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ABSTRACT 

Most plants produce leaves with stomata on either both 

surfaces (amphistomatous) or on the lower surface only 

(hypostomatous). The importance of stomata to plant survival 

suggests that these two stomatal distribution patterns may be 

adaptive, and this problem is explored. It is concluded that 

amphistomaty is an adaptation to produce a high conductance to CO2 

diffusio~ into the leaf. As such it is advantageous to plants with 

high photosynthetic capacity leaves in high light environments, 

experiencing rapidly fluctuating or continuously available soil water. 

Plants meeting these criteria are found to be almost exclusively 

amphistomatous; those not meeting the criteria are mostly 

hypostomatous. 

Also L~vestigated is the adaptive significance of differences 

in stomatal conductances and conductance responses to environmental 

factors between the two surfaces of amphistomatous leaves. Although 

differences in stomatal conductance are found between the two 

surfaces in sunflower, differences in conductance response to light 

intensity and water vapor pressure difference across the stomatal 

pore were neglible. Water stress relieved one day prior to 

experiments caused upper stomatal conductance to be reduced more than 
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lower, but responses to light and water vapor pressure difference 

remained essentially parallel for the two surfaces. For these 

differences in conductance to be adaptive differences in 

photosynthetic characteristics should exist for CO2 entering through 

one surface or the other. However, experiments reveal no apparent 

differences in photosynthetic characteristics between the two 

surfaces. In addition, estimation of the resistance to diffusion of 

CO2 across the mesophyll yields values low enough to preclude steep 

gradients in C02 partial pressure in the mesophyll. In the absence 

of C02 gradients within the leaf, differences in photosynthetic 

characteristics between the two surfaces cannot exist. It is 

concluded that differences in stomatal conductance between the two 

surfaces of amphistomatous leaves are not adaptations to differences 

in C02 uptake characteristics. 



CHAPTER ONE 

PROLOGUE 

The dependence upon atmospheric carbon for the process of 

photosynthesis has had important effects on the evolution of the 

morphology, anatomy and physiology of terrestrial plants. Exposure 

of the assimilatory mesophyll cells to air containing the required 

CO2 also permits vaporization and hence loss of the water surro~~ding 

and contained wi thin the cells. Since water is relatively scarce in 

most terrestrial environments, unrestricted water loss can have 

potentially disastrous results for a plant. Thus most plants are 

faced with a "dilemma of opposing priorities" (Raschke, 1976); they 

must allow diffusional contact of photosynthetic cells with a 

relatively dry atmosphere, yet prevent excessive loss of water by 

vaporization into that atmosphere. 

To deal with this problem, the leaves of vascular plants are 

coated with a waxy substance, the cuticle, which effectively prevents 

water loss or CO2 uptake through the epidermis. The epidermis a~d 

cuticle are pierced by microscopic pores, stomata (sing. stoma), 

formed by two specialized epidermal cells which are able to change 

shape to open or close the pore. Opening the pores decreases the 

resistance to molecular diffusion and hence increases the rates of 

water and carbon dioxide exchange with the atmosphere; closing the 



pore obviously has the opposite effect. The stomata thus serve as 

valves regulating both CO2 diffusion ir-to the leaf and H20 diffusion 

out of the leaf, and must function such that both diffusional fluxes 

are kept within allowable limits. 

2 

To compound the problem, diffusion of water out of the leaf 

is very much favored over diffusion of C02 into the leaf in virtually 

all circumstances. For a leaf with a temperature of 25 C, in air at 

the same temperature with a relative humidity of 50% (certainly a 

mild situation considering the conditions to which desert plants are 

exposed), the drop on the partial pressure of water vapor across the 

stomatal pore is approximately 15 mbar. For the same leaf, the 

theoretical maximum partial pressure difference for CO2 is only 0.34 

mbar, and in practice the difference is only about 0.1 mbar (Farquhar 

and Sharkey, 1982). Additionally, since CO2 is a heavier molecule 

than water, it diffuses more slowly, giving it a diffusion 

coefficient in air 1.6 times greater than that of water vapor in air. 

The outcome of these purely physical constraints is that water vapor 

diffuses out of the stomatal pore at least 70 times, and more 

probably well over 250, times more rapidly than CO2 diffuses in. 

Despite these unfavorable odds stomata appear to be largely 

successful in controlling gas exchange such that water loss is kept 

within allowable limits but photosynthesis proceeds at a sufficiently 

high rate for survival, and the success of vascular plants in 

habitats ranging from deserts to swamps testifies to the efficacy of 

this adaptation. Exactly how and why stomata are so successful has 
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been the object of intense study for years, and remains an active and 

interesting field today. 

To be truly efficient as environmental conditions change, 

stomata should respond to both the water vapor pressure differential 

and the CO2 partial pressure differential across the stomatal pore, 

or to factors controlling these differentials. In general, as 

conditions for photosynthesis decline, stomata should tend to close, 

reflecting a decreased demand for C02 by the mesophyll. On the other 

hand, it may be advantageous to the plant to partially close stomata 

during periods of high evaporative demand to conserve water or 

maintain a more efficient uptake of carbon dioxide with regard to 

water loss. These responses of the stomata obviously depend on the 

photosynthetic capacity and characteristics of the mesophyll, and 

plant water status, as well as ma~y other factors, and the overall 

picture of stomatal response to environment is only now beginning to 

emerge. In general, however, stomata do tend to respond either 

directly to, or to factors controlling, the rates of photosynthesis 

and transpiration. 

The question then becomes: exactly how should stomata 

respond to such that gas exchange is truly optimal? The most 

significant advance in this area is the optimization theory proposed 

by Cowan and Farquhar (1977), in which optimal stomatal behavior 

results in the gain ratio dE/dA (E=transpiration rate, 

A=photosynthetic rate) being maintained constant over the course of 

the day. This theory, elegant and revolutionary as it is, predicts 
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only the conductance to diffusion which should be maintained by the 

stomata for optimal gas exchange under particular conditions. The 

identification of the specific responses of stomata which, in 

concert, result in behavior somehow approaching optimal is perhaps 

one of the great challenges in the field of stomatal physiology 

today. 

Most leaves are either hypostomatous (possessing stomata 

only on the lower surface), or amphistomatous (possessing stomata on 

both surfaces), and most plants characteristically produce only one 

of these types of leaf. Given the importance of stomata to plant 

success and survival, these patterns of stomatal distribution seem 

likely to possess adaptive significance. This study, while not 

dealing with optimality directly, examines the ecophysiology of 

amphistomatous leaves as it pertains to efficient, or merely 

successful, regulation of gas exchange by the stomata. 

In conducting the study two questions were identified for 

detailed study. They are: 

1) Assuming that hypostomaty is the primitive form and 

amphistomaty the derived; what were the factors influencing the 

evolui;ton of amphis)~omaty? Stated another way: Under what conditions 
-

(e.g. anatomical, physiological, or environmental) does the 

amphistomatous condition constitute an adaptive advantage? 

2) Once the amphistomatous condition is established, what 

differences in behavior between the two sets of stomata (if rolY) are 

necessary for ""efficient" regulation of gas exchange? 



As these questions are examined throughout the following 

three chapters, the two surfaces of the leaf will be referred to as 

the upper and lower surfaces whenever possible for ease of reading. 

In certain circumstances this terminology is potentially confusing, 

and upper and lower surfaces will be referred to as adaxial and 

abaxial surfaces, respectively. 

5 



CHAPTER 2 

THE ADAPTIVE SIGNIFICANCE OF AMPHISTOMATOUS LEAVES 

Perhaps two of the first characteristics of stomata ever 

measured were density and distribution over the leaf surfaces, and 

early literature contains lllany surveys of stomatal densities (e.g. 

Salisbury, 1927; Kohne, 1889; Wood, 1934; Rea, 1921). From these 

surveys it is apparent that some plants characteristically possess 

stomata on only one surface, usually the lower, and some have stomata 

on both surfaces. However, the proportion of plants with each of 

these two distribution patterns varies with each study, and early 

texts were often contradictory in statements regarding this. For 

instance Bessey (1889) stated: "The stomata on leaves are generally 

confined to the lower surface, and when present on the upper they are 

usually much fewer in number; there are, however, some exceptions to 

this.", while Stevens (1916) told us: "The stom ata as a rule occur on 

both sides of leaves, but with greater frequency on the lower side. 

There are instances, as in the rubber leaf, and some oaks, plums and 

apples, where the stomata are all on the lower side, and still fewer 

instances, as in the water lily, where the stomata are practically 

all on the upper side." 

6 



More recent texts are equally nebulous in defining stomatal 

distributions. Cronquist (1971) states: "The stomates may be equally 

abundant on both sides of the leaf, but usually they are more 

numerous on the lower surface than the upper; often the upper surface 

lacks stomates entirely.", and Esau (1977) is equally vague: "In 

leaves, stomata may occur on both sides or only on one side, usually 

the lower." 

It is also unclear from stomatal distribution data what types 

of plants or environmental conditions are commonly found associated 

with the amphistomatous condition. Statements concerning the 

occurrence of amphistomaty with different habitats, or other 

characteristics are rare in the literature, are u~ually based on one 

data set from a specific area or type of plant, and are often 

contradictory. The importance of stomata to plant survival suggests 

that these differences in stomatal occurrence may confer an adaptive 

advantage to a plant under particular environmental or physiological 

conditions. Yet, the one study (Parkhurst, 1978) addressing this 

question is based on computer modeling, with little physiological 

data. 

The explanation for this gap lies at least partially in the 

fact that the amphistomatous condition is not clearly correlated with 

variables to which it was considered a possible adaptation by 

previous investigators. This discussion advances a hypothesis 

concerning the adaptive significance of amphistomatous leaves, and 

demonstrates that the proposed adaptive significance is consistent 



with the observed trends in the distribution of plants with 

amphistomatous leaves. 

Trends in the Occurrence of Amphistomatous Leaves 

S' 

Several possible trends have been suggested in the 

distribution of plants with amphistomatous leaves by other authors. 

Aridity of the environment is perhaps the most often mentioned. For 

example, Gates (1914) considered hypostomaty to be an adaptation to 

aridity, and Salisbury (1927) noted that amphistomatous leaves were 

more common to moist habitats than dry ones in the woodland flora. 

Wood (1934) however, found that amphistomatous leaves become more 

common with increasing aridity. Examination of stomatal frequencies 

from the previously cited surveys, and personal observations, 

indicate that amphistomaty is common in habitats spanni:!lg the entire 

range from extremely wet to extremely dry, and hence is not 

correlated with available water. 

Salisbury (1927) noted that amphistomatous leaves are much 

more prevalent among herbaceous plants than woody ones, and Kramer 

(1969) stated that most deciduous trees are hypostomatous while many 

herbaceous plants are amphistomatous. Yet, taking the same surveys 

cited earlier, it is apparent that there are many hypostomatous 

herbaceous plants and amphistomatous woody plants, and although a 

trend is present, amphistomaty is not strictly coupled 'to life form. 

Salisbury (1927) also found that while only 20% of the shade 

flora was amphistomatous, a full 53% of the margi~al flora (edge of 

the woodland) was amphistomatous, and this observation is confirmed 
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by the surveys available in the literature. Most plants which 

typically grow in open areas and are exposed to full sunlight for a 

significant portion of the day are amphistomatous, and most shade 

tolerant species are hypostomatous. This trend is borne out by 

stomatal patterns in coastal marsh and strand and desert plants; 

e.g., in North American deserts over 90% of the species have 

amphistomatous leaves, including woody dicotyledons, rosette 

monocotyledons, C3 and C4 herbs, shrubs, and grasses, and succulents 

(personal communication, Dr. Arthur C. Gibson, Department of Biology, 

University of California, Los Angeles). In contrast, plants of the 

tropical lowland rain forests and montane forests are mostly devoid 

of upper stomata except on epiphtyes in the canopy, such as orchids, 

which are CAM plants. In temperate latitudes the same condition 

prevails. Amphistomaty characterizes plants of meadows, disturbed 

habitats, and open aquatic habitats. Even the woody plants with 

adaxial stomata (Kohne, 1889), such as arborescent phreatophytic 

species of cottonwood (Populus deltoides Marsh. and P. fremontii 

Wats.) and willow (Salix spp.), are pioneers of high light 

environments. Other pioneer species such as herbaceous weeds are 

nearly all amphistomatous, as are crop plants and the common 

greenhouse plants that thrive in full sunlight (Eckerson, 1908). 

