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Preamble 

Ralph 0. Slatyer 
VISITING FELLOW, RESEARCH SCHOOL OF BIOLOGICAL SCIENCES, ANU, 
CANBERRA 

Green plants provide the biological energy for the functioning 
of the biosphere.All other organisms depend upon it for their 
livelihood. 

Nowhere is this dependence more evident than with hwnan 
beings since nearly half the products of global photosynthesis 
are channelled directly through hwnan populations or are 
utilised indirectly by us for the myriad of activities that we 
undertake. 

Our overall impact on the environment is the product of 
the total number of people and the average impact of each 
person. Continued growth in population, and in the demands 
ofindividual people, are not only increasing the overall impact 
but are resulting in a reduction in the area of arable land and 
in land degradation, thereby reducing the scope to provide for 
human needs. 

In many regions of the world, particularly those already 
overpopulated in tenns of rural productivity and the carrying 
capacity of their land, these factors are resulting in political, 
economic and social upheaval. 

Clearly this increasing overall impact must be reined in. 
But for the next few decades at least, global population will 
inevitably continue to grow, by which time it may be double 

Figure J.t l'Mfeuor lblph SJatyer,AC, FRS, FAA, FTSE 

the present level. There is therefore a pressing need to reduce 
the impact per person and this applies more to agriculture 
than to many other human activities. 

To provide for future generations agriculrural ecosystems 
will have to be ecologically sustainable and the total swtainable 
production must be adequate for our increased numbers. It 
follows that swtainable yields from existing agriculrural eco-
systems will need to increase, and soils and climates now 
regarded as marginal or unsuitable for agricultural production 
may need to be brought into cultivation. 

Climate change is an additional issue. On the positive side 
it may lead to more favourable climatic conditions and increased 
yields in some existing agricultural areas and may result in 
some areas now regaided as climatically marginal for agriculture 
being brought into cultivation. On the negative side it may 
result in the climate of some existing arable areas becoming 
marginal or unsuitable for agriculture. Furthennore, climate 
change may shift favouable climatic zones into areas of less 
fertile soils. 

Conservation ofbiodiversity is an essential requirement for 
ensuring ecosystem function at a local, regional and global 
level. Biodiversity is threatened by habitat destruction and 

u 

J 

J 

w 

J 



4 

...., 

r 
r 

r 

c 

modification, and by fragmentation of areas of natural habitat. 
Gene pool erosion and species extinction can occur as a direct 
result of these changes and indirectly as fragmentation and 
isolation of previously intact areas reduces habitat requirements 
below the mini.mwn needed for population and specie viability. 

Climate change exacerbates this situation since habitat 
modification and fragmentation hinder, and may prevent, nat-
ural migrations which have been a primary mechanism by 
which species have adapted to altered environments and gene 
pools have evolved. 

These complex issues present a major challenge to plant 
scientists, particularly since the solutions must endure not just 
for one or two generations but indefinitely if human beings 
are to live on earth in peace and harmony. 

The title and subtitle of this book, Plarus in Action: 
Adaptation in Nature and Petformance in Cultivation, suc-
cinctly summarise the challenge to plant scientists for the 
future .. For plant scientists to respond to this challenge and to 
play a role in improved rural production and biological con-
servation, we need to understand better the mechanisms by 
which changes in the physical environment affect physiological 
processes, the manner in which genetic control over physio-
logical processes is exercised, and the means by which genomes 
can be modified to produce cultivars which can be successful 
in modified environments. 

And for ecological sustainability, it will also be necessary to 
understand better the mechanisms by which changes in the 
physical environment affect the interactions between species 
and determine the range and limits of species distribution. 

There is a wealth of genetic material in the world's biodi-
versity to draw upon in modifying the genomes of existing and 
future cultivars to provide a basis for better adapted cultivars and 
sustainable agricultural ecosystems in climates and on soils at 
present rega.tded as unsuitable for agriculture. There is also the 
prospect of modifying the genomes of native species with a 
view to ameliorating the effects of fragmentation and degraded 
habitats on gene pool erosion. 

Can the plant science community meet these challenges? 
There is clearly much to be done and much to be learned, but 
already there have been substantial achievements. Among these 
are the success stories in nutrititional physiology associated 
with the discovery of trace elements. Research into salinity 
tolerance and the development of forest and crop cultivars 
which can tolerate saline substrates has shown the potential 
for addressing what were thought to be intractable environ-
mental conditions. 

There also continue to be major advances in the port-
ability and accuracy of instruments used for physiological 
research so that experiments and observations previously 
restricted to laboratories can now be conducted directly in 
the field. This is enriching the whole field of ecophysiology 
and is opening the way for physiological information to be 
applied more directly to agricultural and ecological problems. 

On the other hand, major challenges remain. Much 
remains to be learned about morphogenesis and the effect of 
watet and heat stress and enhanced C02 levels on plant growth 
and development.The conttol offtoral initiation remains elusive 
yet has enormous consequences for the development of cul-
tivars with different times to maturity. Such developments 
would open the possibility of multiple cropping in favourable 
environments with obvious implications for yield improvement. 

Stomata! function is a vital factor in mediating the response 
of plants to water stress and to high C02 environments and 
offering scope for enhanced water use efficiency.Yet our pre-
sent understanding of stomata! function is not adequate to 
explore the possibilities of utilising genetic variation as a tool 
in modifying the stomata! characteristics of cultivars. Even our 
understanding of the effect of environmental factors on photo-
synthe~s and respiration, probably the most studied and best 
underscood of all physiological processes, requires strengthening. 

This book will be of particular value to students, and to the 
plant science community generally, because gene-environment 
interaction is a pervasive theme and it gives special emphasis 
to plant responses to environmental conditions and to stress 
environments generally. Its Australasian roots will ensure thac 
it is relevant not just to the problems of developed countries 
but also to those of developing countries. 



A plant science manifesto 

John Passioura 
CSIRO, DIVISION OF PLANT INDUSTRY, CANBERRA 
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Soil-plant-atmosphere 

Plants are wet inside, and with rare exceptions will die if they 
do not remain so. But this is not to say that their outside sur-
faces are necessarily wet. On the contrary, they are usually dry 
to your touch. If a drop of water is placed on a leaf it will usu-
ally sit there, precariously, roughly in the form of a hemi-
sphere, because the leaf surface is hydrophobic. It is essential 
that the surface be hydrophobic and poorly penneable to 
water, for a free water surface can lose water at rates approach-
ing 1 nun per hour on a hot day.An unprotected leaf would 
lose its entire water content within a few minutes at these 
rates of evaporation unless it had a prodigious ability to replace 
the lost water. 

Plants originated in the sea and there faced little risk of 
drying out. They could not grow on land until they had 
evolved facilities both to control and to make good the eva-
porative losses from their leaves. Control is achieved partly by 
means of a cuticle, a poorly permeable layer that covers pho-
tosynthetic surfaces of plants, and partly by means of the 
stomata, variable pores in these surfaces, which latgely prevent 

• • 
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evaporation when shut and allow C02 assimilation to proceed 
rapidly when open. Evaporative losses from leaves are made 
good by roots, which can extract water from the soil, some-
times, if necessary. from very great depths, and by the vascular 
system, which contains conduits that carry the water from 
roots to transpiring leaves. 

This book, Plants in Action, has much to say about leaves 
and their stomata, roots and vascular system, but it is worth-
while trying to imagine what other paths evolution might have 
taken in enabling plants to grow on land. Development of 
roots and a vascular system seems unavoidable, at least in high-
er plants, whose internal milieu must be much more strongly 
buffered against environmental changes than that of, say, lichens, 
or resurrection plants, those oddities that can dehydrate com-
pletely without losing the integrity of their cells and which 
can respond to rewatering so rapidly that they can be photo-
synthesising again within hours. But what of stomata? Why 
have them at all? Do plants really need to ttanspire?This ques-
tion has several aspects to it, some of which have vexed plant 
physiologists for a long time. One aspect is this: plants grow 
by assimilating C02 from the air and fixing it in organic fonn 
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with the help of sunlight, that is, they photosynthesise. 
Evolution has not (yet?) provided them with a membrane that 
is permeable to C02 but impenneable to water vapour; there-
fore the outer covering of the leaves, which must be largdy 
impermeable to water vapour, must have valves to let C02 in. 
Transpiration is an unavoidable accompaniment of the uptake 
of C02• Unavoidable if plants are to photosynthesise rapidly 
and thus keep up with their neighbours in the evolutionary 
stakes. However, there is one species, Stylites andicola, that has 
taken an alternative route. This plant has no stomata. C02 is 
taken up by its roots and is transported to leaves through con-
tinuous air passages in its roots and stems. This species grows 
in the Peruvian desert on an average 3IlJlual rainfall of30 mm 
with an interval between rains that often lasts for years. As 
might be expected, it grows very slowly, even when conditions 
are good (Keeley, Osmond and Raven 1984). 

The point of this preamble is that active cells must be well 
hydrated and that evolution has produced various structures 
that enable higher plants to keep their cells wet enough to 
function - to divide, to grow, to photosynthesise, to transport, 
to respire, to excrete, to defend, to conununicate - even 
though most of these cells are in the shoots of the plants and 
so are not only remote from their supply of water, but are also 
exposed to a very drying environment. 

Concepts in plant science: an 
example from physics 

This book uses many di££erent conceptual frameworb for dis-
cussing how plants work. The reason for using many fI2J11e-
works derives from the way that our minds apprehend the 
complex world around us by dividing it into a hierarchy of 
conceptual layers, each one nested within the one above like 
Matruschka dolls (consider, for example: subatomic particles, 
atoms, molecules, grains, brich, walls, buildings, cities). Each of 
these conceptual layers has its own terms, ideas and principles, 
and much of what we call 'understanding' involves translating 
the terms and ideas of one layer into those of the adjacent lay-
ers. We can pour some concrete into this rather abstract 
mould by taking as an example the relationship between the 
ideal gas laws and the kinetic theory of gases. 

The pressure, P, volume, V, absolute temperature, T, and 
number of moles, n, of an enclosed ideal gas are related thus: 
PV = nRT, where R is the universal gas constant. This rela-
tionship is useful in that it helps explain many everyday phe-

nomena such as the behaviour of a bicycle pump and the 
leavening of baked bread. Moreover, this law can itself be 
explained, and the simplest vehicle for doing so is the kinetic 
theory of gases: we imagine that the gas consists of myriad 
molecules (n x Avogadro's Number), each of given mass but 
of negligible volume, moving randomly in an enclosed space, 
each with its own velocity which is changed only by perfect-
ly elastic collisions with other molecules or with the enclos-
ing wall. 

The interesting thing about these two descriptions of a 
gas, one phenomenological and the other particulate, is that 
they appear, at first sight, to have little connection with each 
other. The ideas of volume and number are common to both 
descriptions, but not those of pressure, temperature and veloc-
ity. A molecule does not have a pressure or a temperature, and 
PV = nRT does not embrace velocity. The two descriptions are 
examples of different conceptual layers, and each has terms 
and ideas that are peculiar to it. Yet the two layers are con-
nected and the apparently disparate terms are related. The 
connection comes by considering the average properties of a 
large number of molecules because Pis proportional to T and 
both are in turn proportional to the mean square velocity of 
the molecules. 

This example of a connection between conceptual layers 
comes fiom classical physics, but note that the phenomeno-
logical discovery (gas laws) was made long before the par-
ticulate explanation (kinetic theory) was available. Indeed, this 
sequence is universal in any scientific exploration of natural 
hierarchically organised systems and the subsystems that com-
prise them. In effect, we need to know collective behaviour 
(e.g. PV = nR1) before we can ask pertinent questions about 
the parts (e.g. how can we be.st summarise the behaviour of a 
legion of elastically colliding molecules). The reason that we 
first need to appreciate integral behaviour of the whole sys-
tem is that the problem of swnmarising the behaviour of the 
parts is underspecified. We need to specify at least two con-
straints when considering the general kinetic behaviour of gas 
molecules before we can derive the gas laws, namely, (1) there 
is a fixed number of molecules, and (2) they are enclosed 
within a bounding wall. The kinetic theory applies as well to 
the earth's atmosphere as it does to an enclosed gas, but then 
we need to consider di££erent constraints. We replace the con-
straint of an enclosed space with that of an infinite space 
bounded internally by the earth's surface, and subject to a 
gravitational field. History has shown that in practice we do 
not become aware of the extta information we need, that is, 
the constraints on the behaviour of a subsystem (e.g. a molecule 



or a cell) until we have considered the behaviour of the system 
as a whole (e.g. a gas or a tissue). This is a crucial principle that 
highlights the importance of exploring plant behaviour at all 
levels of organisation. Only by articulating connections be-
tween all the layers can we hope to have a comprehensive 
understanding of how plants work. 

Functional analysis of plants 

What then are the conceptual layers into which we divide plant 
science? To some extent these are arbitrary, but are common-
ly as follows: conununity. whole plant, organ, tissue, cell, 
organelle, membrane, molecule (polymer, monomer, gene) 
(some of which are shown in Figure 1.2). These layers are 
essentially structural, but implied in them are processes occur-
ring at a range of time scales, from geological, for evolutionary 
processes such as those that led to the facilities that are essen-
tial for plants to grow on land, through hours for cell division, 
to microseconds for conversion of radiant energy to chemical 
energy within chloroplasts. 

In discussing how plants work it is useful to invoke the 
concept of function. This concept most clearly distinguishes 
biology from physics and chemistry, although 'function' is held 
to be indecorous by many biologists, for they see it as imbu-
ing evolution with a sense of purpose that they deny exists. 
Whether or not evolution has a purpose is a philosophical 
question that is beyond the concern of this book, but there is 
no great difficulty with the concept of function in normal 
biological usage. It is simply a way of recognising that unlike 
simple physico-chemical systems that can be adequately stud-
ied using a linear train of thought, biological systems, when 
viewed at a long enough time scale, are recursive, as illustrat-
ed by the loop in Figure I.3. If the loop was not complete, the 
structures that comprise it would not exist. Clockwise flow 
around the loop represents analysis at progressively finer lev-
els in the manner of physics and chemistry, but the loop is 
open for clockwise flow, and stops at 'Gene (frequency)'. 
Anticlockwise .flow represents a process-based explanation of 
integral functions, and in terms of biological events is essen-
tial for closing this loop by producing the next generation. 
Functional explanations are ideas about the influence of given 
structures or processes on the ability of a plant to transmit its 
genes into the next generation. 

Debates often occur between proponents of process and 
integrative explanations, and are generally specious. To under-
stand biological phenomena thoroughly, and apply basic prin-
ciples to commonplace situations, we need to analyse in the 
reductionist sense (clockwise in Figure 1.3), as well as extra-
polate from component processes in an integrative sense 
(anticlockwise in Figure 1.3). 

Accordingly, Plants in Action has adopted genotype x en-
virorunent interactions as a funchmental theme for processes 

and adaptation in higher plants which leads to integrative 
explanations: processes in the sense that physiologists attempt 
to define the genetically detennined workings of plants th.at 
have fitted them to a given niche in nature; adaptation in the 
sense that ever-changing enviromnental conditions impose an 
unrelenting selection pressure for genotypes with traits better 
suited to new conditions. A thorough knowledge of such 
processes can then underpin explanations of adaptation in 
nature and performance in cultivation. 

Further reading 

Passioun,J.B. (1979). 'Accountability, philosophy and plant physi-
ology',. Searcli, 10, 347-350. 
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Fl~ 1.3 A redactlonlSt approach In plant sdence geoentes new knowl-
edge at progreolwly liner levels of organ1'adcm. This sequence is shown hen 
by progress In a clockwise direction from community via eomponeot pans 
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A southern hemisphere view of nature 

Don Adamson 
SCHOOL OF BIOLOGICAL SCIENCES, MACQUARIE UNIVERSITY, SYDNEY 

Geology 

The supercontinents of Gondwanaland and Laurasia began to 
disaggregate about 160 million years ago. Prior to this time, 
the southern hemisphere land masses and India were connect-
ed into a supercontinent, Gondwanaland. North America, 
Europe and much of Asia fonned Laurasia. Gondwanaland 
was a southern hemisphere land mass. South Africa, 
Madagascar, India, South America, New Caledonia, New 
Zealand,Australia and various other fiagments broke away and 
drifted northwards, leaving Antarctica behind. Australia and 
South America were the last major land masses to separate 
from Antarctica, Australia beginning slowly about 90 to 100 
million years ago and establishing a deep ocean passage some 
30 to 40 million years ago. Opening of the Drake Passage 
between South America and Anwctica completed an ocean 
COIUlection around Antarctica, allowing development of cir-
cumglobal cold currents in the Southern Ocean and the ther-
mal isolation of Antarctica from wann tropical water and air. 

Plant life 

le populadon of 
llmtlo nct&llu) in • 
n northw.sc of Sydney. 

Discovery of thNe large 1ree1 (35 m 
high, 1 m diameter) In August t 994 
callM!d great excitement because this 
tpeciea had been considered extinct for 
t.50 million years. Their conciaued exis-
tence was anrib11ted to a habitat which 
ofJ'eud protection &om fires common 
on plateaux in that region. 'Pine' ia 
tomething of• misnomer; they are tax-
onomic.ily clos~r to species of A11nrcorl• 
than to true pines (geaut J>in111) 
(Origirul/ p"9togtttph hy )•imt Pl•z:a. ttnd s•pplieil 
tollrtay &}'<'I Botonic G•rdtnl Sydnq) 

Before this cooling there w.tS a continuity of vegetation which 
only became fiagmented as the fi:agments of Gondwanaland 
broke away from Antarctica. Angiosperms were already estab-
lished worldwide as a major successful group of plants. The 
climate was warm, moist and conducive to plant growth even 
at high latitudes where availability of light in winter would 
have been no more of a problem than in the Arctic today. Forests 
were widespread, diverse and dominated by gymnospenns 
and angiosperms (presumably deciduous). As a result of the 
break up of Gondw.maland entire p1ant communities, containing 
representatives of the major types of plants now alive, were 
carried northwards. This inheritance can be seen today in 
many of the pbnts of southern hemisphere lands and is well 
illustrated by the distribution of major plant families such as 
the Proteaceae (banksias, grevilleas, waratahs) and Myrt3ceae 
(eucalypts, botdebrushes, ti-trees, lillipillis). Despite subsequent 
colonisation by long-distance dispersal of propagules and/ or 



merger with northern lands (South America with North 
America, Africa with Europe, India and Australia with Asia), 
the floras of the continents and islands of the southern hemi-
sphere remain more closely related to each other than they are 
to northern hemisphere floras derived from fragments of 
Laurasia. 

As Australia accelerated northwards from Antarctica about 
40 million years ago it moved into warmer climatic zones. Cool 
temperate forests, abundant over most of Australia, became 
confined to wetter areas. The vegetation as a whole became 
more open and in places heathlike. 

Until about 15 million years ago one of the most abundant 
and widely disttibuted angiospenns in Australia was Nothofagus 
(southern beech). Evidence from a site in the Lachlan region 
of central New South Wales indicates that the decline in 
abundance ofNothofagus was accompanied by a corresponding 
increase in pollen from eucalypts and other mainly rainforest 
species from the S3ffie family (Myrtaceae). Somewhere between 
15 and 8 million years ago the amount of charcoal relative to 
pollen at the same site also increased. Most likely. communities 
of eucalypts and related genera were subject to more frequent 
burning than the Nothofagus-dominated forests that preceded 
them. Similar evidence from pollen profiles from Lake George 
near Canberra reveals an abrupt change from a mixed forest 
of Nothofagus and gymnospenns to an open shrubland with 
grasses and daisies about three million years ago. 

From the Gondwanan stock, and by evolution of new life 
forms, plants adapted to match emerging conditions of low 
and unpredictable water supply. strong sunlight, higher tem-
peratures and :frequent burning. The new combinations of 
environmental conditions produced the vegetation types which 
now dominate the Australian continent. Genes for many of the 
adaptive attributes were presumably already present, scattered 
through the Gondwanan flora as a consequence of prior 
exposure of ancestral stock to envirorunental stress associated 
with life on land. 

During its drift northwards Australia was subject to only 
relatively minor geological disturbance although some volcanic 
activity occurred on the eastern side of Australia and large 
parts were inundated by shallow seas which for long times 
isolated southwestern Australia from eastern Australia. Such 
isolation aided evolution of a remarkably rich endemic flora 
in southwestern Western Australia. The sea retreated, and 
limestone soils may have sustained the isolation; developing 
aridity certainly did so. 

