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ABSTRACT 

This study examined effects of precommercial thinning (PCT) on annual radial growth (ring width) 
and wood density in balsam fir [Ahirs hnl.samra (L.) Mill.]. In addition, the responses to PCT were 
measured and compared at several stem heights (0.2 m, 0.7 m, 1.3 m, 3 In, 5 m, 7 In, 9 m). Fifty- 
four trees were collected from plots subjected to moderate thinning (nominal stand density of 2,150 
stemslha), and light thinning (nominal stand density of 4,200 stemslha), and from control plots. Ring 
width and wood density of individual rings were measured by X-ray densitometry. Our results show 
that in balsam fir the annual radial growth rate showed a positive response to PCT, especially in the 
low part of the stem (up to 5 m high), and this response lasted for 7 years. To achieve a significant 
increase in annual diameter growth in t h i ~  species, however, a moderate thinning intensity is needed. 
This study also revealed that the response of annual radial growth to PCT was limited primarily to 
the earlywood width, whereas the latewood width showed little response. As a result, the latewood 
percentage was affected by the moderate thinning. The light thinning and the control plots, however, 
had a comparable earlywood width and latewood percentage. Both earlywood density and latewood 
density showed little response to PCT. However, the wood density of growth rings tended to decrease 
following the moderate thinning, due to a decreased latewood percentage. In addition, the moderate 
thinning might somehow reduce the intra-ring variation in wood density and thus produce more uni- 
form wood. This study also revealed that the responses to thinning in this species tended to weaken 
appreciably with increasing stem height. The remarkable responses were observed in the low part of 
the stem (up to 5 nl high), whereas little response was found at the upper part of the stem. As a result, 
an increased stem taper may result from PCT in balsam fir. 

Krywot-ds: Balsam fir. precommercial thinning, ring width. wood density, earlywood, latewood, stem 
height. 
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T I  I . A~lrrclgr ring width, ecirly~vood width, lurewood widtlz, utzcl Itirewood perc.etztajie ,fir tlze moderately und 
li,yhtly tlritlrrecl p1or.s cr~ld tl7e c,ontt-ol plots hqfi)rc, rrnd r~fter the treutnrent. 

K l n ~  uidll, (111111) E;~l-lywoi~d wldth (1111~1) 

Mcrdcr.itc 1.1ght Moderate L~ght 
thlnnlnp l l i~nn~ng C'onlrol P-baluc'l lh~nning fhlnnlnp Control I'-\:iluc 

Before tl~c treatment" 2.59 2.25 2.44 0.2263 2.35 2.02 2.20 0.2304 
(0.54)' (0.55) (0.64) (0.52) (0.53) (0.63) 

Al'ter thc trcatrncnt" 1.93 1.59 1.52 0.0020 l .68 1.34 1 .28 0.0007 
(0.37) (0.35) (0.32) (0.33) (0.32) (0.28) 

' :\\ccape thc 11ic ~ ~ n g \  (1%-IYh'I) hclcri-c ~ h c  ~l-c;itn~cnt (,~l\o In Tahlc\ 2-41 
" - \ i c l ~ g c  I O I  lhc 1ucnl)-lhroc r111g (1070-10421 :dter lhc IrciillllCnI Ii1150 I I ~  lithle\ 2-41. 
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I '~\; i luu ~nd~i..ile\ lhc \~gn!hc.lnt lc\cl 01 lhc <I Ilcl-cllcc\ III thc mcnn ol e;ch pnl.amctcr ,1rnonp thc ~nodcratcly and Ilghtly lhlnned plcrl, ;mil the control 

( , , I \ , ,  ,,I l",k I?, 2 41 

INTRODUCTION 

In eastern Canada and northeastern United 
States, young balsam fir [Ahies hul.vunzea (L.) 
Mill] slands are often overstocked (Ker 198 1; 
Lavigne and Donnelly 1989). Karsh et al. 
(1994) reported a stand density of 35,000 to 
62,000 stemslhectare for 18-24-year-old bal- 
sam li - stands in Newfoundland. McArthur 

( 1965) recorded that 10-year-old balsam fir 
stands could reach 62,000 to 72,000 stems1 
hectare in the Gasp6 region, QuCbec. The 
overstocking in balsam fir usually results in a 
high mortality, slow growth, and small-size 
sawlog trees which are associated with high 
harvesting and manufacturing costs and low 
lumber volume recovery. As sizable sawlogs 
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are becoming scarce in eastern Canada and the 
forest industry in this region is moving toward 
intensive silviculture, precommercial thinning 
(PCT) of the young and dense balsam fir 
stands has become increasingly popular in re- 
cent years. For example, over 50,000 hectares 
of balsam fir stands were precommercially 
thinned in Quebec in 1997, compared to less 
than 5,000 hectares in 1985 (Canadian Coun- 
cil of Forest Ministers 1996). 