In the most extensive study on the adaptive significance of 

amphistomatous leaves to date Parkhurst (1978) modeled the gas 

exchange in hypostomatous vs. amphistomatous leaves and concluded 

that leaf thickness is the important variable controlling the 
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presence or absence of stomata on the adaxial surface. In thick 

leaves, the diffusion pathway through the mesophyll may be too long, 

hence inefficient, if stomata occurred on only one surface. To test 

this prediction, we have measured leaf thickness from transections of 

119 dominant or very common dicotelydonous species in the floras of 

Arizona, California, and Mexico (Fig. 1a) •. Included in the sample are 

species from coastal lowland and montane habitats, most of them 

having semiarid climate with less than 1000 mm of annual 

precipitation. The percentage of amphistomatous leaves for each 

thickness size class is given, and a slight trend towards 

amphistomaty with thick leaves is present. The same was done for 38 

species within a single genus, Bursera, (Fig. 1b) which has both 

stomatal patterns, and the correlation between leaf thickness and 

amphistomaty is clear in this figure. However, it is also clear that 

ranges of thicknesses for hypostomatous and amphistomatous leaves are 

broadly overlapping. There are m~~y herbaceous plants with leaves 

only 100-500 ~m thick that are amphistomatous, whereas many woody 

plants with leaves of the same thickness do not possess adaxial 

stomata. In Bursera, the species with amphistomatous leaves have 

neither the thickest nor the thinnest leaves. The amount of 

variation in the trend suggests a secondary correlation between leaf 

thickness and amphistomaty rather than a primary one, i.e., both may 

be positively correlated with some other independently varying 

parameter. 



Figure 1. Amphistomatous Leaves and Leaf Thickness 

Perce~tage of species with amphistomatous leaves as a 
function of leaf thickness for (a) various dominant or very 
common dicotyledo~ous species in Arizona, Califor~ia, and 
Mexico, and (b) the genus Bursera. 
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For leaf thickness to be an important factor in the advantage 

of amphistomatous leaves over hypostomatous ones, physiologically 

significant C02 gradients must exist within the leaf. Data from the 

second portion of this study (see Chapter 4) allow the calculation of 

an approximate resistance to CO2 diffusion through the mesophyll of 

amphistomatous leaves. For both Helianthus anuus and Xanthium 

strumarium, resistances were found to be quite low (less than 3.1 m2 

s mol-1) and maximum CO2 partial pressure differences within the leaf 

are estimated to be only 5 to 10 ~bar. Hence, it seems unlikely that 

shortening the diffusion path for CO2 within the leaf is an important 

advantage of amphistomatous leaves. 

Evidence for Amphistomaty as the Primi ti ve Form 

Many types of information indicate that amphistomaty is the 

derived state for total distribution for land plants in general and 

for angiosperms in particular. Vascular crypotogams are almost 

exclusively hypostomatous (Ogura, 1972), and so are many gymnosperms. 

Of the living gymnosperms, adaxial stomata are known from a small 

number of cycads, most notably those living in high light 

environments (e.g. Bowenia), and in numerous highly specialized 

Coniferales (central palisade mesophyll) and Gnetales (Napp-Zinn, 

1966), including many highly specialized forms such as Welwitschia. 

Some of the Cupressaceae are even hyperstomatous. 

Those dicotyledonous taxa regarded as having the primitive 

features, such as the vesselless dicotyledons and other members of 

the Annonales and Hamamelidales, among other orders, have very few 
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reports of amphistomaty (Metcalfe and Chalk, 1950). Moreover, in 

these families, species that have amphistomatous leaves are highly 

derived forms of open habitats, especially herbs, small shrubs, and 

vines. Throughout the dicotyledons, adaxial stomata appear in nearly 

every group living in open, high light habitats, either terrestrial 

or aquatic, being especially common in the most successful and 

largest plant families. Amphistomaty is very widespread in 

monocotyledons, but because many of the species with the primitive 

features also occur in full sunlight, it is difficult to make a 

statement about the evolutionary trends of amphistomaty in the group. 

There is apparently some confusion in the literature over 

species being reported as amphistomatous or hypostomatous. For 

example, Eckerson (1908) cited a greenhouse grown specimen of 

Tropalioum majus L. as having hypostomatous leaves, whereas Kramer 

and Kozlowski (1979) indicate amphistomatous leaves for the same 

species, with twice as many stomata on the abaxial surface as the 

adaxial. The explanation for these discrepancies may lie in the 

growth conditions for the plants examined. Ambrosia cordifolia 

(Gray) Payne growing in the desert foothills above Tucson, Arizona 

shows both patterns of stomatal distribution depending on the light 

intensity to which the leaves are exposed. Plants growing in full 

sunlight were found to have average stomatal densities of 133 and 390 

mm-2 for adaxial and abaxial surfaces, respectively. Those growing 

in densely shaded areas had no adaxial stomata and an average 

stomatal density of 305 mm-2 for the lower surface. A similar 
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pattern has been observed in Scrophularia californica C. and S. var. 

floribunda Greene growing in West Los Angeles (personal 

communication, Dr. Arthur C. Gibson, Department of Biology, 

University of California, Los Angeles). Clearly, not all plants 

respond to full sunlight and full shade environments in the same way; 

Arnica cordifolia Hook. showed no statistically significant 

differences between plants in the two extreme conditions (Young and 

Smith, 1980)~ 

Effect of Having Stomata .£!! Both Surfaces 

One possible explanation for the occurrence of amphistomaty 

is that adaxial stomata may be the best way to achieve extremely high 

leaf conductance for C02 diffusion into the leaf. Let us assume, for 

the moment, that a high maximum conductance for CO2 diffusion would 

be advantageous to a particular plant, and hypostomaty is the 

primitive and existing form. Then, in ~~ evolutionary context, the 

plant has essentially two options to produce a high leaf conductance: 

1) it can increase the size or density, or both, of the stomata on 

the lower surface; or, 2) it can add stomata to the upper surface. 

There are, however, several considerations which may influence which 

of the two options is the most advantageous. 

At first glance it seems obvious that eventually the lower 

surface may become "filled up" as stomata are made larger or added. 

However, there are a large number of amphistomatous leaves which, 

based on visual examination, do not appear to have this problem 



(i.e., the ratio of groundmass epidermal cells to guard cells is 

high). Hence, this argument may apply only in selected cases. 

As stomata become denser, there may be diminishing returns 

for diffusion capability if there is interaction among the diffusion 

shells formed around each pore. The density of stomata required for 

significant mutual interference has been debated. This problem was 

probably studied first by Browne and Escombe (1900) who found, using 

multiperforate septa with circular holes much larger than stomata 
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(0.4 mm in diameter), that interference was negligible if the holes 

were ten diameters or more apart. Ting and Loomis (1963) noted that 

interaction increased rapidly with decreasing pore size such that for 

small pores there was significant interference among pores spaces 10 

diameters apart. In a later paper (Ting and Loomis, 1965) they found 

that for circular 5 and 10 ~m diameter pores, diffusion per pore 

dropped off quickly if the pores were closer than about 40 diameters. 

Verduin (1947) concluded that interference among pores was directly 

proportional to the diffusion from neighboring pores and inversely 

proportional to the square of the distances between pores. 

As a corollary to the work on circular pores Parlange and 

Waggoner (1970) analyzed the effects of pore spacing by treating each 

as a slit, assuming this more closely approximated the shape of an 

open stoma. They concluded that interaction between pores was 

negligible unless the pores were closer than 3 times the maximal 

dimension of the pore; and cite bean leaves as having stomata 4 to 6 

times the stomatal length apart and conclude that little or no 



interference is likely. Since stomatal density has been shown to 

increase with light intensity, measurements made on plants grown in 

low light intensity greenhouses may not be valid for deciding if 

stomatal interference actually occurs. Although Parlange and 

Waggoner do not state the growth conditions for the beans in their 

study, their data and much of the stomatal density data in the 

Ii terature is quite likely from greenhouse or growth chamber plants. 

Using data from Kramer and Kozlowski (1979) for trees, I calculate 

the average distance between stomata to be 2.47 times the stomatal 

length. 

The evidence, then, indicates that interaction among 

diffusional shells may be possible under certain conditions. 

However, the complexity of the problem has created controversy over 

the mathematics of the situation, and a consensus on the effect does 

not appear to exist in the literature. 

Another possible advantage to forming upper stomata is that 

as stomatal conductance becomes very high (e.g., )0.4 mol m-2 s-1, 

or 1.0 cm s-1) other conductances in series with the stomatal 

conductance may become significant to the overall pathway 

conductance. The most important of these is probably the boundary 

layer conductance of the leaf. For leaves having dimensions greater 

than 5 cm, boundary layer conductance is on the order of 1.1 mol m-2 

s-1 for windspeeds around 4 km h-1 (Nobel, 1974). For a leaf with a 

stomatal conductance of of 0.4 mol m-2 s-1, this boundary layer 

represents a 25% decrease in total conductance for the leaf. For a 
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leaf with a stomatal conductance of 0.8 mol m-2 s-1, boundary layer 

conductance lowers overall leaf conductance by almost 50%. Clearly, 

to a plant evolving towards a high maximum conductance to CO2 this 

could be a significant effect. The effect of adding stomata to the 

upper surface of the leaf is to add another boundary layer 

conductance to the overall pathway, in parallel with that of the 

lower surface. 

Assuming stomatal conductance to be linear with stomatal 

number (or density) at maximum aperture, and that boundary layer 

conductance is identical for the two surfaces, we can make the 

following generalizations. For a hypostomatous leaf with a given 

number of stomata per unit area, a stomatal conductance of gsh and a 

boundary layer conductance of ga' total leaf conductance (gl) would 

be given by the following expression: gsh-1 + ga-1• Consider 

putting half of the stomata on each leaf surface, yielding a gsa for 

each surface of gsh/2. For this case: 

gl 1/(g -1 + g -1) + 1(g -1 + g -1) sa a sa a 

gl 2/«gsh/2 )-1 + ga-1 ) 

indicating that the effect of the amphistomatous arrangement is to 

double the boundary layer conductance for the leaf, leaving stomatal 

17 

conductance unaffected. Returning to our original examples, for gsh= 

0.4 mol m-2 s-1 and ga=1.1 mol m-2 s-1, the amphistomatous leaf would 

have an overall conductance 15% higher than that of the hypostomatous 

leaf. In the case of gsh=0.8 mol m-2 s-1, the advantage would be 



over 25%. For larger leaves and lower wind speeds the difference 

would be even more significant. The same argument could be applied 

to the gas phase intercellular conductance to C02 for thick leaves, 

leading to conclusions similar to those of Parkhurst (1978). 

Thus, it appears that amphistomaty may be an adaptation 

designed to raise maximum leaf conductance to CO2• If stomatal 

conductance is linear with stomatal density, the increase in the 

boundary layer conductance will be significant at high stomatal 

conductances. If conductance is not linear with density, it implies 

interaction among diffusion shells, and amphistomaty provides a way 

to add stomata without the effects of interaction. 

The Advantage Conferred ~~ High Maximum Leaf Conductance 

If amphistomaty is an adaptation to raise maximum diffusive 

conductance of the leaf as hypothesized above, then plants which 

would derive an advantage from high conductances should be 

amphistomatous. Plants not deriving an advantage from high leaf 

conductances should have largely retained the primitive form, 

hypostomaty. 
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Since the advantage of increasing leaf conductance to CO2 is 

ultimately to increase photosynthetic rate, increasing conductance is 

advantageous only if increasing intercellular CO2 partial pressure 

will increase photosynthetic rate appreciably. Current dogma 

identifies three factors which can potentially limit photosynthetic 

rate in intact leaves. 1) C02 partial pressure at the carboxylation 

site(s), 2) ribulose bisphosphate (RuBP) concentration, and 3) 
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amounts or activity of the enzyme RuBP carboxylase. Obviously there 

are many other factors which affect photosynthetic rate, but each can 

be simplified to an effect on one of these three limitations. For 

example, stomata affect photosynthesis through alteration of the CO2 

partial pressure at the carboxylation site, light affects 

photosynthetic rate through its effect on photochemical reactions 

which provide energy for RuBP regeneration, and hence determines the 

pool size of RuBP, etc. Under conditions which either RuBP 

concentration or carboxylase rates are significantly limiting the 

carboxylation reaction, increases in leaf conductance will increase 

intercellular CO2 partial pressure (Ci) and transpiration rate, but 

will have little effect on CO2 assimilation. A high maximum 

conductance will not be advantageous under these conditions. 

Evidence suggests that RuBP regeneration is usually limited 

by the supply of NADPH and ATP (Farquhar, von Caemmerer and Berry, 

1980) although enzyme levels in the photosynthetic carbon reduction 

cycle (other than RuBP carboxylase) could theoretically limit RuBP 

regeneration. At low irradiances, photochemical reactions proceed 

slowly, and energy and reducing power will limit RuBP formation and 

hence limit photosynthesis. Under these conditions photosynthesis 

will respond to Ci , but will saturate with C02 at low photosynthetic 

rates. Due to the low uptake rates only small gradients in CO2 

partial pressure will develop across the stomatal pore, and low 

conductances can achieve CO2 saturation for the mesophyll. 
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Hence, plants living in densely shaded conditions will not 

benefit from a high conductance to CO2 because photosynthesis is 

severely limited by light intensity. For a plant to benefit from a 

high leaf conductance it must grow in an environment such that its 

leaves are exposed to full sunlight for a majority of the day. 

