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ABSTRACT

Phenotypic correlations between juvenile-mature wood density and growth were examined based
on increment core samples from two plantations, a provenance test and a commercial plantation, of
black spruce [Picea mariana (Mill.) B.S.P]. The ring density components are significantly correlated
to their respective ring width components: earlywood and ring densities are negatively correlated to
ring and carlywood widths, respectively, while ring and latewood densities arc positively correlated
to latewood width. These hold true in both juvenile and mature wood. However, the correlation
between ring width and ring density decreases with increasing age. This suggests that the correlation
between wood density and growth rate tends to lessen as the trec ages. For each character, the cor-
relation between juvenile and mature wood is significant but moderate. Thus, juvenile wood characters
arc only indicative of maturc wood oncs. On the other hand, trees with 12 growth rings from the pith
were good predictors of wood density and radial growth of the whole tree. Individual growth rings
from the juvenile-mature wood transition zone can be used to predict to some extent the wood density
of either mature wood or the whole tree.
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INTRODUCTION AND BACKGROUND

With the evolution in forest management to-
ward shorter rotations and the use of geneti-
cally improved planting stocks for growth and
volume, wood quality has become a major
concern in the forest products industry (Bendt-
sen 1978; Kellogg 1989; Vargas-Hernandez
and Adams 1992; Zhang 1994; Zhang et al.
1996). Faced with this trend, tree breeders
have realized that wood quantity and quality
cannot be treated as independent factors and
that wood quality traits should be incorporated
into any tree breeding programs where wood
is to be the end product (Keith and Kellogg
1986; Zobel and van Buijtenen 1989; Mag-
nussen and Keith 1990). To implement this
strategy and obtain optimal gains, it is essen-
tial to study the relationship between growth
traits and wood density and other quality
traits.

The relationship between growth rate and
wood density has been studied intensively, but
is rather controversial. Hence, some research-
ers have reported that in conifers, there is little
relationship between ring width and wood
density (Zobel and van Buijtenen 1989; Zobel
and Jett 1995). However, others have stated
that accelerated growth reduces wood density,
especially in conifers other than hard pines
(Zobel and van Buijtenen 1989). For spruces,
many studies (Keith 1961; Olesen 1976; Beau-
lieu and Corriveau 1985; Corriveau et al.
1987, 1990, 1991; Rozenberg and Cahalan
1997) have also reported negative relation-
ships between growth rate and wood density.
In black spruce, the relationship is still contra-
dictory. On one hand, Risi and Zeller (1960)
showed that ring width and wood density of
mature trees were not correlated. In New-
foundland mature stands, the relationship be-
tween growth rate and wood density was weak
and dependent on location and environmental
factors (Hall 1984). On the other hand, Boyle
et al. (1987) found a negative correlation of
wood density with both the tree height and the
tree diameter in 15-yr-old trees. In addition,
Zhang et al. (1996) reported that wood density
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was negatively related to growth rate in ju-
venile wood for a 15-yr-old plantation. Zhang
(1995) recently examined the relationship of
growth rate to wood density and mechanical
properties in 16 mature tree species belonging
to 4 distinct wood categories and reported neg-
ative correlations for softwoods. For planta-
tion-grown white spruce, mature trees with
high ring width led to low density, high ju-
venile wood content, and low strength prop-
erties, while trees with high ring density and
moderate or slow growth rate led to satisfac-
tory strength properties (Zhou and Smith
1991). From these results, relationship of
growth rate to wood density in black spruce
seems to be age-dependent. The negative re-
lationship is statistically significant in young
trees (Boyle et al. 1987; Zhang et al. 1996)
but not significant in mature trees (Risi and
Zeller 1960; Hall 1984). However, there is no
information available on the evolution of this
relationship with tree age.

Breeding programs usually take many years
to complete every cycle. As a result, a selec-
tion at an early age would reduce the length
of breeding cycle and be cost-effective. In
fact, the age of selection, to a large extent,
determines the length of breeding cycle and
the amount of genetic gain that can be
achieved per unit of time (Lambeth 1980;
McKeand 1988). To pursue selection at an ear-
ly age, it is important to understand the rela-
tionships between juvenile and mature wood
at both genetic and phenotypic levels. Deter-
mining the extent of any relationship between
juvenile and mature wood properties and be-
tween juvenile wood and values for the whole
tree is of great interest and utility for breeding
purposes (Zobel and Sprague 1998). In white
spruce, Corriveau et al. (1987) reported mod-
erately positive correlations (both phenotypic
and genetic) between juvenile density and ma-
ture wood density. Since genetic correlations
were of the same order and sign as the phe-
notypic correlations, they concluded that mass
selection could be made at a younger age for
genetic improvement of wood density or wood
mass production in the species. In Norway
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spruce, Nepveu and Birot (1979) reported high
simple and canonical correlations of juvenile
wood density and growth with mature wood
density and growth. Blouin et al. (1994) re-
ported that mature and juvenile wood densities
were highly correlated in the same species.
The available information on the juvenile-ma-
ture wood relationships in pines was summa-
rized by Zobel and Sprague (1998).

