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SUMMARY
Microfibril angle data were collected and compared to longitudinal shrinkage 
data from four trees. The results were inconclusive because samples with both 
high and low longitudinal shrinkage had similar microfibril angles. The 
results were, however, consistant with others from the literature. One 
important finding was that microfibril angle data are not normally- 
distributed. If this is the case for other species, then many of the 
statistical methods used by other workers to analyize these data are not 
valid.
The relationship between shrinkage and grain angle was found to be similar but 
not identical to that published for maximum crushing strength. This means 
that higher grain angles that were previously thought can be tolerated before 
longitudinal shrinkage becomes critical. This information will be valuable in 
the construction of a model to predict warp in lumber from basic wood 
properties.
Segmented regression analysis was used to characterize the pith to bark 
variation in ring width and ring density at nodes in two black spruce trees. 
Data on the growth rate and number of rings in branches in these same nodes 
was also collected and the two data sets were compared. The results suggest 
that it should be possible to develope methods to determine the physiological 
condition of the crown from examination of the knots alone. Such methods 
would be useful in determining if boards contain juvenile wood when no 
information is available on the tree from which they were cut. It would also 
be helpful in advising forest managers on the impact of silvicultural 
treatments on wood properties.
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1.0 OBJECTIVE

To evaluate the physical properties of wood produced in managed forests in 
Eastern Canada, and to identify those problems which may be encountered in the 
utilization of trees from these young, fast-growing stands.

2.0 INTRODUCTION

This report is the third in a series on the wood properties of black spruce 
(Picea mariana) from fast growing natural stands in Quebec. The purpose of 
this work is to identify those properties which will be important in 
determining end product value as the intensity of management of the species 
increases. The work covered in these reports has focussed on relative density 
and longitudinal shrinkage, but numerous other properties have been touched on 
either through literature reviews or experimentally.

3.0 BACKGROUND

Barbour (1987) identified three pith to bark longitudinal shrinkage patterns 
and attempted to explain them based on the presence of grain defects. Barbour 
and Chauret (1988) used a segmented regression technique as adapted by Cook 
and Barbour (1989) to demonstrate that approximately one quarter of the radii 
sampled had nearly flat or only mildly declining pith to bark longitudinal 
shrinkage trends. They also determined that knots contribute to longitudinal 
shrinkage in rough proportion to their size and the radial shrinkage for the 
species. Compression wood, even in mild forms, had a great effect while cross 
grain was relatively unimportant in determining total longitudinal shrinkage.
This latter observation was puzzling because cross grain is often intuitively 
associated with high longitudinal shrinkage. An extensive literature review 
on spiral grain and the effect of grain angle on wood properties (Barbour and 
Chauret, 1988) failed to uncover any experimental work in this area. A model 
was proposed by Harris (1965) that predicted that even small grain angles 
result in unacceptably high longitudinal shrinkage. Harris's model was, 
however, never tested experimentally and data collected by Barbour and Chauret 
(1988, p.127) did not support the predictions of this model.
Relative density was analyzed by separating ring density into earlywood and 
latewood contributions. The sum of these two variables is the ring density 
(i.e., the relative density of the ring). Earlywood and latewood 
contributions are useful for characterizing anatomical changes which account 
for the pith to bark density profile. In the example shown in Figure 1, the 
earlywood and latewood contributions demonstrate these changes much more 
dramatically than does ring density alone. The technique provides a method 
for identifying differences between rings with the same density as well as an 
opportunity to more completely define the characteristics of juvenile and 
mature wood.
Work this year centered on methods to more accurately describe the 
relationship between longitudinal shrinkage, relative density, and cambial age 
or crown condition. Segmented regression techniques were used to pinpoint the 
cambial age at which major transitions or changes occurred in the pith to bark 
shrinkage and density profiles. Microfibril angle and grain angle were 
studied as predictors of longitudinal shrinkage. Finally, relative density
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Figure 1. Whole ring density, earlywood contribution and latewood 
contribution for two height levels in tree B-6. Note how 
earlywood and latewood contributions are more sensitive to 
anatomical changes than is ring density.
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and ring width trends at nodes were examined in relationship to the death of 
knots.

4.0 STAFF

R.J. Barbour

G. Chauret
D. Sabourin
E. Chiu 
R.M. Kellogg

Project Leader 
Research Scientist
Senior Technologist
Technologist
Summer Student
Department Manager

5.0 MATERIALS AND METHODS

5.1 MICROFIBRIL ANGLE MEASUREMENTS
5.1.1 Sample Selection
Four radii were chosen for study based on their longitudinal shrinkage curves. 
Radius SA2-NNE(B) had a classical longitudinal shrinkage pattern. It had very 
high longitudinal shrinkage near the pith which rapidly decreased and leveled 
off. Radius SB3-S(B) had more or less stable longitudinal shrinkage between 
the pith and the bark. Radius SD2-4-W had a pattern that resembled SA2-NNE(B) 
before defects were removed and SB3-S(B) after defects were removed. Radius 
SC3-S-W was chosen because microscopic examination had revealed that erratic 
defect free shrinkage was due to compression wood between rings 15 and 25 from 
the pith. Information in the literature (Meylan, 1968; Timell, 1986, p.160- 
167) is nearly unanimous in reporting compression wood has a higher 
microfibril angle than normal wood and that this is responsible for its high 
longitudinal shrinkage.
The compression wood in radius SC3-S-W was mild and corresponded to Type A 
compression wood as defined by Perem (1958) as follows: "Slight compression 
wood designates compression wood which may be scarcely noticeable, the annual 
rings being only slightly more accentuated than in normal wood, observed when 
green or on a moistened surface." In practice it was found that this form of 
compression wood was visible as slightly darker than normal latewood while 
earlywood appeared entirely ordinary (Barbour, 1987). It is often difficult 
to be certain whether these rings contain compression wood without microscopic 
examination.
5.1.2 Microscope Slide Preparation
Each radius was divided into blocks containing five rings (e.g., rings 1-5, 6- 
10, 11-15, etc.) and prepared for microtoming by saturation with 50% ethanol. 
Radial sections 18p thick were cut from each block using care to orient the 
sections as close to parallel to the fiber direction as possible. By keeping 
the section thickness small and by paying careful attention to orientation, it 
was possible to create half cells (c.f., Leney, 1980) which could be used to 
measure microfibril angle by transmitted polarized light. Twenty to thirty 
sections were needed to produce an adequate number of satisfactory fibers. 
Sections were macerated in 2:1 30% hydrogen peroxide to glacial acetic acid at 
60°C. Maceration took from 1 to 12 hours. The maceration solution was then
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replaced with several changes of water and microscope slides were prepared 
from a suspension of fibers evenly distributed in water. Methods followed 
those of (Leney, 1980) except that glycerin jelly (Johansen, 1968, p.25) was 
substituted for glycerin as a mounting media. Glycerin jelly is more stable 
than glycerin and, therefore, makes slides semi-permanent. Slides can be 
stored for years without the special care needed with glycerin-mounted slides.
5.1.3 Measuring Microfibril Angle
Fiber slides were measured using the scanning pattern shown in Figure 2. This 
ensured that fibers were only measured once. Every acceptable fiber 
encountered was measured. Again, the techniques used followed those published 
by Leney (1980) very closely. Earlywood and latewood were not differentiated, 
but it was assumed that fibers were distributed randomly on the slides. If 
this was, in fact, the case, then the sampling system should have selected 
earlywood and latewood fibers in approximately the same proportions as they 
occurred in the rings being measured.

