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The prediction of tillering is poor or absent in existing sorghum crop models even though fertile tillers con-
tribute significantly to grain yield. The objective of this study was to identify general quantitative relationships
underpinning tiller dynamics of sorghum for a broad range of assimilate availabilities. Emergence, phenology,
leaf area development and fertility of individual main culms and tillers were quantified weekly in plants grown
at one of four plant densities ranging from two to 16 plants m=. On any given day, a tiller was considered
potentially fertile (a posteriori) if its number of leaves continued to increase thereafter. The dynamics of poten-
tially fertile tiller number per plant varied greatly with plant density, but could generally be described by three
determinants, stable across plant densities: tiller emergence rate aligned with leaf ligule appearance rate; cessa-
tion of tiller emergence occurred at a stable leaf area index; and rate of decrease in potentially fertile tillers was
linearly related to the ratio of realized to potential leaf area growth. Realized leaf area growth is the measured
increase in leaf area, whereas potential leaf area growth is the estimated increase in leaf area if all potentially
fertile tillers were to continue to develop. Procedures to predict this ratio, by estimating realized leaf area per
plant from intercepted radiation and potential leaf area per plant from the number and type of developing axes,
are presented. While it is suitable for modelling tiller dynamics in grain sorghum, this general framework needs

to be validated by testing it in different environments and for other cultivars.
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INTRODUCTION

In crop models, predicting tiller dynamics is essential for
accurate prediction of crop leaf area index (LAI) develop-
ment, which in turn affects grain yield. Sorghum may have
zero to four fertile tillers depending on growing conditions
and variety (Hammer et al., 1993). Fertile tillers may
account for a significant part of the total plant leaf area (up
to 60 %) according to variety (Hammer et al., 1987), and of
the total grain yield, with proportions ranging from 5 to 80 %
depending on density (Lafarge et al., 2002). However, tiller
dynamics are not dealt with accurately, if at all, in existing
sorghum crop models. Some early models do not deal with
tillering either because they consider sorghum to be a
uniculm plant (e.g. SORGF; Arkin et al., 1983), or because
they operate only in environmental conditions devoid of
tiller production [e.g. CERES-Sorghum (SAT); Birch et al.,
1990]. Others have assumed that all axes in the canopy are
homogeneous and have similar potential (Maas, 1993).
Other models have considered the diminishing contribution
of additional tillers in canopy development, but have used
fertile tiller number as an input rather than attempting to
predict it (Hammer and Muchow, 1994). An attempt was
made to simulate tiller dynamics in sorghum in SORKAM
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using source—sink ratio concepts and assimilate trans-
location (Rosenthal er al., 1989). However, Heiniger et al.
(1997a) showed that yield estimated using this model was
insensitive to plant population levels, notably because of
aspects associated with assimilate demand required per
tiller. The authors tried to improve the modelling of tiller
dynamics, but made only modest progress (Heiniger et al.,
1997b).

Tiller emergence has generally been analysed on high
tillering species, such as wheat, tall fescue or rice, in which
primary (from main culm leaf axils), secondary (from
primary tiller leaf axils) and even tertiary and quaternary
tillers are often produced (Boone et al., 1990; Skinner and
Nelson, 1994). It was observed that tiller emergence was
driven first by tiller site formation at the base of every leaf
associated with leaf production, and secondly by the number
of buds that develop into tillers. The concept of site filling,
expressed as number of new tillers per tiller per phyllochron
(time between appearance of two consecutive leaves), was
introduced by Davies (1974) and generalized by Neuteboom
and Lantiga (1989). Site filling was maximized in spaced
plants or early in seedling development (Skinner and
Nelson, 1992) when a large number of tiller buds developed
into tillers. Consequently, at this early stage of develop-
ment, the tiller emergence rate was related to the leaf
appearance rate (Davies and Thomas, 1983). In wheat and
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barley, tiller site formation has been related to leaf
appearance on the main culm by a Fibonacci series to
determine potential tiller emergence in spaced plants (Kirby
etal., 1985; Boone et al., 1990). This approach implied (1) a
linear relationship between tiller sites and leaf appearance
for each culm; and (2) an identical rate of leaf appearance
for each axis at any time (Masle-Meynard and Sébillotte,
1981; Klepper et al., 1982; Kirby, 1995). So, before the
occurrence of any stress, a linear relationship was observed
between tiller emergence expressed on a logarithmic scale
(relative tillering rate, RTR) and main culm leaf appearance,
for tall fescue, wheat and perennial ryegrass (Skinner and
Nelson, 1992; Bos and Neuteboom, 1998; Gautier et al.,
1999). Because emergence of secondary tillers is excep-
tional in sorghum, the relationship between tiller emergence
and leaf appearance has been shown to be almost linear
(Major et al., 1982; Carberry et al., 1993).

