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Abstract

The genetic variation in wood property and growth of
Taiwania (Taiwania cryptomerioides) was investigated
at two test sites in the same general location, but one at
1200 m (LK20) and another at 1900 m (LK24). A range-
wide sample of 48 open-pollinated families in Taiwan
was involved. The test plantations were 16 years old
when the wood property data were collected. Traits
studied include wood specific gravity, tracheid length,
ring width. DBH at ages13, 16, and 22 and height at age
13 were also analyzed. Site environment had a domi-
nant effect on growth and wood density, but showed lit-
tle interaction with family. The site effect was evident in
large between-site differences in means, range of family
means, and size of family variance components and heri-
tability estimates. These differences are attributable to
the site characteristics of LK24 (high elevation, upper
slope near a mountain crest) and an unfavourable local
climate. Taiwania is fast growing and produces quality
wood, and is also an interesting species from the per-
spective of evolutionary biology. Protection of its genetic
variability should be a priority to be managed. We pro-
pose that the existing five progeny tests be protected
since these tests well-represent the genetic variability of
the species in Taiwan.

Key words: Taiwania cryptomerioides, genetic variation, site
effect, Taiwan.

Introduction

Taiwan is a sub-tropical island (21°45’N to 25°38’N).
Over 35% of the land is above 1000 m and over 50
mountains are above 3,000 m. These high mountains
add a vertical dimension of biogeoclimatic complexity to
the island and results in a temperate zone of forest veg-
etation with a dominant component of coniferous
species, e.g. Chamaecyparis taiwanensis and C. for-
mosensis (LIN et al., 1968). The climate in Taiwan is
warm and wet, but is complex and subject to the strong
modification of local terrain – hundreds of millimeters of
localized stormy rain can occur in a few hours. 

Forest vegetation dominates the landscape of Taiwan.
About 60% of the island (36,000 km2) is forested, which
harbours a rich forest flora of over 4,000 woody species
(LIN et al., 1968; HSU et al., 2004), many of which pro-

duce high quality wood including Taiwania (Taiwania
cryptomerioides). Taiwania is one of the most valuable
timber species in Taiwan (KUO, 1995). Trees 50 meters
tall and one meter in diameter are common in natural
forests (Table 1). With a dominant central stem, the
species is known for its high timber recovery rate for
saw logs. Its fine-grained wood is easy to process and is
suitable for high value products such as wall panelling,
veneer, furniture, etc. The species is also very produc-
tive; it can sustain over 1 cm diameter growth past age
40 and produces over 600 m3ha–1 at age 40 (KUO, 1995).
Silviculture treatments such as space control can give
rise to more volume and a higher percentage of large-
diameter trees (CHIU et al., 2010a, 2010b). It has been a
major species for planting with over 6,100 ha of planta-
tions in existence in 2000 (WORLD FOREST INSTITUTE,
2001).

Taiwania is a fascinating species from a botanical per-
spective. LIU and SU (1983) probably did the most com-
prehensive systematic research of this species. The fol-
lowing synopsis of its ecological and botanical character-
istics is largely based on their report. It is a relic
species, often referred to as a ‘living fossil’ along with
species like Metasequoia, Gingko, and Sequoia, whose
existence can be traced back to the Tertiary Period. Tai-
wania was first found in central Taiwan by Konishi in
1904 and it is a monotypic genus, first thought to be
endemic to Taiwan. Residual extant populations have
later been found throughout southwest China and
neighbouring Burma (LI et al., 2008). Fossil evidence
further suggests the species once had a much wider geo-
graphic distribution. The species can be found in natural
forests throughout the Central Mountain Range in Tai-
wan (22°30’ N to 24°30’ N) (Figure 1) from 1600 to 2600
m elevation. Seedlings require exposed soil to become
established and are not shade tolerant. Edaphic factors
rather than climate restrict its local distribution.

