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SUMMARY 

Twelve spring wheat cultivars were grown as isolated plants in the field and their pre-anthesis growth was 
interpreted in terms of plant growth analysis. Relative growth rate (RGR) decreased steadily with time 
due to a decline of leaf area per unit plant weight (LAR), which could be explained by the reduction of 
the portion of leaf weight in total plant weight (L WR). Growth per unit leaf area (NAR) and leaf area 
per unit leaf weight (SLA) changed only little with time. 

Differences between cultivars for NAR and LAR were of similar magnitude: both 8% when measured 
by the genetic coefficient of variation. Because both quantities were negatively correlated, the genetic varia­
tion of RGR was only 5%. Genetic variation for LWR and SLA were also of similar size, both about 
4/{,. Estimates of genetic variances and covariances based on cultivar means appeared to be biased strongly 
when the error variation of the means was neglected. 

Special attention is paid to the methodology of plant growth analysis. 

INTRODUCTION 

During the early phases of growth, plants are standing free and do not yet compete 
with each other. The rate of early growth determines time of canopy closure and with 
that beginning of full light interception. The rate of early growth affects therefore 
crop yield, especially in crops grown at low plant densities like maize and sugar beet 
(SIBMA, 1977). 

In a mixed population, composed of different genotypes, the rate of early growth 
of a genotype determines the share in the total leaf area that this genotype acquires 
at onset of competition. This share is a main determinant of its competitive ability 
in mixture (SPITTERS, 1984a, b). Knowledge about genetic differences for early growth 
contributes therefore to a better understanding of competitive differences between 
genotypes and how these differences confound with selection of plants from segregat­
ing populations. 

*Present address: Foundation for Agricultural Plant Breeding, SVP, P.O. Box 117, NL-6700 AC Wage­
ningen, the Netherlands. 
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To avoid the bias from intergenotypic competition it has often been suggested to 
apply selection to single, free-grown plants. Growth analysis of such isolated plants 
is needed to derive which types of plants benefit from this way of selection. The ratios 
between the plant weight of different genotypes change in course of the growing season 
because of genetic differences in relative growth rate (RGR). As time proceeds, these 
plant weight ratios deviate more and more from their ratios in seedling weight. The 
time course of the correlation between the biomass of a genotype and its seedling 
weight was calculated, and interpreted in terms of differences in RGR, for a set of 
12 spring wheat cultivars grown in isolation (SPITTERS & KRAMER, 1985). In the present 
paper, the genetic differences in RGR will be analyzed in more detail by partioning 
RGR into its components. The analysis is restricted to the perio'd until an thesis because 
for the period of grain filling there were too few experimental data. Experimental 
details have been given in the preceding paper and in the Appendix. 

First, methods of estimating the growth components are discussed. Subsequently, 
we consider the time trends of these components and their genetic variation. Methods 
of plant growth analysis were discussed by CAUSTON & VENUS (1981) and HuNT (1982). 
The analyses have been applied to a set of 12 varieties of spring wheat and amended, 
like in the preceding paper, for comparison of different genotypes and estimating pop­
ulation characteristics as genetic variances and covariances. 

METHODS OF GROWTH ANALYSIS 

The relative growth rate can be subdivided according to 

dW/dt 
---w-

dW/dt LA 
~xw 

Lw x­
W 

RGR = NAR x LAR = NAR x LWR x SLA 

(1) 

where W represents plant dry weight, LA leaf area and Lw leaf weight, all per plant 
at timet. The 'net assimilation rate' (NAR) is the dry matter increment per unit leaf 
area per unit time and measures the difference between gross assimilation and respira­
tion. The 'leaf area ratio' (LAR) is the amount of leaf area which is formed per unit 
plant weight. So it reflects the influence of the morphology of the plant on its relative 
growth rate. LAR may be partitioned into 'specific leaf area' (SLA), a measure of 
leaf thickness, and into 'leaf weight ratio' (LWR), representing that part of total plant 
weight that is invested in leaves. The inverse of SLA is called 'specific leaf weight' 
(SLW). 

The growth components may be estimated (a) for each interval between two succes­
sive harvests, (b) for the early phase showing expon~ntial growth with a linear regres­
sion of 1 n W on time (first degree polynomial) over some harvests and (c) from func­
tions fitted to the time courses ofW, LA and Lw. 

(a) For the interval t 1-t2, we obtain 

RGR = lnW2- lnWI and NAR = lnLA2- lnLAI X w2- WI 
t2 - tl t2 - tl LA2 - LAI 

(2) 

The equation of NAR assumes a linear relation between W and LA over the studied 
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time interval (RADFORD, 1967). LAR, LWR and SLA are best represented by their 
values at the individual harvests. When mean values are desired, simple arithmetical 
means satisfy. 

(b) In the first few weeks after emergence, plants grow approximately exponentially: 

Rw·t RA·t 
W = W0 ·e and LA= LA0 ·e 

where Rw and RA are the relative growth rates for plant weight and leaf area, respec­
tively. The constants W0 and LAo may be estimated from linear regression of lnW 
and lnLA against time. The growth components are estimated as 

with the most reliable estimate of NARt obtained fort being the central time of the 
data set. For LAR, LWR and SLA see (a). 

(c) The growth components may also be derived from the functions fitted to the 
time courses of In W, In LA and In Lw, which supplies instantaneous values for the 
growth components. Equations were given by HUNT (1982, p. 56). 

For more details the reader is referred to RADFORD (1967), CAUSTON & VENUS ( 1981 ), 
and HuNT (1982). 

RESULTS 

Time trends of the growth components. The time courses of the growth components, 
calculated according to the three different methods, are plotted in Fig. 1. The values 
are represented on a relative scale in order to compare time trends with each other. 
The estimates of RGR and NAR based on pairs of subsequent harvests are difficult 
to interpret due to their large random variation. However, estimates based on the 
functions fitted to the primary data allow conclusions (Fig. 1 ). 

RGR decreased steadily with time. The decrease ofRGR ran parallel to the decrease 
of the leaf area per unit plant weight (LAR), whereas the growth per unit leaf area 
(NAR) changed only little. The decrease of LAR was almost entirely accounted for 
by a reduced portion of the leaf weight in the total plant weight. This decrease in 
LWR was due to the increasing fraction of the assimilates going to the stems (see 
Appendix). Leaf thickness seemed to be reduced somewhat in time, but the small in­
crease of SLA can have retarded the decrease of LAR only a little. 

