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The yield of crop dry matter is closely dependent upon the
amount of solar radiation intercepted by the crop canopy. This
in turn is primarily determined by the amount of leaf area and
its persistence. This study was concerned with the influence
of environments, nitrogen supply and plant density in
controlling apical development and leaf growth and development
in barley. Three series of experiments were carried out on
sequentially sown spring barley (cv. Claret) to cover the
whole range of the natural variation in environmental
variables. In the first serlies of experiments there were 4
sowing dates, 4 levels of nitrogen and plants were grown in
perlite in small pots. In the second series there were 3
sowing dates, 4 levels of nitrogen and plants were grown in
soil and sand compost in small pots. In the third series of
experiments there were 3 plant densities, 2 levels of nitrogen
and plants were grown in soil and sand compost in large tanks.

A strong effect of growth media and size of pot on leaf growth
was observed. The plants grown in soil had longer leaves and
had more tillers than plants grown in perlite. Leaves were
even longer when plants were grown in large tanks.

Primordia initiation on the main shoot apex, leaf appearance
and leaf extension were best described as linear function of
thermal time rather than Julian time. Rate of leaf appearance
on the main shoot was found to be linearly related to the rate
of change of daylength at crop emergence.

Final leaf length depended upon both the rate and duration of
leaf extension. However, most of the variation in final leaf
length was due mainly to variation in leaf extension rate.

Leaf extension rate increased with nitrogen supply. A
significant quadratic relationship between leaf extension rate
and leaf nitrogen content was observed. It is suggested that
irrespective of growing conditions leaf extension rate (in mm
©cd~') is most probably controlled by the nitrogen content in
the leaf rather than external nitrogen supply.

High temperatures, long days and fast leaf appearance rates
all resulted in shorter leaf extension duration. Of these
varlables variation in temperature accounted for the greatest
proportion of variation in leaf extension duration.

In general all the plant parameters recorded were affected by
nitrogen supply, but the effect was more pronounced in
perlite. There was a smaller response to applied nitrogen in
soil because of the residual nitrogen supplied by the
breakdown of organic matter.



ii

Lamina area and dry weight increased with the position of leaf
on the mailn shoot up to 2 leaf insertions before the flag
leaf. The flag leaf was always much smaller than the
subtending leaves. This ontogenetic drift in leaf size was
associated with variations in leaf extension rate and leaf
extension duration of the leaves. Final leaf size was affected
by plant density. As density increased the size of the first
three leaves was increased but the size of upper leaves was
dramatically decreased. As density increased, final leaf
number and the position of the largest leaf on the main shoot
were decreased.

Nitrogen affected the position of the largest leaf on the main
shoot. As nitrogen supply increased the position of longest
leaf moved higher up the main stem., This pattern was also
modified by sowing date. In sowings made in June, where rate
of crop development was fastest, leaf 4 was the first leaf to
show response to nitrogen. In sowings made in September, which
developed more slowly, leaf 6 was the first leaf to show
response to nitrogen. These effects are attributed to effects
of internal competition for nitrogen. This suggests that the
size of the later leaves is reduced due to lower availability
of nitrogen. Early stem extension will also result in greater
competition for nitrogen. On this basis one would expect a
large response to nitrogen in fast developing crops and this
was the pattern observed in these experiments.,

For most of the leaf growth parameters recorded in these
experiments there were significant sowing date * nitrogen
supply * leaf position interactions, which have not been
reported in previously published investigations., This
indicates the complex way in which these factors control leaf
growth.
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CHAPTER 1

GENERAL INTRODUCTION



The main objective of agronomic research is to increase the
production of useful plants or parts thereof, especially those
for food. In some parts of the world this can still be
achieved by bringing more land into cultivation, but in the
long run it must be done by increasing the output of the

already cultivated areas.

The economic yield (mainly the grain) of cereals represents
only a small fraction of the total assimilates fixed by
photosynthesis throughout the life of the crop (Donald, 1962).
This is because part is lost in respiration and part, notably
the roots, 1is not recovered by the harvesting operations.
Nevertheless, the problem of increasing agronomic yield is
fundamently the problem of how to increase the total annual
photosynthesis per unit area of crop. It follows therefore
that the size of the photosynthetic system is an important

determinant of crop yield.

The leaves are the main organs of photosynthesis in higher
plants, and the area of a legf is usually assumed to be the
size-attribute that best measures 1its capacity for
photosynthesis (Leafe et al., 1978; Gemmell, 1979). The
importance of leaf area in controlling plant dry matter
production was first recognized by Gregory (1921). It was
later stressed by Watson (1958) who concluded that leaf area
was the single most important factor determining dry matter
production and eventually the yield of agricultural crops. The
yield of most crops can be treated as the product of several

components, that was first put forward by Balls and Holton



(1914) and Engledow and Wadham (1923). Biscoe and Gallagher

(1977) expressed the grain yield (Y) of cereals as:
Y = Ne.Ng.Wg

where Ne is the number of ears per unit ground area, Ng 1is the
number of grains per ear and Wg is the mean weight per grain
at harvest. For analytical purposes yield can be considerd as
the product of number of grains per unit ground area (i.e.
Ne.Ng) and the mean weight per grain at harvest. In general it
is recognized that the number of grains per unit ground area
is a major determinant of yield in cereal crops (c.f. for
barley Gallagher, Biscoe and Scott, 1975; for wheat Binghanm,
1969; and for rice De Dutta and Zarate, 1970). The number of
grains is normally determind by the time of anthesis (Bingham,
1971; Gallagher et al., 1975; Duncan, 1975). In an experiment
where wheat and barley were subjected to shading for the four
weeks before anthesis, Willey and Holliday (1971a) found
decreased yield by decreasing both the number of grains per
ear and ear number per unit ground area. It is during this
period that both number of ears per unit ground area and the
number of grains per ear are being determined (Gallagher et
al., 1976). It is therefore, speculated that during a period,
when ear and grain number are determined, formation of
potential grain sites depends on the rates of dry matter
production. Experiments on wheat and barley have indicated
that during this period there is a competition for assimilates
between the rapidly growing stems and ears (Bingham, 1971;