A number of studies (Ker 198 1; Piene 

1981; Mkrette and Martel 1985; Ker 1987; 
Lavigne and Donnelly 1989; Karsh et al. 
1994; Zarnovican and Laberge 1996; Schnei- 
der 2001 ) have reported that precommercial 
thinning applied to the young and dense bal- 
sam fir stands can reduce the mortality, ac- 
celerate the diameter growth of residual trees, 
and shorten the rotation age for sawlog pro- 
duction. On the other hand, it is well known 
that increased spacings generally lead to in- 
creased crown size, branch diameter, and ju- 
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FIG. 3. Variation of ring width with calendar year for the moderately and lightly thinned plots and the control at 
the six different stem heights. 

venile wood, and to decreased stem straight- 
ness (Nicks 1991; Barbour et al. 1994). 
Therefore, the industry has shown increasing 
concern over the negative effects of this treat- 
ment on wood quality and end uses. A mul- 
tidisciplinary project was initiated by Forin- 
tek to evaluate the impact of precommercial 
thinning on tree and wood characteristics, 

product quality, and value recovery in balsam 
fir (Zhang et al. 1998). 

As part of this project, this study was in- 
tended to better understand the response of an- 
nual radial growth and wood density to pre- 
commercial thinning in balsam fir. More spe- 
cifically, this study was intended to answer the 
following questions: 

'~ -ZUL.L  1. Weighted averuges qf' ring density, earlywood density, latewood d m s i o ,  and intra-ring wood density var- 
itrtio17 (mV) ,/Or the nroderutel~ rrnd lightly thinned plot.s and the control plots before and after the treatment. 

Wood denvry (kglrn') Earlywood density (kglm') 

Moder;ite 1.1ghl Moderate Light 
~ h t n n l n g  th~nnlng Cc,ntn,l P-value" th~nn~ng thinrung Control P-valuc 

Beforc the treatmenta 336 346 349 0.1088 314 32 1 327 0.1179 
(22y (25) (23) ( 1  8) ( 1  9) ( 1  8) 

After the treatmenth 346 361 357 0.1 177 31 1 319 317 0.2652 
(15) (3 0) (18) (11) (21) (12) 
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FIG.  4. Variation I of earlywood width with calendar year for the rnoderately and lightly thinned plots and the 
control at the six different stem heights. 

1 )  How do annual radial growth (ring width) 5) How does the thinning intensity affect the 
and wood density respond to PCT? response? 

2) Which part of the ring width (earlywood, 
latewood or both) responds to PCT? MATERIALS AND METHODS 

3) How long does the response last? 
4) Does the response vary along the height of Materials used for this study came from a 

the stem? precommercial thinning trial located in the 

1.atewood drn i l ty  (kgl~n') IDV (kglm') 

M<xler;ttc Light Modcratr Light 
th~nnlng ~hlnniny Control P-value thlnnnng thlnning Control P-value 
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I t .  . A ~ Y J I I I R C  ring width, rorl~wood rvidth, lulrwood width, c~rirl larewood prrc.r2ntuge ,fi)r the modertrtely und 
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0.2 111 2.9 1 

(0.38)' 
0.7 m 3.10 
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(0.46) 
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(0.45) 

Bas Saint-Laurent Region of QuCbec. This tri- 
al was naturally regenerated from a clearcut- 
ting ir 1955. At the end of the growing season 
in 19t9, three types of plots were established: 
light11 thinned, moderately thinned, and con- 
trol plots. In the moderate thinning plots, all 
trees within a distance of 2.13 m (or 7 ft) 
around each residual tree were removed, 
which gives a nominal stand density of ap- 
proximately 2,150 stemslha; in the light thin- 
ning plots. all trees within a distance of 1.52 
m (or 5 ft) around each residual tree were re- 
moved, which gives a nominal stand density 
of approximately 4,200 stemslha. The control 
plots had a stand density of approximately 
20,000 stemslha in 1969. At the beginning of 
the growing season in 1993, 18 sample trees 
(6 tre~slplot) were collected from each thin- 
ning intensity as well as control plots. In total, 
54 sample trees ranging from 10 to 18 cm of 
diameter at breast height were collected for 
this study. From each sample tree, a 4-cm- 