Figure 2. Scanning pattern used on microscope slides containing fibers for 
microfibril angle measurements. This pattern assured that each 
fiber was measured only once.

5.1.4 Statistical Analysis
Twenty-five fibers were measured from several five-ring samples and used to 
calculate an appropriate sample size. It was found that for a satisfactory 
separation of means it would be necessary to measure about 100 fibers. SAS 
process univariate (SAS, 1985) was used to characterize the 100 fiber samples. 
This process uses the Kolmogorov-Smirnov test for normality (Zar, 1974) the 
results of which were used to choose suitable statistical operations. Data 
sets were compared with segmented regression analysis that could detect 
transition zones and break points as well as fit one-, two-, or three-line 
models to the data (Cook and Barbour, 1989).

5.2 LONGITUDINAL SHRINKAGE AT VARYING GRAIN ANGLES
5.2.1 Sample Selection
This study was added after all of the sample material used in other parts of 
the study had been dried making it unsatisfactory for shrinkage measurements. 
A black spruce log was obtained from Dubreuil Brothers Limited in 
Dubreuilville, Ontario. The log was sawn to produce as many flat sawn boards 
located more than 30 rings from the pith as possible. Three samples were cut
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for each of the following grain angles: 0°, 5°, 10°, 15°, 20°, 25°, 30°, 40°, 
50°, 60°, 70°, 80°, and 90°. Ideally, the 90° grain angle represents a 
perfectly tangentially oriented piece, but the small diameter of the log made 
selection of such pieces impossible. All samples were defect free. The ends 
of the samples were smoothed by sanding at right angles to the long direction 
of the piece. The ends of the samples were marked with a line to ensure that 
repetitive measurements were made at the same point. Measurements were made 
using a Mitutoyo digital caliper (Mitutoyo, MIT Canada Limited, 6699 
Campobello Rd., Mississauga, ON. L5N 2L7). Samples were measured in the green 
condition, after coming to equilibrium at 50% rh and 21°C and after oven
drying.

5.3 NODE ANATOMY
5.3.1 Ring Counts of Branches
A 50 mm thick disc was cut at the nodes closest to breast height, 20%, 40%, 
60%, and 80% height levels to expose the cross-sectional face. A radial 
longitudinal cut was made through the center of each branch from the pith to 
the bark. The point at which the branch died was determined by examining the 
radial surface produced. The age of the tree at each node was also recorded. 
Branches free of defects such as rot and checks were chosen for further study.
A portion of the branch was removed from as close to the bark as possible.
Ring counts were made with a dissecting microscope or when rings were very 
small by sectioning the branches with a microtome and observation with a 
compound microscope. Sections were cut at 24/u; stained with safranin; mounted 
on slides with glycerine jelly; and the number of rings were counted under the 
light microscope. Several radii of the microtomed sections were counted on 
each sample, to ensure a consistent count. Most of the branches examined were 
dead at the time the tree was cut, but a sample of live branches were also 
studied.
5.3.2 Rina Width and Density Using the X-ray Densitometry
A 75 mm thick disc was cut just above or below the nodes closest to breast, 
20%, 40%, 60%, and 80% height levels to expose the cross-sectional face. A 
clear radius was selected, and a cut was made 3 mm from both sides of the pith 
exposing the tangential surface. This surface was used to align the grain so 
that the fibers would be perpendicular to the transverse surface in the final 
density core. A final cut was made to produce a radius 6 mm thick in the 
longitudinal direction. These core blanks were air dried for 7 days before 
sawing to final thickness using a specially designed twin bladed saw which 
reduced the cores to a longitudinal thickness of 1.57 mm + 0.02 mm.
Before the sample strips were scanned, they were extracted in a Sohxlet 
apparatus for three days with cyclohexane and 100% ethanol (2:1) followed by a 
five-day hot water extraction. It should also be noted that 95% ethanol was 
used with limited success. The mixture of cyclohexane and 95% ethanol were 
not miscible at room temperaturess. During the extraction the samples would 
be soaked partly in cyclohexane and partly in 95% ethanol in the top portion 
of the extraction apparatus. After completing the extraction sequence, the 
wet strips were air dried for one day, under restraint, before they were 
scanned with the Mark II X-ray densitometer.
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6.0 RESULTS AND DISCUSSIONS

6.1 MICROFIBRIL ANGLE
The Kolmogorov-Smirnov for normality test failed for all samples in trees SB3 
and SD2, all but four from tree SA2, and all but one in tree SC3 (see Table 
1). Since most samples were not normally distributed, the median was used in 
preference to the mean as an expression of the data's central tendency. There
was no consistent pattern in the shapes of the distributions, but the most
common pattern was skewed to the right. This caused medians to be between one 
and seven degrees lower than the mean. Microfibril angle distributions 
closest to the pith tended to be bi- and tri-modal or platykuritic (flat 
topped). Table 1 presents median microfibril angles, their confidence 
intervals, and the results of the test used to select this statistic. The 
means and standard deviations for these data are also presented in Table 1 so 
that the data can be compared more directly with others that appear in the 
literature. The mean is not, however, the correct measure of central tendency 
for these data.
Median microfibril angle, ring density, and longitudinal shrinkage are plotted 
against rings from the pith (cambial age) in Figures 3, 4, 5, and 6. All
three variables follow similar age trends: they all decrease for a number of
years then begin to settle into more stable patterns. The one exception is 
longitudinal shrinkage in tree SB3, which is lowest near the pith, increases 
slightly, then stabilizes. The appearance of the longitudinal shrinkage and 
ring density plots has been discussed in detail by Barbour (1987) and Barbour 
and Chauret (1988). The microfibril angle data are new and will be compared 
to the other variables in this report.
Microfibril angle oscillates for the first 20 to 30 rings from the pith 
becoming more stable at higher cambial ages. These results agree with those 
reported elsewhere in the literature in the sense that microfibril angle 
decreases with increased cambial age (Pillow et al., 1953; Bendtsen, 1978; 
Voorhies and Groman, 1982; Haygreen and Boyer, 1982 p.110; Panshin and 
de Zeeuw, 1980, p.105). They do not, however, fit the models proposed by 
Bendtsen (1978) and Voorhies and Groman (1982).
Segmented regression analysis (Cook and Barbour, 1989) of the microfibril 
angle data selects a single line model for all of the trees (see Table 2). 
These models fit the data rather well with relatively high r2 values: SA2, r2= 
0.63; SB3 and SC3, r2= 0.72; and SD2, r2= 0.60. Graphical results are given 
in Appendix I and show that medians vary widely but generally tend lower until 
20 to 30 rings from the pith after which they continue to move lower but are 
much less erratic. Segmented regression analysis, together with visual 
interpretation of the data, leads to the conclusion that there is no readily 
discernable transition in the data signaling the change from juvenile to 
mature wood production. If such a transition had taken place, microfibril 
angle would be expected to reach a plateau as do ring width and density along 
with longitudinal shrinkage in some trees (see Table 2).
Linear pith to bark microfibril angle trends are not unprecedented in the 
literature. Hiller (1954) has reported that in fast growing slash pine (Pinus 
elliottii) microfibril angle verses rings from the pith is a linear function 
while in slow growing trees the function is curvilinear. Data reported here 
were, however, more erratic than Hiller's and no corresponding data for slow 
growing trees exist with which to make comparisons.
The trees in this study were all of harvestable size and these results 
indicate that microfibril angle will not reach a minimum or stabilize in 
rapidly grown black spruce. No corresponding data exist for the trees
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Table 1
Data on microfibril angle from trees SA2, SB3, SC3, and SD2. Data are 
reported at the average number of rings from the pith. The Kolmogorov-Smirnov for normality test fails when P<0.05.

