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This study was conducted as Dart of the genetic research uroaram on Noway spruce lPicea abies 
(L.) Karst.] &own in Quebec.   he objective of the study was to acquire more informition on the wood 
density of Norway soruce uown in olantations and to determine whether the wood densitv could be . . . 
used as a selection criterion for species improvement. To this end, 70-year-old commercial plantation- 
grown trees were first sampled in order to establish the wood density radial variation pattern and 
determine the existing relationships between the properties of juvenile wood and the average values 
of mature trees. Subsequently, the study of 22 provenances from central Europe introduced in Quebec 
was designed to verify the intra- and inter-provenance variation in wood density, determine the 
correlation between wood density and radial growth rates and origin, and estimate the impact of a 
selection of superior phenotypes on wood density. The study on 70-year-old trees showed that wood 
density declines from pith toward bark UP to the eighth annual ring, stabilizes until the fourteenth . 
annual ring, and increases thereafter. The simple regression equations calculated between the density 
of the iuvenile wood and the mean dendN of the trees were sienificant with R' varvine: from 0.53 to - . - 
0.64. The study of the wood density of the trees in the provenance trial, 19 growing seasons after 
planting, showed the presence of a moderate negative correlation between radial growth rate and wood 
density. No significant difference was found among provenances with regard to the average density 
values of the juvenile wood. For the radial variation pattern of wood density and annual growth ring 
width, comparisons made it possible to identify significant differences between southwestern and 
northeastern European provenances. There is still, however, strong individual variability in these 
traits, with 65 to 85% of total variation being due to differenm between trees from the same plot. A 
three-stage selection procedure would make it possible to maintain wood density, to reduce by half 
the deviation between the internal and external juvenile wood density, and to double the volume 
output, dependingon the selection strategy chosen. These results confirm the potential for rapid gmwth 
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and the excellent wood quality of Norway spruce provenances that are well adapted to the soil and 
climate conditions in Quebec. 

Keywords: Norway spruce, Picea abies (L.) Karst., wood quality, wood density, growth rates, intra- 
and inter-provenance variation, phenotypic selection. 

INTRODUCTION 

Norway spruce [Picea abies (L.) Karst.] is one 
of the main European forest species. It is a 
valuable resource for the veneer and lumber 
industries (Sell and Kropf 1990). It is also the 
most commonly planted exotic species in east- 
em North America. In Canada, this species 
can he found in the Maritimes, Ontario, and 
Quebec. In a study of the Norway spruce plan- 
tations dating from the early years of this cen- 
tury, MacArthur (1964) observed that, on ap- 
propriate sites, adapted provenances produced 
yields superior to indigenous spruce species. 
In light of these encouraging results, major re- 
forestation efforts were undertaken with this 
species in Quebec. Over 163 million trees were 
planted between 1972 and 1990 (Paradis 199 1). 

In the Great Lakes and St. Lawrence forest 
region, Norway spruce shows maximum pro- 
ductivity on soils of fine to moderate texture, 
fresh loam, and loamy sand with moderate 
drainage (Camirand et al. 1983). On the basis 
of a test performed on 44 provenances and 
with full stocking of 2,500 saplings per hectare, 
Comveau et al. (1988) estimated a mean an- 
nual growth of 4.7 m3/hafyr, 16 growing sea- 
sons after planting. The best adapted prove- 
nances achieved a mean annual growth of 6.4 
m3/ha/yr. On the other hand, Norway spruce 
is very susceptible to attacks from white pine 
weevil [Pissodes strobi (Peck)], an insect that 
can reduce the expected yield. 

From the late 1960s to the early 1980s, ap- 
proximately 150 provenances were established 
and tested in various experimental sites in 
Quebec. According to the results, several well- 
adapted, fast-growing provenances were rec- 
ommended for the reforestation of the Great 
Lakes and St. Lawrence forest region (CA- 
GAFQ 1983). In 1984, a Norway spruce ge- 
netic improvement program was initiated to 
develop high potential multiclonal varieties 

suited to the soil and climate conditions of 
southern Quebec (Daoust et al. 1987). Har- 
diness, volume yield, stem and crown quality, 
as well as resistance to insects and diseases, 
were the characteristics initially selected to 
reach the goals of the genetic improvement 
program. So far, very little interest has been 
shown in the wood quality of Norway spruce 
produced in Quebec. However, it has been rec- 
ognized that an increase in volume should not 
be achieved at the expense of the quality of 
the inherent characteristics of the wood pro- 
duced (Comveau et al. 1990). 

