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Abstract. Twenty six winter wheat cultivars representing early maturing (Em), medium early
maturing (Mm), and late maturing (Lm) cultivar groups were grown in the field for two growing
seasons. The dates at which plants reached the double ridge (DR) and terminal spikelet (TS) stages
were determined using anatomical analysis of shoot apices. Thereafter the dates of anthesis (AN)
and full maturity (MA) were recorded. The length of the time spans between subsequent
developmental stages was then expressed both chronologically (number of days, d) and in terms
of thermal time (degree day, °C d) which was calculated with the basal temperature equalling to
zero. The results obtained confirmed the suitability of the utilization of degree days for the
description of the time course of plant development, because the great differences in the time
between subsequent developmental stages recorded between the two growing seasons when expressed
in terms of numbers of days markedly diminished when expressed in terms of degree days. For
example the period DR-MA expressed in number of days amounted in the year 1986 only to 87
% when related to the number of days recorded in the year 1985, whereas the corresponding value
expressed in terms of degree days amounted to 98 %. The utilization of degree days is especially
suitable for the AN-MA period (956 and 937 degree days in the years 1985 and 1986, respectively)
within which temperature is the main factor determining the rate of plant development. Further
analyses of the effects of basal temperatures, vernalization, and daylength appear to be necessary
for a better understanding of the length of the period to the DR stage and differences among
groups of cultivars and among different cultivars.

The time course of winter wheat crop development in dependence on
environmental conditions has been under observation for a number of decades.
In this respect, attention had already earlier been focussed on the effects of
vernalization and daylength (Krekule 1961, Halse and Weir 1970, Petr 1975).
In recent years these problems were again paid great attention with respect to
the need of obtaining data necessary for the construction of simulation models
(Baker et al. 1986, Wright and Hughes 1987). In addition to that, demands for
optimum applications of fertilizers, pesticides, and growth regulators have
increased with increasing level of the crop cultivation technology (Klepper et
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al. 1988). Application optimization also involves the optimization of the
dates of the applications, first of all from the viewpoint of the actual
developmental stage of plants in a crop canopy. For this reason extensive
trials were conducted aimed at obtaining exact descriptions of the course of
plant development in dependence on climatic conditions (Kirby er al. 1987,
Porter et al. 1987). And also for this reason attention was again focussed on
the demands of cereal crops for vernalization and photoperiod (Saini et al.
1986, Wong and Baker 1986).

The level of understanding of many physiological processes is already as high
as to allow research workers to describe in quantitative terms the influence of
environmental factors on some physiological functions of crop plants and also
mutual interactions amoung them. But the construction of simulation models
simultaneously results in the emergence of new very specifically formulated
questions which can be answered only on the basis of results obtained in new
experiments. In this way also the purpose and the aim of mathematical
simulation of physiological processes can be formulated (Thornley 1976, Bikhele
et al. 1980).

When constructing dynamic mathematical models of crop productivity, the
construction of a submodel describing the time course of crop development
necessarily represents the first step. The time course of plant development is
the determining factor for the chronological sequence of the growth of different
plant parts and for the production and distribution of photosynthates. The
so-called thermal time proved to be useful for the description of the time course
of plant development (Baker and Pinter 1986, Porter 1987) which is determined
as a sum of daily mean temperatures from which the basal temperature (Tb)
was subtracted. This Tb represents that temperature at which the rate of the
process under study equals to zero.

However, in agreement with the introductory statement, the construction
of mathematical models describing plant development also requires new
data. The necessary new data are represented in case of cereal crops by
data on the duration of various developmental phases. Experience obtained
so far has shown that there exist both species- and cultivar-specificities not
only in the duration of different growth phases but also in its dependence
on various weather factors (Cao and Moss 1989a, 1989b, 1989¢, Marshall
et al. 1989).

Until the mechanisms regulating the time course of plant development are
sufficiently understood, parameters derived from empirically devised experi-
ments must be utilized as input data for complex simulation models. A set of
such data characterizing the length of periods between plant development stages
of three groups of winter wheat cultivars differing in the time to maturity is
the subject of this paper.
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MATERIAL AND METHODS

The development of the ear on the main stalk was studied in 26 cultivars
and lines of winter wheat (Triticum aestivum L.) during two growing seasons
(1984/1985 and 1985/1986). Using the characteristic inferred by Sip and Skopik
(1987) on the basis of an evaluation of the time span from seedling emergence
to ear emergence, the cultivars involved in the experiment were divided to three
groups, as follows:

1. Early maturing (Em): Super Zlatna, Kosutka, Sava, Vala.

2. Medium early maturing (Em): Mexico 50/B 21, Karlik, Roazon, BU-17, UH
1072, Slavia, Amika, NA-4, Kavkaz, Ilyichovka, Mironovskaya 10, Mironovska.
3. Late maturing (Lm): Maris Fundin, Maris Marksman, Maris Huntsman,
Weihenstephan 378, Kormoran, Margin, Caribo, Zora, Fakir, Chlumecka 12.