The presence of photosynthesizing ears after day 60 induces a slight overestimation 
of NAR as NAR was expressed per unit leaf area. At anthesis, the effective area of 
the ears was lj7th of the leaf area. Also the contribution ofleaf sheaths to assimilation 
was neglected. 

Genetic variation of the growth components. The genetic variance of each of the growth 
components was estimated from an analysis of variance per harvest (LAR, LWR, 
SLW) or from that per interval between two harvests (RGR, NAR) analogous to 
the procedure described in SPITTERS & KRAMER (1985) for the estimation of the genetic 
variance of RGR. A dimensionless yardstick of the genetic variation is obtained with 
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Fig. I. Time trends up to an thesis of the growth components of isolated plants in the field. Curves were 
derived from second-degree polynomials fitted to the In-transformed data of total weight, leaf weight and 
leaf area per ph:mt. Data points were obtained per harvest (LAR, L WR, SLA), per interval between two 
harvests (RGR, NAR) or from linear regression over the harvests at day 22, 28, 34, 37 (solid symbols 
of RGR and NAR). The 100% levels are 0.201 day-1 for RGR, 13.8 g m-2 day-1 for NAR, 146 cm2 g-1 

for LAR, 0.691 g g -I for L WR and 211 cm2 g-1 for SLA. 
Time is expressed in days after emergence. 

Table 1. Genetic coefficients of variation (CV g in %) for the growth components. Top section: medians 
over the period till an thesis in the spring wheat experiment. Bottom section: orders of magnitude supposed 
to be representative for the variation in vegetative growth parameters among cereal genotypes in breeding 
nurseries (for references see discussion). Presented are relative growth rate (RGR), net assimilation rate 
(NAR), leaf area ratio (LAR), specific leaf weight (SL W), leaf weight ratio (L WR), leaf assimilation at 
light saturation (Amax), initial light use efficiency (E), maintenance respiration (Rm), and light extinction 
coefficient (k). 

Wheat experiment: 
RGR 5.3 -NAR 8.1 

-LAR 8.1 

Literature: 
RGR3-10 -NAR 4-9 

-SLW 4.1 
-LWR 4.6 

--Amax 
--E 

--Rm 
-k 

5-10 
0 
ca.20 
ca. 10-15 

-LAR 6-15 -SLW 4-10 
-LWR 4-10 

the genetic coefficient of variation (CVg), the square root of the genetic variance ex­
pressed relative to the mean of the growth component. The medians of these are given 
in Table 1. 

Genetic correlation between growth components. The correlation between growth com­
.ponents was calculated on the basis of variety means. This was done for the period 
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of day 22-37 (four harvests, estimations by Equation 3) and for the period of day 
49-65 (two harvests, estimations by Equation 2). From each of these phenotypic corre­
lations rP between two growth components x andy, the corresponding genetic correla­
tion was estimated as 

_ r P J var Px · var py - r e J var ex· var ey rg-
..j var gx · var gx 

(4) 

where the variances refer to phenotypic, genetic and environmental variances. The 
environmental correlation re accounts for the interdependence of the error terms of 
the two growth components and is due to the fact that both growth components are 
estimated from data collected on the same plants and are sometimes even partly based 
on the same data. If, for example, due to some random factor, the plant weight W2 

is overestimated, both RGR and NAR are inflated (Equation 2), which introduces 
a positive value ofre between them. 

In the literature, comparisons are mostly done on correlations based on variety 
means. The bias due from random variation in the variety means and interdependence 
of the error terms is, in general, overlooked .. Comparison of the first with the third 
correlation matrix of Table 2 illustrates that in this way a serious bias may be intro­
duced. 

Equation 4 shows that the bias will be largest for the components having a large 
error variance relative to their genetic variance. RGR and NAR satisfy this condition 
more than LAR, LWR and SLW, especially when RGR and NAR are estimated by 
the classical approach. The greater the correlation between the error terms, the larger 
the bias will be. For example, for day 49-65, the phenotypic correlation between the 
variety means ofRGR and NAR was 0.25. The phenotypic, genetic and environmental 
variances were 0.47, 0.23 and 0.24 x 10-4 day-2 for RGR and 1.59, 0.87 and 
0.72 x I0-8g2 cm-4 day-2 for NAR, respectiyely. Equation 4 shows that correction for 
the random variation in the variety means only and assuming re = 0 results in a correla­
tion of 0.48. When the strong correlation between the error terms is also considered 
(re = 0.93), the genetic correlation falls to -0.37 (Table 2). For the other combina­
tions, the environmental correlation had a much lesser effect because that correlation 
was smaller (second matrix of Table 2 with trends that can be understood from Equa­
tions 1 and 2}and because LAR, LWR and SLW had a smaller environmental variance 
than RGR or NAR. For these other combinations, the estimates ofrg with re involved 
differed on the average 0.04 points (day 22-37) and 0.05 points (day 49-65) from 
rg when re was not involved. 

In gener~J, it will be sufficient to involve the environmental correlation in the combi­
nation ofRGR and NAR only. On the other hand, the random variation of the variety 
means should be taken into account in all combinations. Otherwise, a serious bias 
is risked (first against third matrix of Table 2). A disadvantage of using Equation 
4 is, however, that the confidence interval of the estimate of the correlation coefficient 
is widened due to the accumulation of the errors of the involved estimated variances 
and covariances. 

Subdividing the varietal differences in RGR. The varietal differences in RGR were ac­
counted for by differences in LAR as well as in NAR (r~ in Table 2). The genetic 
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N Table 2. Correlations between the growth components for the periods of day 22-37 (above the diagonals) and day 49-65 (below the diagonals). Presented 
~ are the phenotypic correlation between variety means, the environmental correlation showing the interdependence of the error terms, and the genetic correlation. 
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variation in LAR was relatively of the same size as that in NAR (Table 1). The varietal 
differences in LAR were brought about by differences in L WR as well as by differences 
in SL W (Table 2), with the genetic variation of each of these components of similar 
magnitude. 

This contrasted with the change of RGR in time, which was almost completely 
explained for by a similar change of LAR, which, in its turn, could fully be ascribed 
to the change of L WR (Fig. 1). 