Obviously plants of open fields, grasslands, and deserts fall into 

this category, regardless of growth form. For deciduous trees 

growing in dense forest, leaf area index is sufficiently high that 

most leaves spend a major portion of the day partially or completely 

shaded (Walter, 1979). Deciduous trees that are early colonizers of 

open fields probably have a greater proportion of their leaves sunlit 

at a~y one time, but certainly not to the extent of small herbs, 

shrubs, and grasses. 

High light intensity promotes high photosynthetic rates only 

if the leaf has a high intrinsic photosynthetic capacity, i.e., there 

are sufficient photochemical reaction centers and enough RuBP 

carboxylase to utilize the energy input. Low photosynthetic capacity 

leaves exposed to high light will not show high photosynthetic rates 

and therefore will not require high stomatal conductances to achieve 

their maximum rates. 

Photosynthetic capacity is not easy to measure, despite the 

relative ease of measuring photosynthetic rate. There is, however, 

considerable evidence that maximum photosynthetic rate and 

photo~ynthetic capacity vary with habitat and growth form. Plants 

characteristic of open high light environments generally show high 



photosynthetic rates and high levels of RuBP carboxylase and 

photochemical reaction centers (Bjorkman, 1981). Thus it appears 

that plants exposed to high light adapt their mesophyll 

characteristics to take advantage of the higher light intensities, 

and in practice, the conditions of high light environment and high 

photosynthetic capacity leaves are probably well correlated. 
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Korner, Scheel and Bauer (1979) have recently reviewed the 

literature on maximum stomatal conductance and photosynthetic rates 

for plants of specific habitats and growth forms. Low maximum 

photosynthetic rates are observed for succulents, evergreen conifers, 

deciduous woody plants, herbs from shady habitats, evergreen woody 

plants, and desert and steppe shrubs. Higher maximum values are 

obtained for deciduous fruit trees, wild grasses, cultivated C4 and 

C3 grasses, herbaceous crop plants, herbs from open habitats, and 

plants form aquatic habitats and swamps. Bazzaz (1979) cites 

evidence that maximum photosynthetic rate declines through 

successional stages in a plant community, pointing to higher rates 

for open field plants and grasses and lower rates for canopy 

deciduous trees and shade habitat herbs. Early successional trees 

appear to be intermediate in photosynthetic rates. 

Data from both Korner et a1. (1979) and Bazzaz (1979) show a 

decrease in stomatal conductance with decreasing photosynthetic 

rates. This raises the possibility that photosynthetic capacity is 

not dissimilar among the groups, and stomatal limitation of 

photosynthesis is responsible for the lower rates observed. To an 



extent this may be true. However, other evidence suggests that 

stomatal conductances adjust to mesophyll photosynthetic capacity on 

both a long term (developmental) and a short term basis. Wong (from 

Farquhar, 1979) showed that stomatal conductance increased 

dramatically as mesophyll photosynthetic capacity was increased by 

increasing the nitrogen levels available to the plants. von 

Caemmerer and Farquhar (1981) have also demonstrated this effect as 

photosynthetic capacity was varied by controlling the levels of N2, 

Fe, and light intensity. They suggest that increasing stomatal 

conductances with increasing photosynthetic capacity prp.vents 

unnecessary limitation of photosynthetic rate by stomatal 

conductance, and is consistent with optimization to maintain a 

constant gain ratio (dE/dA). 
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The above considerations indicate that under conditions of 

high light and high photosynthetic capacity, a high conductance would 

be advantageous to a plant because it allows a high rate of CO2 

uptake. However, equally important is the fact that high 

conductances lead to both higher transpiration rates and higher 

transpiration ratios (Raschke, 1975, 1976) and lower efficiency of 

water use, especially for a C3 plant. At first glance this 

consideration seems to rule out all but those plants living in 

permanently wet conditions, e.g., on the edges of lakes, swamps, or 

marshes, or those with deep roots tapping underground reservoirs. 

Efficiency of water usage is certainly not an important consideration 



for these plants, anq. a high cOlnductance would be an advantage if it 

improved photosynthetic rate even a small amount. 
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A high maximf,lm conductance does not, however, imply that leaf 

cond uctance must always remainl high. There are a large number of 

plants which, due to environmental factors, would benefit from being 

able to create an extremely high conductance to gas exchange for 

short periods of tim~. These are plants living in environments in 

which water remains in the soil around their roots for only short 

periods of time. Co:hen (1970) Ihas hypothesized that plants with very 

shallow roots, or ropts overla~ped considerably by those of other 

plants should use water quickly, albeit inefficiently, when it is 

present. A plant in this si tU81tion is at a competi ti ve disadvantage 

if it adopts a slow, efficient usage of water because the water will 

be quickly be lost e;i ther to other plants or by percolation and 

evaporation. This strategy has also been recognized by Passioura 

(1976), who states that the better strategy would be to use the water 

faster, less efficie:~tly, and grow quickly while it is available. As 

the soil dries, the plant then must lower conductance to prevent 

damaging water defic;.i ts. In considering succession in broad-leaved 

deciduous forest, B~zzaz (19791) notes that early successional plants 

experience a more rapidly fluctuating environment than later 

successional plants. Because of this they tend to use resources such 

as soil water and nu.trients quickly before they are used by 

competi tors. 



It seems probable that a high maximum conductance would be 

adaptive to plants in the situation described above. A high 

conductance would permit high photosynthetic rates under wet 

conditions, allowing the plants to gain as much carbon as possible 

while water was available. Plants with lower conductances would 

assimilate less carbon during the brief wet periods, and presumably 

be at a competitive disadvantage if all other things were equal. 
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Most open field herbs, low shrubs, grasses, and early 

successional trees would fall into this category. Desert plants, 

while probably not competing for water amongst themselves, are 

exposed to very rapid fluctuations in soil water content due to rains 

and subsequent rapid percolation a~d evaporation. This situation has 

forced many desert plants into the same strategy of rapid inefficient 

use of water to maximize carbon uptake. Maximov (1929) contributed 

the first supporting evidence for this type of strategy when he 

reported that many so-called xerophytes showed high transpiration 

rates when well watered. 

It does not seem likely that large, deeply rooted plants such 

as canopy.deciduous trees or woodland trees would adopt this type of 

strategy. Although these plants, in most cases, experience water 

stress, the time scale for the stress is considerably longer. Data 

for trees (e.g. Kozlowski, 1968) show that water stress develops over 

a period of many weeks rather than days, as for shallow rooted 

plants. It is unlikely that these plants would benefit from a rapid 

inefficient usage of water. Since they do not compete for water to 
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the extent of smaller plants, slow efficient usage will result in 

more CO2 assimilated per water lost, and allow for a longer period 

without water stress. For these plants a high maximum conductance is 

probably not an adaptive advantage. 

Conclusions 

In summary, it is suggested that amphistomaty is correlated 

with high conductances to C02 diffusion, and as such should be 

advantageous to plants that benefit from a high maximum leaf 

conductance. The conditions under which high leaf conductances would 

provide an adaptive advantage have been examined, and the correlation 

of these conditions with the observed distribution of plants with 

amphistomatous leaves is remarkable. Both amphistomaty and 

environmental conditions favoring high maximum leaf conductances are 

characteristic of open area plants; full-sun herbs, low shrubs, 

early successional deciduous trees, desert plants, and marsh, swamp, 

lakeside and Phreatophytic plants. These are all plants living in 

full sun, typically with high photosynthetic capacities which, when 

water is available, show high photosynthetic rates ~~d grow quickly. 

Strong supporting evidence for this hypothesis are recent 

data (Wong, from Farquhar, 1979; Korner, et al., 1979; and von 

Caemmerer and Farquhar, 1981) showing that stomatal conductance does 

increase with increasing mesophyll capacity. This information 

combined with the observation that some plants such as Ambrosia 

cordifolia produce adaxial stomata only when grown under high light 

conditions is extremely suggestive. The obvious conclusion is that 
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under high light a high photosynthetic capacity leaf is formed, and 

the high conductance necessary to efficiently use this photosynthetic 

capacity is achieved by adding stomata to the adaxial surface. 

Not all species of full sunlight will be amphistomatous. 

Less rapidly growing plants, implying lower photosynthetic rates and 

lower conductances, tend to be hypostomatous. This condition is 

typical of the evergreen oaks (Quercus), which are almost totally 

hypostomatous, typically grow in full sunUght, often have very thick 

leaves, but show low photosynthetic rates and slow growth rates. 

This hypothesis explains the loose correlation between 

amphistomaty and leaf thickness. Full sun leaves are usually thicker 

(Noble, 1976) and have higher photosynthetic capacities than do shade 

leaves (Bjorkman, 1981) so amphistomaty will be secondarily 

correlated with leaf thickness. In addition, extremely thick leaves 

(>500 ~m) will tend to be amphistomatous as discussed earlier, adding 

to the correlation between amphistomaty and leaf thickness. 

The hypothesis does not, however, explain the almost complete 

absence of hyperstomatous leaves in plants with stomata on only one 

surface. If the hypostomatous condition is the primitive one, as is 

suggested here, it may be that there is no particular selective 

advantage to a hyperstomatous leaf. Parkhurst (1978) suggested that 

adaxial stomata might be more easily blocked by dust and rainwater 

(also epiphyllous epiphytes), or that the abaxial surface of the leaf 

is exposed to air humidified by transpiration which is trapped under 

the leaf. Also suggested was that the surface of the leaf exposed to 
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the sun may be slightly warmer than the shaded surface, leading to 

higher transpiration rates. These considerations need to be explored 

to understand whether there are disadvantages to having adaxial 

stomata under certain environmental or biological situations. 



CHAPTER THREE 

GAS EXCHANGE AND STOMATAL CONDUCTANCES 

OF AMPHISTOMATOUS LEAVES 

The stomatal conductances of the two surfaces of 

amphistomatous leaves are rarely identical. As early as 1898, 

Francis Darwin expressed interest in the "different idiosyncrasies of 

the two sets of stomata", and Loftfield (1921) in his classic work, 

The Behavior of Stomata, stated: "The stomata of the upper and lower 

surfaces of the leaves in most plants are different in their 

structure or in their relation to the rest of the leaf. Hence the 

stomatal movement is dissimilar, even though each surface be exposed 

to the same environment." Data supporting differences in 

conductances between the two surfaces are abundant in the literature, 

and, fortunately, Pospisilova and Solarova (1980) have recently 

reviewed this literature. While the review is not exhaustive due to 

the volume of supporting data to be found in the literature, certain 

general trends are identified. This introductory discussion 

discusses those trends, but will cite specific studies only for 

remarkable or singular data. 

Perhaps the most ~~iform characteristic among the studies 

reviewed by Pospisilova and Solarova (1980) was the response to light 
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intensity. In virtually every study the abaxial stomatal resistance 

appeared to saturate at lower light intensities than the adaxial. 

From these data it appears as if abaxial stomata open fully at low 

light intensities while adaxial stomata open more gradually with 

increasing light intensity, reaching minimum resistance values only 

at high light intensities. In these studies adaxial stomatal 

resistance was always greater than abaxial but an exception to this 

rule was reported by Pallas (1980) in peanut, in which adaxial 

resistance was found to be lower than abaxial. Unfortunately, no 

data for the response of the two sets of stomata to light intensity 

are presented in the study. 

29 

A similar type response has often been reported for declining 

leaf water potential. Upper stomatal resistance increases more 

gradually with declining leaf water potential in contrast to a more 

pronounced threshold response for the lower stomata. This trend is 

not always found and several studies show a parallel decline in the 

two resistances. 

Trends for response to temperature or relative humidity are 

difficult to establish. Several studies do consider the effect of 

temperature, and differences between the two surfaces have been noted 

in some cases. In many of these cases the upper stomata are more 

responsive to changes in temperature, but much of the literature in 

contradictory. Differences in response to humidity gradient across 

the stomatal pore are also apparently present for the two surfaces. 

Aston (1976) states that the two surfaces did not always respond 



concurrently, and Pallardy and Kozlol'lski (1979) found a greater 

responF~ to vapor pressure difference for the upper stomata. 

Despite the volume of information concerning these 

differences in stomatal resistance, there have been no studies 

centering around the adaptive significance of them. The answer to 

this question is the ultimate goal of Chapters 3 and 4. However, to 

satisfactorily postulate an adaptive advantage, a thorough knowledge 

of the responses of adaxial and abaxial stomata to environmental 

factors for a particular plant with amphistomatous leaves is 

necessary. Therefore, this portion of the study (Chapter 3) is 

devoted to measuring the responses of abaxial and adaxial stomatal 

conductances to light intensity, water vapor pressure difference 

across the stomatal pore, and water stress, as well as diurnal 

patterns of the two conductances in outdoor-grown plants. 

