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Abstract

Wood density was analysed and annual ring width
was measured on increment cores from 1400 trees in a
30-year-old full-sib progeny test of Scots pine (Pinus
sylvestris L.) in north Sweden. Genetic parameters for
wood density were analysed separately for ten outer
annual rings, and for simple averages of the five most
recent years. The evaluation included genetic correla-
tions with height and stem diameter. Heritabilities of
density estimated separately for each annual ring was
0.14-0.26 without any age trend, and jointly for the ten
or five latest rings 0.30—0.33; for height growth it was
0.30-0.42 and for stem diameter 0.11-0.13. Additive
genetic correlations with height and stem diameter were
negative with the simplest statistical model (7, = —0.425
and 0.511, respectively) but vanished or diminished
when ring width was added as covariate. Density breed-
ing values calculated for the parent trees for each of ten
annual rings separately varied considerably between
parent trees and between years, tending to increase
with increasing age, with a substantial increase
between the ages 14 to 16 years from the pith. This age
fits well with literature data on the change from juve-
nile to mature wood. The genetic correlation for wood
density between rings from different years was high:
7, = 0.8 ten years apart, increasing to 1.0 for neighbour-
ing rings. The high genetic correlations for wood density
between the innermost and outermost annual rings indi-
cate possible strong covariation between juvenile and/or
transition wood and mature wood. The annual variation
in wood density in relation to genetic regulation, phenol-
ogy, environmental conditions, and development from
juvenile to mature age is discussed.
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Introduction

There is an increasing pressure on the forest
resources in Sweden and elsewhere. This includes both
higher demand on economic profitability and a stronger
opinion for saving forest land for nature conservation,
recreation etc. To meet these conflicting demands, bio-
mass, cellulose and wood production per unit area must
be increased from the forests that are cut. A high wood
density implies furthermore a higher production of wood
biomass per unit volume. The economic pressures are
also tending to favour shorter rotations, making the
quality of the juvenile wood increasingly important (cf.
KouBaa et al., 2000). The quality of wood, juvenile or
mature, can be improved in various ways, but appropri-
ate breeding can clearly play a major role.

Thus, high biomass and cellulose yields from harvest-
ed wood are important breeding goals, and high wood
density is a crucial trait for attaining them (e.g. ERICSON
et al., 1973). Scots pine (Pinus sylvestris L.) breeding in
Sweden has to date focused on survival, vitality, branch-
ing traits and volume growth, but little on wood density.
However, in many studies phenotypic and genetic corre-
lations between wood density and height have been
found to be negative, as reviewed for spruce (Picea ssp.)
in RoZENBERG and CAHALAN (1997) and reported for
western hemlock (Tsuga heterophylla (Raf.) Sarg.) in
KING et al. (1998). In Scots pine trees, HANNRUP et al.
(2000) reported genetic and phenotypic correlations
between wood density and height close to zero, while
wood density and ring width were negatively correlated
for four different year intervals between the ages 2 and
33 years. There is a risk, therefore, that any increase in
volume obtained may be counteracted by reductions in
density. The need to assess this risk, and to explore the
scope for avoiding it, prompted the combined analysis of
wood density, height growth and ring width presented
here.

Numerous pine studies have described positive corre-
lations between wood density and strength properties of
the wood, e.g. wood density and modulus of rupture
(MOR) (ERICSON et al., 1973; WANG and WANG, 1999) and
modulus of elasticity (MOE) in both juvenile and mature
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wood (WANG and WANG, 1999; Luo et al., 2002). KUMAR
(2004) found strong genetic correlations in radiata pine
between wood density and MOR and MOE (r, = 0.83
and 0.50, respectively).

The relationships between wood density and strength
properties of the pulp are, however, less clear, as
reviewed in ROZENBERG and CAHALAN (1997): quality
parameters such as sheet density, burst and tensile
strength either decline with increasing wood density
(ELLIOTT, 1970), or are not influenced by it. ERICSON et
al. (1973) and DuPLoOY (1980) have reported a negative
influence of wood density on the strength of the pulp.
The type and quality of produced pulp may be indirectly
influenced by the proportion of earlywood and its densi-
ty (CORSON, 1999; HANNRUP et al., 2004). Both wood den-
sity and fibre structure also influence the energy needed
in the pulping process, and thus the costs and environ-
mental effects associated with pulp production (CHAM-
BERS and BORRALHO, 1999).