By contrast, New Zealand after its separation from Antuctica 
and Australia some 60 million years ago has had a tumultuous 

history of geological disruption involving partial or possibly 
complete inundation by the sea, severe volcanic activity and 
glaciation. New Zealand vegetation, like that of Australia and 
other southern continents, also changed in response to climat-
ic change and environmental stress. As New Zealand broke 
away and moved north conifers became less abundant and a 
mixed evergreen angiosperm and gymnosperm flora devel-
oped.A change from Nothofagus-dominated rainforest to drier 
vegetation occurred in the Miocene around about the same 
time as there was clear evidence of drying in Australia. Today, 
conifers are again abundant in rainforest conununities and the 
climate is wetter due to New Zealand's present location across 
the path of moist oceanic winds. 

Biogeography 

Because of global position and stable geological history,Awtralia 
is dry and intensly weathered. In addition, large areas are covered 
by sedimentary rocks whose minerals have already been through 
at least one cycle of weathering. There has also been negligi-
ble glacial activity to grind rock and expose unweathered min-
erals. As a result, most of Australia offers plants with a poor 
supply of both water and nutrients. Moreover, plant commu-
nities are also subject to burning by fires ignited by electrical 
storms. 

In exploring the question of adaptation of plants to aridi-
ty, fire and mineral deficiency. note that only two genera 
(Eucalyptus and Acacia) dominate the top stratum of vegetation 
over three quaners of Australia. Eucalypts occur in open 
forests and woodland.Acacias occur in nearly all plant forma-
tions but are particularly prominent in semi-arid and arid 
regions. Both genera are obviously very well adapted to pre-
sent-day conditions; both are of ancient Australian origin; 
both are sclerophyllous (i.e. have leathery/rigid leaves); both 
could be described as scleromorphic (extremely woody). The 
same could be said of many other typically Australian plan~. 

Water shortage is such an obvious limitation to plant growth 
in Australia that it is easy to conclude that specialised plant 
structures and behaviours are adaptations to conserving water 
or surviving under water stress. Scleromorphy in the Australian 
flora can be interpreted as an adaptive response to an increase 
in aridity and/or low nutrient supply. 

Scleromorphy is also important for fire ecology. 
Scleromorphic vegetation provides a mass of dry woody fuel 
that is very slow to decay. Decay oflignin by microorganisms 
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occurs much more slowly than decay of most other plant 
products. Consequently lignin-rich plant litter (dead leaves, 
branches, fruit and bark) accumulates faster than it decays. Fire 
therefore becomes inevitable and increasingly severe as litter 
accumulates. Many plants, such as eucalypts, paperbarks, ti-
trees and boronias, also accumulate large amounts of volatile 
flammable oils in their leaves. During hot fires the canopy 
produces an explosive mixture of vapourised oil. Scleromorphic 
vegetation promotes its own burning. Consequently only 
plant species that have developed characteristics that allow 
their individuals or their seeds to survive fire will survive. Not 
only does scleromorphic vegetation promote fire, but some 
species are so coupled to a fire-prone environment that they 
would probably become extinct without periodic burning. 

Charcoal in ancient sediments implies that fire has been a 
feature of the Australian landscape for a very long time. 
However, the fire regime of the whole continent must have 
begun to change when humans first occupied Australia at least 
50 to 60 thousand years ago. Fire was used for purposes of 
hunting, safety and access ro the countryside. Fire is a fiequent 
event across all woodlands, shrublands and grasslands of 
Australia and all plants beyond rainforests are adapted to cope. 
Replacement of the leafy canopy after fire by sprouting of 
donnant buds is one of the main adaptations which allow 
well-insulated plants to survive in a fire-prone environment. 

The history of Australian vegetation since the break up of 
Gondwanaland provides some insight into the magnitude of 
the changes that have occurred in relative isolation from the 
rest of the world and the nature of the selection pressures that 
have operated. On a time scale of millions of years, cool tem-
perate forests that covered much of the continent when it was 
60°$ were replaced by open forest, woodland, shrubland and 
grassland. Those communities were better suited to the 
warmer and drier conditions of its present location. 

Human impact 

In stark contrast to geological events, and on a time scale of 
only decades since European settlement, 70% of Australia has 
been turned over to agriculture and forestry.Almost all poten-
tially productive and marginal farming and grazing land has 
been cleared. Soil degradation, including wind and water ero-
sion, acidification and salinisation have become severe nation-
al problems. Large numbers of pest species, both plant and 
animal, have emerged from the huge numbers of newly intro-
duced organisms while many indigenous plants and animals are 
extinct or endangered. Much of the Australian landscape is 
not sustainably productive, having been exploited for up to 
200 years. Such 'mining' of vegetation and soil continues 
unabated despite wide recognition of precious 'captial' that is 
irretrievably lost in the process. 

New Zealand faces its own set of severe problems includ-
ing plant and animal extinctions, rapid spread and dominance 
of pest species ranging from European gorse to Australian 
brush-tailed possums which, by sdective browsing, are threat-
ening extinction of some native plant species. New Zealand 
has been severely over-cleared of native vegetation even on 
marginally productive land. Steep slopes have been desta-
bilised and some types of vegetation have been lost. 

Southern hemisphere plants are worth preserving as a her-
itage fiom the distant past, as vegetation for the future, and for 
numerous practical present-day purposes ranging fiom ero-
sion control to sources of useful chemicals. In Australia· and 
New Zealand substantial areas have been set aside for the pro-
tection of vegetation but in both countries some types have 
disappeared entirely and others are unrepresented in the 
reserves. However, compared to many countries which have 
much less of their original vegetation to conserve, Australia 
and New Zealand are well off. 

The basic tenet of Plants in Action is that every facet of a 
plant's existence is an outcome of genotype X environmental 
interactions. In present times as distinct from geologic past, 
humans must now be included as a significant environmental 
factor for that interaction. 
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Origins 

When European settlement came to Australia late in the 
eighthteenth century, it was the only continent without any 
agriculture and lacking indigenous crop plants. The Aboriginal 
hunters and gatherers knew well which plants could be gathered 
for food, fibre or medicine, and when and where. They also 
practised some agronomic lll2nagement such as broadcasting 
millet seed, replanting yam tubers or burning off yam or 
m.acrozami.a tops. However, when the first fleet anived in 
early 1788, they brought a variety of plants, fruits and seeds 
either fi:om Britain or acquired in Rio or Capetown along the 
way. A few acres of barley were sown near the site of the 
Botanical Gardens soon after arrival but they gave a pitiful 
crop barely returning the amount of seed sown. The next 
attempts to grow wheat, barley and other cereals were shifted 
to better soil at Parramatta. Even there, returns were poor. 
Governor Phillip saw the problem as lack of agricultur.tl 

Figure I .S A. pnctical corue-
qumce oC eady .llowerhlr;. 
Seleclion ofWem:r.n Austtalian 
whnt Yarialiea for higher yield 
over I.be put century has bl!m 
hJgbly IDCCNd'ul, and usod•ted 
with a reducdon In th..rmal rime 
(la degree-day, "C d) to che finr 
11:age of the dowering proc:e.ss 
(R.drnUlff/rrm1 Ritltmrls 1991) 

expertise among the convictS: 'If fifty farmers were sent out 
... they would do more in one year in rendering this colony 
independent of the mother country ... than a thousand con-
victs'. However, the low yields persisted even after the farm-
ers arrived in 1793, and a botanist in 1800.The real need was 
adaptation by introduced crops to Australian environments. 

In New Zeahnd the initial problems were less severe, part-
ly because the Maori lud already introduced and cultiwted sev-
er.al crops and because the soils were more fertile and the cli-
mate more suited, at least in some areas, to European crops 
and pastures. The Canterbury Plains were more readily con-
verted to agriculture, and British grasses such as cocksfoot 
(Daaylis glomerata), timothy (Phleum pratense), perennial rye-
grass (Lolium perenne) as well as white and red clovers 
(Trifolium repens and T. pratense) flourished widely. Their adap-
tation has of course improved since then by regional selec-
tion, but some English cereal wrieties were still in use in the 
1930s. 
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Plant introduction 

Not all domesticated plants from Europe required adaptation 
to Australian conditions. Blackberry (Rubus ftuticosus) spread 
quickly in Victoria (with some help from Baron von Mueller) 
while Lantana camara (possibly introduced by Phillip) soon be-
came a nuisance in warmer areas. Many serious weecli were 
introduced unwittingly such as Bathurst and Noogoora burrs 
(Xanthium spinosum and X. pungens) as were several useful grass-
es, clovers andTownsville stylo (Stylosanthes humilis). Given the 
ready adaptation of these and many other introduced plants to 
Australian conditions, why were there problems with many of 
the temperate cereals and seed legumes? 

Crop adaptation 

By and large, temperate cereals and seed legumes grew well 
enough. One farmer wrote ofhis crop:'On the 21st of October 
(1803) a more beautiful appearance of a successful harvest never 
flattered the expectations of a farmer ... ' But in the end the 
crop was not worth reaping. In this case the cause was rust, 
but as often it was water stress. Even when autumn sown, the 
predominantly British varieties tended to ftower too late, with 
the result that seed development occurred in the hottest and 
driest months. Governor Phillip's first sowings of wheat in 
May 1789 were harvested in December, and his barley sown 
in August was harvested in January. Had Australia been 
colonised by a Mediterranean country, with Mediterranean 
cereals and legumes, the problems of crop adaptation would 
have been less acute. 

Nevertheless, early Australian agriculturists persisted with 
English varieties of wheat that normally ripened in late July, 
and coinciding with harvest festival in Britain; varieties which, 
as Farrer said, 'yielded more of disappoinbnent than of profit. 
Too late in ripening for our climate, their ears are blasted and 
their grain pinched by the hot winds of our summers.' 

From the 1860s to the 1890s the most widely grown wheat 
variety was Purple Straw. Previously thought to be a selection 
from an English variety, Wrigley and Rathjen have now shown 
it to have been selected from a Tuscan wheat sent from Italy 
to Scotland and thence to a South Australian Canner. Similarly, 
the varieties which replaced Purple Straw in the 1890s derived 
from farmers' selections in South Australia from non-English 
varieties. Ward selected rust-free plants from a South African 
variety to give 'Ward's Prolific', from which another grower 
selected the earlier-Bowering'Gluyas Early'.At about the same 

time Steinweidel selected tall, early-maturing off-types of an 
American variety to establish the wheat bearing his name. 

Cereal breeding 

Although A.B. Robin of South Australia began wheat hybrid-
isation in Australia, it was the purposeful and comprehensive 
croWrig progtam begun in 1889 by William F3ITCr ofLambrigg, 
now ahnost enclosed by the expansion of Canberra, that trans-
fonned crop adaptation in Australia. 

The two crucial elements in Farrer's success were his 
explicit formulation of his goals as a plant breeder, and the 
international scope of the wheat varieties used in his breed-
ing program. The clarity and comprehensiveness of his objec-
tives were sharpened in a scathing series of exchanges he had in 
1882 with two newspapers, The Queenslandcr and The 
Australasian. By the time he discussed them at the Australasian 
Association for the Adv.mcement of Science in 1898, they had 
become a well-honed list which included not only resistance 
to the various rust diseases and high baking quality but also 
such physiological features as earlier ripening, shorter, snonger 
straw, upright narrow leaves, reduced tillering and better grain 
retention. Farrer was also the first to draw on the wheat gene 
pools of the world to attain his aims. As the great Russian 
plant geographer, Nicolai Vavilov, acknowledged in referring 
to Farrer's breeding program in 1935: 'There is probably no 
region where intraspeciftc and interspecific hybridization of 
wheat has been so extensive as in Australia'. 

Well before Mendel's paper was rediscovered, Farrer had 
stated that he selected the combinations of characteristics he 
sought fiom 'the variable generation' (i.e. the first selfed gen-
eration from his initial crosses), particularly for 'that delicate 
and obscure but most important quality ... which we include 
in the inconvenient term of constitutional fitness for the 
locality'. Early ripening was a crucial component of such 
fitness, which Farrer derived from Indian varieties, and which 
helped his wheats to escape rust. Farrer suggested in 1898 that 
earlier ripening was also drought-escaping and 'might be the 
means of extending some of our cultural industries, and cer-
tainly that of wheat-growing, appreciably further inland', and 
that much could 'be done by means of artificial selection to 
expedite the work of acclimatization'. 

Indeed, wheat breeding since Farrer's time has continued 
many of the trends he initiated. Progressively earlier Bowering 
in more recent wheat varieties continues to be apparent in 
several states as illustrated for Western Australia in Figure 1.5 



(see Figure 5 in Richards 1991). In ttials at any one site there 
is often a sharp optimum 'time to ear emergence' in relation 
to yield, which has become shorter as plant breeding and crop 
management has improved. This optimum time is strongly 
influenced by seasonal incidence of drought and heat in each 
locality, but also by other factors such as frost injury. To date, 
much genetic manipulation has been empirical, involving the 
inherent earliness of varieties and their responses to vernalisation 
by low temperatures and to seasonal changes in daylength. 
These are 'the delicate and obscure' adaptive processes to 
which Farrer referred, and there is still much to be learned 
about their compensating interactions in the detennination of 
yield (Section 6.4). Moreover, as economic and agronomic 
conditions change, earlier trends in adaptation may even be 
reversed. For example, in breeding of feed wheats for higher 
rainfall zones, emphasis is being placed not only on red grains 
but also on later-flowering winter varieties with an English 
background of the kind rejected by Farrer. Crop adaptation is 
a continually shifting process. 

Temperate pastures 

This account of the early adaptation of wheat to the more 
Mediterranean and lower rainfall environments of southern 
Australia is illustrative of the adaptation of other crops and 
pasture plants in these regions. With a pasture grass such as 
Phalaris tuberosa, which probably entered Australia via the 
Toowoomba Botanical Gardens in 1884, and whose value was 
recognised after its escape from there, it was more than 60 years 
before expeditions to the Mediterranean region deliberately 
collected seeds over a range of altitudes and environments for 
the purpose of enlarging the gene pool for a breeding program 
for improved adaptation. 

With subterranean clover (Trifalium subte"anean), on the 
other hand, there were probably many unwitting introductions 
from the Mediterranean region in grass seed samples. This is 
implied by the great range of growth characteristics and flow-
ering times found among the many locally adapted varieties. 
Such variation was noted in subterranean clover after its value 
as a pasture plant and soil-fertility restorer was recognised by 
A.W Howard of Mount Barker. In wanner areas with short 
growing seasons, only very rapidly Bowering varieties could set 
seed and survive.At sites with longer growing seasons, the ear-
lier-flowering varieties were outcompeted by later-Bowering 
ones which grew larger and set more seed. In general, there-
fore, later flowering in a local variety was an adaptation to a 
longer growing season.As with wheat, early flowering in vari-
eties of subterranean clover such as Dwalganup is associated 
with inherent earliness (evident in an absence of chilling 
requirement and relative indifference to daylength). Late* 
flowering varieties such as Tallarook have a requirement for 
vemalisation and/or long days. ln this instance, natural selec-
tion had ensured a close adaptation of genotype to habitat 

which gave rise to the impressive range of local varieties in 
southern Australia. 

Rice 

Before we turn our attention northwards, two other examples 
of southern adaptation should be considered. Attempts to 
grow rice go back to at least 1869 in Queensland but yields 
remained low even after irrigation was introduced, particular-
ly because of severe weed problems. In the irrigated areas of 
New South Wales beginning around 1922 it was a different 
story. Short-grain varieties from California such as Caloro, and 
later their longer grain varieties such as Calrose, followed by 
varieties bred from them in Australia, proved well adapted and 
plantings expanded rapidly. In fact, the varieties and conditions 
- especially the clear, sunny days and cool nights - were so 
well matched that for many years Australia had both the high-
est national average rice yields and the world record crop 
yield for rice. 

Lupins 

The other example of southern adaptation comes fiom Western 
Australia where a naturalised species of lupin introduced as a 
forage plant from overseas (Lupinu.s cosentinii or digitatus) was 
domesticated by John Glarutones who selected lines with 
reduced pod shattering and earlier flowering. In this case the 
crop was well adapted to the local environment. Further 
selection will be required to extend the range of lupin crops 
to other regions of Australia and overseas. 

Sandplain lupin is not endemic to Australia, whereas wild 
relatives of rice, sorghum, cotton, soybean, tobacco, yams and 
other wanner climate crops are. Wild relatives pose problems 
for pest and disease control in crop species, but also offer a 
possibility of closer adaptation to Australian conditions if not 
to others. For example, Kanaka cane cutters partly domesticat-
ed a wild Australian yam, Dioscorca transversa, while in 
Queensland, in an effort to replace their own noble yams. 
When taken with them back to Melanesia on their return, the 
Australian species failed to form tubers and was rejected 
because it 'does not know the seasons'. 

Sugar cane 

Knowing the seasons, through their responses to daylength, is 
an important component of crop adaptation at low latitudes. 
Although sugar cane was brought to Australia by the First Fleet, 
it did not become established until reintroduced from Tahiti. 
about 30 years later. However, adaptation to North Queensland 
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conditions began in earnest at the end of the nineteenth cen-
rury when collecting expeditions to New Guinea brought 
back several Saccharum offidnarum clones which were used by 
the Queensland Acclimatisation Society, the Colonial Sugar 
Refining Company and, later, the Bureau of Sugar Experiment 
Stations in selection and breeding programs. Many locally 
adapted varieties were produced, more than 50 of which were 
being used in 1971, although a small number of widely adapt-
able varieties accounted for half of the sugar production. 

Cotton 

There are nine wild species of cotton (genus Gossypium) en-
demic to Australia, but this crop was not grown on a significant 
scale until the American Civil War, and became a major crop 
only when extensive irrigation areas became available. In the 
Murrumbidgee Irrigation Area the growing season proved to 
be too short and too cool for profitable production, and most 
Australian cotton is now grown in the NamoiValley.Although 
American varieties have yielded well in that area, better-
adapted Australian-bred varieties are now being grown to a 
greater extent. 

Soybean 

Soybean is another warmer zone summer-growing crop with 
many wild relatives in Australia, but was of only minor signifi-
cance in Australia until the 1970s.As with other irrigated crops, 
soybean varieties bred elsewhere can be highly productive 
when their responses to daylength and growing season are 
appropriate. Availability of varieties adapted to the southern 
areas of the USA was a key factor in the expansion of the soy-
bean crop in Australia. Even-later-maruring varieties are being 
bred for north Queensland conditions where local adaptation 
calls for greater sensitivity to daylength. 

Tropical pastures 

Just as different crops have been adapted to northern Australia, 
different pasture plants were also required which were beyond 
the adaptive range of British and Mediterranean grasses, 
clovers and medics. Indeed. the search for grasses and forage 
legumes suitable for cattle grazing in northern Australia was 
an unprecedented advenrure in acclimatisation. 

An unwitting introduction oITownsville stylo (Stylosanthes 
humilis) in 1904 showed the way. Stylo productivity in semi-
arid conditions induced N. Pollock (Queensland Deparnnent 
of Agriculture) to throw seed out of train windows wherever 
he travelled in the state. However, stylo competed poorly in 
many parts of Queensland, as did several other forage legumes 

adapted to wetter conditions, and in 1947 an expedition to 
four South American countries was organised by the CSIRO 
to collect grasses and legumes likely to adapt to northern 
Australian conditions. So well adapted did several of the leg-
umes brought back prove to be that the carrying capacity of 
Queensland pastures was transformed by their introduction. 

Understanding crop adaptation 

Although Governor Phillip, in 1789, had not recognised the 
need for the adaptation of crop and pasture plants to local 
conditions, various state acclimatisation societies (beginning 
in Victoria in 1861 and in New Zealand in 1864) sought to 
spread knowledge of acclimatisation and to understand the 
causes of the success or failure of introduced plants. So soon 
after the publication ofDaiwin's Origin of Species in 1859, they 
were often hampered by a belief in the fixity of species and in 
their perfect adaptation, as well as by ignorance of the crucial 
role of such processes as vernalisation and photoperiodism.Yet 
just as Farrer was an effective plant breeder before Mendel 
was rediscovered, so also could he select for earlier maturity 
without knowledge of the effects of daylength on Bowering. 
Nevertheless, such knowledge has greatly increased our power 
to screen plant introductions or breeding materials for particu-
lar environments, together with our continually improving 
knowledge of local soils and climates. Yet there is still a great 
deal to be learned about interactions between genes and envi-
rorunents, about physiological states such as inherent earliness 
of Bowering, about the factors determining local adaptation 
and, as importantly, about why some genotypes have much 
wider adaptability than others. Plant adaptation is still a rela-
tively dark continent on physiological maps. 
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Origins and domestication 

Worldwide, the genus Gossypium consists of over 40 species of 
perennial xerophytic shrubs (including domesticated cotton, 
G. hirsutum). They are frost-sensitive short-day plants found 
along banks and beds of dry streams.Though the genus is pan-
tropical, individual species have limited distribution and are of 
relic status with little genetic diversity, suggesting a declining 
genus. All species except two arc diploid. The diploid species 
are divided into five genomes, each of which is largdy confined 
to one continent.Ausmlia has a rich flora of wild species, some 
very rare, but none has contributed to commercial varieties so 
far. 

