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Abstract Growth characteristics have a complex
inheritance pattern, and gene—environment interac-
tions make predicting tree responses to environmental
change difficult. In this study, we planted 44 Betula
platyphylla families at three different sites (Mao er
shan forestry center in Shangzhi, Jilin experiment
forestry center in Jilin, Lang xiang forestry center in
Langxiang) in northeastern China. Variation and
stability of genotype—environment interactions of
different families were analyzed using additive main
effect and multiplicative interaction models. Variation
analysis indicated significant differences between
site x family interaction mean values for height,
diameter at breast height, volume, and stem straight
degree, suggesting that most genotypes responded
differently according to location. The phenotypic
coefficients of variation of different traits ranged from
12.84 % (stem straight degree in Langxiang) to
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53.34 % (volume in Langxiang) and heritabilities of
the different traits varied from 0.485 (diameter at
breast height in Mao er shan) to 0.781 (height in Jilin).
Correlation analysis showed a significantly positive
association between tree height, diameter at breast
height, and volume at the same and different sites, but
stem straight degree showing a weaker correlation
with other traits. Stability analysis indicated that some
families had high tree heights but were sensitive to
environmental conditions, whereas others had average
tree heights but were resistant to environmental
conditions. These results suggest that families should
be bred in various habitats to assess growth under
favorable and unfavorable environments. Under a
selection ratio of 10 %, four families (family 1-7,4-7,
3-12 and 4-13) were rated as superior families. The
average height, diameter at breast height, volume, and
stem straight degree of these four families were higher
than average of all the families by 12.24, 16.82, 32.28
and 6.28 % in the four test sites, respectively.

Keywords Betula platyphylla - Variation -
Heritability - AMMI

Introduction
Birch (Betula platyphylla) is one of the most exten-

sively distributed broadleaf trees in the northern and
southwestern forested areas of China (Zeng et al. 2003).
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Because of excellent wood quality, birch is widely
used in papermaking, furniture making, and plywood
production (Li et al. 1995). The native birch forest
area in China has been gradually dwindling since the
1980s because of pests, disease, and environmental
damage, and a large number of valuable genetic
resources have been lost. Concurrently, demand for
veneer plywood and papermaking fiber raw materials
has increased rapidly and planted birch stands have
not been able to meet production needs (Jiang et al.
2011). To address this, intensive birch seed orchards
were created in 1999 at the Northeast Forestry
University (Harbin, China) and many successful
parents were established with the goal of obtaining
superior seeds. Since then, seeds from intensive seed
orchards have been distributed widely because birch
plants grow quickly at the seedling stage (Yang et al.
2004). Beginning in 1991, Northeast Forestry
University has developed a wel- established and
widely promoted project for selection and cultiva-
tion of superior birch genotypes and intensive seed
production.

Growth characteristics in woody plants have com-
plex inheritance and are greatly influenced by various
environmental conditions (Fang et al. 1999). The
genotype x environment (G x E) interaction is
defined as the differential response of genotypes to
changing environmental conditions (Marron et al.
2010). It is essential to evaluate the importance of this
interaction in developing breeding programs so that
appropriate decisions can be made about testing and
selection strategies (Codesido and Lopez 2009). The
G x E interaction describes the situation in which a

number of genotypes respond differently to various
environments, so that the effects of genotypes and
environments are not statistically additive (Lynch and
Walsh 1998). In general, the environment can act on
clonal (family) plant material in three different ways:
(1) the G x E interaction is not significant; (2) the
G x E interaction is significant owing to changes in
differences among genotypes but not owing to changes
in genotype ranking; and (3) the G x E interaction is
significant owing to changes in genotype ranking from
one environment to another (Nicolas et al. 2007). Only
the last case causes problems for the breeder: for
example, a genotype (family) selected for its growth
vigor may not necessarily be vigorous if it grows in a
different environment.

In this research, we focused on the growth traits of
44 12-year-old half-sib birch families at three different
sites. Our study objectives were: (1) to compare the
effects of G x E interactions on birch growth; (2) to
compare the growth traits of different birch families;
and (3) to determine which families exhibit the best
growth traits under different environment conditions.

Materials and methods
Site description and materials

The materials used in this study included 44 families
seeds (Table 1) of B.pubescens obtained in 2002 from
Northeast Forestry University seed orchard. The next
year, the seeds were sown and grown in artificial

climate chambers of under a cycle of 1000 pmol m 2s™"

Table 1 The name of 44

Family name  No. Family name  No.  Family name

; No. Family name  No.

