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PART I: Introduction

The forest industry in Canada will become increasingly
dependent on managed second-growth timber for its wood
supply. The transition to this resource may result in reductions
in log size and changes in the characteristics of the raw mate-
rial. The future of the forest industry will depend upon the
successful conversion of this resource into forest products. In
order to plan new investments and to assess stand manage-
ment practices, the industry urgently needs information rang-
ing from the effects of silvicultural regimes on volume
production and wood value, to the properties and quality of
end-products produced from the resource. A program of
research into managed second-growth coastal Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco) timber values has
been undertaken by Forintek Canada Corp. in cooperation
with the Pulp and Paper Research Institute of Canada and the
Research Branch, B.C. Ministry of Forests.

In conducting such a study, we may usefully draw upon
related investigations carried out elsewhere. A decade ago,
New Zealand was faced with a similar problem in intensively
managed stands of radiata pine. In 1979, the New Zealand
Forest Service formed a multi-disciplinary team of forest
management and research workers to review management
practices, and to develop practical systems to predict the wood
quality and the economic and market consequences of various
silviculture options. This group, known as the Radiata Pine
Task Force, utilized 20 years of research results to build a sil-
viculture stand model (SILMOD). SILMOD simulates the
growth of a hectare of radiata pine, and then the harvesting,
transporting, and sawmill conversion of that stand. It predicts
volume and quality characteristics, which are then used to pre-
dict value and yields of timber grades. More recently, a Con-
version Planning Project at the Forest Research Institute
extended the earlier work of the Radiata Pine Task Force into
the areas of processing and marketing. The Conversion Plan-
ning Model System links the forest and various processing
options to marketing opportunities and requirements for a full
range of radiata pine products.

The work of these two groups has been well received in New
Zealand and widely recognized as a major step in dealing with
decision making under intensive forest management condi-
tions. The shift taking place in Canada to more intensive man-
agement with decreasing reliance on old-growth forests
creates a situation in which forest managers are faced with the
same problem as those in New Zealand. In spite of many
decades of silvicultural and utilization research, optimum
strategies for management of our future forests are many years

away. The New Zealand approach to the development of stand
management practices offers much to consider for those of us
attempting to deal with similar problems in North America.

In order to consider the objectives of both silviculture and uti-
lization, studies of alternative forest management strategies
require data on the relationship between site quality, stocking
density, thinning, pruning and fertilization regimes, and prod-
uct types, quality and values for the softwood species of com-
mercial interest. The New Zealand experience shows how
time-consuming and difficult it is to procure such data, partic-
ularly for us in Canada where rotation periods for our species
are appreciably longer then those proposed for radiata pine.
Since solutions are so complex and time consuming, we must
develop comprehensive coordinated research programs focus-
sing on the integration of silviculture and utilization. With
these objectives in mind, Forintek Canada Corp. established
the Douglas-Fir Task Force.

The Douglas-Fir Task Force had the following main objec-
tives:

1. To estimate the physical, mechanical and chemical prop-
erties of the intensively managed coastal Douglas-fir
resource of the future.

2. To determine the value of this resource for conversion to
dimension lumber and pulp.

3. To develop a computer model capable of evaluating the
effects of silvicultural treatments in terms of end-product
value.

Formation of the Douglas-Fir Task 
Force
Securing the active support and participation of industry was
an absolute necessity in order to ensure the success of the Task
Force. Initial contact was made through two committees of the
Council of Forest Industries, the Sawmill Operations Commit-
tee and the Forest Management Committee. Six of the coastal
companies, B.C. Forest Products, Crown Forest Industries
(now both under the name Fletcher Challenge), Canadian For-
est Products, MacMillan Bloedel, Western Forest Products
and C.I.P. Inc. (now called Canadian Pacific Forest Products)
all offered to locate suitable stands, fell trees and transport
logs to the mill. Canadian Pacific Forest Products made their
Ladysmith mill available for the conversion study.



- 2 -

Representatives from each company and the Ladysmith mill
manager joined the nine project leaders to form the Douglas-
Fir Task Force. The first meeting, March 25, 1985, focussed
on site selection, sampling, material requirements, industry
cooperation, manpower requirements, and timing.

Site and Tree Selection
It was decided that six stands would be sampled. The age of
these stands was to be approximately that of the anticipated
rotation age of future managed stands of Douglas-fir, that is,
about 50 years. Intensively managed stands of that age do not
exist in coastal British Columbia, but 50 year old stands do
exist on medium to good sites where stocking densities are not
too high and productivity has been at levels that foresters
would hope to achieve under intensive forest management
conditions. It was this type of stand which was sought for
study. In addition, it was decided to obtain as wide a geo-
graphic distribution of sites as practical and to represent both
the wet and dry regions on the West and East coasts of Van-
couver Island as well.

Cooperating companies located 11 suitable stands which were
visited by three project leaders and the company repre-
sentatives early in April 1985. The height, age, diameter and
radial growth of randomly selected trees were measured at
each site for the purpose of identifying the six best stands.
Sites managed by different companies were selected where
possible. The locations of the stands are indicated in Figure 1
and the basic stand information listed in Table 1.

The flow of trees, logs, and material selected for each of the
study projects is illustrated in Figure 2. The chapter in which
the results of each project are reported is indicated. It may be
helpful to return to this diagram as one reads through the text
in order to keep the link between the study projects in perspec-
tive.

It must be kept in mind that the material sampled and there-
fore the results do not describe the present coastal Douglas-fir
resource being harvested and marketed today. The results of
the basic wood property, pulping, and juvenile-mature wood
transition studies do not truly describe the entire stands from
which they were obtained since only dominant and codomi-
nant trees were selected. It is expected that the trees selected
for study represent the range of characteristics which will be
produced in future managed stands of this species.

Sampling of the stands for the conversion study was more
comprehensive in that the full range of tree diameters was
sampled. The sampling plan called for an equal number of
trees in each diameter class so that estimates would have equal
precision over the full range of stem diameters. However, the
results do not properly describe these stands since the samp-
ling was not random. That was not the objective of the study.

This report represents the collective results of the Douglas-Fir
Task Force effort. The information provided will help industry
plan for the most profitable conversion of our second-growth
Douglas-fir resource and will guide forest managers in devel-
oping silvicultural plans that will maximize end-product
value.
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PART II: Characterizing the Resource

CHAPTER 1
Relative Density

L.A. Jozsa, J. Richards and S.G. Johnson   Wood Science Department, Forintek Canada Corp.

Introduction
This report describes the results of x-ray densitometric analy-
sis of approximately 50-year-old Douglas-fir trees from Van-
couver Island. Special attention is focussed on the extent and
distribution of juvenile wood, and on the influence of cambial
age and position in the stem on the relative density of wood.

Wood produced by trees of the same species is often thought
to be identical in all structural and physical characteristics. In
reality, different pieces of wood even from the same tree are
never identical and are similar only within broad limits.
Dimensional and physical characteristics (such as ring width,
percent latewood width, relative density, etc.) within trees are
variable and they exhibit a range of values. The variations can
be related to the radial (pith-to-bark) and axial (base to top of
stem) position of the sample within the tree.

The dimensional and physical variables in wood are influ-
enced by the following factors:

1. Cambial age;

2. Genetic controls that govern the form and growth of the
tree; and

3. Environmental influences, such as climate, geology and
nutrient supply.

Because of the interactions of these influences, it is difficult to
ascribe variability in tree rings to a single factor or even to a
combination of factors affecting tree growth (Panshin and de
Zeeuw, 1980).

Wood quality is linked to end-use requirements, which are
stipulated through grades, specifications, and code regulations
(Johnson, 1986). Density is generally considered to be the sin-
gle most important indicator of clear wood quality. It is the
primary determinant of clear wood strength and yield of pulp
per unit wood volume. It is also related to heat per unit vol-
ume produced during combustion, to shrinkage and swelling,
to heat transmission, to machining, and to other properties.
Unfortunately, density is difficult to measure on a small scale
(like individual annual rings) by conventional methods.

Principles of Tree Growth and Wood Anatomy
Because wood quality will be discussed here in terms of den-
sity, it would be helpful to review some of the basic concepts
and definitions of tree growth and wood anatomy, that is, the
conditions that determine density.

Although the crown of a tree is both the source of nutrients
and the regulating center for wood production, wood is not
produced directly by photosynthesis. Rather, wood results
from successive divisions of the vascular cambium, using
energy derived from the products of photosynthesis. After
cambial division each successive cell undergoes enlargement,
wall thickening, and lignification. The rate of cell division and
final size are both thought to be largely influenced by growth
regulating hormones (Megraw, 1985).

The growing tree forms large diameter, thin-walled fibers in
the early part of the growing season (earlywood), and smaller
diameter thick-walled fibers during the latter part (latewood).
Collectively, these fibers form an annual ring. Radial growth
begins first near the top of the tree and proceeds gradually
downward in the stem, resulting in more earlywood and wider
rings near the pith in the upper crown region. Transition to
latewood occurs first near the base, farthest from the source of
auxin supply, and proceeds upwards. Therefore, the density of
an individual fiber is determined by its relative position, that
is, its distance from the active live crown region, and by the
time of its formation (Larson, 1969; Megraw, 1985).

The relative density of most commercially important Cana-
dian softwoods ranges from about 0.2 in the earlywood to
about 1.0 in the latewood. The average relative density of the
different softwood species ranges from about 0.3 for western
red cedar to 0.55 for Douglas-fir and western larch, largely
dictated by the proportion of the low density earlywood and
high density latewood in the annual rings.
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Sources of Relative Density Variation
The relative density of Douglas-fir wood can be discussed
from a variety of perspectives, starting with species average
and range, tree-to-tree differences in the stand, within tree
trends from pith-to-bark and from base to the top of the stem,
and within annual ring variability. Figure 1-1 illustrates this
variety, ranging from the macroscopic to the microscopic per-
spective.

For example, the "global perspective" of relative density dis-
tribution is shown for Douglas-fir in Figure 1-la. This
bell-curve approximation includes all Douglas-fir trees from
British Columbia (coastal and interior), Washington, Oregon,
California, Europe, New Zealand, and elsewhere. One would
expect a normal distribution with the mean between 0.45 and
0.50, flanked by the extreme lows and highs in the 0.3s and
0.6s respectively.

The expected tree-to-tree relative density differences in the
stand are illustrated in Figure 1-lb. If one were to sample ten
dominant and codominant trees in a stand and determine the
average stemwood relative density, one would expect a certain
difference between the least and the most dense trees. In this
example (Figure 1-lb) the stemwood relative densities range
from 0.40 to 0.55. Of course, a greater number of trees would
most likely provide a wider range. These tree-to-tree differ-
ences in the stand are thought to be mainly genetic in origin
(Kennedy, 1970; Megraw, 1985 and 1986, Bastien et al.,
1985).

The biological tree-age component is shown in Figure 1-lc. In
previous exploratory work (Jozsa and Kellogg, 1986) average

yearly ring density trends were examined from pith-to-bark at
several sampling heights in Douglas-fir. The results indicated
relatively low density juvenile wood in Douglas-fir for the
first 15-20 years of growth. Then a rapid increase was evident
to about age 30, followed by a stable or slightly increasing
density trend. Similar trends were observed by other workers
in Douglas-fir and in some pine species as well (Megraw,
1985; Pearson and Ross, 1984; Kennedy and Warren, 1970;
Richardson, 1961; Bendtsen and Senft, 1986). This
pith-to-bark density trend was used to establish the juvenile
wood and mature wood transition for Douglas-fir. It was noted
that the transition was not abrupt, or step-like, but rather grad-
ual.

Within annual ring density variation is illustrated in Figure
1-1d. Interestingly, the greatest density difference was
observed in Douglas-fir on the microscopic level within the
annual ring. Between low density earlywood and high density
latewood the differences are about four-fold, from about 0.25
to 1.00. These differences were attributed in the above discus-
sion to growth-regulating hormones. However, earlywood and
latewood production in a tree is seasonally driven (Kennedy,
1970).

Materials and Methods
Site Selection and Sampling
The location of the stands (Figure 1) and the basic stand infor-
mation (Table 1) were described in the introductory section.
That information was obtained during the exploratory visit to
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each site. At each location diameter measurements were based
on 25 trees selected at random.

From each of the six stands (Figure 1-2a), ten dominant or
codominant trees were selected and felled (Figure 1-2b) for
the study of basic wood properties. Cross-sectional disks were
cut from each tree at five height positions. These were at
breast height (BH = 1.3 meters above ground) and at one-fifth
intervals of total tree heights (Figure 1-2c). At each of these
positions two disks were cut, one 2.5 centimeters thick, for
densitometric analysis, and the second, 5.0 centimeters thick
for fiber length measurement (Chapter 4) and chemical analy-
sis (Chapter 6). Disk samples were cut, as far as possible,
from the center point of every internode at the appropriate
height level. This strategy was adopted on the strength of pre-
viously published results of greater anatomical variability near
the nodes (Richardson, 1961). In addition, a 35 centimeter
thick disk was collected just above the BH position (Figure
1-2c) as a source of material for longitudinal shrinkage mea-
surements (Chapter 3). Furthermore, wood density measure-
ments were made on increment cores at BH for the 10 trees at
each site for selecting one average, one high and one low den-
sity tree for pulping studies (Chapter 10). From each of these
three sample trees a two meter long bolt was cut above BH
and a three meter long bolt was collected in the crown-wood,
below the 80 percent sampling height for both unbleached
kraft (Chapter 11) and refiner mechanical (Chapter 12) pulp-
ing evaluation.

Sample Preparation and X-ray Densitometry
Two average radial subsamples were cut from each den-
sitometric cross-sectional disk. These pith-to-bark radial strips
were about 5 millimeters wide and 5 millimeters thick. After
air-drying they were cut to a uniform thickness of 1.96 milli-
meters on a twin-blade saw. The surfaced samples were
extracted in a soxhlet apparatus in alcohol-benzene (1:2 by
volume) solution for three days, and in hot water for two days.
The extractive free radial strips were then air-dried to about
eight percent equilibrium moisture content. The air-dried
strips were placed on X-ray film with density-calibration
wedges and exposed at the appropriate grain angle to x-
radiation. The film was then developed to produce an X-ray
negative contact-image of the tree-ring sample. Calendar year
dates and other information were marked on each radiograph.
Radiographs were scanned on a computerized light-
transmission densitometer to generate ring width (resolution
0.01 millimeters) and ring density data. Tree-ring data were
stored on magnetic tape for further processing. More detailed
descriptions of these densitometry techniques have been pub-
lished by Parker et al. (1980), Jozsa and Myronuk (1986), and
Jozsa et al. (1987).

Tree-Ring Data
Relative density values were expressed on an oven-dry vol-
ume and weight basis. The quoted numbers are, therefore,
about 10 percent higher at the 0.45 level than the conventional
basic wood density, which is expressed on a green volume and
oven-dry weight basis.

The Tree Ring Input Program (TRIP) was used for data acqui-
sition to obtain the following eight tree-ring variables for each
annual ring: ring width, earlywood width, latewood width,
ring density, earlywood density, latewood density, minimum
ring density, and maximum ring density.

In addition to these variables, TRIP recorded 100 intra-ring
density profile values for each annual ring, regardless of its
width. This was designed to simplify the format of these val-
ues for storage and permit the summing and plotting of
intra-ring density profiles. The percent latewood width values
were based on density levels and not on Mork's classical defi-
nition (Mork, 1928). Specifically, the following relative den-
sity boundaries were assigned for earlywood and latewood in
Douglas-fir: from the beginning of the ring until the relative
density increases to 0.54, wood is classified as earlywood;
from that point (0.54) until the relative density falls again to
0.45, wood is classified as latewood (Heger et al., 1974; Jozsa
et al., 1987).

Tree Age and Juvenile Wood Determination
In the various tables and figures of the results and discussion,
average tree ages will be given at BH. At BH the trees range
in age from a low of 33 to a high of 71. At times the numerical
average will be quoted for the sixty trees, the average of 10
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trees at each of the six sites, and at the age of the youngest
sample tree at each site. The latter of these will be used when
summaries are made on a full balanced set of 10 or 60 trees.
The reason for this is that the means can shift abruptly when
the younger trees start dropping out in the summarizing pro-
cess.

In this study, we defined juvenile wood as the first 20 years of
growth, adjacent to the pith, at each height level. The juvenile-
mature wood boundary was established by examining relative
density changes from pith-to-bark, and by selecting a tran-
sitionary zone between the relatively low to high density
wood. The density trends were examined at all five height lev-
els and the first 20 year period of growth was selected as the
juvenile phase of tree growth. Therefore, the central juvenile
wood cylinder which encompasses the pith extends from the
base of the tree to the top.

Assessment of Entire Stemwood Density Trends 
and Presentation of Data
Reconstructing past growth and development of a tree by
measuring annual rings from pith-to-bark at a number of
points along the bole, that is, a complete stem analysis, has
many applications in forestry. Forintek's stem analysis tech-
nique is particularly informative because, in addition to ring
width, it includes wood density measurements.

Ring density was classified along three different gradients as
described by Duff and Nolan (1953), and Fritts (1976). The
first classification, gradient (1), represents the horizontally
arranged sequence of rings which is affected by climatic vari-
ation and other changes in growing conditions along with the
increase in tree age. Yearly average densities for whole ring,
earlywood and latewood were summarized for the ten inten-
sively sampled trees (for each of six sites) and these data were
plotted for all five sampling heights. The second classification
scheme (2) represents the diagonal series of rings at various
stem heights for the same calendar year and expresses changes
associated with increasing stem height and decreasing cambial
age. The third classification scheme (3) represents a vertically
arranged sequence, with each ring sampled at a given cambial
age, i.e., the summaries are made by age from the pith.

Average stem profiles were drawn to scale, representing tree
height, stem diameter and taper. Density contour lines were
drawn with the aid of pith-to-bark yearly average density plots
as a function of cumulative ring width for each sampling
height. This approach was taken to quantify density distribu-
tion in the stem. Specifically, what portions of the stem con-
tain relatively low and high density wood.

Three arbitrary relative density zones were delineated and
mapped in the stem:

1. average range for the species (0.46-0.49 for Douglas-fir);

2. below average (<0.46); and

3. above average (>0.49)

The above three density zones were superimposed on profiles
depicting pith-to-bark trends at the various sampling points
along the bole.

Total stemwood density trends were calculated and plotted by
increasing age (at BH) and by total stemwood volume (cubic
meters). Therefore it is possible for the forest manager, silvi-
culturalist, or research worker to look back in time and
describe a particular tree at any earlier age. For example, it is
possible to ask questions such as, "Are the high volume pro-
ducers the low-density trees?" or "At what earliest age can one
rank trees in a progeny test by wood density, with confidence
that the rankings will remain the same at harvest age?"

Growth Rate versus Relative Density Comparison
In some tree species there is a strong correlation between
growth rate and relative density, usually a negative one. In
other words, wide annual rings contain low density wood
(Olesen, 1976; Taylor et al., 1982). Megraw (1985, 1986)
compared many Douglas-fir trees of identical age but of vary-
ing diameters and found no significant correlation between
disk diameter and disk relative density. The key word in such
comparisons is cambial age. In this study, comparisons were
made by graphing entire stemwood densities with tree diame-
ters at BH. In addition, average ring densities were compared
with ring width at identical cambial age.

