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Abstract

Key message \\e elucidated the age trends of narrow-sense heritability and phenotypic/genetic correlations

and the age—age genetic correlation of growth ring components of Cryptomeria japonica D. Don by investigat-
ing progenies of controlled crossings by soft X-ray densitometry analysis. Wood density in the C. japonica breeding
program can be efficiently improved by selecting trees with a higher earlywood density and latewood percentage
as early as forest stand ages of 5-9 years.

Context Wood density within the trunk is affected by the intra-ring wood density profile and its age trend from pith
to bark. Wood density can be efficiently improved by clarifying whether wood density and highly correlated intra-ring
components are under additive genetic control.

Aims The aim of this study was to elucidate the age trends of narrow-sense heritability and phenotypic/genetic
correlations of growth ring components and investigate the possibility of early selection for improving wood density
in Cryptomeria japonica.

Methods We quantified seven growth ring components (width, density, earlywood/latewood width, average ear-
lywood/latewood density, and latewood percentage) for 5112 annual rings of 342 18-year-old trees derived from 24
controlled pollinated full-sib families of C. japonica plus tree clones by soft X-ray densitometry analysis. Genetic
parameters and correlations among the seven growth ring components were analyzed using a linear mixed model
and the breedR package.

Results Earlywood density and latewood percentage exhibited a higher phenotypic and genetic correlation
with ring density than the other ring components at almost all ages. Earlywood density and latewood percent-
age exhibited a lower correlation with ring width than the other ring components after a stand age of 5 years. The
age—age genetic correlation of earlywood density and latewood percentage was 0.70 for a stand age of 17 years
and was strong at stand ages of 5 and 9 years.
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Conclusion Efforts focusing on improving earlywood density and latewood percentage may contribute to improv-
ing wood density efficiently in tree breeding programs for C. japonica. Traits related to the ring density of C. japonica
trees can possibly be selected as early as stand ages of 5-9 years, and the required period for progeny selection may
be substantially shortened when selecting trees with high wood density.

Keywords Inheritance mode, Growth ring density, Earlywood, Latewood, Age—-age genetic correlation

1 Introduction

Wood density is an important trait influencing the qual-
ity of wood and the quantity of wood biomass produced.
Wood density is considered the basic trait when select-
ing wood as a material (Zobel and van Buijtenen 1989)
and is an essential variable for the estimation of carbon
sequestration potential in forests and trees (Roxburgh
et al. 2006; Tamura et al. 2006). The amount of carbon
sequestered as xylem in a tree trunk is expressed as the
product of trunk volume, basic density, and carbon con-
tent. Since the carbon content varies little in C. japon-
ica, it is possible that wood density and trunk volume
alone control carbon sequestration at the tree trunk
level (Tamura et al. 2006). Therefore, the importance
of wood density has been recognized for a long time in
most forest tree breeding programs (Zobel 1961), and
there has also been extensive research on the genetic
control of wood density (Zobel and Jett 1995). Further-
more, the relationships between growth characteris-
tics and wood density have been intensively examined,
and it is important to understand them (Zobel and Jett
1995). Previous studies have shown cases of negative
genetic correlations between growth characteristics and
wood density in some coniferous species (e.g., Picea
mariana, —0.35; Pinus sylvestris,—0.42 ~ —0.49; Larix
gmelinii X L. kaempferi,—0.57), indicating the difficulty
of achieving compatibility (Zhang 1998; Fries and Eric-
sson 2006; Fujimoto et al. 2008; Hong et al. 2014). On
the other hand, the strength of the negative relation-
ship varies and sometimes weakens with age in some

tree species when focusing on the genetic correlation
between growth traits and wood density at the annual
ring level (Zhang 1998; Fukatsu et al. 2013).

Wood density within the trunk is affected by the
intra-ring wood density profile, from earlywood to
latewood. The relationship between the intra-ring
wood density profile and wood density is species-spe-
cific. For instance, latewood percentage (LWP) in the
genus Larix (e.g., Fujimoto et al. 2008) or earlywood
density (ED) in Pinus sylvestris (Hong et al. 2014) has a
large influence on wood density, whereas both ED and
LWP have such an influence in Picea mariana (Zhang
1998) and Pinus pinaster (Louzada 2003) (Table 1).
Wood density can be efficiently improved by clarify-
ing whether wood density and highly correlated intra-
growth ring components are under additive genetic
control for each tree species.

