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An understanding of the effect of environment on

phyllochron (degree-days between two successive leaves) is

necessary to model cereal crop canopy growth. This study

was designed to investigate the relationships of phyllochron

to temperatures and daylengths in winter wheat (Triticum

aestivum L.) and spring barley (Hordeum vulgare L.). A

series of experiments at different temperatures and

daylengths were conducted in growth chambers on four winter

wheat and four spring barley genotypes, and in outdoor pots

and field plantings on two of the winter wheat genotypes.

In a given constant environment the leaves of a

particular wheat and barley genotype emerged at a constant

rate. However, the leaf emergence rate (leaves /day) and

phyllochron differed among temperatures, daylengths, and

genotypes. The leaf emergence rates increased non-linearly

with increasing temperature until an optimum temperature was

reached and then declined. The phyllochron increased

exponentially as temperature increased. As daylength



increased, the leaf emergence rate increased and phyllochron

decreased, both curvilinearly.

Different temperatures and daylengths appeared

interactive on leaf emergence rate and phyllochron in

controlled environments. These combined effects of

temperature and daylength on phyllochron could be quantified

as a linear relationship of phyllochron to the ratio of

daily degree-days to daylength hours (thermo/photo ratio).

In outdoor pots and in the field, the phyllochron was

constant throughout the period of development of a

particular planting of Stephens or Yamhill wheat, but varied

with planting date. The response of phyllochron to planting

date was correlated to the thermo/photo ratio during

seedling emergence. The results in this research suggest

that the linear algorithm between phyllochron and

thermo/photo ratio during seedling emergence can be used to

predict the phyllochron of both wheat and barley in

different planting environments. However, a specific

coefficient defining the linear regression intercept must be

determined for each cultivar.
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MODELING PHYLLOCHRON IN WHEAT AND BARLEY

INTRODUCTION

Crop growth models simulate the major components of

crop production systems. These models can integrate a

wealth of information on the biological and physical

interrelationships occurring in crop growth systems (Day,

1985; Keulen and Wolf, 1986). They can be used for

understanding, predicting, and, eventually, managing crop

growth and development (Fischer, 1985; Jones, 1986; Whisler

et al., 1986; Penning de Vries, 1982). With the rapid

advance in computer capability and, at the same time, a

major reduction in the cost of computer facilities, many

crop growth models have been developed and some have been

used to decide alternative management options that affect

crop growth and yield, such as crop genotypes, planting

data, fertilizer application, and irrigation scheduling.

The application of crop growth models in decision support

systems should help to improve management and productivity

of crop production systems (Jones, 1986; Jones and Kiniry,

1986; Whisler et al., 1986; Uehara, 1985).

Wheat is an important food crop, and it has been the

focus of many experimental and modeling studies in the last

two decades. Much of the work has attempted to establish

the quantitative relationships between environments and

physiological processes to understand and model wheat plant
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growth and final yield (Day, 1985). However, most of the

wheat simulation models developed prior to 1980 were simple,

empirical, and descriptive models without much physiological

insight into the processes involved in plant growth

(Lindstrom et al, 1976; Rickman et al., 1975; Hodges and

Kanemasu, 1977). The objectives of these models was to

understand or predict one or more process affecting crop

growth, rather then to integrate all the processes that

ultimately result in crop yield. Recently a few crop

modelers have tried to develop explanatory and comprehensive

models which describe quantitatively the growth and yield of

wheat crop. Those models are extremely complex, but

physiologically realistic (Moorby, 1985). They are based on

algorithms describing the complicated processes involved in

crop growth and quantitative relationships between these

processes and environments. They describe different growth

processes as state variables which are driven by daily

weather conditions and interrelated processes, and

potentially provide reliable prediction of growth and yield

(Porter, 1984; 1985; Weir et al, 1984; 1985; Ritchie, 1985;

Ritchie et al., 1986).

CERES-Wheat is a comprehensive wheat growth simulation

model which includes soil water balance and nitrogen

dynamics. It was developed under the leadership of the

USDA-ARS scientists at Temple, Texas, with cooperation from

wheat scientists around the world (Ritchie et al., 1986).
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CERES-Wheat is a user-oriented, daily-incrementing

simulation model of wheat growth, development, and yield.

The model was designed to predict the performance of wheat

sown anywhere at any time. CERES-Wheat has been tested in

diverse environments, and has proven to be a useful model

for predicting wheat yield and the intermediate steps such

as phenological events, organ growth, and biomass

partitioning in the yield formation processes (Otter and

Ritchie, 1985; French and Hodges, 1985; Ritchie et al.,

1986). CERES has been adopted by International Benchmark

Sites Network for Agrotechnology Transfer (IBSNAT) to

develop a standard format for other crop model development

(Uehara, 1985).

Leaf growth modeling is a key component in all

integrated crop growth models because leaf area development

greatly affects photosynthesis and evapotranspiration. Leaf

appearance and leaf expansion are two main processes that

determine leaf area development (Gallagher, 1985; Klepper et

al., 1985; Porter, 1985; Ritchie et al., 1986). The growing

degree-days required per leaf emergence (phyllochron) can be

used to time leaf emergence in the field (Gallagher, 1979;

Bauer et al., 1984; Rickman et al., 1984; Ritchie et al.,

1986; Ritchie, 1987). Yet this timing of growth of

successive leaves is poorly understood and is identified by

the model developers (Ritchie et al., 1986) as a major

unknown in the CERES-Wheat model. In the CERES-Wheat model,
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the phyllochron of wheat is assumed to be constant for a

given planting. However, phyllochron is known to vary with

planting dates, latitudes, and genotypes (Ritchie et al.,

1986; Baker et al., 1980; Kirby et al., 1982; Delecolle et

al., 1985; Wiegand et al., 1981; Bauer et al., 1984; Klepper

et al., 1985). Therefore, unless a specific phyllochron

value is known for a given cultivar, planting date and

latitude, the model can not make accurate predictions of

leaf growth and yield of a wheat crop.

Temperature and daylength are two major environmental

factors which differ among different planting dates and

latitudes. An understanding of the effects of temperature

and daylength on leaf emergence and phyllochron may provide

information to simulate phyllochron change in different

environments. This research was designed to investigate

quantitative responses of leaf emergence rate and

phyllochron to temperature and daylength in different wheat

and barley genotypes, and then to develop basic algorithms

to predict phyllochron change with planting date. This work

will contribute to leaf growth modeling, and make the CERES-

Wheat model more universal and applicable.

The main portion of this thesis consists of four

chapters which are reports of independent experiments

conducted to study the effects of temperature and daylength

and their interaction on phyllochron in wheat and barley.

These experiments have been summarized in scientific journal
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articles and submitted for publication. The four chapters

are essentially manuscripts for those journal articles. The

conclusion section is an overall evaluation of the

experimental results.



CHAPTER 1

TEMPERATURE EFFECT ON LEAF EMERGENCE AND

PHYLLOCHRON IN WHEAT AND BARLEY

ABSTRACT

An understanding of the effect of environment on leaf

emergence is necessary for modeling crop canopy growth.

This study was to determine the effect of controlled

temperature on leaf emergence rate and phyllochron in four

winter wheat (Triticum aestivum L.) and four spring barley

(Hordeum vulgare L.) genotypes. Nine experiments were

conducted in growth chambers at constant temperatures

between 7.5 and 25°C. The number of leaves per main stem

was recorded daily until the fourth leaf was mature. At a

given temperature the emergence of new leaves was a linear

function of time for all genotypes, with R 2 values not less

than 0.95. The slopes of the linear regressions, which are

the leaf emergence rates (leaves/day), however, differed

among genotypes and among temperatures within genotypes.