Relative Density Comparisons of Second-Growth 
with Old-Growth Douglas-Fir
Unfortunately, very little information exists on relative den-
sity distribution in old-growth Douglas-fir by yearly pith-to-
bark and base-to-top stem analysis. However, at various times
the Canadian forest products sector has documented the rela-
tive density of the Douglas-fir resource being harvested and
the various dimensional lumber products being manufactured.
Such relative density baseline information was utilized in our
comparison with our study trees. McGowan (1968) and Cook
(1988) published relative density information for dimensional
lumber, and Jessome (1977) reported tree averages and stan-
dard deviations.

Biomass Productivity in the Stemwood
The yearly ring density and ring width data were integrated by
a stem analysis approach to determine the change in the aver-
age relative density of the entire stemwood as a function of
increasing age and total stem volume. Finally, combining the
growth layer volumes with their respective relative densities,
the yearly growth layer weights in the stemwood were deter-
mined from pith-to-bark, from the first growth layer at BH to
the last annual ring beneath the bark. Site productivity curves
were established both by tree age (pith being the common ref-



- 9 -

erence point, curves "left justified") and by calendar years (the
last annual ring beneath the bark being the common reference
point, curves "right justified"). Both comparisons are equally
valid. The first type, by tree age, gives the site productivity,
while the second, by calendar date, often reveals climate
related signals.

Results and Discussion
The Average Tree and Its Juvenile Wood Core
The average second-growth Douglas-fir tree chosen for this
study was 50 years old (range 33-71 years), 38.7 meters tall,
capped with a 17.1 meter long live crown. Its diameter was 55
centimeters (38-75) at BH, outside bark, and 46.4 centimeters
inside bark. This average tree had a volume of 2.45 cubic
meters at age 50 and an average stemwood relative density of
0.48. Consequently, the stem weighed about 1175 kilograms
(oven-dry basis). Through detailed stem analysis it was estab-

lished that by volume 49 percent (1.2 cubic meters) of the
stem was juvenile wood (Figure 1-3), the relative density of
which was 0.46. At BH the moisture content of the juvenile
wood (inner heartwood) was 37 percent, at 80 percent height
level (all sapwood) it was 118 percent.

Radial and axial distribution of juvenile and mature wood is
shown for the average Douglas-fir tree at age 50 in Figure
1-3a. Although the stem diameter was drawn with an exager-
ated horizontal scale, the stem taper is drawn to scale. The
average growth rates at the various sampling heights were
quite similar, resulting in a nearly cylindrical shape of the
inner juvenile wood in the axial direction.

The extent of the inner juvenile wood is shown at the six sam-
pling sites in Figure 1-3b. Tree heights were standardized to
facilitate comparisons between sites, sampling heights, tree
ages, base of live crowns and stem tapers. Stemwood diame-
ter, stem taper and live crown length were drawn to scale, on
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the basis of measurements taken during sample collection in
the field and measurements by x-ray densitometry. The three
sites (Ladysmith, Cassidy, and Campbell River) at the top of
the figure represent sites on the east coast of Vancouver
Island, and the bottom three (Cowichan Lake, Lizard Lake,
and Jordan River) represent the sites on the west coast. Site
average of 49 percent juvenile wood content (by volume)
ranged from 42 percent at Ladysmith, to 90 percent at Cow-
ichan Lake. As can be seen, these differences are age related:
the average on the Ladysmith site had 42 percent juvenile
wood at BH age of 50 years. In contrast, the Cowichan Lake
trees were only 33 years old. Thus, mature wood growth
lasted only 13 years at BH (age at BH minus 20 years), 7 years
at the 20 percent height, and there was no mature wood at the
40 percent sampling height. Therefore, the Cowichan Lake
trees at age 33 consisted entirely of juvenile wood in the top
60 percent of their stems. At the other five sites this transition
to juvenility occurred at about 65 percent height level, result-
ing in entire juvenility only in the top 35 percent of tree stems.

Site average diameters at BH were quite similar, ranging from
53.1 centimeters at Cowichan Lake to 56.9 at Ladysmith
(Table 1-1). The Cowichan Lake trees were very vigorous
growers. At the average BH age of 38 their tree height was
33.6 meters, with a 17.1 meter crown length. The combination
of youth and vigor in these trees resulted in a relatively coni-
cal stem taper and a long live crown (Figure 1-3b). Compara-
tively long crowns also occurred at the Lizard Lake site. In
most respects the other site averages are quite comparable to
the overall means for the 60 trees.

The average relative density of the central juvenile wood cyl-
inder was 0.46. The density distribution from the base to the
top was quite uniform: 0.47, 0.45, 0.46, and 0.47, correspond-
ing to cylinders 1, 2, 3 and 4 (Figure 1-3b). These results con-
firm earlier findings by Jozsa and Kellogg (1986). Although
considerable tree-to-tree variation was observed, in terms of
site-to-site comparisons, juvenile wood properties in these 60

Douglas-fir trees were quite uniform in relative density and
rate of growth.

Average Ring Density Trends From Pith-To-Bark
Average ring density trends were examined from pith-to-bark
at the five sampling heights as a function of cambial age and
radial distance from the pith. At BH the general trend in
yearly average ring density, including all 60 sample trees, is a
declining one from the pith to about age seven from about
0.52 to 0.44 (Figure 1-4a). Since the average relative density
of the BH disk is about 0.53, this decline is about 15 percent.
A rapid increase in ring density is evident from age 10 to 30,
from 0.46 to 0.56, or about a 19 percent increase again based
on the disk average ring density at BH, 0.53. From age 30 to
50 average ring density levels off and increases only slightly,
about four percent, from 0.56 to 0.58.

At the 20 percent sampling height a similar density pattern
was observed as at BH: initial decline, rapid increase, fol-
lowed by a gradual increase. The only major difference was
that at the 20 percent height level relative ring density was
consistently lower, by about 8 percent, from pith to bark. The
average disk density at this sampling height was 0.49, with 38
annual rings at BH age of 45 years. Pith-to-bark average ring
width was about 5 millimeters.

At the 40 percent and 60 percent sampling positions the aver-
age disk density was 0.46, with 30 and 22 annual increments,
respectively. Average ring width was about 5 millimeters at
both sampling heights. Ring density decreased from year one
to the tenth annual ring in both disks: from 0.50 to 0.43 at the
40 percent height level, and from 0.54 to 0.45 at the 60 per-
cent location. A more gradual increase, compared to BH and
20 percent height levels, followed the declining trends to
about 0.50 and 0.48 relative density at the 40 and 60 percent
heights. Although the 80 percent height disk sample contained
only 11 annual rings, its density trend was very similar to the
innermost rings at BH (Figure 1-4a). It appears that with the
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exception of the 80 percent sampling height, none of the other
height levels ever reach the BH density values.

Figure 1-4b. shows average ring density trends by radial dis-
tance from the pith. This graphic presentation of ring density
and radial dimensions was used as an aid in mapping the dis-
tribution of juvenile and mature wood in the stem (Figure
1-3). Above average ring density (>0.49), below average
(<0.46), and average (0.46-0.49) ring density zones in the
stemwood were also delineated with the help of Figure 1-4b.

Total Stemwood Density Trends
Total stemwood density trends were plotted by increasing age
at BH and total stemwood volume, and are shown in Figure
1-5. Three notable features can be observed: first, the range,
or the difference between the low and high density sample
trees; second, the rate of change in density from inner juvenile
phase to outer wood maturity; and third, the ranking of the
trees.

Figure 1-5a illustrates 10 sample trees from the Lizard Lake
site, showing about 0.15 density units difference between the

least and most dense trees. This difference at the site average
age of 43 represents a 32 percent range in total stemwood den-
sity, the site average being 0.48. In fact, the range, from 0.40
to 0.55 relative density, includes all 60 trees in the study.
Therefore the Lizard Lake trees show a very heterogeneous
density distribution. By contrast, the 10 Campbell River sam-
ple trees are quite homogeneous. At age 50 the density range
is only about 10 percent (Figure 1-5b), although the site aver-
age for stemwood density is 0.48. Total stemwood density
trend plots as a function of total stemwood volume show the
range of tree volumes for the 10 trees for the two sites. At Liz-
ard Lake the average stem volume was 2.22 cubic meters and
at Campbell River 2.3 cubic meters; individual tree volumes
at the two sites, respectively, ranged from 1.5 to 3.5, and from
1.9 to 3.9 cubic meters. Table 1-la lists site average stemwood
and juvenile wood volumes, densities, and other related infor-
mation.

From the utilization point of view tree-to-tree variation in
average stemwood density is important, even with identical
site averages, because it is the lower fifth percentile of

figure 1-4
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strength, and indirectly density, which determine the allow-
able working stresses for dimension lumber. Therefore, in the-
ory, the site with a homogeneous density distribution will rate
higher in strength than the heterogenous site, all other vari-
ables being equal.

Relative Density Distribution in the Stemwood
Table 1-2 lists average disk density, diameter, and the number
of annual increments for the five sampling heights for the six
sites. This information is shown in Figure 1-6 with relative
density distribution of low, average and high density wood in
the average stem from the base-to-top and from pith-to-bark.
Stem diameter and number of annual rings at the different
sampling heights are shown in Figure 1-6a. Note that the rate
of growth is quite uniform at the five sampling heights: about
1 centimeter diameter increment per year (average ring width
about 5 millimeters).

Average disk density values are shown in Figure 1-6b for the
five height levels. It can be seen that average disk relative

density declines from BH through 20 percent to the 40 percent
height level, from 0.53 to 0.46. At the 60 and 80 percent
height the average disk relative densities were, respectively,
0.46 and 0.47. On average, the BH disks are about 10 percent
more dense than the 20 percent disks. It is also evident from
Table 1-2 that the 20 percent height level disk is a much better
estimator of whole stem density than the BH position for trees
this age. At each of the six sites the 20 percent disk density is
within 0.01 density unit of the average stem density. The
numerical averages for the 60 trees' average stem density and
20 percent disks are 0.48 and 0.49, respectively. Therefore, if
whole stem density estimates are required for this type of trees
at about age 50 the 20 percent height level disks could be uti-
lized.

For reference, Figure 1-6c illustrates the same pith-to-bark
average ring density trends at the five sampling heights as was
shown in Figure 1-4. However, there is one notable difference.
In Figure 1-6c ring density trend lines are offset to correspond
to their respective height positions.

figure 1-5
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With the help of Figure 1-4b, the relative distribution of low,
average, and high density wood in the stem was mapped from
the base to the top and from pith-to-bark (Figure 1-6d). The
mature wood with a density greater than 0.49 envelops the
stem and extends from the butt to near the base of the live
crown. This evidence supports Larson's (1969) biological
hypothesis as well as the observations of Megraw (1985) and
Di Lucca (Chapter 2) that mature wood is produced below the
active live crown. Furthermore, the low density juvenile
wood, grown under the influence of the live crown, extends
through the entire stem from the base to the top. This finding
may have practical implications for resource allocation and
pruning prescriptions.

This form of density mapping (Figure 1-6d) may make the
wrong impression because density changes from low-
medium-high zones are not stepped. Density changes and
shifts from one zone to another are very gradual, as shown in
Figure 1-6c. For example, the minimum density values at the
five sampling heights are reached about 4 to 6 centimeters
from the pith, at about the mid point in the <0.46 relative den-
sity zone. An asterisk (*) marks the position of minimum
pith-to-bark ring density at the five sampling heights in Figure
1-6d. These points were at the sixth to tenth annual increment
(Figure 1-4a) at the different height levels. Average tree pro-

files with density zones are shown in Figure 1-7 for the six
Vancouver Island sites.

Intra-Ring Density Profiles
The intra-ring density profiles of juvenile and mature wood
are presented in Figure 1-8.  Also shown in this figure is a
sketch of the juvenile wood cylinder (with its conical top
above the 80 percent height level) and outer mature wood.

Figure 1-8a shows the average density profile of about 5500
annual rings from the juvenile cylinder of 60 trees, from five
sampling heights. The average annual ring density profile of
the mature wood is a composite of about 3300 annual rings
(Figure 1-8b). At each sampling height the juvenile wood
annual rings tended to be relatively wide, about 5.8 mil-
limeters on the average, ranging from 4.4 to 7.1 millimeters
for the six sampling sites (Figure 1-9). Average ring density
was about 0.46, ranging from 0.29 for the low density early-
wood to 0.88 for the maximum density latewood. By width,
about 30 percent of the annual ring was latewood (Figure
1-8a). In contrast, 43 percent of the mature wood annual ring
was latewood (Figure 1-8b).

Mature wood, consisting of the wood from the 21st ring to
bark at each sampling height, was relatively fast-grown as
well with an average ring width of 3.2 millimeters. On the
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average, ring width ranged from 2.9 to 4.9 millimeters at the
five sampling heights at the six sampling locations (Figure
1-9). The relative density of the average annual ring in the
mature wood zone was 0.53, ranging from 0.28 for the low
density earlywood to 0.95 for the maximum density latewood.

In summary, juvenile wood had greater density homogeneity
than mature wood. This may have an impact on machinability.
For example, it is the density uniformity, resulting from the
small amount of latewood, that makes white pine, yellow
cypress, and western red cedar such excellent carving stock
(Echols, 1972). Density distribution and mean density provide
a measure of wood uniformity and suggest its degree of suit-
ability for end uses.

These density differences between the earlywood and late-
wood components of the annual ring are far greater than the
tree-to-tree, base-to-top, and cambial age related pith-tobark
density differences in these 50 year old Douglas-fir trees. At
the same time, it is also noteworthy that the greatest contribu-
tor to relative density is the proportion of latewood in the
annual ring, not minimum and maximum density.

Growth Rate - Relative Density Relationships
As a first test, to investigate the relationship between growth
rate and relative density, BH tree diameters were compared
with total stem densities. The results of this comparison for
the 60 trees are shown in Figure 1-10. No obvious relationship
is evident in this scattergram plot. In other words, small diam-
eter trees were not more dense than the large diameter ones.
While tree diameters ranged from 36 to 75 centimeters, and
stemwood relative density ranged from 0.40 to 0.55, there is
no consistent relationship between these two variables.

On a smaller scale, individual annual ring widths were com-
pared with their respective average ring densities. In Figure
1-11 the 5th, 20th, and 40th annual rings were selected at BH
from the 60 sample trees for this comparison. These annual
rings represent the inner juvenile wood (the 5th annual ring
from the pith, Figure 1-11a), transitional wood (20th annual
ring from the pith, Figure 1-llb) and the outer mature wood
(40th annual ring from the pith, Figure 1-llc).

When each annual ring is segregated according to its cambial
age, no relationship is found between relative density and ring
width. These plots and the statistical comparisons show that

figure 1-7 figure 1-8
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the different annual rings at identical cambial age have both
wide and narrow annual rings with both high and low ring
density (Table 1-3). There is a negative relationship between
ring width and ring density when these three annual incre-
ments are plotted together (Figure 1-lld), not because of
growth rate but because of the normal within-tree pattern of
ring width and ring density. Comparing growth rate effects on
relative density without any regard for cambial age makes
such comparisons invalid because of the normal within-tree
pattern of ring width and ring density in coastal Douglas-fir,
as shown in Figure 1-12. In this figure it is easy to see why
there is a misconception about growth rate and relative den-
sity. The predictable within-tree relationship indicates low
density young wood with wide rings, and higher density older

wood with narrow rings at all height levels. Megraw (1985,
1986) also obtained similar results for 7 year old Douglas-fir
from Oregon, for 55 year old Douglas-fir from Washington,
and for 36 year old loblolly pine from North Carolina.
Megraw concluded that for Douglas-fir, western hemlock and
the southern pines, it is tree age and height position that
affects average wood properties and not growth rate.

In summary, our evidence strongly supports the following
conclusions:

1. In these rapidly grown 50-year-old coastal Douglas-fir
trees there is no relationship between growth rate and rel-
ative density.

2. Relatively low density wood with wide annual rings close
to the pith is the result of the normal physiological influ-
ence of the crown.

figure 1-9 figure 1-10

Table 1-3
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Biomass Productivity Through Growth Layer 
Weights
Growth layer weight summaries are presented for each of six
sites in Figure 1-13 as a function of age at BH. On the aver-
age, each of the 60 trees produced about 5 kilograms of wood
in the 10th growth layer. The 20th, 30th, 40th, and 50th
growth layers weighed about 20, 33, 41, and 56 kilograms
oven-dry, respectively. Cumulatively, the average tree weighs
about 1175 kilograms on an oven-dry basis at age 50. 

The first question that comes to mind is how do these growth
layer weights compare to other species at other locations?
There is very little published information on this topic. Jozsa
and Powell (1987) published growth layer weights for typical
110 year old dominant white spruce trees in the Boreal Forest
Region in Alberta. The trees were about 25 meters tall and
about 35 centimeters diameter at BH, and they produced about
6 kilograms oven-dry wood in their last (110th) growth layer.
Unpublished data by Jozsa and Kellogg (1986) showed
growth layer weights of about 11-12 kilograms for the last
annual ring of 77 year old lodgepole pine and 95 year old
white spruce from central British Columbia. For interior
dry-belt Douglas-fir at age 60, the growth layer was 15 kilo-
grams. For coastal western hemlock and Douglas-fir the last
growth layer at age 55 ranged from 40 to 70 kilograms. The
interior sites appeared to be much less productive than the
coastal sites. Therefore, in the broader Canadian perspective,

the 60 coastal Douglas-fir sample trees in this study are very
efficient producers of wood. 

Site-to-site growth layer weight differences in Figure 1-13 are
due to a number of factors, such as stand composition, number
of trees per hectare, suppression and release. For example, the
Campbell River stand was thinned in 1964 at about age 32. It
appears that this commercial thinning resulted in a setback for
about five years, from age 33 to 37. On the average, growth
layer weights were about 30 kilograms for this interval. After
this setback, increasing growth layer weights are evident
again from 37 to 50 years of age. To give another example,
Ladysmith Douglas-fir trees were growing in association with
maple and alder. The break in the trend line at age 37 to a
steeper angle and markedly higher productivity rates could
indicate the time when the Douglas-fir broke through the
hardwood canopy and was released.

Douglas-Fir Wood Relative Density Frequency Dis-
tribution: Coastal British Columbia Perspective
The weighted average stemwood relative density frequency
distribution is shown in Figure 1-14 for the 60 sample trees
utilized in the basic wood property study. Relative density
ranged from a low of 0.41 to a high of 0.55, and averaged
about 0.49 for these 50 year old second-growth Douglas-fir
trees (Table 1-4).

Although reliable information on the densities of western
Canadian species was urgently required in the past to avoid
the possibility of unfair discrimination in world markets, such
information is almost non-existent for coastal Douglas-fir
stemwood (Gonzalez, 1988). In her density survey Gonzalez
(1988) calculated and reported stemwood densities for 42
trees that had been studied by Standish (1983). On the
oven-dry volume basis these trees had an average relative
stemwood density of 0.48 with a standard deviation of 0.058
density units. Although the average stemwood relative density
is identical to the one reported for the 60 trees in this study
(0.48), the standard deviation is twice as great (0.058 vs.
0.029). This implies that Standish's 42 trees were very heter-
ogenous. Indeed they were, as his tree age statistics indicate:
mean age 33 years (range 6-86).