The onset of a reduction in tiller emergence in response to
detrimental environmental conditions has often been
analysed in terms of deviation from the potential linear
relationship in high tillering species (Kirby et al., 1985; Bos
and Neuteboom, 1998; Gautier et al., 1999). If RTR were
related to relative shoot growth rate (RGR), as it is in rice
and tall fescue for example (Schnier et al., 1990; Sugiyama,
1995), a decrease in tiller emergence could be related to
reduced RGR and cessation associated with a threshold
RGR (6 % d!) below which tiller senescence starts
(Dingkuhn et al., 1991). This value proved to be stable for
different varieties, sowing methods and levels of water
limitation, but differed with growth stage and was only valid
during the vegetative phase (Schnier et al., 1990). Other
studies have indicated that cessation of tiller emergence is
probably not the result of reduced assimilate availability in
the plant. Deregibus ef al. (1985) and Ballaré et al. (1987)
observed that a decrease in tiller emergence occurred prior
to any appreciable mutual shading and depletion of
assimilate resources. Indeed, tiller (or stolon) production
was reported to be reduced by a change in light quality for
forage species, ryegrass, tall fescue, wheat, white clover and
barley (Deregibus et al., 1985; Casal et al., 1986;
Kasperbauer and Karlen, 1986; Robin et al., 1992; Davis
and Simmons, 1994). The relationship between light quality
and tiller emergence was confirmed when Casal et al. (1986)
observed that an artificial increase in red light at the base of
the plant enhanced tiller emergence, and when Gautier et al.
(1995) observed that an artificial increase in far-red light
inhibited production of axes in clover. In fact, because green
leaves absorb most of the red and reflect much of the far-red
light, the ratio of red : far-red light decreases as density
increases (Kasperbauer, 1987). While this situation has not
yet been reported in sorghum, the nature of the response, the
associated mechanism and evidence from numerous species
indicate likely generality. Hence, it is likely that an
architectural plant or canopy variable could account for
the light quality mediated effect of plant competition on
cessation of tiller emergence.

Tiller fertility has not been quantified in detail in most
studies on tillering. In some cases, tiller number dynamics
were observed from emergence to maturity, but no distinc-
tion was made between fertile and non-fertile axes (Bauer
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et al., 1984; Schnier et al., 1990; Moot et al., 1996). In other
cases, the proportion of fertile tillers was observed without
any mention of tiller dynamics (Gerik and Neely, 1987;
Mitchell et al., 1998; Wu et al., 1998). When both tiller
dynamics and fertility were considered, cessation in
development of individual tillers was either not identified
(Cannell, 1969q; Ishag and Taha, 1974; Darwinkel, 1978),
or was simply related to tiller age in very controlled
conditions (Ong, 1984).

The central idea for predicting tiller fertility in this study
was to explore the concept of potential leaf area develop-
ment, which was established according to tiller develop-
mental stage and the ensuing growing conditions. This
potential could be contrasted with the realized leaf area that
the plant could achieve at the same time given the
assimilates available. Assimilate supply could be estimated
independently of plant density and tiller number from leaf
area index and light interception. Lafarge and Hammer
(2002) observed that the stability, over a range of plant
densities, in the extinction coefficient, radiation use effi-
ciency, shoot assimilate partitioning and specific leaf area at
the plant level for sorghum provided a reliable way to
predict leaf area production regardless of plant density. This
approach relates closely to concepts of source—sink inter-
action and assimilate balance in the plant. Once assimilates
become limiting, cessation in the progression of tillers
towards fertility would occur in a strict order regardless of
plant density according to the common tiller hierarchy
identified by Lafarge er al. (2002).

The objectives of this study were therefore: (1) to
quantify the dynamics of tiller number per plant for a
sorghum cultivar based on tiller emergence and fertility; and
(2) to identify predictive relationships underpinning these
dynamics for a wide range of assimilate supplies and light
quality conditions established by growing plants at a wide
range of densities in a field study. Care was taken to ensure
that water and nutrient supplies were non-limiting.