K0U40G0R0V-
SMIRNOVRINGS LOWER UPPER NORMALITYRADIUS FROM MEDIAN CONFIDENCE CONFIDENCE TEST MEAN 

PITH MFA LIMIT LIMIT PROBABILITY MFA STANDARDDEVIATION
SA2NNE 3 32.8 30.0 39.4 0.08 32.1 15.2SA2NNE 8 20.1 15.6 25.4 <0.01 21.7 14.6SA2NNE 13 24.0 20.8 27.0 0.87 23.1 12.8SA2NNE 18 13.9 12.0 17.2 0.22 15.5 10.5SA2NNE 23 17.7 16.2 19.0 <0.01 19.0 12.4SA2NNE 28 21.2 19.0 23.8 <0.15 22.2 13.6SA2NNE 33 12.0 11.4 13.0 <0.01 12.9 6.7SA2NNE 38 13.0 11.8 14.4 <0.01 13.6 5.2SA2NNE 43 17.5 15.6 19.6 <0.01 18.9 10.0SA2NNE 48 12.0 10.8 13.4 <0.01 12.7 3.0SA2NNE 53 12.6 12.4 13.0 <0.01 13.5 6.6SA2NNE 58 11.4 10.8 12.4 <0.01 11.2 3.6SA2NNE 63 11.6 11.4 12.6 <0.01 11.6 2.0SA2NNE 68 10.4 10.0 11.4 0.05 10.5 4.1
SB3S 3 24.8 21.6 32.6 <0.01 29.2 21.0SB3S 8 19.4 15.4 26.2 <0.01 26.4 21.1SB3S 13 29.4 23.0 30.6 <0.01 27.3 17.4SB3S 18 18.1 12.8 27.0 <0.01 22.9 18.4SB3S 23 12.3 10.6 14.4 <0.01 16.5 12.9SB3S 28 11.7 11.0 16.4 <0.01 18.5 15.4SB3S 33 13.1 10.6 15.6 <0.01 16.0 12.8SB3S 38 14.8 14.0 15.6 <0.01 16.9 11.3SB3S 43 11.3 10.6 13.4 <0.01 16.6 11.9SB3S 48 10.6 9.8 11.8 <0.01 11.8 7.9SB3S 53 8.0 7.4 9.4 <0.01 11.1 8.6SB3S 58 7.7 7.0 8.4 <0.01 9.0 8.1
SC3SW 3 31.8 29.0 34.0 <0.01 28.7 14.8SC3SW 8 26.4 24.0 28.4 <0.01 23.0 13.5SC3SW 13 26.2 25.0 28.0 <0.01 25.0 10.3SC3SW 18 30.8 29.4 33.6 0.02 30.2 10.4SC3SW 23 24.0 21.2 27.4 <0.01 22.0 13.0SC3SW 28 21.9 14.8 24.2 <0.01 19.1 13.1SC3SW 33 24.9 23.0 26.8 <0.01 23.5 10.1SC3SW 38 19.4 16.2 20.8 0.02 20.1 12.1SC3SW 43 11.8 9.8 14.0 0.06 12.8 9.0
SD24W 3 22.1SD24W 8 16.1SD24W 13 10.5SD24W 18 17.1SD24W 23 11.4SD24W 28 14.1SD24W 33 12.8SD24W 38 9.5SD24W 43 8.2

16.6
13.8
7.6
9.2
9.2 

11.2
9.8
8.2 7.0

36.4 <0.01
25.4 <0.01
17.0 <0.01
23.8 <0.01
13.4 <0.01
17.4 <0.0116.4 <0.01
11.0 < 0.01
10.2 < 0.01

27.5 17.623.3 16.316.6 14.417.8 13.815.5 13.015.2 11.415.3 11.712.3 10.111.5 10.3
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Table 2
Types of models fitted by segmented regression analysis with break points, 
transition zones, and regression equations for ring density, ring width, 
longitudinal shrinkage, and microfibril angle versus rings from the pith 
(cambial age). BP1 = first break point, LTZ1 = lower prediction limit for 
first transition zone, UTZ2 = upper prediction limit for second transition 
zone, BP2 = second break point, LTZ2 = lower prediction limit for second 
transition zone, UTZ2 = upper prediction limit for second transition zone.

EQUATION
TREE PROPERTY

MODEL BPI LTZ1 UTZ1
FIRST
LINE

SA2
SB3
SC3
SD2

RING
DENSITY

2A
2B
2A
2B

9.8 7.0 19.0 
9.5 8.0 12.0 

12.6 10.0 16.0 
26.3 20.0 42.0

Y=0.4214-0.0092(X) 
Y=0.4879-0.0139(X) 
Y=0.500-0.0137(X) 
Y * 0 .448-0.0032 (X)

SA2 3A 16.0 16.0 16.0 Y=2.49+0.073(X)
SB3 RING 3A 15.4 14.0 16.0 Y=l.33+0.148(X)
SC3 WIDTH 3A 16.0 14.0 26.0 Y=2.141+0.124(X)
SD2 2B 43.0 41.0 45.0 Y=3.15-0.049(X)
SA2 2B 10.8 10.8 10.8 Y=l.098-0.086(X)
SB3 LONG. 2B 8.7 7.0 14.0 Y=0.082+0.014(X)
SC3 SHRINK. NO FIT HORIZONTAL LINE
SD2 NO FIT HORIZONTAL LINE
SA2 1 * * * * * * * * * * * * * * * ’ Y=24.96-0.2399(X)
SB3 MFA 1 * * * * * * * * * * * * * * * Y = 2 4 .64-0.3129(X)
SC3 1 * * * * * * * * * * * * * * * Y=32.76-0.375(X)
SD2 1 * * * * * * * * * * * * * * * Y=19.19-0.246(X)
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Figure 3. Median microfibril angle, ring density, and longitudinal
shrinkage versus cambial age (rings from the pith) for tree 
SA2. The ring density is the average of two radii oriented 
east and west.
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Figure 4. Median microfibril angle, ring density, and longitudinal 
shrinkage versus cambial age (rings from the pith) for tree 
SB3. The ring density is the average of two radii oriented 
east and west.
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Figure 5. Median microfibril angle, ring density, and longitudinal 
shrinkage versus cambial age (rings from the pith) for tree
SC3.