Age trends of the intra-ring wood density profile also
modulate wood density (Hylen 1999; Kumar and Lee
2002; Li and Wu 2005). Previous studies on age trends
(radial change from pith to bark) of the intra-ring wood
density profile have shown that those of Larix kaempferi
and Pinus radiata are weaker near the pith and stronger
towards bark (Li and Wu 2005; Fukatsu et al. 2013),
while that of Picea mariana is stronger near the pith and
weaker towards the bark (Zhang 1998). Understanding
the age trends of intra-growth ring components, which
are under additive genetic control, may allow for the
early selection of trees with superior trunk wood density
(Kumar and Lee 2002).

Table 1 Some cases of the intra-ring components that showed positive phenotypic or genetic correlations with average wood

density by tree species and a list of references

Species

Intra-ring components strongly related to wood density

References

Abies balsamea
Larix gmelinii X L. kaempferi
Picea mariana

Earlywood density (rp: 0.58-0.83, I4:NO data)
Latewood percentage (rp: 0.90, 1 1.00)
Earlywood density (1, 0.89, 1,:0.59)

Koga and Zhang 2002
Fujimoto et al. 2008
Zhang 1998

Latewood width (rp: 0.59, 1y: 0.86)

Pinus sylvestris
Pinus pinaster

Earlywood density (r,: 0.86, r,: 0.84)
Earlywood density (rp: 0.96, 14 0.98-0.99)

Hong et al. 2014
Louzada 2003

Latewood percentage (r,: 0.96-0.97, r: 1.00)

r, phenotypic correlation coefficient, ry genetic correlation coefficient
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Cryptomeria japonica D. Don is a major forest tree
species in Japan, planted over 4.4 million ha, account-
ing for approximately 44% of the artificial forest area
(Forestry Agency 2019). C. japonica lumber is often
used in construction as a structural material. The
simultaneous improvement of growth characteristics
and wood density of C. japonica is especially impor-
tant for the breeding program of this species. The
selection of trees with excellent wood density and
growth performance requires information on the
narrow-sense heritability and genetic correlation of
growth characteristics and wood density and the age
trend of these genetic parameters. Several previous
studies have quantified the radial variation of pheno-
typic values and heritability for basic density at the
tree trunk level based on block samples by dividing
every 5-year ring in C. japonica (Tamura et al. 2006;
Fukatsu et al. 2011; Yasuda et al. 2021). However, age-
related trends in the phenotypic values and heritabil-
ity in more detailed growth ring components, such as
earlywood and latewood, have not been assessed in C.
japonica. Clarifying which ring component and which
age could be targeted to improve wood density would
help in applying early selection to C. japonica.

In the present study, we evaluated the radial variation
and narrow-sense heritability of growth ring components
and the phenotypic/genetic correlations of the growth
ring components to improve both growth characteristics
and wood density using full-sib families of C. japonica
plus tree clones. Moreover, we evaluated the relations for
the early selection of growth ring components related to
wood density. Using age—age genetic correlation analysis,
we aimed to examine whether traits at the maturity stage
can be predicted at a juvenile stage to shorten the rota-
tion period.

2 Materials and methods

2.1 Sample trees

In this study, tree samples were collected from 342
full-sib progenies consisting of 24 full-sib families
derived from four sets of 4 x 4 half-diallel crosses using
16 C. japonica plus tree clones (Table 2). The progeny
test site used in this study was established in 1995 at
the Forest Tree Breeding Center (36.69°N, 140.69°E),
Forestry and Forest Products Research Institute,
Hitachi City, Ibaraki Prefecture. The progeny test was
designed to include randomized blocks of six replicates
with an inter-tree distance of 1.8 X 1.8 m (3000 trees/
ha), mainly consisting of 45 full-sib families derived
from eight sets of 4 x4 half-diallel crosses using 32
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Table 2 Mating design of half-diallel crosses of the samples
collected in this study