Megraw (1986) reported the frequency distributions of rela-
tive density for disk sections at several heights for 64 Dou-
glas-fir trees in a 55-year-old stand in Washington State,
U.S.A. The results of the present study suggests that Megraw's
disk density distribution from the 20 foot height level would
be comparable to whole stem density. For the 64 trees in
Megraw's study, at the 20 foot height level the average disk
density was 0.46 (range 0.39-0.56), and standard deviation
0.031 (on oven-dry volume basis); this is quite comparable to
our results. Assuming normal distribution of relative density
plus the comparable mean and standard deviation of Megraw's

FIG 1-13
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trees suggest similar frequency distribution to the 60 trees in
this study.

As a final comparison we may cite Smith's (1970) density sur-
vey results for 711 interior Douglas-fir trees. These trees were
relatively slow grown with about 9 rings per centimeter (22
rings per inch). Average tree relative density was 0.48 (s.d.
0.040 on an oven-dry basis) in spite of a comparatively slow
growth rate. Our study trees had about 2 rings per centimeter,
therefore they grew 4.5 times faster.

From the above and from Figures 1-12 and 1-14 we may con-
clude that:

1. Average relative density of 0.48 for the study trees is nor-
mal in spite of rapid growth rates.

2. Because it is tree age not growth rate that dictates average
stem density, different diameter trees can be compared at
similar ages.

3. Stem density heterogeneity increases when trees of differ-
ent ages are combined in this type of comparison.

Relative Density Comparisons Between 
Old-Growth and Second-Growth Douglas-Fir
One of the most common questions asked about the second-
growth timber resource is, how does it compare with the
old-growth timber that was harvested exclusively a few
decades ago? This is a difficult question to answer because no
statistically sound data bases for Douglas-fir have been pub-
lished. The literature contains only a few isolated cases docu-
menting density variation from pith-to-bark for single logs
(e.g., Kennedy and Warren, 1970). However, on a larger scale,
tree averages and dimensional lumber averages have been
published to provide "snapshots" of the old-growth resource.

Three Forintek publications by McGowan (1968), Jessome
(1977), and Cook (1988) provide the necessary information
about the relative density of old-growth Douglas-fir. The type
of material tested, sample size, average relative density and
standard deviation is shown in Table 1-5. A uniform species
average relative density of about 0.51 to 0.52 emerged from
the various sources. This suggests that as trees get older rela-

fig 1-14
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tive density does not increase indefinitely. In fact, density
seems to have stabilized in the low 0.50s. For example,
Kennedy and Warren (1970) reported density variations in a
500-year-old log. They found that density reached a maxi-
mum level of 0.51, at about age 50, and the tree maintained
that level to about age 200. Interestingly, they also reported a
density drop from age 200 to 500 from 0.51 to 0.34. Gonzalez
(1987) reported whole stem densities for 42 interior Douglas-
fir trees. She found whole stem density maximum values in
trees of about 80 years of age. On the average, whole stem
density declined in older trees, from about 0.54 for the
80-year-old trees, to about 0.45 for the 200-year-old trees.

Unfortunately, no data is available for second-growth wood
from earlier times. Sampling methodology for dimensional
lumber was designed to provide descriptions of the resource
that was harvested at the time (McGowan, 1968; Cook, 1988).
Back in the 1960s very little second-growth Douglas-fir
would have been harvested and sawn to produce dimensional
lumber. Even in 1988 the second-growth wood being utilized
is reported to be only about 10 percent by volume.

A comparison between old-growth density values and our sec-
ond-growth study trees can be made in the following way.

Figure 1-15 shows mean stemwood density as a function of
age for the 60 trees of this study. It can be seen that from about
age 15-20 there is a steady increase in stemwood relative den-
sity. Clearly, as the tree produces more dense mature wood the
density of the stem increases proportionally. Extrapolating the
rate of density increase, we may predict that these sec-
ond-growth trees should reach stem densities above 0.50 if
they are left to grow to about age 80.

In summary, the major difference between old-growth and
second-growth Douglas-fir is the proportion of juvenile/
mature wood. The younger the harvest age the greater the pro-
portion of juvenile wood; this is a biological reality. As Hand-

ley (1985) pointed out there is a paradox when one considers
compound interest (on the investment of stand establishment
and early tending) and rotation age (as it impacts the propor-
tion of juvenile wood). On one hand, from the financial return
perspective, the forest manager is pressured to harvest the
managed forest at an early age. On the other hand, from the
wood quality perspective, the forest manager would be
advised to lengthen the rotation. In the final analysis he should
also consider stand productivity.

Conclusions
This report describes the results of X-ray densitometric analy-
sis of sixty 50-year-old Douglas-fir trees from Vancouver
Island. Special attention was focussed on the extent and distri-
bution of juvenile wood, and on the effect of cambial age and
position in the stem on the relative density of wood.

From a stand management perspective our attention was
focussed on describing juvenile wood characteristics and dis-
tribution, based on relative density. Tree productivity was
examined as a function of age and was compared to other spe-
cies. From the utilization perspective of wood and fiber, rela-
tive density variation was examined and compared within
annual rings, within trees, between trees, and to the degree
possible, second-growth to old-growth.

The present sampling plan does not permit statistically sound
site-to-site comparisons. The data base generated here may
ultimately be used as input variables in more refined growth
prediction models and will permit us to test various forest
management strategies that will influence the volume of the
juvenile wood core selected for both dimensional lumber and
pulping quality.

The results of this study suggest that the lack of uniformity in
relative density within a tree is a natural consequence of tree

Table 1-5 fig 1-15
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growth and the influence of the live-crown. Non-uniformity is
due to the change from juvenile to mature wood both radially
and axially. There is no relationship between growth rate and
relative density at fixed cambial ages. Tree-to-tree variation in
average stemwood density is important, even with identical
site averages, because it is the lower fifth percentile of
strength, and indirectly of density, which could determine the
machine stress rated grade of dimensional lumber. Therefore,
in theory, a site with a homogenous density distribution would
produce wood rating higher in strength than a heterogenous
one, other variables being equal.

Tree-to-tree average stemwood density variation was about 30
percent for the 60 trees. At each of the sampling locations the
20 percent height disks had an average relative density that
was within 0.01 density unit of whole stem density. Therefore,
if whole stem density measurements are required for coastal
Douglas-fir trees at this age, the 20 percent height position
disks could provide reliable estimates of stem density.

It should be pointed out that these 60 trees do not represent the
resource presently being harvested. What we feel the sample
trees do represent is the type of trees that will come from rap-
idly grown, managed coastal Douglas-fir stands.

It is clear from this study that there are a number of ways in
which the average relative density of the harvested resource
can be controlled. One of the most basic of these is simply
increasing the rotation age and therefore increasing the pro-
portion of mature wood. A second means would be to reduce
the growth rate in the early part of the rotation period when
juvenile wood is being produced in the lower stem, and then
stimulating the growth rate during the latter part of the rota-
tion. Another means would be to stimulate growth rate from
an early age, but combine that strategy with pruning. Multiple
pruning entries which would keep the juvenile knotty core at a
minimum would maximize the production of clear mature
wood. A final method of control would be tree improvement.
The great degree of tree-to-tree variation in relative density,
and the known heritability of this property, offers a potential
for control which should be more thoroughly investigated.
Obviously, the economics of all these management strategies
will have to be evaluated.
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CHAPTER 2
Juvenile-Mature Wood Transition

C.M. Di Lucca Faculty of Forestry, University of British Columbia 
Currently: Foryx Forest Consultants Ltd.

Introduction
Relative density is one of the most important physical indi-
cators of wood quality. This is due to its high correlation to
pulp yield, paper-making properties and strength properties of
lumber (Barefoot et al., 1970; Gonzalez and Kellogg, 1978;
Kellogg, 1982).

The Tree and Stand Simulator (TASS) developed by Mitchell
(1975) and the Ministry of Forests of British Columbia
(Mitchell and Cameron, 1985) models the growth and yield of
second-growth coastal Douglas-fir under different manage-
ment conditions (Chapter 13). This is a biologically oriented
model that simulates the growth of tree crowns and individual
annual rings along the stem. In order to incorporate a wood
quality concept into TASS it is necessary to investigate when
and where the transition between juvenile and mature wood
occurs.

Consequently, this project tests and analyzes the hypothesis
that: The relative density transition from juvenile to mature
wood in individual annual rings of second-growth coastal
Douglas-fir occurs at the base of the live crown.

Literature Review
Influence of the Crown on Wood Formation
The hormonal and the secondary wall thickness regulation
hypotheses (Wareing, 1958; Larson, 1963, 1969) state that
earlywood and latewood tracheid formations are correlated to
photosynthate availability and presence of auxin. These crown
formed products determine the rate of cambial initial cell divi-
sion and the degree of differentiation of the cambial deriva-
tives. Within the crown, the most vigorously active live
branches will regulate wood formation by a steady production
of photosynthates and auxins. These branches are charac-
terized by complete growth increments or annual rings along
their length, which form an active union with the main stem.

As the branches start to compete for light and become older
and longer, their vigor, given by the capacity of producing
photosynthates and auxins, gradually decreases (Larson,
1969). In addition, the increase of the translocation pathways
to the main stem, due to the increase in branch length, also
leads to a decrease in the current shoot length from the apex to

the base of the live crown and from the tip to the base of the
branch (Fraser, 1962; Forward and Nolan, 1964).

The decrease in branch vigor is followed by a period of senes-
cence which starts at the lower crown branches. At this time
the contribution of these branches to wood formation gradu-
ally decreases, leading to the formation of incomplete or
absent annual rings at the branch base (Andrew and Gill,
1939; Reukema, 1959, 1961; Reeb, 1984). These senescent
branches, which are still attached to the main stem, no longer
have any contact with the main translocation pathways in the
tree, resulting in diminishing contribution to wood formation
until branch death occurs. Larson (1969) concluded that major
changes in wood formation and quality occur below the living
crown, or below the most active branches of the crown. The
crown size or crown length, therefore, has important implica-
tions not only in wood formation, but also in forest manage-
ment strategies.

The age of the tree also has an influence on wood formation.
A young tree with a high percentage of the stem covered with
active live branches will produce wide annual rings with a
high proportion of earlywood tracheids. This is explained by
the prolonged influence of the apical meristems on the cam-
bial regions in the active live crown. As the tree grows older
and the crown rises, the proportion of latewood tracheids in
the annual rings below the live crown gradually increases.

Consequently, two characteristic wood zones can be differen-
tiated within the tree stem as a function of distance from the
active live branches and age from the pith. The first zone,
called juvenile wood, forms a central core of wood around the
pith extending from the base to the apex of the tree. The sec-
ond, called mature wood, is formed around the juvenile wood
core and below the living crown.

Juvenile and Mature Wood
Universal definitions of the terms juvenile and mature wood
have not been agreed upon, although such terms are adequate
in denoting the types of wood produced in relation to crown
proximity and number of annual rings from the pith (age).
Several authors have defined juvenile and mature wood from
different points of view. For instance, when considering the
juvenile and mature wood stem positions in a tree, juvenile
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wood has been called core, inner, or pith-associated wood, and
mature wood has been called exterior, outer or non-pith-
associated wood (Perry and Wang, 1958; Zobel et al., 1959;
Moody, 1970).

Juvenile wood has been called immature or youthful wood
and mature wood has been called old or adult wood, on the
basis of their respective physiological stages of maturity (Ren-
dle, 1958, 1959, 1960). Juvenile wood has been called crown-
formed wood because it is formed inside the living crown, and
mature wood has been called stem-formed wood due to its for-
mation outside of the living crown (Trendelenburg, 1935;
Cooper, 1960; Brunden, 1964; Larson, 1969, 1973).

The size of the juvenile wood core generally depends upon the
growth rate, regardless of the species. Silvicultural practices
such as fertilization, irrigation and thinning will temporarily
decrease crown recession and increase crown vigor, growth
rate and, as a result, the size of the juvenile wood core (Bendt-
sen, 1978; Briggs and Smith, 1986; Megraw, 1985; Oliver,
1986).

The proportion of the juvenile wood core in the stem is a func-
tion of the species, number of annual rings from the pith and
distance from the active live crown (Paul, 1960; Bendtsen,
1978). This proportion tends to be high in early harvested
trees and in open-grown trees. Increasing crown recession by
delaying the harvesting age of stand-grown trees will decrease
the juvenile wood proportion at harvest age. An abrupt change
from juvenile to mature wood can also be achieved by pruning
the live and vigorous lower branches in the crown (Marts,
1949; Gerischer and De Villiers, 1963; Smith, 1968; Larson,
1965, 1969; Cown, 1973; Polge et al., 1973; Plumptre and
Austin, 1978). It is evident that the growth and development
of the active live crown as a function of age will determine the
quantity and quality of juvenile and mature wood in the stem.

Determination of the transition zone from juvenile to mature
wood is critical for setting relative proportions, and important
in defining wood quality and timber value. This determination
can be difficult, however, because as juvenile wood matures,
its properties change only gradually and often erratically.
These changes also differ according to species and wood
properties selected for analysis. For example, the mechanical
properties and relative density of wood generally indicate
maturity earlier than tracheid length and microfibril angle
(Bendtsen, 1978; Megraw, 1985; Bendtsen and Senft, 1986).

Some species of spruce (Picea spp.), fir (Abies spp.) and
cypress (Cuppressus spp.) are characterized by an indistinct
juvenile-mature wood transition zone. Therefore, the differ-
ences in properties between juvenile and mature wood are dif-
ficult to observe (Zobel, 1984). In contrast, Douglas-fir and
most hard pines, such as loblolly pine, slash pine and Carib-
bean pine, show a more distinct juvenile-mature wood transi-

tion zone. Di Lucca (1987) described some subjective and
objective methods utilized by several authors to define the
transition zone between juvenile and mature wood.

Juvenile and mature wood must be considered as two different
categories within the same tree because of their fundamental
differences in wood quality (Panshin and de Zeeuw, 1980).
Such differences are determined primarily by tracheid ana-
tomical structure and chemical composition, and secondarily
by the derived physical wood properties (Chapter 1).

Materials and Methods
A total of 24 trees were sampled in order to test the project
hypothesis (Tables 2-1 and 2-2). Thirteen of these trees were
stand-grown, two were plantation-grown, two were pruned
and seven were open-grown.

Twelve stand-grown trees, with breast-height-age ranging
from 33 to 63 years, were selected from the original sample
sites and one 21 year old tree was selected from the University
of British Columbia Research Forest at Haney. The two 37
year old plantation-grown trees were selected from plantations
growing on soils of high (marine clay) and low (gravel out-
wash) productivity located west of Campbell River. The
pruned trees of 51 and 45 years of age were sampled from the
University of British Columbia Research Forest. These trees
were approximately 15 centimeters diameter at breast height
and 14 meters tall when the lower one-third of the live crown
was pruned to a height of 4 to 5 meters in 1954. The seven
open-grown trees, with breast-height-age ranging from 24 to
70 years, were selected on medium productivity sites from the
Lake Cowichan region.

Stump age, total height and intemodal distances were mea-
sured for each stand-grown and pruned tree before sectioning
the stem into five cross-sectional disks sampled from breast
height, and positions 20, 40, 60 and 80 percent of total tree
height. A total of 12 cross-sectional disks were cut from each
open-grown tree, one at 30, 70 and 130 centimeters, and nine
others at one-tenth intervals of total height.

To assess the actual crown characteristics, crown cover, live
branches and height to base of the live crown were measured
as follows. The crown cover, or ground area covered by the
vertical projection of each crown, was measured before each
tree was felled, using a metric tape and a Suunto clinometer
with a 90 degree scale. An average crown radius was esti-
mated from six to seven crown radii measurements taken
every 45 degrees around the perimeter of the crown and
towards competing trees (Table 2-1).

The length and height positions of two live branches of similar
diameter from opposite sides of every second whorl were
measured from each stand-grown tree . The height to base of
the live crown was determined by measuring the distance
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from the ground to the lowest whorl that had three or more
live branches. In addition, an average crown height was calcu-
lated as a function of the average crown radius, which repre-
sented the maximum length of the branches located at the
widest part of the crown in stand-grown trees (Mitchell,
1975).

To investigate the development of the crown over time in
stand-grown trees, two representative dead branches or branch
stubs were collected from every second or third branch whorl.
Each branch was examined to determine the number of annual
rings at the base, which represented the age at which the
branch stopped producing annual rings. Cross-sectional disks
of one centimeter thickness were cut from each branch base,
labelled and sanded. The annual rings in each branch disk
were counted and recorded using a low power stereoscopic
microscope. The number of annual rings in each branch disk
and the corresponding whorl height position were utilized to
determine the approximate position of the base of the live
crown as shown in Figure 2-1.

It was decided that the radial pattern of relative density would
be used to determine at what age the transition from juvenile
to mature wood took place at any height position. X-ray densi-
tometric techniques were used to determine these patterns of
relative density.

X-Ray Densitometric Analysis
For the x-ray densitometric evaluation, a total of 169 cross-
sectional disks (17 trees five sample heights and seven trees
12 sample heights) of 8 to 16 centimeters thick, were sampled.

On each disk, two average radii sections at least 90 degrees
apart were measured and labelled, avoiding knots, resin pock-
ets and compression wood. The average radii were first cut
into strips of one centimeter thick and 10 centimeters wide.
They were then re-cut into smaller sample strips, five millime-
ters wide in the tangential direction and six millimeters thick
along the grain, resembling increment cores. The wood sam-
ple strips were utilized for x-ray densitometric analysis fol-
lowing the procedures explained in detail by Parker and Jozsa
(1973) and by Parker et al. (1973).

A total of 326 wood core radii were scanned using the above
procedure. The relative density values were expressed on an
oven-dry volume and weight basis. Annual pith to bark rela-
tive density profiles (average relative density of two core radii
per sample section) were plotted to determine the relative den-
sity variation patterns as a function of number of annual rings
from the pith and height position on the stem of each sample
tree, as shown in Figures 2-2a and 2-2b for tree 1A5.

Juvenile-Mature Wood Transition Determination
After plotting the relative density profiles of each sample sec-
tion, the plots were visually examined to find the lowest rela-
tive density value and a possible juvenile-mature wood zone
based on the shape of the profile. Two categories of profiles
were identified. The first category included the relative den-
sity profiles that showed fairly constant relative density values
from the pith to bark, without a clear definition of transition
zone. In this case, a simple linear regression model was fitted
to each profile, starting from the lowest relative density value

fig 2-1
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4. The point of intersection between the two linear segments
was identified to determine the age at which the transition
from juvenile to mature wood occurred.

5. To verify the need for a segmented regression analysis, a
statistical "F" test was done, calculating the ratio between
the mean sum of squares residual value of a simple linear
regression model and that of a segmented regression
model, both fitted to the same profile (Hinkley 1969).
When the "F" ratios calculated were greater than the "F"
values tabulated by Pearson and Hartley (1954) the seg-
mented regression model was chosen to determine the
juvenile-mature wood transition zone. When the "F"
ratios calculated were lower than the "F" values tabulated,
the simple regression model was chosen and the juvenile-
mature wood transition zone could not be determined. In
this case, it was assumed that the relative density profile
represented juvenile wood entirely.

