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ABSTRACT

An investigation was made of the stomatal responses to environmental
factors hy enclosing leaves in sealed assimilation chambers, partially
controlling the conditions inside the chambers, and measuring the gas
exchanre rates of the leaves. Stomatal resistance was then estimated
from these rates. The main specie used in the investigation was Quercus
petraca (Mattuschka) Teiblein, and measurements were also made on Fraxinus

excelsior L., Acer pseudoplatanus L., Nicotiana tabacum L., and Phaseolus

vulgaris L. The stomata of all of the species investigated were found to
respond to air humidity, expressed in this study as the water potential
of leaf chamber air, -ngr. This direct response to -%;ir’ independent

of bulk leaf water potential and also independent of transpirational flux
through the stomata, was the most important single factor in determining

stomatal resistance; an increase in - .  (i.e. air becoming drier)

causing an increase in stomatal resistggze. The stomatal response to gub-
stomatal CO2 concentration, Ci’ was dependent upon the level of —Qgir: at
low levels of —Hgir(humid air) there was little response to Ci over a
natural range, but at higher levels of —QLir, stomatal resistance increased
directly with C;. The combination and interaction of the -ngr and C,
responses provided a balanced regulation of production against water loss
according to the prevailing conditions, A simple multiple regression was
used to calculate stomatal resistance in terms of the responses to —%gir
and Ci, and there was good correspondence between measured and calculated
values. Wo direct effect light on stomatal resistence was detected, but
there was somé evidence to suggest a blue-light requirement for stomatal
opening. In general, lack of 02 had an opening effect on stomata, but did
not prevent stomatal closure in the dark, nor would lack of 02 open stomata
which were closed. Ho consistent pattern of direct stomatal response to
leal temperature was evident. The role of stomatal response to envircnment-

al conditions in the control of gas exchange ls discussed.
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1.1 Introduction

The process of photogynthesis, probably the most important set of
chemical reactions in the world, is crucial to the existence of
almost all living things, both as the source of all food and for the
‘replenishment of oxygen (02). However, loss of water is an inevitable
.consequegce of t@e assimilation 6f carbon dioxide (002), because evolution
has not produced a membrane which allows the‘pasgagé of 002 from the
gaseous.phase to an aqueous phase, but at the same time does not allow
the transfer of water vapour. The distribution of green plants on the
eafth's surface is largely determined by there being sufficient soil
water to replace that lost by transpiration. Rates of photosynthesis
and transpiratio£ are dependent upon how gquickly 002 and water vapour
are transferred between the atmosphere and the leaf, which are controlled
to a large extent by the stomatal pores occurring on the aerial parts
of most terrestrial plants., These pores are situated between two
specialized epidermal cells, the guard cells, which bring about the
opening and closing movements of stomata by changes in their dimensions.

Much is known about the morphology and anatomy of stomata, amd
about the physical aspects of diffusion of gas through stomata, but
there has not been general agreement about which environmental variables
control stomatal behaviour. IFf this could be resolved it would clearly
be of great benefit in trying to elicit the biochemical changes which
lie behind the mechanisms of stomatal movements. In addition, the
ability to predict the performance of stomata under a given set of
environmental conditions could be of great value in fimding ways of
improving the water use efficiency of commercial crops, without seriously
reducing photosynthetic yield.

The broad aim of this study was to investigate the stomatal

response to various envirommental factors, and to examine how such
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reaponses interact to control the gas exchange of leaves. This was
carried out by enclosing leaves in sealed assimilation chambers,
partially controlling the environmental conditions inside the chambers,
and measuring the gas exchange rates of the leaves: the stomatal response
was then estimated from these rates. The-main species used in the

investigation was Guercus petraea (Mattuschka) Leiblein, the dominant

oak of northern and western Britain, and of considerable ecological and
amenity value. Some measurements were made on two other deciduous

tree species Fraxinus excelsior L. and Acer pseudoplatanus L.. In

addition, when the tree species were not in leaf, measurements were

made on Nicotiana tabacum L. ¢v, Bel-W3 and Phaseolus wvulgaris L,.
The most important factors known to affect stomata were varied both
singly (as far as was possible) and in combination, and the resqonses
of the stomata were estimated by careful measurement of gas exchange
rates, An empirical model was derived to help identify how the various
responses to individual factors interact in the control of stomata.
Stomatal behaviour as affected by environmental conditions has
been widely investigated experimentally and has been comprehensively
reviewed several times: Meidner & Mansfield (1968); Raschke (1975);
Hall, Schulze & Lange (1976); Cowan (1977); Sheriff (1979). In the
remainder of this chapter some of the most important work investigating

stomatal responses to environmental conditions is summarized.
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1.2 Light and carbon dioxide

According to Meidner & Mansfield (1968) “Light is probably mors
important in determining the course of stomatal behaviour than any
other component of the environment”. This is undoubtedly the case,
borne out by the fact that, in general, stomata tend to open during the
day and close at night. However, it has been suggested (Raschke, 1975)

that the major effect of light on stomatal movement is indirect, operating

via the effect of the sub-stomatal carbon dioxide concentration (Gi).
Scarth (1932) first made the suggestion that stomata respond to light
indirectly by respording to changes in Ci brought about by changes in
rate of assimilation with change in light intensity. Freudenberger (1940)
showed that increases ih ambient C02 caused stomatal closure, and
decreases caused opening, in illuminated or darkened or etiolated

leaves, Similar results were obtained by Heath and co~workers (1948,
1950, 1954): Such results are strongly supported by the available
evidence reviewed by Meidner & Mansfield (1968) and by Raschke (1975).
Raschke {1975) concluded that stomata respond to light indirectly by

responding to the reductions in CO, in the mesophyll and in the guard

2
cells, and that these responses close feedback loops which synchronize
stomatal opening with the demand of the mesophyll for 002.

More recently, Raschke et al (1978) illuminated attached leaves of
Zea mays L. with monochromatic light, with either the upper or lower
epidermis facing the light source. An inversion of the light direction
caused at least a 200-fold change in the guantum flux into each epidermis.
This variation in quantum flux did not affect stomaﬁal corductance in
the individual epidermes. Stomatal conductance was, however, correlated
with Ci and the relationship bétween conductance and Ci remained the

same if changes were brought about by changes in ambient 002 concentration

instead of light.
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Clearly, there is abundant‘evidence that stomata can be made to
close with increase in ci. hut it is not clear whether natural variations

in Ci have a substantial effect on stomatal behaviour of plantg growing
in the field, Many data have been presented wﬁich indicate only small,
 or no, effects of Ci on stomatal aperture over a natural range, for
example, Heath & Milthorpe (1950), Jones & Mansfield (1970), Ludlow &
Jarvis (1971), Akita & Moss (1972), Hall & Kaufmann (1975a), Ng (1578).
It is possible that some seemihgly conflicting results may be due to -
species differences in stomatal response to CO2 as suggested by Pallas
(1965) and Akita & Moss (1972). Controversy concerning the role of co,
in stomatal response may be partially resolved by the idea that the |
CO2 control system can be overruled by other environmental and internal
factors, as indicated by Turner (1970). Schulze et al (1975a) found

that leaf resistance of Prunus armeniaca L., under natural conditions,

was not consistently related to Cy and they concluded that "for the
regulation of diffusion resistance in apricot under natural conditions,

the effects of plant internal control mechanisms are overruled or

modified by the external climatic factors of alr humidity and temperature"”,
Hall & Kaufmann (19?5&) showed that stomatal resistance of Sesamum

indicum L, responded little to variations in Ci over a natural range

in humid air, but it did show moderate response to Ci when the humidity
difference between leaf and air was increased. Raschke (19?3) found

that stomata of Xanthium strumarium well supplied with water were not

sensitive to COZ' tut they btecame sensitized by endogenous Abscisic

acid (ABA) produced in atrongly transpiring leaves,
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1.3 Light effects independent of carbon dioxide

If stomatal opening depended only upon a reduction of Ci brought
about by photosynthesis, then red and blue light should not differ
greatly in the efficiency with which they produce opening (Meidner &
‘Mansfield, 1968). The observations of Kuiper (1964), and Meidner &
Mansfield (1966) showed greater opening in blue light suggesting a
response not depéndent upon Ci' 4 reaction to light independent of C02
concentration had been postulated by Heath & Hnséell (1954) to explain
opening due to increased light intensity which occurred while the

intercellular space (0, concentration was maintained at a low level.

2
Meidner & Mansfield (1966) showed with Xanthium strumarium that although

the CO, compensation point differed very little between red and blue
light, stomatal opening was very much greater in blue, -and the energy
of red light required to produce “unit opening" of stomata was about
seven times that in blue. HRaschke (1967a) obtained similar results with
Zea mays L.. Hsiao (1973) determined the action spectrum of stomatal
aperture with Vicia faba leaves which were insensitive to COZ' and showed
a peak of action in the blue region with no action in the red region at
similar quantum flux, Raschke (1975) observed that blue light is known
to enhance respiration (after Kowallik, 1971) and speculated that the
energy supply to the turgor mechanism was also enhanced. He concluded
that blue 1ight may thus enhance stomatal opening, but was not essential.
More recently, Nelson & Mayo (1975) have shown a response to blue

light in guard cells of Paphiopedilum spp. devoid of chloroplasts, and

Zeiger & Hepler (1977) a similar response in isolated guard cell
protoplasts of onion cotyledons, Raschke et al (1978) examined the

interaction of light and CO, responses in Zea mays and found a small

2

increase in conductance in stomata of the upper surface in response to

blue light which was superimposed on the dominating response to Ci'
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It may be concluded from the avallable evidence that the removal of

CO2 from intercellular spaces, and blue light are both capable of

affecting stomata, and that their effects are independent to some degree.
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1.4 Leaf water potential

#siao (1973) has reviewed data which demonstirate that stomata are
insensitive to reductions in leafl water potential until a threshold
level is passed, with various agricultural plants., Above this threshold
level, leaf resistance remains constant and below it, leaf resistance
increases rapid}y vith further decrease in potential. The position
of this threshold varies widely between different experiments and species
(see réviews by Turner, 1974 énd McCree, 1974), but is generally thought
to be between approximately -7 and -18 bars (Raschke, 1975). In field
comditions leaf ﬁater potentials may drop to very low levels without
reaching the threshold value for stomatal closure, for example Schulze
et al (1975a) reported water potentials as low as -43.5 bar in Prunus
armeniaca L. with a high transpiration rate without stomatal closure,

Conversely, increased leaf water stress has been observed to
increase stomatal resistance gradually by some workers, e.g. Biscoe

(1972) working with Reta vulgaris, and Redshaw & Meidner (1972) working

with tobacco. It has been suggested (Hall et al, 1976) that the
threshold concept may be partially an artifact due to the use of the
"resgistance" parameter, because the relation between conductance and
leaf pressure potential appears to be linear over a range of values
(Gardner, 1973; McCree, 19?4), while resistance responses are curvilinear
increasing almost asymptotically at the "threshold" value,

However, Schulze et al (1975a) support the view that variations
in bulk leaf water status above some critical value have little effect
on leaf resistance and that the leaf water status is, in fact, itself |
determined by the influence of stomatal reéistance on transpiration

. Most observations

are consistent with the view that there is a (species dependent) range
of high water potentials over which there is no direct influence on

stomatal aperture.
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Stalfelt (1929, 1955) was the first to distinguish hydropassive
and hydroactive stomatal movement (active and passive movement in
Stalfelt’s own terminology). The hydropassive movements are due to
rapid local turgor changes in the leaf, and can be demonstrated when a
turgid leaf is detached and left without a water supply, (Meidner &
Mansfield, 1968; Heath, 1975). The stomata open widely for a few minutes
before closure and it is thought that transpiration from the mesophyll
cells a£ first continues and as they lose turgor they withdraw water
from the epidermis and subsidiary cells (if present). The loss of turgor
Trom the latter allows the guard cells to "bulge out"™ and open the pore.
Later, as the subsidiary cells take water from the guard cells, the
pore closes, Such a response is possible because the guard cells have
no direct connection with the mesophyll, and ligquid water can only be
transferred between guard cells and mesophyll cells via epidermal cells
(Meidner & Mansfield,.l968; Delwiche & Cooke, 1977). The converse
processes occur when a detached leaf under water stress, with part open
stomata, is suddenly supplied with water: the stomata close rapidly
and later re-open (Heath, 1975). Such rapid hydropassive movements are
less often observed in intact plants (partly because of the initiation
of a hydroactive process; see below), but the same tendencies presumably
occur With every change in the rate of transpiration. Hydropassive
movements are descrihed by ZRaschke (19?5) as resulting from positive
hydropassive feedback, because changes in epidermal turgor may lead to
stomatal responses in the "wrong" direction. However, these responses
are transient, and also the assumption that transpiration only takes
place from the mesophyll cells may be an oversimplification; water is
lost through the cuticle and from the guard cells themselves (Lange
et 2l, 1971; Raschke, 1975).

Stalfelt's (1929) active movement was so called because the guard

cells played an active part in producing it, amd he suspected the
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involvement of an active response, The mechanism of this movement, now
called hydroactive movement, evaded identification until fairly recently,
with the work begun by Little & Eidt (1968), and Mittleheuser & Van
Steveninck (1969), who demonstrated that exogenous abscisic acid (ABA)
reduced transpiration and closed stomata, Wright & Hiron (1969),

Hiron & Wright (19?3) showed that ABA was formed in wilting leaves.-and
stomata closed as a consequence. Turgor was regained and ABA synthesis
ceased in the recovering turgescent ledf after this regulation. More
detailed investiga.tionslby Cummins (1971), Raschke (1974) and Raschke
33.5; (1974) suggested that the effect of ABA on stomata depends upon
the concentration of ABA in the transpiration stream together with the
rate of transpiration, rather than on the absclute amounts in the leaf.

Thus, ABA is synthesised in response to decrease in turgor in
wilting leaves and causes decrease in turgor associated with loss of
solute in the guard cells, Cowan (19??) speculates that loss of turgor
in the guard cells could be reinforced by synthesis of ABA (or related
compounds) within the guard cells themselves. This effect is equivalent
to what Raschke (1975) called "negative hydroactive feedback in guard
cells™., It is not clear whether ABA synthesis is triggered by the
reduction in water potential or turgor or the increase in the
concentration of a triggering substance in a cell compartment, but
there is evidence that it is synthesized in the chloroplasts (Milborrow,
1974). Raschke (1975) reports that the hydroactive feedback within
guard cells appears to be absent when leaves are subjected to very rapid
water loss, the %;mata failing to close at a threshold value of leafl
water potential. He speculates that this is because ABA does not form
rapidly enough in sufficient quantity.
There is no evidence as yet that ABA synthesis is caused by small

changes of water potential in turgid tissue., It does appear that ABA
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and related compounds play a major role in stomatal closure in wilting
plants, but their involvement in stomatal movement in turgid plants is

speculative (Cowan, 1977).
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1.5 Direct response to humidity

Until fairly recently, it was thought that stomatal regulation
of leaf water relations was achieved entirely by a feedback process,
whereby increased transpirational water loss caused increased water
‘deficits in the bulk leaf which led to stomatal closure e.g., Drake et al,
(1970). It was suggested that atmospheric humidity influenced stomatal
movement only indirectly via transpiration,‘ HOﬂevef, more recent work
has sugéested that stomata can also respond directly to ambient
humidity in a way which is -indeperdent of bulk leaf water status.

Porometri§ measurements by Raschke (19?0) showed that detached
leaves of Zea mays L. of equal water contents had much higher trans-
Pirational resistances in dry air than in moist air, and he concluded
that direct evaporation from the epidermis (in particular, the guard
cells) had a modifying effect on stomatal aperture. Lange et al (1971)

demonstrated a direct effect of change in ambient humidity on the

aperture of stomatal strips of Valerian/ locusta and Folypodium vulgare.

The studies of Schulze et al (1972), with Prunus armeniaca growing in

the field, clearly demonstrated that stomata responded to humidity
independently of effects on bulk leaf water status. In their studies
stomatal response was inferred from gas exchange measurements, and
closure in dry air was so pronounced that transpiration was less than
in humid air, and the relative water content of the leaves actually
increased with drier air. Schulze and co-workers (1972, 1974, 1975a,
1975b) have worked extensively on the way in which stomata respond
directly to various environmental parameters which affect transpiration
rate, and they have shown that the phenomenon of midday closure which
commonly occurs in P. armeniaca, is not attributable to changes in leaf
water status or intercellular 002 or to an intrinsic endogenous rhythm,

but js in fact a response to the difference in humidity between leaf



21

and air and leaf temperature. Similar results were obtained with the

xeromorphic stems of Hammada scoparia, and the succulent leaves of

Zygophyllum dumosum,

Camacho-B, Hall & Kaufmann (1974) and Hall & Kaufmann (1975a)
‘showed that humidity induced changes in leaf resistance were not accompanied
by measurable changes in bulk leéf water status in leaves of Sesamum
indicum L.: these changes in resistance were not mediated by a stomatal
CO2 confrol system because the substomatal CO ‘

2
constant. Hall & Kaufmann (1975b) have also found similar results with

concentration was kept

Helianthus annuus and Beta vulgaris, as did Watts, Jarvis et al (1974)

with Picea sitchensis. Lawlor & Milford (1975) discuss evidence of

the effects of humidity on stomatal aperture in Beta vulgaris and various

pasture plants such as Trifolium repens and Lolium perenne. Aston (1976),

working with Helianthus annuus, showed that stomatal resistance increased

linearly as the water vapour concentration difference between leaf and
alr increased, even though leaf water content did not change. Ldsch
(1977) has shown a direct response of stomata to humidity gradients

with isolated epidermal strips of Polypodium vulgare. Several other

investigations with intact plants point to the existence of a direct

humidity effect, and these are cited in Hall et al (1976) and Cowan (1977).
Clearly, indirect measurements on whole leaves and direct observations

on isolated epidermal strips have proved that there is a direct response

of stomata to change in ambient humidity, a response which is independent

of the temperature responses considered in the next section. It seems

fair to assume that such a response must act by influencing the water

relations of the guard cells. Lange et al (1971) have proposed that

the mechanism of the response may involve peristomatal transpiration

(after Seybold, 1961/2) which is water loss from the guard cells through

the cuticle and cuticular ledges to the atmosphere. If, under high
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evaporative conditions, the guard cells lose more Water per unit time
than do the neighbouring epidermal cells, then the guard cells will
lose turgor with a consequent decrease in stomatal aperture. If this
Wwere so0, then the guard cells are acting as humidity sensors and the
“difference in humidity between the leaf and surrounding air represents
the driving forcg for water vapdur loss through the guard cell cuticle.
Maercker (1965) using autoradiography after feeding tritiated water to
leaves,-provided some evidencé that the rate of cuticular transpiration
may be higher from guard cells relative to ordinary epidermal cells.,
Similar results have been obtained by Aston & Jones (1976) with oats.
The implication of such a mechanism for direct response to humidity is
that there is a loss of water which is not under stomatal control, but
which can take place at a sufficient rate to affect the turgor of the
stomatal aparatus,

Cowan (1977) has formalized the argument for peristomatal control
in terms of a “feedforward" mechanism using models based on control
theory, and has concluded that “the case that the physiological mechanism
(of direct response to humidity) is very strong", but adding "all one
might strictly conclude is that there is a loss of water from the leaf
to which the stomata are sensitive, but which is not modulated by
the reaction of the stomata to it". What is certain is that such a
response mechanism would provide an adaptive advantage especially in
arid environments because it would prevent the development of water
stress in the metabolically active cells within the leaf (Schulze et al,
1972) and would also improve water-use efficiency (Hall & Kaufmann, 19?55}

Cowan, 1977).
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1.6 Temperature

The close coupling between leaf temperature and humidity difference
from leaf to air has made it difficult to assess the effects of temperature
independently. There have been divergent views in the literature
concerning the influence of temperature on guard cell behaviour. Some

reports have suggested that increasing temperature favours opening,

e.g. Drake et al (1970) -working with Xanthium strumarium. Other work
has indicated closure at high temperatures e,g. Wuenscher & Kozlowski

(19?1), working with several species of Quercus and Acer saccharum,

Inﬁermediate temperatures favouring stomatal opening have also been

reported e,g. by Whiteman & Koller (1964) with Pinus halepensis,

Recently, since more attention has been paid to the responses of stomata
to changes in air humidity, some of the more seemingly contradictory
data relating to temperature responses have been reconciled, Under
natural conditions the humidity difference between leaf and air is
normally large at high temperatures, and its influence may have been
erronecusly interpreted as a temperature effect. For example, Wuenscher
& Kozlowski (1971) reported increasing stomatal closure over the runge
20% to 40°c. They maintained a constant vapour concentration in the
assimilation chamber over the range of temperatures explored, but since
the intercellular spaces of the leaf are always assumed to be saturated
at leaf temperature, this meant that the humidity difference beiween
leaf and air was increasing as the temperature increased.

Schulze et al (1973) conducted experiments with Prunus armeniaca

under constant evaporative conditions and showed that stomata opened
with increase in leaf temperature providing water stress was low. If,
however, the leaf was under substantial stress, then the stomata closed
as temperature increased irrespective of the humidity difference.

Similar results were obtained with Sesamum indicum by Hall & Kaufmann

e m—, e
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(1975a) who reported that, with'ponstant small humidity differences,
stomatal resistance decreased with increasing temperature and also
that resistance responded more to difference in humidity at lower
tempertures (1975b). L8sch {1977) has reported that temperature exerts
-a strong influence on stomatal aperture using epidermal strips of

Polypodium vulgare, Working with a constant leaf to air humidity

difference, Ldsch found ‘that low temperatures caused closure, that
maximal)opening occurred at 20°C to-28°C, and that higher temperatures
led to a slight reduction in aperture. Lé&sch (1977) also showed a
huﬁidity response independent of temperature and went on to conclude
that temperature and humidity difference induce guard cell movements
by means of two independent mechanisms. Response to temperature is
further complicated by the fact that Ludlow & Wilson (1971) have
reported that temperature preconditioning is important.

The findings reported in the literature are not necessarily in
total conflict, as it would be hardly surprising if different species
have different temperature optima, for example an opening response would
be of great benefit to a well watered, broad leaved plant, reducing
the danger of overheating (by enhancing evaporative cooling) and
maintaining net photosynthesis, providing sufficient water was available.
Inevitably, there are also indirect effects of temperature exerted
through the water relations of the guard cells, and temperature induced
net photosynthetic responses altering the sub-stomatal C02 concentration
of the leaf. It may be more relevant to discuss the interactions of
leaf water status, ambient humidity, sub-stomatal 002 concentration and
temperature in terms of the adaptive advantages such interactions would
seem to offer in specific situations, and this will be considered in

the discussion section.
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1.7 Oxygen . %
Raschke (1975) has summarised the events which take place in the |
guard cells of opening stomata, from the available evidence. Briefly,
malate is formed (possibly from starch) via phosphoenoclpyruvate (PEF), é
‘and is transported into the vacuole. Hydrogen ions (H+)‘are expelled ‘
from the guard cells, and potassium (K') and chloride (C1”) ions are
taken up. While:the formation of malate is exergonic, all of the other
associated processes are energy requiring and will require ATP or reducing
equivalents., Thus, it appears that there is a net energy requirement
for opening. The guard cells have two possible sources of energy:
oxidative phosphorylation and photosynthetic phosphorylation (Meidner
& Mansfield, 1968), oxygen being required for the former tut not the
latter. The fact that stomata can open in response to‘COz-free air in
the dark (Freudenberger, 1940; Heath, 1948; Raschke, 1975) shows that
photosynthetic phosphorylation is not essential for thersupply of energy
to the stomatal mechanism, s¢ it seems that the energy required for
stomatal opening can come from oxidative phosphorylation alone. !
There is strong evidence that oxygen (02) is necessary for
stomatal opening to occur, in light or dark, from a closed position, i
e.g. Heath & Orchard (1956), Zelitch (1965), Meidner & Mansfield (1968),
Burrows & Milthorpe (1975). However, the effect of lack of ambient 0,
on open stomata in an otherwise unaltered enviromment, has given
variable responses. There has not been general agreement with Heath &

Orthard's (1956) finding that lack of 0, actually accelerated stomatal

2

closure with wheat. Fujino (1967) came to the conclusion that both

opening and closing were energy requiring processes, and this was
(rePere) T By HerTH, 1975)

supported by Louget (1968)Lyho found that in felargonium sp., anaerobic

conditions completely inhibited closure due to darkness or high 002,

and also inhibited opening in respomse to light or low CO,. Raschke (1975)
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states that the subsidiary cells of maize contain numerous mitochondria
which may indicate an active reabsorption of K+ by subsidiary cells
during closure. This seems a little strange when one remembers that
the K& ions have to be actively transported into the guard cells during
opening. One might expect that transport of K out of the guard cells,
where they have been held against a concentration gradient, would be
passive, unless membranes prevent such passive movement. Since there
is a nef energy requirement during opening one might also expect a
net energy release during closure. However, this assumes that the
Processes which occur during closure, are the apposite of those which
occur during opening.

Meidner & Mansfield (1968) speculate that the total energy
requirements for the production of opening might be greater than for
its maintenence, and since photophosphorylation can go on in the absence
of O2 this might provide enough energy to keep stomata open, whereas
additional energy from oxidative phosphorylation may required to produce
opening from an initially closed condition. This is supported by the

work of Walker & Zelitch (1963) who found an O, requirement for the

2

opening movement in response to light, but that lack of 0, in light did

2
not induce closure in stomata which were already open. Hall (1975)
reported rapid closure of stomata with Capsicum sp., but not with bean

or sunflower on exposure to 0,-free air. Akita & Moss (19?2) have shown

2

that stomata of some species fail to close in an Oz-free atmosphere,
Levitt (1976) states that stomata permit the entrance of 0, into

the leaf at a rapid enough rate to support aerobic respiration sufficient

to provide for the metabolic needs of the leaf, Also that stomata have

become adapted to this function by opening in response to low O2

concentration inside the leaf. HRaschke's (1967LDobservation that a

short exposure of Vicla faba leaves to anaerobic conditions led to



21
increased opening might tend to support this view. However, it is
possible that an opening response to lower 02 concentrations could, in

fact, be a response to a consequent lowering of internal 002

concentration; 0, is known to inhipit photosynthesis (Warburg, 1920;

Bjorkman, 1966), so a reduction in ambient 0, could result in increased

2

2 concentration, and an

opening response of the stomata. The energy for such a response is

photosynthesis, a reduction in internal CO

thus pfovided by photophosphoryllation., This idea is, however, purely
speculative.