Female Male

1566 1548 1538
1633 16 15 14
1566 23 6
1548 2
Female Male

1578 1662 1726
1698 21 12 18
1578 21 22
1662 6
Female Male

1577 1535 1715
1533 1 10 18
1577 8 20
1535 13
Female Male

1707 1709 1727
1628 17 15 21
1707 15 17
1709 Il

The numbers in the table are the numbers of trees sampled from each full-sib
family in four sets of half-diallel crosses

C. japonica plus tree clones (Yasuda et al. 2021). The
number of trees in the experimental design was 2046
before thinning. Thinning was implemented in 2012
with an orthorhombic lattice pattern without regard
to tree size (forest stand age was 18 years). During the
process of preparing thin sections for densitometric
analysis, samples for which it was difficult to measure
and calculate each parameter were excluded, result-
ing in differences in the number of samples among the
parameters (Table 2).

2.2 Quantifying growth ring components

A 10-cm-thick disk at breast height was collected from
each tree stem, and two 5-mm-thick strip samples with
different radial directions including the pith were pre-
pared from each disk. The strip samples were placed in
a room with a constant temperature (20 °C) and rela-
tive humidity (60%) for air-drying for 8 months. Then,
the strip samples were placed on an X-ray-sensitive
film (Industrial X-ray film Enveropak IXFR; Fujifilm
Co., Tokyo, Japan) and irradiated using a soft X-ray
transmission device (Softex Co., Tokyo, Japan). The
developed film was digitized at a resolution of 2400
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dpi using a film scanner (GT-X900; Seiko Epson Co.,
Suwa, Japan).

Growth ring components in each growth ring were
measured by soft X-ray densitometry techniques
(Mothe et al. 1998; Jacquin et al. 2017). From the
acquired image data, seven growth ring components,
i.e, growth ring width (RW), RD, earlywood/late-
wood width (EW, LW), average ED and latewood den-
sity (LD), and LWP (percentage of latewood width to
growth RW [LWP]), were quantified using a software
package (WinDENDRO, Regent Instruments Inc.,
Quebec City, Canada) with a path width of 2.0 mm in
the tangential direction and a resolution of approxi-
mately 10 pm in the radial direction. The demarcation
between earlywood and latewood was defined as the
point where the density value was 0.55 g/cm® within
each annual ring (Ohta 1970; Polge 1970; Mothe et al.
1998; Jacquin et al. 2017). In this study, the analysis of
each growth ring component was based on stand age
(Fukatsu et al. 2013) rather than cambial age because
the numbers of growth rings in the collected discs
were different due to variation in the tree age at which
the sample trees reached breast height. This “stand
age-based analysis” had the advantage of eliminating
the effects of annual weather variations (Fukatsu et al.
2013). Regarding the data for ages of 1, 2, and 18 years,
we found ambiguity (xylem formation was not com-
pletely ceased at the ring of age 18 years, the outer-
most growth ring, in some samples), and these data
were excluded from the statistical analysis.

2.3 Statistical analysis

Phenotypic correlations between growth ring com-
ponents were analyzed by calculating Pearson’s cor-
relation coefficients. The variance component for each
trait was estimated using a linear mixed model (Eq. 1)
with the restricted maximum likelihood method. Pre-
liminary analyses for variance components indicated
that blockxnon-additive genetic and blockxaddi-
tive genetic interactions (those corresponding to the
between-block error) were not selected for most stand
ages for all ring components in the model selection
based on the Akaike information criterion (Akaike
1974). Therefore, in this study, all statistics (narrow-
sense heritabilities and genetic correlations) were calcu-
lated using the following equation:

Yi = (o + bi + ajig + si + e (1)

Here, Yy, is the phenotypic value, y is the general

mean, b; is the fixed effect of block i, Ajg is the random
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additive genetic effect of individual j for parents k and /,
8y, is the random non-additive genetic family effect of the
parent k and / combination, and e, is the random resid-
ual effect. The variances of the abovementioned param-
eters were estimated using the restricted maximum
likelihood method. The contributions of the random
factors were calculated by applying the animal model
(White et al. 2007) of best linear unbiased prediction
using the “add_animal” option of the R package breedR
(Munoz and Sanchez 2020).