For all genotypes, the leaf emergence rates increased non-

linearly with increasing temperature until an optimum

temperature was reached and then declined. These parabolic

responses could be described with quadratic polynomials with

R2 values greater than 0.96 for all genotypes. As

temperature increased, the phyllochron (degree-days/leaf)
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increased exponentially. The relationships between

phyllochron and temperature fit exponential equations with

R2 0.97 or greater for all genotypes. The phyllochron

ranged among the eight genotypes from 57.2±5.2 degree-days

at 7.5°C to 116.2±7.1 degree-days at 25°C. These results

suggest that the temperature effect must be considered in

modeling phyllochron in wheat and barley.
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INTRODUCTION

The time interval between the emergence of successive

leaves in cereals varies with temperature (Gallagher, 1979).

The degree-days required to produce a leaf (phyllochron) is

an important parameter of many dynamic crop growth

simulation models (Klepper et al., 1985; Porter, 1985;

Ritchie et al., 1986). Yet, the environmental control of

cereal leaf growth is poorly understood and this has led to

ambiguity in developing wheat crop growth simulation models

(Ritchie et al., 1986).

Bauer et al. (1984) reported that the phyllochron of

wheat was not affected by nitrogen and water supply. In

several studies, the number of leaves on the main stem of

wheat plants was found to be a linear function of

accumulated degree-days in either field or controlled

environments (Gallagher, 1979; Hay and Wilson, 1982; Klepper

et al., 1982), which means that the phyllochron was constant

over the course of those studies. However, for both wheat

and barley, the phyllochron varies with planting date (Baker

et al., 1980; Kirby et al., 1982). Several investigators

have suggested that the phyllochron is fixed for the growing

season by the environmental conditions during seedling

emergence from the soil (Baker et al., 1980; Kirby et al.,

1982, 1985; Kirby and Perry, 1987; Delecolle et al., 1985).

The CERES-WHEAT crop growth model makes the assumption
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that phyllochron is constant and, to run the model, a value

for phyllochron must be supplied. A different phyllochron

value must be used for different cultivars, dates of

planting, and latitudes (Ritchie et al., 1986). This makes

an accurate prediction of wheat leaf area development

difficult unless the phyllochron value for the specific

cultivar, planting date, and latitude is known.

Temperature and daylength are two major environmental

factors that differ among planting dates and latitudes.

This study was designed to determine the effect of

temperature on leaf emergence and phyllochron in wheat and

barley.
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MATERIALS AND METHODS

Nine separate experiments were conducted in growth

chambers using four soft-white winter wheat cultivars:

Stephens, Yamhill, Nugaines, Tres; and four spring barley

genotypes: two commercial cultivars, Steptoe and Klages, and

two experimental lines, 63BI, DL71. Tres is a club wheat.

Both 63BI and DL71 are experimental barley genotypes from

CIMMYT in Mexico.

The plants were grown in 10 cm diameter (1000 cm3)

pots. The soil used was a 2:1:1:1 mixture (by volume) of

pumice, sand, peat moss, and sandy loam soil. Before

potting, 1.2 g/pot of commercial fertilizer (20% N, 9% P,

17% K) and 1.8 g/pot of ground limestone were mixed well

with the soil. Eight seeds were planted in each pot. The

seedlings were thinned to four per pot at the first leaf

stage.

Two experiments were done at 15°C. A t test of the

differences between paired genotypic leaf emergence rates

showed that the two experiments were essentially identical

(p=0.65, see the data plotted in Fig. 2). Therefore, only

single experiments were done at 7.5, 10, 12.5, 17.5, 20,

22.5, and 25°C. The temperatures were kept constant (<0.5°C

variation between day and night) and imposed from planting.

The daylength was 14 hr with a photosynthetic photo flux

-2 -1density (PPFD) of 400 Amol m s (measured at seedling
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height with a LI-COR LI-188B quantum sensor). The pots were

checked daily and irrigated whenever necessary, as judged

from the appearance and feel of the surface soil.

A randomized block design was used in all experiments,

with eight genotypes per block and three replications. One

replication for each genotype was one pot with four

seedlings. Observations were made daily on leaf number per

culm in 'Haun units', a quantitative scale for describing

the growth of wheat leaves in which the leaf stage is

measured as the number of fully expanded leaves plus the

ratio of the laminar length of the last visible growing leaf

to that of the preceding leaf (Haun, 1973).

Daily growing degree-days (DD) were calculated as:

DD = [(Tmax Tmin)/2] Tb'

where T
max

and Tmin are maximum and minimum temperatures and

Tb = minimum temperature at which growth ceases (the base

temperature). Extrapolation of our data suggested a base

temperature of 0.02°C for both wheat and barley. This

agreed closely with the suggestion of 0°C by Gallagher

(1979), Baker et al.(1980), and Baker et al. (1986) and we

used 0°C to calculate degree-days. Growing degree-days were

accumulated from seedling emergence.
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RESULTS AND DISCUSSION

Leaf Emergence Rate

An example of the linear response of leaf number over

days after seedling emergence is shown in Fig. 1.1 for

Stephens winter wheat (A) and Klages spring barley (B) at

two temperatures, 10 and 15°C. These responses were typical

of the responses of all the genotypes at all temperatures.

The linear regres$ions for leaf number vs. time were highly

significant for all genotypes at all temperatures, with R2

values greater than 0.95.

Since these experiments were conducted under constant

temperatures, the accumulated degree-days after seedling

emergence are a constant multiple of time for each

temperature. Therefore, the time responses of leaf number

have the same shape and correlation coefficients in units of

accumulated degree-days or of time. Thus, our results are

consistent with the linear relationship between leaf number

and accumulated degree-days reported by Gallagher (1979),

Baker et al. (1980), and Kirby et al. (1982) for wheat and

ba'rley growing in the field, and Klepper et al. (1982) for

wheat in controlled environments.

The slopes of the regression lines of leaf number vs.

time are the leaf emergence rates (leaves/day). There was a

significant difference (p<0.05) in the leaf emergence rates
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were used in the regression calculation; mean
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Fig. 1.2. Responses of leaf emergence rate (Y) to
temperature (X) for different wheat (A, B) and
barley (C, D) genotypes.
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among temperatures for each wheat and barley genotype. The

genotypic mean leaf emergence rate varied from 0.132±0.012

leaves/day at 7.5°C to 0.216±0.014 leaves/day at 25°C.

For all genotypes, the leaf emergence rate increased

with increasing temperature until an optimum temperature was

reached, and then declined with further increases in temp-

erature (Fig. 1.2). These optimum type response curves fit

well to quadratic polynomials (parabolic curves). The R2

values for the polynomial fittings of the leaf emergence

rates to temperature for all the genotypes were greater than

0.96 (Fig. 1.2). This is similar to the temperature

response of leaf emergence rate in maize (Zea mays L.)

reported by Tollenaar et al. (1979) and Warrington et al.

(1983).

Although all the genotypes had similarly shaped temper-

ature response curves for leaf emergence rate, the optimum

temperature varied somewhat among genotypes (Table 1.1).