11

m
ic

r
o

f
ib

r
il

 a
n

g
l

e



R
IN

G
 D

E
N

S
IT

Y
 (

g/
cm

3)
 

LO
N

G
IT

U
D

IN
A

L 
SH

R
IN

K
A

G
E 

(%
)

G373

Figure 6.Median microfibril angle, ring density, and longitudinal 
shrinkage versus cambial age (rings from the pith) for tree
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presently being utilized, but data for other species show that in mature trees 
microfibril angle frequently reaches a plateau (Voorhies and Groman, 1982; 
Pillow et al. 1953; Hiller, 1964). Failure of this property to stabilize 
suggests high microfibril angle could be of concern in managed black spruce.
A trend toward higher microfibril angles in larger logs could result in 
deterioration of the properties of both pulp (Page et al., 1972) and lumber 
(Bendtsen, 1978) as well as higher manufacturing costs due to degrade (Senft 
et al., 1982).
6.1.2 Longitudinal Shrinkage and Microfibril Angle
Longitudinal shrinkage data were compared to median microfibril angle and the 
combined results for all trees are presented in Figure 7. Results for 
individual trees are given in Appendix II. There is no easily discernable 
relationship between longitudinal shrinkage and microfibril angle in these 
trees. This statement is not meant to assert that microfibril angle does not 
play a role in determining longitudinal shrinkage. It can, however, be 
concluded that the simple cause and effect relationship ascribed to by many 
wood scientists does not appear to exist in this species. Even so certain 
consistencies in the data exist which do warrant further discussion.
Segmented regression analysis results for longitudinal shrinkage, microfibril 
angle, ring density, and ring width verses rings from the pith are given in 
Table 2. Two line models were fit to density, ring width, and longitudinal 
shrinkage data from trees SA2 and SB3. No significant regression was found 
between longitudinal shrinkage and cambial age in trees SC3 and SD2. 
Longitudinal shrinkage was effectively a constant in the latter two trees. In 
trees SA2 and SB3 the transition zones for the three properties with break 
points overlapped. Density and ring width transition zones also overlap for 
trees SC3 and SD2. The synchronization of changes in these pith to bark 
trends may indicate that the properties are all responding to a single 
stimulus or group of related stimuli. Larson (1969) has explained similar 
changes in terms of the size and vigor of the crown and the quantity of 
hormones produced by it. Without data on the crown, it is impossible to 
conclude that it controls the transitions in the data observed here, but this 
does seem to be a plausible explanation. The microfibril angle data are not 
so easily explained. It might be that this property responds to some other 
stimulus. It could also be that microfibril angle is itself determined by 
several factors that are responding to a single stimulus.
Segmented regression results for longitudinal shrinkage were the most variable 
of the four properties studied, but this was expected since the samples were 
selected for their variability. It is surprising, however, that there was so 
little variation in the other properties. The minor differences seen in ring 
density, ring width, and microfibril angle do not provide a simple explanation 
for the differences in longitudinal shrinkage.
The fitted models for microfibril angle did not appear to be significantly 
different (i.e, their confidence intervals overlapped). This was not tested 
because microfibril angle was not normally distributed and a routine for 
nonparametric analysis of covariance was not immediately available. The 
microfibril angle data also did not have a constant variance with cambial age. 
This could create problems with the segmented regression analysis (Cook and 
Barbour, 1989) and medians were used for this analysis in order to circumvent 
this problem. Thus, the confidence limits shown in Appendix I should actually 
be wider because of the reduction in the variance due to averaging. After 
considering these factors, it was decided to pool microfibril angle so that 
they could be compared with longitudinal shrinkage data published by Meylan 
(1968). The results from this study are presented in Figure 7 and those from 
Meylan (1968) are given in Figure 8.
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When data are pooled in this manner, longitudinal shrinkage is essentially 
constant with changing microfibril angle between 8° and 18°, ranging from 0.1 
to 0.25% shrinkage and 18° to 20° represents a sort of cutoff point above 
which longitudinal shrinkage becomes increasingly variable. As a result, the 
segmented regression analysis used in this study is inappropriate for these 
data. This technique assumes constant variation in longitudinal shrinkage and 
as shown in Figure 7, this assumption is clearly violated. Weighted 
regression techniques (Lerman, 1980) are better suited to such data and should 
be considered in future work.
The fact that some trees have low longitudinal shrinkages even at high 
microfibril angles suggests that other anatomical properties also play a role 
in determining longitudinal shrinkage. The problem of interpreting 
microfibril angle data is made more difficult because the methods used to 
measure it do not distinguish between wall layers.
Preston (1974 p.94-105 and 294-294) has discussed the interpretation of the 
polarized light maximum extinction positions (m.e.p.) used to measure 
microfibril angles. In walls with layers of parallel microfibrils having 
different orientations to the cell axis, the recorded angle is actually a 
weighted average of the microfibril angles in all wall layers. This makes it 
is difficult to distinguish between changes in the microfibril angle and 
changes in the relative proportions of cell wall layers when only the m.e.p. 
of the entire wall is measured. Crosby et al. (1972) has developed a method 
to overcome this problem by cutting cells at oblique angles to their axis and 
measuring wall layers individually, but this method is tedious and not suited 
for wood quality evaluations.
A related problem is seen with the x-ray diffraction method (Cave, 1966; 
Meylan, 1967). This technique was calibrated using iodine staining (Bailey 
and Vestal, 1937) where only the microfibril angle in the S2 layer is 
measured. Results reported using this method tend to ignore the importance of 
the SI and S3 layers and Meylan (1967) reported that results from the iodine 
staining method, while linearly related to the major extinction position of 
transmitted polarized light, did not correspond on a one to one basis. Meylan 
attributed this to the averaging of the angles in the SI, S2, and S3 layers by 
polarized light.

Meylan (1972) has suggested that the relative proportions of the SI plus S3 to 
the S2 layer might play some role in explaining the differences observed 
between longitudinal shrinkage of earlywood and latewood. The SI and S3 have 
high microfibril angles, while the angle in the S2 is low. In latewood, the 
relative proportion of the SI plus S3 is low. In earlywood, the situation is 
reversed, which could explain why latewood tends to have lower longitudinal 
shrinkage when earlywood and latewood have similar microfibril angles .
This hypothesis can be extended to changes in cell wall thickness which occur 
as a consequence of aging. In juvenile wood the S2 layer is thin in relation 
to the S2 in mature wood. Thus as the proportion of the wall layers changes 
from the pith to the bark, a change in microfibril angle might be expected to 
be recorded which is not actually representative of the actual change in the 
physical properties of the wood. Hiller (1964) has reported such a change in 
the microfibril angle of latewood in successive rings from the pith. Hiller 
did not, however, measure any other physical properties as a part of this 
study.
Data on the relationship between longitudinal shrinkage and microfibril angle 
from this study are compared to those published for Jeffery pine (Pinus 
jeffreyi) by Meylan (1968) in Figures 7 and 8. A maximum median microfibril 
angle of 33° was observed in this study, so for ease of comparison Meylan’s
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data are cut off at this value. The data sets are similar; both are less 
variable at low angles than at higher angles. Meylan's data are nearly 
constant up to about 30°. It might, therefore, be expected that a set of data 
for black spruce covering the same range as Meylan's data (see Figure 9) would 
have a similar shape. While the differences used to collect these two data 
sets makes rigorous comparisons dangerous, it seems safe to recognize these 
general similarities.
In summing up, the results reported in this study and those from Harris and 
Meylan (1965) and Meylan (1968) it can be concluded that microfibril angle has 
no influence on longitudinal shrinkage when the angles are low: less than 20°
in black spruce and 30° in Jeffery and radiata pine. At angles greater than 
these limits there appears to be some direct relationship, but data become 
extremely variable and as many low shrinkages as high shrinkages are observed. 
For very high microfibril angles (i.e., around 50°), the spread in the data 
may be as much as 4% longitudinal shrinkage (see Figure 9). These results 
suggest that average or median microfibril alone is not sufficient as a 
predictor of longitudinal shrinkage and that other anatomical features must be 
accounted for if suitable predictive models are to be developed.
From discussions in the literature, it seems likely that the relative 
proportions of the various secondary wall layers is one possible candidate for 
investigation. Measurement of this variable is, however, tedious and if it is 
necessary for an accurate predictive model, it may make the model too costly 
to use in tree improvement work or in the evaluation of the effect of 
silvicultural treatments on wood properties.