The juvenile-mature wood relationships are
important not only for tree breeding purposes
but also for end-use purposes. For the end us-
ers, the relationships between juvenile wood
properties and those of whole trees are even
more important than juvenile-mature wood re-
lationships. Such relationships are needed for
an early assessment of wood available at har-
vest time (Zobel and Sprague 1998).

This study was initiated to examine the phe-
notypic relationships between juvenile and
mature wood characteristics in black spruce
[Picea mariana (Mill.) B.S.P], the most im-
portant commercial species in eastern Canada.
Specifically, the objectives of this study were
to: 1) examine the extent of phenotypic cor-
relations among some intra-ring characteristics
within and between juvenile and mature wood
zones; 2) determine the age upon which ma-
ture wood density and growth rate could be
predicted; and 3) evaluate the possibility of
predicting total wood density from individual
rings. Since there was no family structure for
the plantations sampled, this study examined
only phenotypic correlations.

MATERIALS AND METHODS

A provenance test was established in 1974
using a randomized complete 6-block design
with 16-tree (4 X 4) square plots on 6 different
sites distributed throughout the province of
Quebec. Each square plot had trees spaced at
25 m X 3 m (Beaulieu et al. 1989). At the
end of the 1995 growing season, 86 prove-
nances and 12 trees per provenance from 3
blocks were sampled in the tes! site located at
Mont-Laurier (lat. 46°36'N, long. 75°48'W,
alt. 300 m). In this location, the average an-

nual precipitation is 910 mm and the average
annual temperature is 3.5°C. The length of the
growing season varies from 170 to 180 days.
The soil is deep alluvial sand. Moreover, at the
end of the 1996 growing season, 944 trees
were sampled from a 50-yr-old black spruce
commercial plantation in Victoriaville (lat.
46°01'N, long. 72°33'W, alt. 90 m). The initial
spacing for the plantation was 2 m X 2 m.
The average annual precipitation in Victoria-
ville is 1,000 mm, and the average annual tem-
perature is 4.5°C. The length of the growing
season varies from 180 to 190 days.

From a constant compass direction, an in-
crement core (6 mm in diameter) was taken at
breast height from each tree selected in both
plantations. All increment cores were wrapped
in plastic bags and kept frozen until the sam-
ple preparation. The core samples were sawn
to a 1.57-mm thickness longitudinally. The
strips were then extracted with cyclohexane/
ethanol solution 2:1 (v/v) for 24 h and with
distilled water for another 24 h. X-ray densi-
tometry was used to measure wood density.
After conditioning, rings from the pith to the
bark were scanned in the air-dry condition.
Data on earlywood density (EWD), latewood
density (LWD), and ring density (RD) of in-
dividual rings were obtained based on the in-
tra-ring microdensitometric profiles. The same
profiles served for determining earlywood
width (EWW), latewood width (LWW), and
ring width (RW) of individual rings. The
boundaries delimiting earlywood and late-
wood (540 kg/m*) and between the end of the
latewood zone of a ring and the beginning of
the earlywood of the following ring (450 kg/
m’) were determined experimentally by un-
dertaking preliminary analyses of some ring
density profiles of a subsample of cores. Dur-
ing the scanning, precautions were taken to
eliminate incomplete or false rings, and rings
with compression wood or branch tracers. The
averages for each parameter were weighted on
the basis of ring area. The latewood percent-
age (LWP) was calculated as the ratio of late-
wood width to ring width.

The normality of the experimental data was
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TaBLE 1. Descriptive statistics for the Mont-Laurier provenance test and the Victoriaville commercial plantation.
Plantation RD (kg/m¥) EWD (kg/m") LWD (kg/m?) RW (mm) EWW (mm) LWW (mm) LWP (%)
Mont-Laurier}
Avcraget 443 396 609 3.36 2.6 0.76 23.1
SD 37 2.7 24 0.63 0.63 0.26 7.9
CV (%) 8.4 6.8 4 18.7 24.2 342 342
Victoriavillet
Averagcet 441 375 623 2.51 1.9 0.60 27
SD 30 20 25 0.43 0.42 0.13 6.3
CV (%) 6.8 5.3 4 17.1 22.1 21.7 23.3
Victoriaville||
Average} 440 382 625 334 2.59 0.75 23.9
SD 30 19 25 0.58 0.59 0.19 6.2
CV (%) 6.8 5 4 17.4 22.3 25.3 259

Abbreviations: RD, ring density: EWD, earlywood density: LWD, latewood density: RW, ring width: EWW, earlywood width: LWW, latewood width; LWP.

latewood proportion: SD. standard deviation; CV. coefficient of variation.
+ Whole disc average.
I Averages are weighted on ring area.
[ Averages of the first 15 rings.

verified using the Wilk-Shapiro test (SAS
1988a). Correlation and regression analyses
were conducted on the data using CORR and
REG SAS procedures (SAS 1988b). Because
of the large sample size, a conservative sig-
nificance level (a = 0.01) was set a priori for
declaring results significant. Furthermore, a
Bonferroni correction was applied to the sig-
nificance level for taking account of the nu-
merous simultaneous tests (Neter et al. 1985).
Another set of analyses based on tree means
was conducted to see how well average mature
wood density (MWD) could be predicted from
juvenile wood characters using stepwise re-
gression analysis (SAS 1988b). The significant
level for entry and staying in the model for
any juvenile wood property was specified as
a = 0.01.