Varieties with a greater LAR had, on average, a higher weight proportion ofleaves 
in the total biomass (greater LWR) and thinner leaves (smaller SLW). Both effects 
act into the same direction so that the genetic variation of LAR was relatively greater 
than that of each of its components (Table 1 ), the more so as the correlation between 
L WR and SL W was not too strongly negative. 

Varieties with a greater NAR had a smaller LAR, partly due to a smaller LWR 
and partly to a greater SLW (Table 2). The phenomenon that varieties with thicker 
leaves tend to have a higher assimilation rate per unit leaf area has frequently been 
found and is due to a correlation between leaf thickness and those anatomical charac­
teristics of the leaf that favour a high assimilation rate per unit leaf area (e.g. PEARCE 
et al., 1969; CRISWELL & SHIBLES, 1971). The strength of the negative correlation be­
tween NAR and L WR is surprisingly high for the younger plants. We have no explana­
tion for this. For the older plants, shading between leaves within the plant contribute 
to such negative relation. The opposite trends of NAR and LAR resulted in a genetic 
variation of RGR which was relatively smaller than that of each of its components 
(Table 1). 

The study refers to single grown plants. For plants grown at a dense stand, the 
genetic correlations among the growth components may be different. 

DISCUSSION 

Classical against functional approach in growth analysis 

In the present paper, two procedures in growth analysis were followed: (a) the 'classical 
approach' where the growth components (RGR, etc.) were estimated per harvest or 
per interval between two harvests, and (b) the 'functional approach' where they were 
estimated from the functions fitted to the primary data of total weight, leaf weight 
and leaf area per plant. 

The main advantages of the functional approach are that estimates of the compo­
nents may be obtained for any desired time step and that their confidence intervals 
are relatively narrow because the information of all harvests is used in the fitted func­
tion. On the other hand, the classical approach supplies estimates at the times of har­
vest only (LAR, LWR and SLA) or for the mean over two harvests (RGR and NAR) 
with the confidence intervals of especially RGR and NAR being rather wide. These 
disadvantages are avoided by drawing hand-smoothed curves through the primary 
data and calculating the growth components by the classical approach from these 
curves. This method has, however, the disadvantage oflack of statistical objectivity. 

HUNT (1982, p. 54) ~laimed not less than 12 advantages of the functional approach. 
That suggests a general superiority of this method. However, there are some disadvan-
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tages too. We have already discussed several of them (SPITTERS & KRAMER, 1985) 
and some will now be mentioned. 

The advantage of fitted functions that each point of the curve carries the information 
of all harvests is, at the same time, also a disadvantage. The data points are, in that 
way, no longer independent of each other, so their error terms are confounded. That 
may bias or hamper statistical analysis. This holds especially for the estimation of 
correlation coefficients between and within the functions. It biases also the relation 
between calculated instantaneous values of RGR and environmental variables like 
irradiation and temperature. 

Lack of fit in the two functions fitted to the time series of the. variables L and W 
separately accumulates in the estimation of their ratio L/W. It may then be preferable 
to calculate L/W from the primary data at each harvest and fit the function to the 
time trend ofL/W (e.g. Fig. 2 in SPITTERS & KRAMER, 1985). 

The frequent output of the growth components obtainable with a fitted function 
proceeds much more regularly in time than the sparse data points obtained with the • 
classical approach. That regularity brings a risk of being tricked into an over-appraisal 
of the accuracy and into an obscurance of the lack of fit. 

The functional approach assumes that the fitted function gives an accurate descrip­
tion of the progress of the studied plant attribute in time. For an accurate description 
a large number of harvests is required, although· the sample size of each harvest may 
be rather small. When a long time period is considered the use of advanced techniques 
like splined regression (HUNT & PARSONS, 1977) is required. The 10 harvests involved 
in this experiment formed too small a number to apply those techniques. The large 
number of harvests as well as the required mathematics will be a problem for the 
average experimentalist comparing varieties. 

In conclusion, the functional approach in growth analysis shows several important 
benefits. The classical approach, however, is also of value. Especially as it is straight­
forward, relatively simple and requires less computing facilities. Moreover, it does 
not introduce an interdependence of the errors of the output data provided that RGR's 
and NAR's of subsequent harvest intervals have no input data in common. It is advis­
able to apply both methods simultaneously. 

Plant growth analysis in terms ofRGR and its components is directed towards explain­
ing growth from (a) amount of leaf area present, a morphological component and 
(b) average production per unit leaf area, mainly a physiological component. This 
partitioning makes only sense if growth is related about linearly to leaf area. That 
holds for isolated, free-growing plants, especially when light is the main growth limit­
ing factor. It holds also for genotypes growing in mixture with other genotypes as 
the growth of a genotype in mixture depends largely on its share in the total leaf area. 
However, it does not hold for closed monocrops. A closed canopy intercepts nearly 
all of the incident light so that an increase of leaf area does not result in an additional 
light interception. The morphological component (LAR) is then of no importance 
for growth. Moreover, the assimilation per unit soil area, instead of that per unit leaf 
area (NAR), tends to be constant in time. 

Interpretation in terms of relative growth rates implies an interpretation in terms 
of relative, percentage effects. This is especially useful during exponential growth 
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where the percentage increment is constant and in mixture where the percentage differ­
ences between the genotypes tend to be maintained in time (SPITTERS, 1984a). A closed 
green crop surface shows a more or less linear growth (SIBMA, 1968) so that the absolute 
differences between monocrops tend to be maintained during their grand period of 
growth. 

In conclusion, the former way of plant growth analysis is useful only for isolated l 
plants and for plants growing in mixture but it does not make sense for closed mono­
crops. 