Methods and Materials 
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For gas exchange experiments sunflower (Helianthus annuus L.) 

plants were grown under flourescent light banks with light intensity 

at the top of the plant maintained around 350 ~E m-2 s-1. Day/night 

cycle was 18 and 6 hrs. at 32 and 27 C respectively. Plants were 

watered every other day with nutrient solution, and as necessary with 

tap water. Leaves used for gas exchange were carefully selected 

for uniformity. Only fully expanded non-senescent leaves with at 

least two fully expanded leaves above them, and one non-senescent 

leaf below them, were used. This technique was found to greatly 

reduce variability in the data among leaves. Sunflower and cocklebur 



(Xanthium strumarium L.) were also grown in large pots outdoors for 

diurnal measurements of stomatal conductances. 
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Water vapor loss and CO2 uptake measurements were made with a 

gas exchange system which allowed independent analysis of the upper 

and lower surfaces of a particular leaf. The system flowchart is 

shown in Figure 2. Air was pumped in from outside and passed through 

a large column filled with indicating silica gel desiccant to remove 

the water vapor. From there it was passed into and then out of a 

large container which served as a reservoir to damp out any small 

fluctuations in CO2 partial pressure in the incoming air stream. 

Following this, the stream was split into two parts, one designated 

the upper circuit and the other the lower circuit. Each circuit was 

subsequently split into two again with one half passing through a 

needle valve and the other bubbling through distilled water. The two 

streams were then remixed with the humidity of the final stream being 

a fUnction of the fraction of the total flow which was bubbled 

through the water. The extra pressure required to bubble the air 

through the distilled water made the needle valve an effective 

control over the percentage of the total flow which was humidified. 

Opening the needle valve beyond a certain point caused the entire 

flow to bypass the distilled water, resulting in very dry air in the 

final stream. By closing the needle valve slightly a fraction of the 

total flow was forced through the water, thus increasing the humidity 

of the final remixed stream. Using the needle valves (one for upper 

and one for lower circuits) the humidity of the upper and lower 



Figure 2. Gas Exchange Flow Diagram 

(a) flowmeters; (b) silica gel column (desiccant); 
(c) pump; (d) mixing bottle; (e) humidification bottles; 
(f) infra-red gas analyzer (absolute mode); (g) chamber with 
leaf; (h) dew point hygrometer; (i) infra-red gas analyzer 
(differential mode); (y) needle valves; (1r) screw-type tubing 
clamps. 
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circuits could be easily adjusted to any level independently of each 

other. 
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Following humidification and remixing each circuit was again 

split into two with one half being designated reference and one half 

upper 

Each 

being designated sample. Th:~s resulted in four circuits: 

reference, lower reference, upper sample, and lower sample. 

circui t passed through a Matheson rotameter (Matheson Co., 

Cucamonga, Ca.) to determine flow rate in liters per minute, and 

sample circuits were then routed to the leaf chamber (described 

below) with upper sample serving the chamber above the leaf and lower 

sample serving the chamber below the leaf. 

After the chamber one circuit was split in two with one half 

passing through the reference cell of a Beckman model 215B CO2 

analyzer (Beckman Instruments, Fullerton, Ca.) (calibration 

procedures described below) or in later experiments the sample cell 

of an ADC Series 225 Mk.II C02 analyzer (Analytical Development Co., 

Hoddesdon, England) set in the differential mode. The other half of 

the circuit being analyzed was passed through an EG&G Model 880 

Dewpoint hygrometer (EG&G International, Inc., Waltham, Mass.). The 

circuit not being analyzed was passed through a low minimum 

resistance needle valve so that backpressure in the two chambers 

could be equalized. To indicate differences in the pressure between 

the two chambers, the two sides of a water manometer were connected 

to the two circuits after leaving the chamber. By adjusting the 

needle valve on the circuit not being analyzed, pressure in the 



circuits and in the chambers could be equalized by equalizing the 

water manometer. By reversing which circuit was analyzed and which 

was vented through the needle valve, the gas circuit for either 

surface could be easily monitored. 
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The reference circuits (both upper and lower) were split into 

two after passing through the rotameters. One half of the circuit 

could be passed through the dew point hygrometer (instead of one of 

the sample circuits) to determine the dewpoint of the air for that 

circuit before it entered the chamber. The other half of the 

reference circuit was passed through one cell of the analyzer 

whenever that particular circuit was being analyzed, i.e., if the 

upper sample circuit after the chamber was being passed through the 

one cell of the analyzer, the upper reference circuit was used in the 

other cell. This procedure was found to be necessary because small 

changes in the CO2 partial pressure «2 ~bar) occurred after 

humidification, which resulted in slightly different C02 partial 

pressures for the upper and lower circuits before passing through the 

chamber. The effect was not caused by different water vapor 

pressures in the two streams, and was not considered a problem except 

in the precise readings necessary for depletion of C02 by the leaf. 

By using the same sample and reference circuits for the differential 

analyzer the problem was effectively circumvented. 

To better control flow rates, particularly after splits in 

circuits, simple screw-type tubing clamps were positioned at 
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strategic points to act as coarse flow attenuators. These points are 

marked on the flow diagram of the system. 

The procedure for differential calibration of the Beckman CO2 

analyzer was suggested by Dr. Anthony Hall of the University of 

California, Riverside, California. First the 325 ~bar standard gas 

was passed through both sample and reference cells of the analyzer, 

and the meter reading set to zero. By mixing the 325 ~bar gas with 

CO2 free air in the appropriate ratio, gas with a CO2 partial 

pressure of 275 ~bar was produced. This gas was passed through the 

reference cell of the analyzer, and the meter reading set to 100% of 

full-scale. This procedure allowed the analyzer to be calibrated so 

that a depletion of 50 ~bar in the reference cell relative to the 

sample cell caused a meter deflection of 100% of full scale when the 

CO2 partial pressure in the sample cell was approximately 325 ~bar. 

The system thus allowed the dewpoint of each of the two 

chambers (upper and lower) to be adjusted independently, and measured 

before and after the chamber, and C02 depletion after the chamber 

could be measured quite accurately. In practice, the dewpoint of each 

circuit after the chamber was adjusted to the desired level by 

adjusting the appropriate needle valve controlling the humidity of 

that circuit. The dewpoint of the circuit after the chamber was 

taken as the dewpoint of the air in the chamber, and the dewpoint of 

the airstreams before entering the chamber could be measured using 

the reference circuit as described above. Photosynthesis rate, 

transpiration rate, stomatal conductance and internal C02 partial 



pressure were calculated according to the equations given by von 

Caemmerer (1981). 
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The chamber used is described in detail by Jarvis and Slatyer 

(1966). Briefly, it consists of two nearly identical halves, each 

half having a 3.2 cm. diameter cup which serve as the leaf chambers. 

The two chamber halves are clamped on the leaf so that separate 

chambers are formed above and below the leaf with the leaf itself 

forming the barrier between the two. Vaseline was applied to the 

soft rubber seals around the edges of the chamber contacting the leaf 

to allow a tight seal without clamping down hard enough on the leaf 

to cause damage. Each chamber contained a small plastic fan to stir 

the air and reduce the boundary layer adjacent to the leaf. Water 

jackets were located both above and below the chamber, and water was 

circulated through both. By controlling the temperature of the 

water, chamber air temperature and leaf temperature could be 

controlled. A fine wire thermocouple was inserted through a port in 

the bottom of the chamber and pressed firmly against the underside of 

the leaf to measure leaf temperature. 

Boundary layer conductance for the leaf in the chamber was 

estimated by substituting 2 sheets of Whatman #1 filter paper soaked 

with distilled water for the leaf. Water was supplied to the filter 

paper via wicks extending out the sides of the chamber. Under these 

conditions, evaporational water loss can be calculated as for a leaf, 

but the conductance for water loss calculated will be the boundary 

layer conductance. 
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Light was provided by a 300W coolbeam floodlight or in later 

experiments by 400W metal halide lamp. In both cases light 

intensity was attenuated as necessary using cheesecloth. Light 

intensi ty at the leaf surface was measured by inserting the quantum 

sensor of a Li-Cor model 170 meter (Lambda Instruments, Lincoln, 

Nebraska) into the empty chamber at the level of the leaf and closing 

the chamber over it. 

For light response data, external dewpoint was maintained at 

15.0 :0.2 C, and leaf temperature was maintained at 25.0 :0.2 C, 

creating a constant vapor pressure difference across the stomatal 

pore of approximately 15 mbar. For experiments on the response of 

the stomata to vapor pressure difference, leaf temperature was again 

maintained at 25.0 :!:0.2 C, and light intensity was constant at 1120 

IlE m-2 s-1. 

Water stress was induced by simply witholding water from the 

pots, and water potential was measured using a Wescor 33T Dewpoint 

Hygrometer with a C-51 chamber (Wescor, Inc, Logan, Utah). Stressed 

plants were always rewatered between 10 o'clock A.M. and 2 o'clock 

P.M. on the day prior to gas exchange, and gas exchange experiments 

were always conducted between 1 o'clock and 5 o'clock PM. 

Stomatal conductance was measured on outdoor grown plants 

using aLi-Cor Li-1600 Steady State Porometer. Meteorological data 

such as light intensity, air temperature, and relative humidity were 

measured diurnally along with the stomatal conductances to ensure 

that experimental days were similar in these regards. 
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Resul ts 

Responses to Light'Intensity 

Stomatal 'conductances of adaxial and abaxial surfaces were 

found to be quite variable among plants and even among adjacent fully 

matured leaves on the same plant, so several repetitions were 

necessary to obtain a good average conductance for particular 

conditions. All data for response of stomatal conductances to light 

intensity were taken starting at the highest light intensity and 

proceeding sequentially to the lowest. This procedure was necessary 

because taking data points in the opposite direction resulted in 

stomatal cycling after each increase in light intensity. By starting 

with the highest light intensity, stomatal cycling was not a problem 

except for the first pOint. 

Figure 3 shows the response of abaxial and adaxial stomatal 

conductances as well as total conductance of the leaf to light 

intensity. Both adaxial and abaxial stomatal conductances decrease 

curvilinearly with decreasing light intensity, with upper conductance 

exceeding lower conductance for all light intensities. It is not as 

clear from the figure, however, if the two conductances are 

responding in parallel or not. To answer this critical question, the 

ratio of adaxial to abaxial conductance, termed conductance ratio, 

was calculated for each point. Since adaxial conductance exceeded 

abaxial for well-watered plants, conductance ratios were found to be 

greater than one, and were quite constant over the range of light 
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Figure 3. Stomatal Conductances vs. Light Intensity: Non-stressed 
Leaves 

~total stomatal conductance; (O)adaxial stomatal conductance; 
(e) abaxial stomatal conductance. Vertical bars indicate one 
standard deviation on either side of the mean. 



intensities examined (Fig. 4a). The variation in conductance ratio 

shown in Figure 4a is the result of variation among plants; the 

conductance ratio for a single leaf over the range of light 

intensities was remarkably constant. 
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Photosynthetic rate for the independent surfaces and for the 

whole leaf as a function of light intensity is shown in Figure 5. 

Again variation among leaves was present, but photosynthesis of the 

adaxial surface was generally higher than that of the abaxial, 

reflecting the higher stomatal conductance of the adaxial surface. 

Photosynthetic rate also decreased curvilinearly with decreasing 

light intensity, and the small difference in rates between 1120 and 

790 l1E m-2 s-1 indicates that the photosynthesis for these leaves was 

very close to, and possibly fully, saturated by 1120 l1E m-2 s-1. 

It is notable that the internal CO2 partial pressures (C i ) 

calculated for the independent surfaces were always within 15 l1bar of 

each other, and usually within 10 l1bar of each other, in all 

photosynthetic measurements reported in this chapter. Additionally, 

neither surface was consistently found to have a higher Ci value than 

the other. These results will become important in the problems 

addressed in Chapter four. 

Responses to Humidity 

The response of stomatal conductances to water vapor pressure 

difference across the stomatal pore is shown in Figure 6. Both 

adaxial and abaxial stomatal conductances increased when exposed to 

low vapor pressure differences, and at high ambient humidities 



Figure 4. Conductance Ratios vs. Light Intensity 

Ratio of adaxial to abaxial stomatal conductance vs. light 
intensity for (a) non-stressed plants; (b) plants stressed to -
17 bars and rewatered 24 hours prior to gas exchange 
measurements; (c) Plants stressed to -17 bars 4 days prior to 
gas exchange measurements; (d) plants stressed to -12 bars 24 
hours prior to gas exchange measurements. Vertial bars 
indicate one standard deviation on either side of the mean. 
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* 

Figure 6. stomatal Conductances vs. Humidity: Non-stressed Plants 

Response of stomatal conductances to water vapor pressure 
difference across the stomatal pore. ~ total stomatal conductance; 
(0) adaxial stomatal conductance; (e) abaxial stomatal conductance. 
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overall conductance for the leaf was quite high. However, the 

opening response of the stomata was not sufficient to overcome the 

decrease in gradient, and transpiration rate fell slightly with lower 

vapor pressure differences. Both conductances responded in parallel, 

and although variation in conductance ratios existed between leaves, 

it was essentially constant for one leaf for the vapor pressure 

differences examined. 