Taiwania is characteristically large in size, compara-
ble to Sequoia in North America. In natural forests,
trees over 60 m tall and 3 m in diameter are not uncom-
mon. The species has a long life span (> 100 years), late
reproductive maturity (cone production starts at about
age 45, but can continue to well over 100 years in natur-
al forests), small seeds (1500 per gram), and infrequent
cone crops (LIU and SU, 1983; KUO, 1995). Even in man-
aged seed orchards, it could take 40 years to produce
only a small quantity of seeds (CHUNG et al., 2001). This
suggests that the species lacks ecological amplitude in
inter-specific competition, and its perpetuation largely is
due to its longevity and size (LIU, 1966; LIU and SU,
1983). The International Union of Conservation Net-
work includes Taiwania in its ‘Global Red List of
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Conifers’ as a priority species for conservation (FARJON

and PAGE, 1999). 

For genetic selection and breeding, long-term field
tests were established at five sites in the late 1970s and
early 1980s. Operational tree improvement of Taiwania
never materialized mainly due to a seed production
problem in the seed orchard, and also due to rapid
changes in the social, economic and industrial struc-
tures so that the recreational and environmental values
of forests in Taiwan are greater than its timber value.
However, all the field test sites have been well main-
tained and periodically measured. Wood density and its
component elements (tracheid length [TL] and ring
width [RW]) were assessed at two sites (Figure 1). In
this report, we focus on the genetic variation of specific
gravity (SG), its associated component elements, and
growth from these two test sites. 

Materials and Methods 

Data

The Taiwan Forestry Research Institute initiated a
substantial genetic program of the species in early

Table 1. – Summary statistics for the provenance and parent tree information (see Figure 1 for provenance loca-
tions). Means and ranges (in parentheses) are reported.

a The numbers inside the parentheses are the number of families included in the wood property study at site LK20
(the first number) and at site LK24 (the second number).

Table 2. – Properties of the test sites Liouguei20 (LK20) and
Liouguei24 (LK24). 

a Data on wood property were collected in 2002 when the LK20
test was 17 years old and the LK24 was 16 years old.

b Survival at age 22.
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task. The early results from nursery and short-term
studies suggest some provenance differences in germi-
nation characteristics (LU, 1973), and in seedling char-
acteristics in branching and stem elongation (LU, 1975),
but variation in seedling growth was mostly among fam-
ilies within provenance (LIU et al., 1985)

Five long-term Taiwania provenance tests with open-
pollinated families were established from 1979 to 1986,
two in central and three in southern Taiwan, using 2+1
bare-root seedlings. The three southern test sites are
representative of the typical forest lands where Taiwa-
nia is commonly planted. The wood property study
reported here was done at two southern tests, Liouguei
20 (LK20) and Liouguei 24 (LK24) (Figure 1). Test LK20
was planted in 1985 and LK24 was planted in 1986. The
two test sites are in the same locality, but are separated
by 700 m in elevation (Table 2). A randomized complete
block design with 10 replications of 4-seedling line plots
at 2�2 m spacing (Table 2) were established at both
tests with family as the treatment (the provenance iden-
tities were maintained in the data). All 30 families from
7 provenances at LK20 and 48 out of the 70 families at
LK24 (from 6 provenances) were included in the wood
property study (Table 2). Twenty families were common
to both sites. Sample increment cores were collected in
2002 when the trees were 16 and 17 years of age (plan-
tation ages), respectively, at LK24 and LK20 (Table 2).
At LK24, increment cores were taken from 4, or occa-
sionally 3, trees in each family and one tree only from
each block. At the LK20 site, the sampling procedure
was the same as at LK24 except the number of sample
trees for increment cores varied from 4 to 10. The trees
sampled for the study were usually the most vigorous
ones in each plot with at least 3 healthy living trees.
Using the most vigorous trees instead of random trees
for a wood property study is the common practice in Tai-
wan (e.g. YANG et al., 2001a; YANG et al., 2001b; YANG

and CHIU, 2006). YANG et al. (2001a) reasoned that the
vigorous trees are likely to be representative of future
selections for breeding or silviculture use, and are less

Figure 1. – Geographic locations of the parent trees (�) and
test sites (�).