As can be'seen, the effects of anaerobic conditions on stomatal
behaviour are variable, and a further consideration of the 0

2

requirement of stomatal movement will be given in the discussion.
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CHAPTER 2: MATERIALS AND METHODS
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The gas exchange system and methods of measurement

The gas exchange system used was an open system Whereby a gas
stream of known properties was passed through an assimilation chamber
at a measured flow rate, then through a dewpoint hygrometer (Cambridge 1
Systems Inc., Model 880) and an Infra-Red Gas Analyser (IRGA) (Sir Howard

Grubb Parson & Co Ltd, Model SB2) before exhausting from the system to

the atmosphere,

Mixing of gases for IRGA calibration and gas exchange measurements.
Standard gases of known carbon dioxide (COZ) concentration were
prepared for calibration of the IRGA ard also for gas exchange experiments
involving varying oxygen (02) concentrations. The gases were prepared

by the volume method using Wdsthoff gas mixing pumps (Gasmischpumpe,
H stﬁhoff, Bochum, BRD). The basic gas mixing apparatus, consisting
of two pumps (type SA27 or SA18) cascaded in series, is shown in
figure 2.1. This formed the basis for all gas mixing operations.
Pressure regulating valves (PRl and PA2) were placed in the gas ;
lines directly after the CO, and nitrogen (Nz) cylinders in order that
the inlet pressures to the first gas mixing pump (GM1) could be
balanced. A manometer (Ml) provided a visual means of checking that
these inlet pressures were equal. The 002/'N2 nixture was then passed,
via a mixing vessel (MV1), into one of the inlets on the second gas
mixing pump (GM2). An overflow relief vessel (01) between the outlet
of GM1 and the inlet of GM2, prevented the entry of outside air into
the second pump during the suction cycle of the first pump, and also
affected a means of balancing the inlet pressures to the second pump
(by adjusting the head of pressure and balancing the fluid in the
manometer M2). The resistances on the cylinder sides of Ml and M2
were short pieces of capillary tubing. These made it more difficult

to empty the manometers of fiunid by injudicilous handling of the

Pressure regulators PRl and PR2. i
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FIGURE 2.1 DBasic gas mixing apparatus,
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FIGURE 2.2 Apparatus for IRGA calibration.
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The additional apparatus needed for IRGA calibration is shown in
figure 2.2, The gas mixing pumps required that pressure at their outlet
be less than 100 mm.water gauge (above atmospharic). This presented
a problem because pressures in excess of this figure could occur due
to the resistance of the tubing required to pass the gas through the
rest of the system. A simple pressure regulating system was designed
to keep the outlet pressure of GMZ at, or close to, atmospheric pressure.
This system is shown in figure 2.2 after the gas mixing reservoir
R2.

A vacuum was applied to the «ve outlet of the pressure regulating
valve PR, Pressure at the regulated inlet of PR4 (labelled '0O' in
figure 2.2) was adjusted until the manometer M4 was balanced. This
meant that the pressure at the outlet of the gas mixing reservoir R2

and hence at the outlet of GM2 was equal to atmospheric pressure.

Any excess gas produced by the gas mixing pumps was lost to the atmosphere

via the pressure stabilizing vessel S3. A loop was provided after the

pump back to PR4 so that if the vacuum applied at the -ve outlet of

PRY4 exceeded the supply of gas from the gas mixing pumps, then gas at

the correct (0, concentration was drawn into PR4 and not outside air,
The additional apparatus for the generation of COZ/N2 mixtures

at zero O2 concentration is shown in figure 2.3. Again the outlet

Pressure regulating apparatus was used,

\ The generation of gas mixtures with varying O, concentration

2
involved a third gas mixing pump cascaded in series, and the additional
apparatus is shown in figure 2.4. The 02 inlet pressure to GM3 could

be adjusted by means of a pressure regulating valve (PR3), and the

inlet pressure of the CDZ/N2 nixture from the basic gas mixing apparatus
could be adjusted by means of an overflow relief vessel (02), which

also prevented the entry of outside air into GM3 during the suction

Y TR TR T Yt

T



FIGURE 2,3 Apparatus for the generation of COZ:N2 mixtures for gas exchange measurements.
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FIGURE 2.4 Apparatus for the generation of 002:N2:02 mixtures for

zas exchange measurements,
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cycle of the previous pump {GM2). The outlet pressure regulating ;

apparatus was again used, to keep the outlet pressure of GM3 at ¢

atmospheric. f

The gas flow system,

The gas fiow system is shown in figure 2.5. The dewpoint temperature
of the gas entering the chamber could be controlled accurately by means
of the humidification apparatus shown in figure 2.5. The gas supply
was first saturated by passage over distilled water contained in a
perspex tube, It then passed through a condenser immersed in a water
bath, the temperature of which was precisely contrelled by circulating
coolant arnd a thermostatically controlled heater. The dewpoint temperature
of the air emerging from the humidification apparatus was thus equal to
the temperature of the water in the water bath. This was confirmed by
measuring the dewpoint temperature with the hygrometer. The dilution
of the 002 content of the air caused by humidification was taken into
account in the calculation of gas exchange rates (see Section 2.5/6).

The humidified gas was then passed through a sintered bronze filter
{Norgren Ltd, Warwicks, UK) to remove any solid particles. This was
necessary as the IRGA and the dewpoint hygrometer, being photometric
devices, would have been sensitive to such particles. The gas was then
split according to the number of chambers in use, up to seven streams
being possible. The flow rate of each stream was adjusted by means of
needle valves (Simplifix Couplings Ltd, Berks, UK) and measured with
flowmeters (G A Platon Ltd, UK and Rotameter Manufacturing Co, UK).

One stream went directly from flowmeter to solenoid valve unit (stream 3).
This stream provided a reference humidity and OO2 concentration. The
other streams passed to the solenoid valve unit via leaf chambers,

The solenoid valve unit (designed and conmstructed by Dr P W Mueller,

Imperial College, London) allowed any one stream to be directed through
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the dewpoint hygrometer and IRGA at any one time. Other streams ran to
waste and care was taken to ensure that flow rate was not affected by
switching, This was achieved by varying the resistance in the outlet
to waste in each stream with Hoffman clips so that it equalled the
resistance when that particular stream was passed through the rest of
the systenm.

The IAGA was used in absolute mode i.e. the absolute amount of
C02 in the analysis tube was measured whilst the reference tube was kept
sealed during calibration and measurement. Thus, although gas flowed
only in the analysis tube, a reference C02 concentration was provided
by stream 3 which did not pass through a chamber. By measuring the
difference in absolute 002 concentration between the reference stream
and all other streams (the analysis streams), the €O, exchange of the
leaves in the leaf chambers could be calculated (see Section 2.5/6).

The gas sample lines of the system consisted basically of nylon
tubing, but short lengths of PVC tubing were used immediately around
the chambers to provide flexibility in the line. All tubing was of
5/16" outside diameter, which was considered small enough to minimise
the response time of the system, but not small enough for there to
be a very large pressure drop along the lines.

Care was taken to ensure that the temperatures of all of the
apparatus, particularly the tubing and the heat exchanger mounted inside
the leaf chamber, were kept above the dewpoint temperature of the gas
flowing in the system. This was achieved by monitoring the various
temperatures and adjusting the flow rates amd incoming dewpoint, to
avoid cordensation in the system, which would have invalidated trans-

piration measurements,



2.1/3 The Data Logging system

The caiculation of gas exchange rates and transfer resistances
involved the measurement of many parameters, and it was desirable that
the data be collected automatically and in a form suitable for
subsequent processing by digital computer. For this reason a data
logging system was installed consisting of: a Solartron LM1604 DC
digital voltmeter (Solartron Electronic Group Ltd, UK); a Solartron
3230 Data Transfer Unit (data logger); a Facit 4070 paper tape punch
(Facit 1td, UK); and an Addmaster Model 35 serial entry printer
(Addmaster Corp, USA).

In addition, chart recorders (Servoscribe ls, Model RES41.20,
Smiths Industries Ltd, UK) were connected to the outputs of the dew-
point hygrometer and the IRGA, Thus, the data was collected in analogue
form on the chart recorders and in digital fom on the tape punch and
printer. This combination of display and punched tape record had
several advantages:

1. The recorder charts and printer provided a permanent visual display
s0 it was possible to follow what was happening during the course
of an experiment.

2. The punched paper tape could be fed into a computer for data
processing without further manipulation. In this way, errors
associated with transference of data from charts were avoided.

3. When non steady-state phenomena were being followed, measurements
could be made as frequently as required.

4. When step functions were being employed, attainment of a steady-
state could be followed on the chart recorders and digital records
taken only when desired.

A block diagram of the data logging system is shown in figure 2.6.

As shown in the gas flow section, there were a maximum of seven streams
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FIGURE 2.6 The data logging system.
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to be analysed (one reference stream and up to six analysis streams).
The solenoid valve unit enabled any one gas stream to be directed
through the dewpoint hygrometer and IRGA, and a switch unit incorporated
into the solenoid valve unit enabled the corresponding transducers
for that stream to be connected to the data logger. The switching could
be done manually or automatically, controlled by a clock incorporated
into the solenoid valve unit. Streams not being used could be skipped.
When a data logger scan was initiated, the signals from the solenoid
valve unit, dewpoint hygrometer and IRGA were switched sequentially,
measured with the digital voltmeter and recorded on the paper tape and
printer. Triggering of the data logger could be initiated manuwally,
automatically with a clock incorporated into the data logger, or
automatically with the clock in the solenoid valve unit. Each time the
data logger was triggered, records of the following were obtained:

1. The time of measurement, from the clock in the data logger.

av]

The IAGA output voltage.
The dewpoint hygrometer output voltage,

. The IRGA thermocouple voltage (see Section 2.5).

3
4
5. The dewpoint meter thermocouple voltage (see Section 2.5).
6. The chamber air temperature thermocouple voltage (analysis only).
7. The leaf temperature thermocouple voltage (analysis streams only).
8. The chamber photocell voltage (analysis streams only).
In addition, the flow rate of the gas stream being sampled was

noted, together with the reading on the manometer M5 {(this enabled

the pressure in different parts of the system to be calculated as shown

in Section 2.3/4),



2.1/4 Experimental rationale

When the reference stream was sampled, the following quantities

were obtained;

1-

The TRGA output voltage, X (volts); measured with the digital
voltmeter.

The water vapour pressure, E, (mbar); calculated using the dewpoint
hygrometer output voltage as shown in Section 2.3/2.

The pressure in the IAGA analysis tube, P_. (mbar); estimated from
barometric pressure plus the pressure across the manometer (M5)
between the IRGA outlet and ambient.

The pressures in the flowmeter, Pfr(mbar), and hygrometer, ¥ _ (mbar);
estimated as linear functions of Par according to the calibration
shown in Section 2.3/4.

The IRGA analysis tube temperature, T (°c); measured with a
thermocouple placed in the IRGA analysis tube.

The dewpoint hygrometer temperature, T, (°c); measured with a
thermocouple placed in the hygrometer inlet.

The flowmeter temperature, T, (°c).

When an analysis stream was sampled, the following quantities

were obtained:

The IRGA output voltage, x_ (volts).

The water vapour pressure, E, (mbar), (See Section 2.3/2).

The pressure in the IAGA analysis tube, P_. (mbar). |

The pressures in the flowmeter , Po_ (mwbar); chamber, Pa (mbar),

and hygrometer, Pha (mbar); estimated as linear functions of Pae

The IRGA analysis tube temperature, T, (%).

The dewpoint hygrometer temperature, T . (°c).

The leaf temperature, T, (°c), and chamber air temperature, T (°c);

measured with thermocouples inside the chamber.

e s

e
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8. The flowmeter temperature, Tfa (OC); assumed equal to Tca'

Atmospheric pressure was read from a mercury barometer.
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2.2 The assimilation chamber

2.2/1 Chamber design

All of the experiments were to be carried out using an open gas
exchange system with attached leaves enclosed in an assimilation chamber.
The main design criteria of the chamber were (after Jarvis & Catsky.
1971):

1. that it would assist in the continuous measurement of water vapour
and CO2 exchange between the leaf and its predetermined microclimate.

2., that leaf temperature and air temperature in the chamber could be
accurately monitored, and to some extent controlled.

3. that gradients of temperature and gas concentration inside the
chamber should be eliminated by adequate mixing.

4. that the thickness of the leaf boundary layer should be maintained
small and constant.

5. that the flux density of photosynthetically active radiation
incident on the leaf surface could be accurately and continuously
monitored,

One of the assimilation chambers is shown in figures 2.7 and 2.8. The

basic shell of the chamber was a die-cast aluminium box (Eddystone

Radio Ltd, type 6357D). The aluminium 1id of the box was discarded

and the top of the box was milled flat so that a 'Perspex' 1id could

be fitted. A butyl rubber gasket placed between the perspex and the
body of the chamber ensured a gas tight fit when the 1lid was screwed
into position,

A simple heat exchanger was incorporated into the chambers, made
up of a U~shaped piece of tubular copper with a flat plate of copper
welded onto it. Either tap water or water at constant temperature
(controlled by a thermocirculator) was passed through the copper pipe.

Care was taken to ensure that the temperature of the circulating water
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FIGURE 2,7 The assimilation chamber
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- FIGURE 2,8 The assimilation chamber,
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was kept above the dewpoint temperature of the air in the chamber to
avoid condensation occurring on the heat exchanger.

The inteiior of the chamber was painted matt black with catalysed
polyurethane paint., All irradiance was therefore incident on the upper
surface of leaves placed in the chamber, Gas-tight electrical connectors
were provided for fan power supply (to the chamber) and photocell output
(from the chamber). A leaf was inserted through a slot in the end of
the chamber opposite the fan, and was supported by nylon threads. A
gas-tight seal was obtained around the leaf petiole by compression of

a neoprene cellular foam gasket as shown in figure 2.9.

Temperature measurement

For the purpose of calculating rates of gas exchange of the leaf,
the assumption was made that the water vapour concentration at the
liquid-air interface within the leaf was equivalent to the concentration
at the saturation vapour pressure at leaf temperature. Because of the
strong dependence of the saturation vapour pressure on temperature,
the leaf temperature needed to be determined with considerable accuracy.
Thermocouples were used to measure the surface temperature of the leaf.
However, the temperature required is that of the liquid-air interface
Wwithin the leaf. Because of the low thermal capacity and high thermal
conductivity of leaves, for most leaves it can be shown (Perrier, 1971)
that temperature gradients across the pathway leading to the interface
are small and non~-significant.

The chamber air and leaf temperature thermocouples were made from
30 swg chromel-constantan and 42 swg chromel-constantan respectively.
These were made to conform With British Standard 4937 part 6 in the
range 0°-200%C. The reference junctions were kept in a constant

temperature water bath. The thermocouples were independently calibrated

and found to give an output of 61.1 PV per °C difference between Junctions.
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The output was measured with the digital voltmeter (see Section 2.1/3)
which was capable of resolving 1 V. Allowing for an electrical "noise"
of 6 PV, it was possible to measure leaf temperature to Within 0.1%,
the accuracy suggested by Jarvis (1971).

When a leaf was placed in a chamber, the leaf temperature thermo-
couple was sprung against the undersurface of the leaf and care was

taken to ensure that there was always a good contact between thermocourple

and leaf,

Mixing of air within the assimilation chamber

The leaf boundary layer consists of a thin layer of air close to
the leaf surface in which movement of air is by laminar flow, plus a
transition region to the fully turbulent conditions of the ambient air.
The thickness of this layer determines the boundary layer resistance,
and is a function of windspeed, leaf dimension, anatomy and orientation,
The boundary layer resistance is in series with the other resistances

to the transfer of CO water vapour, heat and momentum, these other

2r O
resistances being under physiological control. Clearly, in the leaf
chamber studies reported here, of the response of leaves to environmental
conditions, it was vital that:
1, The boundary layer should be maintained small relative to the total
leaf resistance.
2. The boundary layer should be maintained constant throughout any one
experiment and reproducible between experiments.
These criteria were achieved by introducing stirring and circulation
of the air within the chamber by the use of an internal fan (see
figures 2.7 & 2.8). The inlet and outlet gas tubes were placed directly
above the fan to facilitate rapid mixing and ensure that eddies of

unmixed ailr were not swept into the exhaust port. This meant that

gradients of 602 and water vapour across the chamber were eliminated
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and that the outlet air was representative of conditions inside the
chamber. "Squirrel chge" fans were used, each powered by a low voltage
D.C. motor (Mitsumi, Japan) fed by a variable voltage D.C. power supply.

It was necessary to examine how the fan speed affected boundary
layer resistance value so that the two criteria stated above could he
satisfied. Since all the fans were operated from a single power supply,
the supply voltage reading could be used as an indicator of fan speed
after a suitable calibration had been carried out.

One of the fans (that in chamber 2) was chosen at random and values
of boundary layer resistance, at different fan speeds, were calculated.
Fan speed was measured with a transistor strobotorch model 1202ﬁ
(Dawe Instruments Ltd, London). The boundary layer resistance assessed
was that of a water saturated leaf replica. The techniques used in
boundary layer assessment are-given in Section 2.5/9. The results are
shown in figure 2.10., It can be seen that the boundary layer resistance
became minimized at a fan speed of about 2500 rpm, above which there
was no further decrease in resistance with increase in speed. This
corresponded to a reading of 2.0 volts. All other fan speeds were
then measured at this voltage and it was found that they were all
within 6% of the 2520 rpm of the chamber 2 fan. It was thus concluded
that in all subsequent gas exchange experiments the fan supply voltage
could be set at 2.0 volts in order to minimize the boundary layer
resistance of the leaves. It should be noted, however, that even in
a chamber with adequate mixing of air, fully developed turbulence is
not usually induced (Monteith, 1965). The actual values of boundary
layer resistance depended upon the species under consideration, and

full details are given in Section 2.5/9.
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2.2/% Measurement of the Radiant Flux Density of Photosynthetically

Active Radiation

Photosynthetically Active Radiation (PAR) has been defined as
that part of the electromagnetic spectrum which induces photosynthesis
on absorption by pigments in the plant (Nichiporovitch, 1954; Gaastra,
1959; Kubin & Hladek, 1963). The approximate limits of this region
are defined by wavelengths éf 400-700 nm, Over this range little
wavelength specificity is shown, a simple integral relationship existing
between the number of molecules changed photosynthetically and the
mumber of quanta absorbed, regardless of guantum energy (e.g. Rabinowitch,
1951).

To determine the response of net photosynthesis to irradiance,
the radient flux density incident on the leaf must be measured precisely,
Clearly, the detector must transform the absorbed radiant energy into
a measurable form, which is proportional to the quantum content of the
radiant flux. Since the perspex 1id of the leaf chamber was bound to
reduce the radiant flux density incident on the leaf, a measuring
circuit was developed which measured this flux density with a sensor
mounted in the chamber and in the plane of the leaf,

A schematic diagram of the components of the measuring circuit
are shown in figure 2.11. The photodiode used was a Ferranti silicon
photovoltaic cell (type MS1BE)., This cell was very sensitive to near
infra-red radiation with a peak sensitivity around 800~-900 nm, which
is outside the PAR range, so an interference filter (XKG Glass Calflex

BALIERS HitrH VALLUM,; LIBCHTENSTEIN)
Bl/Kly:was fixed to the top of the cell. This filter produced a sharp
cut-off in transmission at about 800 nm, near infra-red and infra-red
being reflected.

The photocells used had a current output that was approximately

linear with incident radiation when a low external resistance was used.
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FIGURE 2.11 Schematic diagram of the circuit for measuring incident

radiant flux density in the leaf chamber. , ®

FIGURE 2,12 The photocell assembly.
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The data logging equipment used in the study {Section 2.1/3) incorporated
a high impedance voltmeter. Each photocell was shunted by a low value
resistor (100 ohm), and the voltage developed across this resistor

Was approximately linear with incident irradiance.

The photocell/filter combination and the resistor were mounted on
a piece of "veroboard" to which the leads to the DVM were attached,

The photocell/filter assembly was placed inside a brass casing, with

a piece of Whatman's No. 1 filter paper over the surface. This kept

the photocell free from dust etc (figure 2.12).

Such measuring circuits were placed in each of the chambers and
these were calibrated against a Lambda L1-1905 gquantum sensor (Lambda
Instruments Corp) as outlined in Section 2.3/5.

Uniform irradiation of the leaf in the assimilation chamber was
achieved by ensuring an even distribution of irradiance in the direct
beam from a light source. The method employed was to use light sources
which irradiated a relatively large area homogeneously. Two types of
lamp were used: |
1. A bank of two 500 W tungsten incandescent "High Bay" reflector

lamps (Atlas Lighting Ltd, St Martin's Lane, London).

2. A 1000 W Metal Halide discharge lamp; Thorn Colorarc type MBLF
with fluorescent coating (Thorn Lighting Ltd, UK). The spectral
energy distribution of this lamp consisted of a continuous spectrum
of closely spaced lines produced by a combination of the line
emissions from its metal halide additives. The fluorescent coating
increased the emission in the red wavelength region. Unfortunately,
this lamp was acquired in 1977 and was only available for later
parts of this work.

The fiux density of PAR incident on the leaf was dependent on the

distance from the source, but at an equivalent distance, the flux
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density from the metal halide lamp was very much greater than that
from the tungsten lamps. Maximum irradiance was about BOO.PE.m_z.s"l
from the tungsten lamps and 6501PE.m-a.sfl from the metal halide lamp.

Because of the possibility of a "glasshouse effect” of the
assimilation chamber increasing leaf temperature, it was necessary to
absorb much of the flux of thermal radiation before it reached the
chamber. This was achieved by the use of a water filter made up of
16 cm of distilled water contained in a ‘perspex‘ tank placed between
the lamp and the chamber, This was particularly important under the
tungsten lamp which had a high infra-red energy output per input watt
of energy.

The flux density of PAR at the leaf was controlled by interposing
neutral filters which reduced the flux density without alteration
of its spectral composition. These filters were made up of a thin
piece of ‘perspex‘ (2 mm) backed with sheets of 'Letratone’'. The
number of layers of ‘'Letratone' controlled the amount of radiation
transmitted. Where more than one sheet of ‘Letratone’ was present,
different dot spacings were used to avoid Moire effects. Nine such
filters were made up as follows: (expressed as a nominal percentage
of the transmission through 2 mm clear perspex):

100%; B1%; 6M4%; 49%; 36%; 25k; 16%; ks 2.7%
The filters could simply be laid over the 'perspex’ 1id of the
assimilation chamber (figure 2.13). Zero irradiance at the leaf
surface was achieved by laying a piece of thin plywood, painted matt
black, over the leaf chamber and covering this with a piece of black
velvet curtain material.

These filters were used for the control of the flux density of
PAR incident upon the leaf, and were also used in photocell calibration

as outlined in Section 2.3/5.
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FIGURE 2,13 Control of the flux density of photosynthetically

active radiation incident on the leaf,
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2.3 Calibration of equipment

2.3/1 Calibration of the infra-red gas analyser

The following technique was devised for the calibration of a
Grubb-Parsons SB2 Infra-Red Gas Analyser (IRGA) when used in an open
circult measuring system. The IRGA was fitted with optical filters
which transmit only radiation between 3.8 and 5.7 pm so0 that the main
absorption bands of water vapour had no effect on the instrument. The
procedure outlined describes the calculations required to convert
analyser readings into gas concentrations, and alsoc how compressed

air cylinders were calibrated so that their CO, content was accurately

2
determined.

For the purpose of using IRGA readings for the calculation of gas
exchange rates in terms of mass flux of 002. it was necessary to express
carbon dicxide concentration in terms of mass per unit volume, e.g.
kg.m_B. For IRCA calibration it was assumed that the analyser output
voltage wac a function of the mass of absorbing material (i.e. COZ)
present in the analysis tube if the mass of absorbing material present
in the reference light path was held constant.

Method

The IRGA was calibrated by using standard gases with known 002
concentration. The gas mixtures were prepared by the volume method
using WHsthoff gas mixing pumps as described in Section 2.1/1 (Fig. 2.2).

Dry Gas of known CO, concentration was generated by the gas mixing

2
pumps and this gas was passed into the IRGA analysis tube. When a
steady trace on the servoscribe had been obtained, several readings of
IRAGA output voltage were measured with the digital voltmeter, together
with the analysis tube temperature and pressure, Gas temperature in

the analysis tube was measured by means of a chromel-constantan

thermocouple inserted via the outlet tube, and pressure in the tube

LT T T, AT s e e
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was measured against known atmospheric pressure by means of a manometer
(M5) connected to the analysis tube. This procedure was repeated for
several gas concentrations by changing the gear ratios of the pumps

to produce the desired concentration.

€.g. Pump GM1 with 1% gears produces 1% CO2 in N2

this goes into Pump GM2 with 2.7% gears.
S CO2 concentration in the output of GMZ is:

2.7% of 1% = 0.027% = 270 ppm GOZ
Similarly fitting 2.9% gears to GM2 produces 290 ppm CO

2
3 .O% 1] "w " L] 300 PPm C02
3.26 " " " " 320 ppm CO,
3 '5% " 1] " ] 350 ppn 002

The above represents a typical range of CO, concentrations for

2
calibration purposes for IRGA range 6, which generally had a full
scale deflection of about 80 ppm, The Grubb-Parsons SB2 IAGA has six
sensitivity ranges, each range having approximately double the
sensitivity of the previous range. In practice, it was found that only
ranges 4,5,6 were of sufficient sensitivity to use,

After calibration had been completed, air from cylinders which had
to be calibrated for 002 content, was passed into the INRGA. Several
readings of IRGA output voltage, analysis tube temperature and pressure

vere recorded for each cylinder., Cylinder CO, content could then be

2
calculated as outlined in the following section.

