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Abstract – This article describes changes in the genetic variation of wood density components with cambial age and their relationship with the
within-ring area components. Wood samples from 31 half-sib families of radiata pine were submitted to X-ray densitometry procedures. Traits
studied were earlywood (ED) and latewood (LD) density, earlywood (EA) and latewood (LA) area, and latewood proportion (LP). Between
rings 2 to 5 (juvenile wood) and 11 to 14 (mature wood), heritability estimates suggest that breeding for increased ED is feasible. Upward
selection for ED would also be associated with a phenotypic reduction in EA in juvenile and mature wood. Between rings 6 to 10, the heritability
estimates for ED indicate low genetic variation in the transition region. Attempts to increase ED by breeding might not have a significant impact
on LD, though this trait showed a moderate genetic control in this region. Any change in ED and LD would have unclear effects on EA and LA,
respectively, because of the changing pattern of genetic covariances.
wood density / heritability / radiata pine / earlywood / latewood
Résumé – Variabilité génétique de composantes de la densité du bois dans un test de descendances de pin radiata dans le sud du Chili.
Cet article décrit l’évolution en fonction de l’age cambial de la variabilité génétique de composantes de la densité intra-cerne et des relations
entre ces caractères et des composantes de la surface des cernes. Des échantillons de bois appartenant à 31 familles de demi-frères de pin radiata
ont été soumis à une procédure d’analyse microdensitométrique. Les caractères étudiés sont la densité du bois initial (ED) et du bois final (LD),
la surface du bois initial (EA) et du bois final (LA) et la proportion de bois final dans le cerne. Entre les cernes 2 à 5 (bois juvénile) et les cernes
11 à 14 (bois adulte), les valeurs estimées d’héritabilité suggèrent qu’il est possible d’augmenter ED génétiquement. Une sélection pour une
augmentation de ED entraînerait une diminution phénotypique de EA dans le bois juvénile et le bois adulte. Dans la région de transition
représentée par les cernes 6 à 10, les estimations de l’héritabilité montrent peu de variabilité génétique. Des tentatives d’augmenter génétiquement
la densité de ED pourraient ne pas avoir d’effet significatif sur LD, même si ce caractère est lui-même moyennement génétiquement contrôlé
dans cette zone. Toute modification de ED et LD aurait des effets changeants sur EA et LA en raison des variations de la valeur des covariances
génétiques.
densité du bois / héritabilité / pin radiata / bois initial / bois final

