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ABSTRACT 
 
 Predicting phyllochron or the rate of leaf appearance can be used for understanding and modeling wheat 
genotypes growth and development. Seven equations of predicting the phyllochron of wheat (Triticum aestivum 
L.) were evaluated using field data. Each equation is written by the last name of the first author; if there are 
more equations by the same author, other descriptors were included. The Baker and Kirby equations predict the 
phyllochron based on differences in daylength after emergence of seedling; Cao-Temp and Cao-Day use a non-
linear relationship with temperature and daylength, respectively; Cao-T&D uses thermal/photo ratio; Volk 
added light intensity effects beside temperature to CAO-T&D ; Cao-Field extended their previous works (Cao-
Day Cao-Temp and Cao-T&D) from growth chamber to field. Results indicated that, no equation adequately 
predicted the phyllochron. The r2 values between predicted and measured phyllochron for studied wheat 
genotypes, respectively, were Baker (0.899), Kibry (0.912), Cao-Temp (0.161), Cao-Day (0.907), CAOT&D 
(0.005), VOLK (0.067) and Cao-Field (0.005). However, Baker equation was the proper predicted equation for 
phyllochron as proved by the obtained experimental data set, followed closely by Kibry. Broad sense 
heritability for phyllochron reflects that developmental time is under a genetic control much higher as 2 folds as 
grain yield and as 8 folds as yield components.  
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Introduction 
 
 The phyllochron, or the rate of leaf appearance, is defined as the time between the appearance of successive 
leaves on a shoot and is usually expressed in units of growing degree-days (GDD) per leaf. Crops modeling 
researchers are interested in deriving equations to predict the phyllochron. Seven equations were published 
since 1980 about the factors affect phyllochron. These equations are gathered and summarized by McMaster 
and Wilhelm (1995) as follows:- (1) Baker et al. (1980) suggested an equation for calculating the phyllochron 
of winter wheat with two assumptions that the phyllochron is determined immediately at the time of seedling 
emergence and that it remains relatively constant during the growing season. Studies of Belford et al. (1987), 
Delkolle et al. (1989), Kirby and Eisenberg (1966), Malvoisin (1984) and Masle et al. (1989) confirmed these 
assumptions. However, studies of Baker et al., 1986; Boone and Wall, 1990; Cao and Moss, 1991 and Hay and 
Delécolle, 1989 at growth chamber revealed inconstant and lower values of phyllochron than field ones. (2) 
Kirby and Perry (1987) published the equation of Baker et al. (1980) with the same assumptions except the 
resulted model was changed. In 1989 Cao and Moss (1989a,b,c) conducted a series of growth chamber 
experiments to indentify phyllochron response to different temperatures, daylengths, and their interactions.(3) 
The first equation (Cao and Moss, 1989a) assumes a curvilinear relationship with temperatures. So according to 
Cao and Moss (1989a) phyllochron value varies with different temperatures, and there is no constant 
phyllochron. However, Cao and Moss (1989 a) mentioned that phyllochron increases with temperature up to a 
maximum of 20°C. Therefore, under many field conditions in the northern hemisphere, the phyllochron will 
decrease with later fall planting dates for winter wheat, but for spring plantings, the phyllochron will increase 
with later planting dates. (4)The second equation (Cao and Moss, 1989b) based on a curvilinear relationship 
with daylength instead of temperature. Accordingly phyllochron increase in later planting dates in the fall but 
decrease in spring later planting dates. (5) The third equation of Cao and Moss (1989c) based on the 
thermal/photo ratio (the daily degree-days divided by daylength). They found a linear relationship between 
thermal/photo ratio and the phyllochron. This equation seemed to be unregressed on the thermal/photo ratio and 
consequently planting dates were unrelated to phyllochron. (6) Volk and Bugbee (1991) indicated that light 
intensity effects with temperature as by Cao and Moss (1989a, b, c) will be valuable for determine phyllochron. 
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(7) Cao and Moss (1991) extended their previous works from growth chamber to field. The resulted equation 
used the thermal/photo ratio concept as in Cao and Moss (1989 c).  
 Based on simple and readily available weather station inputs, phyllochron can assist with many farm 
management decisions. The ability to predict the current stage of the life cycle of a crop or pest can be helpful 
in the timing of herbicide application (Gage 1989), synchronizing the flowering or cross pollination of crops for 
hybrid seed production and establishing more precise irrigation scheduling techniques. Phyllochron can also be 
utilized for variety selection when used in conjunction with other climatic indices such as frost dates. 
Phyllochron can also be used to more effectively indicate suitable seeding dates as well as to assist in staggering 
planting dates in order to insure more orderly harvests (Edey 1977) 
 The determination of genetic variability is valuable for detecting the availability for the proper genotypes in 
selection (Fischer and Maurer 1978, and Winter et al. 1988). They indicated that the magnitude of the genetic 
variability have a considerable effect on early selection generations. Greater response to selection can be 
expected in populations that possess huge phenotypic and genotypic variances. 
 The objectives of the present study were to predict the rate of leaf appearance, or phyllochron of wheat using 
data from several genotypes grown in a field study in Egypt. Second study the genetic variability, heritability 
and phenotypic and genotypic coefficients of variability in twenty nine spring bread wheat genotypes for 
phyllochron, grain yield and yield components under different sowing dates.  
 