6. The determination of the transition zone was checked
against the corresponding profile to ensure that the regres-
sion model used was the most reasonable choice with
respect to the data.

After determination of the juvenile-mature wood transition
age for each relative density profile, relationships between age
and tree height position of both transition zone and base of the
live crown were established.

Results and Discussion
Table 2-1 gives a summary of the stand-grown and pruned tree
characteristics. The plantation-grown and stand-grown trees
were dominant and codominant with ages at breast height

ranging from 21 to 63 years, diameters at breast height from
19.8 to 68.2 centimeters and total heights from 16.8 to 44.7
meters. For the open-grown trees, the ages at breast height
ranged from 24 to 70 years, diameters from 29.8 to 86.3 centi-
meters and total heights from 15.2 to 33.7 meters (Table 2-2).
The stand-grown trees were analyzed separately from the
open-grown and the pruned trees.

Stand-Grown Trees
A total of 75 relative density profiles (15 trees, five sample
height positions per tree) were investigated in order to detect
transition zones between juvenile and mature wood. The pro-
files were divided into two categories based on the configura-
tion of the data points pertaining to relative density and
number of annual rings from the pith.

The first category included 38 profiles characterized by hav-
ing no clear definition of a juvenile-mature wood transition
zone. In general, these profiles showed an initial decrease in
relative density from the pith to a point within the fourth
through thirteenth annual rings, followed by a gradual
increase, decrease or leveling off outwards. To illustrate such
trends, simple linear regression models were fitted to each
profile, starting from the lowest relative density value out-
wards, assuming that they represented juvenile wood entirely
(Figure 2-2a, sections 60 and 80 percent).

Table 2-3 shows a summary of the distribution and charac-
teristics of these profiles among sample heights. The average
number of annual rings was 19, ranging from 4 to 33, and the
average section height was 20.9 meters, ranging from 1.3 to
36.1 meters. It can be seen that about 80 percent of the cases
for which no evidence of juvenile-mature wood transition
zone was found were at sections 60 and 80 percent of total
height. In 15 percent of the cases no transition was found at 40
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Table 2-4. Transition Determination by Comparing Simple 

Against Segmented
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percent of total height. Only in 5 percent of the cases was no
transition found at sections sampled at breast height and 20
percent of total height, corresponding to the younger sampled
tree (RF1).

From the above, it is concluded that mature wood and there-
fore the juvenile-mature wood transition zone, was not present
in sections sampled above 40 percent of total height, nor in
lower sections containing few annual rings from the pith.

The second category comprised relative density profiles
which gave evidence of a transition zone. These profiles, in
general, showed an initial relative density decrease in the first
annual rings from the pith, followed by a gradual increase
over several additional annual rings, then a final leveling off
outwards. A total of 37 profiles from 14 trees were investi-
gated in this section. Segmented linear regression models,
starting at the lowest relative density value, were fitted to
these profiles in order to determine the juvenile-mature wood
transition zone (Figure 2-2a, sections BH, 20 and 40 percent).
The point of intersection between the two linear segments cor-
responding to the segmented model was identified as the age
at which the transition from juvenile to mature wood
occurred.

Table 2-4 gives a summary of the transition ages of each tree
sample section, determined by using segmented linear regres-
sion models. To verify the need of such models, the "F" ratio
of the mean sum of squares residual value of a simple linear
regression model to that of a segmented model, both fitted to
each relative density profile, was calculated for each sample
section. In all cases, the calculated "F" ratios were greater

than. one, indicating that the segmented regression model
showed a smaller sum of squares residual value, and thus a
better data fit. The probability level at which the calculated
"F" ratios were statistically significant varied from 0.001 to
0.470. Despite such a large range of level of significance, it
was assumed that the segmented model was the best represen-
tation of the high variability among the values in some data
sets, particularly considering that 56 percent of the "F" ratios
were within the 0.30 level of probability. 

Figure 2-4 illustrates the distribution of the transition heights
over the number of annual rings from the pith. As can be seen,
no systematic variation trend was found, indicating that transi-
tion age and height are independent. Table 2-5 gives a sum-
mary of average transition ages by sample section heights.
These averages were 23, 23, 21 and 23 years for sections sam-
pled at breast height, 20 percent, 40 percent of total height and
for all sections, respectively. 

Figure 2-5 illustrates the distribution of the lowest relative
density values in each sample section. These values were con-
sistently found within the second to fifteenth annual rings
from the pith at any sampling height. The average number of
annual rings indicating the lowest relative density was seven,
with a standard deviation of 2.9.

Base of the Live Crown
A total of 120 dead branches were sampled from 12 trees in
order to approximate the base of the live crown positions
before harvest as illustrated in Figure 2-1. Figure 2-6 illus-
trates the distribution of branches among trees as a function of
height position in stem and number of annual rings at the

fig 2-4
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branch base. As can be seen, the general trend was that the
number of annual rings found in dead branches increased until
reaching a maximum value near the base of the crown at har-
vest.

As presented in Table 2-1. the overall crown base height at
harvest, estimated as the height from the ground to the lowest
whorl at which three or more live branches were located, was
19.7 meters, ranging from 9.0 to 24.8 meters and the average
crown length was 14.7 meters, ranging from 6.7 to 21.9
meters. The average crown length ratio between crown length
and total tree height was 0.42, ranging from 0.34 to 0.61. The
overall average crown height, estimated as a function of the
average crown radius was 24.2 meters, ranging from 12.0 to
35.0 meters, and the average crown length was 10.2 meters,
ranging from 3.9 to 15.1 meters. In some cases this position
was also identified as the crown contact or point of intersec-

tion with neighboring trees by looking for signs of whipping
or breaking damage on the terminal shoots of the branches.
The average difference between the positions of the base of
the live crown and the average crown height at harvest was
4.2 meters ranging from 0.2 to 10.4 meters.

Relationships Between Juvenile-Mature Wood 
Transition and Base of the Live Crown
Figure 2-7 illustrates, for 14 trees at five stages of develop-
ment, the average values of total height, height to crown base
and height to juvenile-mature wood transition points as func-
tions of age from the pith at breast height. These values are
summarized in Table 2-6. The first four stages of development
represent trees before harvest and the fifth stage represents
trees at harvest.

tab le  2 .5

fig 2-6, 2-7
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The curve representing total tree height (Curve 1) can be clas-
sified within Site Classes 35 and 36 for coastal Douglasfir,
according to Bruce (1981).

The curve representing the base of the live crown positions
before harvest (Curve 2) is parallel to the total height curve,
with a tendency of converging towards the base of the live
crown at harvest (Stage V). The degree of certainty in the esti-
mation of the base of the live crown before harvest increases
with age. As stated earlier, the decrease in branch vigor fol-
lowed by a period of senescence might lead to the formation
of incomplete or absent annual rings at the branch base.
Therefore, the base of the live crown position can be overesti-
mated by counting fewer annual rings, especially at earlier
stages of the tree development.

The line joining the points of juvenile-mature wood transition
(Line 3) approaches the base of the live crown with increasing
age and tree height (Figure 2-7). Table 2-7 shows the differ-
ences in average height between the points of juvenile-mature
wood transition, base of the live crown and total tree height
before harvest.

When testing the project hypothesis before harvest the juve-
nile-mature wood transition did not occur at the base of the
live crown, as previously defined. In Stage I no transition was
found, and in Stages II to IV the transition occurred below the
base of the live crown. The average height difference between

the transition points and the base of the live crown decreased
with increasing age and tree height (Figure 2-7 and Table 2-7).

The point of transition could not be determined at harvest age
(Stage V) because its definition depends upon the relative
density of wood added in later years. Thus, a time gap will be
required in order to confirm whether the transition occurs at or
below the base of the live crown. However, a possible alterna-
tive would be to assume that the crown base and the transition
at harvest were comparable to those found at Stage IV in Fig-
ure 2-7. The juvenile-mature wood transition at harvest, then,
would occur at 3.8 meters below the base of the live crown
(Table 2-7).

In order to utilize the juvenile-mature wood estimation in the
TASS model, it was assumed that the transition occurred at
least 3.8 meters below the base of the live crown. This dis-
tance was chosen because it represents the last and most reli-
able observation (Stage IV). Earlier distances (Stages II and
III) were not considered due to the uncertainty in the estima-
tion of the base of the live crown at younger ages. Further val-
idation of the method used to define the base of the live crown
at younger ages is recommended.

Open-Grown Trees
A total of 84 relative density profiles (seven trees, 12 sample
height positions per tree) were investigated in this section.

table 2-6

table 2-7
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The trees were analyzed in two groups according to their age
class.

The first group comprised trees COI, C02, C03, C06 and C07.
For these trees, the average age at breast height was 36 years
ranging from 24 to 44 years, the average height was 23.9
meters ranging from 15.2 to 31.8 meters, and the average
crown length ratio was 0.94 ranging from 0.87 to 0.97 (Table
2-2). This group of trees was characterized by having fairly
constant relative density values from pith to bark and no clear
definition of juvenile-mature wood transition zone. The rela-
tive density variation patterns, in general, showed a moderate
initial decrease from the pith to a point within the fourth to the
twenty-fourth annual rings, followed by a gradual increase
outwards. Table 2-8a shows a summary of the distribution of
these profiles at the different sample heights.

The overall average number of annual rings was 24, ranging
from 3 to 48, and the overall average section height was 9.1
meters ranging from 0.3 to 26.8 meters.

An example of these variation patterns is illustrated in Figure
2-8 for tree C02. As can be seen, simple regression models
were fitted to each profile starting from the lowest relative
density value outwards, and it was assumed that such profiles
represented juvenile wood entirely.

The second group was formed by trees C04 and C05, which
had an average age at breast height of 67 years, height of 33.2
meters and crown length ratio of 0.73 (Table 2-2). The distri-
bution of the relative density profiles is presented in Table
2-8b. The overall average number of annual rings was 45,
ranging from 7 to 73 and the overall section height was 12.5
meters, ranging from 0.3 to 30.2 meters. The relative density
variation patterns of this group showed some evidence of
juvenile-mature wood transition zone, particularly in the
lower five sample sections.

The relative density profiles of tree C04 showed an initial
decrease from the pith to a point within the fourth through
twelfth annual rings, followed by a gradual increase and a
final decrease outwards. Segmented linear regression models
were fitted to the lower five relative density profiles to deter-
mine the juvenile-mature transition age (Figure 2-9).

The profiles of tree C05 showed, in general, fairly constant
relative density values from pith to bark, without clear defini-
tion of a transition zone (Figure 2-10). The profiles from the
sections sampled at 0.7 and 3.8 meters from the ground were
distinctive in that they indicated some demarcation of a transi-
tion zone. Segmented linear regression models were fitted to
these profiles which showed an initial relative density
decrease in the first annual rings from the pith, followed by a
gradual increase over several years and a final leveling off
outwards. Table 2-4 gives a summary of the transition ages

determined when segmented regression models were utilized.
The average transition age for tree C04 was 25 years and for
tree C05 was 40 years. Simple linear regression models were
fitted to the remaining profiles in both trees and it was
assumed that they represented juvenile wood entirely.

As illustrated in Table 2-2 and Table 2-8b, trees C04 and C05
were comparable not only in age, but also in height and crown
length ratio at the time of harvest. However, the relative den-
sity variation patterns of their lowermost five sample sections
were different. This difference can be explained by the fact
that tree C04 grew as stand-grown tree until 1953 (age 28 at
breast height) when a severe thinning of neighboring trees
changed its classification to open-grown. The typical
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stand-grown relative density variation pattern, and particu-
larly the decrease in density values occurring from the transi-
tion point outwards, when the tree was released, supports this
interpretation (Figure 2-9).

On the contrary, tree C05 showed only two relative density
profiles with juvenile-mature wood transition zone. This
inconsistency and the constant relative density values from
pith to bark found in the rest of the profiles suggests that this

tree, as well as the younger trees described earlier, was
open-grown until the time of harvest.

From the above, it is concluded that young and old open-
grown trees with a high percentage of the stem covered by live
crown, i.e., 76 to 97 percent, will tend to produce primarily
juvenile wood, since no clear evidence of juvenile-mature
wood transition was generally found.
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When relating these findings to the project hypothesis, it was
demonstrated that the juvenile-mature wood transition in
open-grown trees did not occur at the base of the live crown
position at harvest. Assuming that the transition in stand-
grown trees occurs below the base of the live crown we may
expect that open-grown trees must have a considerable crown
recession in order to allow the occurrence of juvenile-mature
wood transition.

Pruned Trees
As was stated in the literature review, the pruning of live and
vigorous lower branches in the crown can produce a faster
change from juvenile to mature wood, reducing the proportion
of juvenile wood core in a given tree. In this project, two
pruned trees were analyzed in order to investigate the effects

of pruning on relative wood density in relationship to the
project hypothesis.

Figures 2-11 and 2-12 show the relative density profiles as a
function of number of annual rings from the pith. As shown,
additional sample sections at ten percent of total tree height
were included because they were located within the pruning
area. This area comprised the lower one-third of the live
crown, representing a height of approximately four to five
meters which was below the sections sampled at 20 percent of
total height. In these figures, the arrows in the relative density
profiles indicate the year in which the pruning was done, i.e.,
1954 or 30 years before the trees were harvested.

fig 2-9 & 2-10
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The relative density profiles of sections sampled at breast
height and 10 percent in tree RF2 showed a gradual initial
decrease in the first annual rings from the pith, followed by a
sudden increase soon after the pruning, and a final gradual
decrease outwards (Figure 2-11). The profiles for the same
sample sections in tree RF3 showed similar variation patterns
until after pruning, and then they distinctively showed a final
leveling off outwards (Figure 2-12). The different relative
density variation patterns of these trees after pruning was
probably due to the fact that RF2 was more dominant and
open grown than RF3. Therefore, RF2 was able to overcome
the effects of pruning in a relatively short time.

The numbers of annual rings from the pith, before pruning, at
breast height and 10 percent of total height were 21 and 17 for
tree RF2, and 15 and 13 for tree RF3. The overall average
number of annual rings of the former sections was 17. This
average number also represents an estimate of the juvenile-
mature transition occurrence, since it delimits two different
relative density variation patterns from the pith.

From the above, it is concluded that the pruning of lower
crown live branches can produce both an increase in annual
ring mean relative density and a decrease in the proportion of
juvenile wood by accelerating the occurrence of juvenile-
mature wood transition. Since only two trees were analyzed,
these results should be treated as exploratory. However, they
are good indicators of possible improvements in wood quality
since more high density clear wood can be obtained when
pruning is done. Furthermore, assuming that these branches
contribute little or nothing to stem wood formation, while uti-

lizing tree resources, it might be worthwhile to consider early
pruning of Douglas-fir.

When relating these results to the project hypothesis, it would
appear that pruning can accelerate the juvenile-mature wood
transition, which otherwise would need more time. Then, if in
fact the transition occurs below the base of the live crown in
unpruned trees as demonstrated earlier, the transition could be
shifted upwards by early pruning of the lower crown live
branches.

In view of the above, it is concluded that the juvenile-mature
wood transition would occur at the modified base of the live
crown, which represents the upper limit of pruning height.
Therefore, the hypothesis can be proven as correct. It is
important to note that more research on pruned trees is needed
for further development of these results.

Conclusions
For the stand-grown trees, the relative density variation pat-
terns at the five sample heights were characterized by an ini-
tial decrease to a point within the first annual rings from the
pith, followed by a gradual increase and stabilization out-
wards, particularly in the lower sample sections. No evidence
of the juvenile-mature transition zone was found primarily at
sections sampled at 60 and 80 percent of total tree height.
There is stronger evidence of a transition zone at breast
height, and 20 and 40 percent of total tree height. The average
juvenile-mature wood transition ages were 23, 23, 21 and 23

fig 2-11 & 2-12
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years for sections sampled at breast height, 20 and 40 percent
of total height, and for all sections, respectively. Segmented
regression analysis, produced a fairly consistent demarcation
of the transition zones despite the large variability among the
values in some of the relative density profiles. The average
crown length ratio for these trees was 0.42. The transition in
relative density from juvenile to mature wood, when analyzed
before or after harvest, did not occur at the base of the live
crown. The last and most reliable transition before harvest
occurred 3.8 meters below the base of the live crown. This
distance seemed to decrease with increasing age and tree
height. This suggests that the transition may approach the base
of the live crown as the tree becomes older and taller.

For the open-grown trees, the relative density variation pat-
terns at the twelve sample heights showed an initial decrease
from the pith, followed by a gradual increase outwards in the
lower sample sections. The relative density values, in general,
were fairly constant from pith to bark and without clear evi-
dence of a transition zone. These trees, which were character-
ized by having a high proportion of the stem covered by the
live crown, i.e., 70 to 97 percent, will tend to produce prima-
rily juvenile wood. The relative density transition between
juvenile and mature wood did not occur at the base of the live
crown. Assuming that the transition occurs below the base of
the live crown, open-grown trees must have considerable
crown recession in order to show some evidence of transition.

The pruning of lower crown live branches produced both an
increase in the annual ring relative density and a decrease in
the proportion of juvenile wood by accelerating the juvenile-
mature wood transition. When the hypothesis was tested on
pruned trees, the transition did occur at the base of the live
crown, which represented the upper limit of pruning height.
The hypothesis in this case has been proven.

The results of hypothesis testing depended upon the definition
given to the base of the live crown, as well as the determina-
tion of the transition between juvenile and mature wood. For
all the trees analyzed, the size and length of the active live
crown seemed to regulate the quantity and quality of juvenile
and mature wood in the stem. Further research is needed not
only to find a more precise definition of what should biologi-
cally be considered the base of the live crown, but also to
investigate the implication of such definition on juvenile and
mature wood formation.
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CHAPTER 3
Longitudinal Shrinkage

J.R. Nault  Wood Science Department, Forintek Canada Corp.

Introduction
High longitudinal shrinkage has been associated with juvenile
wood and rapid-growth for many years. Paul (1938) reported
that most of the high longitudinal shrinkage in slash pine took
place in wood which contained less than three to four rings per
radial inch. He also reached the conclusion that this high
shrinkage was caused by the orientation of the fibril elements
that make up the fiber walls in the wood. He found that warp
accompanying high longitudinal shrinkage could be reduced
by drying the wood under restraint, but suggested that the real
solution must be that of closely stocking stands to limit
growth rates, followed by thinning at appropriate intervals.

Dadswell (1958) reported that longitudinal shrinkage and
fibril angle decreased from pith to bark, while tangential
shrinkage and fiber length increased. The Forest Products
Lab, Madison (1960) found that longitudinal shrinkage from
green to oven-dry condition in all species of wood was nor-
mally in the 0.1 to 0.3 percent range, although up to 5.8 per-
cent shrinkage had been observed in tests. They reported that
with increasing fibril angle longitudinal shrinkage increased,
and transverse shrinkage decreased. High longitudinal shrink-
age was found to be a problem in compression wood, tension
wood and wood of lower than average density for a species.
They also found that longitudinal shrinkage was greater in
springwood than in summerwood, and greater in fast-growing
conifers than in slow-growing ones.