The random effects were assumed to be distributed as
follows in Eq. (2):

a 0\ /Goo
Var[s | ~MVN||0],[0So0 @)
e 0/ \ooR

where G, S, and R are the variance—covariance matrices
of a, s, and e, respectively. However, G=A* ¢°,. Here, A
is an additive relation matrix that is calculated from the
pedigree information.

The random effects are estimated by best linear unbi-
ased prediction (BLUP), which is calculated by solving
the mixed model equations given by Eq. (3):

X'R7IX X'R71Z; X'R71Z, b° X'R~ly
ZiRIX 7 R7Zi+A 0?2 ZhR71Z, a|= |z | (3)
Z/5R71X Z/5R717y Z/yR71Zy 4871 B Z/5R7 1y

where X and Z are the design matrixes.
The narrow-sense heritability (4?) of each trait was
estimated using Eq. (4).

2

o
W= — 2 4
02 + o} +0? (4)

Here, 0°,, 0°,, and ¢°, are the variance components of
the additive genetic, non-additive genetic, and residual
portions, respectively.

The genetic correlation between trait x and trait y was
estimated using Eq. (5).

r COVg(XyY)
glxy) = (5)
07500 X 0 %g(y)

Here, r is the genetic correlation coefficient of trait x
and trait y, COV is the covariance parameter of additive
genetic effect between trait x and trait y, and o2g(x) and
ozg(y) are the variance components of additive genetic
effects for trait x and trait y, respectively. Age—age
genetic correlation analyses were conducted between
the stand age of 17 years and younger ages using Eq. 5.
Genetic parameters were evaluated using breedR in R
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4.0.2. (R Core Team 2020). The approximate standard
errors of heritability and genetic correlations were cal-

culated according to Falconer and Mackay (1996, pages
180 and 316).

3 Results
3.1 Basic statistics and age trends of seven growth ring
components

The results are summarized in Table 3. The coeflicients
of variation (CVs) for growth components (RW, EW,
and LW) (70.7-96.2%) were greater than those for den-
sity components (RD, ED, and LD) (10.0-17.5%). The
CV for LW was the largest (96.2%) among the growth
components. Within the density components, the CV
for ED was the largest (17.5%). The CV of LWP was
47.6%, which was intermediate among the CVs of all
growth ring components.

The values of RD and ED decreased as the age
increased (RD was 0.364 g/cm® and ED was 0.290 g/
cm? at a stand age of 17 years; Fig. 1a). However, LD
increased towards the bark side (0.747 g/cm? at the
stand age of 17 years) and showed a variation pattern
different from that of RD and ED (Fig. 1a). RW, EW,
and LW were high at stand ages of 3-6 years (Fig. 1b)
but decreased beginning at 7 years (Fig. 1b). LWP
reached its maximum at 3 years (29.3%) and gradually
decreased after 6 years, showing low values (between
14.9 and 20.0%) at ages of 7—17 years.

3.2 Phenotypic and genetic correlations between growth
ring components
3.2.1 Relationships between growth ring components
at the individual tree level

Estimates of phenotypic and genetic correlations
between the growth ring components at the individual
tree level are shown in Table 4. RD displayed strong and
positive phenotypic (0.84-0.85) and genetic (0.83-0.89)
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correlations with ED and LWP. RW had negative cor-
relations with RD (phenotypic, —0.30; genetic, —0.45)
and ED (phenotypic,—0.35; genetic,—0.48) and posi-
tive correlations with EW (phenotypic, 0.97; genetic,
0.92).

3.2.2 Age trends in the relationships between RD and its
components
ED and LWP showed a stronger positive phenotypic
correlation with RD than the other ring components at
all ages, except at 3 years (ED, 0.69-0.88; LWP, 0.68—
0.86; Fig. 2b, f). Negative phenotypic correlations with
RD were observed for RW at the ages of 3—6 years and
for EW at the ages of 3-7 years (RW —0.46 to—0.80,
EW —0.48 to—0.80), but they were weak at the subse-
quent ages (RW—-0.08 to—0.26, EW —-0.26 to—0.41)
(Fig. 2a, c). There were almost no phenotypic correlations
between RD and LW at the ages of 3—7 years (0.04—0.30),
but there was a weak positive phenotypic correlation
after an age of 8 years (0.35-0.51) (Fig. 2e). LD showed a
slight phenotypic correlation with RD at all ages (—0.13
to 0.21) (Fig. 2d).