Cotton lint consists of seed hairs that collapse in cross-sec-
tion and fonn convoluted ribbons when mature allowing 
them to be spun into Y3rn. Apart from G. herbaceutn the other 
wild species have the stiff seed hairs that cannot be spun. Traits 
appropriate to spinning were selected after domestication and 
allowed cotton to be grown in temperate regions, together 
with selection for longer and finer fibre and heavier yield. 
Domestication did not involve loss of sensitivity to daylength 

Figure 1.6 Cono11 huve•t in 
propu at Nunbri, New South 
'Wales Guly t99S) 
(Orlginnl photogmph courtesy P.E. 
Kritdt111nm1) 

as a trigger for reproductive development. Moreover, adoption 
of an inherent aruiual habit was not required because termin-
ation of a cropping cycle can be imposed by withholding irri-
gation in combination with defoliation. 

Water Relations 

Cotton is grown in the Yemen in a way that offers invaluable 
insight into the ecology of cotton's wild ancestors, and helps 
explain the behaviour of modern crops. Erratic floods in the 
Yemen are impounded in order to store the water in their 
deep alluvial soil. Cotton is then grown entirely on this stored 
water. Such conditions are remarkably similar to the natural 
envirorunent of wild ancestors of cotton, and strikingly illus-
trated by the occurrence of an indigenous wild species as a 
weed in cultivated crops, both crop and weed utilising similar 
adaptive features. The root system explores the soil to the 
depth wetted, and an indeterminate shoot develops at a rate 
unaffected by the amount of stored water, until approximate-
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ly three-quarters is exhausted, whereupon morphological 
development and vegetative growth stop abruptly, and the 
crop matures fruit which have already set. Plant size and fruit 
number thus depend on the duration of development, which 
in term depends on how long it takes for the water to run 
out. 

This pattern of development is well adapted for survival in 
arid and semi-arid environments where the water supply from 
rainfall or floods is erratic and can vary greatly from one sea-
son to the next.An indeterminate habit allows plants to make 
full use of variable water supplies by growing large or small 
according to water supply. Cotton plants appear to recognise a 
signal indicating that soil water supply is running out. They 
then stop development, shed young fruit and mature fruit 
already set. Passioura ct al. (1993) have accumulated evidence 
from several sources that plants react to drying soil in response 
to signals from their roots. Contrasts between rainfed and irri-
gated cotton are variations of this basic pattern. In irrigated 
crops, a succession of drying cycles replaces a single prolonged 
cycle of rainfed crops. 

There appears to be another signal at the wet end of the 
range that triggers the rank growth syndrome. Most bolls are 
shed, unable to assert their priority for assimilates, while veg-
etative growth is excessive indicating no shortage of resources. 
This is presumably a latent response from wild progenitors to 
maximise vegetative growth and delay setting fruit when con-
ditions warrant. Both signals are keys to managing cotton 
crops. 

Analysis of yield 

Yield response to growing conditions is associated mainly 
with variation in the number of mature fruit produced. Two 
distinctive features of the plant appear to be involved: an in-
determinate habit and a propensity to shed fruit under stress. 
As a consequence of an indeterminate habit, plants produce 
flower buds in a regular and orderly way. Rate of flower bud 
production is predictable, but duration is not. Production of 
mature bolls then tracks along behind bud production but rate 
of boll production is not predictable due to variable shedding. 

As a student I had been taught that it was not enough to 
simply apply treatments and measure yield. Yield components 
should be measured and 'developmental studies' done during 
the season. This mainly consisted of counting things like 
branches and fruit and Bowers buds. I accumulated a lot of 
data and they did not help explain yield. 

Then I discovered crop physiology! I read Watson (1952) 
whose aim was 'to analyse yield in terms of antecedent growth' 
because 'this was the kind of knowledge that can be put to 
practical use in crop husbandry'. Here is science rolling up its 
sleeves! I was also strongly influenced by Hugh Bunting (1958) 
who introduced crop physiology as a subject at my Ahna 
Mater in the decade after I was a student. Watson dismissed 
'developmental studies' and argued that it was 'more logical to 
base an analysis of yield on weight changes that occur during 
growth than changes in morphological character'. I readily 
agreed - and did crop physiology on cotton, analysing increase 
in dry mass in terms of the size and efficiency of the energy 
capture system, in other wonts, the crop canopy. I was confident 
I would soon understand yield in cotton. When Professor 
Donald challenged us to use physiological criteria in crop 
breeding instead of pure empiricism, I wrote with misplaced 
confidence to assure him that for cotton it would soon be 
done! I was wrong. I accumulated a lot more data and not 
much more understanding. 

Although Balls' cotton research was seminal in the history 
of crop physiology (he coined the name), and alth~ugh oth-
ers followed in his footsteps (reviewed by Watson 1952, Evans 
1975 and Wilson 1992), we seemed to have lost our way. 
Looking back, I can see two distinct Jines of investigation: (1) 
study of development and (2) analysis of dry mass increase. I 
call the study of development 'a numbers game', as opposed 
to 'weight watching'. Their respective proponents rarely made 
contact! 

There are two reasons for a preference for weight watching 
in crop physiology. First, weight watching tends to emphasise 
similarities between species and allow generalisation, whereas 
study of development tends to accentuate differences. Second, 
weight watching carries an implicit assumption that because 
the major part of yield consists of products from photo-
synthesis, then a study of photosynthesis would inevitably lead 
to an understanding of how yield is determined. This is not 
necessarily so. 

After noting voluminous studies on growth of cotton over 
the previous 60 years, Stern (1965) commented 'In spite of the 
large amount of infonnation available, there is little from which 
general principles may be deduced to predict the behaviour 
of the cotton crop in a new region', or indeed in any region. 
The more we knew, the less we understood. 

On those rare occasions when weight watchers had played 
the numbers game, that is, when development and growth 
were studied together, research outcomes were fntitful. Mason 
(1922) postulated that a cotton plant retained as many fruit as 
it could supply with nutrients (mineral and assimilates). This 



has become known as the Nutritional Theory of Shedding 
and has taken a fair battering over the years, particularly at the 
hands of honnone physiology. Nevertheless, this theory has 
survived virtually unscathed and is fundamental to under-
standing the dynamics of fruiting, and is incorporated in all 
cotton simulation models. 

Cotton in Australia 

Cotton had been grown in Australia experimentally fiom time 
to time in the first half of the nineteenth century, but it took 
reverberating events in the USA to induce large-scale pro-
duction in Australia. A world shortage of cotton during the 
American Civil War and later depredations of the boll weevil, 
exacerbated by shortage of foreign exchange after World War 
I, stimulated production of rainfed cotton in Queeruland. 
Additionally, in the early 1960s restrictive US Farms Bills per-
suaded Californian growers to bring their methods of inten-
sive irrigated production to Awtralia. So began the modern 
Australian industry. Over the next 30 years the industry 
expanded dramatically and in the course of 15 years Australia 
swung from being an importer of cotton to being the world's 
fourth largest exporter. Cotton ranks thiid in Australia in value 
as an export crop. 

I came to the Ord Valley in 1970 in time to witness the 
ecological disaster when Heliothis armigera became resistant to 
DDT (genus subsequently renamed Helicoverpa). I was, and still 
remain, challenged by the similarity of environments in the 
Sudan Gezira and the OrdValley in terms ofboth climate and 
soil. I was impressed by Nonn Thomson's varietal work which 
showed that adaptation to the economic environment (intensive 
mechanised production) was more important than adaptation 
to the physical environment (soils and climate). Nevertheless 
production was abandoned on the Ord, but continues in the 
Gezira. I always thought research was abandoned premature-
ly; it was like cowardice in the face of enemy fire. Heliothis said 
'boo!', and we all ran away. It is a source of great satisfaction 
that cotton research has been resumed on the Ord with new 
technology and a lot of hard-won wisdom. Intensive cotton 
production in the tropics is a great challenge, being afBi.cted 
by an interaction between pests and rank growth and is rarely 
successful. Synthetic growth substances and transgenic varieties 
now offer hope of success. 

Narrabri introduced me to temperate production. Cotton 
thrives in the irrigated valleys between the 22nd and 32nd 
parallels in eastern Australia. The crop has brought much pros-
perity and wealth to those valleys, to their towns and to indi-
viduals who live there, and even to the nation as a w.hole. 
Such are the economic realities. But when we consider the 
ecological realities, cotton is a disruptive crop. Production on 
the vertisol plains is intensive, highly mechanised, with heavy 
inputs of nitrogen (up to 200 kg ha-1), inigation water (up to 
9 ML ha-1), and pesticide (one or two herbicide and 8 to 10 

insecticide sprays). Given such requirements, is cotton pro-
duction sustainable? 

Cotton management models 

Cotton was threatening to become an ecological pariah in the 
1970s. Heavy use of pesticides and irrigation water for cotton 
growing was of great concern. We needed a simulation model 
to explore options for pest and irrigation management at tac-
tical and strategic levels. At a tactical level we wanted to use 
fruit councs to evaluate the potential for pest damage during 
the season.At a strategic level we wanted to identify the 'best 
bet' strategy for using limited irrigation water supplies in the 
face of uncertain rainfall. We needed to extrapolate the results 
of our experiments in a few years and locations to any year 
and any location in the cotton growing regions. OZCOT 
evolved as a simulation model for management of cotton crops. 

I had tried first to build my own model. I realised I was 
trying to reinvent the wheel and used other people's models. 
I also rejected these as they needed too many inputs as well as 
local calibration.We eventually agreed with Conway (1977) that 
simulation models at that time were of little value in tactical 
pest and crop management (Hearn and Room 1979).We used 
a non-dynamic trajectory of yield development consisting of 
the number of fruit needed at any time in the season to 
achieve a specified yield by a specified date. Actual numbers 
were compared with the trajectory to determine how much 
pest damage could be tolerated. 

The fruit model SIRATAC pest-management system was 
then built in a succession of steps (Hearn and da Roza 1985); 

1. The number of counted fruit that would survive and 
contribute to harvest was estimated. The day-degree 
requirement for fruit development was used to build an 
age profde of the fruit counted. The proportion of 
young fruit shed was estimated as a function of the fruit 
load (the number of older fruit). 

2. Production of flower buds was estimated as an empirical 
function of the cumulative number of flower buds and 
the fruit load. The former provided positive feedback 
and the latter negative feedback. The form of the func-
tion took account of the geometry of the branching 
structure. 

3. The model crystallised round the concept of carrying 
capacity. which is the fruit load that reduces the rate of 
bud production and rate of fruit survival to zero. The 
concept implicitly incorporates the carbon economy of 
the crop; the ratio of fruit load to carrying capacity is a 
surrogate for the carbon demand:supply ratio for fruit. 

The result is a simulation model that is simple and elegant, and 
which captures the dynamics of cotton fruiting when water and 
nitrogen are not limiting. It saw more than 10 years service in 
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the SIRATAC pest-management system. 
We had asked 20 years earlier, 'Why does the crop close its 

doors, and why do some bolls drop out?' In this models we 
are saying, 'because the older bolls compete against other sinks 
for the limited assim.ibte supply, and are successful'. Twenty 
years previously we could not predict when the crop would 
stop producing flower buds and how many fruit would shed, 
or whether the crop would compensate for pest damage. Now 
we could. We had no more data than when these questions 
were asked. We had more relevant understanding. We did not 
need data on assimilate supply and demand. What we needed 
were concepts of competition among sinks for limited supply 
of assimilates, and the priority of the older fruit over other 
sinks including young fruit and buds generating more fruit. 

The OZCOT and hydroLOGIC models were developed 
from the SIRATAC fruit model by linking it to the rutchie 
(t 972) water balance model for use in situations where water 
and nitrogen are limiting. Ritchie's model had already been 
used with a stress-day yield function to analyse strategies with 
limited water supplies (Heam and Constable 1984) .A leaf area 
genel'2tor, a boll growth model and a rudimentary soil nitrogen 
model were added, and photosynthesis included explicitly. 
OZCOT and hydroLOGIC have been widdy used as 
management tools (Hearn 1994). 

A new model, CERCOT, has been built by linking 
OZCOT with the soil water and nitrogen models from the 
CERES family of models, in order to simulate soil and plant 
nitrogen dynamics more realistically. Light interception and 
conversion to dry matter are done in the way pioneered by 
Monteith and followed in CERES, and partition is linked to 
the fruiting dynamics. CERCOT is currently in the final stages 
of validation. 

Our modelling has thus gone a full circle. We started by 
turning our backs on simulation models and using a static 
model. A simple dynamic model was then built which has 
been made progressively more complex over the years. At no 
stage was it more complex than it needed to be to solve the 
problems being addressed. 

Concluding remarks 

Cotton is always fascinating and sometimes maligned., a crop 
that has shaped the history of many countries. Cotton is 
grown in a remarkable range of environments and economic 
circumstances from tropical to temperate, and from small-scale 
subsistennce holdings to large and intensive corporate fanns. 
Ther has been a dark side to cotton - slavery, colonial 
exploitation and alleged environmental vandalism. It is a crop 
that our media and environmentalists love to hate, a crop alleged 
to exhaust soil and require excessive amounts of insecticides 
and war.er; and yet this crop clothes humanity in natul'21 fibre! 

Ewqually for pbnt science, empiricism in cotton growing 

has given way to process-based models of growth and repro-
ductive development as an aid to management on a huge scale. 
Such application of basic principles fiom crop physiology takes 
on added significance for a species that natural selection honed 
as a perennial, but which farming practice now manages as an 
annual. Moreover, gene x environment interactions are still at 
work on Goossypium hirsutum, but this time human selection 
for inherent earliness with wide adaptability to photoperiod 
will help shape future genotypes. 

Further reading 

Passioura,J.B. (1996). 'Simulation models: science, snake oil, educa-
tion, or engineering?', Agronomy journal, 88, 690-694. 



Synopsis 

Paul Kriedemann 
VISITING FELLOW, RESEARCH SCHOOL OF, BIOLOGICAL SCIENCES, ANU 
{WESTON CAMPUS), CANBERRA 

'Adaptation in nature and performance in cultivation' now 
emerge as connected themes for Plants in Action. As demon-
strated here in Part I, successful adaptation in nature does not 
necessarily imply satisfactory performance in cultivation. This 
arises because selection in nature results in traits that do not 
coincide with the performance requirements of agriculture or 
other forms of intense cropping. Oveml rates of carbon 
acquisition and the scale of photoassirnilate partitioning into 
reproductive organs {harvest index) are often sacrifi~d in 
ruture in favour of devices for survival. This is especially evi-
dent over much of Ausml.ia where natural selection pressures 
commonly relate to environmental stresses, and native plants 
Juve evolved accordingly. Adaptation in our post-Gondwanan 
flora to drought, fire, nutrient stress and soil salinisation has 
attracted special attention by ecophysiologists. 

Aboriginal Australians made extensive use of these species 
over several millennia of occupation, and had long since come 
to terms with the vagaries and seasonal limitations of our 
endemic flora.Europeans were not so adjusted and their arrival 
provided an impetus for increased productivity of domesticated 
species. Initial efforts were based on poorly adapted exotic 

When we plant physiologists are asked ... to justify public sup-
port for our research, most of us would, I imagine, invoke its 
potential value to agriculture and horticulture ... scratch a 
plant physiologist as many a sceptical review committee has 
done, and you find an agronomist, plant breeder or horticul-
turist. 
IE"'"' t9n) 

crop plants in drought-prone and nutrient-poor soils. In effect, 
both genotype and envirorunental issues had to be addressed, 
but problems faced by early settlers were not articulated in 
those terms at that time. 

Early selection of genetic variants better adapted to local 
conditions was mercifully successful, but largely empirical. 
Explanation and extrapolation into new envirorunents had to 
wait for an emerging plant science to defme underlying process-
es and adaptive responses - processes in the sense of geneti-
cally determined workings of plants that enabled them to be 
fitted them to a given niche in nature, adaptive responses in the 
sense that requirements for successful growth and reproductive 
development had to fit the environmental cues of a given 
location. Daylength, temper.ature and moisture stress proved 
to be important driving variables in this respect. 

Development of plant science inAustnlia and New Zealand 
was shaped by issues of crop production, and a distinction in 
research philosophy gradually emerged between what might 
be termed process physiology and integrative plant science. 
Process physiology depends upon a reductionist approach to 
analysing the inner workings of plants at progressively finer 
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levels of organisation and contributes to our detailed 'under-
standing'. Such understanding finds application in both na.tur-
al and managed ecosystems via integrative research. 

Reductionists cotwnonly use well-defined test systems 
with inherent properties that suit their analysis of particuhr 
processes such as ion uptake, photosynthetic electron flow or 
induction offlowering.They usually work within an established 
conceptual framework or paradigm, and define questions in a 
w:ay that makes them amenable to test via experimentation 
with their test system. A well-defined system helps minimise 
ambiguity. Working paradigms do not remain fixed. Rather, 
they undergo often radical revision as new knowledge renders 
old paradigms unte112ble and a 'crisis' ensues (Kuhn 1970).A 
major revision of concepts pertaining to leaf gas exchange 

human and environmentil selection pressures. Those unre-
lenting pressures shape genotypes and thus adaptation of wild 
species in nature, as well as the perfonnance of domesticated 
plants in cultivation. 

Further reading 

Evans, L.T. (1983). 'Science and the suburban spirit', Searc1', 13, 
307-311 

during the 1970s is a case in point. Discovery of C.4 photo-
synthesis, definition of Rubisco function and an app~ 
of photorespiration proved to be so highly congruent that a ! 

new pandigm emerged for ~ exchange. 
c · 

Jf-
Whereas reductionist research implies an analysis of com-

ponent parts at increasing levels of detail, integrative research 
implies a synthesis of interacting components to produce a 
model of plant function. Crop management models are built 
in this way, and cotton fanning already depends closely on 
models used for decision-support systems. In that case, eariy 
attempts to account for variation in growth and reproductive 
development between seasons or across dllferent locations 
were based on observation and inference. The resulting models 
'worked', but were largely empirical and lacked a useful con-
ceptual framework of component processes; they were of lit-
tle use outside the reference frame within which they had 
been constructed. Current cotton models are process based, 
drawing upon an extensive knowledge of growth and develop-
mental response to environmental inputs, especially water. As 
a result they are more generic and of wider predictive value. 

A similar rationale applies to application of basic concepts 
in explaining adaptive features of any plant and, from that 
knowledge, predicting perfonnance under defined conditions. 
Plantation forests are a case in point where likely scenarios of 
tree growth as a function of site quality need to be explored 
well ahead of investment decisions. Such analyses necessitate 
validated models which in turn draw upon comprehensive 
data sets of genotype x environment intenctions on the phys-
iology of particular tree species (e.g. see Battaglia and Sands 
(1997) for EUltllyptus globufus). 

As an aside, when simulation models in agriculture, horti-
culture or forcsty are used to apply outcomes from process 
physiology to real-world situations, significant gaps in basic 
understanding become apparent and can in.Buence direction 
of future forest research. In this way, related streams of reduc-
tionist and integrative research also become interactive. 