Kirby, 1973; Gallagher et al., 1976) and it is likely that

—



increase in dry matter production by the crop lessens the
intensity of competition and allows more spikelets, future
grains, to develop. Factors which control crop dry matter
production during this period could therefore, be expected to
effect the final yield.

During the early part of the crop's life the growth rate of
many crops 1s directly related to the amount of
photosynthetically active solar radiation intercepted by their
leaf surfaces (Shibles and Weber, 1965; Biscoe and Gallagher,
1977). Furthermore, the total amount of dry matter produced by
a number of crops is almost proportional to the total amount
of light intercepted by its foliage during the growing season
(Duncan, Shaver and Williams, 1973; Monteith, 1977). However,
the differences between crops in amount of intercepted
radiation are large and have major significance for growth.
The differences are the consequences of contrasts in theé
seasonal pattern of leaf production and death and are
conveniently related to the dynamics of leaf area index
(Monteith, 1978). Leaf area index is simply the product of
leaf area per plant and plant density. Leaf area per plant
depends on climatic factors such as temperature, light and
daylength (Friend, Helson and Fisher, 1962; Kirby, Appleyard
and Fellowes, 1982); on soil factors such as water (Salter and
Goode, 1967) and nutrient availability (Novoa and Loomis,
1981; Radin, 1983) and on effects of pests and diseases.
Differences in plant density are usually of secondary

importance to the yield of arable crops (Monteith, 1978).



The significance of light interception for dry matter
production by a crop canopy has stimulated considerable
research into the physiology of leaf growth in cereals. In
this study an attempt has been made to elucidate the effects
of nitrogen supply, seasonal variation in temperature, solar
radiation and photoperiod; and plant density on growth and

development of leaves of spring barley ( Hordeum distichum L.

cv. Claret ).

The literature review first considers, by reference to
published literature, the physiological implications of the
effects of environmental variables, nitrogen nutrition and
plant density on apical development and leaf growth. The
various methods which agronomists and physiologists have used
for studying leaf growth are then considered and emphasise the
importance of carrying out experiments under as near natural

conditions as possible.

The three series of experimental investigations which were
carried out to determine the influence of sowing date (and
hence the natural variation in temperature, radiation and
photoperiod), nitrogen supply and plant density on leaf growth
are described in chapter 3, 4 and 5 with a short discussion
following results. Chapter 6 discusses the results of the
whole series of experiments together, with reference to

published literature.



CHAPTER 2

LITERATURE REVIEW



2.1 APICAL DEVELOPMENT : Apical developmental morphology of

the cereal apex

In the mature cereal grain (caryopsis) an embryo plant is
present. 1Its shoot apex carries leaf primordia initiated
during grain development. Their number is a characteristic of
species, varying from two in oats to five or more in maize
(Bunting and Drennan, 1966). The shoot apex of barley usually
has three or four leaf primordia (Kirby and Appleyard, 1981;
Baker and Gallagher, 1983). When sown, following imbibition,
additional primordia are initiated at the shoot apex. When the
first leaf is emerging, the shoot apex is in the vegetative
stage and is about 0.2 mm long and conical in shape (Kirby and
Appleyard, 1981). It consists of a meristematic dome and leaf
primordia. As in other Gramineae, the primordia of barley are
1aid down alternatly in two opposite rows around the dome. The
earlier formed primordia develop into leaves and the later
ones into spikelets. Details of cereal primordia morphology
and histogenesis are described by Sharman (1947) and Barnard
(1955). A bud develops in the axil of the coleoptile and each
of the lower leaves. Usually only a proportion of these buds
continue to grow into a tiller; the remainder become dormant.
The dome continues to initiate primordia until all the leaves

and spikelets are produced.

After a variable number of primordia destined to become leaves
have been initiated, there are changes that signal the onset
of reproductive development. The transition from leaf to

floral development of the shoot apex is accompanied by changes



in its growth rate (Barnard, 1964; Williams, 1964, 1974). The
dome continues to initiate primordia and because the primordia
are produced faster than they can grow into leaves (Kirby,
1974), their further development is arrested so that a
succession of unidentified ridges accumulate on the shoot
apex. Morphologically, these ridges are leaf primordia. The
primordia at the base of the apex become leaves but the upper
part of the small ridges do not grow much more as compared to
the rest of the apex. The apex at this stage elongates and
another lateral ridge of tissue develops in the region
immediately above each arrested primordium - the spikelet
primordium. Each spikelet is thus an axillary structure,
morphologically equivalent to a tiller bud (Barnard, 1955).
Because of the shape and position of these two ridges this
stage is known as "double ridge" and marks the begining of
"ear initiation". The appearance of double ridges \is
considered to be an important event in the life of a plant.
The apical dome continues to initiate primordia (single
ridges) which pass very quickly to the double ridge stage. The
size of the apical dome changes systematically with the
progress of primordia initiation. Its length and width both
increase slowly during leaf initiation and then more rapidly
when reproductive development (double ridge formation) starts.
The size of the dome is greatest at the time of double ridge
formation (Baker, 1979). From then, it becomes smaller until
the terminal spikelet is initiated. This pattern has been
observed in spring wheat (Kirby, 1974) and in spring barley