This study was conducted as part of the ge- 
netic research program on Norway spruce 
grown in Quebec. The objective of the study 
was to acquire more information on the den- 
sity of Norway spruce grown in plantations 
and to determine whether the density could be 
used as a selection criterion for species im- 
provement. To this end, 70-year-old trees were 
first sampled in order to establish the wood 
density radial variation pattern, and to deter- 
mine the existing relationships between the 
properties of juvenile wood and the average 
values of mature trees. Subsequently, the study 
of 22 provenances introduced in Quebec was 
designed to verify the intra- and inter-prove- 
nance variation in wood density, determine 
the correlation between wood density and their 
radial growth rates and origin, and estimate 
the impact of a selection of superior pheno- 
types on wood density. 

MATERIALS AND METHODS 

Thirty-five trees in a Norway spruce plan- 
tation in Grand-M&re (Proulx plantation, Que- 
bec, lat. 46"401N, long. 72'401W, alt. 130 m) 
dating from 1920 were systematically sam- 
pled. The average annual precipitation in 
Grand-Mere is 1,025 mm. The average annual 
temperature is 4.5 C; the average temperature 
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T w  1. Geographic origin and averages byprovenance of annual ring width and wood density of 22 provenances of 
Norway spruce established in Vnlcarfier, Quebec. 

Rovman~e Co-ordinam of origin' 

Num- Lpt. Lonl. Alt. UW OJW JUVWWlDD UD OJD JUVD DEND 
ber Namc norh easl (m) (mm) (mm) (mml (mml W m 3 )  w m 3 )  W m 3 )  (kB/mJ) 

5390 Forest district of Marginea, Romania 47'45' 25'45' 670 3.7 3.5 3.6 0.2 353 329 344 24 
5391 Forest district of Doma Cindreni. Romania 47'21' 2512' 975 3.4 2.8 3.2 0.6 357 345 352 12 
5392 Forest district of Bicaz, Romania 46'50' 25'55' 1.150 3.8 3.5 3.7 0.3 354 336 348 18 
5393 Fomt district of Comanesti, Romania 46'17' 26'37' 780 3.7 3.7 3.7 0.0 369 348 361 21 
5394 Forest district of Turda. Romania 46'35' 23'47' 1,110 3.4 3.0 3.3 0.4 358 336 351 22 
5395 Forest district of Cimpeni, Romania 46'20' 234)O' 1,260 3.8 2.9 3.5 0.9 363 343 357 20 
5397 Auee, Latvia 56'25' 22'50' 150 3.8 3.0 3.5 0.8 352 341 348 11 
5398 Daugavpil$, Latvia ' 55"50' 26910' 250 3.6 2.8 3.3 0.8 367 349 360 18 
5399 Jelgava, Latvia 1 56'40' 23VO' 100 3.7 2.9 3.4 0.8 361 341 354 20 
5400 Skede, Latvia 57'00' 27410' 180 3.4 3.4 3.4 0.0 352 337 345 15 
5401 Tukums, Latvia 57'00' 23415' 70 3.6 2.9 3.3 0.7 359 341 353 18 
5403 Wiino. Lithuania ' 54'35' 24'15' 300 3.7 2.4 3.3 1.3 362 360 361 2 
5404 Gorodo!&ii Lmhos, Belomssia 55'30' 30000' 200 3.6 2.8 3.3 1.2 360 353 358 7 
5405 Olubokskii Leshos, Belorussia 55'15' 3W10' 200 3.6 2.9 3.3 0.7 354 349 352 5 
5406 Minskii Leshos, Belorussia 53.50' 27'35' 660 3.7 3.0 3.4 0.7 356 340 350 16 
5407 Forest district of Carlsfeld, Germany 50'25' 12'35' 920 3.3 3.4 3.3 -0.1 370 328 354 42 
5408 Forest district of Rothenkirchm, Germany 50'20' 11'20' 555 3.6 3.4 3.5 0.2 371 328 356 43 
3153 Forstamt Tannesberg, Germany 5000' 12'30' 700 3.4 3.0 3.2 0.4 371 333 358 38 
3 154 Oberforsterei Ryeerka, Poland 49'32' 199)fY 700 3.4 3.1 3.3 0.3 378 339 365 39 
4027 h u l r  plantation. Quebec, h a &  46'40' 7 2 % ~ ~  130 3.4 3.2 3.4 0.2 367 336 357 31 
4028 Proulx plantation, Quebec, Canada 46'40' 72'40'' 130 3.5 2.9 3.3 0.6 377 359 371 18 
4076 Proulx plantation, Quebec, Canada 46'40' 72'40" 130 3.8 3.0 3.6 0.8 369 354 357 35 

Average 3.6 3.1 3.4 0.5 363 341 355 22 
Standard deviation3 0.6 0.8 0.5 0.9 26 28 24 26 