1. INTRODUCTION
Genetic improvement of radiata pine has been conducted in
Chile since the late 70’s, mainly by breeding of parents selected
for their outstanding growth rate and form, although wood density is considered as the main trait of interest by the forest industry. The number of commercial plantings with specific families
(full- and half-sibs) or genotypes (clones) will systematically
increase in the future. Site preparation, pruning, and thinning
are part of currently and intensively applied silvicultural treatments. Hence, trees from improved genetic stocks will reach
harvest volume at a younger age and the proportion of juvenile
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wood within the stem will increase. In New Zealand, the realized genetic gain in stem straightness and stem diameter growth
in radiata pine has already produced an increment of juvenile
wood proportion [7].
The properties of juvenile wood as compared to mature
wood have been widely discussed. The general viewpoint is
that juvenile wood has a lower quality than mature wood,
although there are some exceptions depending on the end products. Juvenile wood does not have the same adverse connotation as it formerly did for fiber production since TMP and other
methods of pulp manufacture have been developed. In juvenile
wood, the lignin content is higher and the cellulose content is
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lower than in mature wood [42]. In Pinus species, juvenile
wood is usually characterized by shorter tracheid length and
thinner cell walls than mature wood, and thus often produces
lower specific gravity wood. Characteristics of solid wood
products also differ depending on whether they are made from
juvenile or mature wood; strength varies greatly with cambial
age and is closely related to microfibrillar angle as well as to
specific gravity. Because of its low strength and instability on
drying, juvenile wood is still a problem for most solid wood
products [42].
Wood heterogeneity is described as an important defect and
uniformity of juvenile wood is usually lower than that of mature
wood [40, 41]. Therefore, possible consequences of an increase
in juvenile wood proportion in the stems of future plantings are
a decrease of wood mechanical properties and an increase of
wood heterogeneity. The forest managers and the wood processors have to face this challenge. The forest managers may
have to accept lower prices for harvested timber. The wood
processors may have to optimize processing conditions to
achieve a reliable end product performance, which can produce
an increment in processing costs and in the price of the end
products.
One possible action to diminish some of the negative effects
of short rotations on wood quality can be to breed for increased
juvenile wood density [27, 35]. Wood uniformity across the
stem is sometimes cited as the most important of all wood properties, the most desired by the product managers and the most
closely tied to profitability [41]. Hence, it would be desirable
that genotypes with improved juvenile wood properties also
show a reduced within-tree variation [30]. The breeder needs
to consider also the use of silviculture since it influences wood
properties variation as well.
Wood density is also often considered the most important
single property because of its strong effect on yield and quality
of both fibrous and solid wood products [2, 12]. It is a combination of several characteristics, each of which has a strong
inheritance pattern of its own.
Here, we consider that: (1) understanding the inheritance
pattern of ring density components may help to define selection
strategies aiming to increase the density of juvenile wood and
simultaneously reduce the variation of this trait between juvenile and mature wood; (2) breeding for increasing the value of
wood density components of selected regions of the stem (in
terms of cambial age) will enhance wood uniformity (from pith
to bark); (3) thus, a reduction of within-tree heterogeneity has
to take into account the genetic variation of within-ring density;
(4) for radiata pine in Chile, wood microdensity variation from
pith to bark is a good descriptor of within-tree heterogeneity;
and (5) to avoid unfavorable correlated responses, the genetic
relationships among ring density components and ring area
related traits must carefully be assessed.
In a first paper [38], we analyzed the relationship between
ring density and ring radial growth. We reported significant
changes in genetic control of average ring density (ARD) with
cambial age, particularly within the transition zone between
juvenile and mature wood. Heritability estimates in the juvenile
wood region were high, which is positive for breeding purposes, but pith-to-bark trends in genetic and phenotypic correlations between ARD and radial growth were difficult to inter-

pret. Thus it was not possible to use these results to suggest
general selection strategies for wood density in the radiata pine
breeding program. Here, we report results that describe changes
in: (1) the genetic variation of wood density components with
cambial age and (2) the relationships among these traits and
within-ring area components. Results are based on a decomposition of ring density into its earlywood and latewood components.
2. MATERIALS AND METHODS
2.1. Source of material
Wood samples used in this study came from a progeny test of radiata pine established with 31 open-pollinated families in the South of
Chile by Forestal Mininco S.A. The test site was located near Los
Angeles, Bio-Bio province (lat. 37° 03’ 05’’ S, long. 72° 27’ 20’’, altitude 122 m above sea level). The area is flat with a mean annual precipitation of 1 100 mm and a period of 4–5 months of drought. The
soil texture is sandy with a good drainage capability. Trees were
planted in 1981 at 3 m × 2.5 m spacing. The experiment was arranged
in seven randomized complete blocks and families were established
in five-tree row plots. No particular silvicultural treatment was performed before the wood sample collection. The number of surviving
trees per family was variable.

2.2. Wood samples collection
Between one and two trees per plot were chosen for this study.
Selected trees were free of any physical and mechanical damage and
did not show any sign of plagues and diseases. Finally, a sample of
317 trees were felled at the end of 1998 (including 23 trees with no
pedigree and used as genetic controls) and two disks of wood of 20
and 10 cm thick, respectively, were obtained at 1.3 m above ground
level from each of them. The first disk was used for assessing physical
properties as well as radial growth, whereas the second one served for
measuring chemical properties, including cellulose and lignin content.
Geographical North was also marked on each wood disk, as a reference
for further analyses.
Along the north radius of each 20 cm thick wood disk, a sub-sample
10 mm wide × 1.8 mm thick was obtained from pith to bark. This direction was chosen to minimize the presence of compression wood, since
the prevailing winds were from the southwest.

