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Simulation of wheat ontogenesis.
I. Appearance of main stem leaves in the field
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ABSTRACT: Rate of leaf appearance differs among wheat crops sown in the field at different dates. This
can be interpreted either as a direct effect of the date of sowing on the rate of leaf appearance or a s a n
indirect effect of a n ontogenetic decline in the rate of appearance. Analysis of data from both laboratory
and field experiments led to the conclusion that the second hypothesis is more reliable. A simulation
model of leaf appearance was formulated on the basis of this hypothesis, and tested using experimental
results from the literature and 2 original experiments carried out in Italy There was a good agreement
between experimental data and simulation results. The discussed model simplifies the problem of the
sinlulation of leaf appearance. Other models are based on a complicated relation between the rate of
change in daylength at crop emergence and the rate of leaf appearance, w h c h does not have a
physiological base.

INTRODUCTION
Leaf appearance, in wheat, is the result of 2 distinct
processes: leaf primordia initiation and extension.
When optimal growth conditions occur, both are controlled mainly by temperature. In a previous paper
(Miglietta 1989), the final number of initiated vegetative primordia was shown to be proportional to the time
that elapsed between sowing and the occurrence of
double ridges. It was concluded that leaf primordia
initiation is independent of daylength.
The rate of leaf appearance is similarly expected to
be independent, but a difference in the rate of leaf
appearance is always observed when this is measured
at the same time in crops sown at different dates. It is
observed that leaves of crops sown later appear faster.
Such behaviour can be explained either as a direct
effect of the date of sowing on the rate of leaf appearance, that makes later-sown crops have higher leaf
appearance rates (Hypothesis l ) ,or as an indirect effect
of an ontogenetic decline in the rate of leaf appearance
as the plant ages (Hypothesis 2). According to this
second hypothesis, the time taken by each leaf primordium to extend from the apex to the point of emergence
increases for each subsequent leaf, leading to a decline
in the rate of appearance of subsequent main stem
leaves.
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Hypothesis 1 is commonly accepted because main
stem leaves were observed to appear at approximately
constant rates when plants were grown under constant
conditions (Malvoisin 1984).
The aim of this paper is to propose a model for the
evaluation of leaf appearance in wheat. For this purpose some experimental observations from the literature were analyzed and interpreted by means of both
Hypothesis 1 and Hypothesis 2 and the leaf appearance process was reconsidered. Hypothesis 2 is concluded to be the more realistic, and the leaf appearance model is developed on this basis. The model is
tested by means of both original and published field
experiment data.

MODEL DEVELOPMENT
Kirby et al. (1985) sowed Norman winter wheat in
the field at Cambridge, England (Latitude 5 2 " 1 1 f N ) ,
on 4 dates during the season 1980-81. Leaf appearance measurements of different sowings overlapped
for certain periods so that it is possible to compare
the leaf appearance rates of different crops. Linear
regression analysis of the number of leaves on time
(in days) for monthly periods of overlapping leaf production was performed for September and October
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sowings, in order to show the different monthly
averages of daily leaf appearance rate. The numbers
of days elapsing between the appearance of subsequent leaves, i.e. the phyllochrones estimated as the
reciprocal of observed rates, were calculated. These
data are shown in Table 1, where the corresponding
number of emerged main stem leaves over time is
also given.
As expected, the phyllochrones appear to be shorter
in the later sowing. The difference between the 2
sowings can be interpreted by means of both
Hypothesis 1 and 2: in the first case, the mean difference of about 11 % between the phyllochrones of the 2
sowing dates is understood to be a direct effect of the
date of sowing on the rate of leaf appearance; in the
second case this is done by assuming that each phyllochrone is about 2 % longer than its predecessor.
Any direct effect of the date of sowing on the rate of
leaf appearance must be a function of the different
photoperiod experienced by the crops at the time of
emergence; however it has already been demonstrated
that the daylength does not directly affect the rate of
leaf initiation, and no other physiologcally based
hypotheses have been made to date to explain this
dependence (Kirby & Peny 1987).
On the other hand, Hypothesis 2 provides a satisfactory explanation of the field observation simply by
assuming that subsequent phyllochrones, in wheat, are
not constant in a constant temperature but that they
increase slightly as the plant ages. An increase of about
2 % for each subsequent phyllochrone amounts to 12 h
difference between phyllochrones for an initial phyllochrone of 25 d and to about 2 h for an initial phyllochrone of 4 d. This increase is so small that it can easily
escape direct detection even in controlled-environment
experiments and does not bring Hypothesis 2 into conflict with the common observation of approximately
constant phyllochrones in plants grown under constant
conditions.
On the basis of this hypothesis a model for determining the number of leaves (L) can now be formulated. In
the model, the number of initiated primordia (P) is
calculated as the sum of daily rates of initiation which