(Kirby, 1977; Fletcher and Dale, 1977). Double ridge formation



occurs first in the mid-region of the embryo inflorescence
(Baker, 1979) and once begun, it spreads rapidly towards the
base and tip of the apex. This corresponds to the frequently
reported o?servation that the spikelets in the middle region
of the eaé'are most advanced in development and have the
largest g?ains (Kirby, 1974, 1977), because these are laid
down when dome size is greatest. The upper ridge of each
double ridge develops further to become a spikelet. In the
subsequent stages the spikelet primordia will continue to form

and differentiate into various floral structures (Bonnett,

1966).

The spikelet position where double ridges first appear are the
first to start initiating florets. Each spikelet primorium
rapidly differentiates into the floral parts : first the

alea, then lodicules, stamens, and finally carpel (Barnard,

1964). The number of spikelets in wheat cannot increase
further once a terminal spikelet has formed (Kirby, 1973;
Baker, 1979). In barley, where no terminal or apical spikelet
is produced, primordium formation ceases with the initiation
of rachis internode elongation (Nicholls and May, 1963). In
wheat, the beginning of terminal spikelet formation also
coincides with the initiation of rachis internode extension
(Holmes, 1973). Hence in barley and wheat, although the
production of additional spikelet primordia ceases in a
different way in each species, the cessation coincides with
the initiation of rachis internode extension. The extension of
the rachis internode is regulated by a balance between

gibberllin (GA) and an endogenous growth inhibitor "absicin".
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Nicholls and May (1964) reported that the concentration of
gibberellin-like substances in developing barley
inflorescences was highest at the time when extension in the

rachis internode began.

In barley, shortly after the cessation of activity of the
apical dome some of the last formed primordia will not develop
more than ridges on the flank of the dome (Kirby and Faris,
1970). Of tﬂé primordia produced, only a proportion survive
and grow into potentially fertile florets. A number of the
later~initiated primordia at the tip of the shoot apex die at
an early stage and make no contribution to the final number of
florets. Usually about 30-40% of the maximum number of
primordia produced die before ear emergence (Kirby and Faris,
1972; Gallagher and Biscoe, 1978). In addition some spikelets,
usually at or adjacent to the collar node, may be poorly
developed and may not set grain, thus reducing the potential
grain yield (Beveridge, Jarvis and Ridgeman, 1965). Survival
of spikelets is related to the number of spikelet primordia
initiated. However, the proportion of the spikelet primordia
that survive to form grains is less in ears with most spikelet
primordia (Appleyard, Kirby and Fellowes, 1982). This may be
due to competition for resources in the ear (Kirby and Faris,

1972).

The importance of large ears for high yielding wheat was
recognised some 89 years ago (Farrer, 1898). The significance
of large ears to yield has been experimentally shown in

studies of spring and winter wheats (Pinthus, 1967) , where
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differences in yield were due almost entirely to the number of
spikelets produced per ear. Donald (1968) advocated this
hypothesis and recommended this as a characteristic of a wheat
ideotype. The high yield potential in wheat and barley is
associated with a higher number of grains per spike or per
unit ground area (Cock, 1969; Syme, 1969, 1970; Gallagher et
al., 1975; Biscoe and Gallagher, 1977). In view of the
importance of grain number in affecting grain yield, there is
a need to understand more clearly the genetic, environmental
and nutritional influences on the expression of this
character. It was proposed by Kirby (1974) that variation in
the final number of leaves and spikelets should be analysed in

terms of the rates and durations of the processes of primordia

initiation.

Leaf primordia are initiated at a slower rate than spikelet
primordia. At about the time of the formation of the
primordium destined to become the collar a conspicuous
increase in the rate of primordia initiation was observed by
Kirby (1974) for spring wheat and by Baker (1979) for winter
wheat. A similar increase of rates has been observed in both
spring and winter wheats grown in controlled environments
(sunderland, 1961; Aspinall and Paleg, 1963; Rawson, 1970;
Holmes, 1973). In all of these experiments a linear
relationship of primordium number with time was described for
both phases. Gallagher (1979) found a gradual increase in the
rate of primordia initiation, in winter wheat, with time,

contrasting with Kirby's (1974) results for spring wheat which
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showed two distinct and constant primordial initiation rates;
the slower associated with leaves and the faster with
spikelets. However, when Gallagher (1979) plotted total number
of primordia against thermal time, two distinct phases of leaf
and spikelet initiation were recognised. The likely cause of
the increase in rate seems to be enhanced hormone production

(Holmes, 1973).

In spring wheat it has been shown that formation of terminal
spikelets on tillers occur about 2-3 days after the formation
of the terminal spikelet on the main shoot (Stern and Kirby,
1979a; Frank and Bauer, 1982). Tillers synchronize in
development with the main shoot and have a shorter apex growth
period, but the rate of spikelet initiation increases to

compensate for the shorter duration (Stern and Kirby, 1979).