Figure 2. – Age trends in wood specific gravity and tracheid length.

A. Specific gravity B. Tracheid length

1970s and completed seed collections from 1974 to 1979
from a total of 131 trees from throughout the species
distribution range in Taiwan (Table 1, Figure 1). In such
extremely mountainous terrain, seed collection by climb-
ing trees over 30 m tall, some 90 m tall, was not a small
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likely to cause permanent injury to the sample trees
(WUNDER et al., 2011). Diameters of the sample trees at
1.3 m height (DBH) were also measured.

Increment cores were taken at a height of 1.3 m from
the upper slope side and through the pith (LEE and
WAHLGREN, 1979; YANCHUK and KISS, 1993). The outer-
most 6 rings of each increment core (the experimental
unit) were cut under a magnifying glass for the specific
gravity (SG), ring width (RW), and tracheid length (TL)
analyses (LEE and WAHLGREN, 1979; YANG et al., 1998).

The outermost 6 rings were determined to be satisfac-
tory using the following methodology. The horizontal
variation (age trend) in ten randomly selected complete
(pith to bark) increment cores were cut into sections of
1.5 cm in length. SG was determined for each section
following the procedure below. For horizontal profiling of
TL, each ring was analyzed individually. The results of
the SG and TL analyses are shown in Figure 2. There
was no clear age trend in SG (Figure 2a); therefore, the
average SG of the outermost six rings is an adequate
measure to represent individual trees. The TL analysis
showed an age trend on a logarithmic scale (Figure 2b),
which increased before age 6 and after that the increase
started to level off (Figure 2b). The outermost 6 rings is
also a good representative measure of TL.

We used the maximum moisture content method
(SMITH, 1954) to determine SG. The procedure is as fol-
lows:

1. Remove the extractives: Each sample core was
labelled and soaked in a mixture of benzene : ethanol
solution in a 2 : 1 ratio by volume for a week to soften
and dissolve the extractives for easy removal;

2. Saturate the increment core sample with water:
The benzene : ethanol solution in the container was
removed with a vacuum pump. The sample core was

then thoroughly soaked in water till a constant saturat-
ed sample core weight was reached;

3. Determine the absolute dry weight: Each core sam-
ple was dried in an oven at 105±2°C for about 72 hours,
and weighed for its absolute weight to the nearest
0.001g;

4. Calculate the SG: SG was calculated according 
to the following equation:

SG=1 / [(Mm–Mo) /Mo + (1 / 1.53)],

where Mm is the water saturated weight of the wood
core sample, Mo its absolute dry weight, and 1.53 is the
average specific gravity of wood substance (SMITH,
1954).

The TL was determined from the same 6-ring incre-
ment core sample after the SG was measured. The core
was cut under a magnifying glass into individual rings
and placed in a test tube filled with a solution of one
part H2O2, 5 parts glacial acetic acid, and 4 parts dis-
tilled water, and placed in a 40°C oven for chemical
maceration for about a week (FRANKLIN, 1945). After
maceration, the fibrous tracheids were washed with dis-
tilled water, dispersed, mounted on microscope slides,
and stained with Safranin-O. To determine a proper
sample size, 100 tracheids were randomly sampled and
their length was measured under a profile projector.
Based on the standard deviation of TL, a sample size of
76 tracheids would be sufficient to achieve a 5% allow-
able error (SNEDECOR and COCHRAN, 1980). We used a
sample size of 80 tracheids per ring for the measure-
ment of TL for both early (ETL) and late (LTL) wood.