Materials and Methods 
 
Experimental procedures: 
 
 Four field experiments were conducted at the Agricultural Experiment and Research Station, Faculty of 
Agriculture, Cairo University, during 2010/2011 and 2011/2012 seasons in Giza governorate (30.029°N 
31.207°E, 118 m), Egypt. Twenty nine bread wheat (Triticum aestivum L.) genotypes were included in these 
study based on their reputed differences in maturity. The pedigree and origin of the studied genotypes are listed 
in Table 1. Two sowing dates were used in both seasons. November, 20 and December, 20. Each plot consisted 
of four rows, 3 m long and spaced 20 cm apart. At harvest one square meter was taken from the middle area of 
each plot to determine number of spikes/m2 and 1000-kernels weight (g).and grain yield/m2 and then converted 
to grain yield ton/ha. All genotypes were sown by a seed drill at a seed rate of 150 kg ha-1. The experiment was 
managed in a randomized complete block design with four replications. 
  
Table 1: Names, pedigrees and origins of the studied wheat genotypes. 

No. Genotypes Pedigree Origin* 
1 Sakha 69 Inia/Rl 4220//7C/3/Yr Egypt 
2 Gemmeiza 1 Maya74/on//1600 147/3/BB/GALL Egypt 
3 Sids 1 HD2172/2/Pavon//1158.57/Maya Egypt 
4 Nesser W3918A/JUP Jordan 
5 HD 2380 Not available India 
6 Yocoro Rojo CNO//SON64/RLRE/3/8156 USA 
7 Kavko KVZ/3/ CNO/CHR// ON SE375 Turkey/Kenya 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

Line 35 
Line 37 
Line 38 
Line 41 
Line 44 

Giza 168 
Line 46 
Line 47 
Line 48 
Line 49 
Line 54 
Line 55 
Line 56 
Line 59 
Line 65 
Line 68 

Line New Vally 
V(92/17) 
V(99/17) 

Gemmiza 1 
Sakha 8 
Sahel 1 

KUZ*2/SOW//KAUZ GRG 905-13Y-010M-0Y-0HTY 
FOW-2/SP8036 

MNCH 3*BCN CMBW 90 YS 756-0T0PM-14Y-010M-010M-010Y-5M 
22SAWSN-77 

TEVEE"S"/TDINA 
Mrl / Buc // Seri CM 93046 – 8 M – OY – OM-ZY- OB-OGZ 

KAUZ//KAUZ/STAR 
BARBETTI 

KUZ*2/BOW//KAUZ 
PC970/G 155//Bow"s" 

22SAWSN-27 
1YSN 
2 TSN 
5 YSN 

12 YSN 
15 YSN 

Not Available 
Not Available 
Not Available 

Inia/RL 4220//7C/3/YRCM 15430-25-55-05 
G. 155/7C//Inia/3/Nielain 

CAZO/KAUZ//KAUZ 

Egypt 
Sudan 
Egypt 
Sudan 
Sudan 
Egypt 
Sudan 
Sudan 
Sudan 
Sudan 
Sudan 
Yemen 
Yemen 
Yemen 
Yemen 
Yemen 
Yemen 
Yemen 
Yemen 
Egypt 
Egypt 
Egypt 