Betula platyphylla half-sib

families 1 1-1 12
2 1-2 13
3 1-3 14
4 1-5 15
5 1-6 16
6 1-7 17
7 1-8 18
8 1-9 19
9 2-1 20
10 2-2 21
11 2-3 22

2-4 23 4-2 34 2-14
2-5 24 4-3 35 2-15
2-6 25 4-4 36 2-17
2-17 26 4-6 37 3-10
2-8 27 4-7 38 3-12
3-1 28 4-8 39 3-13
3-3 29 1-13 40 3-14
3-6 30 1-14 41 3-15
3-7 31 1-15 42 3-16
3-8 32 2-11 43 4-13
4-1 33 2-12 44 6-11
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Table 2 Main geographical and environmental characteristics
of different sites (sites MES, JL and LX which represent Mao er

experiment forestry center, Jilin province, Langxiang forestry
center in Langxiang, Heilongjiang province, respectively)

shan forestry center in Shangzhi, Heilongjiang province, Jilin

Sites Longitude °E Latitude °N Altitude (m) Annual average

temperature (°C)

Annual rainfall (mm) Soil type

MES 127°41 45°18 805 2.3 666 Sylvogenic soil
JL 126°40/ 43°4(/ 360 3.1 700 Sylvogenic soil
LX 128°30 46°29' 588 0.36 676 Sylvogenic soil

Table 3 Investigation criteria and scores of stem straightness degree

Traits Scores

1 2 3 4 5
SSD  More than two obvious More than two slight bend points or ~ Two slight bend One slight bend ~ Completely
bend points in the stem one obvious bend point in the stem points in the point in the straight
stem stem stem

light for 16 h from 0800 to 2400 hours and dark for
8 h. The temperature and humidity were set at 27 °C
and 60 %, respectively. Experimental plantations
were established in April 2004 at three sites [1, Mao
er shan forestry center, Shangzhi, Heilongjiang
Provence (MES). 2, Jilin Experiment Forestry Center,
Jilin, Jilin Provence (JL). 3, Langxiang Forestry
Center, Langxiang, Heilongjiang Provence (LX)] in
China. Characteristics of the three sites are shown in
Table 2. The experimental design consisted of six
blocks per site. One-year-old seedlings of each family
were planted using a randomized complete block
design (Marron and Ceulemans 2006) in row plots
containing 20 trees at a spacing of 3 m x 4 m.

Statistical analysis

Tree height (H), diameter at breath height (DBH) and
stem straight degree (SSD) of all living, unbroken
plants in the three sites were measured after leaf fall in
2014. Volume (V) of each plant were calculated
according to Eq. 1 (Zhao et al. 2013), SSD were
estimated by quantification (Table 3) based on Zhao
et al. (2014a, b, ¢) and SSD should be square root-
transformed before calculation.

V =0.19328321 x DBH? x H? + 0.007734354
x DBH x H + 0.82141915 x DBH> (1)

Statistical analysis was carried out using SPSS 19.0
and DPS 9.50 software. The significance of fixed
effects was tested by analysis of variance (ANOVA) F
tests. The linear model (Eq. 2) used for joint analysis
of the five sites (Dhillon et al. 2012) was

Vit = W+ Si + Bjiy + Cr + CSix + BCjik + &5 (2)

where yj; is the performance of individual / of family
k growing in block j of site i, i is the overall mean, S; is
the effect of site i (i = 1....,3), By;is the effect of block
J within site i (j = 1,...,6), Cy is the effect of family
k (k = 1,...,44), CS;, is the interactive effect of family
k and site i, BCj; is the interactive effect of clone k and
block j (within site i) and &, is the random error.

Variation among families within site was analyzed
by ANOVA according to linear model Eq. 3 (Hansen
and Roulund 1997).

Yy =+t f+ by + e (3)

where y; is the performance of an individual of family
i within block j, i is the overall mean, o; is the family
effect (i = 1,...,44), B;is the block effect (i = 1,...,6),
0B, is the random effect of family i within block j and
¢; is the random error.

The coefficient of phenotypic variation (PCV) was
calculated using Eq. 4 (Hai et al. 2008).

PCV =20 4)
X
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where X and SD are respectively the phenotypic mean
and standard deviation of the trait.

Broad-sense heritabilities (h2) was calculated fol-
lowing Hansen and Roulund (1997) as

2
h2 _ O-A

52 2 2
Ox + 0y + 03

(5)

where g7 is the additive genetic variance component
between families, a% is the block variance and ag is the
error variance component.

Phenotypic correlation ra(xy) of traits x and y in the
same sites was calculated according to Bi et al. (2000)
as

COVpxy)
Op (x) Op )

ra(xy) = (6)
where covp(x,y) is the covariance between families,
op(x) is the variance component for trait x and oy (y) is
the variance component for trait y.

B-type correlations of traits between environments
x and y, ry(xy), was calculated (Burdon 1977) as

COVig(xy)

g

re(xy) = (7)

8x O—gy

where cov,(x, ) is covariance for groups between the
trait as it is expressed in environments x and Yy,
respectively, and agx and aéy are the variances between

groups in environments x and y, respectively.