By analogy, Plants in Action seeks to engender such a two-
vny flow of information on all levels of otg:misation in vascu-
lar plants. Those levels stretch from gene expression during 
growth and reproductive development of individual plants to 
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Part II Contents 



1 Light use and leaf gas exchange 

.. .leaves seem also designed for many other nobl.: and '.B 
important serv:ices, plants very probably drawing rhro' their 
leaves some p:m of cheir nourislunent from the air. May not 
light also, by freely entering the expanded surfaces of leaves 
and flowers, contribuce much to the enobling the principles 
of vegetables? ... 
(."1tph.:u Hiits. ·t.~,gttcrble Sr<.tti<k!' 1127) 

Chloropla>U dividing (dumbcU fig-
Utf'I) within an enlarging e~ll of:-. 
)'Otmg spinach l~af, rHulting in 
•bout 200 chloropl••to p•r ~•II al 
IHf matHrity (Nomauki optic:s) 
(1..(~111 •rrirrogrdpll txmnesy ]"Jm f\,ssjrigl11mJj 

Chapter outline 

Inrrodllction 
1.1 Leaf anatomy, light interception and g.is exchange 

1.1.1 Leaf structure 
1.1.2 Light absorpcion 
1.1.3 C02 diffusion to chloroplascs 
1.1.4 Light and C01 dfc:cts on leaf phocosynchesis 
CASF. STUDY Devefop111eut of A:p; curt1es 

1.2 Chloroplasis and energy capture 
1.2.1 Chloroplast scruccure and composition 
1.2.2 Chforophyll absorption and photosymhctic 

action spectra 
1.2.3 Cooperative photosystems and a 'Z' scheme 

for cleccron flow 
1.2.4 Photophosphorylation and ATP synthesis 
1.2.5 Chlorophyll fl.uoresent:e 

1.3 Co11clusion 
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Introduction 

Leaves epitomise adaptive responses in vascular plants where 
genotype x envirorunent interactions impact on both form 
and function. Endless variations in leaf size, shape and pose 
attest adaptation in form, while qualitative differences in 
photosynthetic mode rcHcct contr:isting function. 

Despite such Vdriarion, leavcs fidfil a common purpose: to 
c;1pture energy from sunlight and convert that currenc..y into 
chemically usdul fornis co drive C02 assimilation and subse-
quent growth. Light a~orption and energy utilisation is con-
siderecl <it progressively finer levels o f organisation from leaves 
(Section 1.1) to chloroplasis (Section 1.2). 

Section I . I encompasses anatomy; light inti:rception and 
leaf gas exchange and includes a case study on devdopment 
ofa process-based model for photosynthetic C02 assimilation 
using A:p; curves. 

1.1 Leaf anatotny, light 
interception and gas exchange 

Leaves have evolved into a myriad of sizes and shapes, show-
ing gre:it variation in surface fo:itures and internal ;matomy. 
Nevi:rthdess, these organs all share a common fimcrion, 
namely to intercept sunlight and facilitate C0 2 uptake while 
restricting wacer loss. The wide variety of shapes, si~cs and 
internal structure chac le:1ves display implies that many solu-
tions exist to meet che mixed demands ofleaf fi.in ction under 
frequently :1dverse conditions. 

In nature, photon irr.idiance (phocon Rux density) can 
fluctua te over three orders of magni tude and these changes 
can be rapid. However, plants have evolved with phoco-
symhetic systems chat \)per:\Ce most efficiently at low light. 
Such eflicii:ncy confers an obvious selective <idvancage under 
light limitation, buc predisposes co photodamagi: under strong 
light. How then can le;1ves cope? First, some tolerance i~ 

achieved by distributing light over a large population of 
chloroplasts held in architectural arrays within mesophyll tis-
sues. Second, each chloroplast c:in operate as a seemingly 
independent enti ry wi th respect ro phocochemistry and bio-
chemistry and can vary allocation of resources between pho-
ton capture and cap,lciry fo r C0 2 assimilation in response m 
lighc climaci:. Such capacities confer great flexibility across a 
wide range oflighr environments where plants occur and are 
dis..:ussed in Chapter 1 '.l . 

Photon abso rpt ion is astonishingly fast (single even!S last-
ing 1Cr 15 s). Subsequent energy tr.msduction into NADP.H 
and ATP is relatively 'slow' (10-4 s), and is followed by C02 
fixation via Rubisco at a sedate pace of 3.5 events per si:cond 
per active sire, and is generally constrained by even slower dif:. 
fusion processes. Discriburing light absorption between many 
chloroplasts thus equalises effort over a hllge population of 
these organdies, buc alc;o reduces diffusion limitation.c; by 
allowing placc1m:nt of chloroplasts at optimal locations wit"h-
in each cell. The internal structure of leaves {Figures 1.1 <ind 
1.3) reflects this need co maximise C02 exchange berwccn 
interccllular airspace and chlorophc;ts and to distribute light 
more uniformly with depth than would occur in an homo-
geneous solution of chlo rophylls. 

m7smor1 µLL ' 

~ 
C, 200 

~ty 2 
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Figuff 1.1 A scanning elrctron rnicrograph of an ttncoate-d ftnd rapidly 
fro:ten pif'c• ofrob&c-co lt ftrshowing a h•iry low•r foafsurfact and croH-uc .. 
tional aLatomy 111t low m1.gnific~tion. E.pidennal outgrowths {ha.irs) oJTer 
1omt protection agaiaJt instc·u . and contributt to for-niation of a boundary 
l~y., (urutircfll air) adjac mt to low., ht•f swillcn. An • lfi:<ricaJ analogue 
(ri i;ht sidr) .shows 3 u ries of ttsittanc:n (r) th•t woul-d be expedtnced by 
C0 2 1nollf'culH d-jff,1'1-ing: fcom ouuid t (an1bi.ent) air tu tlxarion s-irtt in1ide 
chloropl1111t-1. Sub,cript ~b· rt f~n to bound:try layer, 11' t o st..omatel, ' i' to inter-
C(l llnlor airspacts, 'w' to cell wall and liquid phase. Notional val\IH ror th~so 

resistances ane given in nnirt o f m 1 s mol'"\ and tmphesiu th~ prominence 
of 1to1nRPI resistanc:e within this nrin. Corresponding valuts for C02 con-
contradon are shown in J.1.L L-•. and rotlect photoeynthttic anintil••ion wi•h-
in llf'aVll't g•n~t&ting a graditnt for inwftrd diffusion. In th3t .::3at, sobJcript 'R' 
refeu to antbient air, •s' to lf>a.f •urface, 'P to 1nbstom111tal caviry, 'w' to m n-
ophyll ct"ll wall turfacr, 'c' to $ites of carboxylati.on within chloroplasts. L"1 is 
ruutin•ly inforttd froin gH exch•ns• mt uur'em.tnts a.nd usrd to con11ruc-t 
A~'i curv•J for le-ef photosynthHis (c:!. A:p1 C\lrY'ff in Figure 1.11). HoTizontal 
b• r low or l•ft is I 00 f.Lm 
(O rtgm.11 illm<m><•n from J10J1·W<1 Yu >r>d j olm Evans. un;,ublishcd) 



Figu"• t.2 A Jcanning •l•clfon m.iccogr~ph of"" uncoMC'd and rApidly frozen pi•c• of tobacco l•.a.f Jhc-
lurtd in (A) to reveal palis•d• m••ophyU c:.lls b•n .. tlt th• "PP<'• l•af '"rtac<' and •pongy mMophyll in th• 
?own hnlf. Chloi-oplatts CAR be c1•&rly s•en cov•ring the inntr facH of cc-U walls. Looking onto tht lowc-r iur-
fac• (B), th• topi.d.rmis an<l $fOtnata are pre-s~nt on the letl side of •h• v•in, whet•3s di. itpid•i-mis waa frac-
tund a"ray on th• right sid.-, rtw:aling $pongy mttophyll ds.su~. Light miCTogtaphs (C,D) of Hctions cur par-
allel to th• 1 .. f sutf•c• ••• .!town for p•liud• (C) and spongy mesophyll (D) with solid lintt •howong where 
th• pAradernlnl Hctions align with (A). Chlotop1asta form a d•nH sing.le layer <::ove-ring the cell surl~ctt 
•xpos..d to iuttre•llul3r airspace, but. are rart1y prtHnt lining: waJU where two cells m.-er. Horizontal bar iu 
(A) is SO f1.m and in (B) is 200 mm. Magnification gi>•<'n in (A) •Ito •pplitt to (C) and (0) 
(Original illu$tr.teion from John r:.v.ans 3nd Sus.ann~ von Cat-nunt-rer. Set- Ewms ec .ii. (1994) for rdatcd nt<lterfal) 

1.1.1 Leaf structure 

In a typical herbaceous dicot (Figure 1.1) lower leaf surfaces 
arc covered with epidc:rmal outgrowths, known to impede 
movement of small insects, but also contributing to formation 
of a boundary layer. This unscirrcd zone immediately adjacent 
to upper and lower epidermes varies in chickncs.~ according to 
surface relief, area and wind speed. Boundary layers are sig-
nificant in l.:af hc:at budgets and foacurc in the calculation of 
stomaral and mesophyll conducr.mccs from mea~urements of 
l.:af g.is c:xchangc:. 

In transverse fracture (Figure l.2A) rhe hifacial nature of 
leaf rnesophyll is apparent with columnar palisade cells benearh 
the upper surface and irregular shaped cells forming the 
spongy mesophyll below. Large: imercellufar airspac.:s, p<ir-

cicularly in the spongy mesophyll, facilitate gaseous diffi1sion. 
The lower surface of chis leaf is shO\'lfll in Figure 1.2R. On the 
left-hand side, the epidermis is present wich its irregular array 
of stomata. Diagonally through the centre is a vein with bro-
ken-off hair celk and on th.: right, the epidermis has been 
fractured off reve:1ling spongy mesophyll cells. Light micro-
graphs of sections cut parallel to rhe leaf surface (paradermal) 
through palisade (C) and spongy (D) tissue reveal chloroplas-
cs lying in a single layer and covering most of the internal cell 
wall surface adjacent to airspaces. Signific;mdy, th.:y are rarely 
present on walls that adjoin another cell. Despite the appear-
ance of close packing, palisade cell surfi1cc:s are generally 
e>-.-posed to intercellular airspace. Inward dilfusion of C02 ro 
chlompl:ms is therehy facilic:1tt:d. 

Leaves chat develop in sunny environments and have high 
photosynthetic capacities are generally thicker than leaves 
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from shaded environments. This is achieved with more elon-
gate palisade cells and/ or scvc.rnl layers of palisade cclk 
Thicker leaves in a sunny environment prove energy effective 
because enough photons reach chloroplasts in lower cell lay-
ers ro keep their Ruhisco gainfully employed. Such depth 
deploys sufficient Rubisco ro confer a high photosynthetic 
capacity. Dy contrast, in a shaded h;1biriat, less R.ubisco i~ 

required for a leaf with lower photosynthetic capacit}', and this 
c.1n be achieved with thinner leaves. 

1.1.2 Light absorption 

Pigmc:rLtS in chylakoid membranes of individual chloroplasts 
(Figure 1.7) .1re ultimately responsible for strong ahsorprion of 
w.ivelengchs corresponding co blue and red regions of chc vis-
ible spectrum (Figure 1.3). Irradiated with red or blue light, 
leaves appear dark due to chis mong absorption, bur in white 
light leaves appear green due to weak absorption around 
550 nm, which correspond~ to green light. Ultraviolet (UV) 
light (wdvdengths below 400 nm) can be damaging to macro-
molecules, ;iml sensitive phocosynrhc:tic membranes also suffer. 
Consequcncly, pl:mts adapt by developing an effoccive sun-
screen in their cuticular and epidermal la~~-

1.0 .. ···········. 
r-Q Lc~f 

0.8 \V 
~ 0.6 \ 

\ 
t 

0.4 \;) ., .., 
r: .. 
Q. Soht11011 \ .. \ 0 0.2 \ ~ \ < 

\,. 
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41)0 500 600 70•) 
Wavelength (nm) 

Figure l.J Light abt;<>rpUoo by pigments ;,. .olution and by I••••<. 
Absorb1111ce (A) nfers to Mt• n1u.rion o( lis;.lu rransm-itt•d through a 1•11( or a 
solP1iort of l•&f pigtn•tH.1, as mflll$1lt•d in a 1p•ctophotomtter, nT'd is d.iivHi 
from rhr exrt••.sion A = log 10 11 whtr• 14 is incidtttr light, and 1 i.1 '"''-'":t-
mintd liglu. Th• solid c1uv• (scale on f'ight o,.din•t•) :shows absorbanc• of R 
solution of piganent-prottin compl•XH tquivafent to that of:. l•af w irh 0.5 
mmol Chi m-•. Th• dott•d curv• •how• absorptauc• (•cal• on left ordlnato), 
and nprHenr.s the fraction of light. entt1ing rh• 1olution 1hac ia "bsorbtd. 
ViTtually all light b.-cw.-trt 400-SOO uni and 11round 675 I)m is absorb~, cotn-
p•r•d wirh only ~1oe;. of light al"Ound 530 um (&rern}. Th.- duh•d curvt wirh 
sqL&.ares: ,.Pf4'H1tt1 l•af ab.I01"ptance., which do.s uot re-ach 1 b.f.c.•uH r-fw. l•~f 
surfac~ reR•cts pnt of th• incidtnt Hghr. Of light &1'0(1nd 350 nm, 759/• i:s, 
absorb•d brc·1nue leavts sc1111ttu light •fl•cch1ely which incr.asH thf' parh 
l•flgth. oand thtreby increatff probabilhy of absorption Abov• thar obsuved 
for the unu pigmtnt concentration in so lution 
(R•plotwd ,1,,,. from McCree 1972: li\"1lns amt Ander<0n 1987) 

Overall, absorption of visible light by mesophyll tissue is 
complex due to sieve-effeccs and scattering. Sit:Ve-effect is an 
outcome from pack.1ging pigments into discrccc unics, in th is 
case chloroplasts, while remaining leaf tissue is cransp:ircm. 
This increases che probability that light can bypass some pig-
ment and p~netrate more deeply. A regular, parallel arrange-
ment of palisade cells with chloroplascs all vertically aligned 
means that about 80% of light entering a leaf initially bypass-
es the chloroplasts, and measurements of absorprion in an 
Ulbright sphere confirm this. Scattering occurs by rcfiecrion 
;ind refrnction of light <It cell walls due to the difforcnt refr:i.c-
tivc indices of air and water. Irregular-shaped cell~ in spongy 
tissues enhance scattering, increasing the path length of light 
travelling through a leaf and thus increasing the probability of 
<ibsorpcion. Path lengtht:ning is particularly imporr.ant for 
chose: w:ivelengths more weakly absorbed and resulrs in at le:ist 
800,1, absorption, t:Ven at 550 nm (Figure 1.3). Consequently, 
lcavt:S typically absorb about 85% of incident light between 
400 and 700 nm; only about 10% is reflected and rhe remain-
ing 5% is cran.~mitted. These percentages do of course v:iry 
:iccording to gene x environmental factors, and especially 
adapcarion to aridity and light climace. 

Sun light entering leaves is attenuated with depth in much 
the same way as light entering a canopy ofleavcs shows :1 log-
arithmic attenuation with depth thar follows Beers law 
(Section 0.0). Within individual leaves, rhe pattern of light 
absorption is a function of both cell anatomy and distribution 
of pigment~. An example of several spatial profiles for a 
spinach leaf is shown in Fib'Ure 1.4. Chlorophyll density peaks 
in the lower palisade layer and decrc-.ises towards each surface, 
declining exponentially with cumulative chlorophyll. Light 
absorption is then given by che product of the chlorophyll and 
light profiles. This incrca.\es from the upper surface, peaking 
near the base of the first palisade layer, then declines stcallily 
towards the lower surface. Because light is th.: pre-eminent 
driving V:lriable for photosynthesis, C02 fixation tends ro fol-
low the light absorption profile (sec 14C fi....arion pattern in 
Figure l.4). How<.'Ver, the profile is skewed tow:irds the lower 
surface bet-ause of a non-uniform distribution of photo-
synthetic capacity. Chloroplasts near the upper surface have 
'sun' -type char:1cteriscics which include a higher ratio of 
Rubisco to chlorophyll and higher rote or eleccron crnnsport 
per unit chlorophyll. Chloropla.~ts ne;ir the lower surface show 
the converse features of shade' chloroplasts. Similar difforcnccs 
between 'sun' and 'shade' k-av~ are also apparcnr. Chloroplast 
properties do not change as much as che r<1te of absorption of 
light. Consequcncly, the amount of C02 fixed per quanra 
absorbed increases with increasing depth beneath che upper 
leaf surface. T he: lower half of a leaf absorbs about 25% llf 
incoming light, but is responsible for about 31% of a leaf~ 

total CO:? :L'\.~imilation . 
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figur• 1.4 Profile• of chlorophyll, ligh< •bsorpdon and pho1ooy1t<lt•tic activity through a •pinach 1 .. .1: Cell 
o\ltJints are thown in transw-nt' '"ction (left: sid•)· Trianglt-$ ttptt.tent l'hf' fraction of total le-af chlorophyll 
in ••ch layer. The light protil• (dotted cun"') can then be calculaud ftom th<' Bre,....LambHt law. Th .. profile 
of absorbed light. is th'1s I.he product of the chlorophyll and light profilo (solid curv•). CO, fixation, ttvealed 
by "C l•belling, follows thf" abs01"b•d light. profile, being 1kewed toward• slightly gr•ater depths 
(~<plccceJ J.1u frolll Ni<hio '' <1/. 1993: Evans 1995) 

1.1.3 C02 diffusion to chloroplasts 

Leaves are coverc:d with a barrier or 'cuticle' on the outer 
walls of epidermal cell-; that is impermeable to both water and 
C02• Accordingly, C02 used in leaf photosynthesis gains 
emry via stomata (Figure 1.5), and as C02 molecules diffuse 
inwards they encounter an opposite flux, 3-4 ocders of nug-
nitude stronger, of H20 molecules rushing out\v.irds. Leaves 
control this gas exchange by adjusting the aperture of stoma-
ta which can v.iry within minutes in response to changes in 
several environmental variab!t:s including light, humidity and 
C02 concentration (sec Chapter 16 for more details). Air 
spaces inside leaves are eflectively saturated with water vapour 
(equivalent to 100% relative humidity at that leaf temperature) 
and because air surrounding illuminated leaves is almost uni-
versally dric:r, w.iter molecules diffi1se down this conccnrra-
rion difference from leaf to air. 

The dilfosion pathway for H20 is usually divided into two 
parts, namely the boundary layer of still air at the leaf surface 
and stomata! pmes (Figure 1.5). Boundary layer thickness 
depends on windspccd, leaf dimensions and rhe presence of 
surface structures (e.g. hairs in Figure 1.1). Positioning of 
stom<1ta also varies bccwcen species. Leave.~ of terrc.~trial plants 
alw.iys have stomata on their lower (ab;u,;al) surface but many 
species have stomata on both surfaces, especially if they have 
high photosynthetic rates and are in sunny locations such as 
pendulant leaves of eucalypts. Adapt.itions for arid environ-
ments indudc having surface: strncnues like hairs and waxes, 
which increase the thickness of the boundary layer, and leaf 

100 µin 
• Vascular tissue 
D Cells without chloropla'"' 

Figure 1.5 Diagum of a <r•nsv•n• s•ction tltrough • bilattral EHcalyptus 
P'""iftoni le-a{ which it noran•lly pendulant. Palis.ade ti,.,u+ occun b•ntlath 
both turf•cH with spongy tiHu• and oil glands (not shown) in the middle. 
A put•tive pathw•y for diffusion of H 20 out of 1h .. s11bsromat•I cavity is 
shown by rhe 1olid curved arrow• whit• C02 •ntry i• represented by da1h•d. 
\."llt~d t.trows. C02 diffiuet inwardt and H20 ditl"usn oncwardt ht rttponse 
to lt>af-ir <:oncentration differeneH. Su('h gas e-xchang<- is rtsttictod by a 
bomtd•ry layer (the unttirr•d layer of •ir at the leaf •urlaoe) and by stoma-
ta. One stoma it shown on each turfnce-. C01 diffaision continun insidt' the 
fonf mtsophyll through airspaces b•twe .. n c•ll• (curv .. d dashed arrows) to 
reach c•U walls •dj•c~nr to ~•ch ch.lotoplut wlt~te C02 dissoh•(Jo& ~nd th""n 
diffuns inro the chloroplut to reach the carboql•ting enzyme Rubisco. 
Bundle sheath extention• (right •id• of diagram) nach both epid•rme• •nd 
crC"a.tf' an inl.,rnal bnrrier to late-cal ditI'usjon 
(~ F.vaus er •l. 1993) 
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rolling and encryption of stomata by placing them in crevices 
in che leaf surfuce. While che!>e features restrict water loss, they 
also impose an increased resistance (decreased conductance) 
co C02 uptake. 
co~ molecules diffosing inward~ from ambient air to 

chloropl:istS encounter restrictions additional to boundary 
layer and stomata (Pigure 1.5). C02 must also diffuse from 
substomat:al cavities diroughout the mesophyll, dissolve in wet 
cell walls, enter the cytosol acros.s a pl;r;malemma, d iffuse into 
chloroplasts across a double membrane (outer envelope in 
rigure 1.9) and finally reach fixation sites within the stroma 
of th osc chloroplasts. 