Total height at age 13 (HT13) and diameter at ages 13
(DBH13) and 22 (DBH22) from the two tests were added
to the data set. A total of 9 traits were available for this
study: SG (specific gravity), ETL (earlywood tracheid

Table 3. – Expected mean squares for the variance components for the test sites con-
sidered individually and combined, assuming all the effects are random.

a k1 = 5.782 for DBH16, ETL, TLT, ATL, SG, and RW; k1 = 5.5821 for DBH13 and
HT13; k1 = 5.2774 for DBH22.

b k1 = 3.8326 for DBH16, ETL, LTL, ATL, SG, and RW; k1 = 3.7698 for DBH13 and
HT13; k1 = 1.7058 for DBH22.

c k1 = 4.5882 for DBH16, ETL, LTL, ATL, SG, and RW; k1 = 4.4586 for DBH13 and
HT13; k1 = 2.4852 for DBH22; k2 = 9.1764 for DBH16, ETL, LTL, ATL, SG, and RW;
k2 = 8.9172 for DBH13 and HT13; k2 = 4.9703 for DBH22; k3 = 4.4906 for DBH16,
ETL, LTL, ATL, SG, and RW; k3 = 4.3214 for DBH13 and HT13; k3 = 2.2792 for
DBH22; k4 = 89.812 for DBH16, ETL, LTL, ATL, SG, and RW; k4 = 86.427 for
DBH13 and HT13; k4 = 45.583 for DBH22; k5 = 4.5882 for DBH16, ETL, LTL, ATL,
SG, and RW; k5 = 0.4586 for DBH13 and HT13; k5 = 2.4852 for DBH22.
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length), LTL (latewood tracheid length), ATL (average
tracheid length = (ETL+ LTL)/2)), RW (ring width),
DBH13 (diameter at age 13), DBH16 (diameter at age
16), DBH22 (diameter at age 22), and HT13 (total
height at age 13). Even though the two test sites were
planted 10 months apart, we did not consider the age
difference in our analyses since the site effect is so over-
whelming.

Statistical Analysis

The relative size of variance components (VC) and
means associated with the genetic sources are the focal
statistics in our analyses. We used SAS procedure
MIXED (SAS INSTITUTE INC., 2004) with the REML
method to estimate variance components and to produce
best linear unbiased predictions of family means (LIT-

TELL et al., 1996). Procedure MIXED sets negative vari-
ance components to 0, recalibrates the size of the vari-
ance components, and produces identical means for the
sources that have a 0 variance component. These two
features are attractive conceptually and in application.

Variance components and means were estimated
based on the following linear models:

Yjk = µ + Fjk + �jk for single-site analysis, and

Yijk = µ + Si + Fj + SFij + �ijk for the joint analysis
 combining the two test sites

where Yjk or Yijk is the value of wood and growth traits of
tree k from the jth family planted in the ith site, µ is the
overall mean, S is the effect of test site, F is the family
effect, SF is the site-family interaction, and � is the
error term. All factors are random.

Table 4. – Variance components, also expressed as intra-class correlation (% of the
total variance in parentheses), of the wood and growth traits from the analyses of
variance by individual sites.

* Statistically significant at p= 0.05; ** significant at p=0.01; otherwise not signifi-
cant (Wald Z statistics, SAS Procedure MIXED).
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We excluded provenance as a factor in the above
analyses because of the peculiarities of the biogeoclimat-
ic environments and forest landscape in Taiwan (CHUNG

et al., 2011). For example, the complex mountainous
topography and climate render the delineation of prove-
nance boundaries difficult. Zonation in forest resource
management is uneconomical due to the species’ limited
distribution range and in which mixed-species stand of
numerous component species but with a small number
of trees per member species is the norm. More impor-
tantly, our initial analysis showed the VCs for prove-
nance and its interaction with site were mostly 0 or
approaching 0. Also, trivial provenance effects appear to
be common among coniferous species native to Taiwan
in both growth, wood traits, and molecular markers, e.g.
Konishii fir (Cunninghamia lanceolata var. konishii)

(LIN et al. 1998; YANG et al., 2001a; CHUNG et al., 2011),
Taiwan incense cedar (Calocedrus formosana) (YANG and
CHIU, 2006), and China fir (Cunninghamia lanceolata)
(YANG, et al., 2001b). We also excluded block as a factor.
In progeny testing of tree species, it is rarely explicit on
the factor that is associated with blocking. That block is
statistically a random or fixed effect is mostly a subjec-
tive decision, which can complicate the analysis and sta-
tistical interpretation. We consider blocking to be a way
to facilitate randomization within the site in a moun-
tainous terrain.