ED and LWP also showed a stronger positive genetic
correlation with RD than the other ring components at
all ages, except at 3 years (ED, 0.77-0.87; LWP, 0.70-
0.94; Fig. 2h, 1). A negative genetic correlation was
observed between RW and RD at the ages of 3—4 years
(—0.52 to—0.84), but it became weak or was almost
absent at subsequent ages (—0.39 to 0.12) (Fig. 2g). EW
showed a negative genetic correlation with RD at the
ages of 3—14 years (—0.41 to —0.84) (Fig. 2i). LW showed
a positive genetic correlation with RD at the ages of
3-17 years (0.44-0.77) (Fig. 2k). LD showed positive
and negative genetic correlations with RD at the ages of
3 and 5-7 years (—0.47, 0.47-0.48), but the genetic cor-
relation was absent at other ages (—0.33 to 0.15) (Fig. 2j).

Table 3 Mean values, standard deviations, and coefficients of variation measured in this experiment

Trait Unit Mean SD cv

RD g/cm? 0.39 0.060 15.1
RW mm 33 70.7
ED g/cm? 0317 0.056 175
EW mm 238 729
LD g/cm? 0.745 0.075 100
Lw mm 0.93 0.89 96.2
LWP % 196 93 476

Number of individuals = 342. EW earlywood width, ED earlywood density, RW ring width, RD ring density, LW latewood width, LD latewood density, LWP latewood

percentage, SD standard deviation, CV coefficient of variation
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Fig. 1 Age trends of the mean value for each ring component in all sample trees. Each figure shows changes in a density-related traits, b
growth-related traits, and ¢ latewood percentage. The abbreviations are the same as those in Table 3. Vertical lines indicate standard deviations

3.2.3 Agetrends in the relationships between RW and other
ring components

EW exhibited a strong positive phenotypic correlation

with RW at all ages (0.93-0.99, Fig. 3b). LW exhibited

the second strongest positive phenotypic correlation

with RW after EW at 6-17 years (0.51-0.73, Fig. 3d).

RW was correlated with ED, LD, and LWP depending
on age, but the phenotypic correlation coefficients were
lower than those for EW and LW overall (Fig. 3a, c, e).
EW exhibited a strong positive genetic correlation with
RW at all ages (0.85-0.98, Fig. 3g). LW and LD showed
a large amount of variation in the genetic correlation
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Table 4 Estimated genetic correlations (above the diagonal) and phenotypic correlations (below the diagonal) between the ring

components
RD RW ED EW LD Lw LWpP

RD —045 0.83 -0.70 0.59 0.64 0.89
RW =030 -048 091 0.10 0.12 =035
ED 0.84 -035 -053 0.17 0.15 0.50
EW —-046 097 —044 -0.25 -0.30 -0.69
LD 0.18 0.10 -0.02 0.07 0.83 0.76
A% 037 0.61 0.13 041 0.13 0.87
LwpP 0.85 -0.20 0.54 -040 0.12 0.56

The abbreviations are the same as those in Table 3

with RW due to age (LW,—0.55 to 0.64; LD,—0.12 to
0.68) (Fig. 3h, i). Although ED and LWP showed a strong
negative genetic correlation with RW at the age of 3 years
(ED,—0.70; LWP,—0.80), this correlation was weak or
almost absent after the age of 4 years (ED, —0.44 to 0.10;
LWP,—0.42 to 0.12) (Fig. 3f, j).

3.3 Age trends of narrow-sense heritability and variance
components for the seven growth ring components
The narrow-sense heritability (h?) values for RD, ED,
and LWP were higher than those for the other ring
components at almost all stand ages (Fig. 4a, c, g). The
h?* values for RD and ED were 0.43 and 0.42 at the age
of 8 years, respectively, and remained the same or even
increased (0.30-0.49 and 0.37-0.49, respectively) at
subsequent ages (Fig. 4a, c). The /#* value for LD was
higher (0.24) at the age of 9 years but lower at all other
ages (H*=0.00-0.18; Fig. 4e). The h? values for RW, EW,
and LW were low at all ages (0.01-0.24 for RW, 0.02—
0.27 for EW, and 0.00-0.26 for LW; Fig. 4b, d, f). The
h* value for LWP decreased until the age of 5 years but
increased and remained at 0.30 (0.20-0.40) after the

age of 6 years (Fig. 4g).