Responses to Water Stress 

Water stresses of both -17 and -12 bars produced stomatal 

closure before rewatering, as evidenced by extremely low conductance 

values determined with the null-balance porometer. Following a water 

stress of approximately -17 bars (rewatered 24 hrs. prior to gas 

exchange measurements), both adaxial and abaxial conductances were 

severely reduced from the well-watered condition, but still responded 

to light intensity and humidity (Figures 7 and 8). However, in all 

cases this after effect of water stress on stomatal conductance was 

more pronounced for the adaxial surface, i.e., stomatal conductance 

of the adaxial surface was reduced by a greater percentage tha~ that 

of the abaxial surface. As a result, in stressed plants abaxial 

conductance exceeded adaxial leading to co~ductance ratios less than 

one (Figure 4 b.) 

For the stressed plants conductance ratio declined slightly 

with declining light intensity (Figure 4b), indicating that adaxial 

conductance was responding more to light intensity than abaxial. 

However, in neither well-watered or stressed plants did abaxial 
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Figure 7. Stomatal Conductances vs. Light Intensity: Severely 
Stressed Plants 

Response of stomatal conductances to light intensity for plants 
s~ressed to -17 bars 24 hours prior to gas exchange measurements. 
~ total stomatal conductance; (0) adaxial stomatal conductance; (0) 
abaxial stomatal conductance. Vertical bars indicate one standard 
deviation on either side of the mean. 
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Response of stomatal conductances to water vapor pressure 
difference across the stomatal pore for plant~tressed to -17 bars 
24 hours prior to gas exchange measurements. ~ total stomatal 
conductance; (0) adaxial stomatal conductance; (e) abaxial stomatal 
conductance. 



stomata open fully at low light intensities while adaxial responded 

over the entire range, as was the reported trend in most of the 

previous literature. Interestingly, the responses to humidity for 

the two sets of stomata remained in parallel. 
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Photosynthetic rate for the two surfaces and for the whole 

leaf were reduced by the stress treatment, and under these conditions 

the photosynthetic rate of the abaxial surface exceeded that of the 

adaxial, again reflecting the relative stomata conductances (Fig. 9). 

Photosynthetic saturation appeared to occur between 790 and 1120 ~E 

m-2 s-1, as for non-stressed plants. 

If plants were allowed to recover from stress for four days 

rather than 24 hours, conductances, conductance ratios, a~~ 

photosynthetic rates were found to be similar to well-watered plants 

which had never been stressed (Figs. 10, 4c, and 11). Conductance 

ratio was relatively constant at around 1.2 at higher light 

intensities, but declined at lower light intensities. Despite the 

small differences at low light intensities, these data appear to 

indicate that the stomatal and photosynthetic responses to stress are 

reversible within a fairly short period of time and are not permanent 

changes in the stomatal conductance or photosynthetic capacity of the 

leaf. 

Plants stressed to only -12 bars before rewatering showed 

extremely variable results. Conductances and conductance ratios for 

these plants both higher and lower than those of well-watered plants 

were found (Figures 12 and 4d). Perhaps fortuitously, average 
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Figure 9. Photosy~thesis vs. Light Intensity; Severely Stressed 
Plants 

Response of photosynthesis to light intensity for plants 
stressed to -17 bars 24 hours prior to gas exchange measureme~ts. 
~ total leaf photosynthesis; (0) adaxial surface photosynthesis; 
(e) abaxial surface photosynthesis. Vertical bars indicate one 
standard deviation on either side of the mean. 
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Figure 10. Stomatal Conductances vs. Light Intensity; Four Day 
Recovery from Stress 

Response of stomatal conductances to light intensity for plants 
stressed to -17 bars four days before gas exchange measurements. 
~ total leaf conductance; (0) adaxial stomatal conductance; (e) 
abaxial stomatal conductance. Vertical bars indicate one standard 
deviation on either side of the mean. 
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Figure 11. Photosynthesis vs. Light Intensity: Four Day Recovery 
from stress 

Response of photosynthesis to light intensity for plants 
stressed to -17 bars four days before gas exchange measurements. 
~ total leaf photosynthesis; (0) adaxial surface photosynthesis; 
(e) abaxial surface photosynthesis. Vertical bars indicate one 
standard deviation on either side of the mean. 
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Stressed Plants 
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I 

Response of stomatal conductances to light intensity for plants 
stressed to -12 bars 24 hours prior to gas exchange measurements. 
I:/:ttJ total stomatal conductance; (0) adaxial stomatal conductace; (e) 
abaxial stomatal conductance. Vertical bars indicate one standard 
deviation on either side of the mean. 



conductance ratios were approximately the same as those of well

watered plants, but the extreme variation apparent in Figure 4d 

obscures any trends with light intensity. Photosynthetic rates were 

also extremely variable for this treatment (Fig. 13), possibly 

reflecting the variation in stomatal conductance observed. 

Diurnal Patterns of Conductance Ratio 
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To determine if these results were an artifact of the low 

light growth conditions used, diurnal patterns of stomatal 

conductances were determined for sunflower and cocklebur plants 

growing outdoors in large pots. Experiments were conducted in 

October and November of 1981 during the period of time between the 

summer thundershowers and the winter rains. During this time the 

days were characteristically cloudless, with low relative humidities 

and high temperatures between 25 and 30 C. Meteorological data taken 

concurrently with stomatal conductances indicates that the days of 

experiments were quite similar in these regards. 

Diurnal conductance ratios of four well-watered sunflower 

plants are shown in Figure 14 (circular points). Conductance ratios 

are quite variable as was found in the growth room plants, but seem 

to be more or less centered around 0.8 to 1.0 for most of the day. 

Very early and very late readings are often somewhat low, but sinre 

stomata may have been actively adjusting to the rapidly changing 

environmental conditions at these times, they may not reflect true 

steady-state conditions. The basically constant conductance ratios 

over the course of the day support the gas-exchange data showing 
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Figure 13. Photosynthetic Rate vs. Light Intensity: Mildly Stressed 
Plants 

Response of photosynthesis to light intensity for plants 
stressed to -12 bars 24 hours prior to gas exchange measurements. 
~ total leaf photosynthesis; (0) adaxial surface photosynthesis; 
(e) abaxial surface photosynthesis. 



Figure 14. Diurnal Conductance Ratios for Sunflower 

Ratio of adaxial to abaxial stomatal conductances vs.~ime 
of day for (e) well-watered plants, and. controls and ~ 
stressed plants one day following rewatering. 
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parallel responses for adaxial and abaxial stomata, however, the 

conductance ratios of 0.8 to 1.0 found for these plants are somewhat 

lower than those found for well-watered plants in the growth room. 
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Two of the four plants were then stressed by witholding water 

until they were wilted, while the other two were kept well-watered as 

controls. None of the leaves used showed any signs of senescence by 

the end of the experiment. Diurnal stomatal conductances for all 

four plants were taken on the day following rewatering of the 

stressed plants. The square points in Figure 14 indicate conductance 

ratios for the control plants a~d the stars represent conductance 

ratios for the stressed plants. In both cases conductance ratios 

were relatively constant throughout the day, but those of control 

plants were similar to those before any plants were stressed, while 

conductance ratios of stressed plants were much lower. 

A similar experiment was performed on cocklebur in which 

diurnal conductances for leaves on two plants were determined before 

and after a water stress , and again the same general trend is 

evident (Figure 15). Before water stress, conductance ratios are 

around 1.0 for much of the day, and after stress they fall to around 

0.5. 

Discussion 

The general magnitude and direction of stomatal responses to 

light and water vapor pressure were consistent with the findings of 

previous investigators. Both adaxial and abaxial stomatal 

conductances decreased with decreasing light intensity for both well-



Figure 15. Diurnal Conductance Ratios for Cocklebur 

Ratio of adaxial to abaxial stomatal conductances vs. time 
of day for (e) well-watered plants, and ~ plants stressed and 
rewatered the day prior. 
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watered and stressed sunflower plants, and both conductances 

increased with decreasing vapor pressure gradient across the stomatal 

pore. Although originally it was widely believed that the response 

of stomata to light intensity was mediated by changes in 

intercellular C02 partial pressure as photosynthesis responded to 

light intensity, recent evidence suggests that most of the response 

is due to direct effects of light intensity on stomatal physiology 

(Wong, Cowan, and Farquhar, 1978; Sharkey and Raschke, 1981; Zeiger 

and Field, 1982). The relative shapes of the response curves for 

photosynthesis and total stomatal conductance to light intensity are 

notable in this regard. Very little increase in photosynthetic rate 

is found between 790 and 1120 ~E m-2 s-1, yet stomatal conductance 

increases appreciably over the same interval. This suggests that 

stomatal conductance and photosynthetic rate are not perfectly 

coupled, and conductance is probably not responding chiefly to some 

parameter associated with the rate of CO2 uptake. It also suggests 

that not only is photosynthesis saturated with light somewhere 

between 790 and 1120 ~E m-2 s-1 but it must also be almost saturated 

with CO2 at the conductances and Ci values observed. If 

photosynthesis was not nearly saturated with CO2, then the 

conductance increase between 790 and 1120 ~E m-2 s-1 would cause an 

increase in photosynthetic rate simply due to higher Ci values, 

regardless of photosynthetic saturation with light. 

The response of stomata to humidity or vapor pressure 

difference across the stomatal pore is widely known, but very poorly 



understood. The degree to which the stomata respond to humidity 

seems to be highly dependent on the species and the conditions under 

which the measurements are made (Losch and Tenhunen, 1981). Some 

species show a large response to humidity such that transpiration 

actually increases with decreasing vapor pressure difference. 

However, the response in sunflower was not sufficient to cause an 

increase in transpiration rate in the face of a decreasing gradient. 
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The specific patterns of response for abaxial and adaxial 

stomata were not consistent with expected results based on the 

existing literature. As stated in the introduction, the literature 

data suggests that abaxial stomata open fully at low light 

intensities, while adaxial stomata respond more gradually to light 

intensity and are fully open only a high light intensities. In this 

study stomata of both surfaces responded over the entire range of 

light intensities, and they responded in parallel. In addition, most 

studies found adaxial resistance to be higher than abaxial, and in 

this study the exact opposite was found. 

The data from outdoor grown sunflower and cocklebur support a 

parallel response to environmental factors. Although the variation 

in conductance ratio is obvious from the data, it is also clear that 

most values fall between 0.8 and 1.0 with the exception of some early 

morning and evening points which tend to be low. However, as noted 

earlier, during these periods environmental conditions are changing 

rapidly and it seems likely that stomata are not in steady-state. 

Thus, there are no real trends in conductance ratio over the course 



of the day, yet both conductances do change throughout the day in 

response to varying environmental conditions, indicating that 

parallel changes in conductance are occurring. 
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The explanation for this apparent discrepancy with previously 

published data may lie partly in the practice of reporting diffusive 

resistances rather then conductances. Conductance values are 

linearly related to diffusion rates while resistance values are 

reciprocally related. Thus, at low resistances small changes in the 

resistance value signifY large changes in diffusion rate (see Figure 

16). This in itself is not a problem. However, if the resistance of 

one surface is substantially different than that of the other its 

response curve to particular environmental factor will look very 

different even if the two resistances are changing in parallel (i.e. 

resistance ratio is constant). Figure 16 illustrates such a 

situation. The abscissa is some arbitrary factor to which stomatal 

conductance responds linearly. In this case, however, one 

conductance (g1) is always 5 times the other (g2). If these 

conductance values are plotted as resistances, however, the curves 

look markedly different. Resistance two, because of its higher 

values appears to respond continuously to the environmental factor 

whereas resistance two appears to change very little at high values 

along the abscissa. Interestingly enough, plots of adaxial and 

abaxial resistances vs. light intensity (e.g. see Erhler and van 

Bavel, 1967; Kassam, 1973) look strikingly similar to Figure 16, 



Figure 16. Theoretical Responses of Conductance and Resistance 

Parallel responses of two conductanes to a hypothetical 
environmental parameter, and the resulting responses of the two 
resistances (see text for complete explanation). 
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indicating that in at least some studies the stomata of the two 

surfaces may have been responding in parallel. 
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The above error is easily overcome by calculating the 

resistance or conductance ratio for the two surfaces as was done in 

this study. However, this technique is useful only if the 

instrumentation used allows accurate measurement of low resistance 

values. Unfortunately, much of the data on abaxial and adaxial 

stomatal conductances has been acquired using an aspirated diffusion 

porometer rather than a gas exchange system. These porometers 

respond linearly to resistance and are extremely inaccurate at low 

resistance « 5.0 m2 s mol~1). Since for many plants resistances are 

fairly low for most environmental conditions, measurements of 

diffusion resistances with an aspirated porometer give relatively 

inaccurate readings much of the time. This problem not only 

influences calculation of resistance ratios, but accentuates the 

problem described in the preceding paragraph because the small 

resistance changes which may be occurring for the lower of the two 

resistances will not be within the error of the instrument, and will 

go unnoticed. 