RESULTS AND DISCUSSION

The average wood density for the prove-
nance test (443 kg/m*) was similar to that of
the commercial plantation (441 kg/m®) despite
differences in age (Table 1). Trees grown in
these plantations had higher average wood
density than that reported by Zhang and Mor-
genstern (1996) for a black spruce family test
in New Brunswick (399 kg/m*). As shown in
Table 1, earlywood density for the provenance

test was higher than that of the commercial
plantation while the latewood density was
lower. Even when both plantations were com-
pared at the same age,? the weighted averages
for earlywood and latewood densities were
still statistically different (P < 0.01). The av-
erage ring, earlywood, and latewood widths
for the provenance test were higher than those
of the commercial plantation (Table 1). This is
likely due to the age differences between both
plantations: at the same age, the ring, early-
wood, and latewood widths of both plantations
were comparable.

Correlation among traits

For both plantations, ring density was pos-
itively correlated with earlywood and late-
wood densities (Table 2) and in both cases, the
correlation between ring density and early-
wood density was higher than between ring
density and latewood density. Trees from the
Victoriaville plantation with high earlywood
density showed a tendency to exhibit high
latewood density in the juvenile wood, where-
as this relationship was not observed in mature
wood (Table 3). On the other hand, ring den-

* Means for the trees in the Victoriaville plantation were
computed for the first 15 annual rings.
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TABLE 2.
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Correlation coefficients between all possible pairs of intra-ring traits for the two plantations. Upper part,

Victoriaville commercial plantation; lower part, Mont-Laurier provenance test.

RD EWD LwD RwW EWWwW LwWw LWP

Ring density (RD) 0.87** 0.58**  —0.29%*  —(0.59** 0.73** 0.93**
Earlywood density (EWD) 0.91** 0.28**%  —~0.18%*  —0.46%* 0.67** 0.68**
Latewood density (LLWD) 0.54%* 0.43%* —0.24%*  —0.30%* 0.37** 0.50%*
Ring width (RW) —0.44%%  —0.27%* —0.42%* 0.95%* 0.14#*  —0.53%*
Earlywood width (FWW) —0.66%*  —(0.43%%* —(0.37** 0.91** —0.18%%  —(.75%%
Latewood width (LWW) 0.69** 0.51%** 0.43%%* 0.19%%  —0.21** 0.71%*
Latewood proportion (LWP) 0.88%* 0.77** 0.48%*  —0.35%*  —0.68%** 0.83%%*

** Significant at « = 0.01 after a Bonferroni correction. Hence, a P-value must be lower than or equal to 0.01/21 = 0.00048 to be declared significant.

sity was strongly correlated with latewood
proportion in both juvenile and mature wood
(Table 3). Thus, latewood proportion and ear-
lywood density seem more important in deter-
mining overall wood density than latewood
density. As shown in Fig. 1, the correlation
between ring density and latewood proportion
was almost constant (about 0.83) over the tree
age. However, the correlation between ring
density and earlywood density decreased con-
sistently with age. Thus, latewood proportion
seemed more important than earlywood den-
sity in determining mature wood density.
This study also disclosed a negative rela-
tionship between growth rate and wood den-
sity in black spruce at the phenotypic level
(Tables 2 and 3). Indeed, the correlation be-
tween ring density and ring width was nega-
tive and statistically significant. Earlywood
density was also negatively correlated with
both ring width and earlywood width. But it
was different for latewood, as the correlation
between latewood density and latewood width
is positive. These observations were in agree-

TABLE 3.
Victoriaville commercial plantation.

ment with previous results (Zhang et al. 1996;
Zhang 1998). Selection for high latewood
width might have a positive effect on both
wood density and tree growth because late-
wood width is positively correlated with ring
density and ring width. These relationships re-
main to be confirmed at the genetic level.
However, both genetic and phenotypic corre-
lations between wood density and growth in
black spruce were reported to be of the same
order and sign in another study carried out on
different sites (Zhang et al. 1996; Zhang and
Morgenstern 1996).