MATERIAL AND METHODS

Growing conditions and field measurements associated with
the field experiment are detailed in Lafarge ef al. (2002) and
Lafarge and Hammer (2002). In brief, plants were grown at
one of four densities, D1-D4, corresponding to two, four,
eight and 16 plants m~2, with a non-limiting supply of water
and nutrients.

Description of the modelling approach

Definitions and structure. Predicting tiller dynamics
involves studing both tiller emergence and tiller senescence.
Changes over time in live tiller number and potentially
fertile tiller number per plant were determined by non-
destructive measurements. A tiller was considered alive
on the day of measurement if one or more of its leaves
was green. A tiller was considered potentially fertile (a
posteriori) on the day of measurement if the number of fully
expanded leaves had increased by the next measurement
(1 week later). In this study, all tillers that ceased
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developing at any time did not resume growth again, so that
once this had occurred the tiller was removed from the pool
of potentially fertile tillers. A live tiller that failed to
continue to develop was considered senescent. Kirby and
Riggs (1978) and Lauer and Simmons (1988) identified non-
surviving tillers in a similar manner by observing the
decline in leaf emergence before any visible signs of leaf
senescence. Tillers that developed no more than two leaves
(shoot dry weight <0-5 g) were not included here as they did
not contribute significantly to assimilate balance of the
plant. They were still heterotrophic at this stage as no
associated nodal root had appeared (Klepper et al., 1984).
Tiller dynamics were described and quantified using three
variables: tiller emergence; cessation of tiller emergence;
and decrease in number of potentially fertile tillers.

Tiller emergence

Tiller emergence was defined as the increase in tiller
number per plant with time. The number of emerged tillers
was recorded weekly on tagged plants in each plot and was
related to thermal time and full expansion of leaves on the
main culm (i.e. ligule appearance). Additional data from
weekly quadrat harvests, measured before maximal tiller
number per plant was obtained, were included so that
observations on tiller emergence were available every 3—4 d
at early stages. For the quadrat data, the number of fully
expanded leaves on the main culm on the day of measure-
ment was estimated from the regression of fully expanded
leaf number on thermal time derived from measurements on
tagged plants. Delay in onset of tiller emergence, expressed
as the number of fully expanded leaves on the main culm
estimated at the time of emergence of the first tiller, was
determined as the x-intercept of the linear regression of
plant tiller number vs. the number of fully expanded main
culm leaves.

Cessation of tiller emergence

During the period of tiller emergence, the number of
emerged tillers could be approximated by a linear function
on thermal time. The thermal time at which maximal tiller
number per plant was achieved was defined as the thermal
time at which the regression of the number of emerged
tillers on thermal time reached the maximal tiller number.
This was calculated by interpolation between consecutive
measurements, which were up to 1 week apart.

Decrease in number of potentially fertile tillers

Using non-destructive observations on tagged plants, the
number of potentially fertile (Fig. 1) and senescent tillers
was established a posteriori for each tiller origin and for
plants at each density. The decrease in the number of
potentially fertile tillers per plant was determined by
regressing potentially fertile tiller number on thermal
time. The decrease was taken as the average rate of decline
between the thermal time at cessation of tiller emergence
and the thermal time at which there was no further change in
potentially fertile tiller number. This was determined from
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Fi1G. 1. Change with thermal time from emergence in number of
potentially fertile tillers for each tiller origin for plants grown at a
density of two (A), four (B), eight (C) and 16 (D) plants m™2.

the slope of the associated linear regression for each
replicate.

Dynamics of total leaf area per fertile culm

Total leaf area (Fig. 2) of fertile culms was estimated
weekly from non-destructive observations of the appearance
of fully expanded leaves combined with the measured area
of individual mature blades using the approach reported by



102

4200

3500

2800

2100

1400

700

3500

2800

2100

1400

700

3500

2800

2100

Total leaf area of the fertile culms (cm?)

1400

700

3500

2800

2100

1400

700

L L | 1 ! | L 1

800 1200

0
0 300

600
Thermal time from emergence (°Cd)

1500

F1G. 2. Change with thermal time from emergence in total leaf area of

each fertile culm for plants grown at a density of two (A), four (B), eight

(C) and 16 (D) plants m2. The thin solid line represents the main culm;
all other line styles for each tiller origin are as shown in Fig. 1.