The following analysis for heritability estimates and
between-trait genetic correlation is mainly for biological
interest. Genetic selection for improvement is not the
goal of the analysis in this report. Late reproductive
maturity (40 years of age or older) (LIU and SU, 1983)

Table 5. – Variance components, also expressed as intra-class correlation (% of the
total variance in parentheses), of wood and growth traits from the combined of
analyses of variance of both sites using the 20 families common to both sites.

a 150 for HT13 and DBH13, and 103 for DBH22.
* Statistically significant at p=0.05; otherwise not significant (Wald Z statistics,
SAS Procedure MIXED).
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poses a serious biological constraint on Taiwania as a
candidate species for tree improvement. Also, multiple-
species operational tree improvement is not an economi-
cally viable option in Taiwan due largely to the limited
land base (CHUNG et al., 2011).

Individual tree heritability (h2
i) and family heritabili-

ty (h2
f) were estimated using the following equations

(NYQUIST, 1991) (See Table 3 for expected mean squares
in variance components estimates and their coeffi-
cients):

h2
i = 4 � �2

f / (�
2 + �2

f) for individual sites, and
h2

i = 4 � �2
f / (�

2 + �2
fs + �

2
f) for the two sites

combined;
h2

f = �
2
f / ((�

2 + 5.5821 �2
f) / 5.5821)

= �2
f / (�

2 / 5.7820 + �2
f) for site LK20 and

h2
f = �

2
f / (�

2 / 3.8326 + �2
f) for site LK24

h2
f = �

2
f / (�

2 + 4.5882 �2
fs + 9.1764 �

2
f) / 9.1764

= �2
f / (�

2 / 9.1764 + 0.5 �2
fs + �

2
f) for the two sites

combined.

The VC coefficients for heritability estimates vary
somewhat for different traits and can be found in Table
3. We calculated genetic correlations between traits
using the following equation:

Rxy = cov(xy) / (�x�y), 

Where cov(xy) is the covariance between trait x and y
and �x and �y are the square root of their family VC.

Results

The most interesting result of this study is that envi-
ronment (site) showed a huge impact on both wood and
growth traits, but there is little site-family (genetic)
interaction (Tables 4 and 5). Site accounted for 3 to 76%
of the total variance (averaged 35% across traits),
whereas VCs for the site-family interaction were 0 for
most of the traits with the largest VC accounting for
only 1% of the total variance (Table 5). At site LK20 the
family VCs accounted for 3 to 28% of the total variance
(13% average across traits), and at site LK24 the family
VCs accounted for 0 to 15% (5% average) (Table 4). The
family VC for HT13 and SG were 19 and 28% for the
LK20 site, respectively, and were 0 and 1% for the LK24
site, respectively. This shows the suppressing effect of
site LK24 on variation. Differences in family VCs for
DBH between the sites were also large, though not as
large as for SG and HT13. Family VCs for the wood
component traits TL and RW changed little between
sites and their error VCs accounted for nearly 100% of
the total variance at both sites (Table 4). This suggests
these wood component traits are sensitive to micro-site
environments and are under low genetic control.

The site means of all traits except RW were higher at
LK20 than at LK24 and the coefficients of variation
(CVs) were much smaller at LK24 for most traits (Table
6). Average HT13 at LK20 was almost twice as much as
average HT13 at LK24. The CV at site LK24 was 0%.
The site effect on diameter was much less pronounced
than on height. The age trend of the CVs for DBH
showed a rapid decline at site LK24, going from 10.3%
at age 13 (DBH13) to 3.8% at age 22 (DBH22), whereas
at LK20 the CVs varied from 6.7 to 9.0% and showed no

age trend. Site LK24 had similar suppressing effect on
SG, with a mean of 0.340 and CV 0.4% compared to a
mean of 0.351 and CV 5.1% at LK20 (Table 6). The
unfavourable environment at LK24 (see Discussion)
reduced the site means and also shrank the range of
family means (low CV). If the site effect operates on
means alone, then the CVs should be similar between
the two sites (SNEDECOR and COCHRAN, 1980).