The optimum temperature for leaf emergence rate was

22.5±1.2°C for wheat, and 21.0±0.6°C for barley. The leaf

emergence rates at the optimum temperature ranged among

genotypes from 0.211±0.006 leaves/day for wheat to

0.231±0.016 leaves/day for barley. Thus, spring barley

appeared to have a little higher maximum leaf emergence rate

(p<0.09) but lower optimum temperature (p<0.11) than winter

wheat.
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1.1. Optimum temperatures (Tont,°C) and maximum
rates (Rmax, leaves/day)rof leaf emergence
for different genotypes.

Species Genotype Topt Rmax

Stephens 21.6 0.207

Yamhill 21.3 0.208

Wheat Tres 24.3 0.208

Nugaines 22.9 0.221

Mean 22.5 0.211

Steptoe 21.0 0.212

Klages 20.1 0.221

Barley 63BI 21.2 0.253

DL71 21.8 0.239

Mean 21.0 0.231
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Phyllochron Response

The phyllochron increased exponentially with increasing

temperature for all eight genotypes used in these

experiments (Fig. 1.3). The mean of the phyllochron of the

genotypes was 57.2±5.2 degree-days at 7.5°C and 116.2±7.1

degree-days at 25°C. The relationships between phyllochron

(Y) and temperature (X) fit exponential equations of the

form Y=aebx , with R2 values for all genotypes being greater

than 0.97. As the temperature increased, more thermal

energy was needed to produce a leaf, and the thermal

efficiency (leaves per degree-day) decreased. This response

could be one of the reasons why phyllochron varies with

planting dates and latitudes.

The b coefficients in the equations shown in Fig. 1.3

measure the response of phyllochron of the genotype to

temperature. A larger b coefficient means that the

phyllochron of the genotype is more sensitive to temper-

ature. In general, the phyllochron of barley appeared to be

more responsive to temperature than did wheat (p<0.17).

The phyllochron temperature response coefficients were

negatively related to the optimum temperatures for maximum

leaf emergence rates (Fig. 1.4). The phyllochron in those

cultivars that had the highest optimum temperature for

maximum leaf emergence rates was least sensitive to changing

temperatures. These genotypic differences in sensitivity of
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phyllochron to temperature may be an important aspect of

modeling phyllochron in wheat and barley.



Fig. 1.3. Responses of phyllochron (Y) to temperature (X)

for different wheat (A, B) and barley (C, D)
genotypes.
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CHAPTER 2

DAYLENGTH EFFECT ON LEAF EMERGENCE AND

PHYLLOCHRON IN WHEAT AND BARLEY

ABSTRACT

An understanding of the effect of environment on leaf

emergence and development is necessary to model crop growth

and development. This study was designed to determine the

effect of controlled daylength on leaf emergence rate and

phyllochron in winter wheat (Triticum aestivum L.) and

spring barley (Hordeum vulgare L.). Two sets of experiments

were conducted in growth chambers at a constant 15°C. For

the first set, ten experiments were done at daylengths

between 8 and 24 hrs on four wheat and four barley

genotypes. The emergence of new leaves at a given daylength

was a linear function of time for all genotypes and

daylengths, the R2 being 0.94 or greater. However, the

slopes differed among genotypes and daylengths. As

daylength increased, the leaf emergence rate (leaves/day)

increased and phyllochron (degree-days/leaf) decreased, both

curvilinearly. The R2 for the curve fittings were 0.98 or

greater for all genotypes. The phyllochron ranged among

eight genotypes from 92.4±4.5 degree-days at 8 hr daylength

to 64.5±5.0 degree-days at 24 hr daylength. The phyllochron

of barley was more sensitive to daylength than was that of
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wheat. In the second set of experiments, the phyllochron

for 'Stephens' wheat changed quickly when plants were

transferred from either 8 to 18 or 18 to 8 hr daylengths.

The decrease of phyllochron as daylength increases may

explain in part why the phyllochron of wheat and barley

growing in natural environments varies with planting date.
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INTRODUCTION

Dynamic models of the development of the leaf canopy in

cereals must be able to simulate the rate of emergence of

successive leaves on a culm (Klepper et al., 1985; Porter,

1985; Ritchie et al., 1986). However, the effect of

environment on leaf development is poorly understood.

Gallagher (1979) and Klepper et al. (1985) reported

that the number of leaves which developed on main culms in

wheat was a linear function of accumulated degree-days after

germination, implying that temperature is the major factor

controlling the rate of emergence of new leaves. Bauer et

al. (1984) studied leaf development in 16 hard red spring

wheat cultivars and 3 durum wheat (Triticum durum Desf.)

cultivars in the field. They found that leaf number per

culm was not affected by water stress or nitrogen supply but

was described equally well by linearly accumulated time,

growing degree-days, and photothermal units. Baker et al.

(1980) and Kirby et al. (1982) found that the phyllochron

(the number of degree-days elapsed between successive leaves

on a culm) in wheat and barley was constant during the life

of a particular planting, but varied with planting date.

The effect of planting date on phyllochron has been

confirmed by Delecolle et al. (1985), Kirby et al. (1985),

and Kirby and Perry (1987).
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Baker et al. (1980) and Kirby et al. (1982) suggest

that the reason the phyllochron in wheat and barley is

different for different planting dates is that the

phyllochron is fixed by the rate of daylength change at crop

emergence. However, their interpretation fails to take into

account that phyllochron is also affected by temperature.

In constant environments leaf emergence rates and

phyllochron are both strongly affected by temperature in

both wheat and barley (see Chapter 1). The goal of this

research was to determine the effect of daylength on leaf

emergence rates and phyllochron in wheat and barley.
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MATERIALS AND METHODS

Two sets of experiments were conducted in growth

chambers. In the first set of ten experiments, the effects

of constant daylength on leaf emergence rate and phyllochron

were studied in four soft-white winter wheat and four spring

barley genotypes. Wheat cultivars consisted of Stephens,

Yamhill, Nugaines, Tres; barley genotypes included two

commercial cultivars, Steptoe and Klages and two

experimental lines, 63BI and DL71. Tres is a club wheat.

Both 63BI and DL71 are experimental barley genotypes from

Mexico.

The plants in the first set of experiments were grown

in 10 cm diameter (1000 cm3) pots. For all experiments, the

potting soil was a 2:1:1:1 mixture (by volume) of pumice,

sand, peat moss, and sandy loam soil. Before potting, 1.2 g

of fertilizer (20% N, 9% P, 17% K) and 1.8 g of ground

limestone per pot were mixed well with the soil. Eight

seeds were planted in each pot. The seedlings were thinned

to four per pot at the first leaf stage. The pots were

examined daily and irrigated whenever the surface soil in

the pots appeared dry.

Experiments were conducted at 8, 10, 12, 14, 16, 18,

21, and 24 hr daylengths. The daylengths were imposed at

planting. All experiments were done at a constant day/night

temperature of 15 ± 0.5°C. The light intensity (PPFD) was
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400 Amol m-2 s-1 (measured at seedling height with a LI-COR

LI-188B quantum sensor).

A randomized block design with three replications was

used for each separate daylength experiment. Each

replication consisted of one pot of each genotype, with four

plants per pot, making a total of twelve plants per genotype

in each daylength. Observations were made daily on the

number of leaves on the main stem of each plant until the

fourth leaf was mature, recording the results in the Haun

scale (Haun, 1973).