Clearly, breeding for high biomass production, high
yield and quality of the pulp, and breeding for strong
wood products requires that genetic parameters for
wood density and fibre traits in the breeding population
are known before including the traits in the breeding
programs. This is emphasized since wood is a heteroge-
neous material, and knowledge of the properties of the
different wood types increases the scope for optimally
using each type.

The present study focuses on the change in wood den-
sity by increasing age, and its correlation with growth
traits. The change in genetic parameters (heritability,
genetic variation and genetic correlation) is furthermore
estimated. We study a sample from the Swedish breed-
ing population of Scots pine in the age interval 20 to 29
years from seeding (ca. 12—21 years at breast height).

Within annual rings of mature wood the earlywood
density is considerably lower than the latewood density
since it has wider cells and thinner cell walls compared
to the latewood (EVANS et al., 1995). However, EVANS et
al. (1995) claim that the expansions of fibre cells occurs
at different times and different time scales than cell
wall formation. Thus, it is possible that single cells
could have both large diameter and thick cell-walls,
resulting in both high wood density and wide annual
rings.

The material we examined should include the transi-
tion from juvenile to mature wood. However, the terms
juvenile and mature wood are not clearly defined and
open to discussion. One reason for this is that juvenile’
wood is continuously produced in the upper part of the
tree, starting in the first annual ring from the pith, and
thus in both juvenile and mature trees. Another reason
is that, as reviewed by CowN (1992) and BURDON et al.
(2004), there is no approved definition for distinguishing
between juvenile and mature wood, and biologically
more correct terms are ‘corewood’ and ‘outerwood’ since
both wood types are produced also in mature trees.
Juvenile wood has considerably different characteristics
which are undesirable for many purposes, and according
to CowN (1992) and BURDON et al. (2004), a rapid
increase in wood density is most often used for distin-
guishing the transition between the two wood types. We

distinguish between ‘juvenile’ and ‘mature’ wood on the
basis of this transition, and will attempt to identify the
point at which low density ‘uvenile wood’ change to
higher density ‘mature wood’. This study concerns the
whole ring wood density, i.e. without distinguishing ear-
lywood and latewood. In articles following this, we plan
to present results on wood density in earlywood and
latewood separately.

The mature wood constitutes the major part of the
stem in a full grown tree. However, as illustrated in
GROOM et al. (2002), the fraction of mature wood
decreases towards the top of the tree. At a certain
height, the transition zone between the juvenile wood
and mature wood converges with the cambium and
there is no mature wood. Thus, the fraction of juvenile
wood increases along the stem towards the apex, even in
a mature tree, and a full grown tall tree contains thus a
considerable amount of juvenile wood in addition to the
mature wood. The density of both these wood types
must be considered in density analyses. Two factors that
influence the percentage of juvenile wood are stem form
and green crown limit (LARSON, 1962). However, our
data set included no information on these variables.

Material and Methods

Wood samples were taken in a partial diallel progeny
test planted in 1971 (S23F711261 Grundtjarn, at
63°33’ N, 17°25’ E on 320 m elevation) with 176 full-sib
families sampled from the possible combinations of 40
phenotypically selected first generation parents origi-
nating from on average 63° N, 370 m elevation. The
trees were regarded as a random sample from a popula-
tion of plus trees crossed in accordance with a ‘circulant’
crossing scheme (KEMPTHORNE and CURNOW, 1961; Table
1). Forty seedlings from each family were planted com-
pletely randomized at 2.2 m square spacing, giving
about 7200 seedlings on 3.5 ha of typical forest land
(moraine). The plantation has not been thinned since
establishment. The trees were 30 years old in Septem-
ber 2001, when about 45% of the planted trees had sur-
vived. Vitality, total tree height, and diameter at breast
height were recorded, and wood samples were collected.
The mean height was 17.7 m and mean diameter
13.8 cm. Half of the experimental plantation was inves-
tigated. Thus, wood samples were extracted as incre-
ment cores from ca. 1600 trees in a selected geographic
direction. A standard, manual increment borer was used
to take cores with a diameter of approximately 5 mm,
extending from the bark towards the pith, resulting in
the penetration of about 20 annual rings. Only undam-
aged or slightly damaged trees were bored. The two out-
ermost annual rings were generally taken apart for fibre
length analyses (results to be presented elsewhere).
Thus, the annual rings from 1990 to 1999 were included
in the density analysis.