A simple model for RG R of isolated plants 
For a better understanding of the genetic variation for RGR, it is necessary to analyse 
this quantity in more detail. Equation 1 gives the partitioning 

RGR = NAR x LAR = NAR x LWR x SLA 

Net assimilation rate equals gross assimilation rate A minus maintenance respiration 
Rm, both expressed in g CH20 m-2 leaf d-1, multiplied by the factor Ec, representing 
the efficiency with which the assimilates (CH20) are converted into structural dry mat­
ter: 

(5) 

For well-growing plants, A is determined by the amount of light absorbed and the 
photosynthetic characteristics of the leaves. Light transmission through a canopy de­
creases exponentially with leaf area index LAI, so that the amount of light absorbed 
per unit soil area becomes 

(6) 

where Io is the incident light flux (in J m-2 soil d- 1
) and k is the extinction coefficient 

which is for small cereals in the order of 0.6-0.7. Leaf area index (in m2 leaf m-2 soil) 
is the product of plant weight W, leaf area ratio LAR and plant density N: 

LAI = W x LAR x N (7) 

This approach assumes that leaf area is uniformly distributed over the soil area. How­
ever, especially at wide spacings, leaf area is clustered within individual plants. When 
there is significant self-shading within the plant, allowance should be made for this. 
For that purpose a plant may be represented by a cylinder within which the leaf area 
is distributed homogeneously. Under an isotropic hemisphere, the area effectively oc­
cupied by the plant (S in m2 plane') equals the upper surface of the cylinder (nr2) 

plus half the mantle surface (t x 2nrh). Leaf area index is then defined as the leaf 
area of the plant (LAR x W) divided by the effectively occupied area (S). Light ab­
sorption per plant is then calculated analogous to Equation 6 (see van GERWEN et 
al., 1986). 

The daily absorbed amount of light per unit soil area Oabs in Equation 6) is converted 
into an average hourly intensity per unit leaf area: 

I~bs = Iabs/(D x LAI) (8) 
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where Dis the effective daylength in hours (GouDRIAAN, 1982). Substitution of the 
absorved light flux I~bs into the hyperbolic assimilation-light response curve and mul­
tiplication with the effective daylength gives the daily gross assimilation in g CH20 
m-2leaf d- 1: 

A _ 30 D E X l~bs A 
- 44 E X l~bs + Amax max 

(9) 

where Amax is leaf assimilation at light saturation and E is the initial slope of the curve, 
i.e. the light utilization efficiency at low light. In small cereals, Amax is about 4 g C02 
m-2 leaf h-1 and E is 12 x 10-6 g C02 J-1 absorbed at 20°C. The 'term 30/44 accounts 
for the conversion of absorbed C02 into CH20. This assumes that light is the main 
limiting factor and that growth is limited by the size of the carbohydrate source rather 
than by the sink capacity of the plant. 

Maintenance respiration is proportional to the amount of dry weight present. PEN­
NING DE VRIES & VANLAAR (1982) suggest for leaf blades a maintenance requirement 
of0.03 g CH20 g-1 dry weight d-1 at 25°C and about half of this· amount for the other 
organs. Weight of leaf blades W 1 and weight of other organs W nt are therefore distin­
guished. The maintenance respiration in g CH20 m-2 leaf d-1 is derived to be 

R = 0.015Wt + 0.0075Wnt = 0.0075 (LWR + 1) 
m SLA X W1 SLA LWR 

(10) 

where the maintenance requirements were halved (Q10 = 2) to adapt them to an aver­
age temperature of 15 oc. 

The carbohydrates remaining after subtraction of cost of maintenance are converted 
into structural dry matter with a conversion efficiency Ec of about 0.70 g dry weight 
g-l CH20 (PENNING DE VRIES & VANLAAR, 1982). 

As an example, NAR and RGR are calculated with the above procedure for the 
third decade of May in the presented field experiment. The status of the plants is 
characterized by quantities observed 37 days after emergence: W = 0.70 g planC1, 
LAR = 0.0126 m2 leaf g-1 plant, SLA = 0.0213 m2 leaf g-1 leaf, LWR = 0.59 g leaf 
g-1 plant (Appendix). Half of the total global radiation is photosynthetically active 
(400-700 nm) so that for the third decade of May 10 = 10 x 106 Jm-2 d-1 (Appendix). 
The effective day length in this period is 13.8 h. Typical values for the assimilation-light 
response of wheat are Amax = 4 g C02 m-2 leaf h-1 and E = 12 x 10-6 g C02 J-1 and 
for light extinction k = 0.6. 

For the harvest at day 37, plants were grown at a density of 44 plants m-2. This 
gives for LAI a value of 0.70 x 0.0126 x 44 = 0.39 m2 leaf m-2 soil. On the basis 
of Equations 6 and 8, I~bs = 0.39 x 106 Jm-2 leaf h-1 is calculated for the average 
light absorption. Substitution into Equation 9 gives a gross assimilation rate of 20.3 
g CH20 m-2leaf d-1. Equation 10 gives for the cost of maintenance Rm = 0.9 g CH20 
m-2 leaf d-1

• Hence, NAR amounts to 0. 70 x (20.3 - 0.9) = 13.6 g dry weight m>2 

leaf d-1• Multiplication with LAR gives RGR = 0.17 d-1• These predicted values are 
in good agreement with the observed values at day 37 for which was interpolated 
NAR = 11.9 g m-2 d-1 and RGR = 0.15 d-1 (Fig. 1). This result shows that the model 
is realistic. 
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Table 3. Relative growth rate, net assimilation rate, leaf area ratio, leaf weight ratio and specific leaf weight for each of 12 spring wheat cultivars grown 
as isolated plants in the field and harvested at different times. Standard error (SE) is that for the means per cultivar. Harvest dates in days after emergence. 
Interval22-37 refers to the harvests at day 22, 28, 34 and 37. 

RGR(day-1) NAR (g m-2 day-1) LAR (cm2 g-1) LWR(gg-1) SL W (mg em -2) 

22-37 49-65 65-80 80-135 22-37 49-65 22-37 49-65 22-37 49-65 22-37 49-65 

Adonis 0.186 0.064 0.055 0.019 13.8 9.1 136 77 0.641 0.332 4.73 4.32 
WZ64-5 0.190 0.085 0.037 0.021 13.9 11.6 137 83 0.647 0.342 4.71 4.17 
TK6126 0.190 0.074 0.040 0.017 14.6 12.6 130 68 0.627 0.305 4.84 4.56 
TK 1937 0.200 0.088 0.045 0.020 13.3 12.2 152 81 0.632 0.347 4.22 4.30 
Bastion 0.189 0.082 0.039 0.016 13.9 13.5 137 70 0.626 0.294 4.59 4.22 
Raile 0.172 0.077 0.050 0.018 12.7 12.4 135 71 0.629 0.314 4.67 4.52 m 
Arkas 0.176 0.077 0.047 0.017 13.0 11.2 135 78 0.609 0.325 4.53 4.20 > 