6.2 LONGITUDINAL SHRINKAGE AT VARYING GRAIN ANGLES
The results for shrinkage measurements at varying grain angles are presented 
in Figure 10 and Table 3. The variability of the data at the highest angles 
occurs because it was difficult to produce truly flat sawn boards with 
sufficient width from the small log obtained for this study. As a result, 
data from 60° to 90° contain a radial as well as a tangential component.
Figure 11 presents results from the model proposed by Harris (1965). A 
comparison of Figure 10 to Figure 11 demonstrates that Harris' model is 
inappropriate for these data. The empirically derived model proposed by 
Hankinson (U.S. Air Service, 1921) for maximum crushing strength at varying 
grain angles (see Figure 12) would clearly fit the data more closely than the 
Harris model. The Hankinson model does not, however, describe the data as 
well as might be hoped.
Segmented regression analysis was used to derive a model for these data (see 
Figure 13). A three line model was chosen and examination of the figure shows 
that it had a very good fit. The first break point for this model is 17.35° 
with a transition zone of 14° to 21°. The equation of the first line is 
Y = 0.0767 + 0.0124(X). The second line is Y = 0.0522(X) - 0.6144. The 
second break point is 76.3° with a transition zone of 76.3° to 79° after the 
second transition zone the shrinkage reached a constant value of 3.37%. This 
model is particularly useful because it accurately identifies the inflection 
point where shrinkage starts to increase rapidly and can be used to determine 
when the shrinkage goes above any selected level. For example, the model does 
not predict shrinkages of greater than 0.5% until grain angle exceeds 21°.
The most important finding from this investigation is that longitudinal 
shrinkage is not nearly as sensitive to changes in grain angle as is widely 
believed. This means that much higher grain angles can be tolerated over 
short distances before significant increases in longitudinal shrinkage will be 
recorded. This finding helps to explain the results obtained by Barbour
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Table 3
Shrinkage at various grain angles for 
content and after oven-drying. samples conditioned to 12% moisture

GRAIN
ANGLE

(DEGREES)
SHRINKAGE 
TO AIR-DRY 
(12% M.C.)

SHRINKAGE 
TO OVEN-DRY

0 0.08
0 0.05
0 0.11
5 0.07
5 0.09
5 0.05

10 0.14
10 0.04
10 0.16
15 0.30
15 0.35
15 0.25
20 0.46
20 0.39
20 0.42
25 0.56
25 0.60
25 0.91
30 1.41
30 1.51
30 1.02
40 2.42
40 2.60
40 2.34
50 3.51
50 2.87
50 3.47
60 3.38
60 4.29
60 3.45
70 3.67
70 3.77
70 4.58
80 5.52
80 5.27
80 5.09
90 4.24
90 4.97
90 4.68

0.06
0.13
0.10
0.13
0.15
0.12
0.17
0.17
0.23
0.23
0.33
0.25
0.39
0.32
0.43
0.55
0.58
0.71
0.90
1.14 
0.74 
1.58
1.53
1.54 
2.37 
1.94 
2.34 
2.30 
2.88
2.44 
2.62 
2.70 
3.29 
3.65 
3.26 
3.49
3.15 
3.22
3.44
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Figure 9. Longitudinal and tangential shrinkage versus
microfibril angle data taken from Meylan (1968). The 
data set is shown.
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Figure 12. Maximum crushing strength versus grain angle from (U.S. Air 
Service, 1921).
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(1987) and Barbour and Chauret (1988) who reported that cross grain seemed to 
have relative small effect on longitudinal shrinkage. Knowledge of the nature 
of the relationship between grain angle and longitudinal shrinkage is 
essential if predictive models for warp are to be produced. As was shown by 
Barbour and Chauret (1988) for black spruce, and has long been recognized for 
other species (Northcott, 1957), cross grain is a very common defect. It is 
often difficult to control by sawing patterns because in many instances it 
arises either from spiral grain (Northcott, 1957) or diagonal grain which 
results from longitudinal variation in ring width (Farrar, 1961).

6.3 SIGNIFICANCE OF LONGITUDINAL SHRINKAGE RESULTS
There are two long term goals of the research program in longitudinal 
shrinkage. The first is to develop methods that can be used to describe the 
within and between tree variation in longitudinal shrinkage. The ability to 
make statistical comparisons within and between trees will be useful for 
describing the resource and for helping forest managers make informed 
decisions on how silvicultural treatments will affect the properties of the 
resource. The segmented regression techniques developed by Cook and Barbour 
(1989) and used in this report provide the tool with which these comparisons 
can be made. Work is now under way to produce a publication on this topic 
from the longitudinal shrinkage data collected during the first two years of 
this study.
The second long-term goal of this resource is to produce a mathematical model 
for predicting the occurrence and severity of warp in lumber. Simpson and 
Gerhardt (1984) have published a model for the prediction of crook from 
longitudinal shrinkage data which will form the basis for this work. At 
present, crook is the most important drying defect in eastern Canadian species 
(Garrahan and Cane, 1988). As a more rapidly grown resource begins to become 
available, twist can be expected to become more important. This is the case 
in other areas of the world where a rapidly grown resource is used; there is 
no reason to believe that it will not occur in eastern Canada as well. A 
suitable model will, therefore, need to account for both crook and twist.
The segmented regression techniques used in this study will be invaluable in 
characterizing the resource and identifying the type of trees in which 
longitudinal shrinkage can be expected to be a problem. The results on 
microfibril angle show that the relationship between microfibril angle and 
longitudinal shrinkage is complex and that more work will be needed in this 
area before microfibril angle can be used in a predictive model. The work on 
grain angle and longitudinal shrinkage was very interesting. Although the 
data set is small, the results are suitable for use in a preliminary version 
of a shrinkage model.