Gas analyser output voltaqugO2 concentration relationship
The 002 concentration in the IRGA analysis tube for each calibration

gas was calculated as follows:
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C = (¥)(273.15)(44.01)(Pa kg .~ (2.1)
1013.2)(22.0138) (Ta

where: Y is the CO2 concentration in volumes per volume
Pa is the IRGA analysis tube pressure (mbar)
Ta is the IRGA analysis tube temperature (°K)
44.01 is the molecular weight of co,
1013.2 mbar is standard pressure
273.15 °X is standard temperature

22,4136 is the volume (1) of one gram mole of a gas at STP
When C(kg.m'3 ) was plotted against IRGA output voltage, X (volts), it
Was clear that the analyser output was not a linear function of CO2
concentration. Examples of typical calibration curves can be seen in
figure 2.14, A variety of non-linear regressions were fitted to
calibration data and the best fits were given by a quadratic equation
of the form:

C=a+ b+ X2

(2.2)

A program was written which fitted such a quadratic regression to
the calibration data and computed the values of 'a', 'b' and 'c', along
with the standard error of the regression equation. The values of IRGA

output voltage obtained from the cylinder calibrations were then

substituted into the regression equation, to give cylinder 002 concentrations

3

in kg.m °. This was converted into volumes per volume using equation 2.1,
The assumption was made that adjustment of the instrument zero
control (a mechanical shutter which intercepts some of the reference
beam) was equivalent to adding or subtracting a mass of O, to the
reference tube, and that such adjustment affected only the position of
the intercept ‘'a' and not the shape of the calibration curve (determined
by the values of the calibration constants 'b* and 'c¢'). This assumption
was tested by carrying out two calibrations sequentially, over the

same range, With the zero control altered between calibrations. The

tWwo regression equations obtained were:

RS L
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5.E.
C = 00044826 + (.00064327)(X) - (.00056337)(x%) 0000013683
C = .00056240 + (.00062183)(X) - (.00023593)(x°) .00000076286

Although the values of the calibration constants (b and c) obtained
from the two calibrations differed, when the regressions were plotted
without the intercept, the two graphs obtained were similar in shape
(figure 2.15). 4t the point where the regressions are most divergent
(an IAGA output voltage value of 0.28), the two regressions give COZ
concentrations in the tube which differ by only 0.1 x 10_4 kg.m-j
(approximately 6 ppm). Thus, there seemed little error involved in
assuming that alteration of the zero setting merely aliered the value
of the intercept ‘a’,

It was necessary to establish whether a calibration remained valid
independently of the absolute amount of 002 in the analysis tube. This
was particularly important if an experiment was being carried out at
elevated levels of ambient 002 whereas the calibration of the instrument
had Been performed in the normal 250-350 ppm range. To test this,
two calibrations were carried out sequentially, the first in the range
250-350 ppm €0,, and the second (after adjustment of the zero) in the

range 320-400 ppm CO The regression equations obtained were;

x
, S.E.

C = .0005624 + (.00062183)(X) - (.00023593)(x2) 76286 x 10"6

C = 00046628 + (.00076336)(%) - (.00084247)(x%) 69844 x 1077

When the regressions were plotted without the intercepts (figure
2.16), the two graphs obtained were very similar in shape. At the
point where the graphs are most divergent (an IRGA output voltage of

0.14 volts), the two regressions give CO. concentrations which differ

2
By 0.085 x 10~ kg.m'3 (approximately 5 ppm). Thus, there was little

érror involved in assuming the calibration to be independent of the

e



FIGURE 2415 Results of two sequential IRGA calibrations, ploited without their intercepts.

a.1q 18
"

o.

69

14.08

Oy CONC".tiwo.a -!
0.08

2
.00 967 0.1 B.a0 0.47 0.54 0-80

) 0.20 .27 D.34
iRGA OUTPUT YOLTAGE

N AT IR TR T e L TR

.- e - e et
b e A T Tk £ R LB L P P Myt S R




FIGUHE 2,16 Results of two sequentisl IRGA calibrations, one in the range 250~-350ppm CO2 and the
other in the range 320-400ppm CO,, plotted without their intercepts.
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absolute amount of 002 in the analysis tube.

The value of the calibration intercept ‘a' had to be determined
during the course of an experiment as it was dependent on IAGA zero
setting (and was also thought to vary with IRGA amplifier drift). The
value of 'a' relevant to a particular zero setting in use, could be
calculated every time reference gas passed through the IRGA during
operation, by the procedure outlined in Section 2.5/3. Once ‘a’ had
been calculated, any value of IRGA output voltage, such as values
obtained during gas exchange measurements, could be converted into 002
concentrations (kg.m‘B) according to equation 2,2,

It was necessary to establish for how long a calibration remained
valid. Figure 2.17 shows a selection of calibrations (draWn without
the intercept) taken over a seven month period. As can be seen, the
sensitivity of the IAGA detector decreases with time, but calibrations
taken within approximately three weeks of each other produce very similar
graphs. In other words, the calibration did not appear to alter very
much within a three week period, so three weeks was chosen to be the
maximum time between calibrations. In fact, calibrations were often

taken more frequently than this especially as the detector aged.

Calibration of the dewpoint hygrometer

The following technique was devised for calibration of the dewpoint
hygrometer (Cambridge Systems Model 880, EG & G Inc) when used in an
open circuit measuring system. This instrument utilizes the dewpoint
¢ondensation principle to determine the water vapour concentration in
4 gas mixture.

A eocled metal surface (or "mirror") is presentad to the gas
sample so that the temperature of the gas at the metal surface 1s the
same as the temperature of the metal. When the metal surface temperdture

is exactly at the dewpoint temperature a state of equilibrium exists
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whereby the rate at which water molecules evaporate from the surface
is exactly equal to the rate at which other water molecules condense
on the surface. In this condition, the amount of water on the metal
surface is unchanging, and this is the temperature at which the gas
is saturated with respect to water, viz the dewpoint temperature. The
dewpoint hygrometer senses, optically, when this state of dynamic
equilibrium exists, and measures the temperature at the metal surface,

The temperature sensing element of the instrument is a precision
thermistor embedded in the cooled metal surface. An analysis of the
hygrometer circuit by Dr P W Mueller shqwed that the resistance of
the thermistor (RT, ohms) was related to the output voltage of the
instrument (X, millivolts) according to:

Rr=a;§>§ (2-3)

The values of the calibration constants a, b, ¢, d were ecalculated
as follows:

Terminals were provided on the instrument for the connection of
a remote thermistor. A resistor whose value had been measured precisely
was connected to these terminals and several readings of output voltage
were measured with the digital voltmeter. This procedure was repeated
for twelve resistance values. Thus, known resistances were substituted
for R, and readings of X were taken. Marquardt's algorithm (see
Appendix 1) was used to give the best least squares fit to the
relationship between RT and X shown in equation 2.3, Tables 24 and 2B
show typical sets of results,

Thus, for any value of output voltage the resistance of the
thermistor could be calculated. These values of resistance then needed
to be translated into measurements of dewpoint temperature. Thermistor

resistance, RT' is normally thought to be related to absoclute
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TABLE 24 lMarquardt's algorithm was used to give the best least squares: fit

to the relationship:

RT = a = bX where a,b,c,d are constants (see text for details).

c + dX

Qutput voltages(X,nV) are means of 7 values each.

Registance value

lleasured 22-7-T5

Measured 23-9-77

RT(ohms) X(mV) (V)
1003.0 37.04 3714
1405.0 31,61 3.75
1606,0 29.37 29,52
180740 27434 27,56
2008.0 25.63 25.78
2208,5 24.04 24,17
2409.5 22,60 22.74
2611.0 21.29 21.45
2812.0 20,09 20.24
3817.0 15.43 15.59
4820,0 12.20 12.29
TABLE 2B Values of calibration constants.
a i} [} 4 S.E.
22-1-T5: 18062893E14 29383042812 « 6 T704510E9 .16699769E9 .5232218
23=9-77: J18110581B14 .29672339E12 .98537232E9 .16383873E9 .33576818E1
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temperature,.t(oK), in the following way:

= e (2.4)
where 1 and m are constants.

However, preliminary examination of resistance values for different
temperatures, provided in the instrument manual, suggested that this
may not be very precise over a Wwide temperature range. A better fit

to the data was obtained by modification of equation 2.4 to:

1 +m

t + e

iy - e (2.5)

Least squares estimates of the parameters 1, m, c, were obtained, again
using Marquardt's algorithm, for the data given in the instrument manual

(see table 2C).

1+ E Py g
From eguation 2.5: RT =g t+e
taking natural logs: ln(‘dr) =1+ ( _m g
(t +c¢
S In(R,) ~-1=_m
RT t+c
* 1 =+ 4+ ¢
1n(3f) -1 n
St = n -c (2.6)

Thus, values of output voltage measured during an analysis could
be converted into corresponding thermistor resistance values according
to equation 2.3, These resistance values could then be used to
calculate the temperature at the mirror surface (and hence dewpoint
temperature) according to equation 2.6.

At mirror temperatures below 0°C (BZOF) the water on the mirror

surface was assumed to be in the form of ice (see sources of error} ard

nénce the frost point temperature was measured. The dewpoint and frowt
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TABLE 2C Marquardt's algorithm was used to give the best least squares fit
to the relationship between R, and t (see equation 2.5):
Rt = e1+m/(t+c) where l,m,c are constants.Data are taken f{rom

Cambridge Systlems lodel 880 Dewpoint Hygrometer Manual,

R, (ohms) t (°X) R, (ohms) ¢ (°K) Rt(ohms) t(°K)
19710.0 232,05 4172.0 263,16 1155.0 294.27
18550,0 233.16 3968,0 264,27 1108.,0 295.38
17460.0 234.27 377640 265,38 106340 296,49
10450.0 235,38 3594.0 200449 1021.0 297.60
15450.0 256449 3422,0 2ol W 979.7 298,72
14600,0 237,60 520040 268672 940.4 299.83
13760.0 238,72 3106.0 269,63 503.2 300.94
12990.,0 239.83 2960.0 270.74 867.5 302,04
12250,0 240.94 2822.0 272.04 833.7 303.16
11570.0 242,04 2691.0 273.16 801 .4 304.27
10920,0 243.16 2567.0 274,27 770.6 305,38
10323,0 244427 2449.0 275.38 741.0 306.49
G758,0 245438 2338.0 276.49 712.8 307.60
Y228,0) 216449 2232.0 277.60 685.8 308,72
8730.0 247,50 2133.0 278,72 660,0 309.83
82¢1,0 248,72 2037.0 279.83 635.3 310.94
7821.,0 249,83 1946.,0 280.94 €11.6 312,04
7407 .0 250494 1860,0 282,04 589.0 313.16
7017.0 252,04 17750 283.16 567 o4 314.27
6.49.0 253416 1702.0 284,27 54647 315.38
$305.0 254,27 1u28,.0 2689.38 526,9 316,49
5981.0 255,38 1558.0 286.49 507.9 317.60
5676.0 2506449 1492,0 287.60 489.7 318.72
5387.,0 257400 1428.0 288,72 47242 319.83
E115,U 250449 1369.0 269.83 455.4 320.94
353,30 2594033 1311.0 290,94 439.4 322,04
ADTT W0 260,94 1256,0 292 .04 423.9 323,16
4£306,0 262,04 1204.0 293416 409.2 324,27
Velues of calibration constants:
1 m c S.E,. ohms)

ol —

-6,5126041 4879.5200 £5.448250 2,1252345
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point are not the same for a gas sample of fixed water vapour content,
as the temperature at which a surface of ice must be maintained to be
in equilibrium with water vapour is slightly higher than that for water
(1iquid). By definition (from List, 1958):

The dew point (frost point) temperature is the temperature to which

the air must be cooled in order that it shall be saturated with respect
to water (ice).

The dew point or frost point defines the partial

pressure of the water vapour in the gas sample, from the Smithsonian

Meteorological Tables (List, 1958) using the Goff-Gratch formulation:
log,, B = - 7.90298 (Ts/T - 1) + 5.02808 log,, (Ts/T)

- (1.3816)(1077) (1012 3L - T/Ts) _ (2.7)

+ (8.1328)(1073) (1073-401H9(TS/T - 1) _ 1y log,, B,

and:

log), B; = - 9.09718 (To/T - 1) - 3.56654 logy, (To/T)

(2.8)
+ 0.876793 (1 -~ T/To) + log,q E;

where.

. saturation vapour pressure over a plane surface of pure liguid
water (mbar)

s saturation vapour pressure over a plane surface of pure water
ice (mbar)

absolute (thermodynamic) temperature at which saturation occurs (OK)
T, = steam point temperature (373.16 °K)
T, = ice point temperature (273.16 %K)

Ews= saturation pressure of pure ligquid water at steam point temperature
(1 standard atmosphere = 1013.246 mbar)

16 saturation pressure of pure water ice at ice point temperature
( .0060273 standard atmospheres = 6.107) mbar)

Equation 2.6 gives the temperature at which saturation cccurs, and this

value can be substituted for T in equation 2.7 or 2.8. The total

g T A A T gty T e

P R e
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pressure, P, (mbar) in the hygrometer is known, and the partial
pressure of the water vapour is given by equation 2.7 (for temperatures

above 273.16°K) or equation 2.8 (for temperatures below 273.16%K).

Therefore:

E gives water vapour concentration in volumes per volume (mj.m-B)
R for dew point temperatures

)
and

i gives water vapour concentration for frost point temperatures.
P
p

(See Section 2.5)

Sources of error:

Bulletin DP-2 (1972) produced by manufacturers of the instrument
contained an error analysis which suggested that in the worst case, the
hygrometer would measure dewpoint temperature + 0.78% (1.4°F). 1In
addition, there were two further possible sources of error when
measurements Were taken in the present system.

At mirror temperatures below 0°C (32°F) the water on the mirror surface

could be ice or super cooled liquid. According to the instrument mamnual,

super cooled liquid is formed for a short time when the temperature

i not far below freezing point, but this changes to ice fairly quickly.

It the present analysis, it was assumed that ice was formed for all

readings below 0°C for two reasons:

i) Headings taken were generally steady-state readings and it was
assumed that any super cooled liguid formed initially would have
had time to turn to ice.

ii) The mirror could be force cooled by over-riding the automatic
control system. In this manner, the deposit could be positively
frozen ensuring the measurements taken were frost point déleérminations.
This system was used when it was thought that not enough %ike had

elapsed for any liguid to turn to ice.
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In fact, relatively few of the readings taﬁen were below 0°C. This
only occurred wheﬁ the gas supply to the chambers had not been
humidified, For the reasons outlined, the problem of super cooled liguid
was not thought to be significant.
A second possible extra source of error could have arisen if the
calibration changed appreciably with time. As previously shown, the
values of the parameters 1, m, ¢ in equation 2.5 were obtained by
regression analysis using the temperature against resistance data
provided in the instrument manual. This part of the calibration is
constant assuming that the data given in the mamial is correct. Thus,
the part of the calibration which could vary is confined to the relation-
ship between thermistor resistance and output voltage (equation 2.3).
Tables 2A and 2B show resistance against output voltage for calibrations
performed on 22 July 1975 and 25 September 1977 respectively. The
calculated calibration constants a, b, ¢, d were used to calculate
dewpoint temperature using equations 2.3 and 2.6 for a range of typical
output voltages. The results are shown in table 2D. It can be seen
that although the values for the calibration constants vary slightly
for the two calibrations, the actual dewpoint temperatures produced
are very similar; mean difference being 0.188°C (standard error of
differences 0.045), This difference is well within the range quoted

By the manufacturers for errors associated with measuring dewpoint %ith

+his instrument,

Calibration of the flowmeters

It was necessary to the accuracy of measurement of gas exchange
that the flow rates through the assimilation chambers be accurately
known. The accuracy of the flowmeter manufacturer's calibration
marks are dependent upon the pressure at the flowmeter outlet, For

this reason, the flowmeters used in the present system were cali¥rated

B T B o I T
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TAULE 2D Using equations 2.3 & 2.6, dewpoint temperatures were calculated
For a range of typical outpul voltapes in order to compare two

calibrations.

Calibration
date a L] [ [+ B.E.
22-7-175 L 18062893814  .29383832B12  .90TC451E9  .16699769E9  ,52326218
23=9-T1 18110581814 L,29672339E12  .9853723E9 ,16383873E9 .33576818E1
Output Dewpoint Dewpoint
voltage temperature temperature
(wV) 22~7-75 23-9~77
(°c) (")
9.036 -18,610 ~184726
10,542 -15.946 -16.008
12,048 -13.404 ~13.567
13.554 ~-10,958 ~-11.139
154060 ~8,590 -8.785
16.566 -6.281 -6,487
18,072 -4.018 -4.234
19.578 -1.787 ~2.012
21,084 0,418 0.190
224590 2,611 2.380
24.096 4,602 4.568
25.602 6.998 6,765
27.108 9.209 B.978
28.614 11.444 11.218
30,120 13.712 13,493
31.626 16,025 15.815
334132 18.392 18.194
34.638 20.826 20,643
364144 23.341 23,176
37.650 25,953 25.811
39,156 28,680 28,566
40,662 31.545 314465

liean difference between dewpoint temperatures = 0.18800

Standard error of difference = 0,045 °c
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in situ by independent means. For flow rates up to 2.0 1.min~l the
50ap bubble method described by Levy (1964) is satisfactory. Briefly,
a simple bubble meter is constructed consisting of a glass tube mounted
vertically, and scribed with two marks delimiting a known volume., A
soap film is introduced into the tube and any gas flow through the
tube urges its movement up the tube. Hence, the gas flow is made
visible by the soap film which acts as a gas-tight piston of negligible
weight and low friction. Using an accurate stopwatch the soap film
bubble is timed over the known volume between the dwo marks and the
flow rate can be found.

The flowmeters used were of the variable area glass tube and float
type, and measured vdlume flow. They Wwere of two commercial types:
G A Flaton Ltd, Hants, UK and HRotameter Manufacturing Co, Surrey, UK,
Care was taken to ensure that the flowmeters were mounted vertically.
The calibration was performed in situ and so the apparatus was as
shown in figure 2.5 with the addition of the bubble meter shown in
figure 2.18 which was connected to the IRGA outlet. The leaf chambers
were by-passed by connecting their inlet and cutlet gas lines together,
Method :

Each flowmeter was calibrated individually as follows:
The needle valves Wwere adjusted so that a constant flow rate reading
was obtained on the flowmeter. Soap films were then introduced into
the bubble meter and accurately timed between the two marks. The time
used in calculations was the mean of ten readings. This was repeated
at five different flow rates and for each flowmeter, |
Results:

If the volume of the bubble meter between the marks is V(1) and
the “sweep time” is t(s), then the true volume flow rate is giv¥#h by

Vx 60 1.mint
t
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FIGURE 2.18 Bubble meter used in calibration of flowmeter.
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TABLE 2E Results of flowmeter calibration.
Volume of bubble = €,314021 1.,

Stream Time of Indicated Actual
sweep (s) flow raje flow rate

(Lomin " ) lomin_
0 68,2 0.5 0.28
0 5447 0.6 0.35
C " 4463 0.7 0.44
0 39.2 0.8 0.48
0 29,5 1.0 0.64
1 28.8 0.5 0.65
1 24,9 0.6 C.76
1 2241 0.7 0.85
1 19.7 0.8 0.96
1 1641 1.0 1.7
2 3641 0.5 0.52
2 29.8 0.6 .63
2 27.2 0.7 0.69
2 23,0 0.8 0.81
2 18,0 1.0 1.04
3 102.0 0.2 0,18
3 754 0.3 0.25
3 43,0 045 0.44
3 351 C.6 0.54
4 41.2 0.5 046
4 3443 0.6 0455
4 29,0 G.7 0,465
4 25.0 C.8 0.75
4 15,7 1.0 0,96
5 374 0.5 C.50
5 32,2 0.6 0.59
) 27.1 0.7 0,70
5 23.8 0.8 0.80
5 18,9 1.0 1,00
6 3744 0.5 0,50
6 31.0 0.6 0,60
6 2645 Co7 0.70
& 2344 0.8 0,80
6 18.5 1,0 1.00
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The results are shown in table 2E. Calibration graphs were drawn for
each flowmeter, and the data fitted to linear regressions. Thus, flow-
meter readings taken during subsequent gas exchange measurements could

be converted to true flow rates using the calibration appropriate for

that stream.

Calculation of the pressure conversion factors for different parts
of the gas circuit

The calculation of gas exchange rates and transfer resistances
necessitated the measurement of the pressure in different parts of the
gas handling circuit, in particular:

1} The pressure in the IRGA analysis tube.
2) The pressure in the dewpoint hygrometer.
3) The pressure in the leaf chamber.

4) The pressure at the flowmeter outlet,

The apparatus shown in figure 2.19 was assembled in oxder to
determine the relationship between the pressures in different parts
of the system, Gas from a cdmpressed air cylinder was passed through
the system at a constant flow rate. Simultaneous readings were taken
on each of the manometers Ml, M2, M3 and M5. This was repeated for
four different flow rates and for each gas stream (six analysis and
one reference).

The manometer connected to the IRGA analysis tube (M5) was kept
in position for all subsequent gas exchange measurements, and so the
other manometers were calibrated against M5. The results for the
individval gag streams were pooled to give three sets of data relating
readings on M1, M2, M3 to readings on M5. The nature of the variables
made it clear that if there was a zero reading on any of the manometers

M1, M2, M3, then there would also be a zero reading on M5, as there was

e e



FIGURE 2,19 Apparatus for determination of pressure conversion [actors.
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no pressure in the system. Thus, linear regressions were fitted to the
data with the lines forced to go through the origin (0.0, 0.0). For
example, table 2F shows the results for readings recorded on M3 against
simultaneous readings recorded on M5. For a linear regression forced
through the origin, the fitted line gives a least squares estimate of
the values of Y according to:
Y = X

where b is the slope of the regression (the regression coefficient)

and X is, in this case, reading on M5

Y is, in this case, reading on M3

b is given by ZXY (Snedecor & Cochran, 1971)

£x°

Similar regressions were carried out on the other two sets of data,
and the complete results are shown in figure 2.20. As can be seen,
all three sets of data are good fits to a linear regression forced
through the origin, showing that the pressures in the flowmeter, chamber
and hygrometer can be regarded as linear functions of the pressure in
the IRGA analysis tube.

It was next necessary to convert readings on the manometers to
actual pressures in millibars:
The density of mercury (Hg) at 25°C is 13.534 g.ml-l (or g.cm'B)
s, in a column of Hg of height 1 cm, there are 13.534 g.cm_2 (grams-forggj
Standard pressure is 76 cm Hg. .
. in a column of Hg of height 76 cm, there are:

(13.534)(76) = 1028.58 g.om™°

This is eguivalent to 1013.246 mbar (also standard pressure)

5. 1028.58 g.om 2z 1013.246 mbar

1 g.on 2. 1013.246 = 0.9851 mbar (2.9)
1028.5

e T T T T

v

P T e

cww o

e amr—E



84
TABLE 2F Pressure conversion factor determination. Readings recorded on
manometer M5 against simultaneous readings recorded on mancmeter
13 (see figure 2,19).

Strean Reading on Reading on
number M5 (em i cm
0 2,00 0.45
0 4.90 1.10
0 1.20 0.20
O .30 .05
1 1.30 0.30
1 4,00 0.95
1 7.20 1.75
1 10,10 2,60
2 0.55 0.10
2 2,20 0.50
2 5.00 1.20
2 10,60 2,90
3 045 0.10
3 3.20 C.75
3 1.80 0.40
3 0.90 0.20
4 T.80 2,00
4 4.15 1.00
4 1.70 0.40
4 0.40 0.10
5 0.55 0.10
5 T+10 1.75
5 3.70 C.90
5 1,70 0.40
G 1,30 0.30
6 0.80 C.20
0.40 0.10
6 0.20 0,05
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PIGURE 2.207Results for the calculation of the pressure conversion factors for different parts of the

gas flow system.
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The density of the manometer fluid in M1, M2, M3, M5 was measured using é
a specific gravity bottle and found to be 0.7893 g.ml—l.
.+ in a column of height 1 cm, there are 0.7893 g.cm—2 (grams-force.cm"z)
but, from 2.9: 1 g em™2 (grams—force.cm—z)EE 0.9851 mbar
.+ in a column of manometer fluid of.height 1 cm, there are:

(0.7893)(0.9851) = 0.7775 mbar. & 0.78 mbar., pressure.

Thus, a 1 cm height difference in the arms of the manometer M5 f
represents a difference in pressure of 0.78 mbar between the IHGA
analysis tube and ambient. From the regression analyses calculated
earlier, the pressure in other parts of the system could be calculated:

If ambient barometric pressure is Pmbar

and h is the height difference recorded on M5

. P
R M T

then;
Pressure in the IRGA analysis tube = ¥ + (0.78)(h) E
" " " flowmeter = P+ (0.78)(h)(7.3446) %
" " " chamber = P + (0.78)(h)(6.6435) ;
" " " hygrometer = ¢ + (0.78)(h)(3.0808) {
During subsequent gas exchange measurements only M5 was in %
position., When measurements were taken, the reading on M5 was noted, ji
enabling the pressures elsewhere in the gas circuit to be calculated .i
by the methods outlined. §

2.3/5 Calibration of the photocells
The photocells (Section 2.2/4) were to be used exclusively for
laboratory studies under two different types of lamp source, and at
different distances from the lamps. Obviously, the source emission
spectra of the lamps was different, but relatively constant for a
given lamp. It was thus preferable that calibrations be carried out

in situ for each combination of source and distance from source to be
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used in the course of the experiments. This was achieved by simultaneous
measurement of irradiance with the photocell and with ancther independent
precisely calibrated detector.