2.3. Wood properties assessment
Wood samples were dried to equilibrium moisture of 12% and resins were extracted with a solution of ethanol. Intra-ring density information for each sample was obtained by using an indirect-reading
X-ray densitometry system at the INRA Research Station of Orléans,
France. The X-ray films of wood samples were digitized by using a
scanner with a color resolution of eight bits (256 tones of gray) and a
spatial resolution of 300 pixel/inch. Each pixel covered a length of
0.085 mm. The digitized images were processed by using the WinDENDRO software [14]. The initial raw data consisted of a density profile at the pixel level. Ring limits were also determined with the software and a careful visual observation of the actual wood samples. The
last step in the data generation process used a computer routine written
in C to measure the traits of interest.
The first and last annual rings were discharged from all samples
because they were usually incomplete. This ensured the same statistical precision at all rings. Thus, only rings 2 to 14 were included in
this research. The minimum (Dmin) and maximum (Dmax) density
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was measured in each ring. The mid density point (MDP) was calculated as half the difference between Dmin and Dmax (midway between
the minimum and maximum densities of the ring) plus the minimum
value:
Dmax – Dmin )- = -------------------------------------( Dmin – Dmax -) .
MDP = Dmin + (-------------------------------------2
2

(1)

The average ring density values lower and higher than the MDP were
denoted as early- (ED) and latewood (LD) density, respectively. Distances from pith across rings i (di) and i–1 (di–1) were directly obtained
from the X-ray density profiles and used to measure the overall ring
area (RA) as π(d2i – d2i–1). The areas lower and higher than the MDP
were denoted as early- (EA) and latewood (LA) areas, respectively.
The latewood proportion (LP) was estimated as the ratio between the
ring area consisting of latewood and the total ring area. Cumulative
late proportion (CLP) at cambial age t was estimated as
t

∑ LAi

i=2

CLP t = -------------------t

(2)

∑ RAi

i=2

where LAi and RAi were defined above. The measurement units were
kilograms per cubic meter (kg/m3), for ED, LD, and squared centimeters (cm2) for EA, LA, and RA.

2.4. Linear mixed model and assumptions
The mixed linear model used to represent the data obtained for a
given trait and related to a particular ring was
Yijk = µ + Ri + fj + Iij + eijk

(3)

where Yijk is a phenotypic individual observation; µ is the overall
mean; Ri is the fixed replication effect; fj is the random family effect
with mean zero and variance σ f2 ; Iij is the random interaction or plot
effect with mean zero and variance σ I2 ; and eijk is the random residual
effect with mean zero and variance σ e2 . Thus, Yijk has mean µ + Ri and
the phenotypic variance was estimated as σ P2 = σ f2 + σ I2 + σ e2 . Families were considered to be full maternal half-sibs, and therefore the
following relationship was assumed to estimate
2

V AX = 4 σ Fx

(4)

and σ 2

where VAx
Fx are the additive genetic variance and family variance component for trait X, respectively.
The final database was unbalanced due to the sampling scheme (1
to 2 healthy trees per plot). The normality of experimental data was
checked using the SAS INSIGHT procedure [31]. Analyses of variance were conducted for all traits and cambial ages, and type III sums
of squares were calculated by using the SAS GLM procedure [31]. The
Satterthwaite’s approximated test was used to measure the level of significance of family related effects [29]. Variance components for each
trait and cambial age were estimated using the restricted maximum
likelihood principle and the SAS MIXED procedure [20].

2.5. Genetic and statistical analyses
The narrow-sense individual tree heritability (h2) was calculated
for each trait measured at the cambial age t (ring number) as
2

4σ
2
h = --------F
2

σP

(5)

where σ 2F and σ 2P are the family and phenotypic variance estimates,
respectively.
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Genetic correlations among different combinations of traits could
not be estimated at several cambial ages because the family variance
component of one trait was zero, as shown below in the figures depicting the trend of heritability changes with cambial age. To overcome
this inconvenience, individual data were divided by the appropriate
phenotypic standard deviation. This transformation of data removed
the scale differences among traits and allowed reliable comparisons
of family covariances among different traits. Covariance components,
for each cambial age and transformed (standardized) traits, were also
estimated using the restricted maximum likelihood principle and the
SAS MIXED procedure [20]. It can be demonstrated that the family
covariance component estimated with transformed data (CovFxy(std))
is equal to:
Cov Fxy
Cov Fxy ( std ) = -----------------σ Px σ Py