Daily degree-days (DD) were calculated as:

DD = E(Tmax Tmin)/2] Tb'

where Tmax and Tmin are maximum and minimum temperatures and

Tb is a base temperature. We used 0°C as the base

temperature in calculating degree-days, following Gallagher

(1979) and Baker et al. (1980).

Another experiment was designed to examine the response

of leaf emergence rate and phyllochron in wheat to daylength

change. Stephens wheat was grown from planting in 15 cm

diameter (3500 cm3 ) pots (4 plants per pot) at 8 and 18 hr

daylengths. At the third leaf stage, three pots were trans-

ferred from 8 to 18 and three from 18 to 8 hr daylengths,

with another three pots left in the 8 or 18 hr daylengths.

The Haun scale leaf number on the main culm of each plant

was recorded daily until the plants were 30 days old.
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RESULTS AND DISCUSSION

Leaf Emergence Rate

In all the experiments the leaf number per culm was a

linear function of time, the R 2 all being 0.94 or greater.

Examples of that linear relationship for Stephens winter

wheat (A) and Klages spring barley (B) for 8 and 16 hr

daylengths are shown in Fig. 2.1. Since these experiments

were conducted under a constant temperature, the accumulated

degree-days after emergence for each treatment were a

multiple of temperature X days. Therefore, the curves for

leaf emergence would have the same shape and correlation

coefficients had we reported them in units of accumulated

degree-days rather than time.

A linear relationship between the number of leaves per

stem and accumulated degree-days was reported by Gallagher

(1979); Bauer et al. (1984), and Kirby et al. (1982) for

wheat and barley growing in the field, and the author

(Chapter 1) for the wheat and barley at different constant

temperatures in growth chambers. The results of this study

confirm that linear relationship. However, there was a

significant difference (p<0.05) in the slopes among

daylengths for each wheat and barley genotype.

The slopes of the curves of leaf number vs. time (Fig.

2.1) are the leaf emergence rates (leaves/day). The



3.5

3.0

2.5

2.0

1.5

1.0

3.5

3.0

2.5

2.0

1.5

1.0

A
Daylength=16 hrs
Y=0.3737+0.1964X
R2=0.98
N=132

Daylength=8 hrs
Y=0.5124+0.1670X
R2=0.98
N=156

3 5 7 9 11 . 13 15 17

Daylength=16 hrs
Y=0.5833+0.2220X
R2=0.96
N=132

Daylength=8 hrs
Y=0.8194+0.1555X
R2=0.94
N=156

3 7 9 11 13
Days after Emergence

15 17

30

Fig. 2.1. Leaf number on the main stem (Y) vs. days after
seedling emergence (X) for Stephens wheat (A) and
Klages barley (B) at 8 and 16 hr daylengths.
Individual daily plant observations were used in
the regression calculation; mean daily
observations are shown in the Figure.



Fig. 2.2. Responses of leaf emergence rate (Y) to daylength
(X) for different wheat (A, B) and barley (C, D)
genotypes.
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responses of leaf emergence rates to daylength for the eight

cereal genotypes are shown in Fig. 2.2. Initially two

separate experiments using all eight genotypes were done at

both 14 and 18 hr daylengths. The leaf emergence rates for

those experiments for each genotype are shown in Fig. 2.2.

The mean leaf emergence rates for the eight genotypes in the

duplicate experiments were 0.200 ± 0.012 and 0.200 ± 0.015

leaves per day at 14 hr and 0.218 ± 0.016 and 0.216 ± 0.013

leaves per day at 18 hr. These results verified the

repeatability of the genotypic responses and only single

experiments were conducted at the other daylengths.

The leaf emergence rates of all genotypes increased

with increasing daylength. The mean leaf emergence rates of

the eight genotypes varied from 0.163±0.008 leaves/day at 8

hr daylength to 0.234±0.018 leaves/day at 24 hr daylength.

The non-linear relationship fit the function:

Y = X/(a+bX) [1]

where Y is the leaf emergence rate (leaves/day), X is

daylength (hrs) and a and b are coefficients which define

the shape of the response curve. The R2 values for the

relationship were 0.98 or greater among all genotypes. This

non-linear response of leaf emergence rate to daylength is

similar to that reported for maize (Zea mays L.) by

Warrington and Kanemasu (1983).

Dividing Eq. [1] by daylength (X) gives:
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E = Y/X = 1/(a+bX) [2]

where E = leaves per day per hour of daylength, a measure of

daylength efficiency for leaf emergence. As X increased the

daylength efficiency decreased and fewer leaves were formed

per hour of light (although more leaves were formed per day

in the longer daylengths, Fig. 2.2).

Phyllochron

Since the temperature used in these experiments was a

constant 15°C and we used a base temperature = 0°C, the

phyllochron (degree-days per leaf) is equal to 15/(leaf

emergence rate). The phyllochron varied among genotypes,

but for all genotypes, it decreased with increasing

daylength. The mean phyllochron of the eight genotypes

ranged from 92.4±4.5 degree-days at 8 hr daylength to

64.5±5.0 degree-days at 24 hr daylength.

The relationship between phyllochron and daylength (the

inverse of the relationship of leaf emergence rate and

daylength) fit a non-linear function:

Y = (a+bX)/X [3]

as shown in Fig. 2.3, with the same R2 as for the fit of

leaf emergence rate to daylength (Fig. 2.2). The coeffi-

cients a and b of the phyllochron responses to daylength are

shown in Table 2.1. One can see from Fig. 2.3 that as the

daylength increased, fewer degree-days were needed to
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Table 2.1. The Coefficients a and b describing the non-
linear equation Y=(a+bX)/X for phyllochron
response to daylength as shown in Fig. 2.3.

Species Genotype a* b*

Nugaines 255.288 56.540

Tres 316.859 58.488

Wheat Stephens 268.230 58.713

Yamhill 231.723 60.207

Mean 268.025 58.487

Steptoe 476.430 41.213

63BI 338.549 41.655

Barley DL71 391.905 43.253

Klages 388.218 44.219

Mean 398.776 42.585

* highly significant difference between wheat and barley
(p=0.01).
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produce a leaf, a result consistent with those reported by

Baker et al.(1980) and Kirby and Perry (1987) for field

grown plants.

Wheat and barley differed in their sensitivity of

phyllochron to daylength. The coefficient b in Eq. [3]

(Table 2.1) measures the response of phyllochron to

daylength. As b increases, the phyllochron is less

sensitive to daylength. The differences between wheat and

barley in the coefficients a or b (Table 2.1) were highly

significant. Thus, the sensitivity of phyllochron to

daylength change was greater for barley than for wheat.

Effect of Daylength Change on Phyllochron

Baker et al.(1980), Kirby et al.(1982; 1985), Kirby and

Perry (1987), and Delecolle et al.(1985) suggest that

phyllochron in wheat is fixed by the environment at seedling

emergence. In an earlier paper we showed that phyllochron

in wheat and barley varied with temperature (Chapter 1).

This study shows that phyllochron also varies with

daylength. It was important then to test whether

phyllochron changed if daylength changed during the growth.

Therefore, we grew Stephens wheat to the third leaf stage in

either 8 or 18 hr daylengths, at which time we transferred

designated treatments to the other daylength.