The independent detector used was a Lambda LI-1905 quantum sensor
connected to a Lambda LI-185 photometer amplifier (both Lambda
Instruments Corp)., This sensor, Which was mounted in a cosine corrected
head, had a spectral response which was very close to the ideal quantum
response in the 400-700 nm waveband, and measured irradiance in units
of PE.m_Z.sfl PAR. Tt had itself been calibrated against working quartz-
halogen lamp standards, traceable to American National Bureau of
Standards records. |

Method of Calibration:

The quantum sensor was placed inside a leaf chamber alongside,
and at the same level as, the photocell to be calibrated and at the
level of a leaf surface. Simultaneous readings of photocell output
voltage, measured with the digital voltmeter, and irradiénce measured
by the guantum sensor QPE.m_z.sfl PAR) were taken. This was repeated
at ten levels of irradiance (including zero irradiance). All photocells
were calibrated in this way under both light sources, and at different
distances from the sources.

Fhotocell output voltage was then plotted against irradiance, and
the data were fitted to a number of regressions. The nature of the
variables made it clear that if there was zero irradiance then there

would also be zero output voltége, thus the regressions were forced

through the origin (i.e. 0.0, 0.0). It was found that a gquadratic

regression generally gave the line of best fit, i.e.

Y = BX + cX° (2.10)
where: Y = Irradiance ( a2 st PAR)
X = photocell output voltage (uV)
b,c are calibration constants found by regression

analysis (Snedecor & Cochran, 1971)
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Some typical calibrations are shown in figure 2.21., The lines look
fairly linear in the calibration range because of the quadratic
co~efficient ('c*® in equation 2,10) being very small compared to 'b'.
Thus, values of photocell output voltage taken durihg gas
exchange measurements could be converted into measurements of chamber

irradiance using the appropriate calibration constants and equation 2.10.



FIGURE 2,21

Calibrations of the photocells,
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2.4 Experimental material and procedures

2.4/1 Plant material

Two year old seedlings of wuercus petraea (Mattuschka) Leiblein,

Fraxinus excelsior L., and Acer pseudoplatanus L. were planted in a

peat-loam (1:3) mixture in 25 cm plastic pots and grown in a glasshouse
for six months before measurements were made. The other two species

used in this study, Nicotiana tabacum L.cv.Bel-W3 and Phaseolus vulgaris L.

were sown in 10 cm plastic pots in a peat-loam (1:3) mixture, and were
used when the deciduous tree species were not in leaf, All plants
were kept in a glasshouse; day temperature was maintained at ZOOC, and
night temperature at 14°C, with a 15 hour photoperiod. Natural radiant
flux density was supplemented by a bank of fluorescent tubes. The
plants vwere watered twice weekly, fertilized monthly, and were kept
free from foliar disease by spraying with appropriate chemicals,

Leaves of the tree species showed intermittent growth (alternation
of flushes of growth with bud formation) under the long days, and all

gas exchange measurements were performed on young, but fully expanded,

leaves,

2.4/2 Experimental procedure

Plants to be used for gas exchange measurements were transferred
from the glasshouse to the laboratory, and leaves were placed in the
leaf chambers during the afternoon of the day before measurements were
planned to begin. The lamps in the laboratory (Section 2.2/4) were
switched to coincide with the photoperiod of the glasshouse. Leaves
were given a minimum of 2.5 hours after the lights had been switched
on as a further acclimatisation period at the radiant flux density
which was highest for that day's measurements, before any gas exchange
measurements were made (see Section 3.1). After any subsequent change

in environmental conditions, measurements were not made until a steady-
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state had again been reached as indicated by the dewpoint hygrometer
and IACA servoscribe traces (Section 2.3/3), except when the time
course of stomatal movements was being followed., The time required
to reach a steady-state after a change in envirommental conditions
vas generally between 30 minutes to 2 hours depending upon the species
and the nature of the change.

Attempts to measure leaf water potential (WL) non-destructively
using a leaf psychrometer (Wescor Ltd, Logan, Utah, USA) were
unsuccessful since they involved removing the leaf from the chamber,
making a measurement, then replacing the leaf, A further stabilisation
period had then to be allowed and it was found that the whole procedure
was too lengthy to be practical. To keep values of YL above the
threshold value at which stomata are affected (see Section 1.3), plants
in the laboratory were watered daily. The restricted measurements with
the leaf psychrometer referred to above did imdicate that YL values
were high (c. 0.5 MPa) and varied little throughout the day. Thus it
was assumed that changes in YL were small throughout the peried of
measurement,

Preliminary experiments éhowed that the CO2 concentration of
atmospheric air drawn from outside the laboratory fluctuated considerably.
Because of the dependence of rate of photosynthesis and stomatal

resistance upon ambient CO., concentration, it was decided to use gas

2

of known 002 concentration. This gas was prepared in a number of ways

depending upon the particular experiment in progress:

1) The most extensively used source of gas was from a compressed air
cylinder which had been calibrated for CO2 content according to the
procedure described in Section 2.3/1.

2) Gas from a cylinder of oxygen-free nitrogen vas used when it was

desired to supply the leaf with zero 002 and zero 02.
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3) For experiments involving a supply to the leaf with zero o, at
normal O2 levels, ajir drawn from outside the laboratory was passed
through two soda-lime towers.

4} For experiments involving varying 02 concentration, gas was prepared
using gas mixing pumps, as described in Section 2.1/1. The main
drawback of using these gas mixing pumps for gas exchange measurements
was that a maximum delivery of only about 0.8 l.nin™ was possible
with the present system, which meant that only one leaf could be
supplied at a time.

To determine whether endogenous rhythms in stomatal movement were
occurring which would conf'ound the effects of changes in environmental
conditions, several preliminary experiments were carried out which
monitored the stomatal resistance under constant conditions throughout
the photoperiod. The results are outlined in Section 3.1.

To provide basic information necessary for the construction of
the model of stomatal behaviour (Section 3.3), three experiments were
carried out over a wide range of levels of radiant flux density, leaf
chamber inlet humidity, ambient co, concentration and ambient 02

concentration. Detaills of these experiments are given in Table 2G.
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TABLE 2G Detailg of Quercus experiments 1&2, Fraxinus experiment 1.

Innerivent Levels of Levels of Levels of Levels of
radiant inlet air ambient ambient
Tlux dewpoint 002 O2
densigy -1 tgmperature
(PE.m .5 (°C) (ppm) (%)
200 ) 97 20
S 100 +8 307 4
QKT 35 +11 280
G
230 -9 97 20
. 130 +10 307 4
QEXPT2
45 480
0
110 -9 97 20
— 60 +10 307
FEXPT 20 430
0

On conpecutive days, a leaf was subjected to one of the possible

coumbinations of hwaididy, COE, 02, and its steady-state gas exchange

monitored at the four levels of radiant flux density. The combinations

were allocated randomly to consecutive days.
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2.5 PMethods of caleculation

2.5/1 List of extensively used symbols
Most of the symbols following have a second subscript in the text,
which will be either 'r' to signify measurements made on the reference

stream, or ‘a' to signify measurements made on an analysis stream.

A - the leaf area (mz)

C, - the concentration of CO, in the IRGA analysis tube (kg.m'B)

Cc -" " mowo"m o m Jeaf chamber "

Ce -t " mom " ot the flowmeter outlet (kg.m"B)

C, - " ® " " " in the hygrometer " :
Ci - the sub-stomatal CO2 concent;ation ;
Dcoz - the molecular diffusivity of CO, (m2 .gl) ;
DHEO S " " " water vapour (mz.s-l) F
Eca - the partial pressure of water vapour in the leaf chamber (mbar)

Eh - " " " " . " " " hygrometer " :
EL - the saturation vapour pressure at leaf temperature (mbar) ?
P - the flow rate of gas into the leaf chamber (mj.spl) i
P, . =~ the total pressure in the IRGA analysis tube (mbar) %
P, - " " " leaf chamber " "
Pf - " " " at the flowmeter ocutlet "

Ph - " " " in the hygrometer "

qC02 - the CO,.exchange rate of the leaf (kg.m-z.étl)

Ay o - the water vapour exchange rate of the leaf (kg.m-z.s?l)

ra(H 0) - the boundary layer resistance to water vapour transfer (s.nrl)
2

ra - " 1] [1] ” " 002 " "

by - the stomatal resistance to water vapour transfer " :

s(HZO) ﬁ
L " 1] [L e [1] " " .

ry - " LOZ ;

Ta - the temperature of gas in the IAGA analysis tube (OK) :

T - [1] 1] " " " " 1eaf Chamber [1] E
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To . = the temperature of gas at the flowmeter outlet (°k)

T, _ ow " " " in the hygrometer "

TL - the leaf temperature

Wa - the concentration of water vapour in the IRGA analysis tube -3
(kg.m™~)

wc _ " m " " " " " Jeaf chamber "

- the concentration of water vapour at the liguid-air interface

cL in the leaf (kg.m-j)
wf . n " " " " in the flowmeter outlet"”
wh _ n " " noow in the hygrometer "
WR - n " " " " at the replica =-air
: interface "
X, - the IRGA output voltage for an analysis stream (v)
X " " " " " a reference stream (v)

Ir
“Hair - the chemical potential of water vapour in the leaf chamber

(water potential of leaf chamber air) J.mol™L,

Theory of synchronous CO2 and H20 exchange measurements

Infra-led GCas Analyser

In Section 2.3/1 it was shown that the output voltage of a Grubb-
Parsons SB2 IHGA, with a sealed reference tube was a function of the
mass of CU2 per unit volume of air.

2

C, = a+ bk + cxl (2.11)

where Ca is CO2 concentration (kg.m_B) and Xa is IRGA output voltage.
Ca depended on air temperature and pressure in the analysis tube,
therefore these quantities had to be measured. The parameters b and c
are éalibration constants determined during instrument calibration (see
Section 2.3/1). The intercept, a, had to be measured during operation
since it was dependent on instrument zero setting and varied with

amplifier drift,
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Devwpoint Hygrometer:

In Section 2.3/2 it was shown that the Cambridge Systems Model 880

Dewpoint Hygrometer was capable of indicating water vapour pressure

at the temperature and pressure present in the instrument. If water

vapour pressure was Ep, and PP was the total pressure in the hygrometer,

then:

(2.12)

Pd*olo_m

3).

gave Water vapour concentration in volumes per volume (e.g. m3.m—

Flowmeters

In Section 2.3/3 it was shown that the flowmeters used indicated
flow in mo.s "
The flow rate was accurately known in order to calculate gas exchange

rates (see Section 2.3/3).

Gas Exchange:

In the technique used, the carbon dioxide content of the air was
known by prior analysis (from a calibrated cylinder or generated

by gas mixing pumps; see Section 2.4/2). The €O, content of the gas

in an analysis stream was increased or decreased by the (0, exchange

2

of the leaf, diluted by water evaporation in the humidification apparatus,

and may have been further diluted by evaporation of water from the
leaf. The gas in the reference stream was diluted only by water
evaporating in the humidifier.

Iinterconversion of gas coancentrations

)

C is the concentration of the gas as mass per unit volume (kg. m

If: Y is the volume ratio of a gas in a mixture (m3.m—

M is the molecular weight of the gas
P is the pressure of the gas (mbaxr)
T is the temperature of the gas (°K)
1013.246 mbar is standard pressure

at the flowmeter temperature and pressure (Tf and Pf).

...3)
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273.16°K is standard temperature
22.4136 is the volume (1litres) of one gram mole of a gas at STP

then: C = (Y)(273.16)(2) (M kgm0
éTg§1013.2%é5222.3136)

and: Y = {CH{T)(1013.246)(22.4136) .

(273.18) () (M)
For Carbon dioxide, M is 44,01
co,
" CCOZ = (Ycoz)(273-16)(44.01)(P) kg.m'3
(T)(1013.2%46)(22.4136)
Cc02 = (Yo (B)(1) where f = 0.52934883 (2.13)
(T)
and ¥ = (Cpy,) (T) m.on> (2.14)
002 Cco2 . .
(Pibli
For water vapour, M, . = 18.018
2

~3

(]
|

o = (Yys0)(273.16)(28.018)(P)  kg.m

2 (T)(1013.206)(22.5136)
" o = ()W) kg.n™ (2.15)
__—_TTT__‘ where @ = 0.21671909
- 3 -3
andYﬁZO = (CHzo)ESZ m.m (2.16)
BI))

Calculation of the IAGA calibration intercept ‘a’
For reference gas flowing in the system, the hygrometer gave

e

vapour pressure, E_ (mbar). Also known Were: Porr Pppr Fopr Tep

Thr'

Tar' and Xr' the gzas analyser voltage.

The hygrometer indicated that the vapour pressure in the reference

dtream (after humidification) was E__, when the total pressure was

hrt

Ppp. The partial pressures of the other gases present, including co,,

sum to (Phr - Ehr) mbar. If Vd was the volume ratio of the CO, before

humidification (mj.m'3), then the volume ratio of CO_, after humidification

2
.2 -
i 2 3) was given by:

v
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o

PSRN P Wi

T lead



98

- \ 3 -3
Vop = (Vd)(Phr - Ehr) m’.m
Phr
Ve = (va)(1 - Hr) n’.n"> where H, =k (2.17)
=
hr

This was also the volume ratio of 002 present in the IRGA analysis

tube for the reference stream. The CO, concentration, C_ (kg.m_B) in

2
the IRGA analysis tube at Par' Tar’ was given by (using equation 2.13):
N , -3
Cop = (va)(1 -.Hr)(Par)(q) kg.m (2.18)
(T, )

but, from equation 2.11:

c
ar

il

2 -3
a + er “+ ch kg.m

It

c'u a C - bx - sz
ar r r

substituting for C_.» using equation 2.18:

2 z{/_(Vd)(l - Hr)(Par)0}i27 - B - X2 (2.19)
(T,.)

Thus the intercept, 'a', of the calibration equation could be

calculated from instrument readings every time the reference stream
was sampled., The reference air also provided an estimate of the volume
ratio (m3.m_3) of water vapour, before it entered a leaf chamber;

H =8 a3 (2.20)

'Hr' and "a' were found to vary with time during measurement, so

reference readings were taken at frequent intervals (every 30-45 ninutes).

Interpolation between successive reference readings was used to provide
nurerical values for 'a' and 'Hr' at intermediate times, when analysis
stream measurements were taken.

For an analysis stream flowing in the system, the hygrome*=¥ pgave

vapour pressure, Eha (mbar). Also known were:

© e A T T
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2.5/% Determination of the water vapour concentration in the leaf chamber
The volume ratio of water vapour in the hygrometer when analysis
stream gas was passing through was given by H (mj.mnj)

where:

H, = B w3 (2.21)

This was also the volume ratio of water vapour in the leaf chamber.
The water vapour concentration, wca (kg.mﬂj), in the leaf chamber,

at Pca' Tca' was given by (cf. equation 2.15):

Weo = (H (2, )(#) (2.22)

TC&.

2.5/5 Determination of the Co, concentration in the leaf chamber

The CO2 concentration of analysis stream gas when in the IRGA

. . -3
analyser tube {at P o Taa) was given by C_, (kg.m™)

_ 2 -3
Cog ™ 2+ BX_ + cX_ Kg .M (2.11)
Thus, the volume ratio of CO, in the IRGA analysis tube, Y, (m3.m73),
was given by: {(cf. equation 2.14)
- 3 -3
Y (caa)(Taa) n’ .m

afaaiiq}
This was also'the volume ratio of C02 in the leaf chamber. The GO2
PR L 3 - -3 ] 3
e £1=Y
GofiEentration in the leaf chamber, Caa (kg.m ™) at Eéa' Tca’ was given

by (cf. equation 2.13):

C,, = (£,)(P)(R) kg.n
o

Substituting for 1 :

-3

Coa = (6,)(T,0(2,)(0)  ken™
(P, (T,,)

T Tt MR YT RETTERE TR R

T
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substituting for Co (using equation 2,11)

C,, = (a+ bX, + cxi)(Taa)(Pca) kg.m> (2.23)
(Pa.a)(Tcay

Calculation of gas exchange rates

The exchange rates were calculated as the product of concentration
change, AD (kg.m_j) and flow rate, F (m3.s—1), divided by the projected
leaf area, A(n°). Since the flowneters measured flow rate at Py and
Tf, it followed that if the concentration change was corrected to the

temperature and pressure at the flowmeter outlet (Tf and Pf), then the

gas exchange rate, g, was given by:

q = (LAD)(F (gg,m-a)(mj.sﬁl) kg.ﬁg.s-l
2

A n

Determination of water vapour exchange

When reference air was sampled, the volume ratio of water vapour

before it entered the chamber was given (from egquation 2.20):

When analysis air was sampled, the volume ratio of water vapour after

it left the chamber was given (from equation 2,21):

The water vapour exchange by the leaf in the chamber resulted in a

volume change (cf. Co, exchange)} which had to be taken into account.
Let Z (mj) be the volume of water vapour that was added to 1 w

6f air as it passes over the leaf (the 1 n’ being measured at the same

temperature and pressure as &). The total volume was 1 + & (m3), and

B o+ 4 (mB) of this was water vapour:

AT RTaTA T

b ey P T T T T S T

)
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a T
1 ~-H
a

4 was thus the volume of water vapour that was added to unit volume
of air as it passed over the leaf., This was converted to a weight
per unit volume, AD. (kg,m—B) at the temperature and pressure of

the analysis flowmeter (T Pfa) using equation 2.15:

fa'
AD,, = (8)(B,)(@) kg.n"

(Te,)

a,

substituting for Z.

8Dg, = (B, - H)(Ep @) ke
(1 - Ha)(Tfa)

This, ZSDfa, was the concentration change, corrected for the temperature
and pressure of the flowmeter, necessary to calculate water vapour

exchange, q (kg-m*z-s-l)
HZO

-2 =1
4 o = (Dfa)(F) kg.m .8

< T
Qo = (i, - ) )B(F) kg s (2.24)
(= (T, ) ()

Determination of the net CO, exchange

2
Any volume change resulting from 002 exchange in the leaf chamber

was assumed to be negligible, since the photosynthetic quotient* is

generally equal to unity (Sestak et al, 1971).

The volume ratio of CO,, before humidification was Vd (m3.m-3).
it has been shown (by equation 2.17) that the volume ratio of CO,
&fter humidification was V_(n°.n"0)

Hher = - S
Where Vo = Va(l Hr) m’ .m

This was the volume ratio of 002 in an analysis stream before it

* Photosynthetic quotient is equal to the number of oxygen molecules

liverated divided by the number of CO, molecules absorbed.
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entered the leaf chamber. Therefore, at the temperature and pressure

X . : -3
of an analysis flowmeter (Tfa' Pfa) the CO, concentration Cp (kg.m7)
Wwould have been:

Cop ™ Wd@.-HQ(%axq) kgme

(Tp,)

(2.25)

Suppose that 002 exchange by the leaf changed the CO2 volume ratio

vd (mB.m"B) to a new value V, (mj.m-B). V4, 1s uncorrected for the

dilution caused by humidification and transpiration. The dilution

caused by humidification was known to be (Vda)(l - Hr) (equation 2.17)
3 -3

m“.m -, Therefore, at the temperature and pressure of the flowmeters
(Tfa' Pfa)’ the carbon dioxide concentration, C. (ke. m—3) was given

by (using equation 2.13):

Coa = (V3) (1 = H (25 ) () kg.n o (2.26)

Tfa

The difference between Cp and Cp (kg.m‘B) was the concentration
change at the temperature and pressure of the flowmeter, allowing for
the dilution caused by humidification. The net CO, exchange rate

q (kg.mnz.s'l) was thus given by:
COZ

qCO2 = (Cq, - Cfr)(F) kg.m2.s7t
A
substituting for Cp, and Cp (equations 2.25 and 2.26):
oo, " () [0~ B )0) - ()G - Hrmvfa)(rp/
Tfa. Tfa.
Y, = A - 8)CEQ) £y a7 {2:27)
(A(T,)

The only unknown on the right hand side of equation 2.27 was V.,
(Irtj.m'3 ) and this was calculated as follows:

Vda was the volume ratio of 002 after gas exchange had occurred,

uncorrected for the dilution caused by humidification and transpiration.




103

After correction of Vﬂ for humidification and transpiration, let the

4

resultant €O, volume ratio be V__ (m3 s ). The hygrometer indicated

that the water vapour pressure of the air after it emerged from the

chanber was Eha, when the total pressure was F 2 The partial pressures

h
of other gases present must sum to (Pha - Eha,) mbar.
. - - 3 -3
SV F (Vd.a)(Pha Eha) m”.m
Pha
U= (V. )1 - H) m.n where H_ =
't Twa da’V a : a Eha
P
ha

This was also the volume ratio of CO2 in the IRGA analysis tube when
analysis gas was flowing. The CC, concentration, Can (kg.m”B), in

the IHGA analysis tube (at T Paa.) was thus given by (equation 2.13):

aa!
Con = (L) (P00 = (V) = B ), (M) ken™®  (2.26)
Taa Ta.a

However, C_ (kg.m"j) was also given by:

3

- a4 4 eyl -
Cop= @+ D+ ek kg.m {2.29)

aa
equating equations 2.28 and 2.29:

(V) = BB, () = a4 K+ X kg.n™

T
aa

- 2y ¢
e Vg, T (a «* B+ cxa)(l‘aa) W .m

SRR BIGNICY

The value of ¥V da was substituted into equation 2.27 to give the net

002 exchange rate:

Ggo. = (M =~ K)(E M) /(@ + 0k, + aO)(T,,) - Va Tk o™

(A(T,) L (=808, (2.30)

2.5/7 Determination of the water vapour concentration at the liquid-air
interface inside the leaf
The partial pressure of water vapour at the liquid-air interface

within the leaf was assumed to be equal to saturation vapour pressure
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at leaf temperature. The implications of this assumption are discussed
by Jarvis (1971). Care was taken to ensure a precise value of leaf
temperature to within 0.1°C (as discussed in Section 2.2/2). Substitution
of leaf temperature into the Goff-Gratch Formulation (given in
Section 2.3/2) gave the saturation vapour pressure at the liquid-air
interface, £ (mbar). If the total pressure inside the leaf chamber

was Pca (mbar), then the volume ratio of water vapour at the liquid-air

interface was given by:

E& mB.m"3

P
ca

which could be converted to the concentration of water vapour at the

liguid-air interface, W_. (kg.m'B) as follows:

W = B (273.16) .(18.018) (2.31)

= T, (22.54136)
ca

where T, is leaf temperature (°K).

Caleulation of resistances to gaseous transfer

When the stomata of a leaf are open, CO2 moves from a source in
the ambient air to a sink at the sites of carboxyllation in the
chloroplast. Simultaneously, water vapour moves in the opposite direction
from a source at the ligquid-air interface within the leaf to a sink in
the ambient air. Along the transfer pathways several more or less
discrete sections can be identified (figure 2.22), and certain segments
of the pathways are common to both water vapour and COZ' Use of this
was made in calculating resistance to COZ transfer from resistance to
water vapour transfer, which was more easily measured.

In the leaf chamber studies reported here, the total resistance
to Wwater vapour transfer from the leaf was estimated. This total

resistance could be partitioned into several components, but in this

g e T e Ty S T T T

T
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study it was decided to separate only two components in the transfer

pathway: the boundary layer resistance, and a stomatal resistance (rs)

which was principally a resistance to diffusion through the stomatal

pore and intercellular spaces, with a component due to the properties

of the liquid-air interface. This was thought to be Justified in

the following terms.

1)

2)

3)

4)

of water vapour or CO

An assessment of the boundary layer resistance could Ee ohtained
fairly easily by the leaf replica method (see next section).

The leaves used in these experiments were kept well watered to avoid
problems of measuring leaf water status accurately in situ. Thus
changes in the leaf water status were assumed to be small and hence

the cuticular resistance was assumed to be constant (Schdnherr &

. Bucovac, cited in Schulze et al, 1974), ard large relative to the

stomatal resistance, r . Water loss through the cuticle was assumed
congtant and small.

The studies involved rapid aﬁd reversible changes in total diffusion
resistance and this was attributed to changes in stomatal aperture.
This was important bearing in mind that the main objective of the
study was to investigate how the stomata control gas exchange,

and the fact that the other components of the transfer pathway of
water vapour are not easily separated.

Most of the experimental work was conducted using broad leaved

deciduous tree species (principally Quercus petraea) which are

hypostomatous, thus a differing response of stomata on upper and
lower surfaces (e.g. Koller, 1970) could not occur,
A generalised transfer equation can be written for the transfer

, in air (Jarvis, 1971):

q, = ~ K .dc (2.32)
dz

ETEIE TR T e 0t

e e e
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FIGURE 2,22 Resistances to gaseous transfer (after Lake,1967).
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where; 4, = the net flux of mass per unit volume and time (kg.mfz.s“l)

=
<
H]

a transfer coefficient (mz.s—l)

£
()
i

de = the gradient of partial pressure in the transfer pathway

when transfer is by molecular diffusion Kv = Dv’ the molecular

diffusivity of the property being transferred. Hence, over the same

pathway when transfer is by molecular diffusion, the transfer resistances

of water vapour and 002 are related hy their molecular diffusivities:

r =1 . D
CO2 HZO H20

Pttt

D
LOZ

However, in the leaf boundary layer transport of water vapour and
CO, is not wholly diffusive and Thom (1968) has demonstrated the

validity of the following egquation in this region:

2/3
r, =r D
€0, H20 HZO
D X,
Co,
Considerable uncertainty exists as to the precise values of Dﬁ 0 and
2

Dog » but Jarvis (1971) reported work by Fuller, Schettler &
2

Griddings (1966) which gives a ratio for D, ./D of 1.605,
HZO 002

independent of temperature and pressure. This value was used in these

studies. To summarice, using the symbols of figure 2.22:

In the boundary layer: Ty T Ta(y 0)(1-605)2/3 =T, (1.37) (2.34)
2

In the diffusion pathway: r_ = Ts (i O)(1.605) (2.35)
2
Determination of the leaf boundary layer resistance
The technique used to assess leaf boundary layer resistance was

to expose a water saturated replica in the leaf chamber in the same

position as the leaf

the leaf, Powell (1940) showed that evaporation from a

coarsely structured, inert matrix such as blotting paper was similar

- TS e R

——

T
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to evaporation from a free water surface, For the boundary layer
resistance assessment of a leaf from a hypostomatous species (Quercus

petraea, Fraxinus excelsior, Acer pseudoplatanus) the replica was made

from "Benchkote” (Whatman Ltd) which is a blotting paper with a

waterproof polyethylene coating on one side. Thus, evaporation was
from one surface only, simulating the hypostomatous leaf. For the
boundary layer assessment of a leaf from an amphistomatous species

(Nicotiana tabacum, Phaseolus vulgaris) Whatman No. 1 filter paper was

used. The replicas were made by tracing around the leaf to be assessed
onto the replica material, and then cutting out the replica to the
exact shape of the leaf. A limitation of this method is that although
leaf size, shape and exposure can be simulated accurately, the surface
roughness of the leaf caused by the presence of hairs etc, can not.
This 1s likely to lead to a slight error in boundary layer resistance
assessment because Woolley (1964) has demonstrated that hairs contribute
significantly to r, -

It was assumed that the only resistance to evaporation from the
replica-air interface was the boundary layer resistance to water vapour

transfer o (H,0) (s.m-l) which Was calculated from the following:
2

~2 =1
- _ 2,36
Uh,o " Hg My FETS (2.36)
r’a(HZO)
. = - !
. ra(HZO) WR Wca (2 a?)
q
HZO
. . -2 =1
where qH o is the flux of water vapour from the replica (kg.m ~.s )
2

calculated from gas exchange measurements using equation 2.24.