Harris and Meylan (1965), Meylan (1968) and Voorhies
(1971) all found that longitudinal shrinkage increased with
increasing microfibril angle. Sadoh and Christensen (1967)
suggested a method for measuring longitudinal shrinkage in
thin sections of wood, and Sadoh and Kingston (1967) applied
this method of shrinkage measurement to correlate lon-
gitudinal shrinkage and wood structure. Hann (1969), and
Voohries and Blake (1981) reported that the extent of longitu-
dinal shrinkage correlated well with distance from pith.

Pearson and Gilmore (1971) found that juvenile wood in
loblolly pine (Pinus taeda L.) had lower specific gravity than
mature wood. They also noted that longitudinal shrinkage
decreased with height in the stem, although they found no dif-
ference between longitudinal shrinkage in juvenile and mature
wood. They attributed this to inadequate sampling of the juve-
nile wood.

Voorhies and Groman (1982) found that longitudinal shrink-
age of ponderosa pine followed a curvilinear pattern, decreas-
ing with each annual increment from the pith to about 20 to 25
rings, and then remaining constant. They also found good cor-
relation between longitudinal shrinkage and fibril angle, and
found that fibril angle correlated well with rings from pith.

Bendtsen (1978) presented a limited review of the literature
concerning wood properties of improved and intensively man-
aged trees, and concluded that differences in wood properties
in these trees as compared to "natural" trees was due to the
increased proportion of juvenile wood present.

We may infer that longitudinal shrinkage is a good indicator
of microfibril angle, and that by measuring longitudinal
shrinkage we may make inferences about the microfibril angle
of the wood, and thereby predict associated properties. Longi-
tudinal shrinkage is also a direct indicator of warping through
differential shrinkage, another problem in lumber containing
juvenile wood.

The objective of this study is to evaluate the extent of juvenile
wood in fast-growing stands of coastal Douglas-fir, in terms
of longitudinal shrinkage as an indicator of fibril angle.

Materials and Methods
As shown in Figure 3-1, a 12 inch bolt was cut at
approximately breast-height from each of the 60 sample trees
felled. The bolt was wrapped in plastic to maintain moisture
content, transported to Forintek and then frozen as soon as
possible. The bolt was cut square to the pith, then parallel to
the grain to give a tree diameter sample about 2 inches thick
and 10 inches along the grain. This diameter was then planed
to a thickness of 1.25 inches, ensuring that the pith was in the
center of the sample. The sample was then cut along the pith
to give two radial cross-sections, which were then cut square
to the pith to give two sections 8 inches along the grain.

The pieces were then sawn on a handsaw. First, two radial cuts
were made to a depth of 7 inches to give three 3/8 inch thick
radially oriented boards held together by a 1 inch block at
their base. Each of these were then sawn through their thick-
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The degree of fit varied from tree to tree depending on the
degree of scatter in the data and the amount of unusual wood
present. However, these lines are useful in illustrating the
large tree to tree variation, providing undue emphasis is not
placed on small differences. 

For each tree, juvenile wood was arbitrarily defined as the
wood extending from the pith to the point where longitudinal
shrinkage in the model decreased to 0.2 percent. The juvenile
wood was thus taken to be from 0 to 40 rings from the pith
with the average being 5 rings. Using calculated stem volumes
from the TRIP program, the juvenile wood is thus considered
as representing from 0 to 54 percent of total stem volume with
the average being 2.3 percent. (Based on shrinkage measure-
ments at breast height only.) 

When the data from all trees was pooled, longitudinal shrink
age in the model remained low across the radius, with the cal-
culated values never exceeding 0.3 percent (Figure 3-4). 

table 3-1

fig 3-2

fig 3-3
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Figure 3-5 presents the arithmetic mean longitudinal shrink-
age over all samples studied and the 90% confidence interval
for the mean, on a ring by ring basis. Note the close agreement
between the modelled shrinkage and the mean, and the wide
confidence interval. The width of the confidence interval is an
indicator of how much variation was present from tree to tree
and radius to radius for each ring. The mean shrinkage
decreases to below 0.20% by the fourth ring, as opposed to
five rings when individual tree models are used, and three
rings when the model from all data is used. 

If the breakpoint method as described by DiLucca in Chapter
2 is applied to the mean shrinkage values, juvenile wood is
defined as 3.5 rings, which is essentially the same as the previ-
ous values mentioned. A slightly modified breakpoint method
where the shrinkage in mature wood is considered constant
(Cook and Barbour, 1988) defines juvenile wood as 4.6 rings,
again close to the previous values.

Conclusion
On the basis of these longitudinal shrinkage observations from
an extensive sampling of second-growth coastal Douglas-fir
no sharp distinction can be made between juvenile and mature
wood. Although shrinkage values are generally high near the
pith and decline with increasing rings from pith the changes
between the two types of wood are gradual, so any distinction
made between them is arbitrary. One could obtain different
amounts of juvenile wood in any given tree depending upon
which shrinkage criteria were used to define it. Based on the
longitudinal shrinkage criteria of 0.2 percent, the estimate of
the number of rings from the pith to the juvenile-mature wood
boundary is substantially lower than estimated by the pattern
of relative density change. It would appear that the volume of
wood adversely affected by high longitudinal shrinkage is
considerably less than that affected by low relative density.

Although on average only a small percentage of stem volume
was found to exceed 0.2 percent shrinkage, it must be remem-
bered that including this wood in the same piece of lumber
with wood having lower levels of shrinkage will result in
warp. As well, a very large tree to tree variation in longi-
tudinal shrinkage was observed. Thus, some trees had an
appreciable fraction of stem volume with high shrinkage, and
lumber produced from these trees could present an unaccept-
able level of degrade. It should be pointed out that since all
longitudinal shrinkage values were based on drying the wood
to the oven-dry condition, shrinkage in kiln-dried lumber
would be less, due to the higher moisture content.
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higher lengths. It was decided that these observations were
due to overlapping of two or more fibers, and therefore were
excluded from the calculation of means.

Results and Discussion
A summary of the mean arithmetic and weighted fiber lengths
for each age increment across the stem, at the various height
positions is given in Table 4-1. Examination of fiber length
distribution across the stem revealed that there was a pro-
nounced non-linear increase in fiber length from pith to bark
at all height positions. Figure 4-2 shows plots of mean

weighted fiber lengths from pith to bark for the five height
positions. The following inverse exponential equation with
three constants gave the best fit to the fiber length versus age
data:

1 = a - b [exp (- ct) ] (1)

where:

1 = Fiber length (mm)
 t = Cambial age in years
a,b,c = constants

fig 4-1 & 4-2

table 4-1
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Table 4-2 contains values and confidence intervals for the
three coefficients for each of the five height positions sam-
pled. It would appear from examination of the coefficients
that the equations for 20 and 40 percent were identical, equa-
tions for breast-height and 60 percent were similar, and the 80
percent height equation was in a class by itself.

The pith to bark trend in fiber length was recognized in the
field of wood biology by Sanio as early as 1872 for Scots pine
(Pinus sylvestris) (Bannan and Bayly, 1956). Numerous other
investigators have observed the same phenomenon including
Bailey and Faull (1934) in redwood (Sequoia sempervirens),
Berkley (1934) in southern pines (Pinus taeda, palustris and
echinata), Bisset et. al (1951) in radiata and pinaster pine
(Pinus radiata and pinaster), Barman (1967) in white pine
and white spruce (Pinus monticola and Picea glauca), France
and Mexal (1980) in Engelmann spruce and lodgepole pine
(Picea engelmannii and Pinus contorta), and most recently by
Megraw (1986) in Douglas-fir (Pseudotsuga menziesii). Ban-
nan and Bayly (1956) proposed the following explanation for
the observed pattern. An excess number of daughter cells is
formed by anticlinal division during the formation of new
radial files. Carbohydrates, minerals and moisture are sup-
plied via ray cells to the fusiform initials from which new
radial files of tracheids arise, and survival chances for newly
formed initials increase with increasing number of ray con-
tacts. Since longer initials have a greater number of ray con-
tacts, a selection in favor of longer cells occurs during
peripheral growth of a tree. Cells which do not survive
shorten, undergo wall thickening and are added to the mature
xylem tissue.

Table 4-3 gives cross-sectional mean fiber lengths and stan-
dard deviations at each height position. From Table 4-1 and
Figure 4-2, it can be seen that the longest lengths for each age
increment were located at the second and third positions i.e.,
at 20 and 40 percent of the tree height, while the shortest
lengths were found at the top position of 80 percent height.
The lengths obtained in this study tended to be somewhat
shorter than those reported for Douglas-fir by other inves-
tigators (Megraw, 1986; Isenberg, 1980). A value of 3.9 milli-
meters is given by Isenberg as opposed to an overall mean of
3.1 millimeters obtained here for all 17 trees.

A plot of fiber length versus growth rate for the first 5 rings
from pith at breast-height (Figure 4-3) indicated no relation-
ship between the two parameters. Correlations with other age
increments were not meaningful due to the large variation in
fiber length and the narrow range in growth rate. Numerous
investigations have been made of correlations between radial
growth rate and tracheid length, but overall, no direct causal

table 4-2

figure 4-3
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at breast-height for one tree. This phenomenon was also
observed by Bannan and Bayly (1956) who attributed it to
fluctuations in the rate of cambial cell division. When the fre-
quency of cell division is high, a selection in favor of longer
cells occurs, as mentioned above. A lower frequency would
however, result in a lower survival rate and a greater number
of short cells.

If it was considered important to compensate for the reduction
in fiber length resulting from a reduction in harvest age, two
strategies exist: improvement of the resource through biologi-
cal means such as breeding programs and/or forest manage-
ment techniques, and through technological means by changes
in processing technology and methods. The potential of using
breeding programs to improve fiber length was mentioned
earlier.

Before forest management techniques such as spacing and
thinning could be applied to fiber length improvement, the
relationship with both leader and radial growth rate of the spe-
cies in question would have to be known. Richardson (1964)
pointed out that radial correlations have been either positive,
negative or nonexistent. Megraw (1985) reported that a reduc-
tion in radial fiber length resulted from both fertilization and
thinning of several species of pines while Richardson (1964)
and Dinwoodie (1963), as mentioned above, found a positive
correlation with leader growth in Sitka spruce. As has been
stated previously, the range in growth rate was too narrow in
material used for this study to be able to obtain meaningful
correlations with fiber length.

In the field of processing technology, beating of fibers to
improve paper properties is well known.

Conclusions
1. Fiber length in the 17 coastal Douglas-fir trees studied

increased in an inverse exponential manner with age from
pith across the stem, with a fairly steep increase observed
in the first 30 years and a leveling-off occurring beyond
that. This was in agreement with results obtained by other
investigators as early as before the turn of the century.
Variability in mean fiber length also increased with age
from pith.

2. Longest lengths for all age increments were observed at
either the 20 or 40 percent height positions and shortest at
the 80 percent position.

table  4-4

table  4-5

figure 4-5
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3. A decrease in mean fiber length of approximately 4 per-
cent would result from reducing the harvest age from 100
to 50 years, based on extrapolating the fiber length versus
age equation from the maximum age of 59 years for trees
studied here to 100 years.

Recommendations
A more intensive examination should be made of resource
management and processing techniques which could be
applied to minimize reduction in product quality due to
changes in fiber length. Also further studies should be con-
ducted on the influence of fiber length on solid wood proper-
ties.
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CHAPTER 5
Strength and Stiffness of Dimension Lumber

J.D. Barrett  Faculty of Forestry, University of British Columbia
R.M. Kellogg  Wood Science Department, Forintek Canada Corp.

Introduction
The state of research on the strength and stiffness properties of
wood from managed stands has recently been reviewed by
Barrett and Kellogg (1986). These properties of both juvenile
and mature wood have been studied, using for the most part
small, clear specimens, and a number of researchers, most
notably Littleford (1961), Bendtsen (1978), Pearson and
Gilmore (1980), Pearson and Ross (1984), Walford (1985),
Senft et al. (1985) and Pearson (1988) have demonstrated the
lower strength and stiffness of juvenile wood compared to
mature wood in southern pine and Douglas-fir. Studies carried
out on structural size members (Moody, 1970; Gerhards,
1979; Fight et al, 1985; Barrett and Kellogg, 1986) show that
the reduction in the strength and stiffness of juvenile wood is
equally evident in lumber size specimens of these same spe-
cies.

These studies provided an awareness that the bending strength
and stiffness properties of second-growth lumber might be
sufficiently different from the properties of current lumber
production to eventually affect design code properties. The
purpose of the present study was to undertake, by in-grade
testing, a comprehensive evaluation of these properties of sec-
ond-growth Douglas-fir dimension lumber.

Materials and Methods
Lumber produced in the conversion study described in Chap-
ter 7 was sorted into categories of size and grade, with the
material kept separate by the six study sites. Strength tests
were confined to the 2 x 4 material and to two grade catego-
ries; Select Structural and a combined sort of No. 2 and No. 3
visual grades of dimension lumber. The position of the test
pieces was taken into consideration by sorting material
according to log position, (top, middle, and butt) and three
radial position categories based on the proportion of juvenile
wood. These juvenile wood classes were as follows: zero to
10 percent, 40 to 60 percent and 90 to 100 percent. The objec-
tive was to select 30 test pieces from each of the 18 classifica-
tions of grade (2), log position (3) and percent juvenile wood
(3) for each of the six study sites. It was found that filling all
of these cells was not feasible. For example, practically all
material produced from the top logs was defined as 90 to 100
percent juvenile wood so that there simply was no material

available for the other juvenile wood categories. It was also
found that since the goal of the conversion study was to maxi-
mize lumber value recovery, the volume of 2 x 4 lumber pro-
duced was insufficient for the in-grade property studies. In
order to rectify this problem, practically all Select Structural
and No. 1 grade 2 x 8 material was resawn into 2 x 4, regraded
and resorted.

The selected materials were anti-sapstain treated and trucked
to Forintek's Vancouver laboratory. Eight-foot test specimens
were cut from the selected test lumber, the grade of each final
test piece was checked and a code number indicating site,
grade, log position and juvenile wood class added to the end
of the piece. All material was then dried to a target moisture
content of 12 percent in a dehumidifier kiln under extremely
mild drying conditions. The test material was then planed at
the Eburne Division of Canadian Forest Products.

The lumber was tested to destruction in bending according to
in-grade test procedures (ASTM, 1988). Information was
obtained on moisture content, specific gravity, rate of growth,
percent latewood, size and location of grade-determining
defect, and size and location of the failure-causing defect.

Results and Discussion
Statistical summaries of bending strength, expressed as modu-
lus of rupture (MOR), modulus of elasticity (MOE) and rela-
tive density were categorized by log location, juvenile wood
class and visual grade. Tables 5-1, 5-2, and 5-3 provide results
adjusted to 12 percent moisture content. The summaries con-
tain mean and non-parametric fifth percentile properties, nor-
mal upper and lower 95 percent confidence limits for mean
relative density, MOE and the non-parametric upper and
lower 75 percent confidence limits for the fifth percentile
MOR. Explanations and procedures for calculating these
properties are described by Cook (1986).

Tables 5-4, 5-5 and 5-6 show the comparable results adjusted
to 15 percent moisture content. Confidence intervals for the
adjusted MOE values are not shown since they provide no
additional insights beyond those possible for the 12 percent
moisture content data. The tables indicate those test cells
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tables 5-3, 5-4, 5-5
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where the sample sizes were not sufficiently large to provide
an interpolated fifth percentile or confidence limits.

Moisture content adjustments of MOR and MOE were under-
taken using the moisture adjustment procedures developed for
the North American in-grade testing program. These proce-
dures are at present being balloted for inclusion in ASTM
Standard D 2915 - Standard Methods for Evaluating Allow-
able Properties for Grades of Structural Lumber as a replace-
ment for the current constant percentage strength and
adjustment equations (see ASTM D 2915 Section 4.2 and
Table 5-4). The proposed adjustments for MOE vary little
from those presently recommended in D 2915.

Analyses of Variance (ANOVA) showed a significant varia-
tion in all properties with log position, lumber visual grade
and juvenile wood percentage. Significant differences at the 5
percent and 25 percent level for the means and fifth percen-
tiles respectively are indicated by non-overlapping confi-
dence, intervals in Tables 5-1 through 5-3. Table 5-7 shows
changes in mean relative density as a percentage of the rela-
tive density for the 0-10 percent juvenile wood class. Average
relative density decreases as the percent juvenile wood
increases (Figure 5-1). Average relative density also decreases
from butt to top log (Table 5-8 and Figure 5-1). There was no
significant difference in the average density for different lum-
ber grades but the mean values decrease significantly both
with increasing proportion of juvenile wood and with increas-
ing height in the tree.

Trends relating mean MOE and mean MOR to percent juve-
nile wood are shown in Figures 5-2 and 5-3 for Select Struc-
tural and a combined sample of No. 2 and No. 3 grades. There
is a consistent and marked decrease in MOR and MOE with
an increase in percent juvenile wood for all grades and log
locations. This pattern differs significantly between the top
log and the butt-middle log relationships. Percentage changes

tables 5-6, 5-7, 5-8

fig 5-1
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figs 5-2, 5-3
tables 5-9 to 5-12
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in mean MOE and mean MOR with juvenile wood class are
presented in Tables 5-9 to 5-12.

A significant and positive correlation was found between lum-
ber strength and stiffness on the one hand and the relative den-
sity of wood on the other. Mean MOR and MOE results,
plotted against mean relative density for Select Structural and
No. 2 grades in Figures 5-4 and 5-5, show that a large part of
the property variation is explained by relative density differ-
ences alone.

Present visual grade specifications exclude wood of rapid
growth rates. The results of this study permit an examination
of that growth rate effect. Figures 5-6 and 5-7 show that there
is a relationship between ring width and MOR and MOE,
respectively. These relationships differ depending on the log
position. The fact that the relationship between relative den-
sity and both MOR and MOE does not differ with log position
within a visual grade (Figures 5-4 and 5-5) suggests that rela-
tive density is a more fundamental controlling factor. The lack

of a relationship between growth rate and relative density has
been discussed in Chapter 1 (see Figures 1-10 and 1-11).  The
present rings per inch grade restrictions may be a practical
way of exerting some grading control on the juvenile wood
content of the higher lumber grades because of the normal
growth pattern within a tree, but it is clear that ring width
alone has little effect on the strength and stiffness of Dou-
glas-fir structural lumber. As the amount of second-growth
material being converted increases, the impact of this overly
conservative restriction will become greater. Clearly, there is a
need to restrict the amount of low density juvenile wood in the
higher visual grades, but a growth rate restriction alone has a
limited practical value.

The results show a low relative density, MOR and MOE for
high juvenile wood percentages. The potential implications of
these low properties are assessed by comparing grade mean
MOE and fifth percentile MOR results from this study with

figs 5-4 to 5-7
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design properties assigned for visually graded Douglas-fir in
the Canadian building codes.