are a linear function of air temperature (Miglietta 1989)
according to:
dt

= -0.038

+ 0.0149 T

for T > 2.55

where T = air temperature ("C); dP/dt = the initiation
rate of vegetative primordia.
It is then assumed that the rate of leaf appearance is
equal to the initiation rate of vegetative primordia
minus a term depending on the number of emerged
leaves according to:

and, finally, the potential number of emerged leaves is
calculated by solving analytically Eq. (2):
L =

1 - exp[- a ( P - P,)]
a

where PO = the number of primordia already initiated
at the apex at the time of crop emergence.
The parameter 'a' of Eqs. (2) and (3) is expected not
to be too far from the percentage increase in phyllochrone time measured by Kirby et al. (1985) in the field.
It can be calculated by fitting Eq. (4) to the data of the
relationship between L and P measured at any given
time of the growing period until the occurrence of
double ridges.
Curve fitting was done by means of the modified
Newton's method of non-linear fitting (Ross 1975) and
the estimated value of the parameter a appears to be
very close to the field observation made by Kirby et al.
(1985) (a = 0.03).
The relationship between L and P is illustrated in
Fig. 1 where the points denote experimental observations found in the literature for several wheat varieties
grown in different climates, and the line B represents
the fitted curve. If the rate of primordia initiation and
the rate of leaf appearance were the same, the relationship between L and Pshould follow the simple relationship:

Table 1. Monthly average of daily leaf appearance rates (Lr; leaves d-l) and the corresponding phyllochrones (Ph; d), as measured
in the field for September (l)and October (2) sowings (data from Kuby et al. 1985). Numbers of emerged main stem leaves ( N ) in
each sowing are also reported
Month
November
December
January
February
March
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because the number of vegetative primordia that are
already initiated when the crop emerges is about 4
(Miglietta 1989). The line A in Fig. 1 represents the
linear relationship of Eq. (4), but the observational
points markedly diverge from that line, indicating, in
accordance with Hypothesis 2, that phyllochrones are
longer than the corresponding plastochrones (the time
elapsing between the initiation of 2 subsequent leaf
pnmordia) and that this difference tends to increase as
the plant ages.
Each leaf primordium has to extend, after initiation,
to-a given length before it can emerge from the sheat of
the previous leaf, and the distance it has to cover from
the shoot apex up to that point increases for each
subsequent leaf (Gallagher 1979).
It is concluded that there are good morphogenetic
arguments for accepting Hypothesis 2: this is in agreement with field observations and it is not rejected by
laboratory experiment data. Pending further experimental confirmation, the model has been tested by means of
field experiment data from the literature and by data
obtained from 2 independent experiments in Italy.

