conditions. 

A «= Some kind of " COg -acceptor" j Aq «= the total amount of this 
acceptor. 

ACOg b The "COg-acceptor complex." 

(H) = Product of the light reaction. The photosynthetic re-
ductant. 

K_ «= Forward, irreversible reaction rate of (8) under steady 
state conditions. 

CHgO •= First reaction product, a carbohydrate unit. 

^O^CO * of H2° 311(1 C02' resPec'tively* 

dco2/dH2O = 0,6 



Definition of Terms—Continued. 

= Maximum photosynthetic rate, 

Pn. •= Limiting photosynthetic rate. 
JLIKi 

T = Temperature. 



APPENDIX II 

Camera lucida drawings of leaf sections used for actual measure

ments of the internal characteristics of leaves. 
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Figure 8, Cross section of soybean (Glycine max) leaf* 
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Figure 9» Tangential section of soybean (Glycine max) leaf. 

Top: through upper layer of palisade tissue. 
Bottom: through lower layer of palisade tissue. 
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Figure 10. Tangential section of soybean (Glycine max) 
leaf through spongy mesophyll. 
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Figure 11. Cross section of sunflower (Helianthus annuus) 
leaf. 



HJ* 

Figure 12. Tangential section of sunflower (Helianthus annuua) 
leaf. 

Top through palisade tissue* 
Bottom: through spongy mesophy11, 
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Figure 13. Cross section of Thespesia populnea leaf« Notice the 
absence of stomata on the top surface of the leaf# 
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Figure llu Tangential section of Thespesia populnea leaf. 

Tops through palisade tissue. 
Bottom: through spongy mesophyll. 
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Figure 1$. Cross section of Gossypium raimondil leaf* 
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Figure 16. Tangential section of Gossypium raimondii leaf. 

Tops through palisade tissue. 
Bottom: through spongy mesophyll. 



71 

Figure 17* Cross section of Gossypium somalense leaf. 



'V 

Figure 18. Tangential section of Gossypium somalense leaf. 

Topj through palisade tissue. 
Bottom: through spongy mesophyll. 
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Figure 19 • Cross section of Goesypium armourianum leaf* 
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Figure 20, Tangential section of Oossypium armour ianum leaf* 

Top: through palisade tissue. 
Bottom: through spongy mesophyll. 



Figure 21, Cross section of sugarbeet (Beta vulgaris)leaf> 
->j 
\ji 
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Figure 22. Tangential section of sugarbeet (Beta vulgaris) 
leaf. 

Top: through palisade tissue. 
Bottom: through spongy mesophyll. 
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Figure 23. Cross section of Pima S-2(Gossyplum barbadense) leaf. 



r 
Figure 2h» Tangential section of Pima S-2 (Gossypium 

barbadense) leaf. 

Top: through palisade tissue. 
Bottom: through spongy mesophyll. 
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Figure 25. Cross section of Deltapine Smoothleaf (Gosaypium 
hirsutum) leaf. 
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Figure 26, Tangential section of Deltapine Smoothleaf 
(Qosaypium hirsutum) leaf* 

Top t through palisade tissue• 
Bottom: through spongy- mesophyll. 



Figure 27. Cross section of Acala UJU (Qossypium hirsutum) leaf 
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Figure 28. Tangential section of Acala lUi (Gossypium hirsutum) 
leaf. 

Top: through palisade tissue* 
Bottom: through spongy mesophyll. 



Figure 29: Cross section of careless weed (Amaranthus paljneri) 
leaf. 

Notice the arrangement of the vascular bundles and 
the large compact cells of the bundle sheath. 
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Figure 30. Tangential section of careless weed (Amaranthus 
palmeri) leaf. 

Top: through upper palisade tissue. 
Bottom: through lower palisade tissue. 
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Figure 31 • Cross section of oats (Avena sativa) leaf. 

Notice the double-layered vascular bundle 
sheath with small cells. 
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Figure 32. Tangential section of oats (Avena sativa) leaf 
through mesophyll tissue. 
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Figure 3U. Cross section of oats (Avena sativa) leaf parallel 
to vascular bundle. 
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Figure 35» Cross section of corn (Zea mays) leaf. 

Notice the arrangement of vascular bundles 
and the large cells of the bundle sheath. 
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Figure 36. Top: Cross section parallel to vascular bundle. 

Bottom: tangential section through vascular bundle 
of corn (Zea mays) leaf. 
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Figure 37» Tangential sections of corn (Zea mays) leaf 
directly below epidermal tissue. 
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Figure 38. Cross section of benmidagrass (Cynodon dactylon) leaf. 

Notice the arrangement of the vascular bundles and 
the large cells of the bundle sheath. 

vo 
f\5 
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Figure 39. Tangential sections of bermudagrass (Cynodon 
dactylon) leaf directly below epidermal tissue# 
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Figure U0„ Cross section of berntudagrass (Cynodon dactylon) 
leaf parallel to and through vascular bundle. 
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Figure 1*1. Cross section of sorghum (Sorghum vulgare) leaf. 

Notice the arrangement of the vascular bundles 
and the large cells of the bundle sheath. 



Figure U2. Tangential sections of sorghum (Sorghum vulgare) 
leaf directly below the epidermal tissue. 
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Figure U3« Cross section of sorghum (Sorghum vulpare) 
leaf parallel to vascular bundle. 
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