:>:: 
Gaby 0.174 0.090 0.040 0.021 12.2 11.0 142 93 0.669 0.384 4.72 4.20 t"' 

...:: 
Ceb. 7857 0.191 0.078 0.043 0.021 14.5 12.6 132 70 0.643 ·0.336 4.87 4.85 Cl 

Ceb. 7958 0.192 0.083 0.047 0.020 13.2 10.2 145 91 0.679 0.402 4.69 4.45 :>:: 
0 

Se1pek 0.178 0.085 0.046 0.022 12.8 11.6 140 82 0.663 0.370 4.77 4.53 ~ 

Sicco 0.197 0.082 0.051 0.022 13.6 10.1 145 92 0.661 0.368 4.55 4.02 
..., 
::r: 
0 
"r1 

Mean 0.186 0.080 0.045 0.019 13.5 11.5 139 80 0.644 0.343 4.66 4.36 ~ 
SE 0.0059 0.0049 0.0049 0.0010 0.43 0.85 1.9 2.1 0.0053 0.0080 0.063 0.058 ::r: 

m 
CVg 0.039 0.060 0.049 0.092 0.042 0.081 0.042 0.108 0.031 0.092 0.034 0.051 > ..., 
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Order of magnitude for the genetic variation in RGR and its components 
Difficulties in estimating the variation among genotypes. An order of magnitude for 
the genetic variation in the different growth components may be derived from the 
presented data and from the literature. Those data should be interpreted with care. 

(a) In many publications genotype means are given without their respective standard 
errors. Estimating the genetic variation as the variation among genotype means and 
neglecting their error variance, causes an upward bias. This holds especially for RGR 
and NAR as these are subject to a large error variation. In our experiments (Table 
3, 4) the coefficient of variation based on varietal means of RGR overestimated the 
real genetic variation with on average 80%. 

(b) The variation among genotypes changes in course of ontogeny. The genetic coef­
ficient of variation of RGR increased from about 5% during early growth to 10% 
during maturation (Fig. 4 in SPITTERS & KRAMER, 1985), suggesting an increase of 
the relative variation among genotypes with plant development. 

(c) The genetic variation amoqg genotypes is also affected by the environment, with 
the coefficient of variation probably being smaller under more optimum growing con­
ditions. The small and non-significant variation of only 1% for RGR with the same 
set of cultivars in the glasshouse (Table 4) may, apart from the very early growth 
stage involved (point b), be due to optimum conditions in the glasshouse. That under 
more favourable conditions differences between genotypes tend to become smaller 
is supported by an experiment with 12 genotypes of maize grown by DUNCAN & HEs­
KETH (1968) at different temperatures in controlled glasshouses. The coefficient of 
variation between genotype means for RGR of leaf area was for the two extreme 
daytime temperatures of 15 and 35°C on the average 18% against only 9% for the 
5 intermediate temperatures. Data of MACDOWALL (1974) for 6 wheat varieties showed 
a less pronounced effect: 11% at 2-4 oc against 8% at 25 oc. 

( d)In several papers, genotypes were used with a much more diverse origin than 
the ones occurring in breeding nurseries. 

On the basis of the literature and our experimental results, orders of magnitude 
will be derived for the variation among genotypes in RGR and its components. This 
variation is quantified by the genetic coefficient of variation (CVg). Because of the 
four difficulties mentioned above, we could average the available information in a 
subjective way only. The presented estimates are expected to be representative for 
the vegetative growth stages of cereal genotypes occurring in breeding nurseries. 

For the genetic coefficient of variation of the relative growth rate a value of3-10% 
seems realistic for the early stages of development. This order of magnitude is based 
on our experiments and on the results of KRANZ (1966), EVANS & DuNSTONE (1970), 
KHAN & TSUNODA (1970a, b), MACDOWALL (1974), ELIAS & CHADWICK (1979), BUR­
DON & HARPER (1980), HUNT & EVANS (1980), and MAHON (1983). 

Net assimilation rate is the outcome of gross assimilation minus respiration (Equa­
tion 5). In young plants, roughly 5% of the assimilated carbohydrates are used for 
maintenance respiration and a fraction of about 0.30 ( = l-Ee) of the weight of the 
remaining carbohydrates is lost as C02 and H20 in the conversion to structural plant 
weight (growth respiration). There is probably very little genetic variation in the con­
version efficiency Ec as this factor is directly related to the chemical composition of 
the produced biomass (PENNING DE VRIES et al., 1974), which composition is quite 
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Table 4. Relative growth rate, net assimilation rate, 1eafarea ratio, leaf weight ratio, and specific leaf weight, 
all with respect to the aboveground parts, and shootjroot ratio for each of 12 spring wheat cu1tivars averaged 
over the harvests at day 7, 11, 16 and 21 after emergence. Plants were grown in a glasshouse at an average 
day/night temperature of 23/16°C during April and May 1980. Average global radiation at plant level 
was 13.4 MJ m-2 d-1. 

RGR NAR LAR LWR SLW SJR 
day-1 gm-2d-1 cm2 g-1 gg-1 mgcm-2 gg-1 

Adonis 0.194 10.0 191 0.654 3.45 2.6 
WZ64-5 0.199 10.4 188 0.654 3.51 3.6 
TK 6126 0.196 11.0 176 0.626 3.60 - 3.9 
TK 1937 0.198 10.3 189 0.656 3.52 3.5 
Bastion 0.192 10.2 184 0.651 3.60 3.6 
Raile 0.191 10.5 179 0.646 3.64 3.9 
Arkas 0.186 10.0 184 0.637 3.49 3.7 
Gaby 0.192 10.0 189 0.670 3.57 3.3 
Geb. 7857 0.178 10.0 176 0.666 3.80 3.3 
Ceb. 7958 0.192 10.3 184 0.687 3.78 3.2 
Selpek 0.202 10.4 191 0.659 3.46 3.5 
Sicco 0.204 10.3 194 0.666 3.49 3.9 