Fig. 2.4 shows the leaf number per culm as a function

of time for plants remained in the 8 or 18 hr daylengths and
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those which were transferred to the other daylength at the

third leaf stage. Following transfer either from 8 to 18 or

from 18 to 8 hr daylengths, the leaf emergence rate, and

thus the phyllochron, changed quickly and significantly in

response to the new environment.

The results of this study do not support the hypothesis

that the phyllochron of wheat and barley is set by the

daylength at the time of seedling emergence. Rather, these

results suggest that phyllochron in these crops will be

different in different daylengths and, therefore, should

differ with planting date and latitude, a fact often

observed (Ritchie et al., 1986). Also, these results

suggest that the phyllochron will change as the daylength

changes during the growth of the crop. Phyllochron differs

also at different temperatures (Chapter 1). Thus,

understanding phyllochron responses in field environments

will likely require an analysis of the patterns of change of

temperature and daylength during the development of the

crop.



40

CHAPTER 3

A MODEL TO DESCRIBE THE COMBINED EFFECT

OF TEMPERATURE AND DAYLENGTH ON

PHYLLOCHRON IN WHEAT AND BARLEY

ABSTRACT

An understanding of how environment controls the

initiation and development of leaves is required to

construct dynamic crop simulation models. The leaf

development process is poorly understood in cereals. This

study was designed to investigate the interaction of

temperature and daylength on the leaf phyllochron in winter

wheat (Triticum aestivum L.) and spring barley (Hordeum

vulgare L.). Growth chamber experiments were conducted at

all combinations of three temperatures (10, 15, 20°C) and

four daylengths (6, 10, 14, 18 hours) on four wheat and four

barley genotypes. Wheat and barley had a constant

phyllochron (degree-days/leaf) at a given temperature and

daylength combination. However, the phyllochron varied

among genotypes and among temperature and daylength

combinations. Phyllochron increased as temperature

increased or as daylength decreased. The combined action

of temperature and daylength on phyllochron could be

quantified in a single term, the thermo/photo ratio (the

ratio of daily degree-days to daylength). The phyllochron
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for all genotypes in this study was related linearly to the

thermo/photo ratio in all the temperature-daylength

combinations, with R2 values not less than 0.94. An

evaluation of published field data for barley planted on

different dates in two growing seasons suggests that the

thermo/photo ratio may be adequate to explain the different

phyllochron values typically observed in such experiments.

Our results suggest that cultivar specific coefficients will

be necessary to predict the cultivar response of phyllochron

to the thermo/photo ratio in wheat and barley.
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INTRODUCTION

To successfully model leaf area development in a crop

canopy it is necessary to describe when new leaves will

appear and when expanding leaves mature. Unfortunately,

that process is poorly understood in cereals. The

phyllochron (the number of degree-days elapsed between

successive leaves on a culm) is a key input for simulating

development of leaf area (Klepper et al., 1985; Porter,

1985; Ritchie et al., 1986; Ritchie, 1987).

Gallagher (1979) reported that the phyllochron was

constant throughout the development of the wheat and barley

crop canopies that he studied, but several studies show that

phyllochron varies with planting date in both wheat and

barley (Baker et al., 1980; Kirby et al., 1982; 1985; Kirby

and Perry, 1987; Delecolle et al., 1985). Baker et al.

(1980) and Kirby et al. (1982) suggested that this

inconsistency could be explained if the phyllochron was

fixed by the rate of change of daylength at crop emergence.

We have found that both temperature and daylength affect

phyllochron in wheat and barley (Chapter 1, 2). The

objective of this study was to see if the combined action of

temperature and daylength could explain the variation of

phyllochron in different environments.
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MATERIALS AND METHODS

Twelve experiments were conducted in growth chambers

under all combinations of three temperatures (10, 15, 20°C)

and four daylengths (6, 10, 14, 18 hours). Four soft-white

winter wheat and four spring barley genotypes were included

in each temperature and daylength combination. The wheat

genotypes were Stephens, Yamhill, Tres, and Nugaines.

Stephens is the major commercial cultivar grown in Oregon.

Yamhill and Nugaines are older cultivars. Tres is a club

wheat. The barley genotypes consisted of two commercial

cultivars commonly grown in Oregon, Steptoe and Klages, and

two experimental lines, 63BI and DL71. The experimental

lines were obtained from CIMMYT in Mexico. They were

included in this study because they produce high yields in

very short growing seasons.

The plants were grown in 10-cm-diameter (1000 cm3)

pots. The potting soil was a 2:1:1:1 (by volume) mixture of

pumice, sand, peat moss, and sandy loam soil, with which we

mixed 1.2 g of complete fertilizer (20% N, 9% P, 17% K) and

1.8 g of ground limestone per pot before potting. Eight

seeds were planted in-each pot. The seedlings were thinned

to four per pot at the first leaf stage.

The different environments were imposed from planting.

The temperature was held constant in each experiment, with

no more than ±0.5°C day/night difference. The photo-
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synthetic photon flux density (PPFD) measured at seedling

height with a LI-COR LI-188B quantum sensor was 400 mmoi m-2

-s 1
. The pots were checked daily and irrigated whenever the

surface soil in the pots appeared dry in order to maintain

an adequate water supply.

Two identical growth chambers were used in this study.

Each temperature-daylength combination was an independent

randomized block experiment, with eight genotypes per block,

and with three replications. Each replication for each

genotype was one pot with four seedlings.

Observations were made daily on leaf number, using the

Haun (1973) scale, on each main stem until after the fourth

leaf was mature. Phyllochron values for each genotype in

each temperature-daylength combination were obtained as the

inverse of the slope of the leaf number plotted against

accumulated growing degree-days. Daily growing degree-days

(DD) were calculated as

DD = [(Tmax Tmin)/23 Tb

where T
max

and Tmin are maximum and minimum temperatures and

Tb is a base temperature. We used 0°C as the base

temperature (Chapter 1).
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RESULTS AND DISCUSSION

Phyllochron (degree-days/leaf) is the inverse of the

slope of linear regression of leaf number on degree-days

after seedling emergence. The phyllochron was constant for

each genotype in each temperature-daylength combination in

this study. This result confirms earlier findings for these

same genotypes (Chapter 1, 2). However, the phyllochron

varied among genotypes and among environments. An example

of the responses of phyllochron to different temperature-

daylength combinations is given in Fig. 3.1 for two

cultivars, Stephens wheat and Klages barley. The

phyllochron of all genotypes decreased as daylength

increased at a given temperature or as temperature decreased

at a given daylength, similar to the examples shown in Fig.

3.1.

In normal field environments where wheat and barley are

grown the mean daily temperature and daylength decrease or

increase together. Since changes in these environmental

factors have opposite effects on phyllochron, we analyzed

our results in terms of the ratio of these factors and

propose the term 'thermo/photo ratio' (the degree-days per

day divided by the daylength in hours) as a variable that

incorporates the combined effects of temperature and

daylength on phyllochron in wheat and barley. Figure 3.2

shows the relationship of phyllochron to the thermo/photo
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ratio for all eight genotypes and all the temperature-

daylength combinations used in the 12 experiments reported

here. Surprisingly, a strong linear correlation between

phyllochron and the thermo/photo ratio was observed for all

genotypes, with R2 of 0.94 or greater.

