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Abstract

Thirty-six provenances of Pinus densiflora were evalu-
ated for stability and adaptability for height growth at
11 test sites in Korea. The data were obtained from
measurements at age 6 and analyzed using linear
regression model and AMMI (additive main effect and
multiplicative interaction) model. There was significant
provenance by site interaction effect (p < 0.011). The
interaction term explained 7.1% of total variation.
While the regression model accounted for 15.8% of GxE
interaction term, the AMMI model accounted for 74.9%
with four PCA values. Most of the provenances were not
significantly different from the unity (b =1.0), except for
Inje (1), Jungsun (4), Bongwha (5), Koryung (26),
Hamyang (30) and Seoguipo (36). Adaptability of prove-
nances to the test sites was estimated with mean height
growth and first AMMI component scores (IPCA 1). Inje
(1), Bongwha (5), Taean (20) and Seoguipo (36) were
specifically adapted to the high yielding environments.
Considering the first and second AMMI components
(IPCA 1 and IPCA 2, respectively) scores, Whachun (2),
Samchuk (10), Joongwon (14) and Buan (29) prove-
nances were more stable than others. The implication of
GxE interaction was discussed in view of seed transfer
and delineation of seed zones.

Key words: linear regression model, AMMI model, provenance
test.

Introduction

Pinus densiflora is naturally distributed in temperate
regions of Korea, Japan and eastern China (RICHARDSON

and RUNDEL, 1998). In Korea, P. densiflora is an impor-
tant timber species and the most widely distributed
conifer species (LEE and CHO, 2001). Its range extends
from Hambuk province in North Korea to Jeju province
in South Korea. Although it is observed at alpine region,
their main distribution range is low to moderate eleva-
tion (KOREA FOREST RESEARCH INSTITUTE, 1999). It often
forms pure stands along the mountain ridges and slopes
but sometimes forms mixed stands with hardwood
species in Korea.

There are much variation of growth characteristics
among P. densiflora provenances and great potential for
selection and breeding, i.e., tree form (UYEKI, 1928), bio-
mass production (PARK and LEE, 1990) and wood quality
(YIM and LEE, 1979; KIM et al., 2002). Other researchers

also reported that there are remarkable genetic varia-
tion in inter and intra populations of P. densiflora using
isozyme and DNA markers (KIM et al., 1995; LEE et al.,
1997).

A range wide provenance test for P. densiflora was
established in 1996 by the Korea Forest Research Insti-
tute to address seed transfer zoning and to determine
the suitable seed sources for reforestation programs.
KIM et al. (2005) reported that temperature, humidity
and annual mean growing days of test sites were posi-
tively correlated with survival rate and height growth. A
considerable amount of variation in survival rate and
height growth was explained by latitude, annual mean
growing days, extreme low temperature (Dec. ~ Feb.)
and extreme high temperature (Nov. ~ Feb.) of prove-
nances. These results were obtained from four test sites
representing the cool-temperate, mid-temperate, warm-
temperate and sub-tropical zones in Korea, respectively.
However, the magnitude and pattern of genotype by
environment interaction for P. densiflora has not yet
been reported.

In tree improvement, the GxE interaction is an
important consideration, as both its magnitude and its
pattern have profound implications for breeding, test-
ing, and seed deployment (JOHNSON and BURDON, 1989;
CARSON, 1991). The existence of GxE interactions calls
for the evaluation of genotypes in many environments to
determine their true genetic potential (CHAHAL and
GOSAL, 2002). Thus, an assessment of stability (or
adaptability) and GxE interaction is fundamental to the
development of a sound seed movement policy (YEISER et
al., 2001). 

The GxE interaction may be defined as the inconsis-
tent relative performance of two or more genotypes over
two or more environments (YEISER et al., 1981). Geno-
type by environment interaction may be due to hetero-
geneity of variance measured at each of the sites, where
ranking of genotypes in various environments is unaf-
fected or due to both heterogeneity of variances and
rank changes (DICKERSON, 1962).

Analysis of stability and adaptability is a biometrical
method with great potential for characterization of the
relative performance of a group of population (families,
varieties, hybrids, lines, clones, etc.) under different
environmental conditions (VIANA and CRUZ, 2002). The
detection and quantification of GxE interaction has
been attempted through four different statistical
approaches, i.e., partitioning of variance, regression
analysis, non-parametric statistics and multivariate
technique (CHAHAL and GOSAL, 2002).