(6)

where CovFxy, σ Px, and σ Py are the family covariance component of
the original non-transformed data and phenotypic standard deviations
of the traits X and Y, respectively. Thus, the new family covariance
(transformed data) represents the contribution of the original family
covariance (non-transformed data) to the real phenotypic correlation.
A further analysis of the radial pattern of association among different
traits was conducted by comparing the family covariance, based on
transformed individual data, with the corresponding phenotypic correlation, which was estimated as
Cov Pxy
r Pxy = -------------------------2
2 1/2
(σ Px σ Py)

(7)

where CovPxy is the phenotypic covariance between traits X and Y, and
was calculated as CovPxy = CovFxy + CovIxy + Covexy, i.e. as the sum
of the family, interaction, and residual covariance components,
respectively. It can also be demonstrated that the phenotypic correlation, rPxy, is equal to CovFxy(std) + CovIxy(std) + Covexy(std), i.e. to the
sum of the family, interaction, and residual covariance components
respectively, estimated with transformed data. Here, we are also
assuming the following relationship:
Cov(Ax, Ay) = 4 CovFxy
(8)
where Cov(Ax, Ay) and CovFxy are the additive genetic covariance and
family covariance component between traits X and Y, respectively.
Approximate standard errors of heritability and new family covariance estimates were calculated by using the asymptotic large-sample
dispersion matrix associated to the REML method [32], and the Taylor
series expansion analysis [21].

3. RESULTS AND DISCUSSION
3.1. Variation of family means with cambial age
Family mean values for ED increased with cambial age for
all families (Fig. 1A). The same trend was observed for average
ring density reported in our previous paper. All families also
followed the same pattern of LD with cambial age (Fig. 1B).
Several studies reported that some coniferous species show
a tendency to increase values of ring density components outward from the pith [10]. For example, Vargas-Hernandez [34]
observed that area weighted ED and LD increased with cambial
age in 60 families of coastal Douglas-fir that were analyzed at
age 15. A similar pattern was reported by Wang [36], who studied families of lodgepole pine and also observed that LD was
initially low but increased during the first years, reached its

108

F. Zamudio et al.

Figure 1. Changes in family mean values for within ring density components with cambial age. (A) ED; (B) LD.

maximum at age 6, and then started to decline. Megraw [22]
also found for loblolly pine that latewood specific gravity
increases rapidly with ring number from the pith until values
reach a characteristic high level, at around ring 5. The same pattern of changes in latewood density was also mentioned by
Zobel and Sprague [42] for other conifers. These authors added
that earlywood density tends to change less from pith to bark.
In contrast Hylen [18] studied Norway spruce and found that
average values of ED and LD decreased over the first few rings
from the pith and reached their lowest values at different rings.
Nicholls [26] also discussed the presence of different patterns
of changes in ring density from pith outwards in radiata pine.
In his study, he mentioned that density generally increased from
the pith outwards. But he also reported that some radiata pine
trees exhibited an initial decrease in density in the first few rings
before it started to increase outwards.

Figure 2. Changes in family mean values for within ring area components with cambial age. (A) EA; (B) LA.

All family mean values for EA increased after ring 2 and
reached a plateau between rings 4 and 7. After ring 7, family
average tended to decrease (Fig. 2A). The same trend was also
observed for the total ring area as reported in our previous paper
[38]. All families showed the same fluctuating pattern of
changes for LA between rings 2 and 6 (Fig. 2B). The drastic
decrease in family mean LA at ring 5, recorded in all progenies,
is in direct relationship with the increment in LD observed at
the same ring (Fig. 1B).
Most of the family averages for LP decreased from ring 2
to a minimum at ring 5 (see Fig. 3A). After ring 6, mean values
fluctuated erratically outwards to the bark. Family means for
CLP also decreased from ring 2 towards ring 5 (Fig. 3B), but
after ring 7 values asymptotically approached around 35%, for
all families.
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individual’s opinion or method used to determine where earlywood stops and latewood starts. Though its accurate assessment is not easy, latewood percent can be used to categorize
wood into broad groups [42]. According to Van Buijtenen [33],
the percent of latewood has by far the largest influence on wood
specific gravity. Zobel and Jett [41] mention that latewood percent is usually referred as the ratio of latewood to earlywood.
In our research, we estimated latewood proportion using the
definition of Vargas-Hernandez [34] and Hylen [18], which is
based on the area of the ring occupied by the latewood.
Earlywood is characterized by lower density, larger lumens,
and thinner cell walls than latewood [16], and to some extent
by a greater cell size [41]. As a result, earlywood pulps are very
different from those made from latewood [42]. Watson and
Dadswell [37] reported that pulps of loblolly pine containing
20–50% of latewood fibers had a good tearing strength while
retaining acceptable levels for bursting and tensile strength.
They also mention that the proportion of latewood for radiata
pine was less than 20%, which would not have any marked
influence on papermaking properties. Zonel and Jett [41]
reported that the proportion of latewood in radiata pine is less
than 50%. Harris [15] stated that this percentage is about 20%.
Our results show that the cumulative latewood proportion
(CLP) approached a steady value around 35% with increasing
cambial age.
3.2. Family differences and changes in genetic control