An additive main effects and multiplicative inter-
action (AMMI) model of diameter at breath height
(DBH) was calculated following Zobel et al. (1988),
with the linear model

Yir = p+oi+ B+ Z Mk + Eijr (8)
k=1

where p is the grand mean, «; is the family mean
deviation (or provenance effect) with i = 1,..0.44, f;
is the site effect withj = 1,...3, /i is the singular value
for axis k with k = 1,...,n, Yy is the provenance
eigenvector value for axis k, j is the site eigenvector
for axis k, p; is the residual, & is the error with
r = 1,..., 6replications, ¢;, = Y;;,, minus the mean y;,
and ¢, is distributed normally with mean zero and
standard deviation o. These parameters were calcu-
lated by DPS software and the output could supply the
parameter principal component analysis (PCA) which
can explain the stability of different families.

@ Springer

Comprehensive evaluation of different families
were calculated following Liu et al. (2015a, b) as

where a; = X ;j/Xjmax, Qi value is comprehensive
evaluate value of each family, X; is the average value
of one trait and X, is the max value of the trait and
n is the number of the traits.

Results

ANOVA analyses of H, DBH, V, and SSD
at different sites

Analysis of variance showed that all main effects (site
and family) and their interaction (site x family) were
significant (P < 0.001) differences (Table 4).

Variation parameters analyses of different traits
in the same site

Significant differences (P < 0.01) were revealed
among families (Table 5) in the same site. Heritability
(1) of the different traits varied from 0.485 (DBH in
MES) to 0.781 (H in JL). PCVs of different traits
ranged from 12.84 % (SSD in LX) to 53.34 % (V in
LX). PCV of H, DBH, and V at site LX showed higher
values than the other two sites but were lower in SSD
(Table 5).

Average each growth traits of all the families
at different sites

The average H of all trees was highest at site JL
(average temepreature was 3.1 °C and altitude was
360 m), with a mean value of 10.28 & 1.23 m and a
variation range of 8.33 &+ 1.32 m (Family 1-2) to
11.89 £ 1.05 m (Family 1-7) (Table 6). The mean H
at MES (average temepreature was 2.3 °C and altitude
was 805 m) was 9.48 + 1.44 m, ranging from
8.15 £ 1.28 (Family 1-2) to 11.00 £ 1.10 m (Family
4-13). The lowest mean H was 8.74 + 1.60 m at site
LX (average temperature was 0.36 °C and altitude was
588 m), with values ranging from 7.18 + 2.93 m
(Family 2-15) to 10.65 £ 0.71 m (Family 1-7).
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Table 4 Variation analyses Traits Variance source SS df MS F Sig.
of H, DBH, V and SSD of
44 families of birch at three H Site 682.984 2 341.492 150.631 0.000
different sites. Sig. <0.01 Family 678.938 43 15.789 6.965 0.000
indicated that there was
significant difference Site x Family 320.431 86 3.726 1.644 0.000
among different DBH Site 1700.930 2 850.465 235.204 0.000
homologous variation Family 713.912 43 16.603 4592 0.000
souree Site x Family 393.054 86 4570 2264 0.004
\Y% Site 0.065 2 0.033 216.723 0.000
Family 0.033 43 0.001 5.086 0.000
Site x Family 0.015 86 0.000 3.147 0.003
SS Sums of squares, df SSD Site 0.745 2 0.372 6.076 0.002
degrees of freedom, MS Family 11.112 43 0.258 4218 0.000
mean squares, F' F value, Site x Family 9.212 86 0.107 1.748 0.000
Sig. significance
Table 5 Results from Sites Traits SS df MS F Sig. PCV h?
ANOVA within each site:
significance of family effect MES  H 249513 43 5803 2730 0.000 1536 0.634
(MS, F and Sig), DBH 294402 43 6847 1941 0000 2085  0.485
heritability coefficient (h7),
PCV of H, DBH, V and v 0016 43 0.000 2.095 0.000 42.64 0.523
SSD for birch at three SSD 6.412 43 0.149 2.276 0.000 13.96 0.561
different sites L H 330.886 43 7.904  4.561 0.000 1509 0781
DBH 368.483 43 8.569 2.410 0.000 22.18 0.585
\% 0.019 43 0.000 2.446 0.000 43.93 0.591
SS Sums of squares, df SSD 7.594 43 0.177 2763 0.000 14.27 0.638
degrees of freedom, MS LX H 376.351 43 8.752 3160 0.000 2034 0.684
mean squares, F' F value,
Sig. significance, PCV DBH 417310 43 9.705 2.568 0.000 28.46 0.611
coefficient of phenotypic \% 0.012 43 0.000 2.828 0.000 53.34 0.646
.. 2 . ..
variation, 4~ heritability SSD 6285 43 0146 2725  0.000 1284  0.633
coefficient
Average DBH of the 44 families was highest at site 4-7) (Table 6). The mean V at MES was

MES, with a mean DBH of 9.19 + 1.85 cm and a
variation range of 8.04 + 2.58 (Family 4-3) to
10.35 &+ 1.60 cm (Family 4-13) (Table 6). Averaged
DBH of site JL was 9.13 £ 1.81 cm, ranging from
6.64 £ 2.47 cm (Family 1-13) to 11.12 + 0.71 cm
(Family 4-7). Similar to H, the lowest average DBH,
7.15 £ 1.90 cm, was also observed at site LX, where
it ranged from 5.70 & 3.05 (Family 1-3) to
9.44 £ 0.86 cm (Family —7). The highest average V
of all plants was site JL, with a mean value of
0.033 £ 0.013 m® and a variation range of 0.018 =+
0.010 m® (Family 2-6) to 0.048 & 0.007 m> (Family