' Lpt.. latitude; Lon&., IongiMc: Alf., altitude. 
'Weat longitude. 1 

Standard deviation o f  individual valuca. 
1JU growh nng wdlh of onncrjuvcntlc wood. av- for nnps I to 9 fmm thc plh: 0JW pmwh nng wdth o f o u l o j u ~ m r l e  -0cd. . u r m  for nnpr 

10 lo 1 5  from the pllh J U W  gouth nng wdrh of,u$cn~lc xood. a>cmgc for nnp. 1 lo 15 fmm the psU1. UIDD: dnuuon b e r m "  nnp wdth of mnrr 
and outer ,rvcn#b xocd lln lnncr ~uscnllr uond dcnnr). O J n  ouln j.brnrlc uocd d m v v .  JLn D ~uvcnt.c uocd dcnsav. DEN) dcnslmn bcwrm 

in July is 19.7 C and the coldest temperature 
recorded was -38.9 C. The length of the grow- 
ing season varies from 140 to 160 days. The 
soil is deep alluvial sand. Increment cores 12 
mm in diameter taken at breast height were 
cut into sections at every three annual growth 
rings from the pith to the eighteenth ring, and 
at every five or six rings from there to the bark, 
for a total of 14 core sections per tree. To es- 
timate wood density, the samples were first 
immersed in water for a 24-h vacuum/pressure 
cycle to ensure that they had a moisture con- 
tent higher than the fiber saturation point. The 
samples were weighed in air and then in water 
to determine the volume when saturated, ac- 
cording to Archimedes' principle. They were 
subsequently dried in an oven at 103 C, +2 
C, for 24 h. Oven-dry mass was measured after 
the samples had been placed in desiccation 

chambers containing phosphorous pentoxide 
(P20,) and had reached ambient temperature. 
Weighing bottles were used to prevent any loss 
or absorption of moisture when the weighing 
was done with a Mettler PE160 digital preci- 
sion scale (f 0.0005 g). The weighing was done 
to calculate the wood density of the samples 
using the ratio oftheir oven-dry weight to their 
volume when saturated. 

A test of 22 provenances of Norway spruce 
from central Europe (see Table 1) was estah- 
lished in 1969 at the Valcartier Forest Exper- 
iment Station Oat. 46'501N, long. 7 1°30'W, alt. 
150 m), located 40 km north of Quebec City. 
Three of these provenances were from the 
Proulx plantation at Grand-Mbre, and the seed 
sources were unknown. They were withdrawn 
for the estimation of the relationships between 
provenance averages for each variable and their 
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origin. The seedlings, four years old at the time 
of planting, were produced by and obtained 
from the Petawawa National Forestry Institute 
(lat. 46"80fN, long. 77'301W, alt. 170 m). The 
average annual precipitation in Valcartier is 
1,170 mm. The average annual temperature is 
4 C; the average temperature in July is 15.4 C 
and the coldest temperature recorded was 
-41.7 C. The length of the growing season 
varies from 120 to 140 days. The soil is alluvial 
sand. 

The experimental layout consisted of four 
randomized complete blocks. Each square plot 
had 36 trees spaced 1.8 m x 1.8 m. The total 
area of the layout was 1.03 ha. 

To assess wood density, a 12-mm increment 
core was taken at breast height on the south 
side from five trees per plot in the fall of 1988, 
i.e., 20 trees per provenance for a total of 440 
trees in the provenance trial. The core samples 
were numbered, then placed in polyethylene 
bags and kept in a freezer (-20 C) until they 
were used in the laboratory. The purpose of 
the sampling was to estimate the wood density 
variation within and among provenances and 
the relationships between the radial growth 
rates and their origin and wood density. Of the 
19 provenances whose origin was known, nine 
had been selected by the breeders on the basis 
of their height growth and volume yield. With- 
in these nine superior provenances, a mass se- 
lection of 75 trees had been made on the basis 
of their volume yield, stem and crown quality, 
as well as resistance to insects and diseases. 
These 75 trees had also been sampled to de- 
termine the wood density for the purpose of 
assessing the impact of this type of selection 
on the average wood density of the trees. 

To account for the radial variation pattern 
in wood density observed in the genus Picea 
(Olesen 1977; Coniveau et al. 1990), the sam- 
ples were divided into two categories. Since 
the trees were 23 years old at the time the 
samples were taken and since there was an 
average of 15 annual rings at breast height, the 
first nine rings, representing the density decline 
phase, were considered to be inner juvenile 
wood (UW), while the six following rings, lo- 

cated near the bark and representing the stable 
stage, were considered to be outer juvenile 
wood (OJW). A third variable corresponding 
to the deviation between the inner juvenile 
wood density and that of the outer juvenile 
wood (DEND) was created. 