Figure 3. Changes in family mean values for latewood proportion
with cambial age. (A) LP; (B) CLP.

Wang [36] studied lodgepole pine and also recorded that LP
was high in the early rings, but declined sharply thereafter. In
Douglas-fir, Vargas-Hernandez [34] also observed a decreasing but irregular trend in LP in early cambial age, and then a
steady increase after ring 11. A contrasting result was observed
by Hylen [18] in a young Norway spruce progeny test where
the LP increased steadily with increasing ring number, for individual ring and cumulative values. Gantz [13] also reported
mean latewood percentages ranging between 38% and 45% for
10-year-old radiata pine trees growing on three different sites
in Chile.
Latewood and earlywood amounts are difficult to measure
since there is a transition zone between them. The two types of
woods are especially difficult to assess in the low-density conifers, the soft pines, and the diffuse-porous hardwoods [41].
Different researchers can obtain different percentages when
measuring the same cross section of wood, depending on the

Family differences in ED (Fig. 4A) were only significant
near the pith (rings 2 to 4) and near the bark (rings 11 to 14).
Heritability for ED dropped from 0.43 at ring 2 to less than 0.2,
between rings 5 to 10, reflecting low genetic variation (Fig. 5A).
The maximum value was 0.51 and was recorded at ring 12. Also
the precision of the heritability estimate is low between rings
5 to 11. In our previous paper, we studied the pattern of average
ring density (ARD) of the whole ring and this trait followed the
same trend as ED.
The highest heritability for LD was also recorded at ring 2
(0.35). No genetic variation was observed at rings 11 and 13.
Heritability followed an oscillating pattern with cambial age
(Fig. 5B). The highest family differences in LD (Fig. 4A) were
also observed at rings 2 and 10.
In radiata pine, Nicholls [24] also reported a systematic
change in heritability with cambial age for wood density. He
observed that heritability of basic density in radiata pine
decreased from the pith outward until a minimum reached
around ring 9, followed by an increase in heritability with further increase in age. In a following paper [25], the same author
states that the genetic control of this trait appears to reach a
maximum early in the life of trees and therefore maximum
gains from selection can be obtained in the first-formed wood.
In a 23 year-old radiata pine progeny test established in New
South Wales, Australia, Nyakuengama [28] found that narrow
sense heritabilities of latewood density initially decreased from
the pith until ring 12 and then increased until ring 18, while earlywood density followed an oscillating pattern of variation. In
their study of families of radiata pine established in several sites
in New Zealand, Cown and Ball [8] also measured average ring
density and determined that heritability of wood density in the
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before ring 8. Between rings 9 and 14, genetic control was moderate with heritability ranging from 0.21 at ring 11 to 0.43 at
ring 13.
Family differences in LA (Fig. 4B) were significant only at
ring 14, also location of the highest heritability estimate for this
trait (Fig. 5D). In general, LA was under low genetic control
at most cambial ages (h2 ≤ 0.25).
Genetic control for LP was negligible (h2 ≤ 0.15) before ring
9 and 12 (Fig. 5E). Additive genetic variation was moderate (h2 >
0.25) only at rings 11 and 13. Except for rings 12 and 14, family
differences in LP (Fig. 5B) were mainly significant after ring 8.
In contrast with these results, Hodge and Purnell [16] observed
heritability values for LP of 0.12–0.13 near the pith (rings 3 and 4)
and close to zero for intermediate and later rings. In our case,
there is little additive variance for LP in juvenile wood and all
trees produced the same percentage of earlywood (Figs. 3A and
5E).
The heritability estimates reported here should be viewed in
relative terms. The wood analysis was based on samples from
only one location and environmental effects have changed as
the stand matured. Therefore, heritability values may be biased
upward because of inadequate environmental sampling [23]. If
heritability is estimated on a single site, the family × environment interaction variance cannot be assessed and is added to
the estimate of family variance on that particular site. Thus, the
single-site heritability is biased because it estimates the sum of
additive plus additive × environment variance relative to the
total phenotypic variance [17].
3.3. Changes in family covariation and phenotypic
correlation between density components