MATERIAL AND METHODS
A first experiment (Expt 1)was carried out in the field
at the experimental farm of Florence University
(43"55' N latitude). A winter wheat ('Maris Huntsman')
and a durum variety ('Creso') were sown on 2 dates.
The first sowing was on 12 November 1986, and the
second on 5 February 1987, both with 10 cm row
spacing, on plots of 1000 m2 each.
After crop emergence, 25 randomly chosen plants
were harvested on each plot every 3 or 4 d . Leaf
development was estimated by averaging Haun stage
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measurements (Haun 1973) made on a sample of 10
plants. Modal plants in the sample were then used for
apex observation (Kirby & Appleyard 1986) and
pnmordia counts (Miglietta 1989) and the remaining
plants for leaf size measurement, leaf area estimation
and tillers count. A non-destructive sample, of 25 plants
per plot, was also used to estimate the final main stem
leaf number (Kirby & Appleyard 1 9 8 6 ) .
Dry and wet bulb air temperatures, soil temperature
profiles, global radiation and wind speed and direction
were recorded every 30 min, and averaged daily,
throughout the season, using mobile meteorological
equipment (Benincasa et al. 1984).
In a second experiment (Expt 2), winter wheat plants,
'Maris Huntsman' variety, were grown in the open a t
Florence University, which is located 1 km north of the
experimental farm, from 6 August 1987, in 8 large pots
(50 cm length, 30 cm width and 40 cm depth), in a
mixed soil (sand
organic). Two rows were sown in
each pot, irrigation was autonlatically provided twice a
day, and a nutrient solution was added weekly to the
irrigation water in order to promote optimal growth. Air
temperature was recorded every 30 min, a n d averaged
daily. Leaf stage measurements (Haun 1973) were
made every 3 d on 24 plants that were not harvested,
a n d every 3 or 4 on 24 plants that were harvested for
apex observation (Kirby & Appleyard 1986) and
primordia counts (Miglietta 1989).
In addition to these 2 experiments, experimental
results from the literature were used to validate the
model. Sources of these experiments are summarized
in Table 2. Where daily temperatures were not available to calculate the rate of primordia initiation, they
were randomly generated from decadic means.
The wheat apex remains below ground until the stem
starts to elongate, and is exposed to soil temperature
rather than air temperature (Hay & Tuncliffe Wilson
1982). Daily means of soil and air temperatures normally
have dfferent amplitudes, but their difference is reduced
during the cold period of winter. Calculations of the rate
of leaf appearance made for data from Expt 1 using of soil
surface or air mean temperatures suggested that this
difference can be neglected as a first approximation.

+

RESULTS

Fig. l . Relationship between the number of emerged leaves
(L) and the total number of initiated vegetative primordia (P).
Data from Williams & Williams (1968), Aitken (1971), Syme
(1974), Baker & Callagher (1983), Thomson (1985) and MigLietta (unpubl.) for a total of 40 wheat cultivars. The dashed
Line A indicates the linear relationship of Eq. (4) and the
continuous line B presents fitted values of the non-linear
relation given in Eqs. ( 2 ) and (3)

The comparison between simulation results and the
observations made in the experiments listed in Table 2
is illustrated in Fig. 2. In spite of the large variation in
both sowing dates and latitudes, the agreement
between observational points and the calculated lines
is excellent over the whole growth period. This confirms Hypothesis 2 together with the estimate of parameter a of Eq. (2).
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Table 2.List of experimental data sources arranged in order of increasing latitude, used for model validation. The table also
provides the legend of Fig. 2
Site

Latitude

Sowing date

Variety

40"10'
43"55'
43"55'
43"55'
43"55'
51"50'
52"11'
52"11'
52"11'
52"11'
52"30'

30 Nov 83
1 = 12 Nov 86
1 = 12 Nov 86
2 = 5 Feb 87
2 = 5 Feb 87
21 Oct 82
1 = 10 Sep 80
2 = 24 Oct 80
3 = 4 Dec 80
4 = 25 Feb 81
25 Oct 83

Creso
Mans H.
Creso
Mans H.
Creso
Arrninda
Norman
Norman
Norman
Norman
Arminda

Rutigliano (I)
Florence (I)
Florence (I)
Florence (I)
Florence (I)
Randwijk (NL)
Cambridge (UK)
Cambridge (UK)
Cambridge (UK)
Cambridge (UK)
Lelystad (NL)

N o v 20

Dec 20

Jan 20

Feb 19

Mar 20

Apr 19

May 19

Nov 20

Source
Miglietta et al. (1987)
Miglietta (1989)
Miglietta (1989)
Miglietta (1989)
Miglietta (1989)
Groot (1987)
Kirby et al. (1985)
Kirby et al. (1985)
Kirby et al. (1985)
Kirby et al. (1985)
Groot (1987)

Dec 20

Feb 19

Jan 20

Date

o!
Aug 31

Nov 9

Dec 14

Jan 19

Mar 29

Oct 2 0

Dec 29

Feb 3

Date

May 19

Nov 24

Dec 29

Feb 3

Mar 9

Apr 13

May 18

Date

o!
N o v 24

Apr 19

I
Feb 23

Date

O c t 20

Mar 20

Fig. 2F
Fig. 2A
Fig. 2B
Fig. 2A
Fig. 2B
Fig. 2D
Fig. 2C
Fig. 2C
Fig. 2C
Fig. 2C
Fig. 2E

Date

I

Oct 5

Results in:

Mar 9

Apr 13

May 18

Jan l

I

Jan 31

Mar l

,

l

Mar 31

Apr 30

May 30

Date

Fig. 2. Simulated (line) and observed (points) number of emerged main stem leaves (L) in field experiments (see
Table 2 for experimental detads

Mglietta: Sinlulation of wheat ontogenesis. I.