Because of the large number of samples to 
be measured, the maximum moisture content 
method described by Keylwerth (1954) and 
used by Smith (1954) was chosen to estimate 
the wood density of unextracted wood. Com- 
plete saturation was achieved by immersing 
the samples in water. The samples were put 
through 24-h vacuum/pressure cycles until 
constant weight was obtained; up to 12 days 
were necessary in the case of samples of inner 
juvenile wood. Excess surface water was wiped 
offthe samples with a damp cotton cloth before 
measuring the saturated mass. Oven-dry mass 
was obtained using the same procedure as for 
the trees from the Proulx plantation. The length 
of the samples was measured with a microm- 
eter caliper to determine the average annual 
growth rate. 

Analysis of variance based on a randomized 
complete block design and according to a ran- 
dom model was used to partition phenotypic 
variation. After verifying the basic assump- 
tions about data normality and variance ho- 
mogeneity, GLM and VARCOMP procedures 
(SAS 1988a) were used. Correlation and re- 
gression analyses measured the strength of the 
links between the wood characteristics using 
CORR and REG procedures. The normality 
of the data had been checked using the Sha- 
paro-Wilk test (SAS 1988b) before the regres- 
sion was performed. 

RESULTS AND DISCUSSION 

Mature trees from the ProuIx plantation 

Descriptive characteristics of the thirty-five 
70-year-old trees from the Proulx plantation 
are presented in Table 2. Weighted values for 
wood density, according to the surface or width 
of the growth rings, were calculated but were 
not retained because of their weak influence 
on the estimated average density of the trees. 
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The average wood density of the Proulx 
plantation (387 kg/m3) is similar to that of red 
spruce [Picea rubens Sarg.] (380 kg/m3) and 
slightly greater than that ofwhite spruce [Picea 
glauca (Moench) Voss] (354 kg/m3), as re- 
ported by Jessome (1977). Also, similarities 
have been observed for other wood character- 
istics between Norway spruce and red spruce 
(Anonymous 1992). 

Wood density radial variation pattern 

In the genus Picea, the wood density radial 
variation pattern is known to be of type 11, as 
described by Panshin and DeZeeuw (1980), 
i.e., starting from the pith, a density decline 
phase is followed by an increase in density, 
which then stabilizes as it nears the bark. This 
kind of variation pattern has been confirmed 
for Norway spruce in Europe (Olesen 1977) 
and for white spruce in Quebec (Comveau et 
al. 1990). The wood density radial variation 
pattern of Norway spruce grown in the Proulx 
plantation in Quebec is shown in Fig. 1. The 
results of the analyses indicate that the tran- 
sitions between the phases of decline, stabili- 
zation, and rapid increase in the wood density 
of Norway spruce grown in plantations in Que- 
bec occur around the eighth and fourteenth 
annual rings from the pith. The rapid-increase 
stage is followed by a slow-increase stage, and 
the transition occurs around the twenty-fifth 
annual ring. Polge (1964) has shown that the 
wood density of many conifers declines from 
the pith toward the bark, and then increases 
again from ages ranging from 5 to 25 years, 
depending on the species. Clark and Saucier 
(1991) have reported that differences in wood 
density radial variation patterns of several spe- 
cies of southern pine in the United States are 
due largely to differences in geographic loca- 
tion of the plantation and not to differences 
between species. Thus, under the same soil and 
climate conditions, different species would 
have the same variation pattern. 

In the case at hand, as in the case of white 
spruce grown in plantations in Quebec, the first 
15 annual rings from the pith consist solely of 
juvenile wood, corresponding to the density 

T ~ L E  2. Descriprrtr ~Iar~srics of rhe characrm~rrcs ofrhe 
35 n'ornavsomcerree.~from rheProulxplanrorronar Grand. 
M&e, esrhb(ished in 1920. 

Standard 
Chancferistie Unity Average deviation lnurval 

UW mm 5.1 0.9 3.7-6.8 
OJW mm 3.3 0.7 2.4-6.3 
JUVW mm 4.4 0.7 3.4-6.4 
MW mm 2.4 0.4 1.9-3.5 
IJD kg/m3 356 26 318414  
OJD kg/m3 344 26 291-405 
JUVD kgIm3 351 24 307412  
MD kgIm3 387 23 344-437 
IN: growth ring width of inner juvcnilc wmd, a v m g s  for tinga I to 9 

fmm the pith: OJW: mulh ring width of outer juvenile mod,  average far 
rink. 10 to IS from the pith: J U W .  gowfh ring width ofjuvmile wood, 
a v s w  for rings 1 to i s  from the pith; MW: wholc trcc growth ring widlh; 
U D  inncrjuvcnile uwddensity, average for rings I to 9 from the pith; OID: 
ouajuvcnilc wood density, average for rings 10 to IS from the pith: JUVD: 
juvcnilc wwd dsnaily. average for rings I to IS from thc pirh; MD: wholc 
tree density. 

decline ahd stabilization phases. This kind of 
density radial variation pattern may be ex- 
plained by the internal structure of the annual 
ring. As stated by Elliott (1970), for distinct 
latewood species, the density of earlywood de- 
clines progressively from the pith to the bark, 
chiefly because of an increase in tracheid di- 
ameter, while the value of the density of late- 
wood increases in the same direction, mainly 
because of an increase in wall thickness, the 
two phenomena being active over a period cor- 
responding to the formation ofjuvenile wood. 
Most of the variation in density of each of the 
annual rings during this period is due to the 
proportion oftissue ofearly- and latewood and 
their respective density values. 