There are differences between cereal genotypes in the numbers
of leaf and spikelet primordia which are initiated (Cooper,
1956; Austin and Jones, 1974). Appleyard et al. (1982) found
variation in the maximum number of primordia produced in 11
genotypes of spring barley. It was the duration of the period
of primordia initiation which was important in determining the
total number of primordia. No significant differences in the
rate of spikelet primordia initiation were observed. This is
in contrast to other work where genetic variation in the rate
of spikelet primordia initiation has been shown. Jenkins,
Kirby and Roffy (1976) found differences in the rate of
primordia initiation in two winter barley varieties and

progeny from a cross of these. Rahman, Halloran and Wilson
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(1978) found that spikelet number in wheat was under simple
genetic control and suggested that the gene determining the
number of spikelets does so by determining the rate of
spikelet primordia initiation. Differences among cultivars of
spring wheat in time taken to double ridge formation and in
number of day degrees accumulated (herein referred to as
thermal time) to terminal spikelet stage were also reported by
Frank and Bauer (1984). Using a stepwise regression analysis
technique a close association between the time taken to reach
double ridge and grain yield was found. Time taken to double
ridge accounted for 57% of the variation in yield for all the
cultivars tested. Their result suggested that the longer time
peiod a plant has to produce and grow leaves prior to double
ridge stage the greater the yield potential. However, the
differences among cultivars in their ability to produce more
spikelets, either through a faster rate or longer duration of
primordia initiation, are strongly influenced by environmental

variables, especially temperature,

Barley and wheat are grown successfully in a wide range of
environments where the temperature regime during the growth
and development of the crop varies considerably. The available
information on the influence of such differences in
temperature on the apical development of barley and wheat does
not present a consistant account. Friend, Fisher and Helson
(1963) reported that an increase in temperature from 10 to
30°C caused earlier floral initiation, and the rate of
morphological development of floral primordia was more rapid

at high temperature. The higher rate of primordia production
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at high temperature shortened the interval between floral
initiation and anthesis. In later experiments Friend (1965a)
reported a decrease in the number of spikelets formed as the
temperature increased from 10 to 30°9C, On the other hand, no
significant differences in spikelet number were found over a
similar range of temperature by Lucas (1971), although floral
jnitiation started earlier at intermediate temperature (16 or
20°C) than at extremes (10 or 30°C). similarly Warrington,
Edge and Green (1978) reported that an increase in temperature
from 15 to 25°C before the double ridge stage had no affect on
grain number, but the same increase in temperature from double
ridge to anthesis reduced grain number. They also reported
that higher temperature shortened duration of the vegetative
and reproductive phase of development. However, Frank and
Bauer (1982), for spring wheat grown in controlled
environments at 10, 18 and 26°C, reported that as temperature
decreased from 26 to 18 or 10°C duration of the vegetative and
reproductive phase of apex development was prolonged,
resulting in an increase in total number of spikelets formed.
In contrast, Mohapatra, Aspinall and Jenner (1983) reported
that high temperature (30°C) from germination onward delayed
the initiation of double ridges in comparison to low
temperature (20°C). The rate of primordia production was
reduced at the higher temperature and there was a decrease in
the final number of spikelets produced. Halse and Weir (1974)
also found a decrease in spikelet number in plants grown in
more extreme temperature regimes, both low (10/5°C) and high

(26/21°C) day and night temperatures than in plants grown in
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moderate temperature regimes (14/9 - 22/17°C day and night
temperatures). The apparent inconsistancies in response may be
at least partially explained by differences in temperature
sensitivity at different photoperiods (Rahman and Wilson,
1977).

2.2 PHYSIOLOGICAL ASPECTS OF LEAF GROWTH AND DEVELOPMENT

Leaf growth and development in cereals has been thoroughly
reviewed by Milthorpe (1956) and more recently by Dale and
Milthorpe (1983). However, a brief account ,of leaf growth in
relation to environment and nutrition will be given in this

section.

2.2.1 Cell division and expansion

During the vegetative growth of barley the main growth process
is leaf growth. The formation of a leaf primordium begins by
rapid cell division in the outermost cell layers of the apical
dome, giving rise to a microscopic protuberance. At its
inception the whole of the leaf primordium is meristematic,
but soon cell division activity becomes confined to an
intercalary meristem near the base of the leaf (Sharman,
1942a; kaufman, 1959). This region becomes divided into two
zones through the formation of a band of parenchyma cells, and
this coincides with the appearance of ligule. The ligule is
formed from the adaxial protoderm (Barnard, 1975) and
subsequently the leaf is distinguished as a lamina and sheath.

These events mark the beginning of separate development within
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the foliar organ, for the upper portion of the meristem is
associated with growth of the lamina, while activity in the
lower portion leads to the growth of the sheath (Langer,
1979).

Leaf growth may be interpreted in terms of two fundamental
processes, cell division and cell extension. Ashby and
Wwangermann (1950) claimed that in Ipomea the two processes
were consecutive, a view which appears to be shared by Langer
- (1979). He states that cell division in the lamina of a grass
ceases when the ligule is differentiated. However, dissection
of wheat apices has shown that the ligule is differentiated
when the leaf is only about 10 mm long (Baker, 1979). If
Langer's statement is strictly correct then most of the lamina
growth results from the extension of cells formed very early
in the life of the leaf. Sunderland (1960) pointed out that
Ashby and Wangermann's conclusion was based on a study of
epidermal cells, in which division stops earliest. He
demonstrated that in Lupin and Sunflower, cell division and
extension were concurrent in other leaf tissues until one-half
to three-quérter of final leaf size, depending on the species,
so that the two-phases view of the leaf growth was clearly
untenable. More relevantly for the present work it 1is
supported by Williams and Rijven (1965) for wheat leaf growth.
These workers obtained good estimates of cell number per leaf.
They found that cell division went on almost until the leaf
reached its final leaf size. More recently, Baker (1979) using

their data on cell numbers at a particular leaf length,
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observed that when a leaf was the length at which 1ligule
differentiation occurred, only 7.5 % of the final cell number
were present. Even at leaf appearance less than 40 % of the
final cell number has been differentiated. However, because
williams and Rijven used wheat grown in a controlled
environment with a high proportion of fluorescent light, their

data may not be applicable to plants grown in the field.