There is considerable variation in leaf <1m1tomr and hence 
potential restriction to C02 diffosion, but in general leaves 
with high r:ttes of photosynthc.c;is rend to have more perme-
able leaves (e.g. tobacco in figure 1.2) and this complex 
anatomy ensures a greatly enlarged surface area for diffosion 
,\cross interfaces. Indeed the total mcsophyll cell wall area can 
be 20 times that of the projected leaf surface. 

Dilfilsion ro chloroplasts is further enhanced by their ten-
dency to appress in clusters against cell wall~ atljacent to in tcr-
cellular spaces (Figure 1.2 C,D), while carbonic anhydrase 
within c!1loroplasts speeds up diffusion of C02 by catalysing 
interconverion of C02 and bicarbonate within the scrom:i of 
chloropla.~ts. Although C02 rather than HC03-. is the sub-
strate species for Rubisco, the presence of carbonic anhydrasc 
enables biearbornte ions, more abundant under the alb line 
conditions (pl I 8.0) that prevail inside chloroplasts, to diffuse 
to R ubisco in concert with diffusion of C02. By susi-aining a 
very rapid equilibration between C02 and HC0 3- immdcdi-
ately adjacent to active sites on Rubisco, carbonic anhydr.ise 
enhances inward diffusion of inorganic carbon. 

1.1.4 Light and C02 effects on leaf 
photosynthesis 

Light impinging on plant~ ar rives as discrete particles we term 
photons, so that a flux of photosynthetically active photons 
can be referred to as 'phot0n irradiance'. A quantum (plural 
quanta) refers to a parcel of light energy carried by :1 photo n, 
and is used here when referring co photosynchetic urilisarion 
of energy derived from absorbed photons as in 'quannun effi-
ciency' . Physicists recognise this subtle difference between 
'photons' and 'quanta' and accord correct use. Plant biologists 
(incorrectly) use them interchangeably, a convention folk1wed 
here. 

C02 assimilation varies according to both light and C02 
p:mial pn:ssure. At low light (low photon irradiancc in Figure 
1.6) assimilarion rate increases linearly wi th increasing irradi-
ance, ;md che slope of rhis initial response represents maxi-
mum quantum yield (mol C02 fi xed per mol q uanta 
absorbed). R eference to absorbed quanta in this expressio n is 
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E=ignTf' 1.6 Photosynthetic ttspouse to ph~ton irradiance for ~ Eut.'dlypr.s 
ttt1Jt11la111 l'-"'af nttaturfd Ill throe ambit.Dt C02 cortCC'ttlration1, 140, 350 ond 
1000 µmot mor1. lrl"'djanc• ,, ~xprttud aJ 1-'•nul quanra of photo .. 
synthttic•llr 1i1ctivo l'adiati<'ll absorbtd, and net co! attinlilation it inferred 
from a drop in C.Oz concrnttation of pt plluing owr a leaf btld in :i trm-
perarure-.c·onf'roUt-d cuvette. C02 evolution in darkn~ss is shown on lhe o rdi· 
mu a. •n exlnpolarion below %~ro. The irradiance at which net C0 1 
excbang.e it :tero ~quals rhr light compens-arion pojut (commonly 15- 30 f.1.mol 
quanta sn-:l ,-1• 1hade to $Un sptdt1 retp• cth·oly)~ The initi1'1] sh.1pe of Hgbt;-
nosponse curvH for CO: ass-imilation pe r i.bJorb•J qn3nt.a reprennU 1'T1axi-
n1u1n quonrum yitld fo.r a Jeaf 
(.tl.Hti 'f m 6grcnandllvon>l993) /3 ~ ~ .......___ _, 
important. Leaves vary wiCiely in smface ch:iraccerisrics (hence 
reflectance) ;is well as internal anatomy and chlorophyll con-
centration (Chlorophyll content per unit mesophyll volume). 
Therefore absorption of photosynthetically active quanta will 
vdry, so th:tt quantum yield expressed in terms of incident 
irradiancc can be misleading, and i11 the case of comparisons 
bccween sun and shade leaves has led co a widely held but 
mistaken belief that shade leaves (thinner and with higher 
chlorophll concentration) are more efficient. Expressed in 
tenns of absorbed quanta, sun and sh.1de leaves have virrually 
identical qu;mtum efhciencics for C02 assimilation. 

Assimilation rate increases more slowly at higher irrddi-
anccs until eventually a plateau is reached where further 
increases in irradi<ince do not increase the rate of C02 assim-
ilacion (Figure 1.6). Chloroplasts arc then light sarur:ued. 
Absolute values for both quantum yield and light-sarur:itod 
plateau depend on CO:i p-drcial pr~ure. Q uantum yield 
increases as C02 partial pressure increases because photo-
respiration is progressivdy suppressed. At ambient C02, 

photorcspiration normally consumes about one-third of avail-
able photochemical energy. The quantum yield for incident 
light also depends primarily on chlorophyll content. Leaf 
absorptance has a hyperbolic dependence on chlorophyll con-
tent. For most k--aves, 80-85% o f 400-700 nm light is 
absorbed and it is only in leaves produced under severe nitro-
gen defidency which have Jess than 0.25 mmol Chi m-2 that 
absorptance falls below 75%. 



Component processes underlying C02 assimilation carry 
both biophysical and biochemical dimensions but are never-
theless amenable to analysis at a whole-leaf level. Using con-
tinuous ffow gas analysers, C02 exchange in both light and 
dark is easily measured, and component processes inferred. 
Under strong illumination, COrassimilation clearly pre-
dominates over COrgenerating processes (both mito-
chondrial and photorespiration), and in those circumstances 
the inward flux of C02 can be taken as a net reaction rate for 
C02 assimilation via Rubisco as primary caralyst.1-Iowever, if 
whole-leaf photosynthesis is to be analysed in biochemical 
terms, the effective concentration of this primary substrate at 
fixation sites mu~t also be known. How then can these sub-
strate levels be defined in an actively photosynthesising leaf? 
Moreover, knowing that C02 assimilation is energy depen-
dent, and that both ATP and reducing power (NADPH) are 
being generated concurrently, how can photosynthetic elec-
tron flow be described in terms relevant to C02 assimilation? 
A conjunction between biochemistry and photobiophysics 
was clearly required, and a paradigm shift away from resistance 
analogues of leaf gas exchange w.is necessary for biologically 
meaningful models of leaf photosynthesis. This case study 
traces those developments. 

Early models of leaf gas exchange had been developed as 
electrical analogues of resistances, and proved useful in mak-
ing a distinction between stomatal and mesophyll limitations 
on C02 assimilation. Mesophyll, or 'residual', resistance was a 
collective term that was meant to embody non-stomata! dif-
fusive factors, and included both physical and biochemical 
constraints. Further refinement would depend upon a reliable 
estimate of C02 partial pressure at fixation sites within leaves, 
and those estimates came with improvements in diffusive 
models for leaves, but, in particular, development of high- pre-
cision gas exchange systems with a capacity for fast data analy-
sis (either by interfacing measuring devices with computers, 
or via chart recorder and human agency!). C02 response 
curves emerged as a valuable root ro analyse photosynthesis i11 
vivo. 

Physical concepts of leaf gas exchange 
Penman and Schofield (1951) put diffusion ofC02 and water 
vapour through stonma on <1 firm physical basis. Their ideas 
were taken up at Wageningen by Pieter Gaastra in the 1950s 
and modern analytical gas exchange is often attributed to this 
seminal work (Gaastra 1959) where he even constructed his 
own infrared ga.~ analyser and other equipment necessary to 
make measurements of C02 and water vapour exchange. His 
work was a landmark because it examined C02 assimilation 
and water vapour exchange rates of individual leaves under 
different environmenral conditions, and he distinguished 
between stomata! and internal resistances. GJastra calculated 

resistances to water vapour and C02 diffusion from two equa-
tions ( here in our simplified notation) which are based on 
Fickk Law for the diffusion of gases. 

IVj - W, C, - C; 
E = --andA = --rsW r,, (1) 

where E and A are the fluxes of water vapour and C02 and 
'"i and c, and 111. and '• arc the mole fractions of warer vapour 
and C02 in intcrcellular air spaces and ambient air respec-
tively. Denominator terms rsw and r,0 repre.~ent stomatal resis-
tances to H20 and C02 diffusion respectively. Gaastra calcu-
lated W; &om the sarurated vapour pressure at the measured 
leaf temperature and since both E and iv, were measured vari-
ables this allowed rsw to be calculated. Knowing that resis-
tances to C02 and water vapour are related by the ratio of 
their diffusivities, he calculated stomatal resistance to C02 dif-
fusion, r..,. Gaastra realised chat the diffusion path for C02 is 
longer than that of w.:iter vapour, as C02 had to diffuse from 
the intercellular airspaces through the cell wall across mem-
branes to the chloroplast stroma where C02 fixation by 
Rubisco takes place. He therefore extended the equation for 
C02 assimilation to: 

(2) 

Where ' chi represented C02 concentration at chloroplasts. 
Gaastra analysed the dependence of C02 assimilation rate 

on light, C02 and temperature, and observed that at low C02 
concentrations the rate of C02 assimilation was independent 
of temperature whereas ir was strongly influenced by tem-
perature at higher C02 concentrations. This led him to con-
clude that the rate of C02 uptake was completely limited by 
C02 diffosion processes at low C02 and that biochemical 
processes became limiting only at high C02• The belief that 
C02 diffusion was limiting led him to assume that the chloro-
plastic C02 concentration was close to zero. It allowed a wel-
come simplification of the above equation such char the total 
resistance co C02 diffusion could be calculated from C02 
assimilation rate and the ambient C02 concentration alone. 
Since stomata! resistance.~ could be calculated from measure-
ments of water vapour diffusion, it was also possible to calcu-
late mesophyll resistance to C02 diffusion. In Australia partic-
ularly there was a great interest in determining the relative 
importance of stomatal and mesophyll resistance in limiting 
C02 assimilation rates under adverse conditions of high tem-
perature and frequent water stresses, and in global terms much 
of the pioneering work was undertaken in this country (sec, 
for example, Bierhuizen and Slatyer 1964). 
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Calculation of intercelluJar C02, C; and the first 
A v.s 4 curves 
Although C02 concentration in interce!lular air spaces, i;. was 
e:i.1'licit in Gaastra's equations, this term was first specifically 
calculated by Moss and Rawlings in 1963, and the first exten-
sive use of the parameter was made by Whiteman and Koller 
in 1967, who examined stomat::tl responses to C02 and irra-
diance, concluding that stomata were more likely to respond 
to c.. rather than c,. The first bo1111 fide response curves of C02 
assimilation race to c, rather than c. were those ofTroughton 
(1969) andTroughton and Slatyer (1969) (Figure 1). In Figure 
l(a), c, was derived from measuremenrs of C02 uptake in an 
assimilation chamber where air passed through a leaf, rather 
than over both surfaces concurrently (as became common-
place in subsequent designs), and such estimates would differ 
slightly. More importantly, those measuremenrs were made at 
difierent temperatures and confirmed that C02 a.~imilation 

was nor greatly affected by temperature at low c,. Later, this 
lack of temperature dependence was ei..-plained by the kinetics 
ofRubisco (von Caemmerer and Farquhar 1981). Figure l(b) 
shows the initial slope of C02 response curves measured at 
different stages of water srress. In this case, water scrcss has 
affected stomatal resistJnce (as tl1e c, obtained at air levels of 
C02 occur at progressively lower cJ but not rhe relationship 
between C02 assimilation race and c,. A versus c, response 
curves thus provided an unambiguous distinction between 
scomatal and non-stomata] effects on C02 assimilation and, 
provided stomata respond uniformly across both leaf surfaces, 
that distinction can be made quantitative. 

Before we head further into a discussion of our 1990s 
understanding and interpretation of more comprehensive 
C02 response curves, we must take an important digression 
into development of mathematical models of C3 photosyn-
thesis. 

Biochemistry of photosynthesis and leaf models 
Gas exchange studies focused initially on physical limitations 
to diffusion, but it w;is not long before persuasive arguments 
were being brought forward to show that leaf biochemistry 
must influence the rate of C02 fo..ation even at low C02 
concentrations. Bjorkman and Holmgren (1963) made care-
ful gas exchange measurements of sun and shade ecoi:ypes of 
Solidago growing in Sweden, and noted strong correlations 
between photosynthetic race measured at high irradiance and 
ambient C02 Jnd the nitrogen content ofleaves, and l:itec also 
related it to different concentrations of Rubisco (then called 
carb0>..-ydismutase).Anatomical studies implied that thin shade 
leaves would not have larger internal diffusion resistance to 
C02 than thicker sun leaves where cells were more densely 
packed. Furthermore, following earlier discoveries of the 0 2 

sensitivity of photosynthesis, namdy a low-02 enhancement 
of C02 assimilation rare, Gauhl and Bjorkman (1969), then at 
Stanford, showed very elegantly that while 0 2 concentration 
did affect C02 assimilation rate, water vapour exchange wa.~ 
nor affected (i.e. stomata had not responded). Clearly, the 
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Figure l An early A:p. eurv-f' 1howinc: the C02 Htimilation rue of cotton • t 
a rang• of cell w1U C02 conc<'11tta1iono (redrawn from Trough ton (1969) an d 
TroughlOn and Sloyur (1969) and retaining orlginol uoi1$ for C02 fl11K) . for 
comparaliv. purp0tH, IO X 10"3 g.cm"2 , ·•would be equivalrnl 10 22.17 jl.mol 
co, m·• . -1• and 1 jl.g 1"1 would.,.. equivalonl lo 0.54 ppm (a11um.ing . jlf"&m 
molecular weight of 4' for COi, •nd meHurementl •t normal ttmperawn 
•nd pttuure). (•) uoftemperetu,.. influ1nc .. tho .,...,.IJ •h•p• of CO, rnporuo 
eun.""e1 (mtas.ured in Orft.ee air) b11-t h" no tlTect on the- initial slope w·h11re 
mpamo to C01 io llmii.d by Rubisco oaivicy fomlly ofcurvH comn from 
n-pea.l.fd ml'••ute-mentl o( g•' •.xdu.nge by the 111D'M' ~•f 1t five dlO'"ertnt 
tempeHturu (vtlura 1hown) and. indicated i.n the fi1un by fiv• diffennc 
JYmbob. (b) C02 tt 1ponar curves for two l•1ve1 of cotton meoasu-recl in O:r 
ft#O air J.t 2S°C and three JeveJs of ulative wattr content. Legend: e lt•f 1. 
92% water content; 0 le•f 1, 56%; A IHf 2, 92Yo; A leaf 2, 69%. Idenlic•I 
slop•• .,.g1rclle11 o( treatment mean chit nrJation in r•lative water content 
ovn tbi1 r•n&* ia without effect on COa uaimi11tdon within mHopkyll tl1-
sue1. By jmpliea1ion, reduction in COz \lpttke " commonly obstrved on 
whol• leevn undf'r moithJrt 1-rrrss wo·uld be •1tribut.a.blt> to n omatal fact.on 

increase in C01 assimilation rates seen with a decrease in 0 2 
concentration could not be explained via a limitation on C02 
diffusion. 
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siont reptet•nt th• •l•Ctron-tTant:port-limit•d 

• CO . 'I ' h . er (A (<; - r •>J 11;;) rai.s ol a •Ulm• &hon at ' • two .rra ianc.a - 4.Sci + t0.3r.., • . For ftu·d1er d•tails ,.. von 
C&•mmern and Fatquhu {1981). (c) C02 ... imilacion rat• v. intercellulu C02 conc..nrrariou ;n Plwtol•s ..,,_ 
gtUil measuttd ~• two 0 2 conc•nrtAfioru at a leaf r..mperatur• of 28<>C. Arrow• indicat• pojnu obtoin•d at an 
oxt•rn•I CO: concontutfon o( 330 1-Lbtt. 
(d) Mod•ll•d C02 rHpotu• c1trvn for condiriotu •pplied in (c). {Merhod dor&ils in (b)) 

Central importance of Rubisco 
A = Ve ( 1 - 0.5 ~: ) (3) 

Early mathematical models ofleaf photosynthesis were exten-
sions of Gaascra's resistance equation, and could not accom-
modate the 0 2 sensitivity of C02 as.similation. They were 
quickly followed by development of more biochemical mod-
els in the early 1970s and the discoveries by Bowes et 11{. 
(1971) that Rubisco was responsible for both carboxylation 
and m--ygenation of RuBP (a five-carbon phosphoryfated 
sugar, regenerated by the PCR cycle of chloroplasts). This 
crucial observ.irion of dual function put Rubisco at centre 
stage. Laing er 11{ (1974) were first to compare the gas 
exchange of soybean leaves with the i11 vitro kinetics of 
Rubisco and suggested the following equation for the net 
C02 as.similation rate: 

where Ve and V0 are the rates ofRubisco carbo>..-ybtion and 
oxygenation (later on a term for mitochondrial respirntion 
was added to most models). Laing et al. related a ratio of the 
rates of carboxylation co oxygenation of RuBP to the con-
centration of its substrates, C02, C, and 0 2, 0, and showed 
that: 

(4) 

where [(,,, [(.,, V .:ma.'<• Voina."< are the corresponding Michaelis 
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Menten constants and maximal activities of carboxylase and 
o>..ygenase functions respectively and Gk is the C02-com-
pensation point in the absence of mitochondrial respiration. 

A nore on r: illuminated leaves held in a closed circuit of 
recirculating air will reduce C02 to a 'compensation point' 
where uptake and generation of C0 2 are balanced, this is 
commonly 50-100 ppm for C 3 plants and referred to as r .A 
COrresponse curve for leaf photosynthesis will show a sim-
ilar value as an intercept on the abscissa. r can thus be mea-
sured empirically, and will be an outcome of interactions 
between photosynthesis, photorespirarion and dark (mito-
chondrial) respir.ttion (R.V. If allowance is made for Ru, the 
co:? compensation point would then be slighrly lower. and is 
termed f*. As with measured r, this inferred C02 com-
pensation point, r*, is linearly related to 02. an observation 
that intTigued earlier observers but was easily reconciled with 
the dual function of Rubisco. Laing et al. (1974) used 
Equations 3 and 4 to predict rhis linear dependence of r *on 
0 2, :md with subsequent confirmation Rubisco becime a key 
player in photosynthetic models. (Equation 4 assumes that for 
each oxygenation, 0.5 C02 are evolved in the subsequent 
photorespiratory cycle, although there has been some debate 
over chis stoichiomeoy.) If the enzyme reaction is ordered 
with RuBP binding first, the rate of carbO>..)'lation in the pres-
ence of the competitive inhibition by C02 at saturating 
RuBP concentration can be given by 

v = cvcm.,. 
c C + K, (1 + 01 KJ (5) 

When combined with rhe previous ei..11ression this gave a 
simple ei..-pression of net C02 fixation rate: 

A'"" (c, + K,(1 + OIKJ) (6) 

which depends on the maximal Rubisco activity and provid-
ed the quantitative framework for comparing rates of C02 
ass imilations with the amount of Rubisco present in leaves 
(von Caenunerer and Farquhar 1981). Difference in C02 
assimilation rates observed under different growth conditions 
could rhcn be ei..-plained according to variations in the 
amount of R.ubisco present in leaves. In Figure 2 the dotted 
line shows a C02 response curve modelled by Equation 6. 
Chloroplast C02 partial pressure was then assumed to be sim-
ilar to that in the intercellular air spaces. Using on- line dis-
crimination between 13C02 and 12C02, and deriving an esti-
mate of C02 partial pressure at fixation sites within chloro-
plasts, we subsequently learned that a further draw down can 
occur, but the general applicability of Equation 6 was nor 
compromised. As an aside, these equations became basic to 
most photosynthetic models long before the order of the 
reaction mechanism of Rubisco had been unequivocally 
established. Had C02 and 0 2 bound to Rubisco before 

R uBP, or the reaction not been ordered, our equations would 
have been much more complex with both I<;,,(COi) and 
I<;,,(O~ dependent upon RuBP concentration. 