In analysis of variance, the interaction between geno-
types and environments contribute to the total variance
which is estimated and tested for statistical significance.
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Each of variance components not only reflects the
nature of genotype by environment interaction but helps
to devise suitable selection and testing strategy to avoid
or utilize these interactions for the development of suit-
able types of provenances (ISIK et al., 2000). Regression

analysis is based on the concept that the component of a
genotype by environment interactions are linearly relat-
ed to environmental effects measured as the average
performance of all test genotypes for the character
under consideration (FINLAY and WILKINSON, 1963). In

Table 1. – The location of 36 provenances of Pinus densiflora.
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this approach, the interpretation of the genotype pat-
tern obtained when genotype regression coefficients are
plotted against genotype mean values. The non-para-
metric approaches of genotype by environment interac-
tions are based on the concept of analyzing relative
ranks of genotypes in different environments. In non-
parametric approaches, no assumption is required about
mathematical distribution of analyzed values, homo-
geneity of variances and additivity of effects (HÜHN,
1966). The basic concept of multivariate analysis is to
explain the multidimensional variation by a reduced
number of dimensions has been used to characterize and
understand genotype by environment interactions in the
form of pattern of relationship among genotypes which
perform uniformly across environments (CHAHAL and
GOSAL, 2002). There are some statistical and biological
criticisms and limitations in these four approaches
above mentioned (PSWARAYI et al., 1997; CHAHAL and
GOSAL, 2002; ALBERTS, 2004). Thus, it is considered that
GxE interaction was detected and quantified using two
or more approaches together.

This study was conducted to examine 1) the magni-
tude of provenance by environment interaction, 2) the
response pattern of provenances to environments and 3)
to select the suitable seed sources for reforestation of
P. densiflora.

Materials and Methods 

To examine GxE interaction and stability of P. densi-
flora provenances, data were collected from eleven
provenance trials established by Korea Forest Research
Institute in 1996 with 36 provenances (Table 1). The
seed sources were systematically selected to cover whole
geographic range of P. densiflora, i.e., a point of intersec-
tion between latitudinal and longitudinal line was
selected as a sampling site (HYUN and HAN, 1994). The
planting sites were also selected in similar manner
(Table 2). The field trials were established with a ran-

domized complete block design with five replications.
Each provenance was planted in 10-tree row plot in each
block and at a spacing of 1.8 m x 1.8 m. The data of
height growth was obtained from measurement at age 6.

Data set was analyzed with a linear regression model
(FINLAY and WILKINSON, 1963) and AMMI (additive main
effect and multiplicative interaction) models (GAUCH and
ZOBEL, 1988) to evaluate adaptability and stability of
P. densiflora provenances at different environments.

Simple linear regression provides a conceptual model
for genotype stability and is the most widely used statis-
tical technique in plant breeding (HAYWARD et al., 1993).
In this approach, the components of GxE interactions
are linearly related to environmental effects measured
as the average performance of all test genotypes for the
character under consideration (FINLAY and WILKINSON,
1963). The estimates of linear regression and the geno-
typic means are then used to indicate the adaptive prop-
erty of each genotype (CHAHAL and GOSAL, 2002). The
linear regression model is: 

where Yij is the mean of provenance i in environment j;
µ is the general mean; gi is the mean of provenance i
over all environment; Ej is the environmental index for
environment j (Y. j – Y..); bi is the slope of regression spe-
cific for provenance i; and eij is the residual variation
which is assumed to be zero for the values averaged over
replications. The provenances and test sites were
regarded as random effect because the provenances and
test sites were sampled at random as mentioned above.
So the provenance and site effect were tested against
the interaction mean square.

AMMI model is a multivariate approach to analyze
GxE interaction. AMMI extracts genotype and environ-
ment main effects, then uses principal component analy-
sis to explain patterns in the GxE or residual matrix
(HAYWARD et al., 1993). 

Table 2. – The location of 11 test sites of Pinus densiflora provenance trials.
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The AMMI model for the average yield, over replicates
of the ith genotype in the jth environment is:

where Yij is the yield of ith genotype in jth environment;
µ is the overall mean; Gi is the genotypic (ith) main
effect; Ej is the environmental (jth) main effect; λi is the
singular value of nth PCA axis; γin is the genotypic eigen
vector values for nth PCA axis; δjn is the environmental
eigen vector values for nth PCA axis; and eij is the resid-

ual. The AMMI analysis was conducted using IRRISTAT
program (INTERNATIONAL RICE RESEARCH INSTITUTE,
2004). 