A careful analysis of the data from this study as well

as a reanalysis of data from an earlier paper on the

daylength effect on phyllochron at a constant temperature

(Chapter 2) showed that, at any given temperature, the

response of phyllochron to a changing thermo/photo ratio

(obtained by varying daylengths) is linear. However,

reanalyzing data from an earlier paper on the temperature

effect on phyllochron at a fixed daylength (Chapter 1)

showed a slightly curvilinear response of phyllochron to the

thereto /photo ratio obtained by varying temperatures at a

fixed daylength. Thus, the linear relationship of

phyllochron to the thermo/photo ratio is not always exact.

However, it appears that the combined effect of these two

factors on phyllochron is such that a linear model is valid

over a wide combination of the factors in controlled

environments.

If the linear relationship of phyllochron to the

thermo/photo ratio is valid for field environments, then the

different phyllochron values observed when wheat and barley

are planted at different dates may be explained by the



Fig. 3.2. The linear relationship of phyllochron (Y) to the
thermo/photo ratio (X) for four wheat (A, B) and
four barley (C, D) genotypes.



150

130

110

90

1.0 1.5 2.0 2.5 3.0

150

130

110

90

70

50 50
0 5 1.0 1.5 2.0 2.5 3.0 3.5 0.5 1.0 1.5 2.0 2.5 3.0

Thermo /Photo Ratio (degreedays/hour) Thermo/Photo Ratio (degree days /hour)
Fig. 3.2.

1.0

3.5



115

4-
g 105

0 95
0
0

85cn
a)

-c)

c 75
_c

2 65

55
0.25

Field barley
Y=38.0029+62.5578X
R2=0.95

0.40 0.55 0.70 0.85 1.00 1.15
Thermo/Photo Ratio (degreedays/hour)

50

Fig. 3.3. The linear relationship of phyllochron (Y) to the
mean monthly thermo/photo ratio at planting for
field barley sown on different dates in two
growing seasons (data from Kirby et al., 1982).



51

different thermo/photo ratios found in those field

environments. To test this hypothesis, we evaluated the

response of phyllochron of barley sown on different dates in

two growing seasons as reported by Kirby et al. (1982). The

linear regression of phyllochron on the mean monthly

thermo/photo ratio at planting, obtained from their data,

was highly significant, with R2 of 0.95 (Fig. 3.3). Thus,

the relationship of phyllochron to the thermo/photo ratio

during the early stages of growth appears to offer a simple

explanation of the difference in phyllochron for different

planting dates by Baker, et al. (1980) and by Kirby et al.

(1982). The phyllochron differences found in wheat and

barley in those studies may have been due to the different

temperature and daylength environments and not to the rate

of change of daylength, as they propose.

A highly significant difference (p<0.01) between wheat

and barley in both the slope and the intercept of the linear

regression of phyllochron on the thereto /photo ratio was

observed in this study. The intercept averaged 50.6±2.5 for

wheat and 37.3±2.3 for barley. The slope averaged 27.2±0.9

for wheat and 32.9±1.7 for barley (Fig. 3.2). The greater

slope for barley genotypes indicates that phyllochron in

barley is more sensitive than that in wheat to changes in

the thermo/photo ratio.
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Table 3.1 indicates that the wheat or barley genotypes

and the thermo/photo ratio both have a highly significant

effect on phyllochron. However, there was no significant

difference in the slopes of the phyllochron responses to the

thermo/photo ratio among the four wheat or among the four

barley genotypes used in this study (genotype X thermo/photo

ratio interaction in Table 3.1 not significant for either

wheat or barley). Thus, a common slope may be adequate to

describe the phyllochron response of a crop species to the

thereto /photo ratio. If that is true, then a cultivar

specific coefficient for modeling phyllochron response to

different temperatures and daylengths may require only that

one determine the intercept for the cultivar response of

phyllochron to the thermo/photo ratio. This concept remains

to be confirmed with field data.
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Table 3.1. Analysis of
phyllochron
(Y=a+bX) in

covariance of the regression of
on thermo/photo (T/P)ratio
different wheat or barley

genotypes.

Wheat

Source df Mean square

***
Genotype (A) 3 208.4886 7.53

***
T/P ratio (B) 1 21294.3896 769.27

A X B 3 7.2451 0.26

Error 40 27.6811

Barley

Source df Mean square

***
Genotype (A) 3 243.5447 7.20

***
T/P ratio (B) 1 31109.0255 919.97

A X B 3 27.7742 0.82

Error 40 33.8154

***
significant at the 0.001 level of probability
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CHAPTER 4

PREDICTION OF PHYLLOCHRON CHANGE

WITH PLANTING DATE IN WHEAT

ABSTRACT

The phyllochron of wheat differs for crops planted on

different dates or at different latitudes. An understanding

of the causes for these differences is needed for accurate

modeling of the development of wheat crop leaf canopies.

Experiments were conducted in outdoor pots and field

conditions on Stephens and Yamhill winter wheat (Triticum

aestivum L.) cultivars to study the relationship of phyl-

lochron (degree-days per leaf) to .the different daylengths

and mean air temperatures occurring at different planting

dates. Both Stephens and Yamhill wheat had a nearly con-

stant phyllochron over the period of development of the crop

leaf canopy for a given planting in both pot and field

plantings. However, the phyllochron of Stephens and Yamhill

cultivars, respectively, decreased from 111 and 101 degree-

days for a September sowing to 81 and 73 degree-days for a

January sowing for potted plants. In the field plants,

phyllochron was 105 and 93 degree-days for Stephens and

Yamhill cultivars in October planting, respectively, and 85

and 80 degree-days for the February planting. The

relationship of phyllochron to the ratio of the weekly mean
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daily degree-days to daylength (the thermo/photo ratio)

during seedling emergence was linear with R2 not less than

0.90 for both Stephens and Yamhill cultivars in combined pot

and field plantings. These results suggest that the linear

relationship between phyllochron and the thermo/photo ratio

during seedling emergence can be used to predict the phyl-

lochron response of wheat in different plantings. However,

a specific coefficient defining the linear regression inter-

cept must be determined for each cultivar.
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INTRODUCTION

Predicting how environment controls the emergence and

development of new leaves is a fundamental step in crop leaf

canopy modeling of cereals. The emergence of a new leaf is

related linearly to accumulated degree-days in wheat

(Klepper et al., 1985; Ritchie et al., 1986; Ritchie, 1987).

Several researchers have found that the phyllochron (degree-

days/leaf) is constant over the period of leaf development

for a particular planting, but varies with planting date and

latitude in both wheat and barley (Gallagher, 1979; Baker et

al. 1980; Kirby et al. 1982; 1985; Kirby and Perry, 1987;

Delecolle et al., 1985).

Our previous studies in controlled environments showed

that the phyllochron of wheat and barley decreased

curvilinearly as temperature decreased or as daylength

increased (Chapter 1, 2). However, the phyllochron was

related linearly to the thermo/photo ratio (the ratio of

daily degree-days to daylength) (Chapter 3). This study was

designed to see if the linear relationship between

phyllochron and thermo/photo ratio existed for wheat grown

in different outdoor environments.
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MATERIALS AND METHODS

Experiments were conducted in outdoor pots on the

Oregon State University campus and in the field at the Crop

Science Department Hyslop Field Laboratory near Corvallis.

Two winter wheat cultivars, Stephens and Yamhill, were used

in all the plantings. Each planting was a randomized block

design with four replications in the pot experiment and two

replications in the field.

These experiments were begun in the fall of 1987 and

continued into the spring and summer of 1988. The pot

planting dates were Sep. 22, Oct. 13, Nov. 3, Nov. 24, Dec.