Their seeds were drilled using a drilling machine onto experimental field
plots belonging to the Research Institute of Crop Production. The amount of
sown seeds equalled to 4.5 millions of viable seeds per hectare. Seeds were
drilled on October 5, 1984, and on October 4, 1985, respectively. Because
measurements were conducted always after the winter season, the first experi-
mental growing season is in the text of this paper referred to as 1985 and the
second one as 1986.

During April and May, five plants were sampled each week in the cultures
of all the above cultivars from each of the three replicate parcels for the
determination of the stage of organogenesis of the shoot apex of the main stalk.
The dates at which plants reached double ridge stage (DR), terminal spikelet (TS)
stage, anthesis (AN), and maturity (MA) were recorded. Those dates were
considered to be the dates of DR and TS stages at which the same stage of
ontogenesis was recorded in 90 % of the analyzed shoot apices. The date of
anthesis was recorded by that day on which 70 % of ears on experimental plants
showed extruded stamina.

Daily average effective temperatures were calculated according to Porter
(1984) using records of daily minimum and maximum temperatures with the
basal temperature equalling to 0 ‘C. Sums of these effective temperatures were
then calculated for periods from DR to TS (DR-TS), from TS to AN (TS-AN),
and from AN to MA (AN-MA). Thereafter values for DR-AN, DR-MA, and
TS-MA also were calculated.

Data on the sum of effective temperatures with basal temperatures in the
range from 1°C to 10°C with a gradient of 1°C were evaluated only for the
comparison of the variability of results obtained in the two growing seasons.
Statistical significance of differences between groups of genotypes and between
growing seasons was determined using the t-test.
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RESULTS

The classification of cultivars according to the dates of maturing allowed to
distinguish on the basis of the dates at which they reached the DR stage only
Em cultivars from the other two groups between which no differences were
recorded in any of the two growing seasons (Table 1). In the course of further
ontogenesis, the Em group did not show any period which was shorter in the
two growing seasons than in the Mm group. When compared with the Lm
group, only the DR-TS period in the Em group was in both growing seasons
shorter by approximately three days (Table 1). By contrast, the TS-AN period
in the 1985 growing season and the AN-MA period in the 1986 growing season
were longer in the Em group than in the other two cultivar groups. When
compared with the mean of all cultivars, the period DR-MA was longer in the
Em group by two days (Table 1).

The longest DR-TS period was recorded in both growing seasons in the Lm
group. In contract to this, the AN-MA period was shorter in the Lm group
than in the other two groups (Table 1).

The highest differences in the time within which the cultivars reached the
DR stage and also in the length of different periods recorded during wheat
plant ontogenesis were found when the two growing seasons were compared.
The DR stage was reached in the above cultivar groups in the 1986 growing
season by 6 to 8 days later than in the 1985 growing season. The highest
differences were recorded in the length of the DR-TS period which lasted in
the 1985 growing season in average (all cultivars taken into account) 34 days,
and in the 1986 growing season in average only 23.2 days. Within the
experimental groups of cultivars, the TS-AN period was longer in the Em group
only in the 1985 growing season. The AN-MA period was longer in the 1985
growing season in all three groups of cultivars. That means that an earlier DR
date in the 1985 growing season was followed by a longer DR-MA period
which lasted in the 1985 growing season 111.7 days whereas only 96.2 days in
1986. But such time course of ontogenesis was not recorded without exception
in each particular case. Under certain weather conditions an early date of the
DR stage can be followed by a fast time-course of ontogenesis and thus by
short subsequent periods of plant ontogenesis. The differences in the length of
the DR-TS and AN-MA periods were in both growing seasons consistent in
all three groups of cultivars which means that this period was shorter in the
1986 growing season. The same applies for the whole DR-MA period. What
is conspicuous is the differential response of cultivar groups as far as the length
of the TS-AN period is concerned which was in the 1986 growing season shorter
in the Em group by 4 days but longer by 6 days in the Lm group.