Relationships between the juvenile wood 
density and that of mature wood 

The purpose of genetic improvement is to 
select superior individuals, develop offsprings 
that combine desired characteristics and mass 
produce improved individuals. Making a se- 
lection at a young age accelerates the improve- 
ment process. The length of the experiment is 
often considered to be a limiting factor, mainly 
in temperate regions. Comveau et al. (1987) 
have found a moderate positive correlation in 
white spruce between juvenile wood density 
and mature wood density, at both the individ- 
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Annual growth rings bark 

FIG. 1. Radial variation of wood density and annual gmwth ring width for 35 Norway spruce trees from the F'roulx 
plantation at Grand-Mere, Quebec. 

ual and population levels. This means that a 
mass selection can be made at a young age for 
the purpose of genetic improvement of wood 
density or wood mass production in the spe- 
cies. Nepveu and Birot (1979) have also ob- 
tained high simple and canonical correlations 
between juvenile wood and mature wood for 
Norway spruce growing in France. 

To determine whether the juvenile wood data 
are representative of those for mature wood 
for Norway spruce grown in plantations in 
Quebec, simple regression equations were cal- 
culated between the juvenile wood density and 
the whole tree density as well as between the 
juvenile wood density and that of mature wood. 
The results, presented in Table 3, show the 

annual ring sections and the grouped values 
for rings 1 to 9, 10 to 15, and 1 to 15, repre- 
senting, respectively, the inner juvenile wood 
density, the outer juvenile wood density, and 
the average juvenile wood density. 

The results obtained show significant rela- 
tionships between the juvenile wood density 
and the average whole tree density. The coef- 
ficients of determination (R2) range from 0.29 
to 0.58 for individual rings. For grouped rings, 
the coefficients of determination range from 
0.53 to 0.64. Since the regression equations 
are significant, the wood density radial vari- 
ation pattern is expected to be sufficiently con- 
stant from one tree to the next to allow the 
average value of a mature tree to be predicted 
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T ~ L E  3. Regression analysis ofthe whole tree density according to the juvenile wood density ofthe 35 Normay spnrce 
treesjiom the Proulx plantation at Grad-M&. 

COcfficimf of Standvd m r  
F z m s i o n  mution'  determination R' of estimate Vdvc of F P 2 F  

TRED = 244 + 0.379.D" 
TRED = 214 + 0.499.D46 
TRED = 194 + 0.560.D79 
TRED = 212 + 0.508.D1012 
TRED = 220 + 0.488.D1315 
TRED = I60 + 0.637.IJD 
TRED = I56 + 0.671.OJD 
TRED = I19 + 0.762.JUVD 
OJD = 97.1 + 0.692.IJD 
DMAT = 185.4 + 0.630.JUVD 0.34 22 16.87 0.0002 

' All vood dmslry vanablcaare 8" ly m'. 
TRED whole urcdm$.t). D ' wood dmsln for nnp. I lo 3. @. xocd dmslry for nnp. 4 lo 6. D'* uwd dcnSf? for nny 1 lo 9 DlP': aocd dennl) 

for nn81 10 m I ? .  n "' m o d  dm.l!< for nnps I 3  to 15. UD. noonjvvcrulr u m d d m ~ ~ r y .  nny I to 9. OlD outn ,u~cn~leancddmnt~ .  nnm 10 lo 15. 
J L I V D T ~ U V ~ ~ ~ I ~  wood dcnrity, lings I lo IS:  DMAT: matvre w w d  &siry, rings 16 and over. 

on the basis of the average density of the 9 or 
15 annual rings near the pith. %gnificant re- 
lationships also exist between the inner juve- 
nile wood density and that ofthe outerjuvenile 
wood and between the juvenile wood density 
and that of the mature wood. 

These results are very interesting because 
they suggest that a very effective selection could 
be made at a young age. Since wood density 
has been recognized as a strongly inherited 
characteristic (Zobel 196 1; Kennedy 1966; 
Coniveau et al. 1991), there is every reason 
to use this criterion in the selection and im- 
provement of Norway spruce in Quebec. 