Comparisons of the second-growth results with design proper-
ties will vary with the design code chosen and depend on the
specific edition referenced. Design property comparisons
herein are based on two different sets of design property
assumptions (Table 5-13). Comparison A is based on the 2 x 4
Douglas-fir design properties (CSA CAN3-086-M84, 1984).
These properties were derived mainly from full-size in-grade
tests of 2 x 8 visually graded Douglas-fir dimension lumber

and accompanying tests of size (width) effects. The results for
size effects allow calculation of design properties for widths
other than the 2 x 8 base property. Comparison B is based on 2
x 4 Douglas-fir properties proposed for inclusion in CSA
CAN3-086 M89 (1989 Edition). The new Douglas-fir values
have been developed from a more recent comprehensive
in-grade investigation conducted by the Canadian Wood
Council.

The fifth percentile MOR and mean MOE data from the tests
of second-growth 2 x 4 tests (Tables 5-4, 5-5, and 5-6) arc
plotted by visual grade and juvenile wood class for the butt,
middle and top logs in Figures 5-8, 5-9, and 5-10. Grade
boundaries were established for visual grades Select Struc-
tural, No. 2 and No. 3 corresponding to the mean MOE and
fifth percentile MOR from Table 5-9. The "corners" of the
grade boundaries for comparison B are shown with a "+" in
Figures 5-8, 5-9 and 5-10. The objective, then, is to determine
if visually graded dimension lumber produced from each of
the log location and juvenile wood classes has short term
strength properties which meet or exceed those currently
claimed for the same visual grade based on in-grade testing of
the population.

The mean MOE and fifth percentile MOR obtained for each
visual grade and juvenile wood class combination are com-
pared to the grade boundaries. For example, Select Structural
properties from the butt log in juvenile wood classes 0-10 and
40-60 meet or exceed the properties at the grade boundary
limits established for Select Structural grade in both compari-
sons A and B. Lumber from the butt log which meets the

table 5-13

table 5-14

fig 5-8



- 57 -

Select Structural visual grade requirements has mechanical
properties sufficient to warrant a Select Structural design
property grade. Accordingly, we infer that Douglas-fir sec-
ond-growth as tested would meet the minimum requirements
for design properties at present established for Douglas-fir as
well as the values proposed for the 1989 CSA 086 design
code. Select Structural visual grade lumber from the butt log
in juvenile wood class 90-100 does not have properties that

meet or exceed the grade boundary limits; consequently, the
Select Structural visual quality material is assigned to a No. 2
design property grade.

Individual comparisons for each juvenile wood class, log
location and original second-growth visual grade are summa-
rized for comparison A and B in Table 5-14. Comparisons A
and B show the individual design property grades obtained by
strict application of the grade boundary procedure. The third
series of design property grades shown as "A+B" in Table
5-14 represents a combined assessment based on the design
property grades assigned in the two previous comparisons.
For the combined assessment the results have been smoothed,
recognizing the relatively small sample sizes available and the
simplified approach for design property grade assignment.

The design property grade assignments have been made
assuming that the visual grades are produced as pure grades
and are segregated by juvenile wood class. This approach is
taken to isolate the potential influence of juvenile wood and
log location on design properties. These results do not reflect
the design values that could be assigned to random samples of
visually graded lumber as typically marketed in British
Columbia. The properties of visually graded dimension lum-
ber determined by in-grade testing methods form the basis for
the design property assessments for Canadian and many other
national codes. The properties determined by such test meth-
ods are reflected in the design properties shown in Table 5-13.

Conclusions
This study indicates the potential impact of the properties
investigated here on design properties, should the industry
significantly change log sorting strategies, increase the con-
version of second-growth, fast-grown young trees, or change
management strategies in a manner that increases production
of low density structural lumber. There is a substantial propor-
tion of the lumber from second-growth trees with high stiff-
ness and strength properties that are not recognizable by
means of visual grading. By contrast, machine stiffness rating
systems provide a direct method of assessing the structural
performance capability of each piece of lumber. Thus machine
grading systems may be expected to become an increasingly
important alternative to the visual grading technology as the
proportion of second-growth trees reaching merchantable size
increases.
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CHAPTER 6
Chemical Properties

E.P. Swan, J.R. Nault, C.R. Daniels and J.A. Cook   Wood Science Department, Forintek Canada Corp.

Introduction
The objective of the investigation reported here was to charac-
terize the chemical properties of second-growth Douglas-fir,
and thereby to identify any potential quality problems related
to those properties that industry might encounter in the utili-
zation of managed stands in the future.

A number of researchers have described the variation in
chemical properties within Douglas-fir trees: Ritter and Fleck
(1926), Kennedy (1961) and Wilson and Wellwood (1965)
have discussed lignification, amongst other properties, within
increments; Wu and Wilson (1967) have discussed lignifica-
tion within growth zones; and Kennedy and Warren (1970)
have studied both within increment variations and interzonal
variations in the wood.

Variations in cellulose and hemicellulose contents across the
stem were studied by Kennedy and Jaworsky (1960) and
Kennedy and Warren (1970). Kennedy and Jaworsky showed
that cellulose content initially increased rapidly as the distance
from the pith increased and that the holocellulose percentages
increased less rapidly than the cellulose. Kennedy and Warren
confirmed these results and were able to show that the rapid
increase in the cellulose from pith to bark occurred within the
juvenile wood. The holocellulose contents were constant
thereafter. As expected, the lignin content trend was the oppo-
site of that observed for the carbohydrates.

Early work on the isolation of Douglas-fir extractives was
concerned with the oleoresins (Benson and McCarthy, 1925).
More general studies followed (Erdtmann, 1949; Graham and
Kurth, 1949; Lewis, 1950) and dihydroquercetin, a major
Douglas-fir heartwood polyphenol, was described by Pew
(1948). About a decade later Barton and Gardner (1958, 1963)
and Hancock (1957) described analytical methods for deter-
mining dihydroquercetin and other polyphenols. Isolation of
other extractives was performed by Marvel and Wiman (1962)
and Foster et al. (1980).

The research on extractives themselves, and techniques for
their analysis were necessary before variations could be stud-
ied. Hale and Clermont (1963) found greater alcohol/ benzene
soluble extractives in Douglas-fir earlywood than in latewood.
However, Campbell et al. (1965) found latewood had a con-
sistently higher extractive content than earlywood. They also
showed that the distribution of resinous materials depended on

the location of the resin canals within the ring. The earlywood
contained the major amounts of mixed fatty acids and unsa-
ponifiables (sitosterols). Squire et al. (1967) studied the pat-
tern of flavonoid distribution within a single ring. They found
maximum values for these compounds in the earlywood.
Kennedy and Warren (1970) did not believe that this effect
was real because Squire et al. had not accounted for weight
ratio changes across the ring. Kennedy and Warren studied the
yield of dihydroquercetin across the stem and showed the typ-
ical increase reached a maximum close to the heartwood/sap-
wood boundary. Their data confirmed previous work on this
compound by Hancock (1957) and Gardner and Barton
(1960), who also showed that the vertical location of the max-
imum within a tree varied from the butt of some trees to the
top of others. Variations in the alcohol/benzene soluble extrac-
tives have also been studied across the stem. Hale and Cler-
mont (1963) noted a two-fold increase from pith to bark, but
Campbell et al. (1965) reported the reverse.

The effects of the extractives on other properties have been
studied. It was discovered very early that it was difficult to
sulfite pulp Douglas-fir heartwood, and this effect was
ascribed to the presence of extractives (Chidester and McGov-
ern, 1941; Hodge, 1954; Gardner and Hillis, 1962). It was
thought that heat, through its effect on extractives, adversely
affected the surface properties of wood and veneer (Mitchell
et al., 1953; Currier, 1958; Hancock, 1963). It was also
thought that extractives were responsible for some fungicidal
effects (Kennedy, 1956), and that some extractives were
formed as a consequence of particular fungal infections (Bar-
ton, 1967; Hillis and Ishikura 1969a, 1969b). Rogers and
Manville (1972) isolated a juvenile hormone mimic from the
heartwood.

Materials and Methods
A total of five cross-sectional discs, 7 to 15 centimeters thick,
were cut from each of the ten trees sampled at each site; one at
breast-height and four others at one-fifth intervals of total
height (Figure 1-2). Most of the analyses were performed on
incremental samples from the above, but some analyses were
performed on composite samples. In particular, within-tree
variation was explored using the incremental samples and
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between tree variation was investigated using the composite
samples.

The chemical characteristics examined were extractives con-
tent (alcohol-benzene, alcohol and hot water by soxhlet), lig-
nin and selected extractives contents of incremental samples
from positions at breast-height and 20, 40, 60 and 80 percent
of total stem height. In addition, composite samples were pre-
pared by taking a pie-shaped wedge from each breast-height
disk.

In the preparation of the incremental samples, 5 year incre-
ments were delineated on the disk and then separated using a
bandsaw. The individual 5 and 10 year increment samples
were comminuted in a Wiley mill to pass 40 mesh. Chemical
analyses were conducted on selected wood meal samples from
5 year increments from pith to 20 years, 10 year increment
samples from 21 years to the cambium, and composite sam-
ples from the breast-height discs. Composite samples were cut
in a wedge shape from the disk (of varying radius) to yield
approximately 100 grams of wood. The wood was commi-
nuted as before and 5 gram subsamples taken for analysis. For
the purposes of this report, those samples comprised of sap-
wood were not included in the analyses, except in the case of
the DHQ analyses.

Benzene-alcohol (2:1), alcohol, and hot water extractive con-
tents were determined successively on wood meal samples.
The moisture content of each wood meal sample was first
determined on a separate sample. A second sample was then
extracted in a tared thimble in a large soxhlet apparatus
(TAPPI, 1975). The first extraction solvent (for one day) was
alcohol-benzene (1:2 v/v) and, after drying and weighing, the
second extraction was with alcohol (for one day) and, after
drying and weighing again, a third extraction under reflux was
with distilled water (for 3 days). The dry weights of the sam-
ples following the extractions were utilized in calculating the
extractives contents of each sample. Original dry weights of
samples were estimated from the moisture contents deter-
mined on matching samples.

Subsamples of the wood samples meal were reacted with 72
percent sulfuric acid in a micromodification of the classic Kla-
son lignin determination (ASTM, 1982). The residues were
filtered, dried, and weighed to give values for Klason lignin
contents.

Subsamples were analyzed from five trees for dihydro-
quercetin (DHQ). The analysis method involved high perfor-
mance liquid chromatography (HPLC). These analyses were
carried out as follows:

HPLC Analysis for DHQ
DHQ (Weyerhaeuser Corp.) was recrystallized from water/
ethanol and dried in vacuo at 110°C. The resulting crystals

had a melting point of 239°C (Mettler FPL at 2°C/min.). This
material was deemed 100 percent pure and it was used as the
DHQ standard for the analysis.

A solution of the DHQ standard in ethanol was made to con-
tain 260 micrograms per milliliter of DHQ. This was used to
calibrate the HPLC. The standard showed no other peaks.
Approximately 0.5 gram samples of wood were extracted in
15 milliliter ethanol in an ultrasonic bath for two to three
hours. One microliter of this solution was injected onto the
HPLC column.

Chromatographic Conditions: 
Column :  4.6 x 250 mm Spherisorb ODS-1 5
Temperature :  50ºC
Eluant :  75% 0.2M NH4H2PO4 - 25% Methanol (isocratic)
Flow rate :  1.5 ml/min.
Detector :  0.02 Absorbance Units Full Scale/-290 nm/risetime 1.0 sec.
Filter :  gain - 1 / 0.01 Hz cutoff frequency

At the end of each run the column was washed with 75 percent
methanol / 25 percent 0.2M NH4H2PO4. The time between
analyses was 35 minutes. The method of calculation was
external standard, which was the 260 picograms of DHQ cali-
bration solution described above.

Results and Discussion
The incremental samples were studied to obtain data for
within-tree variations in chemical properties. These data were
collected from a low, medium, and high wood density tree
selected by Paprican for the pulp studies on each of these
sites. The breast-height composite samples were used to
obtain data for between-tree variations.

Within-Tree Variability
Mean and range values for total extractive content by rings
from pith and height position for nine selected trees are shown
in Figure 6-1. Mean total extractive content generally
decreases from pith-to-bark and from breast-height to 80 per-
cent height at the same cambial age. However, it was found
that some trees did not exhibit the general pattern indicated by
the means. This is evidenced by the ranges shown in Figure
6-1. Compare the large range of values at ages 0 to 5 years
(e.g., breast-height range 4 to 30) to the ranges found at other
ages (e.g., breast-height age 41-50 range is 2 to 6). The pres-
ence of these wide ranges near the pith, particularly in the
lower part of the stem, perhaps explains the differences
between the findings of Campbell et al. (1965) and the find-
ings of Hale and Clermont (1963). It also conforms with the
results of a preliminary study (Vault and Swan, unpublished
1985).

The presence of high variability near the pith makes it unwise
to establish a single variance measure for total within-tree
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fig 6-1, 6-2
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extractive content. The mean and variance total extractive
content depend upon cambial age and height within the stem.
These observations will complicate the relationship between
the chemical and pulp properties, particularly yield, and must
be accounted for in future research work in this area.

Mean and range values for lignin content versus rings from
pith by height position for the nine selected trees are shown in
Figure 6-2. Like total extractive content, these means show a
slight decreasing trend from pith to bark and from breast-
height to 80 percent height. However, unlike the total extrac-
tive content of these trees, the variability (as indicated by the
range of values) is relatively constant throughout the trees.
The overall mean and standard deviation of all the lignin val-
ues measured are 29.5 and 1.9 respectively.

Juvenile-Mature Wood Comparisons at 
Breast-Height
Mean total extractive contents and lignin contents, weighted
by cross-sectional area, for juvenile wood (rings 0-20) and
mature wood (rings 21-50) were computed from the breast-
height incremental sample properties (Table 6-1). The juvenile
and mature wood properties were computed in this way so that
the resulting values would be comparable to the juvenile and

mature wood properties, based on breast-height disks,
reported in Chapter 10.

These numbers are different because the data from Chapter 10
are based on true percentages used by pulping scientists
(every component adding to 100). The data presented in this
chapter are expressed in the standard way used by wood scien-
tists in which the dry extractive-free wood substance is 100
percent. The recalculated data are in parentheses in Table 6-1.

Between-Tree Variability
Between-tree variability was investigated using composite
samples from a total of 52 breast-height disks from all six
sites. The mean and standard deviation for total extractive
content and lignin content are shown in Table 6-2.

The variability in lignin content within trees (standard devia-
tion 1.9) is almost as high as the variability between trees
(standard deviation 2.6). Published data for mature Douglas-
fir trees are shown in Table 6-3.

A comparison of the lignin content values in Table 6-2 and 6-3
shows that the means are comparable; and that there does not
appear to be any significant differences between the sec-
ond-growth and old-growth trees. A similar comparison of the
extractives content values is less positive. The second-growth
mean was approximately one-half of the old-growth mean
reported by Martin (1949), but falls within the range of extrac-
tive contents reported by Bray et al. (1940).

The contributions of each class of extractives to the total
extractive contents, by site, are summarized using bar charts.
Figure 6-3 shows the extractives contents for the composite
samples for all six sites. The effect of chemical properties on
subsequent utilization problems caused by such compounds
has not been studied. Between-tree variability in individual
extractives are shown in Table 6-4. These data also show the
contributions of the various extractives classes to the total
extractives contents of second-growth trees. The considerable

tab le s  6 .1  to  6 .3 fig  6 .3
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tree to tree variation observed may prove to be of importance
for future research on heritability of extractives.

DHQ Analyses
Selected samples were analyzed for DHQ using an ethanol
extract specifically obtained for the analyses (Table 6-5). The
DHQ analyses were directly related to the total organic extrac-
tives, provided the pith to five-year samples were excluded. In
order to judge whether future measurements of extractives
contents alone will give an estimate of their DHQ content,
Figure 6-4 shows the plot of DHQ content versus the material
soluble in benzene/alcohol plus alcohol. The equation, DHQ =
-0.33 + 0.57 (organic solvent soluble extractives) fits this data
with an r2 value of 0.89. The line does not pass through the

origin because of the presence of other extractives such as
resin acids (Nault and Swan, unpublished 1985).

Examination of the DHQ data for 16 disks from five trees in
Table 6-5 reveals that the DHQ content increases dramatically
between breast-height and the 80 percent height for the mate-
rial in the first five rings from the pith. In the two trees for
which the complete radial series of data points are available a
similar progression with height is not found for other radial
positions. At breast-height the DHQ content rises from a low
point adjacent to the pith, reaches a maximum just before the
sapwood boundary and then declines rapidly into the sap-
wood. The average DHQ content for the outermost sample
which would be comprised of almost all sapwood was 0.1 per-
cent. This compared with an average of 1.6 percent for the
increment immediately adjacent toward the pith. Chapter 10
reports on the DHQ analyses performed on the Douglas-fir
samples used in the pulping research, and discusses the impor-
tance of DHQ to color problems in refiner-mechanical pulp-
ing.

Conclusions
The polyphenols, such as DHQ, and other alcohol and water
soluble extractives are relatively low near the pith and build
towards a maximum at the outermost heartwood. The mean
total extractives content showed considerable variation
between trees. However, the overall mean was approximately
one-half of that reported by Martin (1949) and in the lowest
part of the range reported by Bray et al. (1940) for old-growth
trees.

The within-tree variations in the lignin content were similar to
previously observed results on this polymer. Lignin content
decreased from a maximum near the pith to a constant value in

tab le s  6 -4 , 6 -5 fig  6 .4
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the mature wood at all height positions. Tree-to-tree variation
in lignin content was also great. The lignin contents of old-and
new-growth trees was approximately the same.
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PART III: Converting the Resource - Solid Wood

CHAPTER 7
Log and Lumber Yields

G.R. Middleton and B.D. Munro  Research and Development Department, Forintek Canada Corp.

Introduction
This report presents the results of a log and lumber grade
recovery study of approximately 300 rapidly-grown, second-
growth Douglas-fir trees selected from the six study sites. The
primary objective of this study was to determine how log and
knot sizes resulting from rapid tree growth affect lumber
grade yields. A further objective was to identify stem distribu-
tions of juvenile wood, and to provide lumber for drying and
strength tests that would assess the effect of differences in
juvenile wood content.

Background

The benefits of stand management have generally been
described in terms of improved volumes per hectare, and
improved tree size (Mallonee et al., 1974; Crown et al., 1977).
These are important considerations, but intensive stand man-
agement must be directed toward increasing the quality of
timber as well as the volume. In this respect, the benefits of
intensive stand management have not been clearly estab-
lished.

There is little published information on yields from managed
forests in British Columbia. A study of lumber products
obtained from natural stands of 80, 100 and 150 year old Dou-
glas-fir trees selected from Vancouver Island and the Fraser
Valley in British Columbia showed that without intensive
management, stands 100 years old and younger will yield neg-
ligible amounts of clear lumber (Dobie and McBride, 1964).
A study of yields from pruned trees conducted in 1958
(McBride, 1961) showed that butt logs from 49 year old trees
pruned 28 years previously yielded an average of 18 percent
clear lumber compared to negligible amounts from unpruned
logs. Another study of product yields from a mixed stand of
Douglas-fir and western hemlock [Tsuga heterophylla (Raf.)
Sarg.] located on Vancouver Island indicated that pruning
done at age 33, which is considered to be very late, had a neg-
ative effect on product values (Dobie and Wright, 1978).