At most stand ages, the ratio of additive genetic vari-
ance was larger than that of non-additive genetic vari-
ance for all growth ring components (Fig. 6 in Appendix).
In some stand age and growth ring component combina-
tions, such as LW at the ages of 5 and 6 years, the non-
additive genetic variance proportions were higher than
the additive genetic variance proportions.

3.4 Age-age genetic correlations of growth ring
components

We conducted age—age genetic correlation analyses

between the stand age of 17 years and younger ages for

RD, ED, and LWP because ED and LWP showed strong
positive correlations with RD and exhibited higher
narrow-sense heritability at almost all stand ages. RD
and ED showed a strong positive age—age correlation
at a stand age of 5 years (0.68 and 0.70, respectively,
Fig. 5a, b), and the correlation became stronger at sub-
sequent ages. LWP exhibited a strong positive age—age
correlation at 9 years and above (0.70, Fig. 5¢). ED
exhibited a stronger age—age correlation at younger
ages than LWP.

4 Discussion

4.1 Age trend of growth ring density

In general, wood density fluctuates in the radial direc-
tion from the pith to the bark side. The growth ring
density (RD) of C. japonica was high near the pith
and tended to decrease towards the bark in this study
(Fig. 1a). This pattern was consistent with that in pre-
vious reports for C. japonica (Fujisawa et al. 1993; Fuji-
wara 2007). The LW around the pith (ages 3—6 years)
was higher, and therefore, RD around the pith (ages
3—6 years) was higher (Fig. 1b). Similar radial changes
in RD were found in Picea species (Zhang 1998; Hylen
1999). However, different age trends of RD were also
reported in other coniferous species. In Larix (Fukatsu
et al. 2013; Fujimoto et al. 2006, 2008) and Pinus (Fries
and Ericsson 2006, 2009; Li and Wu 2005) species, the
RD near the pith was lower and tended to increase
towards the bark. These age trends of RD were differ-
ent from those observed for C. japonica in this study.
This difference in the age trends of RD between tree
species can be attributed to the pattern of shoot for-
mation or branching pattern at the species level. For
example, the timing of peaks in shoot elongation dif-
fers between conifer species grown in the same for-
est area (Cuny et al. 2012). The species-specific
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Fig. 2 Age trends of correlation coefficients between RD and other growth ring components. a Phenotypic correlation coefficients and b genetic
correlation coefficients. The abbreviations are the same as those in Table 3. Vertical lines indicate standard errors
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characteristics of shoot formation or branching pat-
terns may influence the amount of cell wall formation
per annual ring area as a result of differences in the
load on the trunk (the above-ground part that sup-
ports the entire tree body) at the juvenile and mature
stages.

4.2 Inheritance of each growth ring component in C.
japonica

Regarding wood density traits measured at the tree

trunk level, reports showed the high heritabili-

ties, including high broad- and narrow-sense herit-

abilities, of Pilodyn penetration depth in standing
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trees (h?=0.43~0.71) and basic density in disks
(H?=0.50~0.78) (Tamura et al. 2006; Fukatsu et al.
2011; Yasuda et al. 2021). However, there are no
reports on narrow-sense heritability for traits related
to wood density at a finer scale, i.e., growth ring com-
ponents, of C. japonica. The present study showed that
the RD of individuals of C. japonica plus tree clones
has high additive genetic variance, low non-additive
genetic variance (Fig. 6 in Appendix), and high nar-
row-sense heritability at each stand age (Fig. 4a). The
high narrow-sense heritability of RD is believed to be
the basis of the high heritability of basic density and
air-dried density, which are the average values of the
densities, including multiple annual rings, in the prog-
eny trials created by a half-diallel cross design in C.
japonica (Takahashi et al. 2020; Yasuda et al. 2021).
These results suggest that the genetically improved
planting materials supplied through mass selection and
seed orchards is promising for increasing the wood
density of C. japonica.