Test of 22 provenances of Norway 
spruce in Valcartier 

The average annual ring width and wood 
density values per provenance, together with 
the average values for all the trees in the ex- 
perimental site at the Valcartier Forest Station, 
are presented in Table 1. 

The juvenile wood density (first 15 annual 
rings) of the Valcartier trees is similar to that 
of the juvenile wood of the Proulx plantation 
trees, with an overall average of 355 kg/m3. In 
addition, the analysis of the average data for 
the inner and outer juvenile wood densities of 
the trees sampled suggests similarities in radial 
variation pattern, i.e., the same age for the 
transition from the innerjuvenile period to the 

outer juvenile period. Using the regression 
equations developed from the Proulx planta- 
tion data, it can be predicted that, at the age 
of 70, the average wood density of the trees 
from the provenance trial should be around 
386 kg/m3, i.e., a value comparable to that 
obtained for the Proulx plantation (387 kg/ 
m3). 

The deviation between the inner juvenile 
wood density and that of the outer juvenile 
wood @END) is an indication of the density 
radial variation pattern, with a slight deviation 
representing a more homogeneous, better 
quality wood. Per provenance, the deviation 
between the inner juvenile wood density and 
that of the outer juvenile wood ranges from 2 
to 43 kg/m3, thus reflecting a great disparity 
between provenances with respect to this char- 
acteristic. 

Correlations between growth and 
wood characters 

Individual level. -As far as the correlations 
at the individual tree level are concerned, the 
inner juvenile wood density (r = -0.43; P < 
0.001) and that of the outer juvenile wood (r 
= -0.48; P < 0.001) are negatively related to 
the widths ofrespective annual rings. This con- 
firms the tendency ofa decline in wood density 
to be associated with an increase in annual ring 
width as observed in Norway spruce (Olesen 
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T ~ L E  4. Pearson correlation coefficientsfor 19provenances of N o w  spruce of known origin established in Valcarfier, 
Quebec. 

UW OJW JUVD W D D  UD OJD IUVD 

DEND -0.50 0.51 0.02 -0.67' 0.71** -0.78.. 0.22 
J W D  -0.06 -0.30 -0.26 0.25 0.84" 0.44 
OJD 0.39 -0.66. -0.19 0.74.' -0.11 
IJD -0.35 0.08 -0.20 -0.22 

UW: gmMh ring widfh of innnjuvmilc wood: OJW: g o w U  ring width of ouccr juvenile 4, IWW: -h ring width of juvmilc wood: WDD: 
deviation bcwm ring width o f i n n e r d  outrrjuvcnilc wood; UD: innwjuveriia wocd densify: O D :  ovtajuvcnilc wood density. 1 m  juvenile wood 
dmsiw; DEND: dcrilfion h e m  ionerjumilc wood dcnaity and ovterjuvcnilc r o d  dcnriw. 
' Simifirlcant at P c 0.05 after Bonfmai  mmcfion. 

..Significant at P < 0.01 ancr Bonfcrroni correction. 
df -  19. 

1976, 1977) and in white spruce (Keith 1961; 
Chang and Kennedy 1967; Beaulieu and Cor- 
riveau 1985; Wang et al. 1985; Comveau et 
al. 1990, 1991). Despite this tendency, Cor- 
riveau et al. (1987) have noted that it is possible 
to maintain a gain in volume yield by selecting 
populations or trees having both greater-than- 
average wood density and ring width. In the 
case at hand, the fact that this link is only 
moderate suggests that it is possible to identify 
individuals that deviate from this general ten- 
dency. 

A moderate positive correlation (r = 0.55; 
P < 0.001) exists between the inner juvenile 
wood density and that of the outer juvenile 
wood. The weak relationship (r = 0.21; P < 
0.001) between inner juvenile ring width and 
outer juvenile ring width suggests that this last 
parameter is not strongly genetically controlled 
and that the result is rather the response ofthe 
trees to the environmental conditions existing 
at different growing periods (Larson 1969). 

Provenance level. -The Pearson correlation 
coefficients for the provenance averages are 
presented in Table 4. A Bonferroni (Wright 
1992) correction was made to the probability 
level to allow for the fact that 22 tests were 
conducted simultaneously. The provenances 
from the Proulx plantation whose exact origins 
are unknown were eliminated for these cal- 
culations. There is, therefore, a significant neg- 
ative relationship between ring width and out- 
er juvenile wood density, whereas no 
relationship exists for the inner juvenile wood. 
It seems that the negative relationship between 
ring width and wood density becomes clearer 

once the trees have reached a certain age. Ac- 
cording to Olesen (1977), the influence of ring 
width on wood density increases with the dis- 
tance from the pith, making it the main factor 
influencing wood density in mature wood. 
Thus, the parameters affecting the inner ju- 
venile wood density appear to be controlled 
more by physiological factors because of the 
proximity of the crown and its hormonal con- 
trol (Larson 1969). 