The above discussion shows that production of new cells
continues while those already formed are expanding. It seems
essential that this should happen, because cell division and

extension are two different phases of a continuous process.

Further growth of the leaf continues from cell division and
enlargement of the intercalary meristem established above and
below the ligule (Sharman, 1942b). This causes the lamina to
move up inside the rolled sheaths of the encircling older
leaves. Emergence of the lamina is accompanied by several
profound changes, for not only do the cells of the exposed
portion cease expansion but they also encounter an entirely
new environment in which they photosynthesize and transpire.
Meristematic activity in the lamina comes to an end when the
ligule appeares and this marks the end of elongation and the
lamina has now reached its final length, but the sheath
continues to grow for a time afterwards (Baker, 1979). The
next leaf is meanwhile moving up inside the sheath of this
leaf. It is generally held that the growing part of a grass
leaf is wholly within the encircling sheath (Sharman, 1942a;

Kaufman, 1959; Soper and Mitchell, 1956; Begg and Wright,
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1962; Barnard, 1975; Kemp, 1981a). It can be concluded, that
the tip of a leaf represents its oldest and the base its
youngest portion. The leaf tip is, therefore, physiologically
more mature than the base and maturation passes from the tip

to the base. Leaf senescence also starts from the tip.

The importance of the division and extension of cells in
determining leaf growth rate and final size is clearly evident
from the above discussion. However, it is still not entirely
certain how much each of these two processes contributes to
leaf growth (Auld, Dennett and Elston, 1978). Increase in cell
number during the early growth of a leaf is more or less
exponential (Williams, 1960; Dale, 1976) but there is at first
1ittle concurrent cell extension. At this stage the cells are
of the order of 15 im long and there is a high relative rate
of leaf extension, although the leaf is still less than 1 mm
long (Williams and Rijven, 1965; Gallagher, 1976). When such
cells extend their increase in length it is often up to 200 Am
(Brown, 1976). This implies that, although division and
extension are concurrent throughout most of the leaf, it is
cell extension that contributes most to the increase in leaf

size.

2.2.2 Ontogenetic changes in leaf size

In general, the pattern of leaf growth in the Gramineae is
such that leaf size continues to increase with leaf position
up to the time of stem elongation. For leaves growing after

stem elongation, leaf size may continue to increase or be
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variable (Percival, 1921; Jewiss, 1966; Wardlaw, 1975; Wilson,
1976). In rye grass, the laminae are progressively longer at
higher leaf positions, reaching a maximum at a position
several nodes below the flag leaf. Lamina initiated after
floral initiation become progressively shorter (Borril, 1959;
Edwards, 1967). Gallagher (1979) found a similar trend in
barley, lamina length incresing with leaf position, reaching a
maximum for those leaves extending at the time of double ridge
formation. Leaf length then declined. A similar pattern was
observed by Kirby and Eisenberg (1966) in growth rooms and
Kirby and Faris (1970) in the field, Kirby (1973) found that
in barley the penultimate leaf was the longest. For wheat,
Baker (1979) found that the first four or five leaves were of
gsimilar length and width, but thereafter length and width both
increased at successively higher position up the stem and the
flag leaf was the longest, Similar findings for wheat were
also reported by Gallagher (1979). Ontogenetic differences in
the size of leaves began at about leaf 5. Gallagher (1976)
showed that each leaf had a different rate of leaf extension
per unit of thermal time during the linear growth phase. There
was a linear relationship between the rate of leaf extension
in thermal time and final leaf length. He also found that the
reciprocal of the duration of the phase of linear growth was
linearly related to mean air temperature during linear growth.
He concluded from these findings that the differences in final
size between leaves of different ontogenetic rank was the
result of their differences in extension rate and was not a

temperature effect. Since leaf length largely determines leaf
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area, it follows that leaf area will be changed with the
change in length. The position of the longest leaf on the stem
also varies with variation in temperature and daylength
(Borril, 1959) and also with the supply of nitrogen
(Puckridge, 1963).

2.2.3 Nitrogen nutrition

At least 13 mineral elements are generally recognized as being
essential for the growth of most plants, Nitrogen, phosphorus
and potassium are usually required in the greatest amount
(Ingestad, 1972). The growth of leaves has long been known to
be especially sensitive to application of nitrogen, which
increases leafiness in many crops. However, the effects of
nitrogen on other aspects of plant growth are so much greater
so that there is little precise information available on the
effects of nitrogen supply on the area of individual leaves.
Robson and Deacon (1978) reported that increased nitrogen
supply resulted in faster elongation, greater leaf length and
area in ryegrass. Baker (1979) compared the effect of two
nitrogen levels on the growth of successive leaves on the main
shoot of wheat. He found that effect of nitrogen on lower
leaves was not significant. For leaf 8 and up to the flag leaf
(leaf 12) there was significant differences in final lamina
length of the corresponding leaves in the two treatments. The
duration of linear growth was similar for the same leaf in
each treatment. This would be expected if duration is
controlled by temperature which would have been the same in