Wood density was measured with an X-ray diffraction
technique using an Itrax Density Scanner (Cox Analyti-
cal Systems, Gothenburg, http:/www.coxsys.se / [Janu-
ary 5, 2006]). The device, which is described by LINDE-
BERG (2001) and BERGSTEN et al. (2001), enables the den-
sity of earlywood and latewood in each annual ring to be
estimated separately after X-ray scanning. To obtain
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sufficient measurement precision the increment cores
were sawn longitudinally, parallel with the wood fibres,
into strips with widths ranging from 2.05-2.20 mm.
Furthermore, each sample width was measured manu-
ally with a precision of 0.01 mm, and this exact measure
was used as a correction factor in the X-ray analysis.
The samples were subsequently conditioned for about 36
hours in the cabin of the density scanner, where the rel-
ative humidity always was typically 5-15%. A Cu-dif-
fraction X-ray tube with the beam perpendicular to the
fibre direction and a power level of 1.925 kW at 35 kV
was used. The absorption was recorded, within a 1 mm
wide longitudinal slot, stepwise at 5 steps per second
and 0.025 mm between each step, giving a resolution of
1016 dpi. The total wavelength interval was 0.3—-6.7 A
with a maximum at 1.54 A. Each exposure lasted 45 ms.
Nineteen increment cores and one reference plastic strip
with a gradient of thickness, corresponding to known
wood densities, were included in each run in the Itrax
analyser. The 1 mm slots in the X-ray images were then
analysed by Windendro software (Regent Instruments
Inc. Canada) for density calculations. The X-ray absorp-
tions were measured for earlywood and latewood sepa-
rately. The borders between annual rings were set man-
ually, based on the core strip image on a visual display
unit. Absorptions were transferred to wood densities
based on the reference strip measurements.

Each image was visually examined, and density mea-
surements that were potentially unreliable due to wood
irregularities, such as compression wood or highly slant-
ing annual rings, were excluded and marked as missing
since their inclusion could have increased the non-genet-
ic variation in the data associated with irrelevant fac-
tors and thus impaired the genetic analysis. Since the
frequency of such irregularities increases from the bark
and inwards, the number of missing values increases
correspondingly inwards (Table 2).

Genetic models

No significant variation caused by specific full-sib
family effects (essentially genetic dominance) was
detected in preliminary analyses, and despite the
inevitable presence of such effects we assumed them to
be of minor importance. Thus, the genetic model was
based on the equation P = A + E, where P is the pheno-
typic value, A the additive genetic effect, and E the inde-
pendent environmental effect including the genetic
residual. Their corresponding variances were assumed
to be 0%, = 02, + 0%,, assuming the sex of a parent being
of less importance.

The statistical model used for individual tree-based
multitrait analyses of the data set was constructed with
a fixed-effects part and a random part. The fixed effects
included block effects (the sampled area was subdivided
into seven almost square, equal-sized blocks) with annu-
al ring width as an optional covariate, since wood densi-
ty comparisons between trees are often less reliable
without adjustment for ring width (see, for examples,
FRIES, 1986; ZAMUDIO et al., 2002).

The random part, which is connected to the genetic
model, was constructed with genetic effects, tied to the
parents of the full-sib families through a design matrix,
and a relationship matrix, derived from the pedigree.
This individual tree model separates the additive-genet-
ic and remaining (residual = environmental) effects. The
covariances in the multiple trait analyses were, analo-
gously, o, . = 4 * Oy for traits i and j. A variance like
o2, for a frait i may be identified as 0%, = 0, in multi-
ple-trait notation. Regarding heritabilities and genetic
correlations, their estimates and standard errors were
computed from the basic variance/covariance estimates as
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Table 1. — Number of trees per full-sib family (1655 trees in total). Parent trees are num-
bered in boldface (mothers vertically). Three crosses were represented with the recipro-
cals, by comparison with the original scheme.

1 2 3 4 5 6 7 8 9 10 11 12

19 20 21 22 23 24 30 37

2 - - - - - - - - - - - -
17
8 5 9 - - - - - - - - - -
19 10
20 0 8 7 -
21 7 8 8 12
22 10
23 9 7 9
24
25
26
27 - -
28 - - - 12
29 - - - -
0 - - - - -
31 - - - - -
2 - - - - - - -
3 - - - - - - -
4 - - - - - - -
35 - - - - - - - - -
6 - - - - - - - - -
37 - - - - - - - - - - -
38 - - - - - - - - - - - -
39 - - - - - - - - - - -

40 - - - - - - - - - - - -
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respectively (other correlations in analogy), with approx-
imate standard errors obtained from the basic error
variance estimates and first order Taylor expansion.