Estimates of heritability (Table 7) reflect basically the
same pattern of variation as in the VC analyses, that is,
there is a strong site effect. Both individual-tree (h2

i)
and family heritability (h2

f) were substantially larger at
site LK20 than at LK24; average h2

i and h
2
f were 0.53

and 0.41 at LK20 and 0.19 and 0.14 at LK24, respective-
ly. Heritability estimates for HT13 dropped to 0 at LK24
for both h2

i and h
2
f, and similarly for SG and DBH but to

a lesser degree (Table 7). However, at LK20, the heri-
tability estimates for both DBH and SG were compara-
ble to those of other coniferous tree species (ZOBEL and
VAN BUIJTENEN, 1989; WU et al., 2008; GASPAR et al.,
2008; CHUNG et al., 2011).

Table 6. – Site means and coefficients of variation (= family �f /
site mean � 100%, in parentheses) of wood and growth traits.
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A large site effect without a site-family interaction
(Table 5) is an interesting phenomenon that required
further exploration. We repeated the variance analysis
with the same model but with the site effect removed by
subtracting site means from the data. The results were
identical to that in Table 5: no family-site interaction.
This indicates that the large site difference, which could

overwhelm (mask) the interaction, is not the cause of
this phenomenon. The family-site interaction consists of
two main causal components: the ranking of family
means and the family variance (SHELBOURNE and CAMP-
BELL, 1976; MATHESON and COTTERILL, 1990). Except for
HT13, which had a correlation of 0 because the variance
for HT13 at LK24 was 0, the correlation of family means

Table 7. – Estimates of individual (h2
i) and family (h2

f) heritability. 

Table 8. – Pearson correlation coefficients between parent-tree biological and physical characteristics and proge-
ny family means of wood and growth traits. 

* statistically significant at p<=0.05; ** significant at p<=0.01; otherwise not significant.
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between the two sites varied from 0.316 (p=0.1743) to
0.670 (p=0.0012). DBH16 had a correlation of 0.670 (the
highest), followed by DBH13 (0.552), DBH22 (0.450),
and SG (0.506), which indicates the ranking of family
means between the two sites were roughly the same and
hence were not the major factor for the lack of a site-
family interaction. This leaves the low family variance
(i.e, a narrow range of family means) at site LK24
(Tables 4 and 6) as the main reason for the lack of a
family-site interaction (Table 5).  

The correlation of the physical (elevation and slope)
and biological (DBH, height, crown height and bark
thickness) traits of the parent trees (Table 1) with the
family means of wood and growth traits from the proge-
ny tests are shown in Table 8. Most of the correlation
coefficients were low and not statistically significant at
both test sites. However, crown height showed a moder-
ate but significant correlation with progeny TL, and
bark thickness was correlated with progeny diameter
and height at site LK20. These correlations largely dis-
appeared at site LK24 (Table 8). SG, the indicator trait
of wood quality, showed essentially no significant corre-
lation with either physical or biological characteristics of
the parent trees. The only correlations that showed con-
sistency between the two test sites were between par-
ent-tree slope and the progeny diameters (Table 8). We
further employed stepwise regression analysis (SAS pro-
cedure GLMSELECT) to screen the joint effect of the
parent-tree elevation, slope and their quadratic and
interactive terms on progeny performance. The results
showed a moderate but significant effect of parent-tree
slope, elevation, and slope-elevation interaction on the
diameter of their progenies at LK20 (DBH13: R2=0.38,
p<0.001; DBH16: R2=0.31, p<0.005; DBH22: R2=0.26,
p<0.01). The same effects at LK24 were low, though
still statistically significant (DBH13: R2=0.15, p<0.01;
DBH16: R2=0.14; p<0.05; DBH22: R2=0.12, p<0.05).
These regression analyses reflect the same results as
the correlation analyses (Table 8) and suggest that the
steeper the slope and the higher the elevation of the
parent tree, the bigger the diameter of the progeny. The
results seem to be contrary to the conventional expecta-