both nitrogen treatments.
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Increasing the nitrogen supply does not only increase leaf
area but may also modify the succession of leaf size on a
tiller. Puckridge (1963) grew wheat plants at 3 levels of
nitrogen. He found that at the lowest level of nitrogen, leaf
4 was the largest, but leaf 5 was the largest at the highest
level of nitrogen, and the upper leaves were slightly smaller.
He concluded that the sequence of leaf sizes was determined by
the supply of nitrogen, but he did not study apex development.
It is possible that, the needs of the ear and stem for
nitrogen are met preferentially and the resulting internal
competition for nitrogen between the apical meristem and stem
may restrict the growth of the later leaves (Williams, 1960;
Kirby, 1973; Rogan and Smith, 1975). This speculative
suggestion is however, in contradiction with Halse et al.
(1969). While analysing the effects of nitrogen deficiency on
the growth and yield of Western Australian wheat grown on a
nitrogen deficient sandy soil, these workers found that floral
initiation in plants receiving no nitrogen was delayed
compared with plants receiving 336 Kg N ha‘1. Macdowall
(1972a) undertook a comprehensive study of the growth rate of
Marquis wheat in relation to nitrogen supply and light
intensity. He reported that the optimum nitrogen supply
jncreased as the 1light intensity increased. At 1light
intensities below 70 Wm™2 the optimum nitrogen supply was 42
ppm (in the nutrient solution) and the optimal nitrogen
requirement at the highest light intensity used (100 Wm‘z) was

210 ppm. The nitrogen rquirement for various crop growth
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processes may therefore change with the variation in light

environment.

2.2.4 Light intensity and photoperiodic effects

In the early vegetative stage of plant development increases
in irradiance may accelerate both plant dry weight and
expansion of the leaf surface (Doley, 1978; Ketring, 1979).
The greater leaf surface expansion is due to faster production
of new leaves and to more rapid expansion of individual
leaves. Leaf cell division rate, final cell number and cell
size are enhanced under high irradiance (Milthorpe and Newton,
1963; Ludlow and Wilson, 1971). As the barley crop develops
and leaf area index increases it would be expected that the
optimum light level required for whole plant growth and
development wQuld also increase (Pendleton and Weibel, 1965;
Wwilley and Holliday, 1971a; Fischer, 1975). Total plant
photosynthesis would also be expected to vary with 1light
intensity and leaf area index (Puckridge, 1970). He has shown
that photosynthesis by the wheat crop in the field depends on
light intensity and does vary from day to day during crop
growth. Whether the rate of plant and leaf growth depends on
the rate of photosynthesis has not been established. However,
growing leaves are dependent on an imported carbohydrate
supply until they reach one-third to half of their final size
(Fellows and Greiger, 1974) and one might expect that the rate
of growth of young leaves to be directly dependent on light
jntensity. Kemp (1981b) compared changes in leaf extension

rate of wheat with the carbohydrate concentration under
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conditions of intense shading, conditions which hardly occur
in the field. Shading experiments with wheat (Pendleton and
Weibel, 1965; Willey and Holliday, 1971b; Fischer, 1975) have
shown that crop growth rate can be reduced by shading, but the
intensity and duration of the period of shading used in these
experiments is usually in excess of that which occurs with

natural fluctuations of light intensity.

For the maintenance of leaf growth of grasses, it is essential
that the expanding leaves be well supplied with carbohydrates.
Studies with '4c (williams, 1964; Felippe and Dale, 1972; Ryle
and Powell, 1972,1974,1976) have shown that the apical
meristem has priority over other meristems for assimilates,
especially from the upper leaves. Growing wheat leaves are
supplied primarily with assimilates from the leaves
immediately below, especially the second leaf below (Patrick,
1972). As the leaf unfolds it becomes progressively more self-
sufficient for the metabolites, notably carbon assimilates

required for growth.

The leaves of wheat and barley plants grown at low light
intensities are longer, thinner, narrower and larger in area
than those grown at high light intensities (Newton, 1963;
pale, 1965; Friend, 1966). The increased lamina area is
usually associated with increased lamina length. Forde (1966)
found a 10 fold difference in lamina length of ryegrass and
cocksfoot grown under shading regimes. The observed changes in
leaf shape are related to changes in cell size, number and

shape (Friend and Pomeroy, 1970). The greater length of leaves
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grown at low light is primarily related to increased cell
number; cell length shows less variation. Decreased leaf
thickness is closely related to shorter cells in the palisade
layers, fewer layers of palisade, and reduced size and
frequency of spongy measophyll cells under low light
conditions (Nobel, Zaragoza and Smith, 1975). Thus, in shaded
situations, such as under trees or close to a hedge, grass
leaves may be quite large but low in weight. This is well
jllustrated by an experiment with perennial ryegrass (Langer,
1979) in which a five-fold decrease in light intensity at
20°C caused an increase in leaf size from 15.0 to 24.7 cm2 but
a decline in leaf dry weight from 73.3 to 55.4 mg. Specific
lamina area is a very sensitive measure of incident light
energy and of differences between sun and shade leaves.
Although the physiological details of this response are not
entirely clear, it appears that the greater leaf size at low
light intensity compensates for reduced net photosynthetic

rate per unit leaf area under these conditions.

In many species, increasing the daylength results in an
jncrease in leaf thickness. This 1is especially marked for
succulence where it is often associated with reduction in leaf
area (Dale, 1982). In addition to direct effects upon leaf
area, photoperiod may also exert effects by affecting the
onset of flowering (Whatley and Whatley, 1980). In many
species later formed leaves are smaller in plants about to
flower than in plants which remain vegetative. That is to say

that there is an ontogenetic drift towards smaller leaves as
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flowering occurs.