Mean 0.194 10.3 185 0.656 3.57 3.5 
SE 0.0067 0.34 3.8 0.0076 0.070 0.26 
CVg 0.013 0 0.025 0.021 0.026 0.072 

constant among genotypes in the vegetative phase and grown in the same environment. 
For maintenance respiration substantial genetic differences can be expected. First, 
plants with a greater leaf weight ratio will show a smaller plant maintenance respiration 
per unit leaf area because their cost of maintenance is divided by a relatively greater 
leaf area (Equation 10). Secondly, substantial differences among genotypes are demon­
strated for the maintenance requirement of leaves (mean value of 0.015 g CH20 g-1 

dry weight d- 1 at l5°C in Equation 10), as indicated by the variation in leaf dark 
respiration reported in the literature. WILSON (1975) found a CVg of21% for leaf dark 
respiration in perennial ryegrass and a CVg of 24% was measured by PENNING DE 
VRIES (pers. commun.) in tomato. Also VoLENEC et al., (1984), in tall fescue, recorded 
significant variation in leaf dark respiration. However, as maintenance respiration 
has in the early stages only a minor contribution to NAR, the genetic variation in 
NAR in these early stages is mainly due to variation in gross assimilation. Photorespi­
ration is part of gross assimilation so that a possible variation in photorespiration · 
is hidden within the variation in gross assimilation. 

The relationship between rate of gross C02 assimilation of single leaves and absor­
bed light intensity is characterized by two quantities: the assimilation rate at light 
saturation (Amax) and the efficiency at low light (E) (Equation 9). We start with the 
variation for assimilation rate of single leaves at light saturation. A very extensive 
data set on this is that of APEL & LEHMANN (1969) who studied 108 genotypes of 
spring barley. From their results a genetic coefficient of variation of9% can be estima­
ted. We consider a range of 5-10% to be realistic for genotypes in breeding nurseries. 
This estimate is based on C02 assimilation measurements of single leaves at high light 
published by DUNCAN & HESKETH (1968), PEARCE et al., (1969), EVANS & DUNSTONE 
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(1970), KHAN & TSUNODA (1970a, 1971), CRISWELL & SHIBLES (1971), DANTUMA 
(1973), ASAYet al. (1974), KISHITANI & TSUNODA (1974), FISCHER et al. (1981), AUSTIN 
et al. (1982), MAHON (1983), EVANS et al. (1984), and YAMAUCHI & YOSHIDA (1985). 
Values of Amax change with conditions for growth during leaf development and with 
leaf age. Genotypic differences for ageing pattern of leaf photosynthesis may be of 
greater significance than the usually recorded peak value of young, full-grown leaves. 
This is illustrated by the findings of RAWSON et al. (1983) who measured leaf photosyn­
thesis in 136 wheat lines. Peak flag leaf photosynthetic rate was not significantly related 
to grain yield of the main shoot, whereas this yield showed a highly significant correla­
tion with rate of ageing of the flag leaf and with cumulated C02·- fixation by the flag 
leaf during its life. For a further discussion on perspectives and limitations of selection 
for high leaf assimilation rates see GIFFORD & JENKINS (1982), RAWSON et al., (1983) 
and WILSON (1984). 

Differences between genotypes in C02 assimilation are mainly due to the differences 
at high light (Amax), whereas there appears to be little genetic variation for the initial 
light-utilization efficiency E when expressed per unit of absorbed light (e.g. EVANS 
& DUNSTONE, 1970; BJORKMAN, 1981; EHLERINGER & PEARCY, 1983). Because leaves 
do not photosynthesize all day long at saturation intensities, differences between geno­
types in Amax are reflected only partly in differences in actual assimilation rate (Equa­
tion 9) and with that in NAR. An other implication of the substantial variation in 
Amax with negligible variation in E is that genetic differences in NAR become smaller 
with a greater LAI because shading ofleaves reduces their mean illumination intensity. 

A greater assimilation rate per unit leaf area is attained also with a greater light 
absorption per unit leaf area, i.e. with a higher extinction coefficient (Equation 6). 
To a high extinction coefficient contribute a prostrate plant habit, minimization of 
self-shading, and low leaf reflectance and transmission. We measured light absorption 
at May 12 and 25 and June 5 in monocultures of the different cultivars grown at 
10 x 10 cm2 plant-1• No significant differences were detected among these cultivars 
which all were of a rather similar habit. EVANS et al. (1984), however, found substantial 
variation in extinction coefficient among rice varieties (k varied from 0.3 to 0.6). Grea­
ter assimilation at higher values of k holds only for isolated plants and sparse stands 
(about LAI < 3). For greater values of LAI, light interception is almost complete 
so that then just a smaller k enhances the assimilation rate because of a more equal 
distribution of the light flux over the leaves. 

The genetic variation for leaf area ratio was in the field experiment of the same 
magnitude as that for NAR (Table 1 ). This correspondence did not hold for the glass­
house experiment (Table 4). Also the results published by KHAN & TsUNODA. (1970a, 
b) suggest that in general the genetic variation for LAR is somewhat higher than that 
for NAR. The variation between genotypes for L WR seems to be of similar size as 
that for SLW or SLA (Table 1, 3; KHAN & TsuNODA, 1970a, b). 

Orders of magnitude of the genetic coefficients of variation for the growth parame­
ters are summarized in Table 1. We consider these indicative for the vegetative growth 
stages of cereal genotypes occurring in breeding nurseries. A 95% range is obtained 
as 4 CVg. Literature data suggest that CVg of genotypes with a very diverse origin 
is roughly twice the value applying to conventional breeding nurseries. 

The influence on RGR of a change in any of the growth parameters can be evaluated 
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by the presented growth model. Improving the light interception per plant looks more 
promising in increasing RGR of isolated plants than improving assimilation and respi­
ration characteristics. 

A breeding program for RGR on the basis of selection and recombination of the 
separate growth components looks attractive. One should, however, be aware of the 
compensation mechanisms, i.e. the negative correlations between the components. For 
instance, unrestricted selection for a high Amax might even reduce RGR because of 
its negative relation with SLA. 

Applications in breeding practice 
Plant growth analysis in terms of RGR and its components is useful with respect to 
isolated plants and genotypes growing in mixture. Application in breeding practice 
can be derived from this. 

(a) Selection in absence of interplant competition. Selection in isolation favours 
those genotypes showing a high RGR. We have discussed and quantified this aspect 
in the preceding paper. In the present one, the genetic differences in RGR were partitio­
ned into those of its components. In a forthcoming paper, it will be discussed to how 
far types selected in isolation are also the types giving the highest yield in monoculture. 