Muchow and Carberry (1990). These authors noted that total
leaf area of culms was best predicted using a known leaf
size—leaf number relationship, by adding 1-6 to the number
of fully expanded leaves before accumulating individual
blade areas. In this way, the contribution of leaves not yet
fully expanded was incorporated in the estimate of culm
total leaf area. The area of individual mature blades on these
plants was determined non-destructively from measure-
ments of length and maximal width of each blade. Blade
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area was calculated by multiplying length, maximal width,
and a coefficient of allometry of 0-685 (Lafarge et al.,
2002). Non-destructive observation of total leaf area
production on tagged plants avoided any confounding
associated with leaf senescence that might occur with
destructive sampling.

Realized leaf area

Realized leaf area development on the tagged plants in
each plot was calculated weekly, for the coming week, as
the increase in plant leaf area between two consecutive
observations. On the day of each observation, plant leaf area
was calculated by accumulating the areas of all expanded
and partially expanded, green and dead leaves on all culms
that had appeared by that time. In a second method, the
increase in realized plant leaf area was predicted daily, then
weekly, independently of plant density, from initial leaf area
index and incident radiation. This was based on a stable
extinction coefficient (0-56) and radiation use efficiency
(124 g MJ!), combined with stable relationships with
thermal time for shoot assimilate partitioning and specific
leaf area (Lafarge and Hammer, 2002). Realized plant leaf
area was estimated daily from the value of the plant leaf area
ratio (LAR), which is the proportion of net above-ground
biomass partitioned to leaf area. A unique model of LAR on
thermal time was fitted for this range of plant densities:

L=ae? + ¢

where L = LAR, T = thermal time, a = 307, b = 0-0026 and
c=11.

Potential leaf area

Potential leaf area development of the tagged plants in
each plot was estimated weekly, for the coming week, as the
increase in plant leaf area that would have occurred if all
tillers that were potentially fertile on the day of an
observation had continued to develop during the coming
week. On the day of an observation, plant leaf area was
calculated as noted above for the realized leaf area. The leaf
area that would have developed on each culm a week later
was determined from measurements, averaged per plot, of
appearance rate of fully expanded leaves and leaf size
carried out on the same type of tillers, grown in the same
conditions, that had continued to develop during that week.

RESULTS

Plant density did not affect the rate of tiller emergence
whereas cessation of tiller emergence was delayed as density
decreased, and rate of decrease in number of potentially
fertile tillers increased with density

Tiller emergence from the whorl started 120 °Cd after
seedling emergence in all four plant densities (Fig. 3). Tiller
number per plant increased at the same rate for all densities
until a maximum number of tillers per plant was reached.
The maximum number of live tillers per plant decreased
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F1G. 3. Change with thermal time from emergence in number of live
tillers per plant (A) and number of potentially fertile tillers per plant (B)
for plants grown at a density of two (circles), four (upward pointing
triangles), eight (squares) and 16 (downward pointing triangles) plants
m2. Vertical lines represent s.e.m. of three replications. Timing of
phenological events indicated by dotted lines relates to the main culm.

with increasing density (Fig. 3A), being 5-3, 4-3, 3-4 and 2-5
for plants grown at a density of two, four, eight and 16 plants
m~2, respectively. Live tiller number remained stable at this
level for some time before tiller senescence commenced.
The maximum number of potentially fertile tillers per plant
was similar to the maximum number of live tillers, with
values for the four density treatments of 5-3, 4-3, 3-2 and 2.4,
respectively (Fig. 3B). However, the number of potentially
fertile tillers decreased much sooner, especially at the higher
densities. The decrease commenced immediately after
emergence of the final tiller. The rate of decrease in the
number of potentially fertile tillers per plant varied strongly
with density. It increased from 0-017 to 0-108 tillers °Cd! as
density increased from two to 16 plants m=2. The end of the
decrease appeared synchronous among treatments and
corresponded approximately to ligule appearance of the
final leaf on the main culm. The number of fertile tillers per
plant at maturity decreased with increasing density, with
values of 49, 3-3, 1.5 and 0-2, respectively, for the four
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density treatments. The same values were observed for the
number of live tillers per plant at maturity, indicating that
tillers that had not become fertile were all dead at maturity
(Fig. 3A). Final fertile tiller number per plant was already
established by the time of full expansion of the final leaf on
the main culm (Fig. 3B), whereas all emerged tillers were
still alive at this time. Some non-fertile tillers died only just
before maturity, 700 °Cd after full expansion of the final leaf
(Fig. 3A).