*Source (from 1 to 7): CIMMYT Semi-dwarf Bread Wheats Names, Pedigrees and Origins. 
*Source (from8 to 29): Plant Genetic Resources Research Department (Bahteem Gene Bank), FCRI, ARC, Egypt. 
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Sampling procedures: 
 
 Haun (1973) growth scale on five labeled plants in each replicate were used in data recording every 4 or 5 
days; number of emerged leaves on the main stems was recorded at the same time. Leaf appearance was 
calculated by plotting the number of emerged leaves against accumulated thermal time. Thermal time or 
growing degree days (GDD) was computed from the following equation: 
 

base
minmax

t T
2

TTT −



 +

= .  

 
 Where Tmax is the daily maximum air temperature, Tmin is the daily minimum air temperature, and Tbase is the 
temperature below which the process of interest does not progress. 
 Phyllochron interval (P) was calculated as the reciprocal of the slope of the linear regression of Haun-scale 
growth units against accumulated thermal time (GDD) (Baker et al., 1986).  
 
Equations Evaluated: 
 
 Seven equations were evaluated (Table 2). Each equation is written by the last name of the first author; if 
there are more equations by the same author, other descriptors were included. All equations predict a different 
phyllochron for each leaf, except for the Baker et al. (1980) and Kirby and Perry (1987) equations, where they 
predict a constant phyllochron cross the growing seasons and the phyllochron is set at emergence. Because 
many of the validation data sets had only a mean phyllochron for all leaves produced during the growing 
seasons; we took the mean of the predicted phyllochrons for each leaf in evaluating the equations. We also 
limited our evaluation of predicted phyllochron to that period for which we had obtained field measurements. 
 
Table 2: Equations that predict the phyllochron of wheat.  

Equation Source Phyllochron equation+ 
1-BAKER 
2- Kirby 

3- CAO-TEMP 
4- CAO-DAY 
5- CAO-T&D 

6- VOLK 
7- CAO-FIELD 

Baker et al. (1980) 
Kirby and Perry (1987) 
Cao -and Moss (1989 a) 
Cao and Moss (1989 b) 
Cao and Moss (1989 c) 

Volk and Bugbee (1991) 
Cao and Moss (1991) 

P=1.0/(0.0104 + 0.026 Δ) 
P=1.0/(0.00949 + 0.000988 Δ) 

P=45.6073 x e(0.0374T) 
P=(268.012 + 58.487D)/D 

P=50.5797 + 27.2383 (T/D) 
P=T/(0.27((T/22)(2 - (T/22)))(D/(2.4 + D))) 

P=65.210 + 22.434(T/D) 
+Definition of symbols: P=Phyllochron (degree days per leaf);  T=Average daily temperature (degree C); D=Length of daylight; Δ=Change 
in day length from day n to dayn+1, with day n being day of seedling emergence (h); L=Latitude of site;  
 
 None of the equations predicted different phyllochrons for specific cultivars, so we pooled the genotypes 
phyllochrons. The pooled different treatments, such as sowing dates were used because the equations could not 
predict these kinds of treatment effects, and usually, the treatments had little effect on the phyllochron.  
 
Statistical Methods: 
 
1- A commonly used technique to measure the fit to the 1:1 line (between the predicted by previous equations 
and obtained phyllochron from field) is to calculate simple linear regressions. A slope of 1 and y-intercept of 0 
would be a perfect prediction. If assumed that the slope of the line is zero, then the y-intercept estimates the 
predicted mean phyllochron by each equation for all data sets.  
2- Broad sense heritability (h2

b) was estimated using the components of variation according to the formulae 
outlined by Weber and Moorthy (1952) as follows: h2

b = (σ2
g / σ2

ph) X 100 

Where: 
2
phσ  and 

2
gσ  are the phenotypic and genotypic variances, respectively. 