6.4 NODE ANATOMY
Examination of the anatomical and physical properties of node and branch wood 
was not originally a part of this study, but was added in the third year. By 
that time, all sample trees had been collected and largely consumed in other 
parts of the study. As a result, the materials used were not ideal. Results 
do, however, indicate there is some synchronization between the condition of 
the branches at a given height in the stem and the growth rate and properties 
of wood in the stem.
6.4.1 Ring Width
Segmented regression analysis (Cook and Barbour, 1989) was used to select the 
most appropriate combination of linear models for describing the pith to bark 
ring width variation in each radius. The majority of radii in both trees had
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three line fits, but one and two line fits were also selected, particularly at 
upper height levels. Data on ring width transition zones and break points, as 
well as the location and age of branches are presented in Table 4. The 
corresponding regression lines are given in Table 5.
Figure 14 shows a characteristic ring width profile from tree SC2. Most radii 
had profiles with a positive slope before the first transition and a negative 
slope between the first and second transitions. After the second transition 
zone, the radii in tree SC2 generally had constant ring width but in tree SD1 
ring width typically decreased (see Table 5). The data reported for ring 
width agree with those reviewed by Farrar (1961) who described the change in 
ring width along the stem and felt that ring width should be narrow in the 
apical internode increasing rapidly and reaching a maximum at the internode 
with the greatest amount of foliage. Figure 14 expresses the same trend 
described by Farrar except, rather than showing the change in ring width along 
the stem, it follows the trend from pith to bark.
This profile presumably records the change in the amount of foliage on the 
node in question. When the node is young it contains a relatively small 
amount of foliage and produces a narrow ring. As the apex moves away from the 
node shown in Figure 14, its branches become larger and ring width increases 
to a maximum. This maximum should represent the point at which the vigor of 
the branches at this node is highest. After this maximum, the vigor of the 
branches declines and, as a result, ring width decreases. Finally, the 
branches die and ring width becomes constant. In the case of tree SD1 
competition higher in the stem apparently continued to increase and ring width 
continued to decline after the death of branches at each node. This may 
indicate that this tree was in the process of being suppressed at the time it 
was cut.
Larson (1969) has offered a mechanistic explanation for the changes in branch 
vigor that control ring width. Branch vigor is influenced by a number of 
factors including availability of moisture and nutrients, but access to space 
and light are two of the most important. Young branches are located near the 
top of the tree where they have ready access to light. These branches are 
rapidly elongating producing large quantities of hormones which encourages 
cell division of the vascular cambium and radial expansion of the longitudinal 
tracheids and, thus, greater ring width. As space becomes limiting, branches 
are shaded and produce smaller quantities of hormones and carbohydrate 
resulting in a decrease in stem diameter growth.
Data on branch ring counts and transition zones presented in Table 4 support 
these explanations of why ring width changes as it does in the trees studied. 
It was not possible to make ring counts on every branch since many were either 
smashed, partially present, or broken back well below the bark. However, 
information gathered from intact branches is sufficient to draw some tentative 
conclusions. Branch death usually occurred between the first and second 
transition zones. When ring counts could be made, the number of rings in the 
branch was always less than the stem age at which the branch died or the 
current age of the tree in the case of living branches. There are two 
possible explanations for this observation.
The number of rings in a branch at a given point on the radius depends on when 
the branch reached that point. If, for example, a tree grows at the rate of 
1 cm per year for 10 years it will have a radius of 10 cm. If a branch in 
this tree died when the stem contained 10 rings, but the lateral growth rate 
of the branch was such that its tip did not reach 10 cm from the pith for 
3 years, then there would only be 7 rings in the branch at the bark. This 
could explain why branches tend to have fewer rings than the stem at the point 
when they die. It is, however, difficult to account for discrepancies of 15 
to 20 rings found in many branches (see Table 4) with this explanation.
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Table 4
Types of models fitted by segmented regression analysis with break points and transition zones 

r^n9 width compared to data on branch location and descriptive data for branches. BP1 * 
first break point, LTZ1 = lower prediction limit for first transition zone, UTZ2 « upper 
prediction limit for second transition zone, BP2 « second break point, LTZ2 « lower prediction 
limit for second transition zone, UTZ2 ■= upper prediction limit for second transition zone, LB 
- live branch. Codes describing radii can be read as follows SC2-B-W: SC2 « tree SC2; B - 
breast height; W * west radius. Other heights are 20%, 40%, 60% and 80%.

STEM NUMBER RING OF BRANCH
AT RINGS GROWTHRADIUS MODEL BP1 LTZ1 UTZ1 BP2 LTZ2 UTZ2 BRANCH BRANCH IN RATE TREEDIRECTION DEATH BRANCH SLOWS AGE

SC2-B-E 3B 9 6 11 27 26 00CM NNE 12 39SSE 24 10SC2-B-W 3B 8.06 7 9 27 26 28 NNW 24 39SSW 21 15W LBSC2-2-E 2A 5.24 4 7 SE 15 10 6 35N 22SC2-2-W 3B 5.51 5 6 23 25 25 W LB 15 35SC2-4-E 3B 4.41 4 5 13.9 13 15 N 16 26SC2-4-W 3B 3 3 3 14 14 15 S 10 8 26SC2-6-E 3B 4 4 4 5 5 5 NE 2 4 18NE LBSE 2 4SE LBSC2-6-W 3A 3.12 3 3 13.4 12 15 NW LB 18SW 5 8SC2-8-E 2B 4 3 5 N 1 10 6 14NE LB 3SE 3 8SC2-8-W 2A 3.6 3 5 SW LB 14W LB 4
SD1-B-E 3B 13.1 12 14 22.2 21 25 NNE 23 18 41ENE 20 16SSW LBSD1-B-W 1 * * * WNW LB 18 41N 28 16 7SD1-2-E 3B 12 11 12 17.2 17 20 NE 30 40SE LB 16 6SW LBSD1-2-W 3A 5.08 5 6 29.8 28 31 W LB 40NE LBSD1-4-E 3A 6.48 6 8 23.7 22 25 SE LB 35SW LB 15 6SD1-4-W 3A 3.14 3.14 3.15 23.4 20 24 35SD1-6-E 3A 3.14 3.08 3.14 16 15 17 SW LB 12 5 27SD1-6-W 3A 10.7 3.8 11 13 13 16.1 27SD1-8-E 2A 13 9 14 14SD1-8-W 3B 5.11 5 6 9.31 8 10 14
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Table 5

sîrandis m eqUCoH0n% f0r -U® 8egmented regression models fitted to ring width data for trees 2 "d.S?1* Codes describing radii can be read as follows SC2-B-W: SC2 = tree SC2• B =breast height; W - west radius. Other heights are 20%, 40%, 60% and 80%.

RADIUS MODE

SC2-B-E 3B
SC2-B-W 3B
SC2-2-E 2A
SC2-2-W 3B
SC2-4-E 3B
SC2-4-W 3B
SC2-6-E 3B
SC2-6-W 3A
SC2-8-E 2B
SC2-8-W 2A

SD1-B-E 3B
SD1-B-W 1
SD1-2-E 3B
SD1-2-W 3A
SD1-4-E 3A
SD1-4-W 3A
SD1-6-E 3A
SD1-6-W 3A
SD1-8-E 2A
SD1-8-W 3B

EQUATION
FIRST
LINE

Y=2.29257+0.1637(X) 
Y=2.853+0.1829(X) 
Y=l.317+0.638(X) 

Y=0.9113(X)-0.3214 
Y=1.42(X)-0.4567 

Y=16.338-3.687(X) 
Y=12.840-3.272(X) 
Y=13.11-3.38(X) 
Y= 0 .90(X)-0.77 
Y=0.17+0.84(X)

Y=3.3146+0.1066(X) 
Y=3.6648-0.0728(X) 
Y=3.081+0.116(X) 
Y=0.882+0.713(X) 
Y=l.306+0.552(X) 
Y = 2 .51(X)-3.01 

Y=2.414-4.365(X) 
Y=3.239-0.066(X) 

Y=0.3418+0.1966(X) 
Y=l.706-0.226(X)

EQUATION
SECOND
LINE

Y=5.970-0.1746(X) 
Y=5.7519-0.1766(X) 
Y=5.466-0.1544(X) 
Y=5.827-0.2045(X) 

Y=7.7697-0.444 
Y=6.1403-0.356(X) 
Y=2.010(X)-7.795 

Y=2.488+0.0142(X) 
Y=2.83

Y=3.657-0.127(X)

Y=9.4-0.3568(X)

Y=ll.0785-0.5505(X) 
Y=5.3404-0.164(X) 
Y=6.515-0.252(X) 

