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INTRODUCTION

Recently due to increased computational ca-
pacities the new statistical approaches have been 
employed to study various forms of variability us-
ing multivariate analysis. The multivariate analysis 
can be used to study the role of genetic factors in 
the variability of natural populations. The theory of 
multivariate genetic analysis of quantitative traits 
has been rapidly developing since the first half of 
the 20th century (Fisher, 1918, 1936; Wright, 1921; 
Smith, 1936; Hazel, 1943).

Smith and Hazel solved the problem of esti
mating the additive heritability of any linear combi-
nation of variables in the multidimensional space by 
means of phenotypic and genetic correlations. Be-
sides that, they also posed and solved the problem of 
searching for linear combination that is maximally 
responsive to selection. R. Lande (1979) introduced 
the genetic matrix G, i. e. a multivariate analogue 
of heritability between parents and offspring. So in 
a matrix form the multivariate analogue of heritabi
lity H = GP–1 was found where P is a phenotypic 
matrix of correlations between traits, as well as a 
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so called «breeder’s equation» ∆µ = GP–1s, where 
s stands for a selection differential and ∆µ repre-
sents the response to selection. It is essential thing 
that the heritability of linear combination is usually 
significantly higher than that with the original traits 
it is created from (Klingenberg & Leamy, 2001; Efi-
mov et al., 2005; Kovaleva et al., 2006).

If the data on genetic correlations are absent, the 
analysis may be reduced to that of variables with 
high broadsense heritability. R. A. Fisher (1936) 
and H. F. Smith (1936) laid the basics for such an 
approach. For the case of several groups Fisher sug-
gested the discriminant analysis, i.e. searching for 
the linear combination of variables that maximizes 
the ratio of between–group and total variance. Ear-
lier, we successfully tested multivariate approach 
for the discrimination of geographical populations 
(Tarakanov et al., 2011). If groups represent diffe
rent clones, the problem merely becomes the one of 
maximizing broadsense heritability.

Identification of highly hereditable variable 
components may be employed for genetic selec-
tion of woody plants. A useful experimental model 
to test and develop the approach is provided with 
the data on elemental composition of needles and 
soils from the longterm Scots pine field plantation 
of different clones.

MATERIALS AND METHODS

The samples of 2year old living needles were 
collected from the clonal plantation of Scots pine 
Pinus sylvestris L. in the foreststeppe zone of the 
Altai Krai, Russia (Kutsenogiy et al., 2007).

The elemental composition of phytomass sam-
ples was determined by Xray fluorescence analysis 

with synchrotron radiation (Baryshev et al., 1986, 
1991). The elemental spectra measurements were 
carried out at the element analysis station of the Si-
berian Synchrotron Radiation Centre of the Institute 
of Nuclear Physics SB RAS (Novosibirsk, Russia) 
using VEPP3. During measurements the electron 
energy was 2GeV and the electric current in the 
electron pencil was 130 mA. Impulse registration, 
energy calibration and spectra recordings were car-
ried out by Oxford WINMCA Ver. 03.80.26. The 
primary processing of the emission spectra (iden-
tification of elements and their peak area determi-
nation) were carried out using AXIL software. We 
used, as reference samples, the attested Russian 
standard specimens of grass phytomass, ash of bio-
materials and sandy soil. Altogether 42 needle sam-
ples from 9 clones were analyzed for 20 chemical 
elements.

Due to strong asymmetrical distribution of all 
measured variables we normalized each original 
variable by summing it up with a randomly genera
ted very small value of the variable ξ, 0 < ξ < 10–7, 
in order to rank in a random way equal values, for 
instance, zero. The obtained new values of the initial 
variable were substituted by their ranks, which, in 
their turn, were substituted by their normal scores, 
i. e. the mathematical expectations of order statis-
tics in a set of N objects from the standard normal 
distribution. Fisher and Yates first suggested using 
normal scores as a universal normalization method 
in the introduction to their tables (Fisher & Yates, 
1963; cited by Kendall & Stuart, 1979). If N → ∞, 
then the correlation of normal scores with their ini-
tial ranks tends to 1.

The broadsense heritability Н2 was estimated 
using ANOVA by the contribution of betweenclone 

Fig. 1. Normalization of the variable describing Ni content in winter 
needles of Scots pine.
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variability into the total variance of a variable ac-
cording to the following formulas:

 λF = F (k – 1)/(N – k), (1)

 H2 = λF/(1 + λF), (2)

where F is the Fisher’s criterion, λF represents the 
ratio of betweenclone variance to the intraclone 
one, N is the number of objects, and k is the number 
of clones.

Then principal components were extracted from 
the whole set of data, and for each principal compo-
nent obtained that was regarded as a new variable, 
the heritability was calculated according to the for-
mulas (1) and (2).