Results and Discussion 

Stability from regression analysis 

According to linear regression model, provenance by
site interaction effect was significant for height growth
(p < 0.011). The interaction term explained 7.1% of the
total variation (Table 3). Most variation was attributed

Table 3. – ANOVA for height growth with site regression.

Table 4. – The height mean of provenances, slopes of regression of provenance means on site index
and standard error of slopes.

*: indicates slopes were significantly different from the slope for the overall regression of 1.0.
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to environment effect (89.5%). Among the variance of
GxE interaction, 15.8% was explained by the regression
analysis which was based on regression of provenance
performance on a environmental index. The residual
GxE interaction was attributed to random deviations.
The regression coefficients of each provenance are pre-
sented in Table 4. Most of the provenances were not sig-
nificantly different from the slope for the overall regres-
sion of 1.0, except for Inje (1), Bongwha (5), Jungsun (4),
Koryung (26), Hamyang (30) and Seoguipo (36).

FINLAY and WILKINSON (1963) developed an index that
measures adaptation and sensitivity of a given genotype
to environments. Using this approach, a linear regres-
sion of phenotypic value on the environmental value
was calculated for each provenance. The regression coef-
ficient thus obtained will show the “response” or “sensi-
tivity” to changing environments. To determine adapt-

ability, however, the interpretation has always to be
associated with the provenance mean. When the regres-
sion coefficient of a provenance is 1.0 and the prove-
nance has a mean above the overall average, the prove-
nance is well adapted to all environments. If the mean
of the provenance is below the overall mean and the
regression coefficient is 1.0, the provenance is poorly
adapted to all environments. Regression coefficients
above 1.0 indicate genotypes with a response above
average to high yielding environments. Regression coef-
ficients below 1.0 provide a measure of below average
responses to high yielding environments.

The slope of regression was plotted against the prove-
nance mean height (Figure 1). The slopes of Inje (1),
Bongwha (5), Jungsun (4) and Seoguipo (36) were signif-
icantly higher than unity suggesting above average
response to high yielding environments. Since this was

Figure 1. – Regression coefficient plotted against the mean height growth. The abbre-
viation and number represent the test sites and the provenances as shown in Table 1.
The vertical line is the grand mean of the experiment and the horizontal line is
b = 1.0.

Table 5. – Combined ANOVA with AMMI model for height growth.

**: significant at the 0.01% level.
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combined with a mean above average these provenances
are well adapted to high yielding environments. The
Koryung (26) and Hamyang (30) showed less sensitive
response to high yielding environments (b <1.0). It
would be considered well adapted to unfavorable envi-
ronments. Among the provenances with unity slope
(b= 1.0), Taean (20) and Hongchun (3) showed high
height growth. It means that they are well adapted to
all environments. Ichun (8), Chunan (9) and Uljin-on
(12) showed low height growth. It means that they are
poorly adapted to all environments. Jungju (31), Young-
wol (13) and Munkyung (15) showed most stable adapt-
ability to most of the environments. 

According to these results, Taean (20) and Hongchun
(3) may be preferred as seed sources for reforestation of
P. densiflora, because they are well adapted to all envi-
ronments with greater height growth. To maximize
genetic gain, however, selecting separate provenances
specific for favorable, poor or average environments may
also be an efficient strategy.

Adaptability from AMMI model 

The combined ANOVA with AMMI model results for
height growth is shown in Table 5. While the regression
model accounted for 15.8% of GxE interaction terms,
the AMMI model accounted for 74.9% with four PCA
components. The AMMI model provides a more ade-
quate biological explanation of GxE than regression.
Thus, these four IPCAs (principal component scores of
the interaction) containing GxE variation can be used to
interpret the adaptation of tested provenances in specif-
ic regions or all regions (GAUCH, 1988). 