(b) Selection from a mixed, segregating population. The percentage differences in 
plant weight between genotypes in mixture are maintained in time if the genotypes 
have an equal RGR. Deviations from this constancy in rank are, by definition, the 
result of differences in RGR (SPITTERS, 1984a). Growth analysis demonstrates which 
types possess a higher RGR and are therefore favoured by selection from a mixed, 
segregating population. It shows also the size of the genetic variation in RGR and 
with that to how far differences in final biomas~ in mixture are due to differences 
in RGR or to differences in initial size (Equation 6 given in SPITTERS & KRAMER, 
1985). It must be noted that the differences between genotypes in RGR in a close­
spaced mixture deviate from those in isolation (genotype x spacing interaction), espe­
cially because of the differences in light climate between both spacings and the quite 
synchronous ripening in closed stands. 

(c) Selection for rapid juvenile growth to attain earlier canopy closure and therefore 
higher yield in monoculture. Time of canopy closure is estimated approximately as 
the time that the growth rate in the exponential phase becomes equal to that in the 
linear phase of a closed crop. Hence 

-- RGR·t 1 P 
Y ·RGR·e c=P or t ==ln---
o . c RGR Yo·RGR 

where tc is time of canopy closure in days after emergence, RGR is the mean relative 
growth rate before tc, Yo is the initial biomass per unit area at emergence and is roughly 
half of the weight of the seeds sown, and P is the growth rate of the closed canopy 
under the prevailing conditions. Initial biomass Yo is the product of weight per seedling 
and number of seedlings per unit area. With such an approach, genetic variation in 
onset of canopy closure can be partitioned into different components and the expected 
response for selection of each of the components separately can be quantified. In the 
experiment discussed, differences in seed size between the genotypes had the greatest 
effect. 
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The expected advantage of earlier canopy closure is not more than about 200 kg 
biomass per hectare for each day that the canopy closes earlier as this value is the 
potential growth rate for a green, closed canopy under optimum conditions (SIBMA, 
1968). In small cereals the advantage will in general be small. That is illustrated by 
the many experiments where cereal crops grown from large seeds gave only a slight 
yield benefit or no benefit at all over crops grown from small seeds (e.g. VAN DoBBEN, 

1966). The perspectives are however greater for crops starting with a low initial weight 
like sugar beet and maize (SIBMA, 1977). 
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APPENDIX 

This appendix contains tables with primary data for weight per seed, time to seedling and ear emergence, 
weather statistics, dry weight (W), specific leaf weight (SL W), leaf weight ratio (L WR), ear weight ratio 
(EWR) and harvest index (HI) of the 12 spring wheat varieties used in the experiment. Data are for plants 
in isolation. Time is given in days after seedling emergence, except for seedling emergence itself. Average 
time of emergence was April 16. Plants of the harvests at day 16, 22, 28, 37 and 43 were grown at 15 
x 15 cm2 plane', those of the harvests at day 34, 49, 65 and 80 at 20 x 40 cm2 plant -I and for the 
final harvest (day 135) a spacing of 40 x 40 cm2 plane1 was used. 

Average growth stages according to ZADOKS et al. (1974) are 11 (day 16), 22 (day 28), 30 (day 34), 33 
(day 37), 37 (day 43), 65 (day 68) and 91 (day 135). 

~ 

Table A. Weight per seed and dates of seedling and ear emergence of the 12 varieties. 

Variety Weight1 per Time of 50% Time of 50% Time of 50% 
seed (mg) seedling emergence ear emergence an thesis 

(in days after sowing) 

Adonis 46.7 15.37 62.3 67.3 
WZ64-5 38.5 14.85 61.5 65.4 
TK6126 46.5 15.32 61.0 64.1 
TK 1937 43.1 15.63 63.8 68.1 
Bastion 40.9 15.16 60.8 66.2 
Ralle 49.2 14.39 63.5 68.7 
Arkas 39.9 15.36 62.8 67.1 
Gaby 33.4 15.50 64.3 69.8 
Ceb. 7857 39.3 14.43 63.8 70.4 
Ceb. 7958 43.1 15.65 64.0 71.1 
Selpek 41.8 15.59 64.3 71.4 
Sicco 39.6 14.82 63.5 69.0 

mean 41.8 15.17 63.0 68.2 
SE 0.63 0.271 0.254 0.352 

1 92% dry matter. 

Table B. Weather conditions during the 1980 growing season at Wageningen. 

Month Decade Mean daily temp. (0 C) Rainfall · Mean total 
(mm) global radiation 

max. min. (J cm-2 d-1) 

April 2 16.2 3.2 9.4 1691 
3 11.5 1.6 4.9 1270 

May 1 14.8 3.8 2.9 ' 2055 
2 21.5 6.0 0.5 2437 
3 17.3 5.6 5.9 2001 

June 1 21.6 8.3 21.1 1757 
2 21.3 11.9 17.9 1563 
3 16.6 8.7 27.5 1560 

July 1 17.7 11.7 82.7 1154 
2 16.6 10.8 59.1 1000 
3 23.4 12.5 3.9 2095 

August I 23.5 13.4 4.0 1642 
2 22.1 14.7 14.0 1254 
3 18.7 9.2 28.4 1328 

September 1 19.7 10.4 6.8 1343 
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Table C. Dry weight per plant at various moments during the growing period for the 12 varieties. 