thick disk was removed at breast height to 
study the effects of precommercial thinning on 
annual radial growth and wood density in this 
species. In addition, disks were removed at six 
other stem heights (0.2 m, 0.7 m, 3 m, 5 m, 7 
m, and 9 m) to study the responses at different 
heights along the stem. For further information 
on this trial and sample trees collected, refer 
to Schneider (200 1). 

A radial segment was removed from each 
disk from pith to bark ( 1  cm longitudinally X 
1 cm tangentially X radius) at northern direc- 
tion. The segments were trimmed down to 
strips about 1.57 mm thick (longitudinally), 
with a specially designed pneumatic-carriage 
twin-bladed saw. The sawn strips were ex- 
tracted with a cyclohexanelethanol (2:l) so- 
lution for 24 h and then with hot water for 
another 24 h to remove extraneous com- 
pounds. After the extraction, the strips were 
air-dried under restraint to prevent warping. 
Using a direct reading X-ray densitometer, the 
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air-dried strips were scanned to determine the 
basic wood density (oven-dry weightlgreen 
volume) for each ring from pith to bark. The 
first few rings near the pith were excluded be- 
cause they were too narrow for the densitom- 
etry analysis to be performed. 

Based on the densitometric profiles, the ear- 
lywood and latewood boundary was deter- 
mined for each ring by a predetermined fixed 
basic wood density (540 kg/m3) as explained 
by Jozsa et al. (1987). Various ring width pa- 
rameters (ring width, earlywood width, late- 
wood width, latewood percentage) and ring 
density parameters (e.g., earlywood density, 
latewood density, and average wood density 
of individual growth rings) were obtained for 
each ring scanned. Furthermore, intra-ring 
wood density variation was estimated using 
the equation given by Vargas-Hernandez and 
Adams (1 991). Averages of ring width, ear- 
lywood width, latewood width, and latewood 
percentage were computed for the last five 

rings before the thinning treatment (1965- 
1969) and for the twenty-three rings following 
the treatment (1970-1992). Based on the ring 
width and wood density data of individual 
growth rings, weighted averages of wood den- 
sity, earlywood density, and latewood density 
were computed for the last five rings before 
the treatment and the twenty-three rings after 
the treatment, as described by Barbour et al. 
(1992). All the statistical analyses were per- 
formed using the Statistical Analysis System 
procedures (SAS Institute 1988). 

RESULTS A N D  DISCUSSION 

Effects on ring width and its components 

Figure IA shows the variations of ring 
width with calendar years in the trees from the 
lightly and moderately thinned plots and the 
control plots. Statistically, no significant dif- 
ferences in ring width were found between the 
thinned and control plots for the last five years 
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FIG. 5 .  Variation of latewood width with calendar year for the moderately and lightly thinned plots and the control 
at the si, different stem heights. 

before the treatment (except l'or 1965). With 
increasing calendar year (age), annual radial 
growth rate in balsam fir tended to slow down 
despite some variation among the thinned and 
control plots. This pattern of variation in an- 
nual g r ~ ~ w t h  rate is different from that reported 
by Chui et al. (1997) for the same species. 
Figure 1A also shows that annual radial 
growth was unusually slow for the years 1977, 
1978, and 1982. The extremely slow growth 
rate in these years corresponds to the spruce 
budworm attacks reported by Lachance et al. 
( 1 900). 

Following the PCT treatment in 1969, an- 
nual growth rate in the moderately thinned 
plots ircreased remarkably, up to 3 mm (Fig. 
1 A ) ,  and the significantly higher annual 
growth rate lasted for 7 years after the treat- 

ment. In fact, significant differences in annual 
growth rate were found between the control 
and the moderately thinned plots for most 
years after the treatment. The differences in 
annual growth rate between the control and the 
moderately thinned plots, however, were not 
significant in the rings formed during the years 
the stand was attacked by the spruce budworm 
(1977, 1981, 1982 and 1983) and in the four 
most recently formed rings near the bark. The 
average width of the rings after the treatment 
in the moderately thinned plots was signifi- 
cantly higher (1.93 mm) than in the control 
(1.52 mm), as shown in Table 1. However, the 
response of annual growth rate was not appre- 
ciable in the lightly thinned plots despite a 
slight increase for the first 2 years following 
the PCT treatment (Fig. 1 A). As shown in Ta- 
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FIG. 6. Variation of' latewood percentage with calendar year for the moderately and lightly thinned plots and the 
control a( the six different stem heights. 