W_, is the concentration of water vapour in the leaf chamber (kg.m’B)
calculated using equation 2.22.

NR is the water vapour concentration at the replica-air interface

assuming saturation at replica temperature (see equation 2.31).

TRy
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TABLE 2T Typical values of leaf bqundary layer resistance to water

vapour transfer { ra(H2024;7’ measured according to the

method outlined in Section 2.§fqa

Leaf Area :a(HEO)
identifiexr (cm.a) (s.m-1)
Oak Q9/611 36 105
Q9/5L0 39 133
QR9/610 42 135
Q13/411 44 141
Q7/31L2 45 192
Q17/310 47 116
Q28/211 53 140
Q17/311 60 ' 200
Tobacco N27/3L3 49 83

Trench bean P17/2L0 43 42
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Boundary layer resistance to C0, transfer, r (s.m_l) could be

calculated from r

. (Hzo) using equation 2.35:

Obviocusly bourdary layer resistances varied according to leaf
size and shape, and some typical values are given in table 2I. It was
found to be unnecessary to assess every leaf for boundary layer resistance,

the same value could be used for leaves from the same species of similar

area.

Determination of stomatal resistance to water vapour transfer and

stomatal resistance to 002 transfer

The stomatal resistance to water vapour efflux from the leaf,

r (s.m'l) was estimated from the following:
s(HZO)

_2 -1
qHEO = Wy - W kg.m “.s (2.37)
(rs(HZO) * ra(ﬂzo$
T + = W W st
" Ts(1,0) ra(HZO) el ~ “ca ’
q
H20
where g, . is the total flux of water vapour (kg.m-zs-l) calculated
2

from equation 2,24,

W_, is the concentration of water vapour in the leaf chamber (kg.m—B)

calculated from equation 2.22.
WCL is the concentration of water vapour at the liguid-air interface
Wwithin the leaf calculated from equation 2.31.
ra(HQO) is the boundary layer resistance to water vapour transfer (given
by equation 2.37).

Stomatal resistance to CO, transfer, r_ (s.m-l) could then-
be calculated according to equation 2,35:

-1

r, = 1.605 ry 8.0

(1,0)
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Determination of the sub-stomatal CO2 concentration

The sub-stomatal CO, concentration, C; (kg.me) was calculated

2
as follows: for the transport of Co, between the air and the leaf:

-2 =1
= Cca - Ci kg.m .S

2
irs + ra)

o

3

R qcoz (rs * ra) kg.m

calculated using equation 2,30,
)

where qCO is the net flux of CO
2

Cca is the concentration of 002

2
in the leaf chamber (kg.m

calculated using eguation 2.23.
T is the stomatal resistance to 002 transfer (from equation 2,35).

r, is the boundary layer resistance to CO, transfer (from equation 2.34),

Determination of the water potential of the leaf chamber air,\fair
Diffusion depends upon a difference of chemical potential between
any tWo points in a system. Water potential (V) is a term which is
used to express the difference between the chemical potential of water
at any point in a system (PM) either in the liquid or vapour phase,
and that of pure water under standard conditions (Fow). Following
Slatyer (1967), water potential is given by:
¥ m - p —}JOH = ’Tln (e/e ) J.mo1™t
where “'m is the difference in the chemical potential (of unit mass)
of water at a particular point in the system and that of pure water
under standard conditions (J.mol-l)
R is the ideal gas constant (J.mol'l.K-l)
T is the absolute temperature {°K)

e is the vapour pressure of water in the system under study (mbar)

e, is the saturation vapour pressure of pure water at temperature T (mbar).

The relative humidity term (e/eo) is generally less than 1, hence

in (e/eo) is negative and WJm is negative. It follows that the chemical

o e T g T ey e e = 2 oz
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potential of a free water datum is zero, since ln (e/eo) = 0, The units

of Wn are J.mol™l, but they can be converted to units dimensionally

equivalent to pressures by dividing by the partial molal volume of

water, Vm:

“Yv = RTin (efeo) = Jaol™ = .m0 = N2

Vo 1

o .mol”
where Yv now refers to unit volume of water.

Since Vm is also a function of temperature, it was decided to
retain the units of chemical potential, J.molﬁl, in the present study.
The water potential of the leaf chamber air,‘ﬁ)air, was thus given by:

\f/air - RTca. In (eha/eo)
where TCa is the leaf chamber air temperature
€ha is the vapour pressure of the air in the leaf chamber

. . o}
e, 1s the saturation vapour pressure at Tca K.

Since\ﬁjair was always negative guantity, it was considered
convenient to change its sign and express it as ~ qyair' The principal
reason was that stomatal resistance has been found to vary directly
with - H)air (see Chapter 1) and this made modelling simpler (see Section
3.3). Thus an increase in - \Fair refers to air becoming drier and a
decrease in - “)air refers to air becoming wetter (i.e. _\Pair is
equivalent to vapour pressure deficit, but expressed as a potential
rather than a pressure).

In the assessment of humidity effects on stomata, humidity is
commonly expressed in the literature in terms of a difference in
vapour pressure between the leaf and the air (AH). (assuming saturation
vapour pressure at leaf temperature), in units of mbar. Although these
units take into account differences between leaf and air tempexzatures,
they do not contain a relative humidity term and hence are not directly

related to the evaporating power of the air. Since the proposed
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mechanism of the direct humidity effect (outlined later) depends upon
the evaporating power of the air, it was decided that - Wair (J.mol-l)
was the most appropriate measure of air humidity. Table ZJ provides

a simple comparison of - vair and AH terms.

oy
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Conversion table for _H;ir (J.m01:1) and AH (mbar.). The

calculations of &H assume that leaf and air temperatures

TARLE 27
are the sane.,
Relative
liomidity 15
(%) . AH
40 2195 10.20
50 1660 8.50
60 1224 6481
70 856 5611
80 534 3.40
0 252 1.70
100 0 0,00
30
“Nair QI
A0 2310 26.43
50 1747 22,19
00 1288  17.94
70 899 13.72
80 562 9.47
Q0 266 5.24
100 0 0.00

Temperature {(°C)

20
AT
2233 14,00
1689 11.66
1246 9.34

870 7.01
544 4.67
257 2433

0 0.00

35
—‘Pa ir Al
2348  33.T1
1776  28.09
1309 22,47

914 16.86
572 11,24
276 5.62

0 0.00

_qéir

2271
1718
1266
884
553
261

AH

18.97
15.81
12,66
9.49
6,33
3.16
0.00

ERTORNE T ERTI



S R I A P L B e )

115

PE R A e A s R o omIme ke -

RESULILS

CHAPTER 31



116

Introduction

The raw data compriging 125 individual data sets are iven in
appendix 2 (microfiche) und the format of the data presentation is
shown in table 3A. Each page of the microfiche displays data obtained
from a single leaf, recorded during the course of one day. Each data
set is identified by a letter denoting the species under study ( see
table 34 ), followed by six numbers which show the date of measure-
ment, The final gymbol is used to distinguish between leaves measured
on the same day.

As outlined in Chapter 1, changes in stomatal aperture are the
result of a combination of responses Lo many environmental variables.
As a first step in understlanding this complex interaction of mechanisms
it was important to know the responses to individual varizbles, one at
a time, with the other important factors held constant and non-limiting.
Although leaf chamber inlet concenitrations of humidity and CO2 could
be controlled, it was difficult to control _w;ir and Ci accurately.
Haintaining a constant CO2 concentraltion at the chamber inlet did not
elsure a constant Ci, which was alsc dependent upon rate of 002 exchange,
T and other factors. Further complications arose in attempting to
control ﬁqgir s 8ince any variable which caused a change in rs(HZO) also
caused a congequent change in ET’ which affected water vapour concen-
tration in the leaf chamber, thus altering ~qgir. This meant that the
importent environmental wvariables had to be measured accurately
rather than controlled accurately. The large body of data collected
was studied in detail and the responses to individuzl wvariables was
asgessed as follows:

In nost cases the effects of varying one factor were resolved by

selecting the points at which all other environmental factors were

e
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TABLE 34 Sample data sef to illusirete the format of appendix 2.

Each of the four sheets of appendix 2 has the following first page:

EACH PAGE OF THIS MICROFICHE DISPLAYS DATA OBTAINED FROM A SINGLE
LEAF AND WERE RECORDED DURING THE COURSE OF ONE DAY.

EACH LINE CONTAINS A NUMBER OF ITEMS DERIVED FROM A SINGLE SET OF
SIMULTANEOUS MEASUREMENTS AND ARE (READING FROM LEFT TO RIGHT) -

CARBON DIOXIDE EXCHANGE RATE. SEE NOTE

1. 1.
2. IRRADIANCE. SEE NOTE 2.
3. AMBIENT CARBON DIOXIDE CONCENTRATION. SEE NOTE 3.
Y. LEAF TEMPERATURE. SEE NOTE Y.
5. AMBIENT WATER VAPOUR CONCENTRATION. SEE NOTE 3.
6. STOMATAL DIFFUSION RESISTANCE TQ WATER VAPOUR. SEE NOTE 5.
7. WARTER POTENTIAL DIFFERENCE BETWEEN LEAF AND AIRw SEE NOTE 6.

NOTE 1. KILOGRAMS PER SQUARE METER PER SECOND.

NOTE 2. MICROEINSTEINS PER SQUARE METER PER SECOND.

NOTE 3. KILOGRAMS PER CUBIC METER.

NOTE 4. DEGREES CENTIGRADE.

NOTE 5. SECONDS PER METER. ‘

NOTE 6. JOULES PER MQLE (EXPRESSED AS AN ABSOLUTE VALUE, WITHOUT
THE MINUS SIGN).

continuedeisesses
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IABLE 34 (continued)sssess Species identifiers:

Q@ Quercus petraesa

Wyi

. . ) Fraxinus excelsior
Each subseguent pagze contains a single datae set: . E ¢

Acer pseudoplstanus

NiSotiana tabacum

H 2

Phageolus vulgaris

15 41106760 ~ - -19=page number; Q=specles identifier; 110676=date of measurement; O=leaf identifier.

-

CO, exchange Ambient 002 Ambient H2O

rate I concentration T Vapour conc. rs(HZO) _%gir
JH113E-06 240.4 J4730E-03 7.5 1312E-01 339.5 1863,
JHO93E-06 240. 4 HTIYE-03 27.6 .1336E-01 327.6 1828,
.3363E-06 176.1 JHI3%E-03 27.5 .1296E-01 349.3 1909,

. 3344E-06 1761 L4962E-03 27.5 L1297E-01 346. 8 1892,
L2TBLIE-086 138.0 .5132E-03 27.6 L1243E-01 383.8 2014,
.2TT0E-06 138.0 .5135E-03 27.7 .1232E-01 398.Y4 2042,

. 25B0E-06 109.5 .5206E-03 27.5 -1178E-01 426.5 2130,
.25T2E-06 109.% .5202E-03 27.4 .1193E-01 413.9 2087.
.2245E-06 95.2 .5303E-03 27.4 .1158E-01 440. 1 2160.

. 2248E-06 95.2 .5301E-03 27.6 .1150E-01 450.8 2190,
.1439E-06 ba.5 .5639E-03 28.2 A072E-01 579.6 2445,

. 1445E-06 9.t .5535E-03 28.3 . 1075E-01 583.1 2455,
.9250E-07 48.8 .56T7E-03 29.0 .1079E-01 624.8 2847,

. Q49RE-0T 48,8 .5670E-03 - 29.0 .1076E-01 627.7 2EMT.
JM785E-07 4.5 .HEIYE-03 29.0 . 1060E-01 649. 3 288k,
LH639E-07 34.5 .5815E-03 29.1 .1063E-01 656.9 2599,
.8ATOE-08 16.2 .5930E-03 29.1 .1031E-01 632.9 2673,
AO8OE-07 16.2 .B921E-03 29. 3 .1034E£-01 T08.7 2692,
- 2T32E-07 ¢ .6053E-03 28.5 L9876E-02 720.6 2716,

-, 3009E-07 0 .6060E-03 28.6 .978bE-02 739.9 278
continuedseesos
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- TABLE 34 (continued)......

The final page of each microfiche sheet contains an index
showing which data sets are contained on that sheet. e.g.

IHDEX,
1 1108700
"2 31105781
3 A1ROBT602
Y Q18057611
E Q18057612
6 Q1805761B
T 219057601
2 Q19057602
9 J19057611
10 Q19057612
11 Q25057601
12 Q28057602
13 026057601
14 226057602
165 01106760
16 Q1806760
A7 Q1606764
18 Q1706764
19 Q2306761
20 22406761
21 Q0807760
22 20707760
23 QOB0TTE0
24 Q0907Ted
28 01009761
26 RG308TT1
27 1706771
28 03006770
29 QUMeTTTO
30 AECTTTO
It 01304781
32 0190471
33 A20047R1
34 A2704751
35 2304781
3o GOEORETZEI
37 ate0eTE!
32 011o87El
39 01208T7R1
Yoo leleTRl
Y1 1T70ETEd
2 2708781
43 alio9a7g2
44 01209782
Yk 31309782
Y& GDRYIHG!
47 GDRYINGZ
Yo GDRYIMGS
Yi o GDRYTIHGY
Eoo LDRY LR
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constant wilhin a defined range within an individual data set. In the
other cases sets of data for the same leaf were combined, even though
these data may have been collected over several days, and again the
effects of varying one factor were resolved LUy selecting points at
which all other environmental factors were constant within a defined
ran;e. For exanple, table 3B gives some results obtained with a single
ogk leaf over a nine day period. The points marked (*) are at equivalent
values of C; (C.40 =~ C.44 x 1073 kg.m"3), I (213 - 243 Pm.miz 5“1) and
TL {29.0 - 32,0 OC), and can be used to examine the relationship
between rs(HQO) and ﬂ*%ir ( these particular points are incorporated
into fipure 3.24).

All of the graphs contained in the results section have a data
identilier shown to enable the raw data to be located in appendix 2,
When only one identilier is given, the measurements were made during
the course of one day. When data have been combined using the tech-~
nique outlined ahove, two data identifiers are given which define the
period over which the measurements were made., The defined range of the
constant environmental parameters is given for each graph, and in all
cases the units are as follows:

. kg.m’3 x 10°

i
-wgir Jomol™)
I PE.m72.5-1
o
II\L c

The environmentul factors important in the contréel of stomata
can be strongly correleted and in addition it is a combination of various
responses which cause stomatal movemenis. In oraer Lo aild the analysis
and interpretation of the observations obtained in the work reported,
and alsc to aid the assessment of the interaction of stomatal responses,

it was decided to formulate an empirical mathematical hypothesis. The
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TABLE 3B Results for a leal of Quercus petraea collected over a nine day

pericd.
Date _w%ir I Ci TL rs(H20)
Jomo1™ rE.m:23-1 kg.m_B*iO6 °c som
30.6.77 1546 231 43 29,7 718 *
1529 233 o43 29.7 703 *
1547 242 43 29.9 719 *
1560 243 42 29,8 736 *
2320 240 <39 30.7 T42
2373 239 39 30.8 770
2350 242 40 30.6 759
2370 243 «39 30.7 769
2339 239 «39 30.6 155
2328 240 «39 3045 749
4.7.77 2384 241 A1 31.0 776 *
2415 241 41 3145 789
2425 242 o4 3145 794 *
2489 240 40 31.6 831
1095 230 .38 34.4 928
305 231 .38 341 883
1079 230 .38 3445 923
1014 229 «38 34.4 896
BaTT7 404 214 44 29.7 435 *
364 214 44 29.6 417 *
299 214 44 29.5 399 *
357 213 44 29.7 412 *
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basic strategy was:

1. To construct a hypothesis fron functional relationships based on

the knowledge of the responses to individual variables.

2. To use the hypothesis to identify the relative importance of any

one variable, and tc show how the responses to varicus factors

interact

in the control of stomatal responses.

3. To congtruct the hypothesis in the form of a simple multiple

regression which could be used in a predictive capacity.

In section 3.7, the diurnal behavior of stomata 1Is examined. In

section 3.2,

the responses to individual factors are considered, in

order to show the relationships on which the regression hypothesis

was based. The formulation, testing and results of the hypothesis are

described in section 3.3.

The common symbols used throughout the results section are ( see

section 2.5 for definitions and methods of estimation ):

Ci - the
Woyir - the
i - the
I - the
T5(B20)~the
rs - the
TL - the

sub-stomatal CO2 concentration.
water poiential of air in the leaf chamber.
rate of transpiration,.

radiant flux density of photosynthetically active radiation.

stomatal resistance to water vapour transfer.
stomatal resistance to CO, transfer.

leaf temperature.

In all of the following graphs stomatal resistance is plotted as

rs(H20) unless Ci is an independent variable, in which case v, is

plotted. The

r =
]

conversion between the two is given by (see section 2.5) 3

1.605(% (1190)
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Diurnal behavior of stomata

Examples of the time course of Ty under constant conditions

(4,0)
throughout the photoperind are shown in figures 3.1 to 3.3 for oak

and figure 3.4 for ash. On changing from dark to light (06.00 hours},

rs(H 0) decreased rapidly in the first hour and at a slower rate for
2

a further two hours. There wags a stable period between 09.00 and

18,00 hours over which time T varied 1little and so gas exchange i

(H,0)
measurements Were confined to this period. After 18.00 hours, ré(H 0)
2

began to increase slowly until the lights were switched off at 21,00

hours, after which r increased rapidly, doubling in value within

s(HZO)
one hour of lights out. Maximum values of Zs(H.0) (not shown on the

‘ 2
graphs) occured about five hours after the lights had been switched off
and rS(HZO)
photoperiod.

remained at this value until the beginning of the next



FIGGHES 3.1 & 3.2 The time course of T, (1120) uncer constant conditions throuchout the photoperiod.
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FIGURES 3.3 & J:4 The time course of »

:20)'under

s{:

i

constant conditions throuzhiout the Photopericd.,
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Responses to individual environmental variables

Light and carbon dioxide

As outlined in chapter 1, there are believed to be two mechanisms
which can act to cause stomata to open with increasing radlant flux
density: an indirect response brought about by changes in Ci , and
a direct response predominantly to blue light, Although the direct
response has been detected in many species, its' importance in the
regulation of stomatal aperature has not been clearly established.

The relationship between rs(HEO) and I is shown in figure 3.5
for an cak leaf: at normal ambient C02 concentrations rs(HZO) increased
as 1 decreased. However, when the same leaf was supplied with a low
ambient CO2 concentration, rs(HZO)
0.66 x 10_4kg.m_3@sj?ppm) and the stomata remained open, even in the

was indeperndent of I : Ci was at

dark. The same effect is shown Ffor another oak leaf (figure 3.6) and
a sycamore leaf (figure 3.7) and was also obtained with tobacco (table

38).

TABLE 3C: Prevention of stomatal closure in the dark at low ambient
002 concentrations for two tobacco leaves.

TOBACCO 6.3.78
2 =1 1

Leaf 0: at EOOPE.m— s, ré(HZU) = 1385 m.s” ;W;irzjgg-ééggJ.mol'l
L o=2 -1 -1 _ L - -
at Ofﬁ.m s, rs(Hzo) = 1316 m.s cﬁ = 0.05 x 10 3kg.m 3
N ) -2 "'l . -1 -—
Leaf 10:at 231pE.n .87, rs(Hzo) = 1094 m,s Ev;irfggoéé%%? Jomo1™!

at OPE.m'Z.s'l 1

1

’ rS(HZO) = 1005 m.s~ ch =0.06 x 10-3kg.mf3

BA TS
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FIGURES 3.5, 3.6 & 3.7

in Caz—free air.

2 FIGURE 3.5
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FIGURES 3.8, 3.9 & 3.10 The relationship between I ard T
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FIGURES 3,11, 3.12 & 3,13 The relationship between I and rs(HZO) at constant Ci.
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FIGURES 3.14, 3415 &3.16 The relationship between I ang r
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FIGURE 3.17 The response of r, to C.: a) at constant I
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FIGURE 3.18

2

The response cf T to Ci

FIGURE 3.1B(a)

: a) at constant I b)) over a wide range of values of I.

g  FIGURE 3.1B(b)

- o
©
*8
-
2 %
;8
£
n
;"a
- —
L
N
g -
SL 1T 3% 30 LT 830
x C, kg.m™ «10*

Results from Quercus Exvperiment 2.

a) I constant
Y = 172 - 572

TL = 29,06 - 35,6

I =246 - 278
Regression coefficients:
Y=a+ bX

a = -188,0

b = 53.0 * 10
correlation coefficient:

r = 0,9463

1

8

"

b) I variable

i = 90 - 490
TL = 28.1 = 34.1
I =0 - 25
Regresgsion coefficients:
Y=2a+ bX
y ; a= -651,1
b= 71.8 * 10°

correlation coefficient:

T = 0.,9923

e e e e st T v T el coimor =i e e S o <5 e it —sp%, = P s =,

B



3.2/2

133

rrevention of stomatal closure in the dark by CO0_-free air has been

2
reported many times (eg Heath 1950; Scarth and Shaw, 1951) and the
above results show that this can occur in oak, sycamore and tobacco.
Clearly, there is a 002 dependent response which is independent of

light.

An examination of the relationship between r and T , at

s(H20)
constant Ci was possible by pooling data for the same leaf and using
the method outlined earlier. Some results are shown in figures 3.8 to
3.16 for all five species used in this study. In some cases there is

an apparent decrease in r at the higher values of I, but this

S(HZO)
may have been because values of—?éir and Ci were within the range
stated, but both tended to bhe lower at the high I values. These results
provide no evid.ence of an independent effect of I, although possible
effects at very low levels of I could not be investigated by this method
because of high levels of Ci' Flgure 3.17 is drawﬁ from results of
Quercus experiment 1 (see table 2G) in which a wide range of C, was
obtained by varying ambient 002 . The response of T, to Ci is showWn;
(a) with I constant, and (b) with I variable. When linear regressions
of r, and I on Ci were calculated for the two graphs, the slopes of
the lines were not significantly different. A similar result was
obtained with data from Quercus experiment 2 (figure 3.18). Again
ar independenf effect of I could not be detected.

The results so far have shown that there is an effect of Gi on

rooy but have not shown that I has a detectable direct effect in

white light. Further consideration is given in section 3.2/2.

Water potential of leaf chamber air, -wair

Until recently it was widely assumed that ambient humidity

affected rs(H 0) via a negative feedback system involving the bulk
2
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FIGURE . . : i . i :
RES 3.19 & 3.20 Changes in rs(HZO) and ET in response to changes

m _qgir'

Arrows () ) indicate when changes in -  occurred.
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FIGURES 3,21 & 3,22 Changes in rs(HZO) end ET in response to changes

+ _qgir'
Arrows ({ ) indicate when changes in -qgir occurred.
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leaf water status as follows: ET increases with\-%%ir until a critical

level of water stress is reached in the leaf whereupon stomatal closure

is rapid and E, is reduced (Hsiao, 1973). The evidence for an additional

control mechanism involving a direct effect of ‘q;ir on S8tomata was

outlined in section 1.4, Clearly, a reduction in ET via such a negative

feedback system will always involve a decrease in leaf water potential,

whereas a direct effect of "wgir could result in a relative increase

in leaf water potential (as in Schulze et al, 1972). Unfortunately,

non-destructive estimates of leaf water status in situ are difficult

to make in leaf chamber studies of this type and were not attempted

in this work. However, the results do show considerable evidence

of the existence of such a direct response to -%gir . In allcases,

the plants were kept well supplied with water and it was assumed that

acute levels of stress in the leaf are unlikely to have developed.
Strong evidence for a direct effect of _vair was provided by

the fact that stomatal movements brought about by changes in ambient

humidity were readily reversible. Figures 3.19 and 3.20 show how

rS(HZO) varied according to _w;ir which was varied by adjustment of

the chamber inlet humidity and the flow rate., 4s -wgir was increased,

rs(HZO) alse increased; and when -wair was decreased again, rs(HEO)

also decreased within a short time. The corresponding effects on

ET confirmed that the response was stomatal, since ET decreased with

increase in evaporative demand and vica versa. Similar respé%es are

shown for tobacco and french bean in figures 3.21 and 3.22 respectively.