In terms of quality and value, perhaps the greatest concern
facing stand managers lies with the increase in the proportions
of juvenile wood in rapidly-grown trees. Paul (1959) noted

that the stand management objective of rapid tree growth con-
flicted with the wood quality objective, which requires small
branches and low proportions of juvenile wood. He attributed
the formation of juvenile wood to a vigorously growing crown
and suggested that early tree growth should be restricted. He
further suggested (Paul, 1957) that strength and quality limita-
tions associated with juvenile wood in second-growth timber
were exaggerated, but also considered that too little attention
was given to remedial and management practices that could
compensate for the limitations.

The possibility of controlling the percentage of juvenile wood
by slow-growth was rejected by others as biologically unjusti-
fied and not economically practical (Zobel et al., 1972). They
noted that the formation of juvenile wood was related to age
and not to rate-of-growth and suggested that as increasing vol-
umes of fast-grown managed stands are converted, mills will
simply have to find ways to convert and market the material
profitably in order to prosper.

It is clear, from this brief review, that many questions regard-
ing appropriate stand management strategies remain unan-
swered. It is hoped that this study, through its contribution to
the development of a stand management and conversion
model, will help provide these answers.

Materials and Methods
Tree Samples
Sample trees were selected from each of six study stands.
Practical constraints on sample size dictated a systematic sel-
ection of trees to provide an even distribution over a range of
5 centimeter diameter-at-breast height (DBH) classes. Initially
set at 25 to 65 centimeters, this DBH range was narrowed to
30 to 65 centimeters to obtain a greater volume of lumber for
drying and strength tests. Seven trees selected at the Lady-
smith site were smaller than 30 centimeters DBH and conse-
quently reduced the average DBH of trees in that selection
group.
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Trees were selected at random with respect to characteristics
other than DBH, but severely deformed trees were excluded
from the sample because they would not contribute to the
study objective. Each tree selected was tagged with a tree
number. The final tree sample consisted of 299 trees.

Tree variables measured or tallied according to standard
BCMOFL cruising procedures (BCMOF, 1980a) included the
following:

Diameter-at-breast height 
Total height 
Lean and sweep (degrees) 
Height to the live crown and first dead stub 
Number of clear quarters in first two 5 meter logs 
Presence of dead or broken top 
Location by tree thirds of pathological indicators: 

conk 
blind conk 
fork 
crook
scars 
frost cracks

The sample trees were felled, and bucked to a 10 centimeter
top, using standard bucking rules at each site. Preferred
lengths were 10.0 and 12.4 meters, which allowed subsequent
bucking into 16 and 20 foot mill-run lengths with adequate
trim allowance. Each merchantable log length was identified
by tree number and log position. Stump heights were recorded
and used to calculate corrected tree ages.

Log Measurements
The sample logs were transported to the mill yard of the coop-
erating sawmill where they were scaled and graded by quali-
fied BCMOFL scalers in accordance with the B.C. Firmwood
Scale (BCMOF, 1980b) which specifies the following mea-
surements:

Log top and butt radii inside bark to the nearest centimeter; 
Log length to the nearest tenth meter; 
Deduction of decay and voids.

Log volumes were calculated using the Smalian formula:

V = TR2 + BR2) x L x 1.570796 x 10-4

where: 

V = log volume in cubic meters
TR = log top radius in centimeters
BR = log butt radius in centimeters
L = log length in meters.

Each study log was diagrammed to provide an accurate record
of all visible log surface and end characteristics. In particular,
the sizes and locations of all knots and knot indicators were
recorded. Knots and knot indicators were measured to the

nearest half centimeter. Long log lengths were measured to
the nearest centimeter and end diameters to the nearest milli-
meter. The logs were manually bucked into mill-run lengths,
after which the small-end diameters were measured to the
nearest millimeter to permit accurate classification by log top
diameter.

Similarly, the diameter at the 20th growth ring was measured
on each log end, and the enclosed area was painted to identify
the presence of juvenile wood. The paint was to enable subse-
quent recognition of the proportion of juvenile wood in each
piece of lumber produced from the logs. The twentieth growth
ring was chosen as a good approximation of the transition
from juvenile wood to mature wood on the basis of an explor-
atory assessment of pith-to-bark wood density profiles. A
more precise definition of the transition has been obtained
from the work described in Chapter 2.

Mill Study
The sawmill used for the conversion study was well suited to
processing small timber. It featured a quad-band headrig with
sharp chain infeed and log rotating capability. Center cants
were processed through a double-arbor circular gang saw.
Side boards were directed through a three-saw board edger. A
schematic of the mill processing equipment with saw kerf
sizes indicated is shown in Figure 7-1.

Study logs were processed through the sawmill in color-coded
batches of five. The tree identification number of each log was
recorded against a sawmill sequence number as the log
entered the mill. Lumber from each study log was identified
with the appropriate sequence number. Under advisement

fig 7-1
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from the Task Force, the study logs were sawn entirely into
dimension lumber (target size = 1.75 inches). The mill's saw-
ing strategy was to maximize the width of the center cant. The
minimum lumber length recovered was 8 feet.

The lumber was pencil trimmed and graded by a qualified
industry grader according to rules for structural light framing
and structural joists and planks (Paragraphs 123 and 124 of
the NLGA Standard Grading Rules for Canadian Lumber
NLGA 1980). Lumber grades and dimensions were tallied,
and a record was made of the reason for each grade assigned.
Pencil trimming was necessary to protect end paint that identi-
fied the amount of juvenile wood present in each piece of lum-
ber.

Results and Discussion
Tree Quality
The general characteristics of the stands from which the tree
sample was obtained are described in Table 1. The average
age, average height, and DBH statistics shown in this table
were calculated from trees measured at random to determine
the suitability of the sites with respect to desirable (rapid and
even) growth rates. They can be considered reasonably repre-
sentative of the timber in the stands.

Table 7-1 provides age and size statistics for the actual tree
samples selected. Table 7-2 shows the extent to which patho-
logical and quality indicators were present in the sample trees.
Although these indicators no doubt added somewhat to the
overall variation in product yields, their impact was not signif-
icant.

Calculated on the basis of tree taper equations used by the
BCMOFL (BCMOF, 1983), the predicted average volume of
the sample trees was 2.207 cubic meters. The average recov-
ered volume based on the BCM0FL official scale was 2,175
cubic meters.

Individual tree values were derived by matching lumber yields
to the appropriate logs and logs to the appropriate trees. Table
7-3 shows how the groups of trees selected from each site dif-
fered in terms of average utilizable volume, lumber recovery
factor (LRF)1, and average value. A comparison of the tree
statistics in Table 7-1 with the yields and values in Table 7-3
demonstrates how differences in tree characteristics are
reflected in timber value. The importance of tree size in deter-

1. 
)meterscubic(VolumeLog

)measurefootboard(VolumeLumberFactorerycovReLumber =

table 7-1 to 7-3
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mining value is evident, and is further demonstrated by the
value to DBH relationships shown in Figure 7-2.

Tree values were calculated on the basis of lumber prices
shown in Table 7-4. Although these are based on spot prices
for March 1986 (Madison's, 1986), they serve as a good basis
for judging relative timber values since they reflect premiums
generally paid for higher lumber grades and for wider lumber
widths. Premiums for Select Structural were estimated from
data previously provided by the industry. Chip and other
residual values were ignored in making these tree value com-
parisons.

Log Grade Yields
In the coastal region of B.C., logs are graded for both market-
ing and appraisal purposes. Log grades are based primarily on
log size with additional restrictions placed on knot sizes and
defects (BCMOF, 1980b). For the present study, a total of 767
long logs were scaled and graded with a total net volume of
650.1 cubic metres. The scalers made minor length deductions
for decay on only four logs. Figure 7-3 shows the distribution
of log grades obtained from the tree sample. More than half of
the total log volume obtained from the tree sample fell into the
J grade category, a small good quality sawlog. Table 7-5
shows how log grade yields were distributed within tree DBH
classes. Log grade rules applicable to Douglas-fir are pro-
vided in Appendix I.

fig 7-2

table 7-4

fig 7-3

table 7-5
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Lumber recovery statistics associated with each grade are
shown in Table 7-6. The lumber recovery factor shown for J
logs is nearly identical to that obtained for J logs in old-
growth studies done previously on the B.C. coast (Middleton
and Munro, 1985). The lumber recovery of approximately 300
foot board measure per cubic meter obtained for I, H, and C
grade logs is somewhat higher than averages obtained for
old-growth, while the recovery factors for X and Y grade logs
are substantially lower than those obtained for the same

grades in old-growth. These lower recovery factors are due to
differences in average log size.

Lumber grade distributions associated with each log grade are
shown in Table 7-7. The differentiation in log quality achieved
by log grading is clearly indicated by the way the proportion
of higher lumber grades declines as log grade declines. The
yield of lumber graded No. 2 and Better was 5 to 10 percent
lower for second-growth log grades compared to old-growth
grades except in Y grade logs where old-growth had a yield of
66.9 percent of lumber graded No. 2 and better (Middleton
and Munro, 1985), compared to the 69.9 percent obtained
here.

Lumber Volume and Grade Yields
Green lumber recovery factors for mill-run logs are shown in
Table 7-8 and illustrated in Figure 7-4. The shape taken by the
recovery curve over the range of log top diameters is charac-
teristic of recovery curves in general, and reflects what can be
achieved with current log processing methods. Improvements
in sawmill efficiency are occurring, and can be expected to
raise the curve overall, but variability in log quality (shape
and roughness) will continue to have the greatest detrimental
impact on recovery from small diameter logs. The characteris-
tic shape of this curve helps to make log size, and hence tree
size, the most important determinant of tree value.

Total log volume based on short log scale was 650.2 cubic
metres. Total lumber volume was 183,811 foot board measure,
indicating an overall average lumber recovery factor of
approximately 283 foot board measure per cubic meter.

table 7-6, 7-7, 7-8 fig 7-4
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Green lumber grade and dimension yields obtained from the
study trees are shown in Table 7-9. The percentages provided
in the table indicate how lumber grades were distributed
within each lumber width. Select Structural lumber, for exam-
ple, comprised 12.8 percent of the 2 x 4 volume of lumber
recovered. The effect of log top diameter on lumber grade
yield is illustrated in Figure 7-5. The figure shows that grades
of No. 2 and better accounted for a relatively constant average
of approximately 82 percent of all lumber. Increased yields of
Select Structural that were obtained as log diameter increased
were largely at the expense of reductions in the yield of No. 1
and No. 2 lumber.

Clearly, differences in lumber value related to log quality
depend on a premium price for Select Structural. Without this
premium the effect that log size has on value would become
even more important, because premium prices are usually

paid for the widest lumber widths (2 x 10s). The effect of log
size on the yield of various lumber dimensions is illustrated in
Figure 7-6.

It was expected that large branches associated with rapid tree
growth would be detrimental to lumber grade yields. The vari-
ous lumber defects that determined lumber grades were called
by the grader and recorded for each piece of lumber. Table
7-10 shows how each of these defects contributed to lumber
grade decisions. Approximately 35 percent of the lumber was
graded Select Structural and because this was the highest
grade obtained, no reason for degrade is noted. Note that the
two major reasons for lumber being graded lower than Select
Structural were knots (29.1 percent) and wane (28.6 percent).
Shake had a minor impact, and all other defects accounted for
a negligible volume of degrade. Included in the other category
was 164 foot board measure (0.1 percent) of lumber down-

table 7-9

fig 7-5 fig 7-6



- 72 -

graded for rate-of-growth. Since the grader noted only the pri-
mary reason for degrade for each piece of lumber, some part
of the 65 percent of lumber graded less than select for other
reasons may also have failed to meet rate-of-growth require-
ments. However, the trees were selected for uniform and sus-
tained growth rates from pith to bark. This would generally
result in growth rings small enough on average to meet grade
requirements.

These lumber grade results were obtained from green lumber
and additional degrade would result if the lumber was
kiln-dried. Drying effects were the subject of another Task
Force study (Chapter 8).

The Impact Of Knot Size On Lumber Grade Yields
In an effort to quantify the impact of knot size on lumber
grade yields, the sizes and locations on the log surface of
approximately 100,000 knots were measured and recorded.
Figure 7-7 shows how knots were distributed by size for the
total tree sample.

Knots were a major determinant of visual lumber grades. In
this study they were responsible for nearly 30 percent of the

lumber being graded lower than Select Structural. There is no
direct linear relationship between knot size and visual grade
yield, however, because an acceptable knot size for a given
lumber grade is defined by the size of the lumber piece, and
by the knot's location within the piece. Knot restrictions for
the Select Structural grade lumber, for example, are shown in
Table 7-11 and account for the relatively small percentage of 2
x 4 lumber graded Select Structural (Table 7-9).

A number of knot indices were investigated for their potential
to provide an estimate of the impact of branch size on lumber
grade yields. These knot indices provided a method of class-
ifying a log according to the size and frequency of its knots.
They included the following:

(a) the average knot size per log; 

(b) the largest knot size per log; 

(c) the average of the four largest knots per log; and 

(d) the average of the largest knot in each log quarter.

Statistics for each of these indices are provided in Table 7-12.
In addition, some ratios of knot surface area to log surface
area were investigated, but proved less reliable than less com-
plicated measures. Logs that produced lumber with grade
reductions for rot were excluded from all calculations with

table 7-10

fig 7-7

table 7-11

table 7-12
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respect to knots. This reduced the long log sample size from
767 logs to 752 as indicated in the table.

Average knot size proved to be the best measure of the impact
of knots on lumber grade yields, followed closely by the aver-
age of the four largest knots in each log quadrant. This latter
measure was adopted by researchers in New Zealand (Sutton,
1984) who were looking for an estimator that could be easily
measured in the field. Ease of measurement has not been a
consideration in the present study because knot size informa-
tion will be obtained from a growth simulation model.

Table 7-13 shows an equation for estimating the proportion of
Select Structural lumber associated with logs of a given top

diameter and average knot size. Predictions of percent lumber
grade yields were required rather than predictions of total
grade volumes because a sawmill simulation program is used
in the stand management model to determine lumber recovery
based on log size. The predictive capability of the equation is
low, but it provides some measure of the significant impact
that knots have on lumber grade. Predictive equations for total
lumber volumes of each grade "explained" considerably more
variation (measured by R2), but merely confirm that lumber
volume depends on log size.

Satisfactory equations could not be found for grade percent
ages other than Select Structural. (Multiple correlation coeffi-
cients were typically less than .05). A knot index will not be
useful for predicting grades of No. 1, No. 2, No. 3, or Econ-
omy lumber. Average grade yields related to log top diameter
are more practical predictions of these lower grade yields.

Juvenile Wood
Measurements made of the juvenile cores (first 20 growth
rings) were used to calculate stem proportions of juvenile
wood by each third of the tree height. These percentages are
shown in Table 7-14. Juvenile wood clearly represents a high
proportion of the wood that can be expected from rapidly-
grown Douglas-fir. The proportion of juvenile wood differed
from site to site as shown in Table 7-15. These differences
which occurred naturally indicate that stands can be managed
to limit its formation. A working stand management and con-
version model is needed to consider how this may be accom-
plished and to predict the economic implications of such a
strategy.

It must be emphasized that the results of the conversion study
described in this report do not include the impact of juvenile
wood on lumber drying and strength characteristics. These
implications were considered in other Task Force studies
(Chapters 5 and 8). The lumber grade yields provided here
must be adjusted accordingly.

A summary of selected tree variables is provided in Table
7-15. The table provides some indication of the different
results stand management treatments may be able to achieve.
Lumber grade yields are expected to be reduced by high per-
centages of juvenile wood. These reductions will be greatest
where the percentage of juvenile wood is highest.

Conclusions
In sound second-growth timber, tree value is primarily deter-
mined by tree size. This is true because sawmills are more
efficient at processing large logs yielding the widest lumber (2
x 10) which commands a premium market price.

Log grades provide an alternative to the extra complication of
deriving values for various stand management options on the

table 7-13 to 7-15
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basis of lumber yields. The results of this study show that
present log grade rules provide satisfactory discrimination
between log values in terms of lumber grade yields.

Knot size has sufficient impact on lumber value to warrant
consideration in stand management plans. However, the
impact is very difficult to quantify due to the inherent variabil-
ity of log quality and sawmill yields in general. Predictions of
lumber grade yields will have to be tied primarily to log size.

A compromise between the desire for rapid growth rate and
the need for minimum knot size is possible to the extent that
lumber strength depends on the ratio of knot displacement to
surrounding clear wood area. This allows larger knots to be
permitted as lumber width increases. The challenge presented
to stand managers is to achieve the optimum balance between
tree size and branch size at rotation age.
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CHAPTER 8
Kiln Drying Lumber

J.F.G. Mackay  Research and Development Department, Forintek Canada Corp.

Introduction
The successful conversion of second-growth and rapidly-
grown forests in British Columbia will require the finished
products to be of the highest possible value consistent with the
costs of production. This likely points to a preference for lum-
ber products to be marketed kiln dried rather than green.
Experience with lumber sawn from young, plantation-grown
softwoods from elsewhere suggests that some properties of
rapidly-grown wood adversely affect drying behavior. Severe
warp of juvenile wood during drying has been described by
Mackay and Rumball (1971), Christensen and Gough (1975)
and Shelley et al. (1979) for three Pinus species. In anticipa-
tion of the conversion of second-growth coastal Douglas-fir
logs of this type it is important to be aware of potential prob-
lems during kiln drying so that corrective procedures can be
implemented. As a first step in this direction, the present study
attempts to determine the drying properties of second-growth
Douglas-fir lumber.

Materials and Methods
The lumber dried in this study was produced in the sawmill
log and lumber trade recovery study (Chapter 7). All 2 x 6
lumber, 12 feet and longer, from two eastern and two western
sites was anti-sapstain treated, shipped to the laboratory and
sampled for use in the drying study. Sampling was designed to
obtain pieces representing the east and west sides of Vancou-
ver Island, two lumber grades and three levels of juvenile
wood. The number of pieces in these respective categories are
shown in Table 8-1.

The kiln load of 7,000 foot board measure was assembled as
follows: all lumber was trimmed to 8 feet in length by remov-
ing at least 2 feet from each end to eliminate the effect of dry-
ing during storage. A moisture content section was sawn from
every tenth piece to provide an estimate of average green
moisture content. Lumber was randomly selected from each
of the 12 groups (Table 8-1) and loaded onto kiln cars 14
pieces wide and 30 rows high, with 1 x 3 strips at 4 foot cen-
ters between rows. Visible splits, checks and warp were mea-
sured and noted.

The drying schedule can be seen in Table 8-2. Air velocity
through the load was 500 feet per minute with direction of
flow reversed every four hours. Following drying to a target
average moisture content of 15 percent, the load was cooled
and moisture contents were measured in all pieces with a
resistance-type moisture meter and insulated electrodes to a
depth of 3/8 inch at a distance of 24 inches from one end. All
defects were measured and noted.