Regeneration of RuBP and electron transport rate 
Equation 6 could mimic C02 assimilation rate at low c, , as 
well as 0 2 effects on C02 uptake, but measured rates of C02 
assimilation saturated much more abruptly at high C02 con-
centrations than could be predicted from Rubisco kinetics 
(Figure 2). Using a highly novel approach in .E.sconia, Laisk 
and Oja (1974) proposed that C02 assimilation was limited 
by R.uBP regener.uion rate at h igh c;.They had fed brief puls-
es of C02 to leaves that had been previously exposed to low 
C02 (conditions under which RuBP concentrations were 
presumably high), and obcained rates of up to 10 times high-
er than the steady-state rates of C02 assimilation! Lilley and 
Walker (1975) at Sheffield reached a similar conclusion after 
comparing the C02 responses of illuminated isolated chloro-
plasts with those obtained upon lysing chloroplasts in a medi-
um containing saturated RuBP. 

In our model of C 3 photosynthesis (Farquhar et nl. 1980) 
rhe way we handled rate limitation by RuBP regeneration 
was probably the most important decision made in that con-
text. Boch ATP and NADPH were required for R uBP reg-en-
eration, and this fundamental need formed a connection \vi th 
light in our model. From a mathematical perspective there 
were two options: (1) RuBP and C02 could ahvays colimit 
the rate of carboxylation, and this we would express in a dou-
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figu,. 3 Trana1enic cobftc:co with reduced •mount of Rubi1co skow. no 
Jimh.ation by th• nt• of RuBP rrgeneration. C01 animil111tion rea:ponH 
curvH in wiJd ... 1.ypt tobacco, • , and jn t.r1n.1gtnic tobacco wjth rcdg_c~d 
amount orR.ubiaco. o. -" .,,... .. ,.d • • • photon irradianoe ol' 1000 jlmol 
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rotes of CO, ""im.ilotion (oe• l•rnd to fiC"<• 2) Th• ttdu<:cion in .Rubi•co 
in transgenic IOb•cco 'W61 •chined whh "n 1nti.uns• g•n• diucted •g•inst 
the mRNA of the Rubu<:o omall oubunit (Hudson u ..S.1~92).Arrrowo lndi-
<:•14" the poinu obtain•d et on nieroal C02 concentration of 350 flb•r 



ble Michaelis Menten equation, or (2} carboxylacion rate 
could be limited by either RuBP or else saturated and thus 
independent ofRuBP.The in vivo kinetics ofRubisco suggest 
the second option. 

Peisker (1974) and Farquhar (1979) pointed Ollt that 
Rubisco was unusual in that it was present in the chloroplast 
at very high concentrations. Given such a low Km(RuBP), this 
meant that the i11 vivo kinetics wim respect to chloroplasric 
RuBP were those of a tight binding substrate.That is, the rate 
of Rubisco would depend linearly on RuBP concentration 
when chloroplastic RuBP concentration was below Rubisco 
catalytic site concentration, and once RuBP exceeded 
Rubisco site concentration carboxylase would be RuBP sat-
urated. We also knew that irr.idiance affected C02 assimilation 
rate mainly at high intercellular C02• This supported option 
2 (see Figure 2(a}, (b)). Given these insights, the more com-
plex link between chloroplastic electron transport rate and 
RuBP pools used by Farquhar et 111. (1980) \V.!S quickly sim-
plified to a description of C02 assimilation that was limited 
by RuBP regeneration, and utilisation of ATP and NADPH 
for photosynthetic carbon reduction or oxygenation. RuBP 
regeneration was in rurndriven by the electron transport rate, 
J (dependent on irradiance and its own maximal capacity), 
and stoichiometry of Kf P or NADPH use by the photosyn-
thetic carbon reduction and oxygenation cycle. For example, 
when electron transport rate,], was limiting considering ATP 
use, carboi...-ylation rate could proceed at: 

v;, = J/(4.5 + 10.sr*;q (7) 

Dashed lines in Figure 2 give modelled electron transport 
limited rates of C02 fixation according to: 

A "' --'-(!;,_· -_r *....:.)_ 
4.Sc, + 10.sr * (8) 

This simplified formulation of C3 photosynthesis (Equations 
6 and 8) now provides a meaningful &amework for analysis of 
leaf photosynthesis, and has focused our interpreration of 
C02 response curves on leaf biochemistry. For e:-.-ample, von 
Caemmerer and Parquhar (1981) related the initial slopes of 
C02 response curves to in 1titro Rubisco activity, and the 
C02~aturated rates of A:c, curves to iu vitro measurements of 
electron transport rates. Such studies validate Equations 6 and 
8, demonstrating that C02 response curves could be used as a 
meaningfol and non-inv:isivc tool to quantify these biochem-
ical components under a wide variety of conditions. 
Subsequent comparisons between wild-type tobacco and 
transgenic tobacco with a reduced amount of Rubisco have 
confirmed our concepc.. When Rubisco alone is reduced in 
transgenic plants, RuBP regeneration capacity remains 
unchanged and no longer limits the rate of C02 as.~imilation 

at high C02• Rubisco then constitutes the sole limitation 
(Figure 3). 

CAI\BON DIOXIDE: A UNIVERSAL SVBS"fMTf?. Al'IP t:NVfAONMENTAl. FACTOJ\. 

Co limitation 
Both Rubisco and electron transport components are expen-
sive in terms ofleaf nitrogen. For example, Rubisco represents 
up to 25% of aleaf's protein nitrogen, with energy transduc-
tion components a further 25%. At a C; where the transition 
&om a Rubisco limitation to RuBP regeneration limitation 
occurs, both capacities are used efficiently and colimit net 
C02 assimilation. That is, assimilation can only be increased if 
both sets of component processes are increased. Where then 
should the balance lie if a plant is to use nitrogen-based 
resources to best effect? The transition obviously varies wim 
irradiance and temperature so that an optimal balance will 
vary with habitar. However, surprisingly little v.1riation has 
been observed and plants appear unable to shift chis point of 
balance. As an example, imporrant in the context of rising 
atmospheric C02 concentrations, plants grown in a high C02 
envirorunent should manage with less Rubisco and thus put 
more nitrogen into the capacicy of RuBP regener.1tion. 
Surprisingly, such adjusnnents have not been observed ei..-per-
imentally, but given prospects of global change, our need for 
understanding gains urgency. 
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The plateau in l~igure 1.6 at high irradiance is set by max-
imum Rnbisco activity. Wirh incre;ising C02 partial pressure, 
the rate of carbo,.ylation increases along wirh a reduction in 
photorespiration. Nore, bowever, that the transition from 
ligbc-limit~ to Rubisco-limited C01 assimilation as irradi-
ance incn:a~c:s is not .i classic Blackman curve (i .e. \vith a sharp 
transition), and becomes progr~ivcly more gradirnl at higher 
C02 partial pressures. In p:m, this gentle rransition refieccs rhc 
fact that a leaf is a population of ch loropl:ists which havc dif-
ferent photosynthc:cic properties depending on their position 
within thac leaf. A~ (liscussed above, the profile of phorosyn-
thc:tic capacity per chlompfost changes lc:ss than the profile of 
lighc absorption per chloroplast (Figure 1.4).This results in an 
increase in C02 fixed per quanta absorbed with increasing 
depth.A transicion from a light t0 a Rubisco limitacion there-
fore occurs at progrc.~ively higher incident irradianccs fo r 
cacb subsequent layer and resulcs in a more gr.idual transition 
in the irradi:mce response: curve of a leaf compared tO th:u of 
a chloroplast. 

Photosynthetic capacity of leaves varies widely according 
to light, water and nutrient av-di!ability and these differences in 
capacity usually reHect Rubisco content. Leaves in high light 
environmems ('sun' le<1ves) have greater C02 :is.~imilarion 

cap:u:ities th.in those in shaded environments and this is 
reftected in the l<lrger alloc.1tion of nitrogc:n-ba~ed rt!Sourccs 
to phot0synrhccic carbon reduction (PCR 1..ycle; Section 1. 1). 
Sun lc:avi:s have a high stomaral density, are chickc:r and have a 
higher ratio Qf Rubisco to chlorophyll in order to utili~c: the 
larger ,1vailability of photons (a11d hence ATP and NADPl-l). 
Shade: leaves ,1re larger and thinner, but have more chlorophyll 
per unit leaf dry weight than sun leaves. They c:m have a 
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greater quamum yield per unit of carbon invest.:d in leaves, 
but with a relatively greater .11Jocation of nitrogen-based 
resources to photon capture, shade leaves achieve a lower 
maximum rate of assimilation. 

Despite such differences in leaf anatomy and chloroplast 
composirio°' leaves sustain energy rrJnsducrion and C02 fix-
ation in an efficient and closely coordinated fashion. Processes 
responsible are discussed below (Section 1.2) . 

1.2 Chloroplasts and energy 
capture 

In thermodynamic rerms, Orgenerating photosynthesis in 
vascular plants is an improbable process! Improbable, because 
a weak oxidant (CO,) must o,.;idise a weak rcduccanr (H '.i0), 
thereby producing a strong oxidant (02) and a strong reduc-
cant (carbohydrare).To achieve this 'uphill' reaction, a massive 
and continuous input of chemical energy is required. 
However, in nature, only raclianc energy is available on that 
scak. How then can green planrs achieve this conversion? 
Chloroplasts are responsible:, and in what is unarguably rhe 
most significant process in our biosphere, photosynthetically 
active quanta are trapped and converted inco chemically 
usable forms. This captured energy sustains plant growth and 
provides a renewabl.: resource base for life on earth. 

Thanks to the pioneering work or Calvin and Benson :it 
Berkeley on 14C02 fixation products by Chlore/1.1 which 
began in the 1950s, biochemical aspects of photosynthetic 
carbon reduction (Calvin cyde) are now comprehensivdy 



understood. Not so energy transd111:rion, and while events 
surrounding photosyncheric electron flow are defined in some 
detail and are described here, biophysical processes within the 
water-splitting apparatus of chloroplasts, and indeed the man-
ner in which photons are captured and their quantum energy 
harnessed for photolysis, remain.~ something of a11 enigma and 
fo ll omsidc the scope of our present account. 

1.2.1 Chloroplast structure and 
con1position 

Chloroplasts arc easily recognised under a light microscope in 
le<1f sections as distinctive green organelles suspended in the 
cytoplasm and usually appressed against cell walls. 
Chloroplasts arc abundant in mesophyll tissue (commonly 
200-300 in each palisade cell) and functioruil organelles can 
be isolated from homogenates ofleaf tissue. 

Chloroplasts are surrounded by a double membrane, or 
envelope just visible in transmission elearon micrographs 
(figure 1.7). This envelope cnc:ipsulates a soluble (gd-like) 
stroma which contairn aU the en7.ymes necessary fo r carbon 
fixation, many enzymes of nitrogen and sulphur metabolism 
and the chloroplast's own genetic machinery. 

Fig:ur• 1.7 A mature and ftinchonel c-hloroplast in au imnu.tur• luf of b•an 
(Pluueohis ,,,dgari$) with ~n ex tensive "• rwork or photoJyrtth.ric rn• mbnmtt 
(thylako ids), pacfs of which ue :i.pprene-d into mod~Ta.t• g r&nal st.acb, :.nd 
t1.11pt"d•d in :. g.-1--lik• matrix {1tro1na). The chlo ropla.s.t cont;111;_n1 a pai, or 
Uar<:h grairu (SJ .neapsubrod in • doublt - ml>ran• (•.-lope) and •u•-
AHlld.d widliu a. gramd ar cytorlHm.ic matf'ix: adj~ctm ro a m; coebondr;on 
(M) oud in clou p<oxim.ity to rh o cell wall (CW) 
(()riginnl cr.ttt<tni$sio n electron mic~nph i:ounes)' S(U3rt Cc:llig. ~nd Celia .\'tilJ~t) 

The inner membrane ofa chloroplast envelope is :m effec-
tive harrier between stronl.d and cytoplasm, and houses trans-
porters for phosphate and metabolir<..-s (Section 2.2) as well as 
some of the enrym.:s for lipid synthesis. By comparison, the 
outer membrane of the chlomplast envelope is less complex 
and more permeable to both ions and metabolites. 

Suspended within the stroma, and entirely separate from 
envelope ml!lllbranes, is an dabor.itely folded system of phoco-

synthetic membranes or ' thylakoids' Qiterally ' little sacs'). 
Embedded within these membranes are large populations of 
four basic complexes comprising two typ~ of photosystem 
(with interlinked pro tein and pigment molecules), 
<..')'tochrome blf complexes (pivotal for photosynthetic elec-
tron transport) and ATP synthase complexes (responsible for 
proton egr<..-ss from thylakoid lumen to stroma, and con-
sequentATP generation). Collectively. these complexc.~ enable 
light harvesting and electron Row from H20 molecules to 
NAOP+, thereby converting solar energy into chemicall)' 
usable forms. T his remarkable conversion, with such profound 
implications for li fe as we know it, st:1rts wi th selective absorp-
tion of incoming light by chlorophylls ;md accessory pigments 
(certain carotenoids) that opcrJtc within both types of photo-
system. 

1.2.2 Chlorophyll absorption and 
photosynthetic action spectra 

Chlorophyl l~ are readily extracted from (soft) leaves into 
organic solvent and separated chromatographically into 
consti tuent types, most notably chlorophyll c1 (Chi 11) and 
chlorophyll b (Chl b).These two chemical variants of chloro-
phyll arc universal constimencs of wild vascular planes and 
e:>..-press highly characteristic absorption spectra (Figure 1.8). 
Both chlorophylls show absorption maxima at wavelengths 
corresponding ro blue and red, bur chlorophyll assay in crude 
extracts which inevitably contain carotenoids as well is rou-
tinely based on absorption max;ma in red light to avoid over-
lap with these accessory pigments that show Strong absorption 
below 500 nm. Absorption maxima at 659 and 642 for Chl " 
and Chl b respectively would thus serve for as.~ay in 
dicthylcthcr, but these pe:iks will shift slightly according co 
solvent system, and such shifts must be taken into account for 
precise measurement (see Porra et al. 1989 for detail~). 

Chi " and Chi b ditTer with respect to both role and rela-
tive abuncfance in higher plants. Chl alb ratios commonly 

3.3_ - 4-.a. 
range from-~ to 3.0 in well-nourished sun-adapted species, 
but can be as low as ~of thereabouts in shade-adapted 
species grown at low liglu . Such variation is easily reconciled 
wi th contr:lSting functional roles for both Chi 11 and Chi b. 
Both forms of chlorophyll are involved in light harvesting, 
whereas spe,:ial forms of only Chi 11 are linked into energy-
processing cenm:s of photosystems. Jn strong light, phmons 
are abundant and warrant a substantial capacity for energy 
processing by leaves (hence the higher Chl 11lb racio). In weak 
light, optimisation ofleaf Cunction calls for greater investment 
of leaf resources in light harvesting 1-ather than energy pro-
cessing. As a result the relative abund:mce of Chi b will 
inccease and the Chl ~lb ratio will be lower compared with 
strong light. As a forther subtlety, the two photosystems of 
higher plant chloroplasrs (discm.~d later) also differ in their 
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r-;gutt t.8 Upp<r <•r~i: Diethyleth0< solutions of chlorophyll • (Chi "• •olid 
lin•) •nd ehlo<oplayll ~ (Chi b, doU•d line) show distinct absorption p .. ka in 
blue and in nd ugioo' of tlte visible 1pedTu1t1 (t•duwu fron1 Ztcheile and 
Cotn.ar't (1941) nrigin&l data). FJuon1cence emiuion specrr.a. (inaf>t, redrawn 
from Licht•ntltf\lff 1?86) show p•aks only jn red, and At wav•l•ngtht char-
11.crtitiUlc•lly lonpt" than corresponding absorption pt-:.k•, na1ntly 648 cf. 642 
nm tfn Chi Iii, and 668 cf. 6G2 mn for Chi a. Lt»t~T cm·:lt'J: Irr sitH absorpt.ion 
sp•crra (elut•d from gtl clicH) for pigJ;nent-protein compl• XH eorrtspond-
ing to photo>yst•m fl ••&c,i;on c •ttlff (PSII RC} and light-h&fVHring chloro-
phyll (11, h}-protoin oomplox., (LHC). A ••eondary pHk •t 472 nm ond • 
thouldt-r er 65) mn iudic:ne c:onfTiburiota fr-om Clil It to thts• broad•n•d 
ab1orption :&P*Clr& which have bren naT'maliud to 10 p.M Clll sohnioot in a 
l c1m path ltn.f;t'h ettv•tt• 

(Rtdmvn fi.om liY<ri< " " ' Anderson 1987) 

C hi 11/ b rat io, anti provided Boardman and Anderson (1964) 
with the firsc clue that they had achieved a historic first in the 
physical separation of those two cntick-s. 

Carotenoid" also participate in phomsynchecic energy 
transduction. Photosystems have an absolute requirement for 
catalytic amounc:; of tho::se accessory pigments, but their more 
substantive involvement i" via dissipation of pocenrially harm-
ful energy tlrnt would otherwise impact on ddicate reaction 
centres when leav1.."S experience excess phocon irradi:mce (for-
rher derails in Chapter 12). C:irotenoids <ire thus regarded as 

'accessory' co primary pigments (chlorophylls) and in moL-ir 
cerms are present in mature lt:aves at about one-third the 
abund1nce of Chi (c1 + b). 

Obviously, chlorophyll in k .ives is not in solurion but exists 
in a gel-like st:ite where all pigment molecules are linked to 
proteins, and absorption spectra differ accordingly (see Evans 
and Ander.;on 1987). Jn particular, light-harvesting Chi a, 
Ir-protein complexes (LHC in Figure 1.10, lower curves) dev-
elop a secondary absorption peak at ~72 nm with a shoulder 
at 653 nm, while the Chi 11 of photosystem II reaction cencres 
shows :ihsorption peaks at 437 and 672 nm (compared with 
429 and 659 nm for purified Chi c1 in soluti(m; Figure 1. IO, 
upper curves). 

Subtle alteratiQns in the molecular archirccrure of chloro-
phyll molecules according to the parricubr protein to which 
they bind in either light-harvesting or energy-processing cen-
tres are responsible for these shifi:s i11 absorption peaks, and for 
:i general bro.idcning of absorption spectra (compare lower 
:ind upper curves in Figure 1.8). Such effects are fimher 
accentuated within intact leaves by acce.o;sory pigments and 
greatly lengthened absorption pathways resulting in about 
90%1 of visible w.wclengths being absorbed (Figure 1. 9). As a 
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Figure 1.9 t..••H absorb vi1iblo Ggbt w ry •ffo<.'livrly (>90~. for •ll w•v•-
lt>ngth1 con1bin•d; solid cu-r•~). W1tvtlf'ngths corresponding to gtttn Lig:bl an 
absorbrd Ina • ffrwnly (absorpanc• drops to '· 75°/o). Beyond 700 nnt 
(infr ... ed band) absorpt•nc• drops to n'"'r ztto, •nd f<>NOC3lb lf11f hHring 
from this sourct of enHgy. QM1utum yield is ttftt-mcf"d to wlnt'J obt8ined 
in rt-d Us.ht (60<>-6'25 nm), whiGh is mo1t rtTtctivt in driving photosynthtsit, 
requiri""g :about 10 quaut·• p•r C01 auimil:at*d (b:H4'd on hjgh-pncision lc•f 
g;u exchongo) compared wirh ab<>Mt 12 qu•n•• at th" blu• p .. k (4;0 nm). 
Q1uncu1n yield thu.1 shows a bimodl'll rt'tponsir to wav• ltlngth. Ab1orpum c.-
drop1 bryond 700 nm but qu•nlum yirld drops off oven f••~r b•causr PSII 
(retponsible for 0 1 gtntnrion) P1b1orbt around 680 1un and c111nnot uH quein-
ta at longer w-.vclC'ngth1 in 1hi1 ine..suring S)'Sttm. UV W"aVt-ltngths (below 
400 nm) are CP1pab1• of driving photo1ynthni1, buL ws a protcetivt adapfetion 
v•s-:ubr pbnt.s 1tccu.1nulale a chomical tsun1creen' in re1pon$• to UV expo-
sur•. Fiitld .. grown pl:an11 att e1pecially rich in thtsc subst.8ncu so thttt 
absorbrd UV is Jiuipatc-cl har1nlu1Jy, lowtring quanrnm yield co1npi:tr'9d 
with j!rowth-chombrr pl•nlS 
(~eJ,.,wn froni Mccree 1972) 



consequence, absorption maidma (Figure 1.8) and photosyn-
thetic action maxima (Figure 1. 9) become somewhat dis-
placed. 