ble 1, the lightly thinned and the control plots 
had a very comparable average ring width af- 
ter the treatment (1.59 and 1 5 2  mm, respec- 
tively). This indicates that although annual 
growth rate at breast height shows a positive 
response to the PCT in balsam fir, a moderate 
thinning intensity is needed to achieve a sig- 
nificant response in annual diameter growth. 
A similar result was reported by Zhang et al. 
( 1998). In loblolly pine, 'Tasissa and Burkhart 
(1997) found that thinning effects on ring 
width persisted over 12 years after thinning. 
Yet, the ring width response to thinning 
showed a significant regional variation. 

As shown in Fig. 1 B and Table 1 ,  the re- 
sponse of earlywood width to the PCT was 
very similar to that reported for ring width. 
The moderately thinned plots had the highest 

average earlywood width after the treatment 
(1.68 mtn), and that of the lightly thinned 
plots was slightly higher (1.34 mm) than that 
of the control plots (1.28 mm). On the other 
hand, there were no significant differences in 
average latewood width after the treatment 
between the moderately thinned plots and 
the control (Table I), although the control 
tended to have a slightly lower latewood 
width than both types of thinned plots (Fig. 
1C). Moreover, despite some year-to-year 
variation, latewood width in this species 
tended to be relatively stable throughout the 
growth years, averaging 0.25 mm (Fig. 1C 
and Table 1). As a result of an increased ear- 
lywood width and a relatively stable late- 
wood width after the treatment, the moder- 
ately thinned plots tended to have a lower 
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latewood percentage than the control (Fig. 
ID), but the differences between the lightly 
thinnel plots and the control were not ap- 
preciahle (Fig. ID). Table I shows that the 
moderately thinned plots on average had a 
signifi zantly lower latewood percentage after 
the treatment (14.5%) than the control 
(16.841). These results indicate that the re- 
sponse in balsam fir was limited to early- 
wood width, latewood width showing little 
resporse lo the PCT. This may reflect the 
fact that earlywood width in balsam fir is 
much more strongly correlated to ring width 
than t o  latewood width and that over 95% of 
the variation in ring width can be explained 
by earlywood width (Koga and Zhang 2001). 
Howe,~er, Barbour et al. (1994) reported that, 
in jack pine, both earlywood and latewood 
width responded to thinning although the 
earlyarood response was greater. In radiata 
pine (12own 1973) and Japanese larch (Koga 

et al. 1996), the latewood width was also re- 
ported to show a remarkable response to 
thinning. In loblolly pine (Tasissa and Burk- 
hart 1997), thinning did not alter the pro- 
portion of earlywood and latewood despite a 
significant effect on ring width. This sug- 
gests that in loblolly pine earlywood and 
latewood width may respond to thinning in 
the same proportion. 

Effects on wood density and its components 

Figure 2A shows the variations of average 
ring density in the trees from the moderately 
and lightly thinned plots and the control. As a 
whole, wood density tended to increase slight- 
ly toward the bark. This trend follows the gen- 
eral pattern reported for the Abies genus (Pan- 
shin and de Zeeuw 1980). An opposite pattern, 
however, was reported for this species by Chui 
et al. (1997). Figure 2A also shows that wood 
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density fluctuated considerably in several 
growth rings (from 1977 to 1979, and from 
1982 to 1984), which correspond to the spruce 
budworm attacks. 

As shown in Fig. 2A, there were no signif- 
icant differences in wood density between the 
thinned and control plots for the last five rings 
before the treatment (except for 1965). The 
same held true for the rings formed after the 
treatment (except for 1988, 1991, and 1992). 
As shown in Table 2, no significant differences 
in the average wood density after the treatment 
were found between the thinned and control 
plots, although the moderately thinned plots 
had a slightly lower average wood density 
(346 kg/mi) than the control (357 kg/m3). This 
indicates that in balsam fir precommercial 
thinning had a considerably smaller effect on 
wood density than on the annual radial growth 
rate. Tasissa and Burkhart (1997) also reported 
that in loblolly pine thinning did not affect 

ring density despite a significant effect on ring 
width. 