In addition, it was observed during gas exchange measurements 

that the two sets of stomata did not respond to changes in 

environmental conditions at the same rate. This effect was 

especially pronounced in cocklebur, and generally the upper stomata 

responded more slowly than the lower. Obviously, if measurements are 

taken before steady-state is reached, large errors in conductance and 



conductance ratio will result. This problem is especially 

troublesome for data acquired with porometers since steady state 

conditions are more difficult to identify. 

Despite the above considerations it seems probable that 

differences in the responses of adaxial and abaxial stomata do exist 

in some plants. However, for sunflower, the two surfaces responded 

in parallel to both light intensity and vapor pressure difference in 

well-watered plants. 
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It is notable that the stomata continued to respond to both 

light and humidity following the water stress, indicating that the 

physiology of the stomata was not radically altered, and they were 

still functional. For stressed plants some changes in conductance 

ratio were observed with light intensity, indicating that in this 

case the stomata were not responding perfectly in parallel. More 

importantly, however, stress reduced adaxial conductance much more 

severely tha~ abaxial and therefore had a marked effect on 

conductance ratio. Conductance ratios for stressed plants were 

almost always less than 1.0 and usually around 0.5, while those of 

well-watered plants were around 1.2. While these data do not 

indicate a difference in the response of the stomatal conductances to 

water potential, they do indicate a difference in the after effect of 

water stress on stomatal conductance. 

The effect of the more severe water stress was apparently 

reversible since plants allowed to recover for four days showed 

conductance and conductance ratios similar to those never stressed. 
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It seems probable that the reduction in stomatal conductances 

observed after water stress is the result of high ABA levels in the 

tissue. ABA levels are known to rise in stressed tissue, cause 

stomatal closure, and remain high for a period of time following the 

resumption of high water potentials. In addition Pemadasa (1981) has 

reported that adaxial stomata are more sensitive to ABA than abaxial, 

using isolated epidermes from Commelina communis. This suggests that 

the differences in conductance ratio observed are due to differences 

in sensitivity to ABA between the two sets of stomata. This 

hypothesis is supported by the reversibility of the effect, 

suggesting a temporary suppression of stomatal conductance rather 

than a permanent effect or damage. 

The variable results observed for a water stress of -12 bars 

are not readily explainable. Part of the variation may be due to 

differences in stress severity among the plants, despite nearly 

identical water potentials before rewatering. However, this type of 

variation was not observed in the more severely stressed plants, and 

should have produced conductance, conductance ratios, and 

photosynthetic rates intermediate between non-stressed and severely 

stressed plants. The extremely high conductances and photosynthetic 

rates observed in some plants subjected to a stress of -12 bars and 

rewatered do not follow current dogma regarding the stomatal and 

photosynthetic response to stress. It is possible that the effect 

was source-sink mediated. Since the -12 bar stress did cause 

stomatal closure, it is possible that sugar reserves became depleted 
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without major physiological damage (e.g. to the photosynthetic 

system) and sink strength was increased in these plants causing high 

photosynthetic rates. This effect of sink strength on photosynthetic 

rates is well-known (e.g. von Caemmerer, 1981), but is mere 

specula tion in this case. 

In summary, differences in conductances between adaxial and 

abaxial stomata do exist in sunflower, but differences in response to 

light and vapor pressure are negligible for well-watered plants. The 

effect of water stress is to reduce both conductances, but the effect 

is more severe on the adaxial. 

Having characterized the response of adaxial and abaxial 

stomata, it remains to be determined how these differences may be 

adaptive to the plant. This question is addressed in the next 

chapter. 



CHAPTER FOUR 

C02 EXCHANGE CHARACTERISTICS OF 

AMPHISTOMATOUS LEAVES 

In the preceding chapter abaxial and adaxial stomatal 

conductances and their responses to light, water vapor pressure 

difference across the stomatal pore and water stress were determined. 

Although differences in response to light and vapor pressure were not 

found for sunflower and are not suggested by diurnal conductance 

ratios for cocklebur, differences in actual conductances between the 

two surfaces were commonly found, and a large and consistent change 

in conductance ratio following water stress was observed. The 

question then remains: are these differences between the two 

surfaces adaptive? 

For differences in conductance between the adaxial and 

abaxial surfaces to be adaptive some differences in gas exchange 

characteristics must exist between the two. It seems unlikely that 

differences in transpiration rates for a given conductance will exist 

for the two surfaces, since transpiration is a purely physical 

process and the gradient of water vapor pressure across the stomatal 

pore is likely to be identical for both surfaces The high end of the 

gradient will be the vapor pressure of water within the leaf, and is 
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assumed to be saturating at the temperature of the leaf. Since most 

stomatal conductance measurements are based on this assumption, to 

question it in this context would be inappropriate. It is possible 

that temperature gradients could exist across the mesophyll, causing 

differences in saturated vapor pressure for the two surfaces, but 

values of the thermal conductivity of leaves are so high that these 

gradients are unlikely to become significant (Hayes, 1975). Lt is 

also possible that differences in ambient water vapor pressure could 

exist for the two surfaces, and the trapping of humidified air under 

the leaf has been suggested as a possible advantage to abaxial 

stomata over adaxial stomata (Parkhurst, 1978). However, for 

reasonably well-stirred atmospheric conditions this difference is 

likely to be quite small and so variable with windspeed that 

adaptation of the stomata to it would be almost impossible. 

It appears then that for differences in stomatal conductance 

and behavior between adaxial and abaxial stomata to be adaptive, 

differences in C02 exchange characteristics must exist between the 

two surfaces. This hypothesis suggests some difference in the 

mesophyll encountered by C02 molecules diffusing through either the 

adaxial or abaxial stomata. The influence of mesophyll on stomatal 

functioning has been demonstrated by Heichel and Anagnostakes (1978). 

Using a chimera they showed that differences in response between 

lower and upper stomata to light were controlled by the underlying 

mesophyll rather than the epidermis. In the case of a light effect 

such as this, however, hydraulic connection of the mesophyll seems an 
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unlikely causal factor. A better possibility for a mesophyll effect 

related to light is photosynthetic characteristics. Differences in 

photosynthetic rate for the mesophyll served by the two surfaces 

would very likely produce different internal CO2 partial pressures 

and cause different stomatal resistances. Such differences could 

arise in several ways, but would produce the effect of differing 

transpiration ratios (transpiration/photosynthesis) for the two 

surfaces. This phenomenon has been reported in the literature 

several times (Vaclavik, 1974; Jones and Slatyer, 1972; Solarova, 

Vaclavik, and Pospisilova, 1977). In each of these studies the 

transpiration ratio was found to be greater for the upper surface 

than for the lower surface. The literature is not totally consistent 

in this regard since Nagarajah (1975) found exactly the opposite. 

It is possible that the differences in transpiration ratio 

observed are simply due to differences in stomatal conductances 

between the two surfaces. Photosynthetic rate increases quickly with 

increases in conductance for low conductances, but it increases less 

quickly at higher conductances. On the other hand transpiration rate 

increases nearly linearly with conductance for all conductances 

(Raschke, 1975, 1976; Cowan and Troughton, 1971). Because of these 

differences, lower stomatal conductances are likely to lead to lower 

transpiration ratios, as well as lower rates of photosynthesis and 

transpiration (Raschke, 1975, 1976). Thus, the surface with the 

lower stomatal conductance should exhibit the lower transpiration 

ratio. This is the exact opposite of what occurs in three of the 



studies cited above. The adaxial surface almost always has a 

stomatal conductance below or equal to that of the abaxial, yet it 

has the higher transpiration ratio. 
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Differences in transpiration ratio could arise from 

differences in photosynthetic characteristics between palisade and 

spongy mesophyll cells, and there is evidence that chloroplasts of 

palisade layer cells have higher photosynthetic capacities than do 

those of spongy mesophyll cell. Based on proximity considerations, 

CO2 entering through the upper stomata should encounter higher 

photosynthetic capacity mesophyll, and, if palisade cells are served 

primarily by the adaxial stomata and spongy cells by the abaxial, CO2 

uptake through the upper stomata should be favored over the abaxial. 

This situation would result in lower transpiration ratios for the 

adaxial surface at identical conductances, and suggests that adaxial 

conductances should probably be the higher of the two if differences 

in conductance between the two surfaces are adaptive. Although 

conductances for the adaxial stomata were found to be higher than 

conductances for abaxial stomata for well-watered sunflower plants in 

this study, this is not the general trend found in the literature. 

It appears then as if differences in photosynthetic 

characteristics between palisade and spongy cells may cause 

differences in transpiration ratio, but the difference most likely to 

result is the opposite of the observed trend. However, it is 

possible that palisade cells are not supplied with CO2 exclusively by 

the adaxial stomata and, likewise, spongy cells are not supplied with 
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C02 only by the abaxial stomata. This situation could occur if very 

different resistances to gas diffusion through the intercellular 

spaces exist for palisade vs. spongy mesophyll cells. This 

resistance, often called intercellular resistance is not to be 

confused with "mesophyll resistance" which is usually determined as 

left-over or extra resistance in a diffusion equation, or as the 

initial slope of the curve relating photosynthesis to intercellular 

C02 partial pressure. Both of the techniques measure some 

combination of resistance to C02 diffusion to the carboxylation sites 

and photosynthetic characteristics of the mesophyll. Intercellular 

resistance is comprised only of the the resistance to gas diffusion 

from just inside the stomatal pore, through the intercellular spaces, 

to the cell walls of the photosynthesizing mesophyll cells, and can 

be approximated only using specialized techniques. 

There are good anatomical justifications for postulating 

differences in intercellular resistance for CO2 entering the leaf 

through the upper vs. the lower surface. Palisade layer cells appear 

more compact then do the spongy layer cells, but have a large part of 

the long walls exposed to intercellular air (Esau, 1977). This 

description, plus examination of scanning EM photomicrographs suggest 

that the horizontal pathway through the palisade layer may be more 

tortuous than the vertical. Since tortuosity is related to gas 

diffusion resistance (Parkhurst, 1978), this condition would create a 

high intercellular resistance for CO2 exchange to palisade cells from 

the upper stomata. This possibility was also suggested by Jones and 



Slatyer (1972) in attempting to explain higher transpiration ratios 

for the upper surface, and is supported by the observations of 

Meidner (1955) on air movement through leaves. Thus, despite 

proximity considerations, much of the gas exchange for the palisade 

layer may be via the lower stomata, and C02 may move in a candelabra 

type pattern (three dimensional of course) from the lower stomata to 

the palisade layer cells as Parkhurst (personal communication, Dr. 

David Parkhurst, School of Public and Environmental Affairs and 

Zoology Department, Indiana University) has suggested in 

hypostomatous leaves. 
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If differences in intercellular resistance or photosynthetic 

characteristics between adjacent mesophyll exist, they could cause 

differences in transpiration ratios for the two surfaces at identical 

conductances. This being the case, one set of stomata would be more 

efficient than the other, expressed as moles of CO2 assimilated per 

moles of water lost, and the plant could adapt to keep these stomata 

wider open or open under more conditions, or both, than the less 

efficient stomata. 

Differences in CO2 exchange characteristics between the two 

surfaces are not easily quantified, and as yet there has been no 

study addressing this problem specifically. However, if differences 

in photosynthetic characteristics do exist between the two surfaces 

several testable conditions should be met. 

First, differences in photosynthetic characteristics will 

result in different CO2 depletion values inside the stomatal pore. 



The surface with the higher photosynthetic capacity will be able to 

maintain a higher photosynthetic rate at a lower intercellular CO2 

partial pressure (Ci ) than the other surface. This lower Ci will 

cause a higher gradient across the pore resulting in a higher 

diffusion rate to match the higher photosynthetic rate of the 

mesophyll. The outcome will be different photosynthetic rates for 

the two surfaces at identical stomatal conductances. Thus, if both 

surfaces show the same conductance and there are differences in CO2 

exchange characteristics, one surface should show higher 

photosynthetic rates and lower calculated Ci than the other. 
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Several obstacles prevent a simple answer to the above 

problem. First, the two conductances are rarely identical, and if 

the conductances are unequal, identical Ci values at ambient 

atmospheric CO2 levels may not indicate that there are no differences 

in photosynthetic characteristics for the two surfaces. Assuming for 

the moment that differences in photosynthetic characteristics do 

exist for the two surfaces, it is quite possible that adaxial and 

abaxial stomata have evolved to adjust conductance such that 

calculated Ci values are similar for the two surfaces despite the 

difference in photosynthetic characteristics. It could be argued 

then, that if there is no difference in adaxial and abaxial 

conductances (which is occasionally true) it is because there are no 

differences in photosynthetic characteristics for that leaf under 

those conditions. 
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For this reason, the closeness of the Ci values found in 

Chapter 3, although strongly suggestive, are not conclusive evidence 

for the absence of differences in photosynthetic characteristics 

between the two surfaces. It seems unlikely that stomata could 

regulate such that Ci values were kept identical over a wide range of 

ambient CO2 partial pressures (Ca). Hence, if Ci values for the two 

surfaces could be shown to be close for many Ca (and hence Ci) 

values, this information, plus the closeness of the Ci values found 

in Chapter 3, would be good evidence that no differences in 

photosynthetic characteristics do exist. 