The correlations of ring density with both
ring and earlywood widths were weaker in
mature wood (Table 3). This suggests that the
negative effect of high radial growth on wood
density decreases when the wood reaches ma-
turity. The negative correlation was no longer
statistically significant after 25 years of age
(Fig. 2). These results were similar to those
reported by Keith (1961), where a reduction
in the correlation between growth rate and

Correlation coefficients between the different traits for the juvenile (upper) and mature (lower) wood in the

RD EWD LWD RW EWW Lww Lwp

Ring density (RD) 0.86%%* 0.59%*  —0.33** —0.53%* 0.44%* 0.91%*
Earlywood density (EWD) 0.78** 0.31** —031**  —0.42%* 0.25%* 0.61**
Latewood density (LWD) 0.47%*  —0.01 n.s. 0.15%* 0.02 n.s. 0.40%* 0.50%*
Ring width (RW) —0.44%%  —0.26%* —0.29%* 0.95%* 0.13%*  —0.49%*
Earlywood width (EWW) —0.67**%  —0.42%* —0.41%* 0.96** —=0.20%%  —0.74%*
Latewood width (LWW) 0.71%* 0.50** 0.39%* 0.55%* 0.32%* 0.77%%*
Latewood proportion (LWP) 0.86%* 0.65%* 0.21%* —0.52%*  —0.69%* 0.34%%*

** Significant at @ = 0.01 after a Bonferroni correction. Hence, a P-value must be lower than or cqual to 0.01/21 = 0.00048 to be declared significant.

n.s. = not significant.
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Fig. 1. Correlation of ring wood density (RD) with

latewood proportion (LWP) and carlywood density
(EWD) over tree age in the Victoriaville plantation.

wood density in mature wood of white spruce
[Picea glauca (Moench.) Voss] was observed.

The negative relationship between ring
width and ring density, although significant,
was only moderate (Tables 2 and 3). Thus, it
seems possible to identify some provenances
or individuals that not only grow fast but also
maintain high wood density, as was previously
reported for white spruce by Corriveau et al.
(1990). For example, at the Mont-Laurier site,
provenance 323 was among the provenances
that showed the highest growth rates (Beaulieu
et al. 1989). This provenance still grew rapidly
and its density (458 kg/m?*) was well above the
average of all provenances (443 kg/m?). Thus,
it could be recommended for both fast growth
and high wood density. On the other hand,
provenance 437 was among the slow-growing
provenances (Beaulieu et al. 1989). Its density
(410 kg/m’) was also below the average of all
provenances. Consequently, this provenance
could be not recommended for either fast
growth or high wood density.

The effect of growth rate on wood density
has also been studied within provenances (Ta-
ble 4). A negative correlation between ring
width and growth rate was observed for most
provenances. A positive correlation, however,

0.1 1 -= Victoriaville plantation
0 -e— Mont-Laurier Provenance test

. 01
2
&
[
5 -0.2 4
©
S
§ -034
S
&
@
Q
QO -0.4 4

-0.5 4

-0.6 T T T T 1

0 7 14 21 28 35

Cambiaf age (years)

FiG. 2. Corrclation between ring density with ring
width over tree age in the Victoriaville plantation and
Mont-Laurier provenance test.

was recorded for some provenances. These re-
sults suggest that it would be possible to iden-
tify some individuals within provenances that
not only grow fast but also maintain high
wood density, as was previously reported for
white spruce (Corriveau et al. 1990).

Juvenile-mature wood relationships

Juvenile-mature wood correlations were
studied for all measured traits (Table 5). Cor-
relations between juvenile (rings 1-12) and
mature wood (rings 18-30) traits were signif-
icant (P < 0.01) but moderate. Thus, the val-
ues of juvenile wood for these traits seem to
be only indicative of those of mature wood.
The highest correlation coefficients between
mature and juvenile traits were found for ring
density, earlywood density, and latewood pro-
portion. This suggests that trees producing
high wood density or latewood proportion dur-
ing the juvenile phase continue to do so during
the mature wood period. For each trait, the
juvenile wood values explained from 30% to
46% of the variances in mature wood values.
These results were concordant with previous
reports on Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco) (Abdel-Gadir et al. 1993; Kel-
ler and Thoby 1977), Norway spruce (Picea
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TaBLE 4. Correlation coefficients (r) between average ring density and total ring width based on tree averages in
each provenance of the Mont-Laurier site.