Between-year density variation

To get a view of the variation within the samples from
each year we made a preliminary calculus on the ten
analysed annual rings separately. The field test sampled
in this investigation was planted in spring 1971, and a
parallel field test in the same test series was measured
and thoroughly evaluated in another study (ERICSSON
and Fries, 2004). By comparison with the annual rings
from that evaluation, we estimated that the annual
rings studied here, from 1990 to 1999, should cover the
breast height age interval 12-21 years, i.e. from 12 to
21 years on average from the pith. In order to elucidate
the density variation between the ten outermost rings in
sequence, a ten-trait genetic analysis was designed,
based on the density equation y = Xb + Zu + e, where X
is the fixed-effect design matrix including block effects
along with ring-width, which was entered as the covari-
ate w in X = [X| - Wl. Z is the design matrix for the
additive random effects associated with the parents.
Assuming y = [y] ¥, ... ¥, is the vector that combines
the density values from each of ten rings from each of
the trees, along with corresponding structures in the
right-hand equation terms, the basic covariances
(including variances) to be estimated are

{u} [G ®A 0 }

Var| |[=

e 0 R®I,

through the symmetric additive genetic and residual
covariance matrixes G and R, respectively: G = {0, },(,,,
and R = {O-EL'J‘}IOXIO’ both symmetric. The diagonajl ele-
ments 0, and O, will estimate the variances for densi-
ty of ring number i. A is the additive relationship nxn
matrix for the n trees analysed. Assuming R, =R 01,
the corresponding HENDERSON (1986) mixed-model equa-
tions are

XR,X XR,Z b X'Ry

{ ZRX ZRZ+G'®A™ }M {Z’R,y}’
used for the REML estimation of G and R and corre-
sponding approximate BLUP breeding values u. The
analyses were carried out with the computer software
ASReml (GILMOUR et al., 2002), which essentially iter-
ates an Al algorithm (GILMOUR et al., 1995) until conver-
gence, starting from given rough estimates of G and R
or corresponding correlation matrices and variances.
The data did not permit all (2-10-11)/2 = 110 covari-
ances to be estimated, and all densities within a tree
sample were highly correlated. Thus, a banded correla-
tion structure was imposed on G, while R could be esti-
mated without restrictions (in total 55 + 19 = 74 para-
meters to estimate). Despite these precautions, the
resulting G matrix was slightly inconsistent, although
nearly positive definite, thus further approximate
besides approximations by the model and the imposed
restrictions.

Tree density values

A trivariate (wood density, tree height, and tree diam-
eter at breast height) genetic analysis was then under-
taken, adding annual ring width as a possible covariate.
The equation setup was similar to that described above,
except that only three traits were considered instead of
ten. We intended to design a method of analysis for the
primary purpose to discriminate between trees in a
straightforward and unambiguous manner, taking into
account that the density records are carrying much of
environmental influence and even measurement errors.

The utility of several possible model equation set-ups
was evaluated in this analysis. We present results
obtained from three of the most useful of these models
in Table 3, the first being a simple analysis of five-year
density means. The second is like the first, except that
mean annual ring width was used as an adjusting
covariate to the fit genetic model to the density data.

Table 2. — Estimates from the approximate multiple-trait analysis of wood density in ten
annual rings: Heritabilities (h2) along the bold-face diagonal, additive genetic correlations
(r,) above the diagonal, environmental correlations (r;) below the diagonal, phenotypic
variances (0%,), mean densities (kg -m™), genetic coefficients of variation (CV,), and the
number of analysed samples (trees) per annual ring (nyr).