Nevecthdc:ss, are these wavelengths all used to equ<tl effect 
in phocosymhesis? Clearly not, and major discrepancies 
between absorptmce and qumcum yield occur at each end of 
the visible spectrum (Figure 1.9). In this bimodal action spec-
trum, a minor peak around 450 nm and a major peak at 
625 nm broadly match absorbance maxima o f pigment- pro-
tein comple);es. Although UV wavelengths are absorbed by 
le:ives and would be capable o f driving photosynthesis, such 
short wavelengths are damaging to biological systems and 
planes have adapted by developing a chemic.1! sunscreen. 
Consequently, the quantum yield from these wavelengths 
drops off markedly below about 425 nm. B.:yond 700 nm 
(in!bred b.md) absorption drops to near zero, and forc:sra.IL~ 
leaf heating fro m this soun:.: of energy. However, quantum 
yield foils away even fasrer, and this 'red drop', though ptl'.1:-
zling at first, led subsequently to a comprehensive modt:l for 
photosynthetic energy transduction, outlined below. 

1.2.3 Cooperative photosystems 
and a 'Z' scheme for electron flow 

Prior to the advent of high-precision leaf gas exchange meth-
ods (as employed for Figure 1.9), 0 2 .:volution was taken as a 
measure of photosynthetic activity. Action spectra were mea-
sured on a number of plants and algae over the range of visi-
ble radiation.A crucial and consistent observation was that 0 2 
.:volution dropped off much foster in the long-wavdength r.:d 
regio n (>690 nm) than did absorption. Put another way, more 
qu:mta were being absorbed at longer wavelengths than could 
be used for photosynthesis. It seemed at these longer \vave-
lengths as th(.1ugh a light absorber was being robbed of ener-
f,ry- processing capacity. 

Anticipating that bimodal absorption implied a cwo-step 
proccs.~. and knowing that chlorophyll ;ilso absorbed photons 
at shorter wavelengths, Robcrc Emerson (working at Urbana 
in the mid- 1950s) supplemented far-red light with shorter 
wavelength red irradiance ;md demon.~trated that the rela-
tively low photosynthetic race in for-red light could be signi-
ficantly increased. In face the photosynthetic rate achieved 
wirh rhe rwo light qualities combined could be 30--40"/0 high-
er rhan the sum of the races in for- red or shorter red when 
measured separately (Emerson d ,1/. 1957). This phenomenon 
bec.ime known as the 'Emerson Enh.mcemeru Effect' and 
comribured to a working hypothesis for photosynthetic ener-
gy conversion based upon two photochemical aces (propos.:d 
by Duysens et ,i/, "1961), but addi tional lines o f evidence were 
impacting on this outcome. 

At ahollt the same time as Emerson was establishing his 
enh:incement effect, Myers and forench observed 'sequential 

enhancement'; that is, a disproportionate increase in photo-
synthetic rate or efricicncy when the two hght qualities were 
separated in time. The upper limits of dark incerva.ls between 
two flashes of different light quality were 6 s for far-red after 
green and and 1 min for green after far-red. Clearly, the 'prod-
uct' of phocochemical act 1 was stable for 1 min, that of act 2 
for only 6 s. Thi.~ discovery implied that chemical interrnedi-
<ites, rather than an altered physical stite, were involved in a 
two-~ tep cooperation (see Clayton 1980). 

According co physical laws of photochemic:il equivalence, 
there should he a l : l yidd in converting light energy to 
chemical energy by a perfect system. Quantum requirement 
for such events would be 1. However, in photosynthesis rhe 
:1bso lme quantum requirement for 0~ evolution w:lS clearly 
much greater than l ~ml thuugh contentious at first proved to 
be somewhere between 8 and 10. Such reqllirement implied 
a multisrep pruc.:ss for energy convcr.>ion. Indeed, during the 
early '1940s a scientific controversy raged between Otto 
""Warburg (Berlin) :md Robert Emerson (Urbana) about the 
qu~ntum requirement o r photosynthesis in green algae and 
planes. Using manometry, a technique prcd1ting 0 2 elec-
trodes, Warburg related rates of 0 2 evolution to absorbed 
quanta and cl:iimed rhat 4 quanta were sufficient for the evo-
lution of one molecule of O~. Dy contrdSt, Em.:rson and many 
ocher scientiscs were reporting values of 6 to 12 quanta per 
molecule of 0 2. The two sds of protagonists agreed to a col-
labor:uive efforc, and by the late 1950s Emerson and co-work-
ers resolved that 8-10 quanta were required. 

How then could multiples of 2 quanta cooperate in the 
separ~tion of one strong red ucing and one strong oxidising 
equivalent? Everything st:1rted coming togethet when Hill 
and Bendall (1960) suggested a 'Z' scheme th:i.c w.is not only 
consistent wi th a requirement of8-10 quanta and the 2 quan-
ra cooperation principle, but also the operation of t\VO 

sequential photochemical acts (Figure 1.10 is a greatly 
embellished version of their original model). 

The original version of this 'Z' scheme WdS forther vali-
ilired by unequivocal evidence from Australia that the two 
(inferred) photosystems were indeed separdte physical entities. 
Using sophisticated biochemical chloroplast purification and 
suh&accionation methods, coupled with detergent soluhilis-
ati 0 11 of membranes, Boardman anti Anderson (1964) 
;ichieved the first physical separation ofphotosysrem IJ (PS!f) 
from photosystem I (PSI), thus confirming the separate iden-
tities or those complexes. 

A source of el~trons had long lx.--cn recognised as basic to 

the operation of this 'Z' scheme, with H~O molecule.~ an 
obvious source, but were photosynthetic membranes capable 
of photolysis? Early c:>..-periments by R obin Hill and col-
lt.-agucs at Cambridge had established this capability. They 
used isolated thylakoid membrane preparJtions and showed 
that 0 2 could be evolv.:d in the absence of C02 as long as 
external electron acc1..-p t(.1rs were present (Hill reaction). Intact 
leaves or whole chloroplasts have no need for an artifical 
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Figut• l.10 A highly diagTa.rnmaric ziti;-u1g or cz• sch•m• of photo_syn-
thetic el•ctron tr-a nsport from W111r.er to N ADP+ •howiug th t sequ tnc• of 
tolectto n/proton CMtiHs and 1h1ir a11ocifttion with f.ilhtr PSU OT' PSI. Lintal" 
electron t1ow it shQWn M solid linH; cyclic electron flow ;s indicated by 
da.sh•d Hutt. All of thffe electron traauport chains operat• within thylakoJd 
m•mh,.ilntt with •lectron flow following a Hquenct- dict111ted by rtdox 
pottnti111l (sh.own in volts on tht etrdin,.t•)· Cydie 1l•ctton flo w in PSII 
divnc:s electrons from phe-ophyr.in to cytoclttom• bs,s9 (and poHibly back to 
P680*). Cyclic t l..c-trort transport arou.nd PSJ mo-v.-s t lPctron.• from ffr~ 
dcxin through cyrochrom. b,.., •nd pl .. toquirton+ (PQ), whil• pnudo<:y~I;< 

• lt-crron tnn1port t•kes •l•ctrons from ft rrt•doxin to 0 1. 
In Hnu.r ftow, water m(')l •cnlH .a-re jp llt in PSII, Hbe-rati'1g 0 2 ond pco-

viding & jOurc• of electrons. M iit the mangantsf'-containing c:Jusrer which 

accepter because electron flow is clirccted to NADP+ and 
subst:quent reduction of C02 (first demonstrated with intact 
chloroplast:';; see Amon 1984). The 0 2-evolviog function of 
photosyntht!Sis was foll nd to be associated wi th PSll in exper-
iment:<; with isolated thylakoids using external (artifici:il) elec-
tron donors and acceptors and specific electron transport 
inhibitors. As one omcome of those early Cambridge exper-
iments, 0 2 evolution is now measured routinely in 1Jitro (and 
in vivo on leave.\) wich 0 2 elcetrodcs (W:itker 1987). 

Chloroplast strncnm: .ind function is by now sufficiently 
well defined co consider photosynthetic electron flow in 
dct:i il. Pigure 1.10 applies equally well to vascular plants or 
to algae with o~-ygenic photosynthesis, where in ei ther case 
cwo photosyscems work cooperatively and sequenrally in 
absorbing phQtons ;10d converting their quantum energy into 
a Row of electrons. Paradoxically. convention h:is it that pho-
tosynthetic electron flow initiates in PSIJ and proceeds to PSI. 
PSI! was so named because PSI had alrc:idy been described in 
single-celled (prokaryot ic) org.misms and, owing to the ruk'S 
of nomenclature, was accord~d priority. 

Pscudocrclic 
electron 
trnmport 

NADP* 

ox idi;1H wat• r, Z b tyrosin~1 61 c ( th• Dt pt'Ot•iu which in t urn repttuuts 
the primu y t l•ctrou donor to P68-0• (• ip• daJ paic of Cht a mol•cules with 
an absorprion p•111k at 680 nm). Pheo is th t pt'ima.-y tltcrron acceptor phto-
phyrin o, & chlorophyll molecul• lacking Mg; Q,.. ;, th• first srabl• ond pM-
m~n•ntly bound plutoquinone- eledrott acc•ptor; Qa is th• second, Hn~ 
porarily bound, plaatoquinont- toltctTon aec•plor which act.u"lly let1ov•,1 PSll 
in a .-duc.O fo• m (PQH2). Furrher 1lon11, FeS = Ri•sli iron- sulphu• ctn. 
tr•; C yt,J= cytoc.hromt-f; PC= pl1111tocyanin; P700 ::::: t"t-aerion ctntre c:hloro-
pbyll t1 of PSl;Ao,1L\0 F.,. f n-1 .and FA ar• •lectron AC:Ctptor-s of PSI; Fd = ie.rrP-
doxin; Cyt t..1.50 = qt<>ch<om. Ii,,.,; Cyt i....., = ~ytochrom. i.,. Aho shown ,.. 
tap•ffd ""°"'' i• H+ accumulation in rht lu111eu auoci.au d with wat.-r And 
p1Mtoq ui nol ox.idatious. 

fioth photosystcms are large multi-subunit complexes, 
quite differt:nt ~tructur<11ly and functionally, and operating in 
series. In l'Sll, electrons are provided from a water-splitting 
apparatus via a manganese complex which undergoes ()).;-
dacion from a valency state of +2 to +4.T hese oxidation ~tares 
are made possible by P680+ (a special form of Chi 11 with an 
absorption peak at 680 nm). P680+ is a powerfol oxid1nt gen-
er.1ted by .1bsorption of energy from a photon. P680 is 
referred to as a 'special pair' because ic is a pair of Chi 11 mol-
ecules. Electrons from P680 p~ tO phcophycin (Pheo in 
Figure 1.10) and on to a bound quinone molewle, Q,... Fmm 
there a second transiently bo und qui none Q8 receives two 
electrons in succession and requires protonation. The entire. 
fully reduced, quinone molecule leaves PSII and enters a plas-
toquinone pool (2PQ). 

All of the electrort transport cofactors of PSll and o ne ~­
carotene are bound ro proteins 1)1 and D2.They in turn form 
a hcterod imer, and together with cytochrome b559, a 9 kDa 
phosphoprotein and a 22 kDa protein, form the PSIT reaction 
cemre. Attached to the reaccion centre arc core proteins 
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Thylakoid membrane 

PSII-LHCll Cyr b(f PSI-LI-IC[ ATP symhasc 

Figure 1.11 Light harvHiiu~11 photo,ynfhe-tie f'l~cr,.on transport &om H20 to NAD p+ and gent>ralion uf 
ATP ••• achieved via four typ., of compl•xff which •how • !etot•I h•<•rogeneity within thyl•koid m•m-
brano. A sm&ll part of a continuous ue-cwork of iutereonn~<:lt'd rh)'lakoids it. shown hf'f'('o diagramnuticall)' 
whet< PSI complexes and ATP •ynthase ••• reth'ic~d to non-appr ..... d t<'gion•· Most PSll eomplnes, and 
the ligh~harv ... ting •H•mbl•g•• a,.ocieted with PSll (LHCll} ar• held within appr<H<'d region> of thi• ""'-
wotk. Cytochrom• bl/ compl•xn (Cyt 61/1 an mor<' g•n.,olly locued. 

A ch+miotrnotic coupling mt>chanitm i.s ntponsi.b1e for ATP synthttif.. Protons iH't- 'pumpf'd' acrou thf: 
thylakoid membran• from ouuid• (tttoma) to inside (lnm•n) by • complox •rrangem•nt of electron c•rri-
crs ombf'dd .. d within th~ tn .. 1nbran.-. A prodigious conconlr&tion of protons l:milds up within the Ju.men, 
p•rtly from photolysi• ol' wa~r mol~cul•• (water-•plittins apparotus on PSll) and partly from oxidation of 
p1a1toquinon• (PQ) on the inner fac~ of th., membran~. Thjs protonmotiv• force from in•ido (l\lm4'n) to ont-
si.dt- (stron1a) is us•d to genl)reco ATP wilhin the stro1n111 via an ATP syntha'e f;omplfX that straddl~ tht- thy-
lakoid m•mbrane. OEC = oxygen-evolving complex; Pheo = ph•ophytin " 
(Aiclept< d No;;•fand~cson and A.uJ..:~.;ou t98R) 

LB~~ 
which carry 50 Chi ,, and carotenoid pigments. A hetero-
geneous light-harvesting chlorophyll-prmein complex con-
stitutes an miter antenna system and is composed of trimeric 
28 kDa proteins which i11 roto bind 250-300 Chi (11 + b) mol-
ecules per reaction centre. These 28 kD<i proteins <also bind 
carotenoids which provide one avenue for energy dissiparion 
when photon capture exceeds subsequent energy utilisation 
(e.g. stres.~ed plants in strong sunlight). Photons absorbed by 
the many pigments in LHCll <art: transferred as excitons by 
the Ll-JCll and core pigments to reaction centres where they 
are finally trapped by P680. Such 'craps' are regarded :t~ open 
if QA is oxidisc:d md rc:ady to receive an elccrron from P680. 
If, however. ~ is still in its reduced state, that 'trap' will be 
closed, and excitons will then tr:msfer to another n:<icrion 
centre or he lost as heat or fluorescence.Traps have about onc-
billionth of a second (10-'J s) co <accept <m exdton before such 
energy is lost by either pathway. 

In PSI, absorption of quantum energy from a photon caus-
es oxidation of P700, the PSI reaction centre equiv;i]ent of 
P680. In contrast to PS!I, where electrons are drawn from a 

water-splitting <ippararns, P700 accepts electrons from PC 
(reduced form PC- in Figure 1.11). Electrons then pass 
through three iron-sulphur (FeS) centres and out of PSI to 
fcrre<loxin (Fd). The reaction centre of PSI contains several 
proteins, but most of the electron tr<ansfer cofactot'S are bound 
to large heterodimeric proteins which in turn bind the inner 
Chi a antenna.The LHCI complex wnsists of possibly eight 
polypeptides of between 24 and 27 kDa which carry Chi '' 
and Chi /J plus carotenoids. 

These t\vo photosystem~ are juxtaposed across thylakoid 
membranes in such a way that linear dccm.m transpQrt i.'> har-
nessed for ch<irge separation, le<iding to a mas.~ivc accumula-
tion of r~r+ ions within the lumen of illuminated thylakoids, 
which is then employed in ATP generation, 

Combining concepts of photolysis and photosynthetic 
elcctl'on flow outlined earlier (figure 1.10) and putting th.it 
conceptual fr.unework into a thylakoid membrane sysccm 
(Figure 1.11), a picture emergc:s when: dectrons generated 
from splitting H20 molecules on the inner surface of PSII are 
tr:insforred &om plast0quinol (PQH2) to the Rieske iron-
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sulphur centre (Rieske FeS) of the cytochrome b6/f complex 
(Cyc bt/j) an d further to eytodu ome f (Cyt j). The pivotal 
importance of Cyt Jin facilit;lting electron transport from 
PSH to PSI was demonstrdted by Duysens and colleagues (see 
Levine 1969), who showed that preforential energisation of 
PSII Oight at <670 run) caused reduction, whereas preferen-
tial energisation of PSI (light at >695 nm) caused oxi<lario11. 
This degant 'push- pull' experiment confirmed the coopera-
tive and sequential natme of PSI I an d PSI, as well as indic1t-
ing overall direction of photosynthetic electron flow. 

P roteins which bind the Rieske FeS centre and Cyt f 
toged1er with cytochrome bsc.o (C:yt liJ form a large electron 
transfer complex.This complex (Figure 1.1 J) spans the mem-
brane and is located between the two photosystems. Electrons 
<1re transferred to PC (forming PC-), a copper-containing sol-
uble protein extr insic ro the thyfakoid mcrnbr.me .ind located 
in the lumen. On the other side of the membr.me, attached co 
the stromal side, is ferredox.in (Fd) which accepts electrons 
from PSI and pas.~es chem on to tCrrcdoxin-NADP rcduccase, 
an enzyme, also extrinsic to thylakoids, and attached o n the 
stromal side of the thylakoid membrane.This enzyme accom-
plishes the final dectron transfer in an overall linear chain au<l 
reduced NADP is then protonated. 

While line<1r electron transport from water to NADP+ is 
the main and most important path, electrons can also be tran~­
forred to 0 2 in a so-called pseudocydic or Mehler reaction 
(Figure 1.10). This pathway prnbably operates i11 Pivo :t~ a sink 
for electrons when synthetic events call for more ATP chan 
NADPH. T:llectrons can aL~o be cycled around both PSJT and 
PSI, again producing ATP with no accompanying NADPH. 
Cyclic electron Aow around PSU may have a completely d if-
ferent role and m<i.y be related to the downr<!gula tion of this 
phocosyscem during photoinhibition (Chapter 12). 

According to this multistage scheme, decrrons are trans-
fom~d from donor (reduct.ant) to acceptor (oxidant). T he 
direction of that transfer depends upon a difference in oxid:1-
cion-rcduction potential between a g iven donor and a given 
acceptor (as indicated on the ordinate in Figure t. 10).A more 
positive potential implies stronger oxidative power (i.e. capac-
ity co accept electrons); a more negative pocemial implies 
stronger reducing power (i.e. capacity to donate electrons). 
P680* thus In~ a strong capacity to donate electrons (a strong 
re<luctant); P700* has an even stronger capacity co donate 
electrons (an even stronger reduccam). 

Molecules which accept elcctron5 are inunediately p roco-
nated. In aqueous systems, such as chloroplasts in 11iil(), hydro-
gen ions (H+) are ubiquitous, and these ions combine with 
electron acceptors to generate hydrob>en atoms (i.e. 1-1• ion + 
electron - H atom). In Pigure 1.10, some events involve 
electron transfer, while others iadude transfer of hydrogen 
atoms.As a simplifying convention, all such evenlS are referred 
to as electron tr:msfers. Ironically, the end result of all these 
reaction~ is a net transfer or hydrogen atom.~! 

1.2.4 Photophosphorylation and 
ATP synthesis 

During photosynthetic electron transfer from w.i.ter to 
NADP+, energy captured in two photoacts is stored as nn 
electrochemical potemial gradient of protons. First, such 
rt:duction of Q8 requires protonacion with protons drawn 
Ii-om the stromal side of the mcmhrane. Re-a>ddacion (and 
deprotonarion) occurs cowards the rhylakoid lumen. In addi-
tion, procons are lost from the scromal side via proconation of 
reduced N ADP and they are also ge11emted in the lumen dur-
ing photolysis. A massive dpl-J, of approximately 3-4 pH 
uni rs, equi-.~ilent to an I-J+ ion concentration di£Fcrence of 
three to four orders of magnimde, develops acres.~ rhe thy-
lakoid membran e. This immense gradient drives ATV synrh c-
sis (catalysed by ATP synrhase) within a large enel"b'Y traus-
ducing complex embedded in the thylakoid memhrJne 
(Figure 1.11 ). 

ATP sy11th~is in chlor<.1plastS (photophosphorylation) pro-
ceeds according to a mechanism that is basically simibr ro th<1t 
in mitochondria. Chemiosmotic coupling (Mitchell 1961) 
which links the movement of protons ckiwn an electro-
chemical potential gradient to ATP synthesis via an ATP syn-
thase applies in ho th organelles. However, the orientation of 
ATP synthase is opposite. In chloroplasts protons accumulate 
in thylakoid lumen and pass ournr.1rds through the ATP syn -
thase into the moma. In mitochondria, protons accumulate 
within the intermembranc sp;lce and move inward~. generat-
ing ATP and oxidising NADH within the matrix of these 
organelles (Fig 2 .24) . 