0.032 & 0.013 m®, ranging from 0.024 £ 0.011
(Family 1-2) to 0.040 £ 0.021 m® (Family 3-12).
The lowest mean V was 0.020 & 0.010 m? at site LX,
with values ranging from 0.014 + 0.008 m® (Families
1-2 and 3-10) t0 0.034 + 0.006 m’ (Family 1-7). The
average SSD of the 44 families was highest at site JL,
with a mean SSD of 1.93 £ 0.24 and a variation range
of 1.69 + 0.42 (Family 3-7) to 2.18 &+ 0.10 (Family
4-13) (Table 6). The mean SSD at site LX was
1.91 £ 0.22, ranging from 1.73 £ 0.19 (Family 4-8)
to 2.15 £ 0.12 m (Family 4-13). The lowest average
SSD, 1.88 + 0.25, was observed at site MES, where it

@ Springer
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Table 6 continued
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Average

ranged from 1.71 £0.34 (Family 4-3) to
2.09 £+ 0.21 cm (Family 1-8).

Average H, DBH, V, and SSD of different families
at different sites

Families 4-13, 1-7, 3-12 and 4-7 showed higher
average H values than other families, with mean H
values of 10.95 + 1.12, 10.88 £+ 1.05, 10.65 & 1.64
and 10.54 £ 1.37 m, respectively (Table 7). Families
1-2, 1-13 and 2-4 showed lower average H values
than the other families, with mean H values of only
8.19 + 1.28,8.51 4+ 2.13and 8.73 £ 1.67 m, respec-
tively. Families 413, 1-7, 3—-12 and 4-7 also showed
higher average DBH and V than other families, with
DBH values of 9.95 + 1.51, 10.00 £ 1.46, 9.68 +
2.22, 9.99 &+ 1.68 cm, respectively, and mean V
values of 0.037 + 0.012, 0.038 £ 0.012, 0.037 +
0.021, 0.038 £+ 0.013 m3, respectively. Families 1-8,
4-13, 2-11 and 4-7 showed higher average SSD
values than other families, with mean SSD values of
2.05 + 0.23, 2.04 £+ 0.22, 2.03 £+ 0.20 and 2.02 +
0.20, respectively. Family 3-7 showed the lowest
average SSD value (1.74 £ 0.27) (Table 7).

Correlation coefficients of different traits

The correlation coefficients of H, DBH, and V at the
same site were significant (P < 0.01, Table 8).
Within-site correlation coefficients of H, DBH and V
ranged from 0.716 (H with DBH in JL) to 0.963 (DBH
with V in MES). Correlation coefficients of SSD with
other traits ranged from 0.198 (SSD with DBH in JL)
to 0.730 (SSD with V in LX) in the same site. The
B-type correlation coefficients among H at different
sites ranged from 0.432 (JL with LX) to 0.700 (MER
with LX). The correlation coefficients among DBH at
different sites ranged from 0.402 (JL with LX) to
0.702 (JL with MES). The correlation coefficients
among V at different sites ranged from 0.474 (JL with
LX) to 0.706 (JL with MES) and among SSD at
different sites ranged from 0.168 (MES with LX) to
0.498 (MES with JL), respectively (Table 8). The
correlation coefficients of all the different traits at
different sites varied from 0.002 to 0.704. The smallest
(r = 0.002) correlation coefficient was found between
DBH in JL with SSD in MES and the largest
(r = 0.704) was DBH in MES with V in JL (Table 8).
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Table 7 Mean and multiple comparisons of H, DBH, V and SSD of 44 families at different sites