The modelling approach pursued here focused on the
dynamics of potentially fertile tiller number per plant as
these tillers were the ones that would contribute signific-
antly to canopy development, crop growth and yield, and
that would participate actively in source—sink interactions.
Hence, three components that generate these dynamics were
examined: tiller emergence; cessation of tiller emergence;
and decrease in number of potentially fertile tillers per plant.

Tillers emerged linearly with thermal time at the same rate
as fully expanded leaves appeared on the main culm, with
no significant differences among density treatments

The number of emerged tillers per plant increased
linearly with thermal time for the duration of tiller
emergence at each density (Fig. 4A). Responses did not
differ significantly among densities, so a single regression
line was fitted. As the appearance of fully expanded leaves
on the main culm also responded linearly to thermal time
independently of plant density (Lafarge et al., 2002), a
single linear regression was fitted for the number of
emerged tillers on the number of fully expanded main
culm leaves (Fig. 4B). The slope of this regression was 0-99,
indicating one newly emerged tiller for each additional fully
expanded leaf. Besides emergence of T3 occurred at the full
expansion of leaf 6 on the main culm, irrespective of
whether or not T1 and/or T2 was present. This indicated that
emergence of a tiller occurred strictly at the same time as the
appearance of the ligule of the leaf positioned three ranks
above its subtending leaf. Delay in the onset of tiller
emergence also did not differ significantly among densities;
it was calculated as 3-9 fully expanded leaves on the main
culm.

Cessation of tiller emergence occurred at a similar leaf area
index regardless of plant density

Cessation of tiller emergence was examined in relation to
canopy development (Fig. 5). The leaf area index (LAI)
value at the time of cessation was determined for each field
plot by linear interpolation between values of the two
consecutive LAl measurements around this thermal time
(see example for treatment means in Fig. 5 insert). The
mean LAI values were 0-55, 0-72, 0-65 and 0-65 for plants
grown at a density of two, four, eight and 16 plants m=>2,
respectively. When the individual data from the 12 plots
were considered, a single LAI value of 0-64 = 0-13,
independent of plant population, was relevant to the timing
of cessation of tiller emergence (Fig. 5). A similar result,
0-65 = 0-14, was found if LAI at the time of cessation was
determined using a logistic function fitted on values
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corresponding to the five LAI measurements closest to that
time (data not shown).

Rate of decrease in number of potentially fertile tillers per
plant was related to the ratio of realized to potential leaf
area growth

A significant relationship was obtained between the rate
of change in the number of potentially fertile tillers per plant
and the ratio of realized to potential leaf area growth when
realized leaf area was determined from direct leaf area
measurement (Fig. 6). This relationship appeared to be
linear (R?> = 0-80) and common for the large range of
tillering responses. The rate of decrease in number of
potentially fertile tillers per plant became greater as the ratio
of realized to potential leaf area growth diminished and
departed further from unity. When the realized leaf area was
predicted via estimated light interception (Fig. 7), the
relationship was retained, but with slightly increased scatter
in the data (R? = 0-68). However, the data based on predicted
realized leaf area reflected closely the relationship deter-
mined using measured realized leaf area.

Dynamics of total plant leaf area for a plant grown at a
given density did not differ from those of plants grown at
lower densities with the same number of emerged tillers
prior to the time at which the number of fertile tillers of that
plant was fixed

The relationship between total leaf area per plant and
accumulated thermal time was examined to determine
whether a simulation of potential leaf area could be
achieved independently of plant density. Total leaf area
was calculated from fully expanded leaf number and
individual leaf size for all fertile culms only, to exclude
any effect of tiller senescence (see Materials and Methods).
Accumulation of leaf area on main culms did not vary with
plant population until 400 °Cd after emergence (Fig. 8A).
After that time, differences in total leaf area on the main
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vertical dashed line represents the mean LAI values. The inset shows
change in LAI with thermal time from emergence and indicates the
interpolation procedure used to estimate LAI at the time of cessation of
tiller emergence. Data points are means, and bars represent s.e.m. of
three replications.