In addition, if C02 exchange could be sealed off for each of 

the two surfaces independently, photosynthesis could be measured for 

the other surface as a function of Ci , and any differences in 

photosynthetic characteristics between the two surfaces should show 

up as differences in these two curves. 

In this portion of the study CO2 exchange rates for both 

surfaces of sunflower and cocklebur are examined under a variety of 

different conditions in an attempt to answer the above questions. 

Methods and Materials 

Sunflower and cocklebur plants were grown as described in the 

"Methods and Materials" section of Chapter 3, and selection of leaves 

for study was accomplished by the same guidelines. The gas exchange 

system described in Chapter 3 was used for the experiments in this 

section of the study with the following modifications. 
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Rather than pump in outside air for analysis, C02 free air 

and 2% CO2 in air were mixed to produce varying partial pressures of 

C02 in air. Mixing was accomplished by using a Matheson low flow 

metering valve in the 2% CO2 circuit. Approximately one bar of 

pressure was placed on the upstream side of the valve using a two

stage regulator, and a small but steady flow was continuously bled 

off. This "slow leak" was found to be necessary for accurate mixing 

because the regulator could not maintain the exact pressure required 

at the slow flow rates passing through the needle valve. The extra 

flow provided by the bleed-off allowed the regulator to maintain the 

pressure sufficiently close for exact mixing. The 2% C02 flow after 

the needle valve was mixed with the CO2 free air using a needle from 

a hypodermic syringe, as the extremely low flow rates of the 2% CO2 

required a small injection port for accurate mixing of the two 

streams. After sufficient length of tubing to permit good mixing of 

the two streams the mixed air was split into two circuits. One 

circuit passed through a flow meter and then through the sample cell 

of the Beckman analyzer with nitrogen passing through the reference 

cell; the other circuit supplied the gas exchange system previously 

described. 

To calibrate the Beckman a~alyzer, which is non-linear in its 

response to CO2, the ADC analyzer, which is linear, was used. First, 

the ADC analyzer was calibrated in the absolute mode using 325 ~bar 

C02 standard gas, and the Beckman was set for a reading of 69 percent 

of scale for the 325 gas. The value of 69 percent of scale was 
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chosen because it was on the calibration line provided with the 

analyzer. B,y creating a series of different CO2 partial pressures 

using the mixing system, analyzing the mixture with the ADC, and 

noting the scale reading on the Beckman, the Beckman was accurately 

calibrated up to approximately 500 ~bar. For higher C02 partial 

pressures the Beckman was set for a scale reading of 55% for 325 bar 

and the process repeated. In this manner calibration curves for the 

Beckman were reliably determined and calibration could thereafter be 

effected by merely setting the scale reading to the appropriate value 

for the 325 ~bar standard gas. In practice the Beckman calibration 

was set several times during the course of a several hour long 

experiment to prevent drift. 

Results 

In sunflower, photosynthesis as a function of internal CO2 

partial pressure (C i ) was found to vary little provided that leaves 

were selected according to the established procedure. Figure 17 

shows the relationship between total leaf photosynthesis (upper plus 

lower) and the average of the Ci values calculated for the two 

independent surfaces. Initially the relationship is almost perfectly 

linear, and carefully taken data for a single leaf show remarkable 

linearity below a Ci of approximately 250 ~bar. Above 250 ~bar 

photosynthetic gains for increasing Ci falloff dramatically causing 

a sharp bend or break in the curve around this value. 

Photosynthetic rate of each of individual surfaces could also 

be plotted vs. the Ci for that surface in these experiments. 
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Figure 17. Photosynthesis vs. Ci for S~~flower 

Photosynthetic rate of the entire leaf plotted vs. average Ci 
calculated for the two surfaces for net CO2 exchange across (e) both 
surfaces, or (0) one surface only. 



However, the variability in these data among leaves indicate a poor 

relationship between photosynthesis of one surface and the Ci of the 

surface or the average Ci for the whole leaf (the two will be shown 

to be essentially identical). It was observed that the 

photosynthetic rate of one surface under a particular set of 

condi tions was dependent on the conductances of both surfaces; i.e., 

the photosynthetic rate of the whole leaf for a particular Ci is 

constant but the conductances of the surfaces determine what 

percentage of the C02 uptake will occur through each surface. 
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From these experiments the response of stomatal conductance 

to internal CO2 partial pressure can also be determined, and the 

results for both low and high photosynthetic capacity leaves are 

shown in Figures 18, 19, and 20. Both adaxial and abaxial stomatal 

conductances increased with lower values of Ci , and although the 

variability in stomatal conductance among leaves causes a fair degree 

of scatter in the data, responses for adaxial, abaxial, and total 

conductances appear basically linear for Ci values examined. 

Conductance ratios remain constant over wide ranges of Ci for a 

single leaf, suggesting that adaxial and abaxial stomata are 

responding in parallel. 

The results for cocklebur were similar to those obtained for 

sunflower. Photosynthetic rate for the entire leaf vs. Ci was found 

to be remarkably consistent among leaves. Photosynthetic rate for 

the individual surfaces was not well correlated with Ci , and was 

dependent on the conductances of the two surfaces. Interestingly, 
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Figure 18. Total Stomatal Conductance vs. Ci 

Total stomatal conductance response to average the Ci calculated 
for the two surfaces. 



"" ..... 
I 

.6 en 
N 

I 

~ 

.J 
0 .5 
~ 
"-" 

lJJ 
0 .4 z 
« 
t-
0 
::> 
c ~3 z 
0 
0 

.J 
« .2 
t-« 
~ 
0 
t- • I en 

•• r=.60 

• 
•• • ........... ., • 61& 

• • 
• • ., • • CD 

• • •• • 

100 200 300 400 

INTERNAL C02 PARTIAL PRESSURE 

(,BAR) 

Figure 19. Adaxial Stomatal Conductance vs. Ci 
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Adaxial stomatal conductance response to Ci calculated for that 
surface. 
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Figure 20. Abaxial Stomatal Conductance vs. C
i 

Abaxial stomatal conductance response to Ci calculated for that 
surface. 



the curve for total leaf photosynthesis vs. Ci is somewhat different 

for cocklebur than for sunflower (Fig. 21). While sunflower shows a 

distinct linear portion followed by a sharp break, in cocklebur the 

relationship is continuously curved and shows no sudden changes in 

slope. This difference in curves has also been found for plants 

growing in higher light intensity environments in experiments not 

reported on in this study. 
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For both sunflower and cocklebur leaves the Ci values 

calculated for the two surfaces under a particular set of 

environmental conditions were found to be extremely close for all 

values of ambient CO2 (Ca) used. Figure 22 shows Ci calculated for 

the upper surface plotted vs. Ci calculated for the lower for both 

sunflower and cocklebur. Although Ci values for the two surfaces 

were occasionally calculated to be as far apart as 10 ~bar, neither 

surface was found to have consistently higher or lower values than 

the other. This suggests that there are no real differences in Ci 

between the two surfaces, and that the differences found are merely 

due to inaccuracies in the measurement of the parameters necessary to 

make the calculation. 

To determine if one surface could support higher 

photosynthetic rates per Ci than the other, a leaf was placed in the 

chamber with one surface covered with clear plastic wrap. It had 

previously been determined that the plastic wrap was sufficiently 

impermeable to CO2 and H20 vapor as to effect an almost perfect seal. 

In addition, no change in CO2 or water vapor partial pressure could 
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Figure 21. Photos~thesis vs. Ci for Cocklebur 

Photosynthetic rate of the entire leaf plotted vs. average Ci 
calculated for the t1vo surfaces. 
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Ci value calculated for the abaxial surface vs. that calculated 
for the adaxial surface under the same conditions in (e) sQ~flower, 
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be observed for the gas passing through the chamber of the sealed 

surface, so all CO2 exchange and water loss for the leaf was assumed 

to be occurring through the stomata of the other surface. 
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The results for photosynthesis as a function of calculated Ci 

for the one exposed surface are somewhat surprising. At low Ci 

values the photosynthetic rate of the mesophyll for a particular Ci 

was exactly that observed when both surfaces were conducting gas 

exchange for that Ci • However, at higher Ci values this was not the 

case. Thus, the photosynthetic rate vs. Ci curves for one surface or 

both surfaces are identical at low Ci values, but the break from the 

linear portion of the curve occurred at lower Ci values if only one 

surface was exposed (Fig. 23). This effect was observed if either 

the upper or lower surfaces was sealed. In addition, conductances 

for the exposed surface wel'e much higher for a given Ci value than 

for that surface if both surfaces were operational in gas exchange. 

Since vapor pressure difference across the pore was always constant 

at approximately 15 mbar, leaf temperature was kept at 25 C, and 

light intensity at 1120 ~E m-2 s-1, sealing one surface had the 

effect of changing stomatal conductance while all the environmental 

parameters to which stomata are known to respond were kept constant. 

The above data are strongly suggestive that no differences in 

photosynthetic characteristics exist for the two surfaces. For low 

Ci values the same photosynthetic rate can be maintained per Ci for 

CO2 supplied from ei ther the abaxial or adaxial surface, or both 
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0 

(e) total leaf photosynthesis vs. average Ci calculated for the 
two surfaces, and (0) photosynthesis from one surface vs. Ci 
calculated for that surface when the other surface is sealed with 
plastic wrap. 



surfaces together. However, the unusual results obtained at high Ci 

values render the results somewhat inconclusive. 
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To further examine C02 exchange through one surface or both, 

a different technique was adopted. Rather than seal one surface off 

completely with plastic wrap, the Ca for that surface (i.e. the CO2 

partial pressure in that chamber) was lowered until there was no CO2 

exchange through the stomata of that surface. Thus, the C02 partial 

pressure of the gas entering the chamber for that surface was 

identical (or very close) to the C02 partial pressure of the gas 

leaving the chamber. Since only one gas mixing system existed, in 

practice the experiment was carried out by using air pumped in from 

outside (as described in Chapter 3) for one chamber. The air pumped 

in from outside had a CO2 partial pressure of 350 ~bar, and this 

allowed measurements at two different Ci levels as described below. 

In one type of experiment both surfaces were equilibrated at 

the same Ca such that Ci wa~ approximately 350 ~bar. This was done 

to insure that the leaf selected had photosynthetic characteristics 

similar to those used to generate the curves relating photosynthetic 

rate to Ci • After this, one surface was exposed to air containing 

350 ~bar CO2 pumped in from outside. Under these conditions the 

stomata on the two surfaces did not respond, and as a result Ci 

dropped severely for both surfaces. To return Ci to 350 ~bar so that 

no CO2 exchange would be occurring across one surface, the Ca 

adjacent to the other surface was increased until the gradient across 

that surface was steep enough to allow Ci to rise to 350 ~bar. Under 
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these conditions little or no C02 exchange was occurring across one 

surface (in practice it was difficult to achieve Ca=C i exactly) while 

C02 exchange did occur across the other, but both surfaces were 

transpiring and Ci could be calculated for both. 

In the other type of experiment, both surfaces were 

equilibrated using air pumped in from outside so that Ca was around 

350 ~bar and Ci was approximately 220 ~bar. Again, this was done as 

a a precaution ( it turns out unnecessary) to avoid using a leaf with 

aberrant photosynthetic characteristics. One surface was then 

switched to the mixing system and Ca lowered until no net CO2 

exchange was occurring across that surface. Since, again, the 

stomata responded little to this change, Ci was lower than when Ca 

for both surfaces was 350 ~bar, but in this case no corrective 

measures could be taken. Since the curve relating Ci and 

photosynthetic rate was already known, this was not a real problem in 

interpreting the data. Again, most of the CO2 uptake was occurring 

across one surface, but stomatal conductance and hence Ci could be 

calculated for both. 

In sunflower, the photosynthetic rate which was supported by 

two surfaces at a particular Ci could also be supported by either 

surface alone at that Ci • Thus points for Ci vs. photosynthesis for 

only one surface fell on the same curve generated using both surfaces 

(Fig. 17, starshaped points). This was true not only for low Ci 

values, as was shown using plastic wrap to seal one surface, but also 

for a Ci of about 350 ~bar. 