Families H Multiple DBH Multiple v Multiple SSD Multiple
comparisons® comparisons comparisons comparisons
1-1 9.77 £ 1.44  bcdefghi 8.70 £ 1.97 abcd 0.029 £ 0.013  abcdef 2.00 £ 0.21 abcd
1-2 819+ 128 j 7.85 £2.38 cde 0.020 £ 0.012 ef 1.87 £ 0.20 abcdefg
1-3 9.28 £2.25 defghij 690 £245 e 0.023 £ 0.013  def 1.93 £ 0.26 abcdefg
1-5 9.53 £ 1.41 cdefghi 8.40 + 1.99 abcde 0.027 £ 0.013  bedef 1.98 £ 0.19 abed
1-6 9.46 £ 1.22  cdefghi 8.57 £ 1.86 abcde 0.027 £ 0.012  abcdef 1.93 £ 0.28 abcdefg
1-7 10.88 + 1.05 ab 10.00 + 1.46 a 0.038 £ 0.012 a 2.01 +0.21 abed
1-8 1043 + 1.23 abcde 8.56 + 1.84 abcde 0.031 £ 0.013 abcde 205+£023 a
1-9 9.45 £ 1.54 cdefghi 777 £ 1.80 de 0.024 £ 0.011  def 1.90 £ 0.24  abcdefg
2-1 9.51 £ 1.24  cdefghi 8.20 + 2.10 abcde 0.026 £ 0.012  cdef 1.86 £ 0.25 abcdefg
2-2 9.92 + 1.33 abcdefgh 9.00 + 1.98 abcd 0.030 £ 0.013  abcdef 1.87 £ 0.27 abcdefg
2-3 8.88 £ 1.40 fghij 8.11 +2.04 bede 0.023 £ 0.012  def 1.87 £ 0.24 abcdefg
2-4 8.73 £ 1.67 hij 7.98 £2.15 cde 0.024 £ 0.012  def 1.84 £ 0.27 cdefg
2-5 9.07 £ 1.32 fghij 8.39 + 1.60 abcde 0.025 £ 0.010 def 1.85 £ 0.27 abcdefg
2-6 8.78 £ 2.27 ghij 7.26 £2.89 de 0.025 £ 0.019  def 1.88 £ 0.27 abcdefg
2-7 8.87 & 1.44 fghij 8.28 + 1.87 abcde 0.025 £ 0.011 def 1.85 £ 0.18 abcdefg
2-8 9.73 £ 2.05 bedefghi 8.46 + 2.30 abcde 0.028 £ 0.014 abcdef 1.94 £ 0.25 abcdef
3-1 9.25 £ 1.59 defghij 8.29 + 1.97 abcde 0.027 £ 0.012  bedef 1.83 £ 0.24 cdefg
3-3 9.50 &+ 1.47 cdefghi 8.54 £ 2.08 abcde 0.028 + 0.014  abcdef 1.89 + 0.23  abcdefg
3-6 9.30 + 1.48 defghij 8.53 £2.09 abcde 0.027 £ 0.014  bedef 1.82 £ 0.27 cdefg
3-7 9.36 &+ 1.94 defghij 8.84 +£2.49 abcd 0.027 £ 0.016 abcdef 174 £ 027 ¢
3-8 9.76 + 1.46  bcdefghi 8.47 £ 2.26 abcde 0.030 + 0.014  abcdef 1.93 + 0.23  abcdefg
4-1 9.64 £ 1.59 cdefghi 8.65 +2.28 abcd 0.031 £ 0.015 abcde 1.90 £ 0.23  abcdefg
4-2 9.24 + 1.94 efghij 7.88 £ 227 cde 0.024 + 0.012  def 1.87 & 0.36  abcdefg
4-3 9.36 + 2.04 defghij 7.65 £ 251 de 0.024 £ 0.016  def 1.77 £ 0.31 efg
4-4 9.79 + 1.46  bedefghi 8.57 £ 2.19 abcde 0.027 + 0.013  bedef 1.88 + 0.26  abcdefg
4-6 9.38 & 1.90 defghi 877 £ 241 abced 0.027 + 0.014  bedef 1.86 & 0.27 abcdefg
4-7 10.54 + 1.37 abcd 999 + 1.68 a 0.038 £ 0.013 a 2.02 +0.20 abed
4-8 8.88 £ 1.82 fghij 7.90 £ 2.06 cde 0.024 + 0.013  def 1.77 £ 0.28 fg
1-13 851 +£2.13 i 7.02 £2.19 de 0.019 £0.013 f 1.81 £ 0.29 defg
1-14 10.09 £ 1.50 abcdef 8.77 £ 2.06 abcd 0.032 + 0.016 abcd 1.85 + 0.22  abcdefg
1-15 9.85 &+ 1.46 abcdefgh 8.58 & 1.98 abcde 0.031 £ 0.013 abcde 1.85 + 0.23  abcdefg
2-11 10.14 £ 1.45 abcdef 8.63 £ 1.91 abcd 0.031 £ 0.012 abcde 2.03 £0.20 abc
2-12 9.63 £ 1.72  cdefghi 8.57 £ 2.17 abcde 0.030 £ 0.014 abcde 1.88 + 0.27 abcdefg
2-14 10.15 £ 1.49  abcdef 8.62 £ 2.18 abcd 0.031 £ 0.016 abcde 1.83 £0.26 cdefg
2-15 9.05 £ 2.37 fghij 8.16 £ 2.73 bcde 0.026 £ 0.016  cdef 1.84 £ 0.32  bedefg
2-17 9.75 £ 1.12  bedefghi 8.86 + 2.14 abcd 0.030 £ 0.014  abcdef 1.95 £ 0.23  abedef
3-10 9.56 £ 1.61 cdefghi 841 £ 2.19 abcde 0.028 £ 0.014 abcdef 1.89 £ 0.28 abcdefg
3-12 10.65 £ 1.64 abc 9.68 £2.22 abc 0.037 £ 0.021 ab 2.00 £ 0.27 abcd
3-13 10.13 & 1.75 abcdef 8.69 = 2.09 abcd 0.031 £ 0.015 abcde 1.94 £ 0.21 abcdefg
3-14 8.98 £ 143 fghij 8.20 £ 1.66 abcde 0.025 £ 0.010  def 1.96 £ 0.26  abcdef
3-15 9.70 £ 1.64 bcdefghi 9.07 £ 2.33 abcd 0.031 £ 0.015 abcde 1.93 £ 0.25 abcdefg
3-16 10.07 £ 1.92  abcdefg 8.90 £ 2.29 abcd 0.033 £ 0.015 abed 1.98 £ 0.21 abed
4-13 1095 £ 1.12 a 9.95 £ 1.51 ab 0.037 £ 0.012 abc 2.04 £0.22 ab
6-11 9.95 £ 1.95 abcdefgh 8.44 + 2.15 abcde 0.028 £ 0.013  abcdef 1.97 £ 0.25 abcde