3- Phenotypic (PCV) and genotypic (GCV) coefficients of variation for the studied characters were calculated 

as described by Burton (1952) using the following formulae: PCV = 100.
x
phσ    GCV = 100.

x
gσ  

Where: x  is the general mean, σph and σg are the phenotypic and genotypic standard deviations, respectively.   
Finally, the data were statistically analyzed by MSTAT-C V.2.1 (Russell, 1994).  
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Results and Discussions 
 
Comparing predicted and obtained phyllochron: 
 
 Table 3 showed technique to measure the fit to the 1:1 line (between the predicted and obtained 
phyllochron), which calculate simple linear regressions. Data in Table 3 indicated that the highest r2 values 
were for the Baker, Kibry and Cao-Day equations, but the CAO-Temp and Volk equations formed the next 
group. However, the remaining equations had very low r2 values. All equations had a slope insignificantly 
greater than 0. So, a slope of 1 and y-intercept of 0 would be a perfect prediction. Thus Baker and Kibry 
equations could be clearly predict the phyllochrons. The simple linear regression techniques confirm that no 
equation had a good fit to the 1: 1 line.  
 
Table 3: Simple linear regression results for phyllochron equation predictions. 

Equation r2 a b 
Baker 0.899 -48.52 0.92 
Kibry 0.912 77.70 0.21 

Cao-Temp 0.161 90.47 -0.10 
Cao-Day 0.907 76.89 0.06 
Cao-T&D 0.005 86.56 0.02 

Volk 0.067 81.99 -0.06 
Cao-Field 0.005 94.84 0.01 

a is the y-intercept and b is the slope 
 
 Similar conclusion was obtained by McMaster and Wilhelm (1995) who mentioned that the Baker and Kirby 
equations use the same concept in predicting the phyllochron, but the Baker equation was parameterized for a 
winter wheat cultivar and Kirby for a spring wheat cultivar. The Kirby equation did not predict winter wheat 
phyllochrons but perhaps if the equation was reparameterized for winter wheat phyllochrons, the fit to the 1:1 
line might be improved. The problem of many equations predicting a narrow range of phyllochrons would still 
remain; especially the results have compared the equations among different dates-years. However, it is helpful 
to examine how the equations predicted the phyllochron for different leaves (Table 4).  
 
Table 4: Predicted phyllochron of leaves during two growing seasons for each equation. The data are combined across studied wheat genotypes with two sowing dates.  

 First season 
Date 1 Date 2 

Leaf no. Baker Kibry Cao-
Temp 

Cao- 
Day 

Cao-
T&D 

Volk Cao-Field Baker kibry Cao-
Temp 

Cao- Day Cao-
T&D 

Volk Cao-
Field 

1 64.2 103.1 -----+ -----+ -----+ -----+ -----+ 53.0 100.5 83.9 84.6 94.1 80.1 101.0 
2 64.2 103.1 89.0 84.3 97.7 84.9 104.0 53.0 100.5 83.6 84.4 93.6 79.7 100.6 
3 64.2 103.1 79.9 84.4 90.4 76.4 98.0 53.0 100.5 78.9 84.2 89.1 75.4 96.9 
4 64.2 103.1 77.3 84.6 88.2 74.2 96.2 53.0 100.5 72.6 83.8 82.7 69.8 91.7 
5 64.2 103.1 75.6 84.7 86.8 72.8 95.1 53.0 100.5 83.7 83.5 92.1 79.3 99.4 
6 64.2 103.1 79.5 84.7 90.4 76.2 98.0 53.0 100.5 75.4 83.2 84.7 71.9 93.3 
7 64.2 103.1 79.0 84.6 89.8 75.7 97.5 53.0 100.5 85.8 82.7 92.4 80.8 99.7 
8 64.2 103.1 83.6 84.4 93.6 79.7 100.6 53.0 100.5 85.6 82.0 91.1 80.2 98.6 
9 64.2 103.1 71.4 84.0 81.8 68.9 90.9 53.0 100.5 93.1 81.7 95.9 87.3 102.6 

Mean 64.2 103.1 79.4 84.5 89.8 76.1 97.5 53.0 100.5 82.5 83.4 90.6 78.3 98.2 
CV% 0.0 0.0 6.6 0.3 5.2 6.2 4.0 0.0 0.0 7.4 1.2 4.9 6.7 3.7 