culm among plants grown at different densities increased
until full expansion of the final leaf. Differences in total leaf
area per plant were also examined for plants with main culm
plus one fertile tiller (T3, Fig. 8B), main culm plus two
fertile tillers (T3 and T4, Fig. 8C), and main culm plus three
fertile tillers (T3, T4 and T2, Fig. 8D). The combinations of
tillers used conforms with the tiller hierarchy identified
previously (Lafarge et al., 2002). No difference in total
leaf area for plants with two fertile tillers was observed
among density treatments before 380 °Cd after emergence.
Moreover, no difference was observed between plants
grown at D1 and D2 before 450 °Cd. These times are similar
to that at which fertile tiller number per plant was fixed (e.g.
approx. 400 °Cd for plants in D4 and 450 °Cd for plants in
D2; Fig. 3B). The situation was similar for plants with either
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one or three fertile tillers. For a given number of fertile
tillers per plant, total plant leaf area dynamics at any plant
density did not depart from that observed in plants grown in
D1 up until about the time when fertile tiller number per
plant was fixed. After that time, total plant leaf area
increased less rapidly under high density conditions due to
increasing competition. Hence, the dynamics in plants
grown at a density of two plants m=2 could be used for
predicting potential leaf area growth independently of plant
density. Leaf area per plant for various plant tiller
configurations under these conditions is presented in
Fig. 8E as a reference for potential leaf area calculation.
However, once fertile tiller number was fixed, total plant
leaf area still varied significantly with varying plant density.
For example, for a plant with two fertile tillers and with no
difference in final leaf number, the range in total leaf area
per plant varied from 6500 to 10 500 cm? across density
treatments (Fig. 8C). This variation in total leaf area was the
result of a reduction in later blade size (reduced final length
and maximal width of these blades; Fig. 9) at high density.
Blade area development of all culms of any plant was
affected at about the same time, given the known timing
differences among culms in appearance of leaves. The main
culm was five leaves ahead of tiller 2, which was one and
two leaves ahead of tillers 3 and 4, respectively (Lafarge
et al., 2002). In D3, the first leaf whose blade length was
significantly reduced was leaf 10 for tiller 2 (Fig. 9C), leaf 9
for tiller 3 (Fig. 9E) and leaf 8 for tiller 4 (Fig. 9G), whereas
no leaf was affected on the main culm, which developed 16
leaves (Fig. 9A). Also in D3, the first leaf whose blade width
was significantly affected was leaf 11 for the main culm
(Fig. 9B), leaf 7 for tiller 2 (Fig. 9D), leaf 6 for tiller 3
(Fig. 9F) and about leaf 5 for tiller 4 (Fig. 9H). Interestingly,
the reduction in total blade area due to increasing density
was mostly due to a reduction in blade width, which was
consistently observed to occur three leaf positions earlier on
each culm type than a reduction in blade length.
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F1G. 7. Relationship between rate of change in potentially fertile tiller
number and estimated ratio of realized/potential leaf area growth for data
calculated in each of the three replications at a density of two (circles),
four (upward pointing triangles), eight (squares) and 16 (downward
pointing triangles) plants m2. Realized leaf area was estimated from
estimated light interception, using the extinction coefficient, radiation use
efficiency and plant leaf area ratio, as reported by Lafarge and Hammer
(2002). Otherwise data were calculated as for Fig. 6. The dotted line
shows the linear regression of the reference response fitted in Fig. 6.

DISCUSSION

The framework used to analyse the dynamics of sorghum
tillering was designed to facilitate prediction of the number
of fertile tillers at maturity as early as possible in crop
development. This framework was based on integrated
responses at the plant level. Rather than focusing on total
tiller dynamics, which has been common in previous work,
this study focused on the number of potentially fertile tillers
per plant, as this group of tillers contributes significantly to
canopy development and grain yield. Field measurements
were performed at a range of plant densities to quantify the
time course of the number of potentially fertile tillers per
plant for a range of assimilate availabilities. Although the
number of fertile tillers per plant at maturity varied greatly
among treatments (from 4-9 to 0-2 for plants grown at
densities of two to 16 plants m=2), three underpinning
determinants were sufficient to account for this variation
and thus provided the basis for a modelling approach: (1)
rate of tiller emergence; (2) time at which tiller emergence
ceased; and (3) rate of decrease in number of potentially
fertile tillers per plant.