It is also worth noticing that there is no sig- 
nificant relationship between the average den- 
sities of the inner and outer juvenile wood of 
the provenances. This is contrary to the results 
reported by Comveau et al. (1987) for white 
spruce in Quebec. In the case at hand, the ab- 
sence of relationships at the provenance level 
suggests that not all the provenances have the 
same radial variation pattern. The deviation 
between the value of the inner juvenile wood 
density and that of the outer juvenile wood 
density (DEND) is strongly negatively related 
to the outer juvenile wood density, whereas it 
is positively related to the inner juvenile wood 
density. Thus, provenances with homoge- 
neous wood (low deviations) tend to have high 
outer juvenile wood density, while prove- 
nances with more heterogeneous wood (high 
deviations) tend to have the lowest outer ju- 
venile wood densities. If the positive relation- 
ships that exist between the density of the an- 
nual ring sections and the average value of the 
trees in the Proulx plantation are corroborated 
in the provenance trial, it can be expected that, 
in the long term, the provenances with more 
homogeneous wood, and thus the highest outer 
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juvenile wood densities, will have a higher av- provenances and the northeastern prove- 
erage tree densitv. nances. The western nrovenances (Germanv. - 

Partition of intra- and inter-provenance 
variation 

The presence of a significant provenance- 
block interaction is an indication of the influ- 
ence of the microsite conditions on the prov- 
enance yield. This significant interaction makes 
it impossible to draw conclusions about the 
effect of individual factors on the character- 
istics as a whole. It is possible, however, to 
identify some provenances belonging to the 
superior group in all the blocks, despite their 
change in rank. 

In addition, for these characteristics, most 
of the variation occurs among the trees of a 
single plot. Indeed, its variance component ac- 
counts for 65 to 85% of the total variation. 
The strong individual variations suggest that 
mass selection should be used to improve the 
wood density of Noway spruce. This type of 
variation is well-known in conifers. Hence, 
Zobel et al. (1972), in a study on the density 
of the wood of southern pines, have noted that 
the most significant changes in wood density 
are achieved through selection of superior in- 
dividuals rather than through selection of 
provenances. The results of Comveau et al. 
(1990) have also confirmed the relevance of 
individual selection based on wood density in 
fast-growing populations for the production of 
genetically improved wood. 

The morphological and allozymic studies 
conducted by Lagercrantz and Ryman (1990) 
have identified three possible refuges for Nor- 
way spruce ranging from southwestern to 
northeastern Europe during the last ice age 
some 10,000 years ago. On the basis of these 
results, we did an a priori comparison to de- 
termine whether the provenances from south- 
western Europe (Germany, Poland, Romania) 
differed from those from northeastern Europe 
(Latvia, Lithuania, Belorussia). The results of 
the contrasts showed that the deviation be- 
tween the inner juvenile wood density and that 
of the outer juvenile wood differed signifi- 
cantly between the southwestern European 

d ,  

Poland, Romania) have high density devia- 
tions, whereas the eastern provenances (Lat- 
via, Lithuania, Belorussia) show low density 
deviations. Similarly, the deviation between 
the width of the inner juvenile rings and that 
of the outer juvenile rings differs significantly 
between the two groups of provenances, with 
density deviation and ring width deviation in- 
creasing inversely while still being linked to 
growth conditions. Significant differences are 
also found in the outer juvenile wood density, 
with the provenances from the Baltic region 
having the highest outer juvenile wood den- 
sities. The provenances from Latvia, Lithua- 
nia and Belorussia come from regions with 
climate conditions similar to those of Quebec. 
They are therefore well adapted to the climate 
conditions of the experimental site, and this 
can be seen from a lower variation in juvenile 
wood density and a higher outerjuvenile wood 
density. 

The high proportion of juvenile wood in 
plantation-grown trees is known to cause prob- 
lems for the veneer and lumber industries 
(Bendtsen 1978; Senft et al. 1985). Any means 
of reducing the proportion or improving the 
characteristics of juvenile wood, such as re- 
ducing the variation in wood density or de- 
creasing the average value of wood density, 
represents an opportunity for improving the 
quality of plantation-grown wood. 

Impact of selection for vigor on 
wood density 

Selections based solely on vigor criteria were 
made in the past for the local improvement 
program in the provenance trial under study. 

An examination of the results of a three- 
stage selection (see Table 5) shows the resulting 
gains in wood density, diameter, height growth, 
and volume yield of the trees. 

In the first selection stage, 9 of the 19 prov- 
enances of known origin were chosen for height 
growth and volume yield. This type of selec- 
tion offers hope of an increase in height growth 
and volume yield of the order of 10 and 14%, 
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TABLE 5 .  Comparative results of a three-stage selection and deviations between the overall average and the averaxe of 
the provenances and trees selected for the various characteristics of the Nonvay spruce provenances established in 
Valcanier, Quebec. 