In chloropbsts, ATP synthase is called the cr:0 CF1 com-
plex. The CF" unit is a hydrophobic transmembrane multi-
protein complex which coma.ins a water-filled proton con-
ducting channel. The CF1 unit is a hydrophilic peripheral 
membrane protein complex that protrudes into the stroma. It 
contains a reversible AT Pase and a gate which controls proton 
movement between Cf-0 and CF1. Entire CF0 Cr:1 complexes 
are restricted co non-appressed portions of chylakoid mi:m-
brancs J ue to their bulky CF1 unit. 

Direct evidence for ATP synthesis due to a transthylakoid 
pH gradient can be adduced as follows. When ch loroplasis arc 
stored in darkne.\s in <1 pH 4.0 succinic acid buffer (i.e. a pro-
ton-rich medium), thylakoid lumen cquilibrace co this pH . If 
the chloroplasts, still in the dark, are rapidly transfcm .. ·d to a 
pJ-1 8.0 buffer containing ADP and Pi, ATP synthesis then 
occurs. This outcome confirms a central role for the proton 
concentration difference betwet:n thylakoid lumen and stro-
ma for ATP synthesis i11 vitro; but does such a process operate 
on that sc.11<: in viv!l? 

M ordhay Avron, based in Isr.1el, answered this question in 
part during the early 1970s via a most elegant approach 
(R ottenberg et 111. l 972).Working with thylakoid prcpar.ltions, 



Avron and colleagues established that neutral amines were free 
to exchange between liaching medium and thylakoid lumen, 
but once proconated in illuminated preparations they became 
trapped inside. By titrating the loss of such amines from the 
external medium when preparations where shifted from dark 
to light, they were able co infer the amonnt retained inside. 
Knowing that the accumulation of amine depended upon H •· 
ion concentration in char lumen space, the difforence in H+ 
ion concentration :md hence 6.pH across the membrane were 
established. 

At saturating lighr, chloropwts generate a proton grndienc 
of approximately 3.5 pH units acros.~ thei r thylakoid mem-
branes. Protons for this gr.idient arc derived from the oxida-
tion of water molecules occurring towards the inner surface 
of PSI! and from transport of four electrons through the Cyt 
blf complex, combined with cotranslocation of eight protons 
from the stroma into the thylakoid space for each pair of 
vv.1ter molecules oxidised. Electrical neutrality is maintained 
by the passage of Mg2+ and er across the membrane, and as 
:i. consequence there is only a very small electrical gr.idient 
acros.~ che chylakoid me1nbrane. The electrochemical potential 
gradient that yields energy is chus due almost entirdy to the 
concentration of inrrathylakoid H+ ions. 

For every three protons translocated via ATP synthase. one 
ATP is synthesised. Linear electron transport therefore gener-
ates abour four molecult:s of ATP per 0 2 evolved. Thus eight 
photons are absorbed for every four ATP molecules genemt-
ed or for each 0 2 generated. Cyclic electron tr.msport is 
slightly more efficient in producing ATP and generates about 
four ATP per six photons absorbed. However, linen electron 
transport also generates NADPH, which is the equivalent, in 
energy terms, to six ATP per 0 2 released. 

& implied in Figure 1.11 , the four thylakoid complexes, 
PSII, PSI, Cyt b~f and ATP synthase, are not evenly distributed 
in plant thylakoid membranes but show a lateral heterogene-
ity. Thi~ distribution is responsible for the highly characteris-
tic structural organisation of the continuous thylakoid mem-
brane into two regions, one consisting of closely appressed 
membranes or granal stacks, the ocher of non-appressed stro-
ma lamellae where outside surfaces of thylakoid membranes 
are in direct coma ct with the stroma. This structural organisa-
tion is shown on a modest scale in Figur~ut extreme 
examples arc evident in chloroplasts of shade-adapted speci..:s 
grown in low light (Chapter .. 1'6( Under such conditions, 
membrane regions with d usters of PSII complexes and Cyt 
blf complex.:s become apprcsscd into das.~ical granal stacks. 
Cyt blf complexes arc pr1..-sent inside these gr:mal stacks as well 
as in stroma l<imdlae, but PSI and ATP synthase arc absent 
from gr,rnal stacks. Linear electron transport occurs in granal 
stacks from PSll in apprcsscd domains to PSI in granal mar-
gins. Nt.:vcrtheless, shade plants have only a low rate of linear 
electron transpon because they have fewer PSll complexes 
compared to PSI, a consequence of investing more chloro-

phyll in ead1 PSII to enhance light harvesting (see Anderson 
(1986) an<l Chapter ~or more det:iil). 

1.2.5 Chlorophyll fluorescence 

A dilute solution ofleaf chlorophyll in organic solvem appears 
green when viewed with light transmitted from a white 
source. Wavelengths corresponding to bands of blue and red 
h.ive been strongly absorbed (Figure 1.8), whereas mid- range 
wavelengths corresponding to green light arc only weakly 
absorbed, hence the predominance of those wavelengths in 
transmitted and reAected light. H~1wcver, viewed laterally via 
re-emitted energy, the solution will appear deep red, and th.it 
same colour will persist reg:mUess of source light quality. 
Fluorescence spectra are inv.1riate, and the same spectrum will 
be obtained (e.g. Figure 1.8 inset) regardless of which '\~IVe­
Jengths arc used for excication. This <:haracteristic emission is 
cspeci;tlly valuable in establishing source pigment~ responsible 
for given cmis.~ion specrra, and for studying change.~ in their 
photochemical scams during energy transduction. 

Fluorescence emission spcccr.1 (Figure 1.8 inset) are always 
displaced towards longer wavdcngths compared with w r-
respondi ng absorption spectra (Stoke's shift). As quantum 
physics explains, photons intercepted by the chromophore of 
a chforophyll molecule cause an instantaneous rearrangement 
of certain electrons, lifring that pigment molecule from a 
ground state to an excited state which has a lifetime off. lo-~ 
s. Some of this excitation energy is subsequently converted to 
vibrational energy which is acquired much more 'slowly' by 
much heavier nuclei. A non-equilib rium state is induced, and 
molecules so affected begin ro vibrate rather like a spring wich 
char.icteristic periodicity, leading in turn to energy dissipation 
as heat plus remission of less energetic photons of longer 
wavelength. 

Apart from their role in phocon capture and transfor of 
excitation encfhry, photosystems function as energy converters 
because they are able to@photon energy rather than lose 
as much as 30% of it through fluorescence as do chlorophyll~ 
in solution. Moreover, they can use the trapped energy to lift 
an electron to a higher energy level from where it can com-
mence a 'downhill' flow via a series of electron carriers a.~ 

summarised in Figure 1. 10. 
Protein structure confers very strict order on bound 

chlorophylls. X-ray crystallographic resolution of the bactt:ri-
al reaction centre has given u~ a picture of the beautili.11 asym-
metry of pigment and cofactor arrangements in these re:1ction 
cemrcs, and electron diffraction has shown us how chloro-
phylls are arranged with proteins that form the main light-
harvesting complexes of PSI!. This structural constraint con-
fers precise disrance and orientation relationships between che 
var ious chlorophylls, as well as betw1..-cn chloropbylfa anti 
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carotenoids, and between chlorophylls and cofactors enabling 
the photosystems to hecome such effective photochemicdl 
devices. It also means that only 2-5% of all the energy that is 
absorbed by a phocosyscem is lost as fluorescence. 

Ifleaf tissue is held at liquid nitrogen temperature (77 K), 
photosynthetic deccron Row ceases and chlorophyll fluores-
cence does increase, including some emission from PS!. 
Judnction kinetics of chlorophyll Huorescence at 77 K have 
been used to probe primary events in energy transduction, 
and especially the fi.mctional state of photosystems. Present 
diswssion is restricted to room temperature fl.uoresct:nce 
where even the small amount of fl.uor~cence from PSTI is 
diagnostic of changes in functional state. This is because 
chlorophyll fluorescence is not emitted simply as a burst of 
red light following excirarion. but in an ordered fashion that 
varies widely in flux during continuous illumination. These 
trwsient event.~ (Figure l.12) arc referred to coll~c:ively as 
fluorescence induction kinetics, fluorescence transient<>, or 
simply a Kautsky curve in honour of its discoverer H:ms 
Kautsky (Kaucsky and Franl:k 1943). 
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Figttu 1.12 A reprtttntllr.ive c l\:iirt tt-cocdrc trace of ind1.lc1ion kinetic• flX 
Chi a flttoresc•ncto 3t TOOm t•mp•utul'f' from .:a ma rue• b•orn leAf (Pluuco/lu 
M1lgdris). The lt1'f was h•ld in darkness tOr t7 min p1'ior ro excitMion (zig-
zag arrow) at a phos:on i,.nd1ane• of 85 .,..tnol quf'nt~ m·Z , -•.The ov~rall 
K"utsky curve is giv&n in (b), and f'n •Kpand• d v.rsion o f the fi"t 100 mf. it 
1hown in (A). Su· t•Xt for tx:pll\nation of symbols ""d int•rpt•tation ofvl\ri .. 
;Uiou in strength for t.hese 'tich bur atnbigu.ou1 signal1'! 
(Redrawn from Norci'11 <I <11. J 'JS3) 

At room tempt:rature and under steady-sratt: conditions, iu 
11ivo Chi ,, fluorescence from an immature (greening) bean leaf 
shows a ch;ir.1ctt:ristic emission spectrum with a distinct peak 
around 690 nm and a shoulder near 735 nm. As leaf chloro-
phyll concentration incre:isc:s, the intensity of liuoresct:nct: at 
690 nm diminishes compared with t:mission at 735 nm due 
to rcabsorprion of shorter wavelengths hy the t:xtr.l chloro-
phyll molecules. Fully developed bean leaves thus show a new 

m;n,imum between 730 and 740 nm. Room temperature Ru-
orometers rely on this secondary peak. 

(a) Fluorescence induction kinetics ~ 

Strength of emission under steady-state conditions v.iries )JJe ..!J_ 
according to the fiue of phoron em:q,>y captured by[LEti11.:J 
and the degree co which energy derived from photosynthet-
ic electron flow is g;iinfolly employed. However, strength of 
emission tluctm1tcs widely during induction (Figure 1.12) and 
these rather perplexing dynamic.~ art: an outcome of smut: ini-
tia l seesawing bt:tween photon capturt: and subsequent elec-
tron flow. Taking Figure 1.10 for reference, complexities of a 
fluorescence transient (Figure 1.12) can be explained as fol-
lows. At the instant of excitation {zig-:iag arrow), signal 
strength jumps to a point called f~ which represents energy 
derived largely from chlorophyll molecules in the disral 
:mtennae of the LHCll complex which fail to tr:m.\fer ch.t:ir 
excitation energy to another chlorophyll molecule, but lose it 
immediately as liuorescence. F0 thus v:irie.~ according to the 
effectiveness of coupling beC\veen antennae chlorophyll and 
reaction cencre chlorophyll, :md will increase due co h.igh-
tempcrature stress or photodamage. M11-defo.icnt. lcaves show 
a dramatic increase in F,, due to loss of functional continuity 
hetwet:n photon harvcsring and energy processing centreS of 
PSII (discussed further in Chapter~ 

R.:tuming to Figure 1.12, the slower rise subsequt:nt to F0 

is calkd I, and is followed by a further rise to Fm. These st;1ges 
reflect a surge of electrons which fill successive pools of v:iri-
ous electron acceptors llf PSI!. Significantly, F.n is best 
expressed in leavt:s chat have been hd d in darkness for ac least 
10-1 S min. During this dark pretreatment, electrons arc 
drawn from cf$_. leaving this pool in an oxidised state and 
ready to accept cleccrons from PSU. An alternative strategy is 
to irradiate leaves with far-red light to energise PSI preferen-
tially, and so drdw electrons from PSII via the R ieske FcS cen-
tre. The sharp peak (F,J is due to a temporary restriction on 
electron flow downstream from PSII.This con.maim results in 
maximum fluorescence out of PSll at about 500 m~ afrer 
excitation in Figure 1.12. That p~k will occur ~rlicr where 
leaves contain more PSII relative to electron carriers, or in 
DCM U-created leaves. 

Photochemistry and dectron transport acriviry always 
quench fluorescence co a major extent unless electron Row 
out of PSI! is blockt:d. Such blocbge can be achieved with 
the herbicide 3-(3.4-dichlo rophenyl)-l, 1-d.imethyl urea 
(DCMU) which binds specifically to the Dl protein of PSll 
and blocks electron flow to Qn- DCMU is a very effective 
herbicide bct."ausc it inhibits photosynthesis complt:tdy. As a 
consequence.. signal rise to F,n is virtually instantaneous, and 
fluorescence emi~on stays high. 

V:1riation in strength llf a fluorescence signal from J--:, to f.' m 

is also called vJriable fluoresce nce <Fv) because sc:ile and 
kinetics of this rise art: significantly influenced by all manner 
of environmental conditions. F0 plus F,. constitute che maxi-
mal fl uorescence (FnJ a leaf can express within a given mea-



suring system. The F/ F01 ratio, measured after dark treatment, 
therefore refleccs the proportion of efficiently working PSll 
units among chc coral PSil population. Hence it is a measure 
of the photochemical efficiency of a leaf, and correlates well 
with ocher measures of photosynthetic effectiveness (discussed 
further in Chapter 12). 

(b) Fluorescence relaxation kinetics 
Excellent liuorometers for use in laboratory ~nd field such as 
the Pl:.int Efficiency Analyser (Hansatcch, King's1 Lynn, UK) 
make accurate measurements of all the indices of the Kautsky 
curve and yield rapid information about photochemical 
capacicy ;md response to environmemal sm:ss. 

Even more sophisticated is the Pulse Amplirndc 
Modulated (PA.t'v1) fluorometer (W<1l:i:, Effeltrich, Germany) 
which employs a number of fluorescence- and/ or photosyn-
thesis-activdting light beams and probes fluorescence status 
and quenching properties. In contrast to induction kinetics 
generated by conventional tluoromcrcrs (e.g. Figure 1.12) 
where a given source of weak light (commonly a red light-
emitting diode producing only 50-100 µmol quanta m-2 s-1) 

is used for both chlorophyll excirarion and as a source of light 
for photosynthetic reactions, a P.AM liuoromerer applies puls-
es of samracing light for chlorophyll excitation on top of an 
actinic beam which susrain~ photosynthesis. A combination of 
optical filters plus sophisticated electronics emures chat detec-
tion of fluorescence emission is locked exclusively onro the 
modulated signal. In chis wdy, most of the continuous back-
ground fluorescence and reftecrcd long-w.1.vdength light is 
disregarded. The filnctional condition of PSII in actively pho-
tosynthesising leaf tissue is rims amenable to analysis. This 
instrument al~o reveals the relative contributions to tot'dl flu-
orescence quenching by photochemical and non-photo-
chemical processes and will help assess any sustained loss of 
quantum efficiency in PSII. Photosynthetic electron transport 
rates can be calculated concurrencly. 

Phocochem.ical quenching (IJp) varies according to the oxi-
dation state of clccrmn acceptors on the donor side of PSI!. 
When QA is oxidised (e.g. subsequent to dark pretreatment), 
quenching is maximised. Equally, !Jp can be totally eliminated 
by a samrating pulse of excit<ition light that reduces QA, so 
that fluorescence yield will be maximised, :L~ in a PAM fluo-
rometer. Concurrently, a stropg beam of actinic light drives 
phocosynchcsis (maintaining linear electron fiow) and sustain-
ing a pH gradient acros-s thylakoid membranes for ATP syn-
thesis. Those even~ arc a prelude co energy utilisation and 
contribute to non-photochemical quenching (q,J. This q11 

component can be inferred from a combination of induction 
plus rebxation kinetics. 

In Figure 1.13,a previously d'lrkcned radish leaf(traps now 
open and QA 0>ddised) initially receives weak modulated light 
(< 1 µmol quanta m-'.l s-1) that is in~uflicient to close craps hm 
sufficient to establish a base line for constant yield fluores-
cence (F0 ). This value will be used in subsequent calculations 
of fluort.-sccnce indic~~. The leaf is then pulsed with a brief 
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i:igure t.tl Induction and r•laxarion kin•rks of iH 1,f110 Cltl e1 tluocesctouce 
frotn a wtU-nourjshtd r~dish ltAf (~pltan111 wivsu) supplit-d with a photon 
ittadianc:e of acrinic light al 500 ,amol quantR m-2 s·J and subjected to n sl\t-
nre.ting puts. of 9000 pmol quanta m-1 s-l fof" 0.8 s e-very 10 s. Output sig-
nal Wl\J not'malised ro t.0 1t.round the vat.n for Fm t'Ollowing: JO milt dark. 
ptttreatment. Modulate-d light photon initdiance wu <1 pmol qnanta 
m-z s-1). S+• rttxt for d•fiuirion of symbols and intt'rpretacion of kinetks 
(Origin.al (unpublished) d3<> from John E\•Jns ge1,.rated 011 a PAM tluoromet.c 
(Heinz W•I• (;mbl-1, Germany)) 

(0.8 s) saturating flash (9000 ~tmol quama m-2 s-1) to measure 
Fn,. Pulses follow at 10 s interv;il~ to measure F,11

1 .Actinic light 
(500 mmol quanta m-2 s-1) scam with the second pulse and 
ApH starts to build up in response to photosynthetic electron 
flow: Phocosymhecic en~ri,'Y tr<insductiun comes to equilibri-
um with these conditions after a minucc or so, and fluores-
cence indices q11 and qP can then be calculated as follows: 

qn = (F111 - Frn') I (Fm - 1-;.), ~nd 
qp =<Fm' - F) I (Fm' - F0 ) 

(1.1) 

Under these steady-state conditions, samrating pulses of exci-
tation energy are being used to probe the fi.Jnctional state of 
PS!I, and by eliminating llp the quantum eflicient.-y of light-
energy conversion by PSII (<l>psu) can be inferred: 

(1.2) 

If overall quantum efficiency for 0 2 evolution is taken ;is 10 
(di~cussed earlier), then the rate of 0 2 evolution by this radish 
leaf will be: 

<l>pst1 x photon irradiance/10 (µmo! 0 2 ni-2 s-1) 
(1.3) 

In surnmary, chlorophyll liuor.escence at ambient temper-
ature comes mainly &om PSIL This photosyscem helps to 

control over.ill quantum efficiency of electron How and its 
fi.mctionality changes according to environmental and inter-
nal concrnls. In rcspQmc tQ ~~cablishmenc of a ApH ;icross 
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chylakoid membranes, and particularly when irrJ<liance 
exceeds saruraiion lcvel5, some PSIJ uruts become down-
rcgulatt:d, that is, they change from very efficient photo-
chemical energy converters into very effective energy w.mers 
or dis.~ipators (Chapter ·12). Large amounts of the c:irotenoid 
pigment 7.eax:mrhin ensure this harmless dis.~ipation of ener-
gy as heat (other mcchanism5 may also contribute). PSIT also 
responds ro ti::t:dback from carbon metabolism and other 
energy-consuming reactions in chloroplasts, and while varia-
tion in pool size of phosphorylated intermediates has been 
implicated. these mech:misms ;m~ not yet understood. 

1.3 Conclusion 

Chlorophists arc sites of solar eneq,ry <ibsorption and suh-
scqucnc cr:msduction into chemically usable form~. Splitting 
water molecules and devdoping a proton motive force of suf-
ficient magnitude to drive ATP synthesis are energy-intensive 
proce.~5cs. Consequently, photosynthetic organisms evolved 
wich du:il photosyscems that work cooperatively and sequen-
tially to CA""trJct suffi cient quantum energy from parcels of 
absorbed photons to generate a sufficiently strong elecrro-
chemic:il potential gradient to synrhesise the relatively stable, 
high-energy compounds ATP and NADPH. Such metabolic 
energy sustains cycles of photosynthetic carbon reduction 
(PCR) where C02 is initially assimilated by one of three 
phomsynthetic p:ithways, namely C3, C4 or CA!vl, but eventu-
ally fixed via a PCR cyde within the stromal compartment of 
chloroplasts (considered further in Section 2.1). 

T hermodynamically, the net outcome of photosynd1etic 
energy tr<msduction muse he viewed as long-term storage of 
energy in the form of a pr(J1/1w p11ir, namely &cc ox-ygen and 
reduced carbon (organic m<itter), rather chan as separate mol-
ecules. Plants themselves or indeed any heteratrophic organ-
isms subsequently retrieve such energy via metabolic 'com-
bustion' of the organic matter where enzymc-cac:tlysed reac-
tions bring chis pair of products together again. These secs of 
events are outlined in Section 2.4. 
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