Tiller emergence was linearly related to thermal time and
to the number of fully expanded leaves on the main culm. A
new tiller emerged whenever a new ligule appeared on the
main culm, regardless of density. This observation sug-
gested that each potential tiller had the capacity to emerge
and grow for only a limited period. Similar qualitative
results have been reported by Kirby and Faris (1972), Porter
(1985) and Rickman et al. (1985), who found that each tiller
on wheat had only one phyllochron during which it had the
opportunity to initiate its development. Hence, in this
cultivar of sorghum, tiller emergence can be simulated
according to rate of appearance of fully expanded leaves
once the first tiller has emerged. Under our experimental
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conditions, the onset of tiller emergence occurred after 3-9
fully expanded leaves, regardless of plant density. The
associated mean air temperature, calculated between 50 and
150 °Cd after emergence, was 21-0 °C. Tiller emergence
from lower axils, and hence subsequent fertility, has been
reported to be highly affected by high temperature in
sorghum (Downes, 1968), barley (Cannell, 1969b) and
wheat (Bos and Neuteboom, 1998). The effect of tempera-
ture was partly confirmed when tiller production was
analysed for plants sown on 11 Nov. 1998 in an extra
experiment conducted at a density of ten plants m™
using the same growing conditions as those described
here. The onset of tiller emergence occurred after
4.2 fully expanded leaves, and the mean air temperature
was 22-3 °C between 50 and 150 °Cd after emergence (data
not shown). In particular, in the latter conditions, no plant
developed a T1 and only 60 % developed a T2. While
variation in other environmental factors may also have
contributed to this difference, the effect of temperature on
potential expansive growth of the main culm (greater with
high temperature) may be one of the major determinants of
the amount of assimilate available for tillering in young
plants, where the potential assimilate supply is low. A
hypothesis relating timing of the first tiller to emerge
to availability of assimilate beyond the requirement of
existing culms has been promoted by several authors
(Cannell, 1969b; Major et al., 1982; Ong, 1984; Bos and
Neuteboom, 1998).

Tiller emergence ceased at a stable (LAI) of 0-64 for
plants at all four densities tested. Similarly, in a simulation
model of perennial graminoid growth, Coughenour et al.
(1984) limited tillering rate according to LAI values. In that
model, the detrimental effect of canopy leaf area on tiller
production occurred from a LAI of 1, which was consistent
with published data. The response of tiller emergence to
LAI could be explained by the sensitivity of sorghum to
neighbouring plants via variation in light quality. Ballaré
et al. (1987) observed a reduced red : far-red ratio at low
solar elevations for LAI values close to 1. This reduction
was synchronous with a reduction in tiller production (Casal
et al., 1986; Gautier et al., 1995). Contrary to the hypothesis
of Ong (1984) for millet, and Kirby et al. (1985) and Boone
et al. (1990) for wheat, there was no clear relationship
between cessation of tiller emergence and stem elongation.
In this study, apex height measured at the time of cessation
was 0, 11, 38 and 51 mm for plants in D4, D3, D2 and D1
(data not shown). In fact, stem elongation is also known to
be promoted by a decrease in the red : far-red ratio (Ballaré
et al., 1989; Kasperbauer and Karlen, 1994), and so both
enhanced stem elongation and reduced branching have been
reported to be consequences of a decrease in the red : far-red
ratio (Ballaré and Casal, 2000). However, internode

F1G. 8. Total leaf area produced per plant vs. thermal time from
emergence for plants with main culm only (A), main culm + one tiller
(B), main culm + two tillers (C) and main culm + three tillers (D) grown
at density of two (thin solid line), four (dotted line), eight (dashed line)
and 16 (bold solid line) plants m~2, and for plants with seven different
tillering configurations when grown at two plants m2 (E).
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elongation measured in this study appeared to be less (data not shown). It is likely that changes in light quality, as
sensitive to variation in light quality than tiller production an early signal of the presence of neighbours, allowed the
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plant to avoid wasting assimilate in tillers that would be
unlikely to survive and become fertile (Skinner and
Simmons, 1993).