Figure 4. Results from approximated F-tests for ring area and density
components. Significant differences among families are showed when
F-values are above the continuous line representing F = 1.56, and
P < 0.05. (A) ED and LD; (B) EA, LA and LP.

juvenile (rings 1 to 10) and mature (rings 11 and more) wood
sections were 0.62 and 0.68, respectively.
Zobel and Jett [41] stressed that for other species, such as
loblolly pine, heritability of wood density has a clear tendency
to increase with cambial age. In a study conducted in slash pine
(Pinus elliottii), Hodge and Purnell [16] observed moderate
heritability values for density (h2 ≥ 0.2) close to the pith (rings 3
and 4) and in mature wood (rings 11 and 13). Intermediate rings
showed slightly lower heritabilities (h2 = 0.1–0.15).
In our study, heritability tended to increase with cambial age
for EA (Fig. 5C). Additive genetic variation was low (h2 < 0.2)

The family covariance between ED and LD tended to
decrease with cambial age and was negative at rings 8 and 10
(Fig. 6A), which are in the transition region between juvenile
and mature wood. Contrarily, the phenotypic correlation
between both traits tended to increase with cambial age, particularly after ring 5 (Fig. 7A). In general, the family covariance
reflected a low contribution to the phenotypic correlation
between ED and LD across cambial ages.
The family covariance between ED and EA was negative at
age 2 and positive between ages 3 and 7, which is mainly juvenile wood (Fig. 6B). This covariance decreased with cambial
age after ring 5 and was negative between cambial ages 10 and
14. These results indicate a positive genetic relationship
between ED and EA in the wood close to the pith shifting to a
negative relationship towards the region formed by mature
wood. The phenotypic correlation between ED and EA was
positive only between rings 5 and 7 (Fig. 7B), but weak (< 0.1).
This correlation became more negative towards the pith and the
bark. It seems that non-genetic factors had more important
influences on both traits in mature wood (where |0.1| < rPxy).
From rings 3 to 7, family covariance between LD and LA
was lower than between ED and EA (Fig. 6B). This relationship
was reversed from rings 9 to 13. Eight of the 13 rings showed
a negative covariance. The phenotypic correlation between LD
and LA was negative in 13 rings (Fig. 7B) and more negative
again between ED and EA in 10 rings. It is evident that for most
cambial ages, regardless of the type of wood formed (early or
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Figure 5. Age trends in individual tree heritability (h2) and standard errors (SE) for (A): ED, (B): LD, (C): EA, (D): LA, and (E): LP, at different
ring numbers counted from the pith.
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Figure 6. Changes in family covariation estimated with transformed
data, which is the contribution of the original family covariation (nontransformed data) to the phenotypic correlation: (A) ED v/s LD,
(B) ED v/s EA and LD v/s LA, and (C) PL v/s ED and PL v/s LD.