There can be no doubt that the rate of the time-course of plant ontogenesis
is determined by the interaction of genetic specificity of cultivars with weather
conditions. This also is obvious from a simplified analysis of the influence of
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TABLE 3

A comparison of the duration (%) of different developmental periods of three winter wheat cultivar
groups in the 1986 growing season when related to the 1985 growing season (= 100 %) and when
expressed either in terms of days (d) or in terms of degree days (°C d).

% days % degree days
Group of cultivars Periods of plant development
DR-TS TS-AN AN-MA DR-MA DR-TS TS-AN AN-MA DR-MA

Early (Em) 72,8 82,2 959 86,9 103,2 80,4 1014 964
Medium (Mm) 64,3 108,2 884 852 956 950 973 96,5
Late (Lm) 74,1 1416 81,1 89,9 984 1106 974 1005
Mean 69,6 1153 86,8 87,2 979 982 980 980

weather conditions in the two growing seasons when only the influence of
temperature was evaluated by means of thermal time (Table 2), with the influence
of vernalization and photoperiod being neglected. The length of individual
periods of ontogenesis expressed in terms of degree days shows several specific
characters. The period DR-TS was in both years approximately equally long.
The shortest DR-TS period was recorded in the Em group of cultivars and the
longest in the Lm group. The mean length of the TS-AN period of all cultivars
also was the same in both growing seasons. In this case however, differential
behaviour of cultivar groups was recorded in different growing seasons. In case
of Em cultivars, this period was shorter in the 1986 growing season, whereas
both growing seasons were nearly equal in case of Mm cultivars. In contrast
to that, the TS-AN period was longer in the 1986 growing season in the Lm
group. And finally small differences were recorded in degree days in the AN-MA
period between the two growing seasons. But this period was shortest in both
growing seasons in the Lm group.

TABLE 4

Variation coefficients (%) of values expressing the length of different development periods when
expressed in terms of days (d) or in degree days (°C d). Mean values obtained with all 26 cultivars
in both growing seasons.

Period d °Cd Tb (°C)
DR-TS 27.5 20.6 0

TS-AN 19.6 17.5 0to +5
AN-MA 9.7 3.6 +41t0 +6

Note: In case of the TS-AN period, the same °C d values were obtained for Tb in the range from
0°C 1o +5°C.
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Whereas the DR-MA period corresponded in the 1986 growing season only
to 87 % of the length of this period in 1985 in terms of days, it corresponded
to 98 % when expressed in terms of degree days, and thus the length of this
period was in both growing seasons nearly the same (Table 3). The length of
each period of ontogenesis expressed in terms of days (mean value of all cultivars
and both growing seasons) always showed higher variability expressed in terms
of the value of the coefficient of variation (CV) than when the periods were
characterized in terms of degree days. Very low CV values were obtained for
the AN-MA period in which case the coefficient of variation equalled at
Tb = 0°C to 4.1 and at Tb = 10 C to 5.8. The lowest value was found at Tb
from 4°C to 6 C. Thermal times with such basal temperatures at which the
lowest variation coefficients were obtained are presented in Table 4. The
application of basal temperatures higher than zero did not result in higher CV
values till anthesis. Basal temperature range from 4 to 6 C appeared to be
suitable only for the AN-MA period. But the difference from Tb = 0°C was
relatively small and therefore thermal times with Tb = 0 °C are also presented
in Table 2 for the AN-MA period for reasons of a better comparison of the
length of the studied periods of ontogenesis.

The low value of the variation coefficient of thermal time representing the
length of the AN-MA period suggests that (1) the utilization of thermal time
is suitable for the expression of the length of the period from anthesis to maturity
and that (2) temperature is the relevant factor which determines the length of
this period. By contrast, the high value of the coefficient of variation of data
characterizing the length of the DR-TS period probably is the result of mutual
interactions between vernalization and photoperiod, that is between those two
factors which were not taken into consideration in this evaluation.

DISCUSSION

The utilization of degree days for the description of environmental conditions
of crop plant development does not represent a novel approach to this problem
(see the review by Monteith 1981). But there are some new biological aspects
and the clearly defined necessity of using exact data including genotype
specificity (Krekule 1987) also can be considered to be new.