Figure 2B shows the variations of early- 
wood density with the calendar year in the 
trees from the moderately and lightly thinned 
plots and the control. Earlywood density over- 
all tended to be relatively stable throughout 
the growth years. There were no significant 
differences in earlywood density between the 
thinned and control plots for any year either 
before or after the treatment (except for 1965 
and 199 l ) ,  although the moderately thinned 
plots appeared to have a slightly lower wood 
density than the control. As shown in Table 2, 
no significant differences in average early- 
wood density after the treatment were found 
between the thinned and control plots. Their 
values were very comparable, ranging from 
3 1 1 to 3 19 kg/m3 (Table 2). This indicates that 
in balsam fir earlywood density was not influ- 
enced significantly by precommercial thinning 
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despite a significant effect on earlywood 
width. A similar result was found in loblolly 
pine (Ivloschler et al. 1989). However, in 
Douglas-fir, thinning was reported to result in 
an increase in earlywood density (Megraw and 
Nearn 1972). 

Figure 2C shows the variations of latewood 
density with calendar year in the trees from 
the mcderately and lightly thinned plots and 
the co~ltrol. Latewood density tended to in- 
crease slightly toward the bark despite some 
variation in the rings formed during the years 
the stand was attacked by the spruce budworru 
( 1976, 1980, 198 1 ,  and 1982). There were no 
statistic:ally significant differences in latewood 
dcnsitj between the thinned and control plots 
for any year either before or after the treatment 
(excep. for 199 1). Furthermore, no significant 
differences in the average latewood density af- 
ter the treatment were found between the 
thinned and control plot (Table 2). In fact, 
their balues ranged from 571 to 576 kg/m3 
(Table 2). This indicates that in balsam fir not 
only earlywood but also latewood density at 
breast height are not affected by precommer- 
cia1 thinning. Moschler et al. (1989), however, 
found that in loblolly pine thinning resulted in 
an increase in latewood density. As shown in 
Table :?, earlywood density and latewood den- 
sity in balsam fir are highly different. Thus, a 
lower latewood percentage in the moderately 
thinned plots leads to a lower average ring 
density in balsam fir. 

Figure 2D shows the intra-ring wood den- 
sity v,~riation (IDV) in relation to calendar 
year i n  the trees from the moderately and 
lightly thinned plots and the control. Overall, 
IDV tended to increase steadily toward the 
bark despite large fluctuations in a few rings 
(1976, 1980. 198 1 ,  and 1982) affected by the 
spruce budworm attacks. As shown in Fig. 2D, 
there were no statistically significant differ- 
ences in IDV between the thinned and control 
plots 'or any ring either before or after the 
treatment (except for 1975), although the 
moderately thinned plots appeared to have a 
slightly lower IDV. Table 2 shows that the 
moderately thinned plots had on average a 

lower IDV (84.8 kg/m3) after the treatment 
than the control (89.1 kg/mz) and the lightly 
thinned plots (90.1 kg/m3), but the differences 
were not significant statistically. This indicates 
that in balsam fir moderate thinning may 
somehow reduce the intra-ring wood density 
variation and thus produce more uniform 
wood. In Douglas-fir, an increase in earlywood 
density and a decrease in latewood density fol- 
lowing thinning reported by Megraw and 
Nearn (1972) also implies a reduced intra-ring 
variation in wood density, but results reported 
by Moschler et al. (1989) suggest that in lob- 
lolly pine thinning might increase the intra- 
ring wood density variation. 

Effects at different stem heights 

Figure 3 shows the variations of ring width 
with calendar year at the six different stem 
heights. At each of these stem heights (except 
9 m), as with breast height, annual radial 
growth rate was also unusually slow in the 
years 1977, 1978, and 1982. It thus appears that 
the spruce budworm attacks affected the radial 
annual growth rate at all the stem heights. 