? Lowercase letters represent multiple comparisons results according to least significant difference testing
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Table 8 Correlation coefficients of different traits in different sites

Traits Sites H DBH \ SSD

JL LX MES JL LX MES JL LX MES JL LX

H MES 0.700%* 0.563** (0.782** (0.498** (0.435%* (.882** (.589** (0.499** (0.335* 0.371* 0.541%*
JL 0.432%%  0.584** (0.716** 0.361*  0.656** (0.827** 0.436** 0.028  0.358* 0.507%*
LX 0.594**  0.480** 0.800** 0.603** (0.531** 0.839** (0.376* 0.402%* (.724%%*

DBH MES 0.702%*%  0.426** 0.963** (0.704** 0.469** (0.249  0.392** (.532%%*
JL 0.402%*  0.666** (0.948** 0.426*%* 0.002  0.198 0.517**
LX 0.447+*%  0.426** 0.960** 0.208  0.388**  (0.690**

\'% MES 0.706**  0.501** 0.243 0.403**  0.561**
JL 0.474** 0.039  0.279 0.589%*
LX 0.306* 0.495%* (0.730%*

SSD  MES 0.498**  0.168
JL 0.340*

** Significant at 0.01 level; * significant at 0.05 level (two-tailed)

Table 9 AMMI ANOVA of 44 birch families for DBH under three different environmental conditions

Source of variation df SS % of G-E SS MS F Prob. % of G x E interaction SS
G 43 169.99 27.33 3.93 11.72 0.000 -

E 2 365.19 58.72 182.60 544.55 0.000 -

G x E 86 86.76 13.95 1.01 3.01 0.006 -

PCAL1 44 61.72 9.92 1.40 1.28 0.125 71.14

PCA2 42 25.04 4.03 0.60 0.54 0.991 28.86

PCA3 40 0.00 - 0.00 0.00 1.000 -

The PCA1 component was significant and accounted for 71.14 % of the total G x E interaction sum of squares

AMMI analysis of different birch families
at the three sites

All the three components, i.e., genotype (G), environ-
ment (E) and G x E interaction were highly signif-
icant (P < 0.01) (Table 9). The main effects, G and E,
accounted for 27.33 % and 58.72 % of the total
variation, respectively, while the G x E interaction
accounted for 13.95 % of the total variation. The
G x E interaction was further partitioned into princi-
pal component analysis (PCA1 and PCA2). The PCAL1
component accounted for 71.14 % of the total varia-
tion in the G x E data (P = 0.125), whereas PCA2
and PCA3 were not significant (Table 9).

Biplot of genotype-environment interaction

A biplot generated from the AMMI analysis captured
100 % of the treatment sum of squares. Because the

PCAT1 scores of the genotypes were close to zero and
had little interaction across environments, the overall
mean rankings were very reliable. In contrast, the
rankings of genotypes with large PCA1 scores (with
either positive or negative overall rankings) were less
reliable. Genotypes and locations combined with
PCA1 scores of the same sign produced positive
specific interaction effects, whereas combinations of
positive signs had negative specific interactions. From
the biplot (Figs. 1, 2), we observed that the families in
which PCA1 values were negative had positive
interactions with site LX and those with positive
PCAL1 values had positive interactions with sites JL
and MES. The mean DBH at site LX was obviously the
lowest and its G x E interaction was lower than at
sites JL and MES. Site MES values were close to the
horizontal ordinate with the largest mean DBH.
When examining values above the horizontal
ordinate on the biplot, we observed that the PCA1l
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PCA1

15

A

LX
2

Fig. 1 DBH biplot of genotype by environment interactions of
different birch family growth in different sites. Abscissa average
DBH of all the birch plant growth in the same site; ordinate

85 9.5

DBH (cm)

PCAL1 value of different sites. Sitte MES and JL showed higher
average DBH value than LX and MES also showed more stability
than the other two sites

0.8 4
—
< 064 ® 3.10 ® 316
g ® 215 ©®37
25
04 1 ® 212
-4
® 033
%-8 1-15
0.2 ® 12 ®e 4-1
L @315 ® 47
® 4 0 g2 -
4-3 33907 5,0
0 . . ot @217 — e ¥12 ,
6l5 7 75 ® 24 7gs O g 9.5 10 105
® 23
®31 @35
P i ® 413
024 ® 2 19 ® 21 ® 211
® 43
® 13 ® 1.7
i ® 611
04 ® 113 ® 314
® 42
25
0.6 L
e ® 15
DBH (cm)
-0.8-