Variety w (gpr1
) 

16 22 28 34 37 43 49 65 80 135 

Adonis 0.0214 0.0497ab* 0.124b 0.533bc 0.698abcd 1.26ab 4.08bc 11.6b 26.5bc 75.9cd 

WZ64-5 0.0229 0.0555ab 0.117b 0.614b 0.788ab 1.28ab 3.59bc 13.7ab 23.9c 74.3cd 

TK6126 0.0276 0.0640a 0.137b 0.753a 0.860a 1.68a 5.40a 17.7a 32.2ab 82.9bc 

TK 1937 0.0212 0.0424b 0.111b 0.608b 0.682abcd l.04b 3.68bc 14.9ab 29.2abc 85.8ab 

Bastion 0.0214 0.0518ab 0.129b 0.540bc 0.779ab 1.45ab 4.33bc 16.2ab 29.0abc 69.2cd 

Raile 0.0291 0.0650a 0.184a 0.563bc 0.819ab 1.52ab 4.72ab 16.2ab 34.0a 89.9ab 

Arkas 0.0185 0.0492ab 0.123b 0.526bc 0.563cd 1.12ab 3.84bc 13.5ab 26.6bc 69.lcd 

Gaby 0.0199 0.0454b 0.088b 0.443c 0.5104 l.l 9ab 3.50c 14.6ab 26.9bc 82.6bc 

Ceb. 7857 0.0233 0.0522ub 0.123b 0.657b 0.704abed l.l7ab 4.10bc 14.2ab 27.1 be 85.1 be 

Ceb. 7958 0.0230 0.0484ub 0.133b 0.609b 0.717abc 1.34ab 3.39e 12.9ab 26.2bc 77.2cd 

Selpek 0.0224 0.0534ab O.l02b 0.508bc 0.616bed 1.31 ab 3.69bc 14.4ab 28.8abe 98.la 
Sicco 0.0205 0.0460b 0.122b 0.602b 0.722abc 1.oob 3.7lbc 13.7ab 29.6abe 97.9a 

mean 0.0226 0.0519 0.125 0.580 0.705 1.28 4.00 14.5 2!U 82.3 
SE 0.00366 0.0118 0.0312 0.0526 0.127 0.236 0.99 1.35 2.68 
df 33 .33 22 33 33 22 22 51 403 

*Values followed by the same letter are not significantly different in the Student-Newman-Keu1s test at 
p ~ 0.05. 

Table D. Specific leaf weight (SL W) at various moments during the growing period for the 12 varieties. 
SL W was determined for green 1eafb1ades. 

Variety SL W (mg leaf/en/ leaf area) 

16 22 28 34 37 43 49 65 

Adonis 5.23 4.98a* 4.61ab 4.66ab 4.65ab 4.90ab 4.26bc 4.39cde 

WZ64-5 5.83 5.08a 4.69ab 4.52ab 4.54b 4.87ab 4.llbc 4.23de 
TK6126 6.02 4.92a 4.52ab 4.76ab 5.14a 5.23a 4.41ab 4.7obc 

TK 1937 5.22 3.80b 4.23b 4.34b 4.50b 4.51 b 4.30bc 4.30cde 

Bastion 5.72 4.73a 4.52ab 4.52ab 4.58ab 4.70ab 4.11bc 4.33cde 

Raile 5.33 4.78a 4.7lab 4.4lab 4.79ab 4.89ab 4.26bc 4.78b 
Ark as 4.86 4.64a 4.38ab 4.47ab 4.6lab 4.67ab 4.09bc 4.3lcde 

Gaby 8.26 4.92a 4.75a 4.62ab 4.57ab 4.51b 4.05bc 4.34cde 

Ceb. 7857 6.09 4.98a 4.69ab 4.84a 4.98ab 5.14ab 4.64a 5.05a 
Ceb. 7958 6.02 4.45a 4.72ab 4.63ab 4.96ab 4.93ab 4.40ab 4.50bcd 

Selpek 6.12 5.17a 4.76a 4.58ab 4.57ab 5.ooab 4.44ab 4.62bcd 

Sicco 5.20 4.68a 4.70ab 4.43ab 4.40b 4.52b 3.97c 4.06c 

mean 5.82 4.76 4.61 4.56 4.69 4.82 4.25 4.47 
SE 0.165 0.108 0.092 0.142 0.142 0.078 0.086 
df 33 33 22 33 33 22 22 

*Values followed by the same letter are not significantly different in the Student-Newman-Keuls test at 
p ~ 0.05. 
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Table E. Leaf weight ratio (L WR), ear weight ratio (EWR) at various moments during the growing period and harvest 
index (HI) at maturity. LWR was determined for green leaf blades. 

Variety LWR (g leaf/g plant) EWR (g ear/g plant) HI 

22 28 34 37 43 49 65 65 80 135 

Adonis 0.689a* 0.674abc 0.626abc 0.573d 0.535abc 0.428de 0.237bc 0.127b 0.208cde 0.403bcd 
WZ64-5 0.712a 0.689abc 0.600bcd 0.587cd 0.526abc 0.4S8bcde 0.227bcd 0.17lab 0.247b 0.438a 
TK 6126** 0.704a 0.643c 0.595bcd 0.565de o.soohc 0.418de 0.192d 0.223a 0.277a 0.415abc 

TK 1937** 0.684a 0.668abc 0.593bcd 0.582cd 0.568a 0.4S7bcde 0.238bc 0.19la 0.240bc 0.425ab 
Bastion 0.69la 0.662bc 0.588cd 0.564de o.soobc 0.398e 0.189d 0.168ab.. 0.230bcd 0.393cde 
Raile 0.675a 0.668abc 0.600bcd 0.574d 0.518abc 0.416de 0.212cd 0.167ab 0.205cde 0.368ef 
Arkas 0.67la 0.644c 0.574d 0.564e 0.562ab 0.432cde 0.218cd 0.168ab 0.23lbcd 0.390cde 

Gaby 0.7lla 0.699ab 0.646a 0.617ab 0.570a 0.504ab 0.265ab 0.112b 0.184e 0.369ef 
Ceb. 7857** 0. 701 a 0.672abc 0.619abc 0.579cd 0.497c 0.4SObcde 0.22lcd 0.167ab 0.229bcd 0.392cde 
Ceb. 7958 0.718a 0.712a 0.650a 0.636a 0.560abc 0.524a 0.28la 0.119b 0.204cde 0.385de 
Selpek 0.684a 0.699ab 0.640a 0.630a 0.555abc 0.478abcd 0.26lab O.l08b 0.19Jde 0.352f 
Sicco 0.716a 0.695ab 0.632ab 0.601 be 0.557abc 0.488abc 0.246abc 0.114b 0.194de 0.393cde 

mean 0.696 0.677 0.614 0.588 0.537 0.454 0.232 0.153 0.220 0.394 
SE 0.0150 0.0103 0.0085 0.0074 0.0135 0.0133 0.0090 0.0130 0.0091 0.0055 
df 33 33 22 33 33 22 22 22 51 403 

*Values followed by the same letter are not significantly different in the Student-Newman-Keuls test at P ~ 0.05. 
**Genotypes with awned ears. 
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