As at breast height, at the lower stem 
heights (0.2 m and 0.7 m) the annual growth 
rate showed a remarkable increase after the 
moderate thinning, and this response lasted for 
7 years (Fig. 3). This also applies, but to a 
lesser extent, to the 3-m height. At 5 m high, 
the moderately thinned plots had a signifi- 
cantly higher growth rate only for 3 years 
(1974 to 1976) after the treatment. At 7 m and 
9 m high, there were no significant differences 
in annual growth rate between the moderately 
thinned plots and the control (Fig. 3). This in- 
dicates that in balsam fir the response of an- 
nual growth rate to the PCT weakens appre- 
ciably with increasing stem height. As shown 
in Table 3, the average width of the growth 
rings after the treatment in the moderately 
thinned plots was significantly higher than in 
the control at stem heights of up to 5 m. At 7 
m and 9 m high, the average width of the 
growth rings after the treatment was not sig- 
nificantly different between the moderately 
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thinned and the control plots. The weakening 
response of annual growth rate with increasing 
stem height suggests that an increased stem 
taper may result from the PCT in balsam fir, 
as reported by Zhang et al. (1998). Similar 
cases were reported for other species (Larson 
1969; Barbour et al. 1992; Jozsa et a]. 1987). 
On the other hand, the responses of the annual 
growth rate to the light thinning were not ap- 
preciable at any stem height, although in the 
first few years following the PCT the annual 
growth rate showed a slight increase at the 
lowest stem heights (0.2 m and 0.7 In high). 
Table 3 shows that differences in average ring 
width after the treatment between the lightly 
thinned and the control plots were not signif- 
icant at any stem height, although the lightly 
thinned plots had a slightly higher ring width 

0 7 rn Year ofthlnnlng 

at the lowest stem heights (0.2 m and 0.7 m 
high). This again confirms that a moderate 
thinning intensity is needed to achieve a sig- 
nificant response in annual diameter growth in 
balsam fir. 

The response of earlywood width to the 
PCT at the six stem heights was similar to that 
of the ring width at these heights (Fig. 4, Table 
3). In other words, the response of earlywood 
width to the moderate thinning tended to 
weaken with increasing stem height. This sug- 
gests that in balsam fir a close relationship 
may exist between ring width and earlywood 
width at any stem height level. On the other 
hand, there were no significant differences in 
latewood width after the treatment between 
the control and the thinned plots at any stem 
height, as shown in Fig. 5 and Table 3. In 
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In the low part of the stem (up to 5 m high), 
the mcderately thinned plots tended to have a 
lower latewood percentage than the control 
(Fig. 6), which results from an increased ear- 
lywoocl width and a relatively stable latewood 
width after the treatment. In fact, significant 
differences in the average latewood percentage 
after t ~ e  treatment were found between the 
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moderately thinned plots and the control in the 
low part of the stem (Table 3). However, in 
the upper part of the stem (7 m and 9 m high), 
the average latewood percentage in the mod- 
erately thinned plots and the control was com- 
parable. 

Figure 7 shows the variations of ring den- 
sity at the six different stem heights. Overall, 
wood density tended to increase toward the 
bark at most stem heights. It also fluctuated 
considerably in the rings formed during the 
years the stand was attacked by the spruce 
budworm (from 1977 to 1979, and from 1982 
to 1984) at all the stem heights studied (except 
at 9 m high). At each of the six stem heights, 
there were no significant differences in wood 
density between the thinned and control plots 
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for most rings either before or after the treat- 
ment, although the moderately thinned plots 
appeared to have a slightly lower wood den- 
sity. As shown in Table 4, at the stem heights 
of up to 5 m, average wood density after the 
treatment in the moderately thinned plots was 
slightly lower than the control, and the differ- 
ences were statistically significant at the 10% 
level. However, significant differences be- 
tween the moderately thinned plots and the 
control were not found at 7 m and 9 m. This 
contirms that in balsam fir, at any stem height, 
precommercial thinning had a considerably 
smaller effect on wood density than on the an- 
nual radial growth rate. Moreover, following 
the moderate thinning, wood density tended to 
decrease only in the low part of the stem (up 
to 5 m high). It should be pointed out, how- 
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ever, that thinning also affects other important 
wood quality attributes (e.g., crown structure, 
knottiness, clear log length, stem taper) which 
affect product quality and value recovery, as 
reported by Zhang et al. (1998). For example, 
Zhang et al. (1998) found that the wood den- 
sity of heavily thinned balsam fir plots de- 
creased by only 5.5% compared to the control, 
whereas the strength and stiffness of the lum- 
ber from the heavily thinned plots decreased 
by 1 1.3% and 13.3%, respectively. Much of 
the decrease in lumber strength and stiffness 
was due to increased knottiness in the heavily 
thinned plots. Therefore, in addition to wood 
density, other important wood quality attri- 
butes need to be considered in evaluating thin- 
ning impact on product quality and end uses. 