tion that such a genetic mode of variation would be in
the opposite geographic orientation. On the prospective
of in situ conservation of genetic diversity of Taiwania,
the topographic component of the species distribution
needs to be considered (YANCHUK, 2010).

For phenotypic and genetic correlations between prog-
eny traits, we report only the results from site LK20
(Table 9) because the correlations at site LK24 were
abnormal, i.e., most coefficients of genetic correlation
were over 1.0 and as high as 4.19. These abnormalities
were due to the family variance components approach-
ing 0. For example, the VC estimate for HT13 at LK24
was 0 (Table 4), which rendered the estimate of its
genetic correlation with other traits impossible. The cor-
relation of growth traits, which were not measured at
the same age as the wood property traits, were not
included in Table 9. Their pattern of correlation was
similar to that of DBH16.

Genetic correlations showed similar patterns as those
of phenotypic correlations in terms of the size and direc-
tion of the coefficients (Table 9). Specific gravity showed
negative genetic (–0.83) and phenotypic (–0.56) correla-
tion with diameter and RW (–0.67 in phenotypic
and –1.21 in genetic correlation); it is a common obser-
vation with coniferous species that fast growing trees
produce low-density wood (ZOBEL and VAN BUIJTENEN,
1989; WU et al., 2008). The correlation of diameter with
RW showed a similar pattern as that of SG but in the
opposite direction, reflecting the process of wood forma-
tion, i.e. wider ring grows larger diameter, but lower
density per unit volume of wood (ZOBEL and VAN BUIJTE-
NEN). The three tracheid measurements were highly cor-
related within both phenotypic and genetic terms, but
showed little correlation with other traits.

Discussion and Conclusion

Site environment had a large effect on the genetic
expression of both wood density and growth of Taiwania
in terms of means, variance and heritability estimates.
Trees at site LK24 had lower means associated with
smaller CVs (narrower range of family means) (Table 6),
lower family variance components (Table 4), and lower
heritability estimates (Table 7) than those at site LK20
for virtually all traits. Despite such a large site impact,
no site-family interaction effect was evident (Table 5);
low family variance rather than the ranking of family
means at LK24 was the main cause (SHELBOURNE and
CAMPBELL, 1976; MATHESON and COTTERILL, 1990). The
result suggests the LK24 site, as a progeny test, adds
little additional genetic information to assist either
genetic selection or conservation. 

The two test sites are within the forest zone where
Taiwania is a major plantation species (LO-CHO et al.,
1992; CHIU et al., 2010a, 2010b). Diameter growth at
LK20 was comparable to that at other plantations in the
same forest zone. For example, at one large growth and
yield trial plantation at 1300 m, diameter was about 25
cm and 30 cm at age 15 and 20, respectively (CHIU et al.,
2010b), which is similar to the DBH16 of 28.1 cm and
DBH22 of 32.9 cm at LK20 (1200 m).

Table 9. – Genetic (variance component) and phenotypic (bold)
correlation among progeny traits at test site LK20.

** Statistically significant at p<0.01.
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The mechanistic understanding of wood formation in
relation to environment, particularly climate, has signifi-
cantly improved in recent decades due to the concern
about the potential impact of climate change on wood
quality (UKRAINETZ and YANCHUK, 2007; STOEHR et al.,
2009; SAMUELSON et al., 2010; KANATAVICHAI et al., 2010;
VIEIRA et al., 2010). These studies either model wood den-
sity-climate correlations across the forest landscape using
the existing provenance and progeny tests (UKRAINETZ

and YANCHUK, 2007; STOEHR et al., 2009) or analyze
chronologically the variation of intra-annual ring wood
density in relation to seasonal patterns of climate
(SAMUELSON et al., 2010; KANATAVICHAI et al., 2010; VIEIRA

et al. 2010). These studies reveal that both temperature
and precipitation impact wood density and growth inter-
actively depending on their quantity and seasonality, and
the species phenology that can efficiently utilize heat and
water to produce a high proportion of latewood.