Fig. 2 DBH biplot of G x E interactions of different birch
families. Abscissa DBH value and ordinate PCA1 value of
different families. Families 4-7, 4-13, 1-7 and 3-12 were

@ Springer

higher than other families in different sites. Most of the families
were stable in different sites, and families 1-6, 1-5, 2-5, 3-16,
3-10 et al. had low stability than other families
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Table 10 Qi values of Family Qi value Family Qi value Family Qi value Family Qi value
different families
1-7 1.99 1-1 1.87 1-5 1.84 1-9 1.79
4-13 1.99 2-2 1.87 4-4 1.84 2-7 1.79
4-7 1.98 2-14 1.87 3-10 1.84 4-2 1.78
3-12 1.97 1-15 1.87 4-6 1.83 2-3 1.77
3-16 1.91 4-1 1.86 3-7 1.82 4-3 1.76
1-8 1.91 3-8 1.86 3-6 1.82 2-4 1.76
2-11 1.90 2-12 1.86 2-1 1.81 4-8 1.76
3-13 1.89 6-11 1.86 3-1 1.81 2-6 1.76
3-15 1.89 2-8 1.85 3-14 1.80 1-3 1.76
1-14 1.88 3-3 1.84 2-5 1.80 1-2 1.73
2-17 1.87 1-6 1.84 2-15 1.80 1-13 1.70
values of families 3—-10, 3—16, 3—-7, 2—15 and 2-5 were Discussion

distant from the horizontal ordinate, suggesting that
these were the most unstable of all the studied families
(Fig. 2). PCALI values of the other families were more
closely to the horizontal ordinate. Families 1-8 and
3-12 had lower PCAI1 values (0.0060 and 0.0025,
respectively) than other families, suggesting that these
two families were more stable than the other families.
Below the horizontal ordinate, the most unstable fam-
ily was family 1-6, with a distance from the horizontal
ordinate of 0.6274 and a mean DBH of 8.57 cm. The
most stable family was family 2-7, which had an
IPCAT value of 0.0065 and a mean DBH of 8.28 cm.
By observing the overall biplot, we determined that
families 4-7, 413, 1-7 and 3-12 were fast growing
and stable at all three sites.

Superior families selected

Based on the average H, DBH, V, and SSD at the
three sites, families 1-7 and 4—13 showed the highest
Qi value (1.99), family 4-7 and 3-12 just slightly
lower with Qi value of 1.98 and 1.97, respectively.
Family 1-13 showed the lowest Qi value of only 1.70
(Table 10). When the selected ratio was 10 %,
families 1-7, 4-7, 3—12 and 4-13 were indicated as
the superior families. The average H, DBH, V, and
SSD of the top four families across the three sites
were 10.76 m, 9.91 cm, 0.038 m> and 2.02, respec-
tively, which were higher than the average of all the
families by 12.24, 16.82, 32.28 and 6.28 %,
respectively.

Variance among sites and familys

Understanding genetic variation within populations,
families or clones is very important to understand and
efficiently use genetic resources in breeding research
(Safavi et al. 2010). ANOVA analysis is the most
important method for estimating the extent of vari-
ability in a breeding population. In this study, the
variation of H, DBH, V, and SSD showed significant
differences (P < 0.01) among all variance sources,
which indicated that estimations and selections of
superior families were effective.

G x E interaction effects

Site effects reflect the response of trees to the combined
effects of edaphic and local and regional climatic
conditions (Pliura et al. 2007). When assessing the
suitability of a plant for a particular environment, it is
important to examine the interactions between the
plant’s genotype and the environment (Yu and Pulkkien
2003). When such interactions are strong, tree breeders
must decide whether to select for stability of perfor-
mance and accept a slower rate of improvement, or to
develop populations specifically adapted to each envi-
ronment with the view of maximizing gain (Namkoong
et al. 1988). In this study, the three sites represent
different climate types in northeast China. The envi-
ronmental conditions were different at the three sites,
especially altitude and annual average temperature. The
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remarkable differences in H, DBH, V, and SSD among
the families planted at the different sites indicated that
the environment strongly influenced plant growth and
development. This is especially significant because
birch is one of the most important, quickly regenerating
species in high altitude natural forests, and the ability to
adapt to altitude impacts birch growth and development
(Zhao et al. 2014a). At site LX, with an average
temperature 0.36 °C and altitude of 588 m, plants had
the lowest average H, DBH and V. However at site JL,
where the temperature and altitude were 3.1 °C and
360 m, the trees had the highest average H and V,
respectively. At site MES, where average temperature
and altitude were 2.3 °C and 805 m, respectively, the
trees showed the highest average DBH and moderate H
and V.