The AMMI analysis also provides a graphical repre-
sentation or biplot to summarize information on the
main effects and first principal component scores of the
interaction of both genotypes and environments simul-

taneously (KEMPTON, 1984). The biplot helps to visualize
relationship between eigenvalues for PCA1, genotypic
and environment means. Genotype with a PCA1 value
close to zero suggests general adaptation to the tested
environments (FOX et al., 1997). A large genotypic PCA1
reflects more specific adaptation to environments with
PCA1 score of the same size. The genotypes and envi-
ronments with PCA values of same sign show positive
interaction suggesting adaptation of genotypes in those
environments. The reverse sign of PCA value of geno-
types and environments depicts negative interaction i.e.
poor performance of genotypes in such environment
(CHAHAL and GOSAL, 2002). 

In Figure 2, the IPCA 1 scores for both the prove-
nances and the test sites were plotted against the mean
height growth for the provenances and the test sites.
High variation in mean height growth was observed
among the test sites. The test sites in quadrant I and III
are low yielding environments, whereas sites in quad-
rant II and IV are high yielding environments. The high
yielding environments were Whasung (WS), Chunchun
(CC), Naju (NJ) and Bongwha (BW). The low yielding
environments were Taean (TA), Gongju (GJ), Jungsun
(JS) and Jinju (JJ).

Inje (1), Taean (20), Bongwha (5) and Seoguipo (36)
were specifically adapted to the higher yielding environ-
ments. Considering only the IPCA 1 scores, Bongwha
(5), Seoguipo (36) and Hongchun (3) were the most
unstable provenances and also adapted to the higher
yielding or more favorable environments. Heungsung
(7), Samchuk (10), Munkyung (15) and Jungju (31)
showed general adaptation to the tested environments. 

Since IPCA 2 scores also play a significant role in
explaining the GxE interaction, the IPCA 1 scores were
plotted against the IPCA 2 scores to further explore
adaptation (Figure 3). Buan (29), Whachun (2), Sam-

Figure 2. – Biplot of mean height (cm) and the first PCA axis for interaction of 36
provenances at 11 test sties. The abbreviation and number indicates test sites and
provenances as shown in Table 1 and 2. The vertical line is the grand mean of experi-
ment and the horizontal line is PCA = 0.
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chuk (10) and Joongwon (14) were more stable, when
plotting the IPCA 1 and IPCA 2 scores. Other prove-
nances were unstable and adapted to the specific envi-
ronments. For example, Seoguipo (36), Bongwha (5),
Hongchun (3), Jungsun (4) and Taean (20) showed high
adaptability in Chunchun (CC) plantation. In Jeju (JE)
plantation, Hamyang (30), Hadong (34), Koryung (26)
and Chungyang (21) provenances showed high adapt-
ability. For other test sites, the best provenances with
high adaptability could be selected in similar manners.

Implication of GxE interaction 

In Korea, P. densiflora is classified into six ecotypes,
i.e. northeastern, Geumgang, central south flatland,
central south highland, Angang and Uibong type. These
ecotypes were proposed by UYEKI (1928) based on their
tree form and the growth characteristics. Particularly,
Geumgang type, native to Taebaek mountain range in
Korea, has superior wood properties and stem straight-
ness.

Among provenances tested in this study, Bongwha (5),
Uljin-seo (11) and Uljin-on (12) are from the region of
Geumgang. Bongwha (5) showed greater height growth
than other provenances at most test sites except for
Kyungju (KJ) and Naju (NJ). Uljin-seo (11) showed aver-
age growth performance, while Uljin-on (12) showed
lower height growth at all test sites.

According to linear regression analysis, Uljin-seo (11)
and Uljin-on (12) showed average stability (b =1.0) with

average and low height growth, respectively. Uljin-seo
(11) was the most stable adapted to most of the environ-
ments while Uljin-on (12) was poorly adapted to all
environments. The regression coefficient of Bongwha (5)
was significantly higher than unity and showed greater
height growth. Bongwha (5) tends to have sensitive
response to environmental variation and great specific
adaptability to high yielding environments (Figure 1).
Similar tendency of Bongwha (5) can be seen in Figure
2. There was high correlation between regression coeffi-
cient and IPCA 1 scores (r = –0.84). Therefore, the seed
transfer of Geumgang source to other regions should be
carried out with caution. Similarly, although Taean (20)
and Hongchun (3) were well adapted to all environ-
ments with greater height growth, the seed transfer to
other regions should be carefully managed from genetic
conservation point of view and due to the ages of the
experiments as experienced with earlier seed transfers.
Following UYEKI (1928), seed movement of Geumgang
provenances to other regions was suggested to produce
high quality wood. In 1980’s, test trials were established
to examine the growth response of Geumgang prove-
nances to various environments. At age 6, Geumgang
source showed high growth performance in all test sites
(KIM and HAN, 1997). The researchers tentatively con-
cluded that it was possible to use Geumgang prove-
nances in other regions. At age 18, however, the perfor-
mance of Geumgang provenances was lower than that of
other provenances at the test sites in warm-temperate

Figure 3. – Interaction biplot for the AMMI 2 model on height growth. The abbrevia-
tion and number represent the test sites and the provenances as shown in Table 1
and 2.
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zone (not published). Thus, it was suggested that the
long-term monitoring was required to determine a
provenance performance.