Light quality also affects leaf growth in many species, The
ratio of the far red to red light results in greater stem
extension and a reduction in area of individual leaves (Dale,
1982). When daylight passes through a crop canopy, there is an
enhancement of the far red:red ratio because of absorption of
red light by the photosynthetic pigments. The morphological
changes observed in plants grown in environments with a high
far red:red ratio may therefore indicate a role for
photochrome in detection of mutual shading between leaves and
the initiation of responses to minimize this effect (Holmes

and Smith, 1977).

2.2.5 Temperature effects

Temperature 1is known to affect leaf growth and appearance
(Friend, Helson and Fischer, 1962; Watts, 1973; Gallagher,
1976; Kirby, 1974 ; Baker, 1979), but the wide range of
temperatures experienced by a cereal plant during its growing
gseason causes problem in analysing the measurements of leaf

growth.

In general, as temperature increases, wheat leaves become
narrower, longer and thinner (Friend, 1966). The optimum
temperature for maximum leaf length and area has been found to
be 20 to 25°C (Friend, 1966; Friend and Pomeroy, 1970), while
for breadth and thickness the optimum is 10 to 15°¢ (Friend,
1966; Chanon, 1971). The changes in leaf size have been

previously associated with changes in cell size. Other grasses
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respond to temperature in a similar manner to wheat, though in
tall fescue changes in leaf dimensions were associated with
changes in both cell size and cell number (Robson, 1969). In
addition, Robson found that the effects of temperature on

sheath size was the same as for lamina size.

The expansion of the leaf surface depends on a number of
factors including rate of leaf production and senecence,
tillering and the rate and duration of leaf expansion. Leaves
are produced more rapidly as the temperature increases to 20
or 30°C (Terry, 1968; Fukai and Silsbury, 1976; Dennett,
Elston and Milford, 1979). Once formed, the growth of
individual leaves is also usually more rapid between 20 and
30°Cc (Peet, Ozbun and Wallace, 1977; Auld et al., 1978). The
duration of leaf growth, however, often increases with
decrease in temperature below 20-25°C (Auld et al., 1978;
Dennett et al., 1979). Consequently, the optimum temperature
for lamina expansion may not be the same as that for final
area. Data for wheat (Friend et al., 1962) show that although
optimum temperature for leaf area is close to 20°C, with a
marked reduction at higher temperatures, length is much less
sensitive to higher temperatures. Leaf breadth and thickness
both show lower temperature optima, at about 15°C, with a
steady decline in both parameters as temperature rises

further.

Increase in temperature produces significant morphological and
anatomical changes. Growing grasses at supera-optimal

temperatures (35°C) results in short and rigid leaves that are
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low in chlorophyll (Darrow, 1939; Duff and Beard, 1974),
though in these instances it is possible that water stress may
have occured in the high temperature treatments. The
consequences of these effects on leaf extension rate are
uncertain. Peacock (1975) grew perennial ryegrass plants at 5
and 15°C, then compared the extension rates and found no
differences. This would indicate that within the temperature
range encountered in the field the temperature would have
1ittle effect on leaf extension rate. However Biscoe and
Gallagher (1977) and Gallagher (1979), for wheat and barley,
found a strong relationship between leaf extension rate and

temperature.

2.2.6 Interactions between light and temperature

So far, in dealing with both light and temperature each factor
has been concidered in isolation from the other. This
pragmetic approach masks the fact that light and temperature
may interact in controlling leaf growth. Experiments with
ryegrass have shown that the effects of temperature on leaf
area, dry weight and specific lamina area vary with light
intensity. It is likely that these differences are due to

effects on cell size rather than cell number.

These interactions between light and temperature make leaf
growth studies in the field and in the semicontrolled
environments (such as used in this study and where both
factors are never constant) difficult to interpret. In

consequence, many workers prefer to use controlled environment
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facilities for experiments on leaf growth to ensure constancy

of temperature and of 1light conditions so that the

interactions between them can be more easily assessed.

2.2.7 Effects of plant density

Plant density 1s another very important factor which has a
marked effect on the growth and development of individual
plants. Most of the studies on plant population have
concentrated either upon the growth and yield of the crop, or
upon the final ear number, spikelet number per ear and grain
size of the plant. There is very little detalled information
available upon initiation and growth of leaves, tillers and

subsequent growth of spikelet initials at the shoot apex.

The barley plant can adjust through its life cycle to the
micro-environmental changes caused by varying plant
populations (Kirby, 1967,1969a). The data of Kirby (1967)
show that relative growth of total and leaf dry matter, and
lamina development as measured by the specific lamina area are
strongly influenced by plant density. Increasing plant density
reduces leaf number and causes internode elongation to start
earlier and at a lower node (Kirby and Faris, 1970). Kirby and
Faris also observed an increase in lamina and sheath of lower
jeaves at high plant density. Lamina width, however, was

reduced by increasing plant density.

2.2.8 Effects of water stress

Leaf growth is highly sensitive to water stress. Leaf
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enlargement is one of the first growth processes to be
affected by a decrease in leaf water potential (Hsiao, 1973).
Many experiments in controlled environments have shown that
leaf extension rate is slowed by low water potentials but
several different forms of response have been reported. For
geveral crop species; wheat (Sands and Correll, 1975), maize
(Barlow, Boersma and Young, 1976; Acevedo, Hsiao and
Henderson, 1971), and sugarbeet (Lawlor and Milford, 1973),
leaf extension rate has been shown to decrease almost linearly
with falling water potential., Field studies of Gallagher and
Biscoe (1979) also showed that leaf extension rate decreased
with decrease in water potential. However, the effect of water
stress on the growth and developmental processes of cereal
plants is beyond the scope of this study, because the plants

were kept well watered and water supply was not a limiting

factor.