We examined the climatic differences between the two
sites (Figure 3). Site LK20 is warmer (Figure 3b, c and
d) and wetter (Figure 3a) than LK24, and the seasonali-
ty of the precipitation is also considerably different
between the two sites (Figure 3a). Precipitation at LK24
during the period of April-June and August-October are

substantially lower (Figure 3a), which is also the period
when about 80% of the total growth of Taiwania occurs
(KUO, 1995). The test site LK24 is situated on an upper
slope close to the ridge of a mountain, which could have
amplified the soil moisture deficiency during the species
active growth period. This would negatively influence
growth and wood density, particularly if it occurred in
the period of latewood growth (UKRAINETZ and YANCHUK,
2007; STOEHR et al., 2009; KANATAVICHAI et al., 2010).
The ridge site receives much less daily sunlight because
of the fog cover during most of the afternoon hours,
which can negatively affect growth of the trees at LK24.
The joint effect of seasonal pattern of temperature and
precipitation and local terrain probably resulted in an
unfavourable climate and caused the suppressing effect
on growth at site LK24. The necessity of including a
progeny test at extreme environment is a debated issue
(SKROPPA, 1984; LINDGREN, 1984). The results in this
study suggest that a genetic test on a site with a fringe
environment adds little value in terms of additional
genetic information. The local environment has to be
carefully considered in test site selection in mountain-
ous terrain of Taiwan since progeny testing can be a
costly undertaking.

Figure 3. – Comparison of the seasonality of precipitation and temperature between the two test sites.

C. Average monthly maximum temperature D. Average monthly minimum temperature

A. Monthly precipitation B. Average monthly temperature
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Both average SG (0.351) and TL (3.247 mm) at LK20
(Table 6) are slightly lower than 0.397 for the former
and 3.488 mm the latter in the Wood Handbook for
Commercial Tree Species in Taiwan (MA et al., 1992).
For most species, the data in the Wood Handbook were
most likely based on a few older sample trees from nat-
ural forests. Taiwan is situated in subtropical climate
but the high mountains extend the island climatically to
a temperate zone where there exists a rich conifer forest
with diverse wood density ranging from 0.354 (Chamae-
cyparis formosensis) to 0.795 (Taxus chinensis). Preserv-
ing this biodiversity in both species and genetic level
should be a priority of forest resource management. 

Taiwania is botanically interesting, i.e., an ancient
species with close phenetic affinity with Sequoiaden-
dron, a monotypic genus, long-lived but with a narrow
ecological amplitude in inter-specific competition (LIU

and SU, 1983). Taiwania is a giant tree which forms the
top of the forest canopy. It is fast growing with high
quality wood (KUO, 1995). The species was a target
species for harvest in the past and also a species chosen
for planting. The species is not in any danger of going
extinct but erosion of its genetic variability is a real con-
cern because of the species ecological characteristics,
i.e., small seed and infrequent cone crop, late reproduc-
tive maturity, and edaphic demands for seedling estab-
lishment. A genetic conservation plan is being developed
in Taiwan. Before a formal plan of genetic conservation
is implemented, the existing family-structured prove-
nance tests should all be properly maintained and pro-
tected, at least as a transitional measure (YANCHUK,
2010). Genetic variation of the species is probably very
well represented in these tests in view of the large num-
ber of parent trees (Table 1) that are well sampled
throughout the species range in Taiwan (Figure 1).
Longevity confers additional advantage of these tests as
a transitional measure of genetic conservation. 
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