The tentative seed transfer zones of forest trees in
Korea was proposed by CHOI et al. (1999). They classi-
fied the seed transfer zones into 19 categories based on
the data of forest zones and climatic factors in Korea.
There are numerous studies on the relationship between
climate of the seed sources and their growth perfor-
mance at test site. The factors affecting growth perfor-
mance in the tests were latitude in Scots pine (PERSSON

and STAHL, 1993), yearly minimum temperature
(SCHMIDTLING, 2001) in Southern pine, winter coldness
and length of growing season in Sitka spruce (XU et al.,
2000). For P. densiflora, KIM et al. (2005) reported that
the height growth of provenances in the test sites was
mainly explained by latitude, extreme high temperature
(Nov. ~ Feb.), extreme low temperature (Dec. ~ Feb.)
and annual mean growing days of the seed sources.
They also reported that the local seed sources showed
relatively high growth performance and adaptability.
REHFELDT et al. (1999) suggested that optimizing the
growth and survival rate was dependent on matching
provenance and planting site climates for the general
temperature regime, the coldness of the winter, the
strength of continental effects and the balance between
temperature and precipitation. 

Although some meaningful results were obtained from
this study, the results are not conclusive because the
analyzed data were from an early stage of experiments.
Early growth assessments may not be reliable for
assessing GxE at maturity (GWAZE et al., 2001; YEISER

et al., 2001). This implies a critical need to evaluate
GxE at mature ages in forest trees. Therefore, long-
term monitoring of growth and survival performance is
required, until mature age. In addition, studies on the
relationship between adaptive traits and environments
are required to delineate seed zone and achieve
advanced breeding for P. densiflora. 
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Abstract

Acacia saligna is being developed as an agroforestry
crop for the southern agricultural regions of Australia.
This study investigated the breeding system of
A. saligna to generate basic knowledge for breeding and
utilization of the species. Allozyme markers were used
to investigate the mating system of four populations of
the species. All the populations had high outcrossing
rates, with a mean multilocus outcrossing rate of 0.91.
The implications of a highly outcrossed mating system
to the utilization of A. saligna are discussed. 

Key words: Acacia saligna, agroforestry, mating system, high
outcrossing.

Introduction

The Acacia genus comprises over 1500 species with
the greatest species diversity, approximately 955

species, being native to Australia (MASLIN et al., 2003).
The majority of these species belong to the subgenus
Phyllodineae (MASLIN et al., 2003). Many Acacia species
have characteristics that make them suitable as crops,
including the production of useful products such as tim-
ber, charcoal, panel board pulp, tannin and livestock
feed and agronomically favourable characters like fast
growth rates and tolerance to harsh environmental con-
ditions (MASLIN and MCDONALD, 2004). Consequently,
there is interest in the potential for domestication of
Australian Acacia as crops for low rainfall agroforestry
in the agricultural regions of southern Australia. 

An examination of 35 Australian Acacia found
A. saligna (Labill.) H.L. Wendl. (subgenus Phyllodineae)
to have good potential for utilization as a forage crop
(MASLIN and MCDONALD, 2004). Acacia saligna is native
to the south-west of Western Australian and is already
used extensively around the world (MASLIN and
MCDONALD, 2004). The species has many favourable
characteristics but there is also variation in economical-
ly important traits, such as growth form, which may be
problematic for utilization. This variation may have
underlying genetic causes (GEORGE et al., 2007; GEORGE

et al., 2006) so selection and breeding of more uniform
improved cultivars of A. saligna could be utilized to
enhance the value of the species as a forage crop.

The mating system of plants influences breeding
methodology and agronomic practices (ALLARD, 1999;
SIMMONDS and SMARTT, 1999). Despite the large number
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