Second season 
Leaf no Date 1 Date  2 

1 64.0 103.1 85.8 84.3 95.2 81.7 102.0 52.2 100.5 80.8 84.6 91.4 77.3 98.9 
2 64.0 103.1 77.0 84.5 87.8 73.9 95.9 52.2 100.5 80.5 84.4 90.9 77.0 98.4 
3 64.0 103.1 80.5 84.6 91.2 77.1 98.7 52.2 100.5 76.0 84.2 86.5 72.9 94.8 
4 64.0 103.1 72.8 84.7 84.2 70.5 92.9 52.2 100.5 68.8 83.9 79.2 66.8 88.8 
5 64.0 103.1 76.6 84.7 87.8 73.7 95.8 52.2 100.5 80.7 83.5 89.6 76.6 97.3 
6 64.0 103.1 77.0 84.7 88.1 74.0 96.1 52.2 100.5 72.7 83.2 82.1 69.6 91.2 
7 64.0 103.1 80.5 84.4 90.9 77.0 98.4 52.2 100.5 82.6 82.7 89.9 77.9 97.6 
8 64.0 103.1 71.6 84.3 82.4 69.3 91.4 52.2 100.5 82.5 82.0 88.8 77.4 96.7 
9 64.0 103.1 69.9 83.7 80.1 67.6 89.5 52.2 100.5 89.7 81.8 93.6 84.0 100.7 

Mean 64.0 103.1 76.9 84.4 87.5 73.9 95.6 52.2 100.5 79.4 83.4 88.0 75.5 96.0 
CV% 0.0 0.0 6.5 0.4 5.4 5.9 4.1 0.0 0.0 7.7 1.2 5.3 6.7 4.0 

+ Unavailable data. 

 
 There was no CV% for Baker and Kirby equations prediction, because they had a constant phyllochron 
during the growing seasons. However, Cao-Day equation had little variation in the phyllochron among leaves. 
All other equations had similar variation in predicting the phyllochron, suggesting that different conditions did 
not lead to widely varying phyllochrons during growing seasons. These results were in harmony with results 
obtained by McMaster and Wilhelm (1995) who mentioned that Kibry equation seemed to be more sensitive 
than Baker equation, because the Baker equation predicted a very little change in the phyllochron during 
September and October at latitudes from 35 to 450 N. For spring plantings, the ability of many of the equations 
to predict a decreased phyllochron with later planting dates was not consistent. McMaster and Wilhelm (1995) 
also added that most equations do not account for cultivar differences in the phyllochron. It is well established 
that the phyllochron varies among cultivars (Baker et al., 1986; Frank and Bauer, 1995 and McMaster et al., 
1992). However, a number of factors other than temperature and photoperiod have been reported that can affect 
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the phyllochron (McMaster and Wilhelm, 1995). These factors may include water, N, salinity, C02, light 
quality, light intensity, soil strength, planting depth and seed size. However, equations not considered these 
factors. However, there is a problem with incorporating these factors into the equations. 
 
Genetic variability:  
 
 The combined analyses of variance (ANOVA) across seasons for phyllochron and some of grain yield 
attributes are shown in Table (5). The main effect due to years, was highly significant (P < 0.01) except for 
phyllochron was significant (P<0.05). Sowing dates main effect was highly significant (P < 0.01) except for 
1000-kernels weight was significant (P<0.05). The main effect due to genotypes was highly significant (P < 
0.01) for all studied characters. On the other hand, none of the interactions was insignificant for phyllochron 
variance. On the contrary, all interactions of remain traits were highly significant, except genotypes x sowing 
dates for 1000-kernels weight and genotypes x years x dates for no. of spikes/m2 were insignificant. Similar 
results for phyllochron and grain yield were obtained by Borras et al., (2009). 
 
Table 5: Mean squares, degrees of freedom and coefficient of variation of Phyllochron and some yield characteristics. 