Subsequently, data of Expt 2 were used to evaluate
model performance under constant high temperatures.
In this experiment, average daily temperature
remained almost the same, at 18"C, throughout a
period of 32 d, as shown in Fig. 3. Pnmordia counts
showed that leaves were initiated at a constant rate of
about 0.23 primordia d-l and a good estimate of this
rate is obtained by means of Eq. (2). The number of
main stem leaves that appeared over time is given in
Fig. 4 (points) together with the values calculated by
means of Eq. (3) (line) and an excellent agreement
between observational points and calculation is found.
The slight bending of the solid line in the figure is
hardly detectable by eye, and this confirms the idea
that the decline in leaf appearance rate of subsequent
leaves easily escapes direct detection even in controlled experiments.
Results of the comparison between model calculations and experimental observations show that the nonlinearity assumed by Eq. (3) in the relationship
between L and P fully explains the differences that are
usually found between crops sown at different dates,
but does not contradict the common observation of an
approximately constant leaf appearance rate at constant temperature. This suggests that the latter observation does not support, by itself, Hypothesis 1.
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Fig. 3. Mean daily maximum and minimum temperature ('C),
measured from plant emergence onward, in Expt 2
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Fig. 4. Observed (points) and calculated (line) number of
emerged leaves (L) in Expt 2
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DISCUSSION AND CONCLUSIONS

It was shown that with increasing age of wheat
plants, the number of emerged main stem leaves lags
further and further behind the number of initiated leaf
pnmordia, so that a small and constant increase in the
length of subsequent phyllochrones occurs. This leads
to the following conclusions:
- Phyllochrones are longer than corresponding plastochrones, as already reported by Bunting & Drennan (1966).
- The higher rate of extension of subsequent leaves
observed in wheat plants (Gallagher 1979) does not
exactly counterbalance the greater distance the tip of
the lamina has to cover from the growing point,
where leaves are initiated, to the point of emergence.
- There is an increase in the period from initiation to
emergence for each subsequent leaf.
- That increase is so small that the differences
between subsequent phyllochrones are probably too
small to be observed even under controlled conditions.
- The expected decline in the rate of leaf appearance
of subsequent leaves provides a good explanation for
the differences in the rate of leaf appearance of crops
sown at different dates.
Leaf appearance models based on Hypothesis 1
assume phyllochrones to be constant and express them
in thermal time (Delecolle & Gurnade 1980, Kirby &
Perry 1987, Weir et al. 1984), assuming that the differences in the rate of leaf appearance among sowings are
related to the rate of change in daylength at crop
emergence (Baker et al. 1980).
The use of thermal time for the direct calculation of
leaf appearance contradicts the conclusions reached in
this paper because it implicitly assumes that phyllochrones are constant and linearly related to temperature.
The assumption made about daylength effects contradicts the results of a number of experimental observations (see Miglietta 1989 for a review), some unpublished scientific experience of M. A. Ford and R. B.
Austin (referenced in Kirby et al. 1987). and W. H. Van
Dobben and C. T. DeWit (pers. comms.) and the fact
that wheat plants become sensitive to daylength only
after vernalization requirements are fully met (Rahman
1980, Davidson et al. 1985).
Moreover, the models that estimate leaf appearance
rates on the basis of the rate of change in daylength
need to be calibrated for different latitudes (Delecolle
et al. 1985, Kirby et al. 1987).
The model that is here discussed does not suffer from
this drawback and it simplifies, to a large extent, the
problem of simulation of leaf appearance under field
conditions.
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Hence, provided the final leaf number is known,
phasic development and some morphogenetic features
of wheat growth can be predicted on the basis of leaf
appearance. Shoot apex development is, in fact, coordinated with leaf appearance as well as with the total
number of formed leaves (Aitken 1971, Kirby 1988),
and both tillering and stem extension processes take
place at particular stages of leaf development (Friend
et al. 1966, Masle-Maynard & Sebillotte 1981, Klepper
et al. 1984). Thus, the next step forward would be to
calculate the final number of leaves initiated by wheat
at different latitudes and sowing dates, under different
climates. Calculations must be based on a better understanding of the interaction of temperature, photoperiodism and vernalization on wheat development.
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