DLA UD OJD JUVD DEND HEIGHT VOL 
(cm) W m 3 )  Rdm3) Rum3) (rum') (m) (dm') 

Overall average 8 . 5  363 341 355 22 6.7 23.0 
Stage 1 of selectioni 9.0 357 343 352 I3 7.4 26.3 
Deviation2 +6% -2% + I %  -1% -41% 110% + 14% 

Stage 2 of selection3 1 2 . 0  348 331 342 1 8  9.3 5 3 . 8  

Deviation4 +33% -3% -3% -3% +38% +26% +104% 
Stage 3 of selectionJ 11.6 358 3 4 5  353 13 9 . 1  4 9 . 1  

Deviation6 + 2 9 %  0% + I %  0% 0% + 2 3 %  +87% 

DIA: diamets at breast heighf LID: inn- juvenile wood density: GJD: outer jvvmila wood dendty: 1UVD: juvenile wmd dcnrinr, DDED: deviation 
bnwccn inncrjuvsnils wood dcnsity and out" juvenile wood dcnrity: HEIGHT: total hcighc VOL: volvmc per un. ' AVSWC vaIu08 of 9 % I S E I ~  orovenanees. 

1 ~ e n ~ t i ~ ~  ofaveragF $we I ofre~ntion and O V ~ ~ ~ I  or - in W V ~ ~ W  a. 
1 Avcwc valuer of IS individuals selected according to height. 

aviation of average berwcen 8 % ~  2 and mge I of rclcction. 
Averagc valves of 43 individual. selected according to wood density. 

6 Deviation of avcmgc between rtagc 3 and stage I of rclection. 

respectively. It also reduces the deviation be- 
tween the inner juvenile wood density and the 
outer juvenile wood density by 41%, as prov- 
enances with strong height growth produce 
wood with more homogeneous density. It also 
helps to maintain a juvenile wood density equal 
to the average, indicating an absence of link 
between height growth of the provenances and 
average juvenile wood density. 

In the second selection stage, 75 trees from 
the 9 provenances chosen in the first stage were 
selected on the basis of height growth, diam- 
eter, stem and crown quality, and insect and 
disease-resistance criteria. This selection re- 
sulted in a twofold increase in volume yield 
but reduced wood density by some 3% and 
increased the density deviation by 38% com- 
pared with the average of the selected prove- 
nances. This type of selection reduces the qual- 
ity of the wood, mainly the homogeneity of 
the juvenile wood density, which is not desir- 
able. 

In the third and last stage, we selected 43 
trees from the 75 already selected, choosing 
only those having a juvenile wood density 
greater than a standard deviation below the 
overall average and a wood density deviation 
less than a standard deviation above the over- 
all average. This group of 43 trees, with an 
average juvenile wood density and an average 

deviation between innerjuvenile wood density 
and outer juvenile wood density equal to the 
average of the nine provenances selected in the 
first stage, shows an improvement in the order 
of 23% for height growth and 87% for volume 
yield. Thus, these results show that if wood 
quality characteristics are taken into account, 
it should be possible to maintain appreciable 
gains in height growth and volume yield with- 
out sacrificing wood quality characteristics. In 
doing so, we reduce the genetic basis of the 
breeding population as compared with that de- 
veloped in the second stage of sampling. More 
selection work should be done to restore the 
size of the breeding population and more em- 
phasis should be put on maintaining the level 
of expected gains. 

CONCLUSIONS 

The wood density radial variation pattern 
for Norway spruce is similar to that observed 
for white spruce grown in plantations (Com- 
veau et al. 1990). This radial variation pattern 
between trees is sufficiently constant to make 
relatively accurate predictions (R2 = 0.64) 
about the average wood density of a 70-year- 
old tree on the basis of the juvenile wood den- 
sity of the first 15 annual rings near the pith. 
A mass selection of young Norway spruce 
grown in plantations in Quebec can thus be 



352 WOOD AND FIBER SCIENCE, JULY 1994, V. 26(3) 

made with sufficient confidence. It is recom- 
mended, however, that this selection be made 
among provenances with high volume yield. 

The results also show that annual ring width 
is negatively linked to wood density at the in- 
dividual as well as at the provenance level. But 
since this relationship is moderate, individuals 
deviating from this general tendency and hav- 
ing a high radial growth rate and high wood 
density can be identified. 

On the basis of these results, a three-stage 
selection strategy applied to the material under 
study produced the following gains: the selec- 
tion ofthe nine provenances with strong height 
growth (first stage) makes it possible to main- 
tain the juvenile wood density, reduce by 41% 
the deviation between the inner iuvenile wood 
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