Y=5.539-0.20896(X) 
Y=3.788-0.183(X) 

Y=ll.231-0.811(X) 
Y=16.525-1.0482(X) 

Y=0.5(X)-2.005

EQUATION
THIRD
LINE

Y=l.25556 
Y = 0 .984

Y = 1 .1234 
Y = 1 .597 
Y= 1 .3 

Y= 2 .257
Y=7.384-0.349(X)

Y = 1 .4679 
Y= 1 .563

Y=0.145(X)-3.886
Y=0.145(X)-2.941
Y=0.1241(X)-2.28

Y=0.14366(X)-1.4372
Y=0.1078(X)-0.714

Y=2.652
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Figure 14. Characteristic pith tb bark ring width profile showing 
results of segmented regression analysis. This profile is 
from tree SC2 20% height, west side.
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Larson (1969) has offered a more plausible explanation for this phenomenon. 
Larson contends that as the vigor of a branch decreases it fails to produce 
growth rings every year. Microscopic observations of the branches examined in 
this study supports this contention. Branch growth rates were generally high, 
on the order of 50 cells or more per ring, in young branches, but as the 
branches aged the number of cells decrease to less than 10. Sometimes this 
change in growth rate was gradual but more often it was very rapid. For radii 
to which three line models were fitted, the drop in growth rate of branches 
roughly coincided with the first stem growth rate transition (see Table 4). 
Growth rate of branches in radii with two line fits also slowed at about the 
time of the transition in stem growth rate.
6.4.2 Rina Density
Break points and transition zones for ring density are compared to branch 
death and ring counts in Table 6. Corresponding regression equations are 
given in Table 7. Only one and two line models were fit to the data from tree 
SD1 while one, two and three line models were fit to data from tree SC2.
Figure 15 shows the typical pith to bark density trend for trees SC2 and SD1. 
This radius was chosen because the segmented regression routine fit a three 
line model to it. This figure shows the basic shape of most of the density 
profiles, regardless of whether two or three line models were fit. It is also 
useful for illustrating the difference between three line models for ring 
width (see Figure 14) and those observed for density. Density profiles almost 
always decreased rapidly for several rings from the pith (c.f. Table 7) while 
ring width was increased.
The branch data were not as closely related to transition zones for ring 
density as they were for ring width. Changes in density trends did, however, 
take place at about the same number of rings from the pith. One factor which 
complicates the data collected in this study is that both of the trees had 
live branches at most of the sample heights. Larson (1969) has pointed out 
that as branches age they become less vigorous thus producing less of the 
growth substances that control wood properties. Even if branches remain 
vigorous, the distance between the lateral meristem and the stem becomes 
greater with increasing age. This tends to limit the impact of hormones 
produced in these old branches on the properties of the wood in the stem. 
Therefore, either branch length or low vigor could limit the importance of the 
live branches encountered in this study. The large discrepancies between the 
number of rings in the live branches and the stem suggests that the branches 
were not vigorous. If Larson's observations for pine hold for spruce, then 
most of the branches used in this study would not have greatly influenced the 
wood being produced in the stem at the time the trees were cut.
The timing of drop in vigor of the branches can be estimated from the number 
of rings in the branch or the number of rings when branch growth rate slowed. 
This age is never less than the lower density prediction limit of the first 
transition zone. When it is higher than the upper prediction limit, the 
difference is usually less than five years. The implication is that density 
is not as sensitive to the reduction in growth substances as is growth rate. 
This observation agrees with Larson (1969) who has suggested the number of 
cells and their radial diameters is more strongly controlled by the 
availability of growth substances while the thickness of cell walls is more 
closely related to the availability of carbohydrate. Since the first density 
break point always represents the end of the decline in density close to the 
pith, a typical feature in black spruce (Barbour, 1987), it is possible that 
as branches become shaded during crown closure the production of growth 
substances by the buds is affected more quickly than the photosynthetic 
efficiency of the branches. In other words, branches may continue to produce 
large amounts of carbohydrate for a number of years after the elongation of 
the branches ceases.
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Table 6
Types of models fitted by segmented regression analysis with break points and transition zones 
for ring density compared to data on branch location and descriptive data for branches. BP1 « 
first break point, LTZ1 «= lower prediction limit for first transition zone, UTZ2 « upper 
prediction limit for second transition zone, BP2 » second break point, LTZ2 « lower prediction 
limit for second transition zone, UTZ2 « upper prediction limit for second transition zone, LB 
“ live branch. Codes describing radii can be read as follows SC2-B-W: SC2 - tree SC2; B = 
breast height; W = west radius. Other heights are 20%, 40%, 60% and 80%.

RADIUS MODEL BP1 LTZ1 UTZ1 BP2 LTZ2 UTZ2

STEM NUMBER RING OF 
AT RINGS BRANCH BRANCH IN 

DIRECTION DEATH BRANCH

BRANCH
GROWTHRATESLOWS TREEAGE

SC2-B-E 2B 7.66 7 10 NNE 12 39SSE 24 10SC2-B-W 3B 3.24 3 9.44 9.27 8 36 NNW 24 39SSW 21 14 12W LBSC2-2-E 2B 6.44 5 9 SE 15 10 6 35N 22SC2-2-W 3B 3.21 3 4.09 11.4 10 14 W LB 15 35SC2-4-E 3A 3 3 3.02 9 8 11 N 16 26SC2-4-W 3A 8.12 7 9 15.3 15 17 S 10 8 26SC2-6-E 3A 4 4 4 17 17 17 NE 2 4 18NE LBSE 2 4SE LBSC2-6-W 1 * * ★ NW LB 18SW 5 8SC2-8-E 1 * * * N 1 10 6 14NE LB 3SE 3 8SC2-8-W 2A 3 3 3 SW LB 14W LB 4
SD1-B-E 2B 11.9 8.5 14.5 NNE 23 18 41ENE 20 16SSW LBSD1-B-W 1 * * * WNW LB 18 41SD1-2-E 2B 3.45 3.45 4.1 N 28 16 7 40NE 30SE LB 16 6SD1-2-W 2B 6.81 4.5 9.5 SW LB 40W LBSD1-4-E 1 ★ * * NE LB 35SE LBSDI-4-W 2B 4.73 3.99 7 SW LB 15 6 35SD1-6-E 1 ★ * * 27SD1-6-W 1 * * * SW LB 12 5 27SD1-8-E 14SD1-8-W 1 * * * 14
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Table 7
Regression equations for the segmented regression models fitted to ring density data for trees 
SC2 and SD1. Codes describing radii can be read as follows SC2-B-W: SC2 = tree SC2; B = 
breast height; W = west radius. Other heights are 20%, 40%, 60% and 80%.