PCV and h? of different growth traits for the 44
birch families in different sites

The extent of variability in the breeding population
was estimated by measuring different population
parameters, including the phenotypic coefficient of
variation and heritability (Liu et al. 2015a). In this
research, PCV of different traits ranged from 12.84 to
53.34 %, which showed a wide range of genotype
performance across different environments (Frew
2003). Trait V showed higher PCV values
(42.64-53.34 %) than traits H, DBH, and SSD, but
SSD showed lower PCV values (12.84-14.27 %) than
other traits at different sites. These results are in
agreement with those of Pliura et al. (2007), who
found that the PCV values of H and DBH ranged from
10.05 to 31.60 % for poplar clones at different sites.
Heritability magnitude indicated the reliability that the
genotype could be recognized by its phenotype
expression; heritability estimates are needed to assess
the potential genetic gain that can be realized through
selection (Montes et al. 2008). Heritability of the
different traits varied from 0.485 to 0.781, which
indicated that a great deal of variation in these families
was heritable. Our heritability result is generally in
agreement with the studies of Kien et al. (2008) in
Eucalyptus urophylla and Zhao et al. (2014a) in
poplar. High PCV among families indicated signifi-
cant to excellent family selection, as marked differ-
ences between families could lead to considerable
genetic gain. Furthermore, high repeatability esti-
mates indicate that the selection for these traits will be

@ Springer

effective and less influenced by environmental effects
(Maniee et al. 2009).

Correlation coefficients

Although H and DBH are clearly related, the relation-
ship between these parameters is rather complex
(Sumida et al. 2013). The correlation coefficients
among H, DBH, and V were significant at P < 0.01 for
both the same and different sites, indicating that the
selection for birch families was practical and predict-
ing that the yield would be feasible. However, there
were large differences among the coefficients of SSD
with H, DBH, and V at the different sites. The
coefficients of SSD with other traits were higher at LX
(0.690-0.730) than at the other two sites. This
indicates that superior families selected according to
different traits could result in different effects accord-
ing to the different sites. At LX, excellent families
selected according to their H, DBH, and V might
improve the SSD trait, which is beneficial for superior
selections.

AMMI analysis

Different sites represent different environments that
vary with longitude, latitude, altitude, temperature,
and rainfall (Yu and Pulkkien 2003). The same
genotype might present different phenotypic charac-
teristics at different sites because of phenotypic
plasticity. The AMMI model is a useful tool that
combines ANOVA and principal components analysis
and then exports the relationship among sites and
among genotypes (Balestre et al. 2009). The model
analysis generates a graphic representation of the
major effects of the interaction (PCAIl) of both
genotypes and environments concurrently (Kempton
1984). In an AMMI biplot, genotypes that are
distributed near the origin have minimal interactions
with the environment, but those away from the origin
are more sensitive to interactions with environment
(Misra et al. 2009). In our study, sites MES and JL
were more favorable for birch growth because of their
high DBH and low PCA1 values (Fig. 1), which may
occur because these sites have a higher annual average
temperature than LX. Different families also showed
different DBH values and stabilities (Fig. 2). Indeed,
plants exhibiting wide adaptation perform well in
nearly all environments (Annicchiarico 2002).
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Families 4-7, 3-12, 4-13 and 1-7 exhibited superior
performance at all three sites, which indicated that
these families exhibited excellent characteristics
regardless of environmental conditions. Although
family 3-12 showed lower DBH than families 4-7,
4-13 and 1-7, this family showed the lowest PCA1
among the four families, which indicated that family
3-12 had the highest stability of the four families. The
DBH of families 3-10, 3—16, and 1-6 showed higher
PCAL1 absolute values than other families, indicating
that these families were strongly influenced by the
environment, displaying ideal growth under appropri-
ate conditions but poor growth in other habitats. Yield
stability data are useful for concurrently selecting
high-yielding and stable genotypes (Kang and Pham
1991).

Superior families evaluated and selected

There are many different methods for selecting
superior families according to different selected
breeding targets. When the breeding goal is to
encourage superior growth traits, as in wood produc-
tion, H, DBH, V, and SSD are the most important
traits. When comprehensively evaluating the families
according to different traits, families 4-7, 1-7, 3—-12
and 4—13 showed higher Qi values than other families;
this result was also supported by our AMMI analysis.
The average H, DBH, V, and SSD of the four families
were higher than the average of all the families by
12.24, 16.82, 32.28 and 6.28 % in four sites,
respectively.

Conclusion

In conclusion, our results demonstrate that birch
families express G x E interactions for different
growth traits. Superior families should be evaluated
and selected separately for different sites. Families
1-7, 4-7, 3-12 and 4-13 were selected as superior
families using comprehensive evaluation methods, but
our analyses were based on a small number of testing
sites and a growth period of 12 years. The results of
the study could be improved by using more experi-
ment sites and longer experiment durations. The
methods employed herein and the implications of
G x E interaction for calculating the gain of genet-
ically improved birch should be applicable to further

studies on other species in different environments,
such as poplar and pine, which can supplement basic
basis for stable and high yield materials selection.
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