15, and Jan. 5. The plants were grown in 15 cm diameter

(3500 cm3) pots with 4 plants per pot. Each pot was one

replication for each cultivar. The potting soil was a

2:1:1:1 mixture (by volume) of pumice, sand, peat moss, and

sandy loam soil. The potting soil was treated with a

complete fertilizer (20% N, 9% P, 17% K) at a rate of 4.8

g/pot and with ground limestone at a rate of 7.2 g/pot,

which were mixed well with the soil before potting. In

addition, 1.5 g N per pot in the form of urea (46% N) was

applied during stem elongation. The pots were checked every

other day and irrigated whenever the surface soil in the

pots appeared dry in order to maintain an adequate water

supply.

The field planting dates were Oct. 24, Nov. 14, Jan.
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19, Feb. 6. The plot size was 2.5 X 3 m, with row spacing

of 20 cm, and a plant population of about 250 plants m-2.

The field soil type was a fine silty mixed mesic Aqultic Ar-

gixeroll. A total of 70 kg/ha of nitrogen in the form of

urea (46% N) was applied on the experimental area in a split

application: 20 kg/ha before planting and 50 kg/ha during

stem elongation. An application of the herbicide Diuron at

the rate of 1.12 kg/ha was used at seedling stage to control

grass and broadleaf weeds. High rainfall through much of

the growing season provided a good water supply for wheat

plant growth.

The main stems of all plants in the pot experiments and

ten main stems for each plot in field planting were tagged,

and the number of leaves on those stems was measured

frequently. The observations of leaf number were taken in

the Haun scale (1973) at intervals of 3-6 days during the

fall and spring, and every 6-12 days during the winter,

beginning at the emergence of the second leaf and continuing

until the flag leaf was mature.

Weather data were recorded at weather stations at the

Crop Science Department Hyslop Field Laboratory and at the

Entomology Department Research Site on campus. Daily

growing degree-days (DD) were calculated as

DD = [ cr
-max

+ Tmin)/2] - Tb
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where T
max

and T
min

are maximum and minimum air temperatures

and Tb is a base temperature. We used 0°C as the base

temperature (Chapter 1). If the mean daily temperature was

less than 0, DD was taken as 0. Daylength was calculated as

daylight hours plus civil twilight time.
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RESULTS AND DISCUSSION

Phyllochron Change with Planting Date

For all planting dates in both field and pot

experiments, the leaf number on the main stem, measured in

the Haun scale, was related linearly to accumulated degree-

days after seedling emergence. Fig. 4.1 shows this linear

relationship for Stephens and Yamhill cultivars on two field

planting dates. The R2 values for the linear relationship

for all the plantings of Stephens and Yamhill cultivars in

the pot and field conditions were not less than 0.96. This

confirms our earlier reports in growth chamber experiments

and is consistent with the findings by Gallagher (1979),

Baker et al.(1980), Kirby et al. (1982), Klepper et al.,

1985; Hunt and Chapleau (1986).

The high R2 values for the linear relationship of leaf

number to accumulated degree-days after seedling emergence

for all the plantings indicate that use of a constant value

for phyllochron for the life of the crop in any particular

planting is a useful and valid assumption for designing a

wheat crop growth model. However, a careful examination of

Fig. 4.1 (A) suggests a slight decrease of slope occurred in

the October 24 planting for both cultivars at the time of

spikelet initiation (about five phyllochrons left), and that

phyllochron after that time was somewhat greater. A similar
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Degreedays after Emergence

Fig. 4.1. The linear relationship of leaf number on main
stem (Y) to accumulated degree-days after seedling
emergence (X) for Stephens and Yamhill cultivars
on two field plantings: 10/24 (A) and 1/19 (B).
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Table 4.1. The slope (b, X10 -2
) and it's inverse (1/b,

phyllochron) for the linear regression
between leaf number on the main stem and
accumulated degree-days after seedling
emergence for Stephens and Yamhill wheat on
different planting dates in the outdoor pot
and field.

Pot experiments

Stephens Yamhill

Planting

date b Phyllochron b Phyllochron

9/22 0.90 111 0.99 101

10/13 0.97 103 1.14 88

11/3 1.07 94 1.22 82

11/24 1.18 85 1.34 74

12/15 1.19 84 1.33 75

1/5 1.24 81 1.37 73

Field experiments

10/24 0.95 105 1.07 93

11/14 1.04 96 1.12 89

1/19 1.17 86 1.35 74

2/6 1.18 85 1.26 80
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discontinuity of the linear relationship occurred in the

November 14 planting, but not in the late plantings (data

not shown). Baker et al. (1986) reported a comparable

phenomenon in spring wheat. In all these cases, the

deviation from a constant phyllochron for the crop growth

season was slight. It does suggest the possibility,

however, that in some environments phyllochron might be

described somewhat more accurately by using a different

value after spikelet initiation.

The slopes of the linear regressions between leaf

number and accumulated degree-days varied with planting date

(Fig. 4.1, Table 4.1), the differences for both pot and

field plantings being highly significant (p<0.01) for both

cultivars. The inverse of the slope is phyllochron. Thus

highly significant differences in the slope among planting

dates means that the phyllochron differed significantly

among plantings dates.

As a whole, the phyllochron decreased with later

planting in the fall and early winter (Table 4.1). In the

pot plantings from September to January, the phyllochron

changed from 111 to 81 degree-days for Stephens and 101 to

73 degree-days for Yamhill. In the field plantings from

October to February, the phyllochron ranges were 105 to 85

degree-days for Stephens and 93 to 74 degree-days for

Yamhill. These phyllochron values were comparable with

other observations in Oregon environments (Klepper et al.,
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1985). Similar results can be seen in the reports by Baker

et al. (1980) and Kirby et al. (1985). Table 1 also shows

that the phyllochron for Stephens was consistently higher

(p=0.05) than that for Yamhill in either pot or field plant-

ings.

Prediction of Phyllochron

In a previous study, we found that the phyllochron of

wheat grown at different constant temperatures and

daylengths was linearly related to the thermo/photo ratio

(the daily degree-days per hour of daylength) (Chapter 3).

Therefore, we evaluated the phyllochron response to the

thermo/photo ratio at seedling emergence for the two

cultivars grown in pots outdoors and in field plantings.

Fig. 4.2 shows that the phyllochron for both the pot and

field plantings was related linearly to the mean

thermo/photo ratio during the week following seedling

emergence, with R2 = 0.90 (p<0.01) for both Stephens and

Yamhill cultivars. These results suggest that a linear

model relating phyllochron to the thereto /photo ratio, which

we suggested from the results obtained in controlled

environment experiments (Chapter 3), is valid to describe

the phyllochron response to different planting dates in

wheat in both outdoor pot and field plantings. Whether the

concept of thereto /photo ratio can help to quantify the

phyllochron variation in different latitudes remains to be
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Fig. 4.2. The linear relationship of phyllochron (Y) to the
weekly mean thereto /photo ratio during seedling
emergence (X) for Stephens and Yamhill cultivars
in combined outdoor pot and field plantings.
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determined.