2.2.9 Conclusions

The conclusion from this section of the review 1is that
environmental variables influence plant growth to a very large
degree via their effects on leaf expansion. With the exception
of light, environmental influences on photosynthesis appear in
general to be less pronounced than those of leaf expansion.
Because of the complex nature of the interdependence of and
interactions between environmental variables, and because of
the effect of plant nutrition and sensitivity of leaf

extension to water stress, it becomes more complex to
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interpret and explain the effects of these factors in the

field or semi-controlled environments.

2.3 PHYSIOLOGICAL ASPECTS OF TILLERING

For cereals, tillering is one of the most important
developmental processes, since it helps plant establishment,
allows the plant to compensate for low population densities
and the effects of pests and diseases, and the tillers make a
significant contribution to grain yield (Jewiss, 1972; Kirby
and Faris, 1972; Isbell and Morgan, 1982; Marshall and Boyed,
1985). Cereal grain yield can be defined by the following
components : number of plants per unit area, number of ear-
bearing tillers per plant, number of grains per ear and their
mean weight (Darwinkel, 1978; Power and Alessi, 1978). The
process of production and survival of tillers would determine
the number of grains per unit ground area and hence affect
final grain yield (Gallagher et al., 1976). Tillering is

therefore, a major yield determining factor (Friend, 1965b).

Tillers arise as axillary buds on the main shoot apex, as a
meristematic activity in the sub-hypodermal tissue. In the
embryo within the seed, tiller buds are usually visible in the
axil of the coleoptile and first leaf primordia (Fletcher and
Dale, 1974; Williams, Sharman and Langer, 1975; Kirby and
Appleyard, 1981). The tiller buds grow tightly tucked in
pbetween the leaf sheath of the subtending leaf. It becomes
dome shaped and an encircling ridge of tissﬁe ls initiated

upon its flanks (Kirby and Appleyard, 1981). This ridge grows
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to form the prophyll which is a sheathing structure, very
similar to the coleoptile of the main shoot. Tiller buds on
dissection, will reveal a shoot apex which is the replica of
the main shoot apex, with an apical meristematic dome and leaf
primordia. The meristematic dome initiates leaves, axillary
puds and then spikelets in exactly the same way as the main
shoot. On emergence, the tiller again resembles the parent
shoot with its own system of leaves and its own adventitious
roots. Although complete in every respect, tillers remain in
vascular connection with one another (Langer, 1979).
Developing buds and elongating tillers are initially dependent
on their subtending leaf and parent shoot for supplies of raw
materials for growth (carbohydrates, organic nitrogen,
minerals and water), but as each tiller establishes leaf area
and develops roots it will become less dependent on 1its
parental shoot for its nutritional reguirements. For example,
Qiunlan and Sagar (1962) showed that in young wheat plants,
14c.1abelled assimilate was translocated from the main shoot
to developing primary tillers, and that this declined with
time as the tillers became established., Similar observations

have been recorded in young plants of Lolium prenne (Marshall

and Sagar, 1968; Colvill and Marshall, 1981). During the
reproductive phase of development and stem elongation, the
development of the inflorescence represents a major sink for
carbohydrates and minerals and so the availability of
assimilates for tiller development is likely to be reduced,
and hence the production of new tillers is greatly restricted

(Bunting and Drennan, 1966). It can be stimulated by removal
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of the inflorescence or by addition of nitrogen (Leopold,
1949; Aspinall, 1961, 1963; Bunting and Drennan, 1966). The
results of detillering experiments in wheat and barley show
that the grain yield and total biomass of the main shoot may
be greatly increased by the removal of tillers (Kirby and
Jones, 1977; Mohamad and Marshall, 1979; Kemp and Whingwiri,
1980), which also suggests that developing tillers compete
with the main shoot for assimilates and nutrients and that
this can restrict its growth and development (Aspinall, 1961;

Kirby, 1973).

The tillers developed in the axil of main shoot leaves are
called primary tillers. These tillers have their own leaves
which in turn may produce shoots from their axillary buds.
These shoots are designated as secondary tillers. Under
favourable environmental and nutritional conditions, from the
leaves of secondary tillers tertiary tillers are produced and
a complicated system of tillers of various hierarchial order
develops on the same plant. It is usual to designate each
tiller by reference to its position of origin. Thus, the
tiller in the coleoptile is designated Tc and tillers in the
axils of leaf 1 (L1), L2 and L3 of the main shoot are
designated T1, T2 and T3 respectively. Similarly secondary
tillers are also refered to by their position of emergence on
the primary tillers. The first produced primary tiller may
grow almost as large as the main shoot. Tillers produce fewer
leaves than tha main shoot (Gallagher, 1976) and this tends to
synchronise their development with the development of the

parent shoot (Frank and Bauer, 1982), so that ear emergence
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and subsequently anthesis takes place throughout the crop
within about four days (Kirby and Appleyard, 1984). The growth
and emergence of tillers are mostly in phase with one another.
A tiller emerges when the third leaf following it has emerged

i.e. T1 emerges when leaf 4 on the main shoot is visible.

Usually only a portion of the tiller buds which are formed
grow and emerge from the surrounding leaf sheath. The
remainder either do not grow beyond the 