Provenance r Provenance r Provenance r
1539 -0.91 (0.00) 338 —0.44 (0.09) 4344 —-0.10 (0.79)
6927 -0.85 (0.01) 4352 -0.42 (0.30) 437 —0.10 (0.77)
6902 -0.82 (0.02) 6909 -0.41 (0.30) 322 —0.09 (0.78)
353 -0.81 (0.00) 1531 -0.41 (0.18) 6903 -0.09 (0.79)
361 -0.81 (0.00) 360 -0.41 (0.21) 311 —0.08 (0.86)
6914 -0.79 (0.01) 3267 —0.40 (0.26) 4277 —0.04 (0.96)
6922 -0.74 (0.01) 329 —0.38 (0.28) 1329 -0.02 (0.95)
346 -0.73 (0.01) 359 -0.37 (0.30) 321 0.00 (0.99)
6930 -0.73 (0.04) 345 —0.37 (0.27) 315 0.01 (0.97)
335 -0.72 (0.02) 6938 —0.36 (0.38) 6804 0.03 (0.95)
6803 -0.71 (0.08) 331 -0.36 (0.28) 6917 0.04 (0.91)
6802 -0.70 (0.02) 6973 -0.35 (0.36) 340 0.06 (0.84)
368 -0.63 (0.05) 4360 —0.34 (0.37) 337 0.08 (0.84)
357 —0.58 (0.06) 6805 —0.33 (0.52) 348 0.08 (0.83)
355 -0.58 (0.08) 1528 -0.31 (0.35) 341 0.09 (0.79)
6901 -0.58 (0.06) 316 —0.30 (0.37) 363 0.10 (0.79)
344 -0.57 (0.08) 356 —0.30 (0.41) 6965 0.17 (0.65)
3293 ~-0.57 (0.11) 1529 —0.29 (0.38) 6968 0.21 (0.57)
326 ~0.54 (0.07) 4351 -0.28 (0.50) 442 0.22 (0.61)
342 -0.54 (0.09) 6907 —0.25 (0.46) 352 0.25 (0.46)
1534 -0.53 (0.14) 4349 —0.24 (0.50) 367 0.27 (0.48)
349 -~0.53 (0.09) 6801 —0.23 (0.55) 6967 0.31 (0.38)
369 --0.52 (0.10) 325 —0.23 (0.50) 6979 0.31 (0.46)
3268 ~-0.49 (0.21) 1628 —0.23 (0.48) 372 0.32 (0.32)
370 ~0.48 (0.11) 330 —0.22 (0.58) 332 0.37 (0.30)
347 —-0.48 (0.23) 328 =0.19 (0.59) 323 0.60 (0.05)
1538 -0.47 (0.24) 4353 -0.17 (0.71) 1530 0.69 (0.05)
4354 —-0.44 (0.17) 333 —0.17 (0.67) 4355 0.85 (0.01)
336 —0.44 (0.10) 1847 —0.12 (0.76) —

Values in parentheses are P-values for the hypothesis tests that the correlation coefficient = 0.

abies (L.) Karst.) (Nepveu and Birot 1979; (JRD), juvenile earlywood width (JEWW),
Blouin et al. 1994), and white spruce (Corri- and juvenile latewood width (JLWW) were
veau et al. 1987). significant in predicting mature wood density

The results of the stepwise regression anal- (MWD). The best fitted response function was
ysis showed that only juvenile ring density (Eq. 1):

TasLi: 5. Correlations among possible pairs of intra-ring characteristics between juvenile (rings 1-12) and mature
(rings 18-30) wood in the Victoriaville plantation.

Mature wood

Juvenile wood RD EWD LWD RW Eww Lww LWP
Ring density (RD) 0.68** 0.53** 0.36%* —0.21%* —0.36*%* 0.34** 0.60**
Earlywood density (EWD) 0.64** 0.62%* 0.25%* —0.15%* —0.27** 0.33%* 0.50**
Latewood density (LWD) 0.42%* 0.18** 0.49%* —0.14%* —0.23** 0.18%* 0.32%+%
Ring width (RW) —=0.26%* —0.19%* —-0.02 n.s. 0.39%** 0.41%* 0.13%* —0.32%*
Earlywood width (EWW) —0.40%*% —0.28%* —(.13%* 0.37** 0.44%** =0.01 ns. —0.44%*
Latewood width (LWW) 0.44** 0.26** 0.34** 0.04 n.s. 0.09 n.s. 0.44%* 0.37**
Latewood proportion (LWP) 0.56%* 0.37** 0.30** —0.21%* —0.34** 0.30** 0.55%*

= Significant at o« = 0.01 after a Bonferroni correction. Hence, a P-value must be lower than or equal to 0.01/49 = 0.0002 to be declared significant.

n.s. = not significant to 99% probability level.
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MWD = (—68 £ 28) + (1.17 = 0.06)JRD
+ (11 £ 2)JEWW

- (35 £ 15)JLWW (1)

Latewood proportion, ring width, and ear-
lywood density were excluded from the model
because they were highly correlated with the
entering variables. From Mallow’s Cp statistic
(Cp = 3.48), the multiple regression model
found had a small mean squares error with no
indication of bias in the model (Neter et al.
1985). This analysis showed that juvenile ring
density, earlywood width, and latewood width
explained 49% of the variation in mature
wood density. Although this result confirmed
some potential value of juvenile wood char-
acters in predicting the phenotypic value of
mature wood density in black spruce, more
than 50% of mature wood density was still not
explained. Thus, care should be taken in pre-
dicting mature wood density from juvenile
traits, especially for further genetic selection.
In order to make an early selection, the use of
other alternative methods such as marker-aid-
ed selection based on DNA markers should be
investigated (Strauss et al. 1992).