To identify variables with maximal heritability 
we used discriminant analysis (MANOVA) for the 
whole data set. For each discriminant function the 
broadsense heritability was calculated according to 
the following formula:
 H2 = λ/(1 + λ), (3)

where λ = λF represents the eigenvalue which is 
equivalent to calculation by the previous method. 
By definition, discriminant functions display maxi
mal heritability no less than that of any source 

variables included in the model. The contribution 
of variables into the principal components and dis
criminant functions were estimated by correlation 
coefficients.

RESULTS AND DISCUSSION

Chemical elements content in pine needles was 
shown to vary significantly between clones (Table 1).

Zn, K, Ca displayed the maximal betweenclone 
variability, whereas such elements as Hg, Co, W, V 
displayed the minimal one, which agrees well with 
our previous findings (Tarakanov et al., 2007).

Five principal components (the first four and the 
sixth) differed significantly from all the others ac-
cording to the degree of their betweenclone vari-
ability (Table 1). This may indirectly indicate the 
number of independent genetic systems determin-
ing chemical elements’ content in needles.

The nature of the components varied a lot. The 
first principal component, responsible for 24 % of 
the total variance, is derived from the opposition of 
K and Ca, on the one hand, and U, Se, Pb, Y, Bi, Hg, 
Th, Ni, on the other hand (Table 2).

However, the element with the highest heri
tability (Zn) did not correlate with this pattern. As 

Table 1. Broadsense heritability of chemical elements content in pine needles and of the principal components 
extracted from the respective data set

Elements H 2 p Principal 
components H 2 p

Zn
Ca
K
Br
Rb
Cu
Bi
U

Mn
Sr
Pb
Se
Ni
Th
Fe
Y

Hg
Co
W
V

0.862
0.800
0.698
0.671
0.611
0.553
0.537
0.527
0.478
0.467
0.464
0.461
0.447
0.442
0.399
0.359
0.300
0.295
0.243
0.185

0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.003
0.004
0.004
0.005
0.007
0.007
0.020
0.043
0.119
0.130
0.265
0.503

PC1
PC2
PC3
PC4
PC5
PC6
PC7
PC8
PC9
PC10
PC11
PC12
PC13
PC14
PC15
PC16
PC17
PC18
PC19
PC20

(24) *
(13)
(11)
(9)
(7)
(6)
(5)
(4)
(4)
(4)
(3)
(3)
(2)
(2)
(1)
(1)
(1)
(1)
(1)
(0)

0.825
0.754
0.656
0.428
0.100
0.424
0.145
0.250
0.239
0.146
0.082
0.209
0.044
0.059
0.195
0.145
0.267
0.213
0.119
0.065

0.000
0.000
0.000
0.010
0.876
0.011
0.691
0.242
0.280
0.683
0.930
0.395
0.991
0.975
0.456
0.688
0.193
0.379
0.804
0.966

Note. * Values in brackets indicate the portion of the total variance accounted for by the respective principal component.
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Table 2. Correlation coefficients between chemical elements content in pine needles and the first six principal 
components obtained from the respective data set 

Elements PC1 PC2 PC3 PC4 PC5 PC6

K 0.70 * 0.34 0.18 –0.27 0.13 0.16
Ca 0.56 0.26 0.52 0.22 0.05 0.22
V –0.27 –0.06 0.00 0.22 0.75 –0.06

Mn –0.37 –0.29 0.22 0.57 –0.33 0.15
Fe –0.30 0.51 –0.06 0.41 0.38 –0.35
Co –0.20 0.62 –0.31 0.09 0.13 –0.10
Ni –0.47 0.13 0.29 –0.04 0.39 0.39
Cu –0.28 0.46 0.32 –0.32 0.09 0.52
Zn –0.22 0.56 0.59 0.05 –0.23 –0.11
Se –0.77 –0.03 –0.22 –0.26 0.17 0.13
Br –0.21 0.74 –0.30 –0.03 –0.08 0.01
Rb –0.31 0.61 –0.26 –0.18 –0.28 –0.19
Sr –0.37 0.20 0.60 0.49 –0.16 –0.09
Y –0.69 –0.24 0.18 –0.12 0.05 –0.16
W 0.08 –0.19 0.59 –0.15 0.22 –0.34
Hg –0.59 –0.15 –0.03 –0.22 0.01 0.27
Pb –0.69 0.01 –0.08 0.11 –0.36 0.19
Bi –0.64 –0.24 0.33 –0.44 –0.02 –0.20
Th –0.51 –0.18 –0.30 0.56 0.11 0.22
U –0.71 –0.01 0.13 –0.26 –0.06 –0.25

λ,% 24.26 13.11 10.85 8.97 6.95 5.68
Σλ,% 24.26 37.37 48.22 57.18 64.13 69.81

Note. * Coefficients in bold italics have p < 0.05.

Fig. 2. Configuration of needle samples from different clones in the plane of the first two principal 
components.
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(Fig. 2) shown, the decreased K and Ca contents 
and, correspondingly, the increased contents of the 
other eight elements are characteristic of clones 22 
and 32, whereas other clones demonstrated the op-
posite patterns. The second principal component 
responsible for 13 % of the total variance, is mainly 
derived from Br, Co, Rb, Zn, Fe, Cu.