S.O.V. df MS 
Phyllochron No. of 1000-kernals Grain yield 

   spikes/m2 weight /ha 
Years (Y) 1 145.54 * 796423.61 ** 9320.10 ** 202.829 ** 

R(L) 6 14.20 300909.78 310.73 2.296 
Sowing dates (A) 1 1833.38 ** 1942809.82 ** 124.07 * 196.12 ** 

Y x A 1 4.77 ns 41258.19 * 6.60 ns 8.92 ** 
Genotypes (B) 28 183.66 ** 40573.13  ** 538.29 ** 5.75 ** 

Y x B 28 66.04 ns 38870.52 ** 538.18 ** 5.69 ** 
A x B 28 70.08 ns 10303.67 * 41.62 ns 0.89 ** 

Y x Ax B 28 10.05 ns 9682.55  ns 54.67 ** 1.51 ** 
Error 326 32.52 6517.05 22.95 0.39 
CV%  4.93% 13.96% 21.04% 17.98% 

 
 Estimates of variance components due to genotypes and their interactions with years for phyllochron and 
some yield characters are presented in Table (6). Results indicate that variance component related to years (σ2

y) 
accounted 46.03% of the total variation for grain yield/ha, followed by 31.13% and 23.42% for 1000-kernals 
weight and no. of spikes/m2, respectively. However, σ2

y was low (less than unity) for phyllochron (0.84%), this 
low value of σ2

y indicated the weak influence of years on phyllochron. Contribution for σ2
gy of the total 

variation was intermediate for 1000-kernels weight (49.43%), grain yield/ha (29.38%) and no. of spikes/m2 
(27.30%). However, the variation due to σ2

gy was somewhat low for phyllochron (16.09%). The contributions of 
variance due to genotypes (σ2

g) to the total variance were low for all studied traits. 
 
Table 6: Estimates of variance components due to years, genotypes and their interactions, broad sense heritability (h2

b ), phenotypic 
(P.C.V.) and genotypic (G.C.V.) coefficients of variation for phyllochron and some yield characteristics (data are combined across 
two seasons).  

Estimate Phyllocron No. of spikes/m2 1000-kernals weight Grain yield ton/ha 
Estimate Var% * Estimate Var% Estimate Var% Estimate Var% 

σ2
y 0.37 0.84 3129.21 23.42 38.06 31.13 0.82 46.03 

σ2
g 3.60 8.28 67.59 0.51 0.82 0.67 0.04 2.42 

σ2
gy 7.00 16.09 3648.50 27.30 60.44 49.43 0.52 29.38 

σ2
e 32.52 74.79 6517.05 48.77 22.95 18.77 0.39 22.18 

h2
b % 8.35 0.66 0.98 4.48 

GCV % 1.64 1.42 3.99 5.94 
PCV % 5.67 17.49 40.32 28.05 

 115.86 578.49 22.76 3.49 
*Contribution to total variation (%) 
 
 The estimates of broad-sense heritability (h2

b), phenotypic (PCV%) and genotypic (GCV%) coefficients of 
variation are presented in Table (6). Broad-sense heritability (h2

b) for phyllochron (8.35%) is much higher as 2 
folds as grain yield/ha and as 8 folds as the other two traits indicating that selection for phyllochron in these 
wheat genotypes could be effective than yield components. The present results are in harmony with those 
obtained by Borras et al., 2009 were they calculated heritability (h2

b) for phyllochron as 9%.  
 Estimates of phenotypic (P.C.V.%) and genotypic (G.C.V.%) coefficient of variability are presented in 
Table (6).  The P.C.V. and G.C.V. may serve as a reference point for breeders when they try to detect genotypic 
differences with respect to plant characteristics and also make the selection of forms with valuable genotypes 
much more effective. The estimates of P.C.V.% and G.C.V.% in this study appeared to be of low value, except 
PCV% for 1000-kernels weight and grain yield/ha (40.32% and 28.05%, respectively) which was intermediate.  

x
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 It may be concluded that, Baker equation is the proper predicted equation for phyllochron as proved by the 
obtained experimental data set, followed closely by Kibry. Clearly, there is a broad opportunity to increase our 
ability to predict the phyllochron and this is a ripe area for more research.  
 Heritability for phyllochron reflects that developmental time is under a genetic control much higher as 2 
folds as grain yield and as 8 folds as yield components, which mainly determines responsiveness to photoperiod 
and vernalisation or differences in earliness (Slafer and Whitechurch, 2001, Garcı´a del Moral et al., 2002 and 
Borras et al., 2009).  
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