Annual 5 Mean

ring 0° 1991 1992 1993 1994 1995 1996 1997 1998 1999  OP  gepgiry® CVi
1990 0.4 1.00 096 095 093 089 086 081 076 081 2438 4237 4.3%
1991 061 0.17 1.00 096 095 093 089 086 081 076 1872 4163 4.3%
1992 049 070 026 1.00 096 095 093 089 086 081 1855 4209 52%
1993 045 050 063 0.5 100 096 095 093 089 0.86 2288 4441 4.2%
1994 047 054 051 065 020 1.00 096 095 093 089 2822 469.7 5.0%
1995 038 056 055 043 052 0.9 1.00 096 095 093 2525 466.7 4.7%
1996 042 053 059 056 060 055 020 1.00 096 095 2354 4718 4.7%
1997 047 057 057 054 064 058 071 016 100 096 2360 4765 4.1%
1998 036 054 054 036 039 064 054 059 022 100 2711 4534 5.4%
1999 030 039 045 039 039 030 050 055 042 015 3259 4612 4.9%
Py 891 973 859 879 1006 1142 1149 1202 1216 1124

a Approx. 12 years from the pith
b Total mean = 450.5 kg - m>
¢ Data from 1427 trees in total.
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In the third, a repeated-measurement approach was
employed, in which each year’s density record was con-
sidered a new measurement of the same tree. This
allows maximum utilization of the available data, since
even incomplete series of ten-year density records may
be fully utilized through the proper handling of missing
data that is implemented in the software used. A num-
ber of approaches were tested, and a covariance set-up
was finally selected in which the annual ring width was
taken as a fixed-effect covariate on a within-year and
within-block basis (70 ‘adjusting regressions’). The
adjustment for both year, block, and ring width effects
should allow as much of the genetic influence on wood
density as the data allows to be revealed.

Results

Between-year variation in wood density and it’s
heritability

The results elucidate variation between years in wood
density and its heritability (Table 2), and corresponding
breeding values of the 40 contributing parent trees (Fig.
1). The major change in wood density was the rise from
420.9 kg/m3 to 469.7 kg/m? in the wood formed in 1992
and 1994, respectively (Table 2). There was also a peak
in 1997, but only a moderate decrease to 1998, and then
a slight increase. The highest heritability occurred in
1992, and the second highest as late as 1998, while the
lowest occurred in 1990, and the joint second lowest in
the last year, 1999, and 1993. The genetic coefficients of
variation (CV,) followed the same pattern. There was no
correlation between average wood density and heritabil-
ity (r =—0.067, p > 0.05).

There was a rise in wood density from 1991 to 1994,
especially 1992-1994, i.e. 13-16 years from the pith

(Table 2), which may indicate the decline of juvenile
wood formation and onset of mature wood formation.
Starting from the year 1994, there was also an improved
discrimination among parent trees in wood density and
their breeding values (Fig. I1a).

Tree density values and correlations with growth traits

The first model with three traits (mean density, tree
height and diameter at breast height) and no covariate
resulted in significant negative genetic correlations
between density and both height and diameter (7, =
—0.42 and -0.51, respectively; Table 3), while the two
growth traits were positively correlated.

Including mean ring width as a covariate removed all
detectable genetic correlations between density and the
growth traits (see the second section of Table 3). Includ-
ing ring width as a covariate also reduced the estimate
of environmental correlation between density and diam-
eter from —0.24 to —0.16, while the environmental corre-
lation between height and density was non-detectable
both with and without this covariate.

The last section of Table 3 shows results obtained
when using the repeated-measurement model.
Analysing ten annual rings per tree, with each ring
width as a covariate, changed the pattern slightly.
According to this model, diameter was significantly
genetically correlated with wood density (-0.42), and
with tree height the environmental correlation was esti-
mated to be slightly positive (0.16; Table 3).

Breeding values and heritabilities

The heritabilities based on the five latest years
(1995-1999) for wood density and height were at least
0.3 in the models both with and without covariate, but
lower for diameter (around 0.1; Table 3). The breeding

Table 3. — Results (estimates with standard errors) from genetic analysis of mean wood
density of the annual rings from 1995-1999 without and with a covariate, and of the rings
from 1990-1999 as repeated measures with a covariate: ring width was used as a fixed-
effect for adjusting mean density in the covariance analysis. Estimated heritabilities (h?)
along the bold-face diagonal, additive genetic correlations (r,) above the diagonal, and envi-
ronmental correlations (r,) below. 6%, = phenotypic variance, CV, = additive coefficient of
variation. Mean density from 909 trees with five complete records; data from 1427 trees in

total.