Minimum age to predict wood density and
radial growth

While the correlations between juvenile and
mature wood traits were moderate and highly
significant, it is most important to determine
the earliest age at which the mature wood
traits could be predicted satisfactorily. For ex-
ample, selection for wood density would be
efficient from 7 yr of age in coastal Douglas-
fir (Vargas-Hernandez and Adams 1992). In
Norway spruce, Nepveu and Birot (1979)
showed that annual rings 5 to 12 could be used
to predict mature wood density. In the present
study, we examined the relationship between
the tree average density at different ages from
3 to 30 and the whole tree average (Fig. 3).
The linear relationship was weak at early ages.
This indicates that wood density of very
young trees is not a reliable predictor for wood
density at later ages. However, the correlation
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different ages with weighted average densities of the whole
trec and mature wood in the Victoriaville plantation.

increased with tree age, then leveled off be-
yond the twelfth annual ring. This suggests
that wood density of whole trees in black
spruce would be satisfactorily predicted only
from at least the first 12 annual rings at breast
height. The same pattern of variation was
found for the tree average ring width at dif-
ferent ages from 3 to 30 and the whole tree
ring width average (Fig. 4). The correlation
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Fic. 4. Correlation of wcighted average ring width at
different ages with weighted ring widths of the whole tree
and mature wood in the Victoriaville plantation.
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Fig. 5. Correlation of individual annual ring densities

and densities of the whole tree and the mature wood in
the Victoriaville plantation.

increased with age to reach a plateau beyond
the tenth annual ring. Accordingly, at least 10
annual rings at breast height are needed to ob-
tain a reliable prediction of the average growth
rate in older trees. These results have some
practical implications for both wood users and
tree breeders. For wood users, they show that
density and growth of the future wood supply
could be assessed at a young age. If the ge-
netic correlations for wood density and growth
are in the same order and sign with phenotypic
correlations, these results could significantly
shorten a breeding cycle. However, for slow-
growing trees such as black spruce, it takes
almost 20 yr to reach 12 annual rings at breast
height. This is still a long cycle, and other rap-
id alternatives to assess wood density and
growth at early ages should be investigated.
Similar trends were found for the linear re-
lationships between tree density and ring
width at different ages (from 3 to 30) and the
mature wood density (Fig. 3) and ring width
(Fig. 4). Ages at which the leveling off started
for mature wood weighted density (12 yr) and
ring width (10 yr) were the same as that for
the whole tree weighted averages. However,
the correlations were lower for weighted ma-
ture wood averages. This was especially true
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Fic. 6. Corrclation between individual annual ring

widths and ring widths of the maturc wood and the whole
tree in the Victoriaville plantation.

for ring width where the coefficient of corre-
lation had dropped drastically (Fig. 4). This is
likely due to the large physiological and en-
vironmental influence on black spruce growth,
especially in juvenile wood (Panshin and de
Zeeuw 1980; Zobel and van Buijtenen 1989;
Zobel and Jett 1995; Zobel and Sprague
1998). The correlation coefficients for mature
wood density were lower than those for whole
trees (Fig. 2). In trees having 12 annual rings
at breast height, the juvenile wood density ex-
plained only 46% (R?) of the phenotypic var-
iation of mature wood density (Table 5). These
results are especially important for black
spruce breeders since they show that early se-
lection for mature wood density and growth
may not pay off.

Prediction of density and growth
performance from individual annual rings

Wood density (Fig. 5) and ring width (Fig.
6) of early annual rings were not closely cor-
related to those of either the mature wood or
the whole tree. Thus, the use of these characters
at early ages for prediction or selection pur-
poses would be misleading and should be
avoided. In contrast, the whole tree density and
ring width were closely correlated with those
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of growth rings from the juvenile-mature wood
transition zone (Koubaa et al. 1999). Accord-
ingly, the density and ring width of the whole
tree could be predicted with a fair degree of
confidence from individual annual rings if these
annual rings were taken from the juvenile-ma-
ture wood transition zone. However, since these
phenotypic correlations are only moderate, cau-
tion should be taken in generalizing these re-
sults for other species and other environments
than those used in this study.

Both mature wood density and ring width
were closely correlated to those of annual
rings from the mature wood zone (Figs. 5 and
6). These results have some practical impli-
cations regarding nondestructive evaluation of
wood density and growth from small samples.
For example, the use of instruments such as
the pilodyn would be suitable in assessing ma-
ture wood density in standing trees, as ob-
served in white spruce (Micko et al. 1982).

CONCLUSIONS

Based on the present study, the following
conclusions can be drawn:

1. For juvenile to mature wood, ring density
components were significantly and nega-
tively correlated to their respective ring
width components. Thus, large ring width
and earlywood width led to low ring den-
sity and earlywood density. However,
latewood width was positively correlated
to both ring density and latewood density.