Fig. 2 shows that the positive pole of the second 
principal component is determined by clone 122. 
It is necessary to note that although the heritability 
of the first principal component is somewhat higher 
than that of K and Ca, it is still lower than the heri

tability of Zn that determines the second principal 
component (Table 1 and 2).

However, the targeted search for the axes 
with maximal heritability by discriminant analy-
sis resulted in the canonical root with heritability 
of 0.962, i. e. higher than the highest heritability 
of source variables (Table 3).

Table 3 shows that the first three canonical roots 
are formed by the pairs of the first three principal 
components with high heritability. In the plane of 
these roots various clones are well differentiated 
from each other (Fig. 3).

In this study we did not aim at biologically 
meaningful interpretation of the highly inheritable 
components obtained. We were mostly interested 
in that if multivariate statistics could reveal the 
components with higher heritability than the most 
inheri table original chemical characteristics of the 
studied objects, and the results obtained with ele-
mental composition of pine needles obviously gave 
a positive answer. We have obtained similar results, 
i.e. higher heritability of canonical roots as com-
pared to the original data, with other phytomass and 
soil characteristics from the same field experiments 
with diffe rent clones. Thus, the proposed approach 
may be used for targeting forest genetics research 
and selection work aimed at adaptively important 
traits, identification of genetically valuable trees in 
stands, and so on.

Table 3. Heritability of the discriminant functions 
for the data set of chemical elements content in pine 
needles

Root Н 2 plevel

Root_1 (42)* 0.962 0.000
Root_2
Root_3

(32)
(10)

0.952
0.865

0.000
0.000

Root_4 (9) 0.842 0.015
Root_5 (3) 0.645 0.381
Root_6 (2) 0.595 0.710
Root_7 (1) 0.274 0.974
Root_8 (0) 0.229 0.908

Note. *Values in brackets indicate the portion of the total 
variance accounted for by the respective canonical roots.

Fig. 3. Configuration of needle samples from different clones in the plane of the first two 
canonical roots.
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We should note that the studied problem is at the 
initial stage of investigation challenging us with a 
number of questions, such as:

a) reproducibility of highly inheritable variable 
components related to environmental conditions 
and genetic composition of populations;

b) studying the genetic «architecture» of the 
variablescomponents; ideally, localization of con-
crete genes responsible for the genetic variability of 
the given complex traits;

c) development of the algorithm of the targeted 
search for the set of variables that will provide high-
ly inheritable components.

In particular, one of the possible ways to solve 
the last problem is to include into the analyzed set a 
number of variables, with some of them regarded as 
background ones in relation to the rest (Dragavtsev, 
2002; Naumova et al., 2005). Another way is to use 
a number of variables characteristic of the environ-
ment of the analyzed set of trees (microrelief, soil 
fertility etc.).

Also, of great interest is a question opposite to 
the one we tried to answer in the present study: the 
search of variable components with zero heredita-
bility and maximal dependence on the environmen-
tal factors, such as moisture, soil fertility, etc.). We 
are planning to try and give answers to these ques-
tions in our further studies.

CONCLUSION

As a result of the study, we developed a pro-
cedure to reveal highly inheritable – variable 
components using of discriminant analyses. The 
procedure applied for the analysis of the data on 
elemental composition of needles from the clonal 
population of Scots pine established on the long
term field experiment showed broadsense herita
bility Н 2, i. e. the contribution of clones into the 
total data variance, to exceed 90 % for some of 
the components ed. The results suggest the impor-
tance of multivariate statistics for revealing gene
tic marker traits in the populations of woody plants 
for forest genetic and selection, in particular for 
assessing genetic differentiation among popula-
tions, identification of the best genotypes via their 
phenotypes, etc.

Authors thank G. A. Kovalskaya for assistance 
in analyzing the elemental composition of pine 
needles. The study was supported by the SBRAS 
Integration Grant No. 5.23 and RFBR Grant 
No. 07-04-01714-а.
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Разработана процедура выявления высоконаследуемых признаковкомпонент, заключающаяся в поэтапном 
использовании метода главных компонент и дискриминантного анализа. При анализе изменчивости по эле-
ментному составу хвои на клоновой плантации сосны обыкновенной Pinus sylvestris L. коэффициенты на-
следуемости в широком смысле слова Н2 (доли влияния клонов в общей дисперсии признаков) по некоторым 
признакамкомпонентам могут превышать 90 %. Подчеркивается актуальность применения методов много-
мерной статистики для идентификации в популяциях древесных видов генетически маркерных признаков, 
что может найти применение при решении таких задач лесной генетики и селекции, как оценка уровня гене-
тической дифференциации популяций, идентификация лучших генотипов по фенотипам, и др.

Ключевые слова: Pinus sylvestris L., химические элементы, наследуемость, многомерный анализ.
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