At each age, RD exhibited higher narrow-sense herit-
ability than RW. In earlywood, ED showed higher nar-
row-sense heritability than EW in each growth ring,
and in latewood, the narrow-sense heritability was low
for both LD and LW in each growth ring. Basic den-
sity and air-dried density show higher narrow-sense
heritability than growth characteristics in C. japonica
(Takahashi et al. 2020; Yasuda et al. 2021). Fujisawa
et al. (1993) demonstrated that RD and ED have higher
broad-sense heritability in each ring than other growth
ring components, whereas LW and LD showed lower
broad-sense heritability in each growth ring than other
ring components in C. japonica. In general, wood
density has higher heritability than growth charac-
teristics in conifers such as P. radiata and P. pinaster
(Zobel and Jett 1995; Louzada and Fonseca 2002; Wu
et al. 2008). Similar results were observed in this study;
therefore, in C. japonica, wood density would be under
stronger genetic control than growth characteris-
tics, as reported previously for other conifers. In con-
trast, LWP showed higher narrow-sense heritability
than RW, EW, and LW (growth characteristics) after
a stand age of 6 years. The heritability of LWP varies
considerably depending on the coniferous species, for
example, a heritability for P. taeda ranging from 0.25
to 0.92, because the range of variation in the response
of latewood formation to environmental factors differs
according to the species (Zobel and Buijtenen 1989).
RD, ED, and LWP exhibited higher narrow-sense herit-
ability than the other ring components, indicating that
RD, ED, and LWP are more genetically controlled than
the other components in C. japonica.
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4.3 Relationships between RW, RD, and other growth ring
components in C. japonica

EW exhibited a stronger correlation with RW than LW
at all stand ages. EW is a trait that largely influences RW,
that is, the radial growth rate (Fig. 3b, g). In C. japonica,
Hirano et al. (2021) reported that EW showed a signifi-
cant positive correlation with the increase in trunk bio-
mass, but no significant positive correlation was found
with LW. In this study, RW and RD showed a strong phe-
notypic/genetic correlation at stand ages of 3—4 years,
but they showed a weak correlation at stand ages of
5 years and above (Fig. 2a, g). Li and Wu (2005) exam-
ined the relationships between annual ring traits using
Pinus radiata and reported that a strong negative pheno-
typic/genetic correlation between RW and RD may lead
to decreased wood density when trees are bred with an
emphasis on growth traits. The results of this study sug-
gest that RW and RD in C. japonica are almost independ-
ent at older ages, and both growth characteristics and
wood density can be improved at the same time.

The results of phenotypic and genetic correlation
analyses showed that ED and LWP were strongly related
to RD in C. japonica (Fig. 2b, f, h, 1). Furthermore, ED
and LWP showed higher narrow-sense heritability than
the other ring components at most stand ages (Fig. 4c,
g). Hirakawa et al. (2003) also analyzed the phenotypic
correlation coefficient of each growth ring component
of first-generation C. japonica plus tree clones and
reported that RD and LWP showed a strong correlation
(no genetic correlation was shown). Therefore, improv-
ing ED and LWP would be effective for improving RD.
For instance, in Pinus radiata, ED and LD were more
related to the outermost RD than LWP in an analysis
of open-pollinated families plus tree clones (Kumar
and Lee 2002). In another study on Larix kaempferi in
a 29-year-old stand, LD and LWP exhibited stronger
correlations with RD after a stand age of 15 years than
the other ring components (Fukatsu et al. 2013). Corre-
lations between RD and other components in previous
studies and in this study show that which parts (early-
wood, latewood, or the proportions of the two) of the
annual ring are more strongly affected by RD values
vary depending on the species. These results indicate
that the influence of each growth ring component on
wood density varies significantly among species of coni-
fers, indicating the need to determine more influential
growth ring components for each tree species.