Whilst the negative feedback theory can account for stomatal closure

in response to increase in Br, the rapid decrease in rs(HZO) when

-q;ir was lowered, shown in figures 3.19 to 3.22, cannot be explained

25 a reversal of such a mechanism, In figures 3.19 to 3.22 a sudden

decrease in -wair caused a rapid increase in E_ which must have been

T



| ZIGURES 3,23, 3.24 & 3.25 The relationship between r
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FIGURES 3.26, 3,27 &3.28 The relationship between rs(H20) and LVair at constant Cs and constant I
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FIGURES 3.29 & 3.30 The relationship betiveen rs('*-PO) and Lpair at constant Ci and constant I
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FIGURES 3,31, 3.32 & 3,33 The relationship betueen r and -
S(HZO) glr
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caused by stomatal opening.

The nature of the "wair response at constant Cy I and TL is
shown in figures 3.23 to 3.30 for oak, ash, tobacco and french bean.
If the stomatal response to -Q;ir was operating via the bulk leaf
water ctatus one would expect, on increasing -wair , that there would
be a wide range of —ngr over which rs(HZO) would not change very
much (ET would increase), then there would be a sudden rapid rise in
rs(HZO) corresponding to the "sWwitch-like" cldsure of stomata when the
threshold value of leaf water potential was reached. However, figures
3.23 to 3.30 show that a progressive increase in 'wair always resulted
in a progressive increase in rs(HRO) with no evidence of sudden
stomatal closure.

Figures 3.23 to 3.30 showed the relationship between rs(HZO) and
-q%ir at constant Ci and constant I. HoWever, even when values of
I were not constant, there was still a linear relationship between
rs(HZO) and <Y . with little scatter (figures 3.31 to 3.36). These
data provided further evidence that the response of rs(HZO)

light was principally a direct response to Ci‘ Thus, in the

to white

formulation of the hypothesis, the response to I was described by a

Ci responge only.

Interaction of C, and -Y . responses.
i air
The previous two sections have shown the existence of two
independent mechanisms which in many ways are antagonistic. For the
purposes of constructing the hypothesis, the nature of the interaction
between the _qgir and C, responses needed to be investigated. The
response of T, to Ci at different values of J*;ir for the same leaf

is shown in figures 3.37 to 3.43 for all five species, At a particular

level of -wgir there was a linear relationship between Ty and Ci' but

LRI L S S LI
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FIGURES 3.40 & 3.41
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FIGURES

3:42 & 3443 The relationship between r_ and C, at different values of -Y . .
air
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the slope of this relationship was a function of ~ngr : as the value

of -q%ir increased, the slope also increased. This was the basic

relationship used in the construction of the hypothesis (section 3.3).

Leaf temperature (1)

Studies of stomatal response to temperature have often yielded
contradictory results as evidensed by thie fact that four different
responses have been reported by various authors (see Sheriff, 1979).
This is no doubt indicative of the indirect role of temperature in
the prineipal processes known to affect stomata which have already

been discussed. Net rates of photosynthesis are maximum at an optimum

TL which varies according to species and growing conditions (eg Treharne

and Nelson, 1975). Below the optimum, an increase in T, , would lower
Ci thereby tending to increase stomatal aperature via the Ci feedback
loop. However, as TL

and may cause the stomata to close. Thus TL has a major indirect role

increased above the optimum, ':2.1 would increase

in determining stomatal response., In the present study, systematic
assessment of a direct response to TL was not possible for the
following reasons i

1. To examine possible direct effects at high temperature it is
necessary to have high levels of chamber inlet humidity (otherwise the
-y

inherent risk of condensation occuring in other parts of the gas flow

air response wWould close the stomata). However, this carries an
cilrcuit.

Z2. To examine possible direct effects at low temperatures it is
necessary to have cold water circulating through the heat exchanger
in the leaf chamber in order to offset the heating effect of the
lamps. This produces a risk of water vapour in the chambers (as a

result of transpiration) condensing on the heat exchanger.
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3. It was found to be very diffioult with the present system to
maintain a constant _wair whilst varying TL because of the close
coupling between the two.

Although it was not possible to assess the effects of TL
systematically over a wide range, the data did provide some indications
of such effeéts, independent of 'q;ir and G, . The response to T in
the range 27° to 37°¢ with-&éir kept constant as far as possible, is
shown for oak in figures 3.44 to 3.46. In all cases there was some
evidence of an optimum TL for stomatal opening between 30 and 3200.

A similar response is shown for ash in figures 3.47 and 3.48, with

an apparent mimimum Ty in the range 29 to 31°C. However, the

(450)
apparent optimum value of TL may not have been a true reflection of a
direct response for the following reasons :

1, Although the values plotted are at approximately equivalent levels

of C; and -¥_. ,below 30°¢ the values of C; tended to be slightly higher
Fhan above this temperature, and the higher values of rS<H20) below

3000 may have had a component due to the Ci response.,

2. Similarily, the values of _wair above the apparent optimum temperature
tended to be higher and the increase in rs(HEO) above 3000 may have

had a component due to increasing ~wai .

r

The minimum values of rS(HZO)

caused by an optimum combination of the antagonistic C; and “wai

for oak and ash may thus have been

r

responses. Figure 3.4G shows r, ) plotted against T, for a sycamore

(H20
leaf, but there was no evidence of an optimum TL . For leaves of

tobacco, a range of graphs were produced Which indicated either a

slight increase in r with T (figures 3,50 and 3.51) or no

s(HZO)
response to T, (figure 3.52).
In this study, little variation in leaf chamber alr temperature

was possible and conseguently TL was confined to a falrly narrow range.

rETO T,

P



FIGURES 3.44, 3.45 & 3.46 The stomatal response to leaf temperature.
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FIGURES 3447, 348 & 3.49 The stomatal response tc leal temperaiure.
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FIGURES 3,50, 351 & 3.52 The stomatal response to leaf temperature.
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There was insufficient data to perform a full statistical analysis
in order to show whether the optimum temperature was a real effect,
Within the range investigated, T, had no consistent direct effect on

T and thus no direct T, response was incorporated in the
s(HZO) L

hy pothesis.

- m mamae,
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Hypotheses of stomatal behaviocur

In section 3.2 it was shown that the relationship between T,
and Ci could be described by a straight line, the slope of which varied
directly with —qgir' Four simple regressions were examined in
order to determine which was the most appropriate for describing

r as a function ,oand -y . .
S neti of Ll bl Hglr

REGRESSICN 1 : A simple linear regression with r, as a function of
C;, » independent of *w;ir=
Ty <A + le 3.1

where X

C.
i

The remainder were multiple regressions with either 2 or 3 independent

variables.

HEGRESSION 2

Ty T 3y T by T Cohy 3.2

where X, = (Ci)(—wgir)

Ky = Mair
REGRESSION 3
r_ = By + b3X1 + 03X2 3,3
Wwhere Xl = Ci
X2 = _w;ir
REGRESSION 4
Ty =yt qul + 04X2 + d4X3 3.4
where X = (€ )(-Y,;,)
X2 - —qgir |
XB = Cl

The majority of the data, comprising 113 individual data sets, were

fitted to the above four equations and an analysis of variance was

LB E P L mk



155
performed for each data set for each hypothesis; a sample set of data is
given in table 3D, in order to illustrate the format of the analysis
of variance., The variance fatios, given as the last line of each
analysis, were calculated in order to compare the four equations.
In all cases the null hypothesis was made that they were of equal
precision and the significance of the ratio of their variances was
Judged by comparison with the theoretical F distribution. For example;

analysis of variance: regression 1 vs regression 2

(QL1067670, 20points);

Variance due to af S8 M5 F
Regression 1 1 9998688.00 $99888.00
Component due to -qéir 1 56502.22 56502.22  241.11
term in regression 2

residual 17 3683.78 234.34

Total variation in r, 19  1060370.00

60486 .00

Calculated from: residual 5SS from regrsssion 1 fit
; see table 3D

i

residual SS from regression 2 fit 3983.78
Therefore component due to J#air term in regression 2 = 60486,00 -
3983,78 = 56502.22 . The value of F in this case was highly significant
(p =<0.001) hence the improvement in fit due to using regressionHE as
opposed to regressionl was unlikely to be due to chance,

Four comparisons were made using the F test as follows (see table
3D) s
1. The improvement due to using equation 3.2 compared to equation 3.1
Z: The improvement due to using equation 3.3 compared to equation 34

3. The improvement due to using equation 3.4 compared to eguation 3.2

4, The improvement due to using equation 3.4 compared to eguation 3.3

B dnaat L B e I



TABLE 3D BSemple data set 4o show the format of the analyses of
variance for the four regression comparison., The complete

analyses are given in appendix 3.
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TABLE 3D continued



'1“{.
TABLE 3D continued: 77
REGRESSION NO 3 . -

LEREE R RSN EEES N SRR N

MATRIX e e -
«5364 «28779E~06 73117
+ 1452407 «73117 ~ +20023E407
REGRESSION CGEFFICIENTS
=-712.10 W 29255E+06 «61851
R{S) = A + B{C(3)) + C(PSI)

ANALYSIS OF VARIANCE

A A S . e S G LR S B . W S T o T T — S — — . " W e} — o T — e i —— —

REGRESS ION 2. .105521E+07 527603. 1735.40
RESIDUAL 17. 5168.41 3044024 Eu = 174
TOTAL 19, .106037£+07
REGRESSION NO 4
MATRIX

1874, - 3,4427 2550, 3 +99351E-03

L 14526407 2550, 3 .20023E+07 73117

25364 .99351£-03 73117 <28779E-06
REGRESSION CPEFFICIENTS | |

~236.31 707.42 .49088 -+ 18254E+07

R(SI = A + B(C(L)*PSI) + C(PSI) + D(CCi))
ANALYSIS OF VARIANCE
REGRESS ION 3. L,105931E+07 353104. 5317.35 :

T v i LD S I i e S W Sk o 08 Wt A SOt N Vo B Mk gl A A SPY cere = s TV U S . ot A U N Sy S g oy S S M i ke driin Sl

TOTAL 19. J106037E+07

VARIANCE RATIOS 241.11 181.95 43,99 651.83
(1) (2) (3) (4)

Bt s R e Tl e AR Sy i SR P i At T e, e T =



160

The resuwlis of the comparisons were as follows:

Probability Inprovement Improvement — Improvement Improvement
level of egn.3.2 of eqn.3.3 of egn.3e4 of equ.d«q
over egn.3.1 over egn.l3esl over eqn.3.2 over egn.3e3

Ho significant

improvement 13 20 54 48
o 0.05% 9 12 11 11
p 0,01 18 22 18 13
b 0,007 73 59 30 41

The wvariance raflo tests showed equation 3.2 fo be more appropriate
than equations 3.1 and 3.3, and the latter two were rejected. Further
comparison of equations 3.2 and 3.4 was carried out by comparing the
results of prediciions for pooled data as described in the following
seétion.

3.3/1 Regression results.

In this section results are given for pocled data sets for four
species (oak, ash, tobacco and bean); within a pooled set, data is for
.the same leaf, The sources of data used in each of the pooled sets ,
together with their locations in appendix 2, are given In table 3E.
The results are shown as three-dimensional plots (eg figure 3.55) as
follows:

1. The x-axis(abscissa) is Ci (kg.m_B}

2. The y-axis(ordinate) is Y e (J.mol_1)

3. The z-axis is r (s.m_1)

4. The grid drawn is the fitied regression. Bach observed data point

is drawn as a circle (o) and is connected to a cross (x) which iz its
ascoclated expected {ie regression prediction ) value in the plane of
the rid.

5. The symbol 'i' beneath a plot indicates that those points falling

outgide the values defined by the axes have been omitted.

Further comparison of equations 3.2 and 3.4 was made by examiniilg



TABLE 35

Data set
QSET

QSErR

QBETS

QSELY

NSET

HBED2

HEET3

161

Pigure
numbeqﬁgl
3+53,3.54

365343455

3457

3.58

3459

3.60

3461

Pooled data

Q1105760
G1605761
Q1805760
Q1905760
Q19057¢1
Q25057601
Q2505760P2
Q2605760
QRE05T61
Q1106760
QO60TTE0
Q0707760
QOBOTT60
QO907760

Q1105761

Q180576121
Q180576192
Q190576121
Q1905761P2

QDRYTIHGA
QDRYING2
QDRI IRGA
QURYINGA
QDRYINGS
Q1109782
Q1209782
Q1369702
N2701780
113001780
13101780
10102780
10202780

111102783
1302783
§1402783
11502783
11602783

2602780
W0103780
NO203780
0603780

The sources of data for the pooled regressions.

Location of
raw data

Appendix 2,sheet 2

Appendix 2,sheet 2

Appendix Z2,sheet 2

Appendix 2,sheet 2

Appendix 2,sheet 3

Appendix 2,sheet 3

Appendix 2,sheet 3

continiedsssees
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TABLE 3B (continued)....

Data set

F3ET1

QSEDS(BLUE LIGHT)

HSETS5{RED LIGIT)

HSETS (BLUE LIGHT)
QUIRCUS EXPT
QUERCUS 1i4pT2
PSET2(02 PRESENT )

PSET2(02 ABSHIT)

Figure

number

3.62

3463

3.64

3.65
3,68
34609
3.74

374

162

Pooled data

1108771
1203771
808771
1908771

Q0505781
Q1105781
H300378E
10404778E
HO60478E
K10C478E

3103788

QEXPTP2-P18
QEXPT2P1~-P12

P1002770
P1102770
P1702770
P1602770

P1002770A
P1402770
£1002770B

Location of
raw data

Appendix?2, sheet. 4

AppendixE,sheet.Q

Appendix2, sheet 3

Appendix2, sheet 3
AppendixZ, sheet 1
AppendixZ, sheet 1
Appendix?2, sheet 4

Appendix?, sheet 4
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FIGURES 3,94 & 3455 Results for two Quercus data sets using regression 2.

Figure 3.54 Figure 3.55
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Plots of the results: the same data were fitted to regression 4

(figure 3,53) and regression 2 (figures 3.54 and 3.55) and a comparison
was made of the regression surfaces produced. Equation 3.4 produced
smaller standard errors for the pooled data, howéver, as can be séen
(figures 3.53 - 3.55) the extra parameter of the equation 3.4
regressions provided more flexibility to this model and produced
surfaces which were distorted to pass close to individual data points,
and these distortions were in different directions for different data
sets, The regressions produced by equation 3.2 were less flexible

and this tended to ‘average out' individual points and produce

smoother regression surfaces, This pattern was consistant over all

the pooled. data set exanmined and it was decided that regression 2
(equation 3.2) gave a more realistic and consistent prediction of

ro in accordance with the results outlined in section 3.2. 1In
addition, regression 2 predicted that at zero (mvair)’ r_ is constant
whereas regression 4 (equation 3.4) predicted that at zero (-W;ir
is proportional to C, . Figures 3.28 - 3.43 tended to indicate that

)y T

as (—Vgir) approached zero, r_ was constant and independent of Ci.

In the light of the evidence outlined above, it was decided that
the increased complexity of resression 4 was not justified and that
Pegression 2 was the most appropriate, amd results will now refer to
this regression,

The table of regression coefficients for pooled data sets (table
3F) shows that there were basically 3 combinations of parameters
‘a','b’, 'c" produced and these represent the relationships shown
conceptually in figure 3.56 (i-iii) :

a', *b", 'c' all positive: the r, intercept is always positive,but

incresres with =¥ . . The slope of the line increases with -Y
air al

r

At a particular value of Ci’ T, increases with m%air

r T MY RN E R ESEN LT

AT R rTERIT

I R T R N
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TABLE 3F Regression coefficients for pooled data fitted to mesression 2.

where: Y=r_ ; X1=(Ci)(““;ir) i XZ:"H;ir

Y =a+ bX, + cX

Data set O2 level g
ident, (%)
QEXPT 20 2368,5
QEXPT1 4 2543.0
QEXPT2 20 2415.1
QEXPI2 4 56844
QSE 20 =-549.9
QEE2 20 -3
GSETS 20 ~1283.8
QSET8 BLUE 20 1282,0
QSETY 20 346145
*Q NORLAL 0,20 365.2
¥Q LOW 0,  0-4 2045.0
TISET 20 3341
NSET2 20 521 o4
HSET3 20 1342.2
NSET5 RED 20 3761.0
ISET5 BLUE 20 -1737.0
*RICOTIANA 20 -614.8
PSE2
02 PRESELT 20 ~305 .8
PSET2
02 ABSENT O 37542
Fsp 20 -4551 .8

1

b

2126.7

732.8
1691.7
1087.4
1409,0

£3%.3
1636.2
4309.0
2003.6
15585.0
1102.,0

3784.5
2302.4
3827.8
-1144.0

40.5
1827.0

1289.0

81.3

579449

2

L0638
.04181
-.44936
«92435
.21189
L3660
L5746
~1.3140
-1.0572
49530
09743

-1.0439

=+ 03952,

-1.2513
3485500
2,87500

17340

.21360

. 78070

. 90282

SeCa
of fit

665.0
1371.0
1476.0
1900.,0

£558,8

9376
1360.0
2776.0
1155.0

836.2
1186.0
867.9
7989.0
2269.0

4601,0

see equation 3.2

Figure
numnbex

3.68
3.68
3.69
3.69
3454
3.55
357
3.63
3.58
3.66
3.70

3459
3.60
3.61
3.64
3.65
3.67

3474

3.74

3.62

Vithin a pooled set, data is for the same leaf (except *),

* Variance

accounted
for{number
of points)

84.2 (55)
17.2 (38)
56.6 (60)
41.5 (43)
59.1 (169)
542 {58)
91.1 (36)
70.1 (102)
19.8 (39)

89.5 (145)
70.4 (73)
84.8 (55)
44.2 (58)
80.0 (54)

86.4 (42)

e s A,




FIGURE 3.56:

Conceptual diagrams of Eypothesis 2 results according to the parameters

value of -w;ir , the relationship is a straight line,

(ii)

a, b, c. At a particular

(1ii)

-y

N e

© e e e——
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ii. 'a’ negative, 'b" and ‘c' positive: the r_ intercept is negative

if a>c¢ (ﬁ%gir), zero if a = ¢ (-ngr

). :

The slope of the line increases with -Hgir’ and at a particular value of

) and positive if a <e ('q;ir

C;, r, increases with -ugir.
iii. 'a® and 'b* pesitive, 'c' negative: the Ty intercept is positve
if ai? c (—ngr), zero if a = ¢ (“wair) and negative if a {c¢ (wwair).
The slope of the line increases with —ngr and Ty increases with -qéir é
when Ci;> %, the point at which the lines intercept,

In addition, one data set (NICOTIANA SET 5, RED LIGHT) had ‘a’
and 'c' positive and 'b' negative., How ever, this data set was for ;
tobacco at very low levels of red light and the regression produced a
very poor £it to the data (see below).

The relationships shown in figure 3.56 are of a purely conceptual
nature and,of course, negative values of r, cannot occur in practice,

The three dimensional plots discussed below show that when the regression
produced was of the type shown in figure 3.56 (i) with 'a' negative,

then c (—ngr) was always greater than the absolute value of 'a*', and :
negative values of r_ were not produced. Conversely, when the regression |
was of the type shown in figure 3.56 (iii), 'a‘' was always greater

than the absclute value of c (—Wair) and, again, negative values of r_

did nct ocecur,

The variance accounted for by the regression was assessed by expressing f
the regression sums of squares as a percentage of the total sums of ;
squares (table 3F). TFor oak, the range of values produced was 17.2%
(QﬂJXPTl,i%OZ;BBpoints) to 91.1% (QUERCUS SET5;36points) with an
overall weighted mean of 584. Thus, over all conditions, the regression.
accounted for 584 of the variation in LA However, it can be seen that

the poorest fits occured at reduced levels of ambient oxygen (there

being no direct O, effect incorporated in the model)}, and when the

2
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low 0, sets were removed, the regression accounted for 65,8% of the
variation in r_. For other species the weighted means were (all at

normal 0, levels): 77.1% for tobacco, 70 .0% for bean and 86.4% for ash.

Effects of Ci, -w;ir and light.

The nature of tue interaction between the -ugir and Ci responses
illustrated in figures 3.54, 3.55, 3.57 ~ 3.62 for oak, tobacco and
ash at normal ambient levels of 0,. At low values of —ngr there is
little response to Cy» but the slope of the relationship between Ci
and r_ increases with "w;ir‘ The biggest differences between observed
and expected values occur at the highest observed values of T, ie in
the dark. Such points are particularily evident in figures 3.54 and
3.57 - 3.59. At zero irradiance the observed values of Ty always
exceed the predicted value. The regression thus gives a good fit to
the data, particularily in the light, although there is no independent
effect of I built in. This may be because of the inherent difficulty

of measuring the high values of Ty which occured in the dark due

mainly to the difficulty in measuring low values of dewpoint temperature

accurately, or it could be evidence of an independent effect of light.
The results of limited experiments at low levels of red and blue
light with leaves of oak and tobacco are shown in figures 3.63 - 3,65,
A plot was not possible with ocak at low levels of red light because
of the very high values of r_ :- the stomata were never open (the data
are given in table 3G). For both species, the observed values of T
were lower in the blue light than in red light at equivalent values
of _“gir and Ci' In addition, the regression gawe much better £its Lo
the blue light data for both species (see also table 3F).
Data for nine individual data sets (nine different leaves) for

oak were pooled further to give an overall relationship between T,
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FIGURES 3.57 & 3,58 Hegression results for two Quercus data sets,

Figure 3,57
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FIGURES 3.59 & 3,60 Regression results for two Kicotiana data setes,

] Figure 3.59 Figure 3.690

A

1800E+05
L1R00E+08

Z=Q+bxy+cy

NICOTIANA SET 1

SBIYWAM

g e e
T TR e TR TR e T T TR Y Y YR T T TS T LI TR T R T e T

S . e e Tt ome et
T R R At i I e Ay S M ol e B T e Se IR T i B
B R B M LA e B o :

PR T W WML L W R a



SBIYWAM

FIGURES 3,61 & 3.62 Regression results for one flicotiana data set and one Fraxinus datas set

Figure 3.07 Tigure 3.62
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FIGURE 3¢ o8 y \
FIGURE 2.53 Regression resulis for a Quercus datz set at low levels of blue light
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PABLE 3G Results for a leaf of Quercus petxaea at low levels of red light.
See figure 3.63 for results for the same leaf at low levels of blue
light, A plot was not possible the results in red 1light because of
the high values of Ty involved.

I . TL Ci ) .Jyair_1 ObsEﬁved T Preficted Ty
PE.m. 8 C kpem “¥10 J.nol, Sem S.I
41 29.6 .36 5128 8364 7535
41 297 .36 5136 8460 7629
30 3045 45 5582 114390 11550
29 30.5 45 5614 11010 10680
23 31.4 «09 5353 11170 10870
23 313 71 5369 12880 13300
18 31.8 94 5544 12930 13430
18 31.9 .96 5551 14280 14730
16 32,0 1.07 5648 14570 15080
16 32,0 1.09 5681 14595 *
11 3.0 1.25 5818 16122 *
11 33.0 1.27 5855 16520 *

8 32 1.35 H923 17631 *

8 32 1.39 5954 18103 *

& 32.7 1.72 6205 24221 *

6 3247 1.70 6273 24500 *

* not predicted due to constraints in the model.




Z = a + bxy + cy
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FIGURES 2,64 & 3.65 Regression resulis for a licotiana leaf at low levels of red and blue light.

Figure 3.64
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FIGURE 3,67 Regression resulis for combined date from five individual Hicotiana dsta sets.
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’q;ir and Cys the results are shown in figure 3'66é_ Simiﬁzizly five data
sets were pooled to show the same relationship foriﬁohaccokﬂ Figure
3.67). The grids showing the regression values are very similar for

the two species, but tobacco appears to show less response to -4;1r
at very low C.l values than oak.

Effects of ambient 02 concentration,

The effects of varying 02 concentration were investigated with
three species; oak, tobacco and bean. For oak, the regression gave
the poorest fits at reduced ambient O2 concentrations (see table 3F),
and since there was no direct response to 02 incorporated in the model,

this suggested that U, was having an influence ~n r_. Figure 3.68

2
shows results for Quercus experiment 1 at 4% and 20% 0, indicating

that T, tends to be lower at eguivalent values of -H;i and Ci’ at the

r
lower 02 concentration. This difference is not so apparent, however,
in the results for Quercus experiment 2 (figure 3.69)., However, when
data obtained at low ambient O, (0 - 4%) were pooled, for the same
nine leaves used fo. the overall regression at normal 02 shown in
figure 3.66, the results confirmed that values of r, were lower at the
reduced G, concentrations (ef. figures 3.66 and 3.70). Figure 3.71
shows data for an ocak leaf in Oz-free air: there was very little
stomatal closure until the leaf was in darkness, when closure occurred,
Figure 3.72 shows data for the same leaf, but with the stomata closed
at the beginning of the experiment (this was achieved by keeping the
leaf at normal 0,, but in the dark prior to the experiment). In this
Case the closed stomata would not re-open at any level of I when
exposed to Oznfree air.

Figure 3.73 shows the difference in light response curves fof
tabacéo leaves in normal and 0,-free ambient air. As with the oak,

r, values were lower in Oz-free air, but closure was not prevented in



FIGURE 3.68 Rezression resulis for Quercus Experiment 1 at 4% and 209 ambient 02 concentrations.
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FIGURE 3,69 Regression results for Quercus Experiment 2 at 4% and 205 ambient 0, concentrations.