Figure 8 shows the variations of earlywood 
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densit:] with calendar years at the six different 
stern heights. At each stem height, earlywood 
density tended to be relatively stable through- 
out the growth years, and the differences 
among: the six stem heights were not appre- 
ciable As shown in Fig. 8 and Table 4, the 
differmces in earlywood density among the 
control and the moderately and lightly thinned 
plots ,it the six stem heights were similar to 
those found at breast height. In fact, early- 
wood density after the treatment for the 
thinned and control plots was very compara- 
ble, although the moderately thinned ones ap- 
pearetl to have a slightly lower wood density 
than the control. There were no significant dif- 
ferences in average earlywood density after 
the 1st atment at any stem height (except at 0.2 
m hig I) between the thinned and control plots. 
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This confirms that in balsam fir earlywood 
density was not affected significantly by pre- 
commercial thinning at any stem height. 

Figure 9 shows the variations of latewood 
density with calendar year at the six different 
stem heights. At each height, latewood density 
tended to increase slightly toward the bark de- 
spite some variation in the rings formed during 
the years the stand was attacked by the spruce 
budworm (1 976, 1980, 198 1,  and 1982). With 
increasing stem height, however, the tendency 
to increase with calendar year appeared to be 
increasingly pronounced. For example, late- 
wood density at the 0.2-m stem height tended 
to increase little with calendar year, whereas 
at 5 m it showed a steady increase. As shown 
in Fig. 9, at any of the six heights there were 
no statistically significant differences in late- 
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wood density between the moderately and 
lightly thinned plots and the control for any 
year either before or after the treatment, as 
found at breast height. In addition, no signif- 
icant differences in average latewood density 
after the treatment were found between the 
thinned and control plots (Table 4). This in- 
dicates that in balsam fir latewood density was 
not affected significantly by precommercial 
thinning at any stem height. 

Figure 10 shows the intra-ring wood density 
variation (IDV) in relation to calendar year at 
the six different stem heights. At all heights, 
IDV overall tended to increase steadily toward 
the bark. With increasing stem height, how- 
ever, the tendency to increase with calendar 
year appeared to be increasingly pronounced. 
At any of the six heights, like at breast height, 
there were no statistically significant differ- 
ences in IDV between the thinned and control 
plots for most rings either before or after the 
treatment, although the moderately thinned 
plots tended to have a slightly lower IDV (Fig. 
10). In fact, Table 4 shows that at the stem 
heights of up to 5 m, the moderately thinned 
plots on average had a slightly lower IDV af- 
ter the treatment than the control and the light- 
ly thinned plots, but the differences between 
the moderately thinned plots and the control 
plots were not statistically significant. These 
results suggest that in balsam fir moderate 
thinning may somehow reduce the intra-ring 
wood density variation, especially in the low 
part of the stem, and thus produce more uni- 
form wood. 

CONCLUSIONS 

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

1. The annual radial growth rate of balsam fir 
showed a positive response to precommer- 
cia1 thinning (PCT), especially in the low 
part of the stem (up to 5 m high), and the 
response lasted for 7 years. A moderate 
thinning intensity, however, is needed to 
achieve a significant increase in annual di- 
ameter growth. 

2. The thinning effect on annual radial growth 
was limited primarily to the earlywood 
width, whereas the latewood width showed 
little response to PCT. As a result, the late- 
wood percentage was affected by PCT. The 
light thinning and control plots, however, 
had a comparable earlywood width and 
latewood percentage. 

3. Both earlywood density and latewood den- 
sity showed little response to PCT in bal- 
sam fir. However, average wood density of 
growth rings tended to be lower in the 
moderately thinned plots due to a decreased 
latewood percentage. 

4. The moderate thinning intensity may some- 
how reduce the intra-ring wood density 
variation and thus produce more uniform 
wood in balsam fir. 

5. In balsam fir the thinning responses tended 
to weaken appreciably with increasing stem 
height. The remarkable responses were ob- 
served in the low part of the stem (up to 5 
m), whereas little responses were found in 
the upper part of the stem. As a result, an 
increased stem taper may result from PCT 
in balsam fir. 
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