Trait Density Height Diameter O'i’ CV, Mean
No covariate (mean density of 5 annual rings):

Density 0.333 + 0.075 —0.425 + 0.116 -0.511 + 0.160 2183.0 £ 129.5 5.8% 466.7 kgmf3

Height 0 0.304 = 0.066 0.477 = 0.154 137.2 £ 6.9 58% 111.6 dm

Diameter -0.238 + 0.038 0.691 + 0.026 0.120 + 0.038 10725 £ 432 74% 1542 mm
Ring width * as covariate for density (means of 5 annual rings):

Density 0.307 = 0.077 0 0 19238 £ 113.7  5.2%

Height 0 0.292 + 0.069  0.449 + 0.169 136.4 £ 6.9  5.7%

Diameter —0.160 £ 0.030 0.694 + 0.025 0.113 = 0.037 10723 £426  7.1%
Ring width as within-year-and-block ° covariate for density, 10 annual rings:

Density 0.296 = 0.070 0 -0.416 = 0.151 1492.1 £+ 82.0 4.5%

Height 0.165 + 0.040 0.416 = 0.092 0.383 + 0.174 97.1 £ 7.0 5.7%

Diameter 0 0.984 £ 0.045 0.126 = 0.039 942.8 £ 42.1 7.1%

2 Mean = 1.815 mm, slope = —-21.23 kg - m™3- mm™!
b Ten-year repeated-measurement model (each annual ring considered separately)
Within-tree residual wood density variance = 1077.0
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Figure 1. — Annual ring wood density. Breeding values of the 40 parents of the assessed trees from the
approximate multiple-trait analysis, where density records from each ring were treated as separate traits.

a Deviation of breeding values from the mean; b Total breeding values, including the mean.

values derived from the evaluations with and without
covariate were, in addition, highly correlated (r = 0.98),
except that the adjustment through covariation
shrinked them roughly 10—-30% against zero with a cor-
respondingly lower standard error. Heritabilities for
each separate year were lower, varying from 0.14 to 0.26
(Table 2).

Over the course of the 10-year period, the breeding
values of the 40 parents diverged (Fig. 1a), but this is
merely a result of higher breeding values (Fig. 16). Wood
density breeding values of parents with above-average
values tended to increase, while those of parents with
below average values tended to decrease. However, the
trends for some parents deviated from these general
patterns (without being worse than generally represent-
ed as regards missing crosses and mortality; cf. Table 1).

Discussion

The data records did not permit a fully parameterized
genetic model to be constructed for the between-year
analysis since the densities in adjacent rings were, as
expected, highly correlated (Table 2). However, the
banded-correlation restriction with preset near-unit
genetic correlations between neighbouring rings did
result in an approximate estimate of the pattern in
additive genetic variation with a slightly ill-conditioned
(not fully positive definite) additive genetic correlation
matrix (Table 2). Although we failed to carry the ten-
ring analysis to an unambiguous end, the results should
provide some information about the nature of wood den-
sity patterns.

Wood density development over years

Beside the general increase in breeding values, there
was a year-to-year variation (Table 2, Fig. 1b), which
may be caused by annual differences in growth (weath-
er) conditions resulting in varying annual ring struc-

tures. Different distributions of earlywood vs. latewood
amount should be an important factor that has to be
studied further.

For defining the border between the juvenile and
mature wood, a rapid increase in total ring density is
most frequently used, and also recommended by CowN
(1992). The field test in the present study was planted
in spring 1971, and the same full-sib families were used
in a parallel field test located at a more northerly site,
but lower altitude (64°N, 200 m a.s.l.) (ERICSSON and
Fries, 2004). In that test, the trees reached 80 cm
height at an average age of 6 years, which should corre-
spond to ca 8 years at breast height in the test studied
here. Thus, we estimate that the years in which the
annual rings studied here were formed (at breast height
where the samples were taken), 1990-1999, should
cover the age interval 12—21 years from pith at breast
height (cf. Table 2).

Loo et al. (1985) and SAUTER et al. (1999) identified a
similar increase as in the present study at approximate
ages 10-12 years from pith. HANNRUP et al. (2000) stat-
ed an increase up to age 26, but it was more gradual.
Thus, the dramatic increase we found from 1992 to 1994
(Table 2, Fig. 1b), corresponding to 14—16 years from the
pith, coincides quite well with the age intervals (10-20
years of age) obtained for Scots pine by SAUTER et al.
(1999) and HANNRUP et al. (2000), and for loblolly pine
(Pinus taeda L.) by Loo et al. (1985). It is therefore pos-
sible that this age interval covers the transition zone,
and the increase we detected between 1992 and 1994
may indicate the decline of juvenile wood formation and
onset of mature wood formation. However, the increase
could also be due, at least in part, to annual variations,
as indicated by the differences between the other years.