Weir et al. (1984) include in their model of the development of winter wheat
crops termal time values which are in the period from seedling emergence to
anthesis modified by the coefficients of vernalization and daylength. In contrast
to this, relevant factors can tentatively be reduced to sole thermal time in other
climatic conditions. There is no doubt that in conditions in which our field
trials were conducted, the development of plants of the above winter wheat
cultivars could be influenced by both vernalization and daylength. However,
vernalization is always completed before the onset of spring growth in a winter
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season with normal weather conditions corresponding to a long-term average
and when wheat crops are sown at an early date. In our particular case, in
total 113 d with average temperatures below 10 ‘C occurred in the period from
October 15, 1984, to February 15, 1985, and 114 d in the year 1986. The
influences of the photoperiod can show higher variability both in different
growing seasons and in case of different cultivars. We consider the daylength
influence to be the main cause of differences among the cultivar groups,
especially in the duration of the DR-TS period. The general influence of
daylength on the double-ridge stage date has been described by a number of
authors. But there also exists evidence that daylength can influence the course
of the period which follows after the DR stage (Wright and Hughes 1987,
Dellecolle et al. 1989, Ellis et al. 1989). Innes et al. (1985) inferred that the date
of ear emergence on winter wheat plants is also predetermined by genes
controlling their sensitivity to daylength. The corresponding algorithm is also
formulated in similar way in the model devised by Weir et al. (1984).

Basal temperatures can represent another source of variability in the length
of thermal time calculated by us. With the exception of data given in Table 4,
only values calculated for Tb = 0°C are presented in this paper. In contrast
to this Weir ez al. (1984) chose Tb = 1 °C for the period from seedling emergence
to anthesis, and Tb = 9°C for the AN-MA period. Pozo et al. (1987)
experimentally inferred Tb = 2°C for seed germination, seedling emergence,
tillering and leaf growth, but Tb = 6 C for most other processes. Numbers of
degree days calculated by us for particular developmental periods using
temperature bases in the range from 1°C to 10 °C did not indicate distinct or
more clear-cut or unequivocal conclusions and therefore these data are not
presented in the paper.

It can be assumed that the value of the basal temperature, basal parameters
characterizing demands for vernalization (and thus also its duration under
various combinations of minimum, maximum, and mean day temperature) and
photoperiod (its duration at certain daylengths) will belong to the group of the
basal parameters characterizing different cultivars. It can be expected that these
parameters will be difficult to obtain and that the experiments will be
time-consuming. But on the other side it can be expected that aims formulated
in such definite terms will allow to simplify the necessary experimental scheme.

The characterization of the length of particular periods of winter wheat plant
development in terms of degree days offers not only define data which can be
used for the determination of parameters of different cultivars, but also
repeatedly proves the suitability of the conception of thermal time, with the
mean values of the cultivar groups and also of the whole set of the cultivars
involved supplying basal data. However, also in this case the utilization of mean
values does not represent the final aim (see also Roberts et al. 1988). They
rather represent a basis for the construction of a model and for the arrangement
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of an experiment aimed at (1) describing all the above indicated parameters
determining the velocity of plant development, and at (2) inferring the
cultivar-specific parameters.

REFERENCES

Baker, J. T., Pinter, P. J., Reginato, R. J., Kanemasu, E. T.: Effects of temperature on leaf
appearance in spring and winter wheat cultivars. — Agron. J. 79 : 605-613, 1986.

Bikhele, Z. N., Moldau, K. A. Ross, Yu, K.: Matematicheskoe Modelirovanie Transpiratsii
i Fotosinteza Rastenii pri Nedostatke Pochvennoi Vlagi. Mathematical Modelling of Transpi-
ration and Photosynthesis of Plants under Soil Water deficiency. — Gidrometeozdat, Leningrad
1980.

Cao, W., Moss, D. N.: Temperature effect on leaf emergence and phyllochron in wheat and
barley. — Crop Sci. 29 : 1018- 1021, 1989a.

Cao, W., Moss, D. N.: Daylength effect on leaf emergence and phyllochron in wheat and
barley. — Crop Sci. 29 : 1021-1025, 1989b.

Cao, W., Moss, D. N.: Temperature and daylength interaction on phyllochron in wheat and
barley. — Crop Sci. 29 : 1046-1048, 1989c.

Delecolie, R., Hay, R. K. M., Guerif, M., Pluchard, P., Varlet-Grancher, C.: A method of describing
the progress of apical development in wheat, based on the time-course of organogenesis. — Field
Crops Res. 21 : 147-160, 1989.

Ellis, R. H., Summerfield, R. J., Roberts, D. E., Cooper, J. P.: Environmental contro! of flowering
in barley (Hordeum vulgare). II1. Analysis of potential vernalization responses, and methods of
screening germplasm for sensitivity to photoperiod and temperature. — Ann. Bot. 63 : 687-704,
1989.