R AR AN

K
2

: 2
=
|
+
<
O
+
o
Il
™~N
=
<C
%
g .. EXPT2 POOLED DATA (20% 0,)

e T T L A N A T A

----------
T T T T TR T R T



Z = R,

Z =a + bxy + gy

UQBIXAK

FIGUHE 3.70 Resression results for combined data from nine individual ercus data sels at
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FIGUAES 371, 3.72 & 3.73 Effects of reduced ambient 02 concentration on r

s(H20)"
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Regression results for a Phaseclus leal ai normal ambient 02 concentration and

in Oz-free aire.
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SIGURE 3,75 Effects of varying embient O2 conceniration on stomztal resistance of g Phaseolus leaf,
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FIGURES 3,76 & 3.77 Failure of 02—free ambient ezir to re-open the closed stomata of a Phaseolus leaf.
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the dark. In figure 3.74 results are shown for a bean leaf in
normal and Oz-free ambient air. Again, values ofAré were lower in
0,-free air at equivalent values of -qgir ard C;. The effect of O,-free
air on light response curves for another bean leaf are shown in figure
3.75. In contrast to the results for oak and tobacco, there was no
stom;tal closure in the dark in Oz-free air when _qgir values were low
(figure 3.75 v 'T; r, values were measured for two hours at zero I
but no closure occured. At a slightly higher level of —H;ir, however,
stomatal closure did occuf in the dark (figure 3.75a). Figure 3.76
shows the time course of stomatal closure of a bean leaf in normal
alr, caused by decreasing I; when the lights were switched on again,
the stomata re-opened. Figure 3,77 shows stomatal closure of the sanme
leaf, caused by decreasing I. The leaf was then supplied with Oz-free
alr, but re-~opening did not occur.

The results thus indicated that, for all three species, lack of
O2 produced an opening effect in the light, but would not prevent

closure in the dark, nor could closed stomata be re-opened in response

to 02~free alr.
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3.4 Effects of the -ugir response on transpiration, ET

The results of simultaneous measurements of ET as oak stomata

i - i i - vl e -l{).
closed in response to q;ir are shown in figures 3.78-3.81 As air

T

the increase in *wair alsc caused an lncrease in evaporative demand

increased, rs(H 0) began to increase tending to reduce E.. However,
2

tending to inecrease ET. The net result of these two antagonistic ‘demands

was that at low values of "qgir the increase in I, due to increased

T
evaporative demand more than offset the restriction of ET imposed by
closing stomata., As -qgir continued to increase, ET reached a maximum
and then began to decline with further increase in -ngr (figures 3,78
and 3.79). Figures 3.80 and 3.81 show only the closing response
because initial values of “q;ir were not low enough to cause the
initial increase in E;. OSimilar responses are shown for ash (figure
3.82); bean (figure 3.83); and tobacco (figures 3.84 and 3.85). The
reductions in ET after a maximum has been reached, in response to

increased 'q;ir’is crucial to the proposed mechanism of the 'qgir

response outlined later,
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PFIGURES 3,78 = 3.85 Effects of the stomatal response to -qéir

rate of transpiration, Ej.

Pigure 3.78 110576

C, = 0.38 - 0.46
T, = 22.0 - 26.0
I = 160 - 240

Tigure 3.80 Q030877

Cj_ = 0144 - 0052
G = 279 = 2949
I =108 - 124

Figure 3.82 $180677-F190877
C- = 0020 - 0026

1

TL s 295 = 30,5

T =21 - 114

Figure 3.84 N110278-5150278

Ci = 0,41 -~ 0.45
TL = 20,7 - 28.7
I = 29 - 231

Figsure 3.79 Q300677

Ci = 0038 - O|42
TL = 31-5 - 33-5
I =235~ 245

Figure 3.81 050877

Ci = 0,33 - 0.43
TL = 26,5 = 30.5
I =188 - 200

Figure 3.83 P110277
Ci = 0,20 - 0.36

T = 26,5 ~ 27,5

= 286 - 300

ki
1 i

Figure 3.85 N160278

C, = 0.35 ~ 0u41
TL = 27.0 - 2-900
I = 38« 226

on the
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DISCUSSION

The work reported has indicated that two important mechanisms
in the control of stomatal aperture of all five species studied were
the responses to ’Lpaif and Ci’ and that most of the movements of open
stomata are attributable to one or other, or a combination of these
responses, Many other reports, covering a wide range of species, have
also indicated that stomata respond directly to humidity, e.g.
Lange et al (1971), Schulze et al (1972 & 1975a), Hall & Kaufmam (197%),
Neilson & Jarvis (1975), Sheriff (19'}9), Lardsberg & Butler (1980).
The response to intercellular COE-concentration has been considered
an important factor in controlling stomatal aperture by some authors
e.g. Ketellapper (1963), Meidner & Mansfield (1968), raschke (1975).
However, in some reports variations in Ci did not substantially affect
stomatal aperture, e.g. Zelitch (1969), Neilson & Jarvis (1975),
Ng (1978). |

The way in which the “q)air and Ci responses interact is indicated
by the regression results {(e.g. figure 3.66), and this interaction may
explain some of the controversy regarding the responsiveness of stomata

to C,. Clearly, at low values of -/ (i.e. in humid air) there

air
is very little response to Ci over .a natural range, in any of the species
studied (Section 3.2), but there is a pronounced affect over a natural

range of C, as ~q) . increases. This would agree with Hall &
i air

Kaufmana's (1975a) findings with Sesamum indicum that stomata responded

little to Ci in humid air, but did exhibit a response to Ci when
humidity decreased. These authors also reported that low Ci decreased,
but did not eliminate the stomatal response to humidity gradient
(difference between leaf and air humidities), and this too is
consistent with the results shown in figure 3.66. The interaction of

-q)air and C, responses could also account for the observation that
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humidity effects are more pronounced in low light (presumably at
high Ci) than at high light intensity (low Ci) reported by Davies &

Kozlowski (1974) with Fraxinus americana and Acer saccharum, and by

Kaufmam(1976) with Picea engelmanii. Some of the variability of the

response to Ci in turgid leaves may also be attributed to differences
between species (Mansfield, 1971); to a requirement for the presence
of abscisic acid (ABA) for the stomata to be sensitive to C; ( Raschke,
1975) and to variations in the environments of experimental plants
(Sheriff, 1979).

The stomatal responses to ”qjair and C; are, in most instances,

antagonistic: most plants, in the light, require a supply of CO,, but

20
also need to minimize water loss., The availability of water is a
limiting resource whereas there is no restriction to the availability
of CO, in the atmosphere. It may thus be expected that the water
conserving response (to -q)air) would be able to over-ride the response

to the depletion of CO., in the sub-stomatal eavities and intercellular

2
spaces of the leaf. This strategy, which is of obvious advantage to
the plant, i1s shown to occur in the three tree species in figures
3.38-3.41, and is also predicted by the regression results (figures
3.85-2.67): even at low values of C,,» high values of r_ (indicating

at least partial stomatal closure) can occur if the air is relatively
dry. Confirmation that the _anir response can over-ride the Ci
response with oak is given by data of the type shown in figure 4.1,
which shows the stomatal response in COZ-free ambient air, As outlined
in Section 3.2/1 (figures 3.5 and 3.6) cak stomata were prevented from
closing in the dark by supplying COZ-free air at constant, relatively
high humidity. However, when —kpair was increased as I fell, then

stomatal closure occurred., Further, the stomata of both leaves shown

in figure 4.1 remained closed in the dark in COz-free air at high
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FIGURE 4.2 An example of lack of response of T (H20) to a change in ¢; at a low value of -qgir.

The arrow indicates when the change in I occurred,.
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_q)air' implying thgt there is a mechanism to detect -QJair,when
stomata are closed. Such a mechanism indicates a direct response to
"qjair which cannot be operating via the bulk leaf water status (see
below). PFigure 4.2 shows data for an ash leaf, which followed the

2 -1
s

time course of r when I was changed from 110 PE.m_ .

s(HZO) to the
-2 =1 . . 3
very low value of 5‘PE.m .8, while "kpair was maintained at a low
level of approximately 600’J.molﬂ1. The change in I brought about a
change in C, from 0.38E-3 to 0.59E-3 kg.mfj, but r was not
i s(HZO)
affected; C; had no effect at this level of -Lpair. At the other
end of the Ci scale, the results shown in figures 3.36-3.43 and the
regression resulis (e.g. figures 3.66,3.67) indicated that stomata can
remain open at elevated levels of Ci’ if the ambient air is humid,.
There is a fundamental difference between the C. and ﬂLP .
i air
responses, The C.1 reaponse is equivalent to a negative feedback process
which tends to maintain a level of Ci appropriate to the prevailing
light conditions: decreased I would lead to a reduction in rate of

photasynthesis and an increase in C.l with a consequent decrease in

r_. The response to -LH

S , however, is different in the region

air

where both r_ and E_ are decreasing as -4/_. increases (figures
s T air

3.78-3.85), since reduced r_ causes a decrease in E_ which tends to

T
cause a further increase in _anir' Because such a system would tend
to lead to complete stomatal closure (given that the -tPair response can
over-ride the C, response) as soon as ~\). started to increase,

i air
the "qjair response requires a sensor external to the stoma itself,

otherwise an equilibrium would never be obtained.

The interaction of the "‘Pair and G,

; responses is of adaptive

significance to the plant in that it provides a balanced regulation
of dry matter production against water loss. From the point of view

of the plant, it is essential that the stomata close before too
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much water is lost,and that dry matter production is permitted as
soon as conditions are favourable. The direct response to "q)air
is rapid and reversible in turgid leaves (figures 3.19-3.22) and
allows stomata to respond to current conditions with minimum deléy.
At high 1ight intensities the -anir and C, responses are antagonistic
since a closure in response to “tyair would cause Ci to decrease.
dowever, the response to "q)air would be expected to over-ride the
Ci response and stomatal aperture would thus be reduced, which will
have the effect of increasing water use efficiency (w.u.e.) because
the reduction in water loss will be proportionally greater than the
reduction in €0, uptake (Hall & Kaufmann,1975b; Cowan, 1977; Farquhar
et al, 1980). At low light intensities the stomatal response again

depends upon the level of - In dry air the C; and -qiair

air’
responses combine to accelerate stomatal closure (e.g. figures 3.66
and 3.67). However, in humid air stomata remain at least partially
open, even when Cy is iarge (figures 3.38-3.43 and 3.66, 3.67). There
appears to be no penalty in stomata remaining open in humid alr and
it is possible that such a response would permit the entry of O2
into the leaf to support aerobic respiration (there would be little
inter- and intracellular 02 derived from photosynthesis at low light
levels).

Although no direct assessments of bulk leaf water'potential,LpL,
were made in this study, the data given in Section 3.2/2 suggested
a direct humidity response independent ofLPL, as found for a range of
species by Schulze et al (1972), Davies & Kozlowski (1974), Hall &
Kaufmann (1975a, b), Lange (1975), Neilson & Jarvis (1975), Warrit
et al (1980), Jarvis (1980). Further evidence of the importance of
-anir Was provided by the data in figure 4.1 which showed that oak

stomata would remain apen in COz—free air in the dark at constant, small
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values of ‘q)air’ but would close and remain closed if - was

air
large, implying that there was a mechanism which detected _Lpair even
when stomata were closed. This clearly indicates a "—lpair detector™
which is independent of the transpirational flux through the stomata, and
not dependent on the negative feedback system involving WJL.

The data shown in figures 3.78-3.85 also shows that the -q)air
response is independent of the rate of transpiration: the increase in
ro in response to ‘\Pair resulted in a decrease in rate of transpiration
despite an increase in the evaporating power of the air. Thus, the
response 1o _tPair is & response which cannot be a function of
transpirational flux since if this were the case an initial closing
response as transpiration began to increase would reduce the transpira-
tional flux, preventing further stomatal closure (Schulze et al, 1972;
Farquhar, 1978). Transpiration rate could not continue to decline
as -anir increased further, but would level off at a maximum rate
(Jarvis, 1980). The reduction in E, with increasing -qjair reported
in the present work has also been shown by West & Gaff (1976) for

seedlings of Malus sylvestris, Ng (19?8) with Pinus sylvestris, and

by Farquhar et al (1980) with Nicotiana glauca and Corylus avellana.

There is  well documented evidence for several species that
there 1s relatively high hydraulic resistance between the vascular
tissue and the epidermis wia the mesophyll (e.g. Sheriff & Meidner,
1974%; Meidner, 1975; Sheriff, 1980; Warrit et al, 1980). Given that
the water relations of the epidermis occur with a degree of isolation
from the remainder of the leaf, and that the stomatal response to
-lPair must be brought about by changes in the turgor potentials of
the guard cells and adjacent epidermal cells, then the _qjair response
nust be due to water relations "local” to the epidermis, Two

possibilities exist:
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1. Evaporation from the inner surfaces of the epidermis (including
guard cells), i.e, internal to the stomatal pore,cause the necessary
changes in epidermal water status.

2. Evaporation from the outer surfaces of the epidermal cells, external
to the stomatal pore,are responsible for the changes in epidermal
water status which cause the response to _Lpair'

rossibility (1) could not explain the response of r, to _anir since

a reduction in stomatal aperture would increase the humidity of the

leaf air spaces, reducing evaporation from the epldermis into the sub-

stomatal cavities, and producing a feedback response linked to the

rate of transpirational flux through the stomata. Using possibility (2)

above, the following hypothesis, shown schematically in figure 4.3,

brovides a possible mechanism of the stomatal response to -qjair'

The crucial assumption of this hypothesis is that there is a high
hydraulic resistance to water flow between the epiaermis and the

mesophyll (rh( and evidence in support of this assumption has been

HZO))'

cited above. Since there are large effects of -Y on r and

air S(HZO)
ET assumed to occur without consequent changes inlp‘, the mesophyll
resistance (EM(HZO)) must either be small or inversely proportional

to h&. The model operates as follows: when the stomata are open there
is a transpirational flux through the stomata (E&), the source of water
being the wet cell walls of the mesophyll tissue and the cell walls

of the epidermal cells lining tue sub-stomatal cavities (Meidner, 1975;
Aston & Jones, 1976), In addition, there is direct evaporation from
the outer surfaces of the epidermal (including guard) cells (Ec' the
cuticular transpiration). If the ambient air becomes drier, both ET

and EC begin to increase with the increase in evaporating power of

the air. However, 51nce:nh(H2
epidermis which is independent of H)L This is manifested as a decrease

Oj is large, a walter slress develops in the
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PIGURL 4.3 key:
ra(HZO) houndary layer resistance to water vapour transler
N . n " ] i H.
EC(H2O) cuticulaxr
i 1 n " "
rs(H20) stomatal

"n(H20) resistance to liquid waber flow between
mesoptyll and epidermis

rm(HEO) mesopinyll resistance to liquid watem flow

ET transpirational lux through stomata

B direct evaporative flux from epidermal

c

and guard cells

Pathways of liquid water flows

" " water vapour flow:
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FIGURE 4.3 The mechanism of the stomatal responge to -vair

(after Reschke,1970, and Jarvis,1980),
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in the water content and turgor pressure of the guard cells resulting
in stomatal closure and a decrease 1in ET. 4s long as Ec exceeds the
rate at which water can flow from the mesophyll t¢ the epidermis, the
stomatal aperture will be invérsely proporticnal to -Lpair’ ir -\Pair
decreases, EC will decrease and the process will be reversed., The
stomatal response would thus be controlled by _q)air via the control
of E assuming the resistance to cuticular transpiration (rc(HZO)) is
constant, Such a humidity sensor is buried below the boundary layer
in which the humidity is likely to be higher than that of the ambient
alr. Strictly speaking, the humidity sensor would be sensing conditions
in the boundary layer. However, the humidity of the boundary layer
is itself a function of the humidity of the ambient air and the boundary
layer resistance, ra(HZO)'

The threshold-type response in which stomata are independent of
bulk leaf water status until a threshold value of QJL is reached
(Hsiao, 1973) can perhaps also be explained in terms of Ih(HZO)' The
sudden response at the threshold level could reflect the fact that the
difference in water potential between the mesophyll and the epidermis
has increased to such an extent as the leaf has dried out, that the
resistance to flow, rh(H2O)’ has been overcome causing a rapid withe-
drawal of water from. the guard cells and resulting in stomatal closure,

The mechanism which causes the C.1 effect on stomata is not known,
but 1t is generally thought that the response is to COZ concentration
in the grard cells (Katellaper, 1963), which is mediated by Cy (naschke,
1975). The opening of stomata in Cu,-free air (figures 3.5-3.7),
and the fact that stomatal responses to 002 have been reported in
Species which do not have guard cell chloroplasts (Nelson & Mayo, 1975)

suggests that photesynthesis in guard cells is not necessary for

stomata to respond to 002, and the response to Ci is probably due to



205

an effect on guard cell metabolism. Several theories have been
suggested, e.g. Raschke (1975), Thorpe & Milthorpe (1977), Willmer
& dutter (1977), but these could not be tested in the current work
since no attempt was made to measure the metabolic processes occurring
in the guard cells,

The results of Mansfield (1965) suggested an independent effect
of light on L since stomata opened more widely in white light than
they did in the dark in CO.-free air. The results shown in figures

2
3.5 and 3.6 for oak do not support this: at eguivalent values of -/

air’
there was little difference between ry of illuminated leaves and those
same leaves in the dark in Goz-free air, In the results outlined in
Section 3.2/1 (figures 3.8-3.16), no direct effect of I was detectable,
although effects at very low levels of I could not be investigated.

The regression gave a good fit to data in the light, though no
independent I effect was incorporated, but often underestimated ry in
the dark at normal levels of ambient CO2 and OB' The results of limited
experiments at low levels of blue and red light with oak and tebacco
(Section 3.3/2) suggested that values of r, were lower in blue light
and that the regression gave a bettef fit to these data. A possible
explanation is that there is a blue light requirement for stomatal

opening at normal levels of ambient CO and that this requirement is

o
qualitative and not quantitative. In this way, r, would be independent

of I as long as the blue light requirement was met, hence the regressions
would give a good fit, This blue light requirement is not gualitative
sinnc Lhe regressions gave an equally good fit over a wide range of

I and presumably the blue light component increases with I. Unfortunately
there is insufficient data in the present work for this hypothesis

to be fully assessed, but it is consistent with the data of West &

Gaff {(1976) who showed that seedling leaves of Halus sylvestris had a
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low light requirement for minimum r, of 10-~20 W.m_z (which represented
only 3% of the full sunlight}, but at values of I exceeding this, r
was independent of I. The authors also reported that similar results
were obtained with several other species by Gaastra (1959), Kuiper
(1961), Kanemasu and Tanner (1969), Turner (1970). Meidner & Mansfield
(1968) reported that blue light produces an opening at very low light
intensity and they suggested that such a response would maintain
opening and avoid large fluctuations in Ty in cloudy conditions when 1
was changing continucusly.

The effects of varying ambient O, concentration were investigated

5
with three species: oak, tobacco and bean, and the results indicated
that lack of 02 produced an opening effect, but did not prevent stomatal
closure in the dark (figures 3.71-3.77)s In none of the species did
lack of O2 open stomata whiech were closed, indicating that oxidative
phosphorylation is necessary for stomatal opening to occur from a

closed position, as found for a variety of species by Heath & Orchard
(1956), Zelitch (1965), Meidner & Mansfield (1968), Burrows & Milthorpe
(1975). The maintenance of stomatal opening in Oz-free conditions
agrees with Meidner & Mansfield's (1968) suggestion that the energy
requirement of maintaining open stomata can be met by photophosphory-

lation in the absence of 0 This would explain the stomatal closure

¢
which occurred with oak and tobacco (and with bean at higher levels of
-\Pair) when leaves were placed in the dark in 02-free conditions.

The failure of bean stomata to close in Oz—free air in the dark is
puzzling, but can perhaps be explained by the fact that this experiment
(figures 3.75b ) was carried out at very low values of _t+gir’ and
opening could have been maintained through a 'Hjair effect.

An important component of the maintenance of stomatal opening

under conditions of reduced 02 concentration is undoubtedly the reduction
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in Ci caused by inhibition of photorespiration. OSupplying a leaf with
reduced O2 will inhibit photorespiration and hence increase photo~
synthesis (¥oore, 1981) resulting in lower C; and an opening response.
This opening effect is likely to be increased at higher temperatures
since photorespiration is normally stimulated at high temperature.
The role of O2 in stomatal movement is further complicated by the fact
that supplying a leaf with Oz-free ambient air in the light does not
guarantee intercellular anaerobic conditions. The stimulation of
photosynthesis by inhibition of photorespiration may provide enough
02 for the oxygen requirement for stomatal movement to be met. The
position is thus complicated, but the regression results shown in
figures 3.68, 3.70, 3.74 predict that at equivalent values of —q)air

and C;, lower O, concentrations promote stomatal opening.

2
A direct temperature response was not incorporated into the
regressions since no consistent pattern of response was evident over
the restricted range of temperatures investigated. The data shown in
figures 3.44-3.52 Aid suggest that there may have been an optimunm
temperature for oak and ash in the range 29—3200, but no such suggestion
was evident in the results for sycamore or tobacco. Maximum stomatal
opening at intermediate temperatures have been reported for several
species by other authors, e.g. Hofstra & Hesketh (1969), Neilson &
Jarvis (1975), Losch (1977), Ng (1978). Of course, possible direct
effects of temperature are very difficult to disentangle because of
the indirsct role of TL in all of the processes which affect stomatal
movement,. Sheriff (1979) has made the comment that since stomatal
aperture depends upon guard cell turgor and hence on guard cell
metabolism, an increase in TL night be expected to cause stomatal

opening by stimulating metabolic processes. However, the processes

and enzymes in the guard cells which would determine such a response
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have not been studied extensively. The involvement of temperature in
both the _anir and C; responses is illustrated by Hofstra & Hesketh's
(1969) observation that the TL response of stomata appeared to be
correlated with the responses of photosynthesis and photorespiration,
and by Hall & Kaufmann's (1975a, b) data showing that the optimum
temperature for net photosynthesis varied depending on humidity
differences between leaf and air. Interpretation of possible TL effects
is further complicated by the result that the temperature at which

the plant is grown affects its stomatal response (Ludlow & Wilson, 1971;
Neilson & Jarvis, 1975). This last observation has further implications
in that it could convey to the plant an optimum temperature mechanism
which is relevent to local conditions. It is thus very likely that

different species have different temperature optima.
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SUMMARY

The most important responses of stomata appeared to be those to -%;ir
and Ci s and most of the movements of open stomata were attributable
to one or other, or a combination of these responses.

The response to -ngr was a water conserving response whereby an
increase in -wgir (i.es air becoming drier) caused an increase in
stomatal resistance.

The Ci response was equivalent to a negative feedback process whereby
an increase in C.l caused an increase in stomatal resistance, the
exlent of which depended upon the level of -q;ir .

At low levels of “q;ir (i.es in humid air) there was little response
to Ci over a natural range, but there was a pronounced stomatal
response to C; at higher levels of J+;ir .

The combination and interaction of the -qéir and Ci responges geemed
to be of adaptive advantage to the plant by providing a balanced
regulation of production against water loss according to the
prevailing conditicns.

The evidence suggested that the -qéir response was independent of the
transpirational flux through the stomata. A simplified version of the
nodels of Raschke (1970} and Jarvis (1980) was used to illustrate the
proposed mechanism of the "ugir response in terms of the cuticular
transpiration and the resistance to water flow between the mesophyll

and the epidermis,

. A simple multiple regression was used to calculate stomatal resistance

in terms of only two factors ¢ —‘éir and Ci « Correspondence hetween

measured and calculated values was good, particularly at normal O2
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concentrations in the light. The regression could be used in a
predictive capacity, and could be further refined by the addition
of other independent variables, possibly TL and O2 concentration,
when the responses to these factors are better understood.

No direct effect of light was detected, but the results of limited

experiments with dlue and red light with Quercus petraea and

Niceotiana tabacum, together with the regression resulis, suggested

that there may be a Llue-light requirement for stomatal opening at
normal levels of CO2 .

With Quercus petraea, licotiana tabacum, and Phaseplus yulgaris,

lack of 02 had an opening effect on stomata, but did not prevent
stomatal closure in the dark (except for one set of Phaseolus
results at very low levels of J+;ir), and lack of 0, would not open
stomata which were closed.

No consistent pattern of direct stomatal response to ‘I‘IJ was evident
over the restricted range of temperatures gtudied. However, data for

Quercus petraea and Fraxinus excelsior suggested that there may have

been an optimum temperature for these species in the range 29-3200.



211

ACKNOWLEDGEMENTS

The work reported in this thesis was carried out under the
supervision of Dr. P.W, Mueller whom I would like-to thank for
his encouragement of the work, his helpful comments on the man-
‘uscript, and particularly for his help with the computations.
The assistance and advice of Professor A.J. Ruiter is gratefully
acknowledged, as is the help and patience of Janet Innes. I
would also like to express my thanks to the following:

Mr. B.C. Allen

r, R.D. Blackwell
Hr. KeJs Collett
i, E.E. Green

Mr, C.J. Heijne
Mrs, 5. Heijne

Iﬂr- B.F. Scott

Financial support during the period of this work was provided

by the Hatural Envirornment Research Council.

The author  wighis 4o cxnhnouﬂﬂﬁE}L that B ogiowlabion
chanbes  and pacts of tie gas How ejskm and. M(orclin_cj
Gfelm}w‘a v Congbactzel and  agsemblad b:J De. P
Mudler and wW. . Magon = befre e Work. &fmrlecl
hore. Gmﬂﬂ&nqui.



212

REFERENCES



213

AKITA,S., & MOSS,D. (1972). Differential stomatal response between C

and C, species to atmospheric CO2 concentration and light.

4
Crop Science 12:789-793.

3

ASTON,1.J. (1976). Variation of stomatal diffusive resistance with
ambient humidity in sunflower (Helianthus anmuus). Australian
Journal of Plant Physiology 3:489-501.

ASTOI, k. J., & JOWES,M.M. {1976). A study of the transpiration surfaces
of Avena sterilis L. var. Algerian, using monosgilic acid as a
tracer for water movement. Planta (Berlin) 130:121-129,

BARRS,H.D. (1970). Controlled environment studies of the effect of
variable atmospheric water stress on photosynthesis, trans-
piration and water stress of Zea mays L. and other species.
In: Proceedings of a sympogium on Plant Response to Climatic
Factors. Uppsala,Sweden. UNESCO.pp:249-258,

BISCOE,P.V. (1972). The diffusion resistance and water status of

leaves of Beta vulgaris. Journal of Experimental Botany 23:
930~940.