More remarkable was that in sunflower when Ca=Ci for one 

surface the Ci values calculated for the two surfaces were nearly 

identical. Under these conditions net diffusion of C02 is 

essentially in one direction creating a unidirectional gradient in 
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CO2 partial pressure in the leaf with the low end of the gradient at 

the surface showing no net CO2 exchange. If a significant resistance 

to C02 diffusion exists within the leaf a gradient will develop 

across the leaf and be measurable as differences in Ci between the 

two surfaces. The inability to detect such differences in sunflower 

leaves is suggestive of avery low resistance to CO2 diffusion across 

the mesophyll. 

In cocklebur the situation was somewhat different. When Ca 

on one surface was lowered such that Ca=Ci for that surface, a 

consistent measurable difference in CO2 partial pressure did develop 

wi thin the leaf. For photosynthetic rates of 30.4 and 1.54 JJmol 

m-2 s-1 for lower and upper surfaces respectively, Ci values were 

calculated to be 376 JJbar for the lower surface and 329 JJbar for the 

upper surface. Thus a 47 J.1bar gradient existed across the leaf. von 

Caemmerer (1981) gives the maximum difference in C02 partial pressure 

in a hypostomatous leaf to be equal to (A/2)ri (A=assimilation rate; 

ri=intercellular resistance). Since this situation in analogous to a 

hypostomatous leaf for CO2 uptake, substitution of 30.4 for A and 47 

for CO2 partial pressure difference yields an ri of 3.1 m2 s mol-1• 

Data and calculations for experiments in which Ca=C i for the lower 

surface yielded very similar results. Again using equations given by 



von Caemmerer (1981), the maximum difference in C02 partial pressure 

in an amphistomatous leaf will be given by the equation: 

Ci = (A1A2/(A1+A2))(ri/2 ) 

where A1 and A2=assimilation rates for upper and lower surfaces, 

respectively. Using typical values for A1 and A2 for cocklebur at 

Ca=350 bar of 11.3 and 15.2, respectively, the maximum difference in 

CO2 partial pressure within the leaf is only about 10 ~bar and the 

average difference is only half that value. Even if higher 

photosynthetic capacity leaves were formed with the same 

intercellular resistance it is unlikely that maximum differences in 

partial pressure would exceed 15 ~bar. 

Discussion 

The tight relationship between photosynthetic rate and Ci as 

compared to the photosynthetic response to light intensity as 

determined in Chapter 3 is attributable to two factors. First, 

these experiments were performed using the ADC analyzer for 

differential measurements, and, due to better calibration techniques 

and the better overall precision of this instrument it is felt that 

more accurate CO2 depletion measurements were obtained. Second, and 

probably more important is that by measuring photosynthesis vs. Ci 

one is measuring the true photosynthetic characteristics of the 

mesophyll; the influence of the stomata is eliminated. In the light 

response data, photosynthetic rate is a function of both mesophyll 

characteristics and stomatal conductance, and variation among leaves 

can be caused by both. However, it is clear from the data presented 



89 

here that the mesophyll characteristics are remarkably consistent 

among leaves, and the variation in photosynthetic rate observed in 

Chapter 3 is probably due to variation in stomatal conductance. In 

this case, however, total stomatal conductance should be the 

controlling factor, and examination of total leaf conductances in 

Chapter 3 does show considerable variation among leaves. It appears 

then as if mesophyll characteristics are relatively consistent among 

similarly treated leaves, and variations in leaf photosynthetic rate 

at ambient C02 are largely due to stomatal conductance variation. 

The shape of the curve relating photosynthesis to Ci is also 

of intense interest to contemporary studies in stomatal functioning. 

The linear relationship between Ci and photosynthesis up to Ci values 

of approximately 220 bar has been pointed out by von Caemmerer and 

Farquhar (1981), and discussed by Farquhar and Sharkey (1982). They 

point out that stomatal regulation of Ci to the sharp bend in the 

curve is consistent with stomatal optimization to maintain a constant 

gain ratio (dE/dA; E=transpiration rate, A=photosynthetic rate), and 

possibly with optimal nitrogen usage by the plant. Despite the 

variation in stomatal conductance observed among sunflower plants, 

stomata did tend to maintain Ci such that it was close to the break 

for atmospheric Ca. However, at the high photosynthetic rates and 

high conductances characteristic of the high light intensities used, 

relatively large changes in conductance change Ci only slightly, and 

regulation of Ci close to the breakpoint can be accomplished with 

some variation in stomatal conductance. At lower light intensities 



stomatal regulation must be considerably more precise to maintain Ci 

near the breakpoint. 

The difference in the shape of the cu~ve for cocklebur is 

also quite interesting. The continuously curved relationship is in 

sharp contrast to that for sunflower and the curves shown by von 

Caemmerer and Farquhar (1981). However, this shape of the curve is 

persistent even if plants are grown at higher light intensities 

suggesting that it is not due to experimental error or growth at low 

light intensities. 
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The two facts which are truly relevant to this study, 

however, are that internal C02 partial pressures for the two surfaces 

are essentially identical over wide ranges of Ca , and that 

photosynthetic rate for the whole leaf is related to Ci , whereas the 

photosynthetic rates of the individual surfaces (under normal gas 

exchange conditions) are not. Both of these findings are true for 

both cocklebur and sunflower, despite differences in photosynthetic 

capacity and stomatal conductances. These two facts are strongly 

suggestive that the mesophyll is essentially fairly uniform in CO2 

partial pressure under normal conditions, and will have a particular 

photosynthetic rate for the Ci which can be supplied. The relative 

conductances of the two surfaces influence only the proportion of 

total CO2 uptake occurring through each surface, while the total 

conductance determines the Ci which can be maintained. 

The lower breakpoint consistently observed in leaves which 

had one surface sealed throw some doubt on the validity of the 
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experiments. No realistic hypothesis can presently be advanced to 

explain the phenomenon. At first it was thought that some error was 

being made in measuring stomatal conductance, which, in turn, affects 

calculated Ci • This idea seemed especially promising since 

conductances recorded when one surface was sealed were substantially 

higher than those found for either surface under normal gas exchange 

conditions. However, this type of error would offset the entire 

photosynthesis vs. Ci curve, not just the upper end. If fact, the 

error should have been greater at low Ci values, due to the higher 

conductances at lower Ci • Farquhar and Sharkey (1982) state that the 

initial slope of the line is probably proportional to ribulose 

bisphosphate carboxylase activity, and the point at which the curve 

bends is proportional to electron transport capacity. It appears 

then, that the difference in photosynthetic characteristics may have 

been due to differences in the electron transport reactions and not 

to RuBP carboxylase differences. 

Recently Sharkey (from Farquhar and Sharkey, 1982; and 

personal communication, Dr. Graham Farquhar, Department of 

Environmental Biology, Research School of Biological Sciences, 

Austrailian National University) has found that extremely high 

transpiration rates cause a lowering in the upper portion of the 

curve similar to the effect found here. Since the high conductances 

of the surface being measured cause high transpiration rates, it 

seems probable that the effect is the same one. Since in this 

experiment transpiration was increased for one surface, but 



transpiration fo!' the whole leaf decreased slightly the effect is 

probably not due to a whole leaf water supply problem. 

92 

The above experiments do, however, support the hypothesis 

suggested by the measurements made of normal gas exchange. 

Photosynthetic rate of the mesophyll is determined by the Ci which 

can be maintained, and the relationship does not change if the supply 

is from only one surface, instead of two. These results suggest that 

differences in CO2 partial pressure within the leaf are small because 

the effect of supplying CO2 from both surfaces should be to create 

two smaller gradients instead of one large one. In this case the 

most severe effect of these gradients within the leaf would be at 

lower Ci values where photosynthetic rate responds more dramatically 

to changes in Ci • Yet, this is precisely the region of the curve 

which is identical for either surface alone or both surfaces, 

suggesting that significant CO2 gradients do not exist. Also 

important is that either surface is equally effective in supplying 

CO2 as evidenced by the fact that no difference exists if the upper 

or lower surface is sealed. This implies that differences in CO2 

exchange characteristics between the surfaces do not exist, and 

further supports the conclusion that CO2 gradients in the leaf are 

small. 

The results of the experiments in which Ca was lowered to 

meet Ci for one surface provide a more conclusive answer for the 

problem associated with gas exchange from only one surface. In 

sunflower, photosynthetic rate from only one surface is identical to 



photosynthetic rate for two surfaces at the same Ci' for both high 

and low values of Ci • This agrees nicely with the results for 

sealing one surface and reinforces the conclusion that the low 

photosynthetic rates at high Ci is a real phenomenon, but is not a 

result of some fundamental difference in CO2 diffusion properties in 

the mesophyll when CO2 is supplied through one surface only. Even 
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more convincing is that in sunflowerCi values for each surface under 

these conditions were always very close for these experiments, and a 

consistently lower value could not be measured for the surface across 

which no net CO2 transfer was occurring. Under these conditions a 

basically unidirectional net diffusion of CO2 and hence 

unidirectional CO2 gradient should exist within the leaf, and 

depending on the resistance to diffusion and the diffusion rate, the 

gradient should be more or less pronounced. The Ci at the surface 

with C02 exchange occurring across it should represent the high end 

of the gradient and the other surface the low end. The lack of 

difference in these two numbers for sunflower must be a result of a 

low intercellular resistance. 

The results for cocklebur are somewhat different, but do not 

change the general conclusion. For this case a measurable difference 

in Ci for the two surfaces was found, and a rough estimation of the 

resistance to CO2 diffusion across the mesophyll yields 3.1 m2 s 

mol-1• This value compares favorably with other estimations of 

intercellular resistance made recently by other investigators. 

Farquhar and Raschke (1978) found a resistance of 3.2 m2 s mol-1 for 
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cocklebur using helium diffusion rates across the mesophyll. 

However, Sharkey et al. (1982), using a technique similar to the one 

used in this study, estimates intercellular resistance in cocklebur 

to be only 1.0 m2 s mol-1• Regardless of variation in the actual 

values, these measurements, plus the data presented here, all suggest 

very low resistances to CO2 diffusion through the mesophyll, and 

hence small gradients in C02 within the leaf. 

In summary, although differences in photosynthetic 

characteristics between palisade and spongy cells, or differences in 

intercellular resistance throughout the leaf may exist, these will 

not be reflected in differences in CO2 exchange characteristics for 

adaxial and abaxial surfaces. The extremely low values for 

intercellular resistance found in this study and other recent 

studies, preclude the development of steep CO2 gradients which could 

translate the anisolateral nature of the mesophyll into differing CO2 

exchange characteristics for the two surfaces. Hence, for all 

practical purposes the mesophyll can be thought of as a single entity 

which responds to Ci • The Ci under a given set of conditions is a 

function of the photosynthetic characteristics of the mesophyll and 

the rate at which CO2 can be supplied by the stomata. The total 

conductance of the leaf determines the rate of supply, and the 

relative conductances of the two surfaces determine the proportion of 

the total flux which occurs through each surface. Changing the 

relative stomatal c.onductances of the two surfaces will not change 

photosynthesis or transpiration rates as long as total stomatal 
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conductance for the leaf does not change. Hence, differences in 

conductance between adaxial and abaxial stomata are not adaptations 

to improve carbon assimilation efficiency, and are importa~t only as 

they relate to the total conductance of the leaf. 



CHAPTER FIVE 

EPILOGUE 

Both of the initial ~uestions posed in the prologue have been 

answered by the study. Amphistomaty is apparently an adaptation 

designed to raise the maximum conductance of the leaf to CO2, and is 

therefore adaptive to plants with high photosynthetic capacities, 

living in high light environments, and adapted to use water quickly 

when it is available. The differences in conductance between the two 

surfaces are interesting, but differences in conductance response to 

environmental factors are minimal in sunflower, and the differences 

are not adaptations to improve the efficiency of gas exchange. 

However, like any good scientific exploit, the research 

reported here raises more questions than it answers. Indeed, much of 

the data in Chapters 3 and 4 is only indirectly related to the 

central questions, and is presented partly because of its interest 

and implications for further research. Although many questions may 

have occurred to the reader during the reading of the dissertation, I 

now offer my own list of unsolved and interesting problems which the 

research reported on here has brought up. Several of these problems 

are currently the focus of stomatal research by myself and in other 

labs throughout the world. 
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1) What determines the different shapes of the curves 

relating photosynthetic rate to Ci for cocklebur and sunflower? 

2) What ramifications do the above differences in shape have 

for predicted optimal stomatal behavior? 
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3) What causes the dramatic increase in stomatal conductance 

observed if one surface is sealed with plastic wrap? 

4) What causes the drop in maximum photosynthetic rate under 

the above conditions, and how does it tie in with stomatal 

optimization? 

5) What differences in physiology exist between upper and 

lower stomata which could cause the differences in conductance 

usually seen? 
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