A difficulty associated with wood density analyses is
that the trait is considerably influenced by weather con-
ditions and environmental factors, both directly and
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indirectly via their effects on the growth rate. Thus,
when studying genetic parameters associated with wood
density, efforts should be taken to establish homoge-
neous field tests and to use replicates both in time and
space. If the age interval studied here covers the transi-
tion from juvenile to mature wood formation, the high
genetic correlations in ring density for the longest time
intervals, eight years (r, = 0.81) and nine years (r, =
0.76), indicate that the density of juvenile and mature
wood were positively correlated (Table 2). These high
genetic correlations, and additional high correlations
between any distant years (r, = 0.8), suggest that it
should be possible to use breeding values estimated for
wood formed at young ages for wood formed at higher
ages, and that there is a strong correlation between
breeding values for juvenile wood and mature wood, or
at least moderately mature wood. Similar genetic corre-
lations between the densities of recently formed and
older wood were obtained by HANNRUP and EKBERG
(1998) for wood aged 8—11 and 28-33 years (r, = 0.88)
and by Loo and TAUER (1984), who found that density
for each of the years 4, 6, 8, and 10 from the pith were
strongly correlated with density at 25 years from the
pith (r, = 0.9-1.0). In addition, WANG et al. (2000) found
stronger correlations in lodgepole pine for family rank-
ing between the ages 4 and 12 years for earlywood den-
sity separately than for whole ring density. Between
annual ring 4 and 25, the correlation was however, rela-
tively low (r, = 0.3), but high already between ages 12
and 25 years (r, = 0.9).

Thus, the results of this and other studies provide
quite strong evidence that wood density at juvenile age
(less than ca. 14 years) is genetically correlated with
density in the transition zone or at young mature age
(ca. 20 years). However, analyses spanning longer peri-
ods are needed to elucidate the correlations between
juvenile and true mature wood density more thoroughly.

The expected high genetic correlations between adja-
cent years were not accompanied by such high environ-
mental correlations (values below the diagonal in Table
2), indicating that non-genetic factors caused between-
year variations in wood density. One such factor is vari-
ation in the length of the growing season, which leads to
variation in the proportions of low-density earlywood
and high-density latewood. For this reason, the duration
of the cambial growth period and the time when late-
wood formation is initiated in a given year, i.e. the phe-
nology, strongly influences the total density of the corre-
sponding annual ring (cf. VARGAS-HERNANDEZ and
ApAMS, 1994). Phenological traits are strongly inherited
(YAZDANI et al., 2003), but between-year variations in the
prevailing weather conditions modify the timing of
sprouting and growth cessation. In years when the tem-
perature decreases rapidly in the autumn, and thus
growth ceases relatively rapidly, the proportion of late-
wood should be smaller for all families and less depen-
dent on their inherited phenology. Due to the larger rel-
ative amount of low-density earlywood formed when
growth ceases rapidly, the overall density should also be
lower. Thus, variations in overall ring density could be
indirectly related to genetic differences in phenology.
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Heritability

The heritability for wood density is very similar to
that found by FRries (1986) in 9-year-old lodgepole pine
(Pinus contorta Douglas ex Loudon), while HANNRUP et
al. (2000) for Scots pine reported about 35% higher heri-
tability, and KING et al. (1998) reported twice as high
heritabilities in 13-year-old western hemlock. For jack
pine (Pinus banksiana Lamb.), ZHANG and CHUI (1996)
found that the heritability for density was 50% higher,
and for height more than twice as large as in the pre-
sent study. Many studies of radiata pine have also
reported considerably higher estimates (see KIBBLE-
WHITE, 1999; KUMAR, 2004; NYANKUENGAMA et al., 1997,
SHELBOURNE et al., 1997, for instance). However, this
was most probably because the sites examined in the
cited studies were more homogeneous than the sites in
our study, giving lower environmental variance.
NYANKUENGAMA et al. (1997) found moderate genetic con-
trol of wood density in radiata pine up to ages 4—5 years
(h? = 0.1), a drop during the transition zone, and a grad-
ual increase to heritabilities greater than 0.7 after 16
years. ZAMUDIO et al. (2002) showed a somewhat differ-
ent pattern: strong genetic control of density at low age,
lower at transition age (ca. six years from the pith), and
then moderate heritability, but as in our material, char-
acterized by large fluctuations up to age 14 years. Large
fluctuations in heritability for total ring density may be
due to the large environmental influence, mainly annual
differences, in temperature sum.