The rate of decrease in the number of potentially fertile
tillers per plant was related to the ratio of realized to
potential leaf area growth during the period of decrease.
This ratio was used to reflect the balance between supply of,
and demand for, shoot assimilate in the young plant where
leaf area expansion is the major shoot sink. This approach
was supported by the stability of shoot assimilate partition-
ing and specific leaf area observed at the plant level across
plant densities between emergence and anthesis (Lafarge
and Hammer, 2002). The ratio used here is similar in
concept to the supply : demand ratio for water, which has
been utilized effectively in crop models as an index of plant
water status (Chapman et al., 1993). A number of other
studies have utilized the notion of potential organ growth to
quantify demand for assimilates. DeJong and Grossman
(1994) determined carbohydrate demand of a fruit tree by
estimating the collective growth potential of all individual
growing organs. Heuvelink (1996) validated a tomato
simulation model based on the hypothesis that dry matter
distribution was regulated by the potential growth rates of
plant organs, i.e. the growth rates at non-limiting assimilate
supply, and Tabourel-Tayot and Gastal (1998) calculated
assimilate demand from the amount of carbon and nitrogen
required to produce a potential volume of tissue. The same
approach was used in this study, where the potential growth
in leaf area (demand) was estimated from the leaf area that
would be produced between two observations if all poten-
tially fertile tillers were to continue their development.
These data do not exclude any possible direct effect of light
quality on decrease in potentially fertile tiller number, given
that this decrease started shortly after emergence of the final
tiller, when no significant competition for assimilate was
obvious. However, the possibility of the concept of source—
sink balance as a major controller of tiller development was
supported by the observed stable relationship of the rate of
decrease in potentially fertile tiller number per plant with
the ratio of realized to potential leaf area growth. Hence, this
relationship, when determined from measured leaf area
data, was considered as a reference response. Its utility in
predicting and modelling tiller dynamics depends on the
ability to predict realized and potential leaf area growth.

Prediction of realized leaf area per plant has been
proposed via light interception, radiation use efficiency
and plant leaf area ratio (Lafarge and Hammer, 2002). This
method regenerated the reference response well. It was
based on six parameters, stable over the large range of plant
densities explored here, that were sufficient to predict an
increase in leaf area from the initial leaf area index and
incident radiation. The stability of radiation use efficiency
for above-ground dry matter accumulation meant that it was
not necessary to consider root growth and respiration, in
contrast to the approach used by DeJong and Grossman
(1994).

Prediction of potential leaf area growth was proposed via
dynamics of leaf area production of the whole plant for a
given tiller number. Leaf area growth of fertile tillers, added
to the plant according to the tiller hierarchy identified by
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Lafarge et al. (2002), did not depart from that observed at a
density of two plants m for any density conditions up until
the time at which fertile tiller number per plant was fixed.
Consequently, potential plant leaf area growth, in the
developmental period associated with tillering, could be
estimated for all densities using the potential defined under
no, or limited, competition. This potential can be estimated
well using a logistic function fitted against thermal time (see
Dwyer and Stewart, 1986; Hammer et al., 1987).

CONCLUSIONS

This study provides a basis for modelling tiller dynamics in
grain sorghum. It shows that the dynamics of the number of
potentially fertile tillers per plant can be predicted from the
intrinsic rate of tiller emergence, the timing of cessation of
tiller emergence and the rate of decrease in potentially
fertile tillers. The rate of tiller emergence aligned with
appearance rate of fully expanded leaves on the main culm
and commenced after about four main culm leaves had
emerged, although commencement is likely to vary with
environmental conditions. Tiller emergence ceased when
the canopy leaf area index reached 0-64, and was probably
associated with hormonal effects in response to changes in
light quality (red : far-red ratio). The rate of decrease in
potentially fertile tillers was linearly related to the ratio of
realized to potential leaf area growth, which was an
indicator of the source—sink balance in young plants.
Hence, this ratio provided a basis by which to predict the
rate of decrease in the number of potentially fertile tillers.
Any decrease will reduce the rate of potential leaf area
growth until the balance point with realizable leaf area is
reached. So, using only planting density, daily temperature
and incident radiation as inputs, this framework provides a
means to simulate fertile tiller dynamics in sorghum for a
wide range of conditions. However, the concepts embodied
in the general framework presented need to be validated
with different cultivars and in different environments. This
study also provided some insight for leaf area modelling. It
was observed that once fertile tiller number was fixed,
interplant competition effects were manifest mainly through
leaf area of the fertile tillers. These effects resulted in
variation in area of individual mature blades rather than in
final leaf number, which was stable for any culm across
density treatments. Both final length and maximal width of
later blades were affected, although most variation was
manifest in blade width.
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