Figure 7. Changes in phenotypic correlation with cambial age:
(A) ED v/s LD; (B) ED v/s EA, and LD v/ LA; and (C) PL v/s ED
and PL v/s LD.
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latewood), an increment in LD is related to a decrease in the
corresponding area. Our results show that the genetic relationship
between both traits is negative but weak before ring 5 (juvenile
wood) and after ring 10 (mature wood).
The relationships between wood density components and
growth rate are of great importance. Few references are available describing changes with cambial age in radiata pine. Cown
[9] summarized several studies regarding the effect of growth
rate on the density of radiata pine, saying that there is no clear
correlation between growth rate and density, though Bannister
and Vine [1] found a weak negative phenotypic correlation
between both traits. Cown [9] added that tree age, not tree
growth rate, was the determining factor for wood density in all
site conditions studied. Nicholls et al. [27] also reported a small,
non-significant genetic correlation between ring width and
average density and the presence of a small negative correlation
that tended to disappear in older growth rings, which agrees
with results presented by Zamudio et al. [38]. In contrast, Burdon
and Young [4] recorded a strong negative correlation between
wood density and growth rate in rings 6 to 10, a weaker correlation in rings 10 to 20, and no correlation in rings 0 to 5. Our
results suggest a weak positive genetic correlation between earlywood density and its area in juvenile wood, and an increasingly negative correlation between these traits towards the
mature wood.
Strong to moderate negative genetic relationships between
diameter growth rate and wood density have been reported in
several species, such as Picea abies [41], Picea glauca [5] and
Pseudotsuga menziesii [3, 19, 35]. Zhang et al. [39] studied
black spruce progenies growing in two sites and observed that
higher growth rate resulted in lower latewood percent and
lower wood density. They also suggested that latewood density
was significantly less related to latewood width than earlywood
density with earlywood width.
Family covariance between ED and PL was positive at rings 2,
7, 8 and after ring 9 (Fig. 6C) with a trend to increase with cambial age. Family covariance between PL and LD was negligible
at rings 2 and 3 and positive only at rings 9 and 14. The phenotypic correlation between ED and PL is very weak, regardless
of the cambial age (eight values were < |0.1|). The phenotypic
correlation between LD and PL was zero at ring 7 and negative
at the others cambial ages, with 11 correlations in the range
–0.6 < rP < –0.3 (Fig. 7C). This means that an increment in
latewood density conducts to an evident but moderate decrease
in latewood proportion. Considering the magnitude of the phenotypic correlation, we think that the relationship between LD
and PL is mainly due to non-genetic effects.
3.4. Environmental effects on wood density components
Yearly variations in climatic conditions like the decrease in
the precipitation rate from 1986 to 1990 could have produced
the pattern of changes in mean ED and LD observed in
Figures 1A and 1B, although the environmental effect was
more pronounced on LD than on ED. For example, all families
follow the same highly significant increment in average LD
recorded at age 5. A similar but smaller increment in mean ED
was also observed in all families at age 4. Most authors agree
that the latewood component is the most sensitive to environmental influences [7, 8]. Harris [15] found that LD in radiata
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pine in New Zealand was closely correlated with mean annual
temperature (r = 0.94). In southern pines, Clark and Saucier [6]
stated that juvenile wood patterns were related to the length of
the growing season and to the rainfall patterns. Cregg et al. [11]
showed that the date of transition from earlywood to latewood
was earlier in dryer summer.
The erratic pattern of genetic control followed by LD is
another indication that this trait is more susceptible to environmental effects than ED and average ring density. Thus, its
improvement should also be more sensitive to silviculture than
to genetic manipulation. Potential factor of the environment
affecting the trait is water availability in the soil, which is generally closely related to precipitation, temperature and photoperiod. In Chile, radiata pine is planted in areas ranging from mediterranean to temperate climate, with very variable number of
months with precipitation during the growing season.

4. CONCLUSIONS
Our results suggest that any selection effort to modify the
homogeneity of wood density within the stem will have a more
direct impact on ED than LD. ED showed significant genetic
variation in juvenile wood region and after ring 11, thus breeding for increasing ED in both regions is feasible.
From pith to bark phenotypic variation in density components can be interpreted as plasticity, while genetic variation
in the same density components can be interpreted as an adaptive response to specific environmental conditions (here a
sandy soil, an average precipitation rate of 1100 mm year–1 and
a drought period close to 5 months [38]). Next step will be to
determine whether the same pattern of changes in phenotypic
traits and in genetic parameters with cambial age is observed
or not in other progenies established in different test sites, under
similar or different environmental conditions. Results will contribute to better understanding the consequences on wood quantity and wood quality of the observed plastic and adaptive
response of radiate pine to varying environments in Chile.
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