The general pattern for the ten studied years was lack
of correlation between wood density and its heritability
and with fluctuating heritabilities (here between 0.14
and 0.26). Based on LouzapA and FoNSEcA (2002) some
correlation should be expected if the earlywood-latewood
proportions vary and the heritability is higher for one of
them. However, according to LARSON (1962), the early-
wood-latewood ratio is also influenced by crown size,
and thus indirectly by stand density and crown closure.
Thus, the unevenness of the stands we sampled, due to
the relatively high mortality (45%) may have influence
on the results.

Multitrait analysis and correlations with growth traits

Several ways of modelling genetic effects on wood-
property traits were tested in multitrait analyses, and
the results of three models are shown in Table 3.
Depending on whether a certain recorded variable is
considered a trait or an environmental descriptor, analy-
ses may give quite different results. Our first case
assumes three traits and blocking as the only fixed
effect. The density data used were the mean densities of
five annual rings, to detect differences among trees. The
correlations with diameter are quite strong and nega-
tive, in accordance with the established finding that
wide rings tend to have lower density than narrow
rings.

Since density measurements are usually adjusted for
annual ring width, the next model shown includes the
mean ring width as a covariate, i.e. a fixed-effect for
which adjustments are made like any environmental
factor. This may improve the precision of the genetic
analysis by reducing the phenotypic variance. On the



other hand, since ring width and diameter are closely
related, all genetic correlation between density and
diameter is removed. One may argue that this is an
unrealistic model that merely ‘removes’ a biological con-
nection by mathematical manipulation.

The third approach may be more realistic, since it
adjusts for annual ring width only within each year and
block combination (a two-way environmental blocking).
Thus, the mean ring width of individual trees has no
direct influence, but the comparison between trees is
still made with adjustment for ring widths. The effective
tree density record is a mean of adjusted densities from
all annual rings measured on that tree. The choices of
using either ‘year’ or ‘block’ as a single blocking factor
for ring-width covariation did make less sense, since
they both produced ill-conditioned solutions (non-posi-
tive definite covariance matrix estimates).

The third approach has still another advantage: all
available data are utilized. The first two cases require
complete density records for five annual rings in order
to obtain a mean value, while the analysis based on
individual annual rings compensates for occasionally
missing density records automatically. Although the
phenotypic variation estimated using this approach
(1492.1) is lower for the most part, the genetic correla-
tion with diameter still remains at roughly the same
level as in the first analysis, but there is no detectable
genetic correlation with height. The third analysis fur-
ther suggests that height growth has a slight positive
environmental correlation with wood density, and that
there is no such correlation with diameter.

Apart from heritability and CV, estimates remaining
roughly the same, we suggest that the third way of tak-
ing ring width into account is the best of these alterna-
tives. Ring width is considered an environmental vari-
able for density comparisons between trees without
being strongly confounded with the tree size traits. The
strong genetic correlation between density and diameter
is preserved using this approach, while a seeming genet-
ic connection between density and tree height is defused
(cf. HANNRUP et al., 2000, using a different model).

Conclusions

The total ring density of ten outer annual rings in 30
year old Scots pine had a heritability of ca 0.3, which
was similar to that for tree height, and higher than for
stem diameter. The genetic correlation between wood
densities in the transition zone from juvenile to mature
wood was high indicating that even young trees can be
assessed and compared for future wood density.

The different models we show for genetic evaluation
do emphasize that the construction of an informative
statistical model for a wood property trait may be labori-
ous, even under minimal genetic assumptions. We used
annual ring width as a covariate in the traditional way
within an overall attempt to distinguish wood density as
independently as possible from environmental influ-
ences: climatic factors, scaling circumstances, auto-co-
variation for tree size, and so on. We propose a model
that we found most fruitful showing no genetic correla-
tion with tree height, but negative with diameter. On
the other hand, with another model, wood density

showed genetic correlation with neither height nor
diameter. We intend to analyse earlywood and latewood
separately in further analyses.
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Line/Table
table 3 — first line
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Error
seed weight

Correction
10 seed weight
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Page Line/Table Error Correction

77 37 100 seeds 10 seeds

78 4 (table 2) 100 whole seeds 10 whole seeds
78 5 (table 2) 100 seedcoat 10 seedcoat

78 6 (table 2) 100 kernel 10 kernel
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