2. Except latewood proportion, the coeffi-
cients of correlation of density and growth
components with ring density tended to
decrease with increasing tree age. Thus,
the negative impact of ring width on ring
density tends to disappear with the aging
of the cambium.

3. Significant correlations between juvenile
and whole tree wood characters indicated
that trees having at least 12 annual rings
from the pith could be used to predict to
a certain extent the wood characters of
these trees at older ages. However, the
correlations between juvenile and mature

wood characters, although significant,
range from low to moderate. Thus, using
juvenile characters to predict mature
wood ones could be misleading, especial-
ly for selection and breeding purposes.

4. Individual annual rings can be used to pre-
dict wood density of either mature wood
or the whole tree. However, these individ-
ual rings should be sampled from the ju-
venile to mature wood transition zone.

ACKNOWLEDGMENTS

We thank E Larochelle (CRBE Université
Laval) and G. Gagnon (ministére des Res-
sources naturelles du Québec) for helping with
core sampling and tree measurements and G.
Chauret (Forintek Canada Corp.) for assis-
tance in X-ray densitometry measurements.
We are also grateful to M. Villeneuve (min-
istere des Ressources naturelles du Québec)
and M. Labarre for making accessible the
provenance test and the commercial planta-
tion, respectively. This research was made
possible by a strategic research grant from the
Natural Sciences and Engineering Research
Council of Canada and a research grant from
the ministére des Ressources naturelles du
Québec. We also thank Dr. Bruce Zobel and
Dr. Robert Kellogg for their helpful comments
on an earlier draft of the manuscript and Ms.
Pamela Cheers (Laurentian Forestry Center,
Canadian Forest Service) for the editorial re-
vision of the manuscript.

REFERENCES

ABDEL-GADIR, A. Y., R. L. KRaAHMER, aND M. D. Mc-
KimMy. 1993. Relationships between intra-ring vari-
ables in mature Douglas-fir trecs from provenance plan-
tations. Wood Fiber Sci. 25(2):182-191.

BEAULIEU, J., AND A. CORRIVEAU. 1985. Variabilité de la
densité du bois et de la production des provenances
d’épinette blanche, 20 ans aprés plantation. Can. J. For.
Res. 15(5):833-838.

3 , AND G. DaousT. 1989. Phenotypic sta-
bility and delineation of black spruce breeding zones in
Quebec. For. Can. Serv. Inf. Rep. LAU-X-85E. Lauren-
tian For. Cent., Sainte-Foy, QC. 39 pp.

BENDTSEN, B. A. 1978. Properties of wood from improved
and intensively managed trees. Forest Prod. 1. 28(10):
61-72.




Koubua et al—CORRELATIONS BETWEEN DENSITY AND GROWTH IN BLACK SPRUCE 71

BLOUIN, D.. J. BEauLiEu, G. DaousTt, AND J. POLIQUIN.
1994. Wood quality of Norway spruce grown in plan-
tations in Quebec. Wood Fiber Sci. 26(3):342-353.

Bovie, T. J., J. J. BALATINECZ, AND P. M. McCaw. 1987.
Genetic control of some wood propertics of black
sprucc. 21st Can. Tree Improvement Association. Truro,
Nova Scotia, Canada. P. 198.

CORRIVEAU, A., I. BEAULIEU, AND E MOTHE. 1987. Wood
density of natural white spruce populations in Quebec.
Can. J. For. Res. 17(7):675-682.

s , 1. POLIQUIN, AND J. DouckT. 1990. Den-

sité et largeur des cernes des populations d’épinettes

blanches de la région forestiere des Grands Lacs et du

Saint-Laurent. Can. J. For. Res. 20(2):121-129.

, , AND G. DaousT. 1991. Heritability and
genctic correlations of wood characters of Upper Otta-
wa Vallcy white spruce populations grown in Quebec.
For. Chron. 67(6}:698-705.

HaLL, J. P. 1984, The relationship between wood density
and growth ratc and the implications for the selection
of black sprucc. Newfoundland For. Res. Cent. Inf. Rep.
N-X-224, Can. For. Serv., St-John’s Newfoundland,
Canada. 22 pp.

Kerrn, C. T. 1961. Characteristics of annual rings in re-
lation to wood quality for white spruce. Forest Prod. J.
11(3):122-126.

, AND R. M. KELLOGG. 1986. Wood quality consid-
crations in trec improvement programs. Proc. Workshop
held in Quebec City, 19 August 1995. Special publi-
cation SP-513-E Forintck Canada Corp., Ottawa, Can-
ada. Pp. 21-25.

KrLLER, R., anp M. THOBY. 1977. Liaisons entre I'¢tat
juvénile et I’état adulte pour quelques caracteres tech-
nologigues ct auxométriques chez le Douglas (Pseudot-
suga menziesii). Ann. Sci. For. 34(3):175-203.