BJORKLIAN,O. (1966). The effect of oxygen concentration on photosyn-
thesis in higher plants. Physioclogia Plantarum 19:618-633,

BURROWS, ", J. & LILTHORPE,I'.L. (1975). Stomatal conductance in gas
exchange contrel. In: Water Deficits and Plant Growth, Volume
IV (Bd T.T. Kozlowski). Academic Press.

CAMACHC-B,S,E. ,HALL,A.B., & KAUFMANN,w.R. (1974). Bfficiency and
regulation of water transport in some woody and herbaceous
species. Plant Physiologzy 54:169-172.

CHARTIER,P. (1970). A model of CO, assimilation in the leaf. In:

prediction and peasurenent of Photosynthetic Productivity
(Bd. I.Setlik) Proceedings of IBP/PP Technical Meeting,
Trebon,1969. Pudoc. pp:307-316,



214

CONWAY,G.R., GLASS,N.R., & WILCOX,J.C. (1970). Fitting non-linear models
to biclogical data by Marquardt's algorithm. Ecology 51: 5C3-507.

COWAN,I.R. (1977). Stomatal behavior and environment. Advanceg in
Botanical Hesearch 4:117-228,

CULBINS,wW.R. (1971). On the stomatal response to abscisic acid. Ph.D.

Thesig. Michigan State University, East Lansing.

DAVIES,vw.J., & KOZLOWSKI,T.T. (1974). Stomatal responses of five
woody angiosperms to lisht and humidity. Canadian Journal

of Botany 52:1525-1534,

DRAKE, 5.G., RASCIKE,K., & SALISBURY, F.B. (1970). Temperatures and
trangpiration reaistinces of Xanthium leaves as affected oy
air temperature, humidity and windspeed. Plant Physiology 46:
324=330.

FARQUHAR,G,D., SCHULZE,E.D., & KUPPERS,M. (1980). Responges to

humidity by stomata of Nicotisma glauca L. and Corylus avellana

L. are cousistent with the optimisation of carbon dioxide

uptake with respect to water loss. Austiralian Journal of Plant

Physiology T:315-327.

FREUDENBERGER,H. (1940). Die reaktion der schliesszellen auf

kohlensaure und sauerstoff entzug. Protonlasma 35:15-54.

FUJINO,l. {1967). Scientific Bulletin of the Faculty of Education,
Hagasaki University 18:1-47.

GAASTRA,P. (1959). Photosynthesis of crop plants as influenced by
light, carbon dioxide, temperature and stomatal diffusion

resistance. Meded, Landbhoogesch., Wagenimgren 59:1-68,

GARDEER,W.R. (1973). Internal water status and plant response in

relation to the external woter resime. In: Proceedings of a

symposium on Plant Response to Climatic Factors (Bd:R.0.Slatyer),

Uppsala, Sweden. UNESCO.pp:221=225,



215

HALL,A.E,, & KAUFUANE,L.R. (19752). stowatal response to environment
with Sesamum indicum L. Plant Physiology 55:455-459.

HALL, AJE., & KAUFLANN,..R. (1975b). Regulation of water transport in
the sdil-plant-atmosphere continuum.In: Perspectives of Biophysical
Ecology (Eds. D.il.Gates & R.B.Schmerl). Ecclogical Studies Volumel?2,
Springer-Verlaz, Berlin. pp:187-202.

HALL,A.E., SCHULZE,E.D., & LANGE,0.L. (1976). Current perspectives
of steady-state stomalal responses to environment. In: Water
and Plant Life: Problems and Modern Approaches (Eds. 0.L.Lange,
L.Kavpen, & E.D.Schulze). Ecological Studies Volume 19+ Springer-
Verlag,Berlin.pp:169-188.

fALL,5.d. (1975). The influence of fruit excision and defloration

on photosynthesis in Capsilcum amnuum L. Ph.D. Thesis, Macquerrie

University, Horth Ryde, Australia.

HEATH,0.V.S. (1948). Control of stomatal movement by a reduction
in the normal curbon dioxide content of the air. Nature 161:
179-131,

HEATH,0.V.5, {(1950). The role of carbon dioxide in the light response
of stomata I. Journal of Experimental Botany.l:29—62.

HEATH,C.V.8. (1975). Stomata. Oxford Biology Reader 37.

HEATH,0.V.8. & WILTHORPE,F.L. (1950). The role of carbon dioxide in the
lizght response of stomata II. Journal of Experimental Botany 1:
227-243,

IEATH,0.V.S., & ORCHARD,B. (1956). Effects of anaerobic conditions
upon stomatal movements- a test of William's hypothesis of the

stomatal mechanisms. Journal of Experimental Botany 7:313-325,.

HEATH,0.V.S5., & RUSSELL,J. (1954 ) An investigation of the light
responses of wheat stomata with the attempted elimination of
control by the mesophyll II. Interactions with carbon dioxide.

Journul. of Experimental Botany 5:1-15,




216
HIROW,R.W.P., & WRIGHT,S.T.C. {1973). The role of endogenous ebscisic
acid in the response of plants to stress. Journsl of Experimental
Botany 24:769-781.

HOPSURA,G., & HESKEDH,J.D. (1969). The effect of temperature on stomatal
aperture in different species. Canadian Journal of Boteny 47:1307-1310.

HSIAQ,T.C. (1973). Plant response to Wﬁter stress. Annual Review of Plant
Physiologzy 24:519-57C,

IISTAO,T.C. (197¢). Stomatal ion transport. Encyclopedia of Plant
Physiology Volume 2, partB (Eds: U.Luttge & M.G.Pitman). Springer-
Verlag, Berlin.pp:195-221,

HUMBLE,G.D., & RASCIKE,K. (1571). Stomatal opening quantitatively related
to potassium transpori. BEvidence from electron probe analysis. Plant

Physioloyy 48:447-453.

JARVIS,P.G. (1971). The estimation of resistances to carbon dioxide
transfer. In: Plant Photosynthetic Production: Manual of llethods
(Bdss Z.Sestak, J.Catsky, P.G.Jarvis). Junk, The Hague.

JARVIS,P.G. (1980). Stomatal response to water sivess in conifers. In:
Adaptation of Plants to Water and High Temperature Stress (BEds:
li.C.Turner & P.J.Kramer). Wiley-Interscience, New York.pp105-122

JARVIS,P.G., & CATSKY,J. (1971). General principles of gasometric methods
and the main aspects of installation design. In: Plant Photosynthetic
Production: Manual of Miethods (BEds. Z.Sestak, J.Catsky, P.G.Jarvis),
Junk, The Hague,

JONES,1.J. & MAWSFIELD,T.A. (1970). Increases in the diffusion resistances
of leaves in carbon dioxide enriched atmosphere. Journal of Experim-
ental Botany 21:951-958.

KANELIASU,E.T., & TAWNER,C.B. (1969). Stomatal diffusion resistance of
snup beans IT. Bffect of light. Plant Physiology 44: 1542-1546.

KAUFLAIN, 15 R, {(1976). Stomatal response of Engelmann Spruce to humidity,
light and water siress. Plant Physiology 57:895-901,




217

KETELLAPPER,H.J. (1963). Stomatal physiology. Annual Review of Plant
Physioloszy 14:249-270,

KOLLER,D. (1970). The partitioning of resistance to photosynthetic
002 uptake in the leaf. New Phytologist 69:971-981.

KOWALLIK,W. (1971). Photosynthesis and photorespiration.(Eds.M.D.
liatch, C.B.Csmond, R.0.Slatyer). Wiley-Interscience, New York.
ppiH14-522,

KUBI, 5., & HLADEK,L.7(1963). An integrating recorder for photosyn-
thetically active radiant energy with improved resolution.
Plont and Cell Physiolo;y 4:153ff.

KUIPER,P.J.C. (1961). The effects of environmental factors on the
transpiration of leaves with special reference to stomatal

light responce. leded. Landbhoosesch., Wageningen 61:1-49.

KUIPER,P.J.C. (1964). Dependence upon wavelength of stomatal
movement in epidermal tissue of Senecio cdoris. Plant Physiology
39:952-355.

LANDSBERG,J.J., & BUTLER,D.R. (1930). Stomatal response to humidity:
Implications for transpiration. Plant, Cell and Favironment 3:

29=33.

LANGE,O.L., LOSCH,R., SCUULZE,E.D., & KAPPHN,L. (1971). Responses
of stomata to changes in humidity. Planta {Berlin) 100:76-86.

LAWLOR,D.W., & MNILFORD,G.F.J. (1975). The control of water and carbon
dioxide flux in water stressed suzar beet. Journal of FExperimental

Dotany 26:657-665,

LEVITT,J. (1976). Physiological basig of stomatal response. In: Water
and Plant Life: Problems and llodern Approaches (Eds. O.L.Lange,
L.Xappen, E.D.Schulze). Ecologicul Studies Volume 19, Springer-
Verlag, Berlin.pp:160-168.



218

LEVY,A. {1964).The accuracy of the bubble meter method for gas flow

measurements. Journal of Scientific Instrumentation 41:449-4%53.

LIST,R.J. (1958). Smithsonian meteorological tables (6th. edition).

Smithsonian Institute, Washington.

LIT™ML®E, S HeAey & EIDT,D.C. (1968). Effect of abscisic acid on budbreak

and transpiration in woody species. Nature 220:498-499,

LOMMEN,P.W., SCH/INTZER,C.R., YOCUM,C.S., & GATES,D.M. (1971). A
model describing photosynthesis in terms of gas diffusion and
enzyme kinetics. Planta (Berlin) 98:195-220,

LOSCH,R. (1977). Responses of stomata to environmental factors:

Experiments with isolated epidermal strips of Polypodium vulaare.

I. Temperature and humidity. Oecologia (Berlin) 29:85-97,

LODLOW,M. M., & JARVIS, P.G. (1971). Photosynthesis in sitka spruce
(Picea sitchensis (Bong) Carr.) I. General characterisiics.
Journal of Applied Ecology 8:925-953.

LUDLOY, 1., & WILSON,G.L. (1971). Photosynthesis of tropical pasture
plants. I. Illwninasce, carbon dioxide concentration and leaf-air
vapour pressure difference, duglralian Journal of Biologleal
Science 24:449-470,

MARRCHKER, Ul (1965). Zur kenntrus der transpiration der schliebzellen.

Protoplasma 60:061-78.

MANSPIELD,T.4. (1965). Glycollic acid metabolism and the movements
of stomata. Nature 205:617-618,

MARQUARDT,D.W. (1963). An algorithm for least-squares estimation of

non~linesr parameters. Joaroal of the Bociety of Independent
Applied llathematics 11:431-441.




219

MARQUARDT,D.W. (1966). Least squares estimation of non-linear para-
meters. IBM SHARE Library Distribution Fo. 309401, NLIN 2,
August 1966,

McCREE,K.J. (1974). Changes in the stomatal responge characteristics
of grain sorghum produced by water stress during growth. Crop

Science 14:273-278,

LETTHER, . (1975). Water supply, evaporation and vapour diffusion

in leaves. Journal of Experimental Botany 26:666-673,.

MEIDWER,H., & MANSFIELD,T.A. (1966)}. Stomatal responges to illumination.
Biology Review 40:483-509,

LEIDNER,H,, & MANSPIELD,T.A. (1968). Physiology of stomata. McGraw-
Hill, London.

MILBORROW,B.V. (1974). The chemistry and physiology of abscisic acid.,
Annua)l Review of Plant Physiclogy 25125%-307.

LMITTELIEUSER,Cud., & Van STEVENINCK,R.F.M. (1969). Stomatal closure
and inhibition of transpiration induced by (RS)-abscisic acid.

Hature 221:281-232.

MONTEITH,J.L. (1965). Evaporation and envirornment. Symposig of The
Society of Experimental Biology 12:205-234,

LICORE,P. (19681). The varied ways plants trap the sun. New Scientist 12z
394-397. \

MOSS,D.N. (1964). Optimum lighting of leaves. Crop Science 4:131-136.

NEILSON,R.BE., & JARVIS,P.G. (1975). Photosynthesis in sitka spruce
(Picea sitchensis (Bong) Carr). IV. Response of stomata to temp-
erature. Journal of Applied Ecology 12:879-891.

FELSOI,S.D. & MAYO,MJ . (1975). The occurence of functional non-

chiorophyllous guard cells in Paphiopedilum spp. Canadian

Jsournal of bLotany 53:1-7.




220

. NG,P.A.E. (1978). Response of stomata to environmental veriables in
Pinus sylvesiris L. Ph.D. Thesis, University of Edinburgh,
Edinburgh, U.K.

WICHTPOROVICH,A.A. {1954). Fotosintez i teoriya polucheniya vyokikh
urozhaev. (Pnotosynthesis and theory of high yields).
Tiniryazeuski Chteniya 15:1~93.

PALLAS,J.E, (1905). Transpiration and stomatal opening with changes

in carbon dioxide content of the air. Science 147:171-173.

PENHY,lLG., & BOWLILG,D.J.F. (1974). A study of potassium gradients
in the epidermis of intact leaves of Commelina communis L. in

relation to stomatal opening. Planta {Berlin) 119:17-25.

PERRIFR,A. (1971}. Leaf temperature measurement. In: Plant Photo-
synthetic Production: Lanual of liethods. (Eds. Z.Sestak, J.
Cataky, ?.G.Jarvis). Junk,The Hague.pp:b632«671.

POWELL, R.W. (1940). Purther experiments on the evaporation of
water from saturated surfaces. Transcripts of The Institute
of Chemical Ingineers 18:36-55.

RABINOWITCIH,B.E. (1951). Photosynthesis and related processes.

Inter-3cience, New York.

RASCHKE,X. (1967a). Der einfluss von rot und blau licht auf die
ofrmungs und schliess geschwindigkeit der stomata von Zea

mays L. Naturwissenschaften H4:72-75.

RASCHEE,K. (1967b). Der. Deut. Bot. Ges. 80:138-144,

RASCHKE,K. (1970). Stomatal responses to pressure changes and
interuptions in the water supply of detached leaves of Zea
mays L. Plant Physiolo y 45:415-423.




221

.RASCIKE, XK., (1973). Abscisic acid sensitizes stomata to 002 in leaves

of Xanthium strumarium L. Proceedings of the 8th International

Conference on Plaat Growth Hegulators, Tokyo 1973.pp:1151-1158,

RASCHE®, XK. (1974). Plant Research '73, MSU/ABC Plant Research Labor-
atory, Michigan State University.pp:23-28,

RASCIKE, X, (1975). Stomatal action. Annual Review of Plant Physiology
26:309-340,

RASCHIE, K., & DITIRICI,P. (1977). 14C carbon dioxide fixation by
igolated leaf epidermes with stomata open or closed. Planta

(Berlin) 134:69-75,

RASCHEE,K., & HULBLE,G.D. (1973). Ho upteke of anions required by
opening stomata of Vicia faba: Guard cells release hydrogen ions.

Planta (Berlin) 115:47-57.

RASCHKE,XK., HANEBUTH,W.F., & FARQUHAR,G.D. (1978). Relationship
between stomatal conductance and light intensity in leaves of
Zea mays L., derived from experiments using the mesophyll as
shade. Planta {Berlin) 139:73-77.

RASCIKE,K., ZEEVAART,J.A.D., PIERCE,M., & POPIELA,C.C. (1974). Plant
Research '73, MSU/AEC Plant Research Laboratory, Michigan State
University.pp:28-29,

REDSHAW,A.J., & MEIDNER,H. (1972). Effects of water stress on the
resistance to uptake of carbon dioxide in tobacco. Journal of
Experiuental Botany 23:229-240.

REED,K.L., DAIERLY,E.R., DINGEN,B.E., & JARVIS,P.G. (1976). An enalytical
mcdel for field measurement of photosynthesis. Journal of Applied
Lcolomy 13:925-942,




222

SCARTH,G.W. (1932). Mechanism of the action of light and other factors
on stomatal movement. Plant Physiology 7:481~504,

SCARTH,G.W., & SHAW,M. (1951). Stomatal movement and photosynthesis

in Pelargonium I. Plant Physiology 263207-225,

SCHULZE,E,D., LAUGE,0.L., BUSCHBOL,U., KAPPEN,L., & EVENARI,M. (1972).
Stomatal responses to chanpes in humidity in plants growing in
the desert. Planta (Berlin) 108:259-270,

SCHULZE,E.D., LAWGE,0.L., EVENARI,M., KAPPEN,L., & BUSCHBOM,U. {1974).
The role of air humidity and leaf temperature in controlling

stomatal resistance of Prunus armeniaca L. under desert

conditions, I. A simulation of the daily course of stomatal

resistance, Cecolosia (Berlin) 17:159-170.

SCHULZE,E.D., LANGE,0.L., EVEJART,li., KAPPEN,L., & BUSCHBOM,UG. (1975b).
The role of alr humidity and leaf temperasture in controlling

stomatal resistance of Prunus armeniaca L. under desert

conditiong. IIX. The effect on water use efficiency.'
Oecologia (Berlin) 19:303-314.

SCHULZE,B.D., LANGE,O.L., KAPPEN,L., BUSCHBOM,U., & EVENARI,M. (1973).
Stomatal responses to changes in temperature at increasing
water stress. Planta (Berlin) 110:29-42.

SCHULZE,E.D., LANGE,0.L., KAPPEN,L., EVENARI,I., & BUSCHBOM,U. (1975a).
The role of air humidity and leaf temperature in controlling

stomatal resistance of Prunus armeniaca L. under desert

conditions. Ii. The significance of leaf water status and
internal CO, concentration. Qecologia (Bexlin) 18:219-233.

SESTAK,Z., CATSKY,J., & JARVIS,P.G. (1971). Plant Photosynthetic
Production: Manual of liethods. Junk, The Hague.

SEYBOLD, A. (1962). Ergebrusse und probleme pflanzlicher transpira-
tionsanalyse. Jh. Heidelberger Akad. Wiss. 1961/2:5-8,




223

SHERTHF, D.W. (1979). otomatal aperture and the sensing of the envir-
orment by guard cells., Plant, Cell and Environment 2:15-22.

SHERIFF,D.W., & MEIDNER,H. {1974). Water pathways in leaves of Hedera

helix L. and Tradescantia virginiana L. Journal of Experimental

Botany 25:1147-1156,

SLATYER,R.0. (1967). Plant-water relationships. Academic Press, London.

University Presg. Tth. edition.

STALFKLE, 1. (1929). Pulsierende blatigewebe. Plunta (Berlin) 7:720-
134

STALFELT, .G, (1955). The stomata as a hydrophotic regulator of the
water deficit of the plant. Physiologia Plantarum 8:572-593.

THOW, A.S. (1968). The exchanse of momentum, mass and heat between an
artificial leaf and airflow in & wind tunnel, Quarterly Journal

of The Royal lleteoroclogical Society 94:44-55.

THORPE, N., & MILTHORPE,F.L. {(1977). Stomatal metabolism: 002
fixation and respiration. Australian Journal of FPlant Physiolozy
i: 61 1 ’*621 [}

TREHARNE,K.J., & NELSON,C.J. (1975). Effect of growth temperature on
photosynthetic and photoresniratory activity in tall fescue, In:
Environmental and Biological Control of Photogynthesis (Ed. R.
Marcelle). Junk, The Hague.pp:61-a9.

TURNER,H.C. (1970). Responses of adaxial and abaxial stomata to light.
Hew Phytologist 69:647-653.

TURNER,N.C. (1974). In: Mechanisms of Regulation of Plant Growth (Eds.
R.L.Bielski, A.R.Ferguson, M.).Cresswell). Bulletin 12, Royal
Society of New Zealand, Wellington.pp:423-432,

VALKER,D.A., & ZELITCIL,I. (1963). Some effecis of metabolic inhibitors
and anuerobic conditions on stomatal movement. Plant Physiology
238:390-396,



224

WARBURG,0. {1920). Uber die geschwindigkeit der photochemischen kohl-

ensaurezersetzung in lebenden zellen, IT. Biochem. Z. 103:188-217,

WATTS, /.., JARVIS,P.G., NRILSON,R.E., & BEADLE,C.L. (1974). Responses
¢f stomata of siltka spruce to environmental wvariables. Abstracts
of a meeting of The International Association of Plant Physiolog~

ists, Wurzburg 85.

WEST,D.W., & GAFF,D.F. (1976). The effect of leaf water potential,
leal temperature and light intensity on leaf diffusion resistance
and the transpiration of leaves of Malus sylvestris. Physiologia
Plantarum 38:98-104.

WilLTEMAN, P.C., & KOLLER,D. (1964). Environmental control of photosyn-
thesis and transpiration in Pinus halepensis. Israeli Journal

of Botany 13:116ff,

WHITELAN,P.C., & KOLLER,D. (1967). Interactions of carbon dioxide conc-
entration, light intengity and temperature on plant resistance to
waber vapour and carbon dioxide diffusion. New Phytologist 66:
463-473.

WILLMER,C M., & RUTIER,J.C. (1977). Guard cell malic acid metabolisnm
during stomatal movements. Nature 269:327-328,

WOOLLEY,J.T. (1964). Water relations of soybean leaf hairs., ono

Journal 6:569-571. .

WRIGIT,S.T.C., & HIRON,R.W.P. (1969). (+)-abscisic acid, the growth
inhibitor induced in detached wheat leaves by & period of

wilting. Hature 224:719-720,

WUEIISCHER,J.E., & KOZLOWSKI,T.T. (1971). The response of transpiration
resilubiice o leal temperature as s degsication resistance mech-

anism in tree seedlings. Physiologia Plantarum 24:254-259,




225

ZEIGER,B., & HEPLER,?.K. {1977). Light and stomatal function: tlue light
stimulates swelling of guard cell protoplasts. Science 196:887-889,

ZELITCH,I. (1965). Environmental and biochemical control of stomatal

movements in leaves. Biological Review 40:463~482.

ZELITCH,I. (1969). Stomatal control. Annual Review of Plant Physiology
_2_9_: 329_3500

ADDITIONaL REFERENCES

DELWICKE,li.J. & COOKE,J.R. (1977). An analytical model of the hydraulic

aspects of stomatal dynamics. Journal of Uheoretical Biology §2:113~141,

FARQUUAR,G.D, (1978). Feedforward responses of stomata to hwmidity.

Australian Jowrnal of Plant Physiolozy 5:787-800.

FULLER,E.N., SCHETTLER,P.D., & GIDDINGS,J.C. (1960). A new method for
predicticon of binary gés-phase diffusion coefficients. Industrial

and Engineering Chemistry 58:18-27,

LaKE, J.V. (1967). Respiration of leaves during photosynthesis.l.

Estimates from an electrical analogue. Australisn Journal -of

Biclozical Sciences 20:487-493.

LARGE,0.L. (19?5). Plant water relations. In: Fortschritte der Botanik
37 (Eds: HL.Ellenberg, K.Esser, l.lerxmuller, E.Schnepf, H.Ziegler).
Springer~ Verlag, Berlin. pp78~97..

HANSFIELD,T.A. (1971). Stomata: versatile sensory devices but difficult

experimentel subjects. Journal of Biological Education 5:115-123.

WARRIT,B., LANDSBERG,J.J., & THORPE,i.R. (1980). Responses of apple

leal stomata to environmental factors. Plant, Cell & Environment 3:

1322,



226

APPEIDIX 1 Notes on Marquardi's algorithm for least-squares

estimation of non-linear parametfers, -
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Marquardt's algorithm for least-sqyuares estimation of non~linear parameters

This summary of Marguardt'’s algorithm is based largely on
Conway et al (1970).

In fitting derived or empirical formulae to biological data the
object is to minimize the residuals, Ri' for each value Xi between

the actual values Yi and the predicted Qalues'?} calculated from the

TR T (CP R P

function.

'_l
o

=
¥
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and a 1
1

It

Several approaches are available, but in general the Least-Squares
hiethod whereby the sums of squares of the residuals ﬁi is minimised
is to be preferred.

Assuming a three parameter (a, b, c¢) model with one independent

variable Ki with 1 varying between 1 and N:

I

> N

for'EEﬁf to be minimized, the partial derivatives of §E§ with respect
to each of the parameters must be equal to zero, thus giving a set of

normal equations:

. , ‘ A
3 :ﬁiii? =0 X;;ff & =0 S;:E:;d? =0
=1 =1 * =

1
i

E)a, Eib g(:

which are then solved for the best parameter values,
If these equations are linear the best parameter values are found
by standard linear regression. However, when the descriptive function

enters non-linearity a set of non-linear normal eguations are produced
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and the correct approach is to use an iterative method in which the
ninimum E%i is found by making suitable corrections to initial
parameter estimates, AL each iteration the set of parameter corrections
are added to the estimates from the previous iteration so that di
continues to decline. The érocedure is halted when some arbitrary
neasure of convergence has béen achieved., This can be a predetermined
rate of decrease in zgf or when parameter corrections are smaller
than some value. Methods using the rate of decrease in :E;? (gradient
methods) are able to converge on true parameter values even though
the initial estimates may be far removed from the true values, but
the convergence is slow, Methods achieving convergence when parameter
corrections are small will converge very rapidly providing the initial
estimates are good, but may not cénverge at all if the initial values
are far removed from the true values. Marguardt's method (1963 &
1966) uses a combination of these two approaches. The closer the initial
parameter estimates are to the true values, the faster the method will
converge. The most important criterion is ito get good estimates of
these parameters to which the function is most sensitive.

Marquardt?s algorithm was used for Least-Squares tstimation on

non-linear Parameters in the present study:

1) To obtain estimates of the parameters a, b, ¢, d in the

equation: i = & = bX sed in the calibration of the dew point

hygrometer c + dX
(see Seetion 2.3/2)

where HT is thermistor resistance and X is the output voltage

(4 parameters, one independent variable)

2) To obtain estimates of the parameters 1, m and ¢ in the equation:
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14+ m ?

. x . . . .
“T = g The used in the calibration of the dewpoint hygrometer

(see BSection 2.3/2).
where d, is thermistor resistance and T is temperature (OK)

(Three parameters and one independent variable).