4.4 Selection of trees with better growth characteristics
and wood density

Clarifying the genetic relationships between growth

characteristics and wood density is a major objective in
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most forest tree breeding programs in several countries
(Zhang and Morgenstern 1995; Hylen 1999; Louzada
2003; Li and Wu 2005; Hong et al. 2014). This study
showed that RW, which is an indicator of radial growth
amount, correlated weakly with RD, ED, and LWP at
most stand ages in the individuals of C. japonica plus
tree clones (Fig. 2a, g; Fig. 3a, ¢, f, j). On the other hand,
the results clarified that the fluctuation of EW was
important for the radial growth of C. japonica (Fig. 3b,
g). Since earlywood is related to both growth charac-
teristics and wood density in C. japonica, improv-
ing the earlywood part may enable the production of
progeny with both superior radial growth and supe-
rior wood density. Furthermore, the higher narrow-
sense heritability observed for ED than for the other
growth ring components suggests that the progeny of
C. japonica with high wood density can be selected by
choosing parents with superior ED. Earlywood forma-
tion is closely linked with shoot formation (primary
growth) in conifers (Huang et al. 2014), including C.
japonica. The fact that earlywood density was found
to be a heritable trait in C. japonica in this experiment
could indicate that shoot formation phenology is also
a genetically influenced trait if the timing of cell wall
thickening in the earlywood is linked to shoot forma-
tion patterns or phenology. In other words, the phe-
nology of shoot formation for C. japonica may vary
between families (intraspecific variation), and further
investigations of inter-family differences in the rela-
tionship between earlywood formation and shoot for-
mation phenology are needed in the future.

4.5 Early selection for wood density improvement

In this study, we examined the age—age genetic corre-
lation between younger stand ages and the stand age of
17 years for RD, ED, and LWP. As shown in Fig. 5, early
selection for improving the wood density of C. japon-
ica can be carried out at a stand age of approximately
5 years or above for RD and ED and at a stand age of
approximately 9 years for LWP. Early selection on the
basis of growth ring components related to the wood
density at these stand ages would have an evident
impact on shortening the breeding period in the selec-
tion of trees with higher wood density. In P. radiata,
RD and ED showed high family mean age—age genetic
correlations (>0.80) at the age of 2—4 years, whereas
LWP showed the lowest correlation coefficient among
the traits at all ages (Kumar and Lee 2002). Studies on
Pinus pinaster and Picea abies demonstrated that RD,
ED, LD, and LWP were already high around the third

Page 13 of 16

year, counting from the pith (Hylen 1999; Louzada
2003; Gaspar et al. 2008). Although the age at which
the wood density of C. japonica can be selected differs
from that of other coniferous tree species by approxi-
mately 1-3 years, our results indicated that using ED
as a selection criterion for wood density breeding may
shorten the rotation time for progeny selection in C.
japonica.

5 Conclusions

Age trends in narrow-sense heritability, phenotypic
and genetic correlations between growth ring density
and other growth ring components, and ring width and
other growth ring components were clarified for the
seven growth ring components using soft X-ray den-
sitometry analysis based on full-sib families derived
from half-diallel crosses of C. japonica plus tree clones
in this study. Average ring density, earlywood density,
and latewood percentage are indicated to be highly
heritable traits in the juvenile wood of C. japonica.
Regarding the correlations of the growth ring compo-
nents, average ring density presented similar strong
correlations with earlywood density and latewood per-
centage. As a prospect for future research, it will be
important to know which kind of cell formation pat-
terns occur in families with high earlywood density
values as a possible application in forest tree breeding
programs. Efforts focusing on improving earlywood
density and latewood percentage could contribute to
improving wood density efficiently in the forest tree
breeding of C. japonica.

We also found that an emphasis on the earlywood
was important for the genetic improvement of both
annual ring width and density in C. japonica. In the
future, it will be essential to investigate the relationship
between the phenology of shoot formation and the ear-
lywood cell formation pattern for genetic improvement
of the earlywood parts and hence total ring growth rate
and density.

Earlywood density and latewood percentage at a stand
age of 17 years in the individuals of C. japonica plus tree
clones can possibly be selected as early as stand ages of
5-9 years, and the required period for progeny selec-
tion may be substantially shortened. Moreover, the weak
phenotypic and genetic correlations between ring width
and average ring density suggested that the simultane-
ous improvement of growth characteristics and wood
density would be possible in C. japonica breeding pro-
grams with the selection of families with superior wood
biomass productivity and quality.
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Abbreviations

cv Coefficient of variation
ED Earlywood density

EW Earlywood width

LD Latewood density

LW Latewood width

LWP  Latewood percentage
RD Ring density

RW  Ring width
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