Halse, N. J., Weir, R. N.: Effects of vernalization, photoperiod, and temperature on phenolog-
ical development and spikelet number of Australian wheat. — Aust. J. agr. Res. 21 : 383-393,
1970.

Innes, P., Hoogendoorn, J., Blackwell, R. D.: Effects of differences in date of ear emergence and
height on yield of winter wheat. — J. agr. Sci. 115 ; 543-549, 1985.

Kirby, E. J. M., Porter, J. R., Day, W, Adam, J. S., Appleyard, M., Ayling, S., Baker, C. K.,
Belford, R. K., Biscoe, P. V., Chapman, A., Fuller, M. P., Hampson, J., Hay, R. K. M.,
Matthews, S., Thompson, W. J., Weir, A. H., Willington, V. B. A., Wood, D. W.: An analysis
of primordium initiation in Avalon winter wheat crops with different sowing dates and at nine
sites in England and Scotland. — J. agr. Sci. 109 : 123134, 1987.

Klepper, B., Rickman, R. W., Zuzel, J. F., Waldman, S. E.: Use of growing degree days to project
sample dates for cereal crops. — Agron. J. 80 : 850-852, 1988.

Krekule, J.: The effect of photoperiodic regime on vernalization of winter wheat. — Biol. Plant.
3:180-191, 1961.

Krekule, J.: Vernalization in wheat. — In: Atherton, J. (ed.): The Manipulation of Flowering. Pp.
159-169, Butterworths, London 1987.

Marshall, L., Busch, R., Cholick, F., Edwards, L., Frohberg, R.: Agronomic performance of spring
wheat isolines differing for daylength response. — Crop Sci. 29 : 752-757, 1989.

Monteith, J. L.: Climatic variation and the growth of crops. — Quart. J. roy. meteorol. Soc.
107 : 749-774, 1981.

Petr, J.: [The effect of the development on the formation of yield components in cereals.] In Czech.
—~ Rost. Vyroba. 21 : 429441, 1975.

Porter, J. R.: A model of canopy development in winter wheat. — J. agr. Sci. 102 : 383-392, 1984.

Porter, J. R.: Modelling crop development in wheat. — Span 30 : 19-22, 1987.



DEVELOPMENTAL STAGES OF WHEAT CULTIVARS 429

Porter, J. R, Kirby, E. J. M., Day, W., Adam, J. S., Appleyard, M., Ayling, S., Baker, C. K.,
Belford, R. K., Biscoe, P. V., Chapman, A., Fuller, M. P., Hampson, J., Hay, R. K. M., Hough,
M., Matthews, S., Thompson, W. J., Weir, A. H., Willington, V. B. A., Wood, D. W.: An
analysis of morphological development stages in Avalon winter wheat crops with different
sowing dates and at nine sites in England and Scotland. - J. agr. Sci. 109 : 107-121, 1987.

Pozo, A. H., Huidobro, J. G., Novoa, R., Villaseca, S.: Relationship of base temperature to
development of spring wheat. — Exp. Agr. 23 : 21-31, 1987.

Roberts, E. H., Summerfields, R. J., Cooper, J. P., Ellis, R. H.: Environmental control of flowering
in barley (Hordeum vulgare L.). 1. Photoperiod limits to long-day responses, photoperiod-
insensitive phases and effects of low-temperature and short-day vernalization. — Ann. Bot. 62:
127-144, 1988.

Saini, A. D., Dadhwal, V. K., Phadnawis, B. N., Nanda, R.: Thermal and photoperiod effects on
phase duration of four wheat varieties grown on different sowing dates. ~ Indian. J. agr. Sci.
56 : 646656, 1986.

Sip, V., Skorpik, M.: [The evaluation of winter wheat varieties for hybridization programs.] In
Czech. ~ Final Report of the Central Crop Research Institute. Praha — Ruzyne 1987.

Thornley, J. H. M.: Mathematical Models in Plant Physiology. — Academic Press, London-New
York 1976.

Weir, A. H., Bragg, P. L., Porter, J. R., Rayner, J. H.: A winter wheat crop simulation model
without water or nutrient limitations. — J. agr. Sci. 102 : 371-382, 1984.

Wong, L. S. L., Baker, R. J.: Developmental patterns in five spring wheat genotypes varying in
time to maturity. — Crop Sci. 26 : 1167-1170, 1986.

Wright, D., Hughes, L. G.: Relationships between time, temperature, daylength and development
in spring barley. — J. agr. Sci. 109 : 365-373, 1987.