KeLLoGG, R. M. (989, Sccond growth Douglas-fir: Its
management and conversion for value. Special Publi-
cation SP-32, Forintek Canada Corp., Vancouver, BC,
Canada. 173 pp.

Kousaa, A., N. [saBeL, S. Y. ZHANG. J. BEAULIEU, M.
BERNIFR-CARDOU, AND J. BOUSQUET. 1999. Transition
from juvenile to mature wood in Picea mariana (Mill.)
B.S.P. Can. J. For. Res. (Accepted).

LaMBETH, C. C. 1980. Juvenile-mature correlations in Pin-
aceae and implications for carly sclection. For. Sci.
26(4):571-580.

MAGNUSSEN, S., anp C. T. KerrH. 1990. Genetic improve-
ment of volume and wood properties and volume of jack
pinc: Sclection strategics. For. Chron. 66(3):281-286.

McKEanD, S. E. 1988. Optimum age for family selection
for growth in genetic tests of loblolly pine. For. Sci.
34(2):400-411.

MIcko, M. M., E. I. C. WaNG, E W. TAYLOR, AND A. D.
YaNcHUK. 1982. Determination of woad specific gravity
in standing whitc spruce using a pilodyn tester. For.
Chron. 58(4):173-180.

Nepveu, P, AND Y. BIROT. 1979. Les corrélations phéno-

typiques juvénile-adulte pour la densité du bois ct de la
vigucur chez I’épicea. Ann. Sci. For. 36(2):125-149.

NETER, J., W. WASSERMAN, AND M. H. KUNTER. 1985. Ap-
plied lincar statistical models: Regression, analysis of
variance, and experimental designs, 2nd ed. Richard D.
Irwin Inc., Homewood, IL. 1127 pp.

OLESEN, P. O. 1976. The interrelation between basic den-
sity and ring width of Norway spruce. Forst. Forsogs-
vacs. Dan. 34(4):339-359.

PANSHIN, A. J., AND C. DE ZEEUW. 1980. Textbook of wood
technology, 4th ed. McGraw-Hill Book Co., New York,
NY. 722 pp.

Rist, J., AND E. ZELLER. 1960. Specific gravity of the wood
of black spruce (Picea mariana (Mill.) B.S.P.) grown in
a Hylocomium-Cornus site type. Laval Univ. For. Res.
Found., Québec, Canada. 70 pp.

ROZENBERG, P, aNp C. CAHALAN. 1997. Spruce and wood
quality: Genetic aspects (a review). Silvac Genet. 46(5):
270-279.

SAS INSTITUTE INC. 1988a. SAS user’s guide: Basic, ver-
sion 6.03 cdition. SAS Institute Inc., Cary, NC.

. 1988b. SAS user’s guide: Statistics, version 6.03
cdition. SAS Institute Inc., Cary, NC.

STRAUSS, S. H., R. LANDE, AND G. NAMKOONG. 1992, Lim-
itations of molecular-marker-aided sclection in forest
tree breeding. Can. J. For. Res. 22(7):1050-1061.

VARGAS-HERNANDEZ, J., AND W. T. ApaMs. 1992. Age-age
correlations and early selection for wood density in
young coastal Douglas-fir. For. Sci. 38(2):467-478.

ZHANG, S. Y. 1994. Mechanical properties in relation to
specific gravity in 342 Chinese woods. Wood Fiber Sci.
26(4):512-526.

. 1995, Effect of growth ratc on wood specific

gravity and sclected mechanical propertics in individual

species from distinct wood categories. Wood Sci. Tech-
nol. 29(6):451-465.

. 1998. Effect of age on the variation, correlations

and inheritance of selected wood characteristics in black

spruce (Picea mariana). Wood Sci. Technol. 32(3):197-

204.

, AND E. K. MORGENSTERN. 1996. Genetic variation

and inheritance of wood density in black spruce (Picea

mariana) and its relationship with growth: Implications
for trec breeding. Wood Sci. Technol. 30(1):63-72.

. D. SiMPsON, AND E. K. MORGENSTERN. 1996. Var-
iation in the relationship of wood density with growth
in 40 black spruce (Picea mariana) families grown in
New Brunswick. Wood Fiber Sci. 28(1):91-99.

Zuou, H., AND 1. SMITH. 1991. Factors influencing bending
properties of white spruce lumber. Wood Fiber Sci.
23(4):483-500.

ZOBEL, B. J., AND J. B. JETT. 1995. Genetics of wood pro-
duction. Springer-Verlag, Berlin, Germany. 337 pp.

, AND J. R. SPRAGUE. 1998. Juvenile wood in forest

trces. Springer-Verlag, Berlin, Germany. 300 pp.

. AND J. P vAN BUUTENEN. 1989. Wood variation:

Its causes and control. Springer-Verlag, Berlin, Germa-

ny. 363 pp.