EQUATION EQUATION EQUATIONRADIUS MODEL FIRST SECOND THIRDLINE LINE LINE
SC2-B-E 2B Y=0.591-0.0268(X) Y=0.3858SC2-B-W 3B Y=0.7253-0.0785(X) Y=0.5201-0.0151(X) Y=0.37988SC2-2-E 2B Y=0.458-0.0182(X) Y=0.341SC2-2-W 3B Y=0.6544-0.074(X) Y=0.449-0.01002(X) Y=0.335SC2-4-E 3A Y=0.7442-0.1168(X) Y=0.437-0.0143(X) Y=0.281+0.003(X)SC2-4-W 3A Y=0.4111-0.01225(X) Y=0 .2467+0.00799(X) Y=0.4442-0.00493(X)SC2-6-E 3A Y=0.515-0.0386(X) Y=0.363-0.0006(X) Y=0.0935(X)-1.237SC2-6-W 1 Y=0.3781-0.0022 ********************
SC2-8-E 1 Y=0.4225-0.00676(X)SC2-8-W 2A Y=0.5477-0.0548(X) Y=0 .4054-0.00768(X)
SD1-B-E 2B Y=0.396-0.00575(X) Y=0.3279SD1-B-W 1 Y=0.3274+0.001(X)SD1-2-E 2B Y=0.6682-0.0947(X) Y=0.341SD1-2-W 2B Y=0.4684-0.019(X) Y=0.33873SD1-4-E 1 Y=0.393-0.0012(X)SD1-4-W 2B Y=0.6128-0.0506(X) Y=0.373SD1-6-E 1 Y=0.4219-0.0017(X)SD1-6-W 1 Y=0.4297-0.00145(X)SD1-8-E 1SD1-8-W 2A Y=0.4329-0.00248(X) Y=0.5(X)-2.005
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Figure 15. Characteristic pith to bark ring density profile showing 
results of segmented regression analysis. This profile is 
from radius SC2 20% height, west side.
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6.4.3 Summary of Branch Effects on Ring Width and Density
There is overlap between ring width and density transition zones in about half 
of the radii examined. In most of the remaining cases the transition zones 
are very close. This observation supports the hypothesis that both changes in 
density and ring width respond to the same stimulus. The apparent 
relationship between ring width transition zones and decline of branches 
suggests that the condition of the crown at a given height level has an impact 
on wood properties at that level. Another complicating factor in this 
relationship is the effect of branches at higher levels in the stem on the 
vascular cambium below them. The importance of upper branches was not 
considered in this study and needs to be accounted for if the relationship is 
to be completely understood.
Future work should compare plantation grown trees that have been grown at 
different spacings. This would allow age trends to be examined for trees with 
crowns that closed at different ages. With data of this sort, it would be 
possible to calibrate the behavior of branches under more controlled 
conditions and then extrapolate this information to trees grown in natural 
stands. Branches should also be collected from more closely spaced nodes so 
that the synchronization of changes in vigor can be more accurately followed 
along the stem.
6.4.4 Significance of this Work to Industry
At present, very little information exists on how spacing and thinning 
influence the properties of Canadian species. Since there are very few 
plantations of rotation age available for study, there is little opportunity 
to collect data on how silvicultural treatments affect wood properties. As a 
result, most of the work conducted by Forintek in this area has relied on 
rapidly growing trees from natural stands to make predictions about wood 
properties. This effort is complicated by the lack of a history on how these 
stands grew. It is never clear if the stands were established at unusually 
wide spacings or if some catastrophic event caused some trees to be killed 
releasing the remaining trees.
Branches provide a record of the timing of events that took place during the 
development of the stand allowing trees to grow so quickly. However, we do 
not yet know how to read this record. If methods can be developed to 
interpret these data, it will be possible to better understand how the trees 
being studied grew. It should also be possible to examine knots from boards 
and use their growth patterns to determine the condition of the tree at the 
place from which the board was cut. This would vastly improve our ability to 
relate silvicultural treatments to the properties of products because it would 
no longer be necessary to keep track of the conversion of trees into products 
to draw conclusions about the relationship between tree growth and product 
quality.
Judging from the small sample examined in this study, it should be relatively 
easy to determine if wood was produced during the juvenile period without ever 
seeing the tree from which it was cut. This would be a major step forward in 
our ability to determine the future importance of juvenile wood to the forest 
products industry.

7.0 CONCLUSIONS AND RECOMMENDATIONS

There is no easily discernible relationship between microfibril angle and 
longitudinal shrinkage in black spruce. At low microfibril angles,
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longitudinal shrinkage is constant with changing microfibril angle. At the 
highest angles measured in this study, longitudinal shrinkage is variable. It 
appears that the strongest conclusion that can be drawn is that as microfibril 
angle increases the variability of longitudinal shrinkage increases. These 
results are, however, for only a small number of samples and should be treated 
as such. More work needs to be done in this area before convincing arguments 
can be made on either side of the issue. It would be desirable to try to test 
published models for predicting longitudinal shrinkage from microfibril angle 
once a data set with a wide enough range of angles has been collected.
Measurements of shrinkage at various grain angles produced some striking 
results. The three line model fit to the data could be useful in producing a 
model that will predict warp from the characteristics of individual boards.
The synchronization between crown characteristics and wood properties 
apparently can be elucidated by comparing branch and crown wood. Although the 
samples used in this study were not originally collected for that purpose, it 
was demonstrated that ring density and ring width trends changed in harmony 
with the growth rate of branches. This finding is very interesting because it 
may provide a method for describing the trees from which lumber was cut 
without ever seeing the trees. As an example, this would allow workers in an 
ingrade testing program to relate the mechanical properties of the boards 
being tested to the way the trees were grown.
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APPENDIX I - SEGMENTED REGRESSION ANALYSIS OF 
MICROFIBRIL ANGLE AND CAMBIAL AGE



RINGS FROM PITH

Microfibril angle versus rings from the pith (cambial age) for tree SA2 
taken at breast height on the north north east side of the tree. The 
samples came from sample SA2-NNE(B) from Barbour (1987).
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RINGS FROM PITH

M ic r o f ib r i l  a n g le  v e r su s  r in g s  from the p ith  (c a m b ia l a g e )  fo r  tr e e  SB3
taken  a t b r e a s t  h e ig h t  on th e  so u th  s id e  o f the t r e e .  The sam ples came
from  sam ple SB 3-3-S (B ) from Barbour (1 9 8 7 ) .
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M ic r o f ib r i l  a n g le  v e r su s  r in g s  from the p i t h  (c a m b ia l a g e ) f o r  tr e e  SC3
tak en  a t  stump h e ig h t  on th e  w est s id e  o f th e  t r e e .  The sam ples came
from sam ple SC3-S-W from Barbour and Chauret ( 1 9 8 8 ) .
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RINGS FROM PITH

M ic r o f ib r i l  a n g le  v e r su s  r in g s  from the p ith  (c a m b ia l a g e ) fo r  tr e e  SD2
taken  a t  40% h e ig h t  on the w e st s id e  o f the t r e e .  The sam p les came from
sam ple SD2-4-W from Barbour and Chauret (1 9 8 8 ) .
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APPENDIX II - RELATIONSHIP BETWEEN LONGITUDINAL SHRINKAGE AND 
MICROFIBRIL ANGLE FOR INDIVIDUAL TREES
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Longitudinal shrinkage versus microfibril angle for tree SA2 taken at 
breast height on the north north east side of the tree. The samples came 
from sample SA2-NNE(B) from Barbour (1987).
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Longitudinal shrinkage versus microfibril angle for tree SB3 taken at 
breast height on the south side of the tree. The samples came from 
sample SB3-3-S(B) from Barbour (1987).
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Longitudinal shrinkage versus 
stump height on the west side of 
SC3-S-W from Barbour and Chauret

mierofibril angle for tree SC3 taken at 
the tree. The samples came from sample 
(1988).
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Longitudinal shrinkage versus microfibril angle for tree SD2 taken at 40% 
height on the west side of the tree. The samples came from sample SD2-4- 
W from Barbour and Chauret (1988).
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