Another important characteristics of the response of

these two wheat cultivars is that the slopes of the linear

relationship of phyllochron to the thermo/photo ratio were

not significantly different for the two cultivars grown in

different outdoor pot and field environments (Fig. 4.2), but

the intercepts were significantly different. This supports

the suggestion made earlier (Chapter 3) that it may be

possible to calculate phyllochron response to different

temperatures and daylengths from a slope of the relationship

of phyllochron to the thermo/photo ratio which is

characteristic of the crop species and an Y intercept

specific to a crop cultivar. Thus, these outdoor pot and

field plantings in general confirm the validity of a linear

model to describe the relationship of phyllochron to the

thermo/photo ratio.

A linear relationship between phyllochron and the ratio

of the weekly mean thermo/photo ratio at seedling emergence

is a mathematically simple concept that could be readily

encoded in crop growth models and would eliminate the

necessity to input a phyllochron value for each planting

date when running a simulation. Thus, cereal crop models

could be made more universally applicable by using this

concept. A phyllochron response coefficient specific to a

cultivar would need to be determined and used in

simulations, as are other cultivar specific genetic
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The slope of the relationship of phyllochron
to the thereto /photo ratio in different en-
vironments for Stephens and Yamhill wheat
cultivars.

Environments Stephens Yamhill

Growth chambers (Fig. 3.2) 27.5 27.3

Outdoor plantings (Fig. 4.2) 36.4 32.9
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coefficients. Phyllochron could then be calculated by the

crop simulation model from the weather, latitude and time of

year inputs.

A linear model relating phyllochron to the thermo/photo

ratio shows promise; however, this model needs further

testing. One caution is that the slope of the relationship

of phyllochron to the thermo/photo ratio may differ in

different environments. Table 4.2 shows that the slopes of

the relationship for Stephens and Yamhill in outdoor

environments appeared to be slightly greater (p=0.06) than

those in growth chambers (Chapter 3). This could be because

the development and expansion of leaves may not be linear

with temperature. A degree-day calculated for a constant

temperature environment may not be equivalent in growth

promotion to a degree-day in a fluctuating temperature

environment. Numerically equivalent degree-days in which

the day/night temperatures were similar may elicit a

different leaf growth response than one which had a very

warm day and a very cool night , but the same mean

temperature.

Another unknown in phyllochron response of wheat plants

is the reason for the apparent constant phyllochron during

the life of a particular planting. In controlled

environments, phyllochron of wheat responded quickly to a

change in daylength (Chapter 2). Yet in field plantings,

the environment during seedling emergence appears to set a
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biological clock that keeps phyllochron constant for the

remainder of the growth period. For example, in these

experiments plants from the different planting dates growing

in March, April, and May, although in the same environment

at that time, had very different phyllochorn values, which

had been constant since plant emergence. Our experiments

thus far do not explain that phenomenon.
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CONCLUSIONS

Understanding how environment controls phyllochron in

cereals has eluded physiologists up to the present time. In

the studies reported herein the fact has been clearly demon-

strated that phyllochron is constant in wheat and barley

seedling plants in constant environments. Yet it is clear

also that changing plants from one environment to another

causes a shift in phyllochron to a value typical of the new

environment. Therein lies a dilemma because plants grown

out-of-doors had nearly constant phyllochron which appeared

to be fixed by the environment they experienced at germina-

tion, a phenomenon reported repeatedly in the scientific

literature for field grown wheat. From the experience of

constant environments, phyllochron would be expected to

change in field environments in response to changes in

temperature and daylength.

Since both temperature and daylength affect phyllochron

in controlled environments, a measure was proposed which

included both factors in a term to assess phyllochron, the

thereto /photo ratio. In constant environments, phyllochron

was related linearly to the thermo/photo ratio. The linear

relationship was particularly attractive as a model of

phyllochron because all genotypes of wheat had the same

slope and differed only in intercept. All the barley genot-

ypes also had the same slope, but a steeper slope than
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wheat.

In wheat grown in outdoor pot and field plantings the

phyllochron was linearly related to the thermo/photo ratio

of the environment during seedling emergence. Therefore, it

was constant for that planting, even though the thermo/photo

ratio changed, decreasing in the experiments reported in

Chapter 4 from about 1.4 degree-days per hour in early

October to about 0.7 degree-days per hour in February.

Stephens and Yamhill wheat sown in October had phyllochron

values of 105 and 93, while plants that emerged in mid

February had phyllochron values of 85 and 80. These values

for phyllochron remain nearly constant for all plantings

from the first leaf until flag leaf stage. Thus, the same

cultivar growing in the same environment in February, March

and April, but planted at different dates had phyllochron

values that differed markedly. We cannot explain why. It

seems that the thermal and photo environment at the time of

leaf primordia initiation fixes the rate of leaf emergence

in field plantings. If that is true, then the soil

temperature may be an important controlling factor because

most of leaf primordia are diffetentiated while the growing

point is still near the soil surface. Therefore, another

experiment which would add to an understanding of how a

wheat crop canopy develops is to determine the effect of

soil temperature during early stage of growth.

It is not clear why phyllochron took the value charac-
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teristic of the environment when plants were moved from one

environment to another in controlled environment, yet was

constant in changing outdoor environments. Yet the fact

that phyllochron was constant in field plantings offers hope

that a simple phyllochron algorithm may suffice to model

phyllochron in crop growth model.
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Appendix Table 1. Analysis of variance of intercept a and
slop/e b for the regression of
phyllochron on thereto /photo ratio
(Y=a+bX) among two cereal species wheat
and barley.

Intercept a

Source df Mean square

Among species 1 353.3492

Within species 6 7.6982

**
45.90

Slope b

Source df Mean square

Among species

within species

1 64.5896

6 2.4404

**
26.47

**
significant at the 0.005 level of probability.
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Appendix Table 2. Analysis of covariance of the linear
regression between the leaf number on
main stem and degree-days after seedling
emergence for Stephens wheat in
different pot or field plantings.

Pot planting

Source df Mean square

***
Planting (A) 5 20.3807 209.62

***
DD (B) 1 1388.3176 14279.07

***
A X B 5 1.3842 14.24

Error 126 0.0972

Field planting

Source df Mean square

Planting (A) 3 1.6710 37.51
***

***
DD (B) 1 636.3117 14282.13

***
A X B 3 1.7721 39.78

Error 54 0.0446

***
significant at the 0.001 level of probability
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Appendix Table 3. Analysis of covariance of the linear
regression between the leaf number on
main stem and degree-days after seedling
emergence for Yamhill wheat in different
pot or field plantings.

Pot planting

Source df Mean square

***
Planting (A) 5 22.7365 192.84

***
DD (B) 1 1874.8818 15901.61

***
A X B 5 1.8106 15.36

Error 129 0.1179

Field planting

Source df Mean square

***
Planting (A) 3 0.7561 12.26

***
DD (B) 1 957.7308 15528.59

***
A X B 3 2.6696 43.28

Error 58 0.0617

***
significant at the 0.001 level of probability
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Appendix Table 4. Analysis of covariance of the linear
regression of phyllochron on the weekly
mean thermo/photo (T/P) ratio during
seedling emergence for Stephens and
Yamhill cultivars in different pot or
field plantings.

Pot planting

Source df Mean square

Genotype (A)

T/P ratio (B)

A X B

Error

1

8

413.6002

598.1771

4.0840

4.4840

**
92.24

**
133.40

0.91

Field planting

Source df Mean square

Genotype (A) 1 151.7282 27.59
**

T/P ratio (B) 1 491.9403 89.46
**

A X B 1 0.2016 0.04

Error 4 5.4988

**
significant at the 0.005 level of probability