Results and Discussion
Green moisture contents averaged 41.1 percent with a range
of 23.1 to 126.1 percent. These values, which showed little
difference between east or west areas, are close to averages for
the species reported in standard reference texts. Nielson et al.,
(1985) cite for coastal Douglas-fir, sapwood, heartwood and

table 8-1, 8-2
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"mixed", moisture contents of 151, 39 and 45 percent respec-
tively. Kiln-dry moisture content distributions based on spe-
cies- and temperature-adjusted moisture meter readings are
shown in Table 8-3. No relationship of moisture content to
percent juvenile wood, grade or log source was observed.

Drying degrade in the form of checks and splits was very
slight across all grades and levels of juvenile wood. Warp,
particularly twist, was a major degrading factor. Average warp
values are shown in Table 8-4. There was a strong tendency
for warp to increase with increasing proportion of juvenile
wood, as shown in Table 8-5. The grade limit for twist in 2 x 6
x 8 feet Select Structural and No. 1 lumber is 0.5625 inch, and
while the average twist in Select Structural wood with 90 to
100 percent juvenile wood was only 0.338 inch, Table 8-6
shows that over 20 percent of these pieces had twist in excess
of the grade limit causing a drop to grade 2, 3 and Economy.

Conclusions and Recommendations
Conventional kiln-drying schedules and practices will result
in twist in second-growth Douglas-fir lumber that contains
high proportions of juvenile wood. Methods used elsewhere to
limit the problem in other species include the use of high tem-
peratures to plasticize wood, and decreased sticker separation
in conjunction with spring-loaded clamps or top-loaded con-
crete weights to restrain movement during drying. These
methods should be examined to develop a cost-effective
means of reducing degrade losses in this material.

table 8-3 to 
8-5

table 8-6
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CHAPTER 9
Heartwood Treatability

J.N.R. Ruddick  Faculty of Forestry, University of British Columbia

Introduction
Changes in the forest resource of Canada are leading inevi-
tably to an increased use of second-growth Douglas-fir, the
heartwood of which is less durable than that of old-growth
Douglas-fir because of its lower extractive content. The effec-
tive preservative treatment of this heartwood will therefore be
very important, particularly for sawnwood products, such as
bridge timbers, which are traditionally produced from this
wood species.

Bramhall (1966) reported that the permeability of Douglas-fir
heartwood lumber produced in British Columbia is extremely
variable. Heartwood of Douglas-fir grown east of the Coast
Range was found to be refractory, i.e., untreatable, whereas
that from Vancouver Island was much easier to pressure
impregnate with preservative. This conclusion has been sup-
ported by several other investigations, including those under-
taken by Miller and Graham (1963) and Weaver and Levi
(1979). However, all previous studies have examined the
treatability of heartwood without reference to the type of
heartwood, i.e., juvenile and mature.

The relative treatability of mature and juvenile Douglas-fir
heartwood will be very important in decisions for converting
the resource. Since second-growth material has a much
greater proportion of juvenile heartwood, which is less dense
and has a lower extractive content, some improvement in
heartwood treatability may be anticipated.

This study compares the permeability of juvenile and mature
heartwood when pressure impregnated with chromated-cop-
per-arsenate (CCA) and ammoniacal-copper-arsenate (ACA).

Materials and Methods
Forty-two boards of 100 percent juvenile heartwood and forty
boards of 100 percent mature heartwood were selected for the
study. The test samples (120 x 5 x 15 cm) were sawn from
kiln-dried stock available from the drying study (Chapter 8).
The dry lumber was stored under cover for approximately
three months prior to treatment. Prior to preservative treat-
ment the lumber was incised on one face to improve preserva-
tive penetration. The incision depth varied but was typically 7
to 9 millimeters. Each board was sawn in two to produce
matching pieces (60 centimeters in length), one piece for
treatment with CCA and the other with ACA.

The preservative treatments were applied using a full cell pro-
cess, the details of which are shown in Table 9-1. The juvenile
and mature heartwood samples were treated together in the
same charge. Following treatment, each of the boards was
sampled to measure preservative penetration. Instead of bor-
ing each sample, a thin slice was removed from the full width
of the board and cut at the center avoiding knots and incisions.
The cut surface was then sprayed with chrome azurol S
reagent to show the presence of the copper component in both
ACA and CCA. Penetrations were measured from the inner
(incised) heartwood face. An evaluation was also made of the
integrity of the preservative treatment at 5 millimeters for
CCA and 10 millimeters for ACA from the board surface.
These distances, selected after examination of the samples,
were chosen as being close to 50 percent of the limit of preser-
vative penetration. This would maximize the ability to detect
any differences between the treatability of the juvenile and
mature heartwood. Samples removed from each board were
combined for a single composite assay using energy disper-
sive x-ray analysis. It should be noted that to determine the
retention in terms of the weight of preservative per unit vol-
ume of wood, average densities of mature and juvenile heart-
wood were used. Based upon an inspection of the samples, it
was concluded that they were produced from the lower half of
each tree. Consequently, average densities of 0.45 (juvenile)
and 0.52 (mature) were used for the assay.

Results and Discussion
The preservative penetration and retention data for both the
CCA and ACA treatments are shown in Table 9-2. Although
the treatment schedules were similar, the ACA treatment was
found to be superior to the CCA treatment in that the average
penetrations and retentions for both juvenile and mature heart-
wood were higher. However, the treatability of juvenile and
mature heartwood, in terms of penetrations and retentions,
was not statistically different for either preservative.

Comparison of the data with the penetration requirements of
the Canadian lumber standard (CSA 080.2, 1985), as shown in
Table 9-3, showed that 50 percent of the CCA-treated juvenile
Douglas-fir heartwood lumber did not achieve the minimum
penetration of 10 millimeters, whereas only 5 percent of the
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corresponding ACA-treated lumber did not show 10 mil-
limeter penetration. Similar differences were noted for the
mature heartwood lumber. The CCA and ACA treatment of
the lumber would have improved through the use of a more
closely spaced pattern than that selected. However, the pattern
chosen had the advantage of allowing comparison of the treat-
ment of the two heartwood types.

Conclusions
This study suggests that preservative treatability is not a sig-
nificant factor in the greater use of second-growth Douglas-fir
and that the changes taking place in the utilization of the
resource need not affect treatment strategies. Treatment
schedules developed from experience to treat sawnwood in
compliance with Canadian wood preservation standards will
not need to be changed when second-growth lumber or timber
is pressure treated.

Recommendations
Additional research should address the relative permeabilities
of mature and juvenile Douglas-fir heartwood to oilbome pre-
servatives. Investigations should also examine the influence
of sapwood content on the treatability of Douglas-fir round-
wood and timber with respect to oilborne and waterborne pre-
servatives.
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TAPPI Standards T204 os-76, T264 om-82 and T207 om-81,
respectively.

Ground wood samples after the three successive extractions
were used for Klason lignin determinations according to
TAPPI Standard T222 om-83.

A one-percent caustic solubility was done on an aliquot of
each untreated ground wood sample according to TAPPI Stan-
dard T212 om-83.

One aliquot of each untreated ground wood sample was
extracted with alcohol, the solvent was removed under
reduced pressure and the resulting extract taken up in alcohol
(2 milliliters). This extract was analyzed for dihydroquercetin
(DHQ) by HPLC using a 75 percent 0.2M NH4H2PO4, 25 per-
cent methanol eluent on a Spherisorb 0DS-1 column, accord-
ing to an unpublished method developed by Forintek Canada
Corp., Western Laboratory.

One aliquot (50 milliliters) of filtrate from the Klason lignin
determinations from each wood sample was neutralized (pH
7) using NaOH solution. The neutralized aliquot was freeze-
dried and the solid mixture analyzed by GLC; the sugars were
determined as their alditol acetates.

Statistical Analysis
Wood density and chemical properties of juvenile wood,
mature wood and top wood were compared using 14 different
ANOVA models of the form:

Yij = M + Ti + Pj + eij ;  i = 1, 2 ..... 9;  j = 1,2,3.

where:

Yij = the value of the property for the ith tree and jth position
   in the stem.

M = overall mean of the property.
Ti = effect on Y due to the ith tree.
Pj = effect on Y due to position (juvenile wood, mature

   wood, top wood).
eij = random variation.  The eij’s are assumed to be normally

   distributed with mean zero and constant variance.

This model is appropriate because differences in property val-
ues between positions within trees are of interest rather than
differences between trees. Orthogonal contrasts for mature
wood against the other two positions, and for juvenile wood
against top wood were used to explore significant position
effects.

Chip Preparation
Debarked sections of juvenile wood, mature wood and top
wood (Figure 10-1) were chipped in a CAE 6-knife disk chip-
per to provide chips for chemical and mechanical pulping tri-
als. Each of the 27 chip samples (3 sites x 3 trees x 3 tree

components) was screened to remove oversize and fine mater-
ial, and well mixed before representative samples were taken.

Results And Discussion
Wood Characteristics of Second-Growth Dou-
glas-Fir
The physical and chemical characteristics of the 27 samples of
wood and chips that comprise the test material in this study
are provided in Tables 10-1 to 10-3.

table 10-1
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Basic densities of disks and chips, and disk moisture contents
are shown in Table 10-1 for three trees each from Ladysmith,
Lizard Lake and Jordan River sites, respectively.

There were large differences in wood density between trees,
and between the juvenile wood and mature wood of each tree.
Trees with the highest and lowest densities selected from each
site were representative of the density range found for coastal
Douglas-fir (see Chapter 1). The wood density of juvenile

wood was consistently lower than that of mature wood from a
given tree by amounts ranging from a low of 6 percent to a
high of 19 percent, with a mean value of 13 percent for all
nine trees.

However, the juvenile wood density of the highest density tree
on a site was always higher than the mature wood density of
the lowest density tree from the same site (see Figure 1-5).
This observation has enormous implications for the planning
of Canada's future managed resource.

In a natural stand, wood density is normally distributed so that
some trees will have profiles displaced upwards or down-
wards from an average value. By selecting the highest density
trees as seed sources, the probability is good that the future
resource will have juvenile wood densities that are higher than
that in today's stands. By so doing it may be possible to at

table 10-2 table 10-3
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least maintain the present average wood density in the future
fast-grown Douglas-fir resource.

Basic densities of disks and chips are plotted in Figure 10-2
for all 27 wood samples. Not surprisingly, the densities of
disks and chips are highly correlated, r2 = 0.97, confirming
earlier work by Kibblewhite (1980) on Pinus radiata. The
regression equation is:

Density (chips) = 43.5 + 0.884 [Density (disks)]

This line crosses the line Density (chips) = Density (disks) at
375 kilograms per cubic meter.

Therefore, densities determined from thin disk samples were
found to increasingly underestimate chip densities above 375
kilograms per cubic meter. However, these differences are rel-
atively small and we conclude that densities determined from
thin disk samples are representative of chips produced from 2
meter long butt or 3 meter long top wood sections. Disk densi-
ties ranged from 319 to 558 kilograms per cubic meter com-
pared with the corresponding range from chips of 325 to 534
kilograms per cubic meter.

Moisture contents of juvenile wood samples were consistently
and substantially lower than those of mature wood and top
wood and were at or below the fiber saturation point. The val-
ues for juvenile wood were entirely consistent with those pre-
viously observed for heartwoods of mature Douglas-fir and
other softwoods (Haygreen and Bowyer, 1982). This could
lead to problems with liquor penetration in chemical pulping
in mills not equipped with adequate atmospheric presteaming
facilities. In refiner mechanical pulping operations, chip
washing and/or presteaming should serve to overcome any
problems due to moisture deficiencies. Moisture contents of
top wood samples were consistently higher than those of
mature wood.

Extractives Contents and One-Percent Caustic Sol-
ubility of Second-Growth Douglas-Fir
Extractives contents and caustic solubilities determined on
disks from trees from Ladysmith, Lizard Lake and Jordan
River are shown in Table 10-2.

Total extractives ranged from 5.1 to 10.2 percent with the
smallest portion found in the alcohol phase. One-percent caus-
tic solubilities ranged from 14.4 to 19.4 percent. Total extrac-
tives and caustic solubilities increased consistently in the
order, top wood < mature wood < juvenile wood, as shown in
Table 10-4, and are plotted in Figure 10-3 for all 27 samples.

figure 10-2 table 10-4

figure 10-3
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The good correlation (r2 = 0.83) shows the strong dependency
of caustic solubility on extractives content and provides useful
data for chemical pulping studies from the viewpoints of pulp
yield and alkali consumption. The regression equation is:

1% NaOH (disks) = 9.36 + 0.94 [Extractives (disks)]

Data on extractives contents and one-percent caustic solubility
of old-growth Douglas-fir are sparse, but are not inconsistent
with those found here for mature wood samples (Bray, et al.,
1940; Martin, 1949). Extractives contents in the juvenile
wood of all nine trees (range 7.6 to 10.2 percent) were higher
than those in the top wood samples (range 5.1 to 6.8 percent).
This finding reflects the greater heartwood content in the
former of the two types of juvenile wood.

DHQ is a polyphenol that contributes to the low brightness,
high brightness reversion and poor response to peroxide
bleaching of Douglas-fir mechanical pulps (Hillis and Swain,
1962; Bublitz and Meng, 1974; Betz and Styan, 1974). Con-
tents of DHQ are shown in Table 10-2. With two exceptions,
DHQ contents increased in the order, top wood < mature
wood < juvenile wood, with average values of 0.82, 1.27 and
1.76 percent, respectively (Table 10-4). This trend follows the
same order as for total extractives and caustic solubilities.

Klason Lignins of Second-Growth Douglas-Fir
Lignin contents of trees from three sites are shown in Table
10-3, based on extractive-free od wood. With two exceptions,
Klason lignin contents increased in the order, top wood <
mature wood < juvenile wood (Table 10-4), with average val-
ues of 27.1, 27.6 and 29.7 percent, respectively. Thus, kraft
pulp yields from these components could decrease in the same
order if pulped to a constant lignin content (see Chapter 11).

Sugar Contents of Second-Growth Douglas-Fir
Contents of the five sugars, arabinose, xylose, mannose,
galactose and glucose from nine trees are shown in Table
10-3, based on extractive-free od wood, and are summarized
by tree component based on od wood in Figure 10-4. Differ-
ences between the juvenile wood, mature wood and top wood
tree components were significant at the 5 percent level for
each sugar (except mannose) and total sugars, Table 10-4. The
lower carbohydrate and higher lignin contents of juvenile
wood relative to mature wood result in lower kraft pulp yields
for the former (see Chapter 11).

Conclusions
The basic density and wood chemistry of butt juvenile, butt
mature wood and top wood samples have been determined
from second-growth Douglas-fir trees of low, medium and
high density from three different sites on Vancouver Island.
Evaluations were performed on representative samples of

disks cut from each tree and were repeated for density on
chips prepared from each tree component for associated
chemical and mechanical pulping studies.

The principal conclusions are as follows:

1. There were large differences in wood density between
trees and between the juvenile wood and mature wood of
each tree. The density of juvenile wood was consistently
lower than that of mature wood from a given tree. Basic
densities of disk and corresponding chip samples were
highly correlated although disk densities do underesti-
mate chip densities by small amounts above 375 kilo-
grams per cubic meter.

2. Moisture contents of juvenile wood samples were consis-
tently and substantially lower than those of mature wood
and top wood and were at or below the fiber saturation
point. Moisture contents of top wood samples were con-
sistently higher than those of mature wood.

3. Total extractives contents and one-percent caustic solubil-
ities increased in the order, top wood < mature wood <
juvenile wood. Extractives contents in the juvenile wood
of all trees were consistently higher than those in top
wood samples because of the greater heartwood content
in the butt portion of each tree. Total extractives contents
and one-percent caustic solubilities were well correlated.

figure 10-4
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4. Klason lignin contents increased in the order, top wood =
mature wood < juvenile wood.

5. Individual sugar and total sugar contents showed highly
statistically significant differences for juvenile wood,
mature wood and top wood.

The body of data presented here will be interpreted in the fol-
lowing two chapters on chemical and mechanical pulping, and
pulp properties.
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CHAPTER 11
Unbleached Kraft Pulps

J.V. Hatton and K. Hunt   Resource Evaluation Section, Pulp and Paper Research Institute of Canada

Introduction
As shown in previous chapters, the physical properties of
juvenile wood differ from those of mature wood, and chemi-
cal characteristics such as extractives and lignin contents are
higher in juvenile wood. Many of these differences may be
undesirable for processing and end use requirements. This
Chapter presents corresponding data on the pulping charac-
teristics, yield, and physical properties of unbleached kraft
pulps made from the same samples as used for the study
reported in Chapter 10 and discusses significant relationships
between density, fiber and kraft pulp handsheet properties.

Materials and Methods
Chip Preparation
After thawing the samples, butt and top wood bolts were
debarked and butt bolts were slabbed on a bandsaw to produce
juvenile wood and mature wood sections. These sections of
juvenile wood, mature wood and top wood were chipped in a
CAE 6-knife disk chipper to provide chips for mechanical and
kraft pulping trials. Each of the 27 chip samples (3 sites x 3
trees x 3 components) was screened to remove oversize and
fine material and was homogenized before representative
samples were taken.

Kraft Pulping
Three series of kraft cooks were made as follows.

First Series
Six representative aliquots of accept chips from each of the 27
samples available were cooked in bombs (50 gram od
charges) within a precision digester assemble (Keays and
Bagley, 1970) to produce kraft pulps with Klason lignin con-
tents in the range 4 to 18 percent, od pulp basis. Accept chips
were those that passed one and one-eighth inch holes on a
shaker screen, but were retained on three-sixteenth inch holes;
all accept chips had thicknesses in the range from 2 to 6 mil-
limetres. The following kraft cooking conditions were used:

Time-to-maximum temperature, min. : 135
Maximum cooking temperature, °C : 170
H factor : 300 to 2100
Effective alkali (EA), % od wood : 16.0
Sulphidity, % : 25.0
Liquor-to-wood ratio : 4.5:1

Each pulp was washed and processed according to standard
procedures. The residual effective alkali (EAres) of each black
liquor was determined by barium carbonate precipitation and
potentiometric titration with hydrochloric acid to pH 8.3, as
recommended by Kesler (1966).

Thus, 27 x 6 or 162 measurements of pulp yield, H factor and
EAres were made. For all 27 samples, regression lines were
fitted through each six-cook set to give 27 x 3 or 81 regression
equations from which pulp yield, H factor and effective alkali
consumed were estimated at Klason lignin contents of 5 and
15 percent, od pulp.

Second Series
For the purpose of producing large quantities of unbleached
kraft pulps with Klason lignin contents at approximately 5
percent, i.e., representative of bleachable grades, a further 27
samples each of 4.0 kilograms od wood were individually
cooked in a one cubic foot Weverk laboratory digester. Cook-
ing conditions were based on data produced in the first series
of cooks. All pulps were washed, screened and processed as
stated above.

Third Series
A new technique, which will be reported separately, was
developed for the purpose of cooking a large number of 5
gram od basis wood samples to Kappa numbers in the range
35 to 40. A total of more than 400 individual samples taken
from the test trees at different locations along each stem from
base to crown, and from pith-to-bark, were cooked by the
kraft process to provide pulp samples for analysis of fiber
length.

Fiber Properties
Representative samples of more than 20,000 fibers from each
of the 27 large scale bleachable-grade kraft cooks (second
series) were analyzed for fiber length and coarseness using a
Kajaani FS-100 instrument. The >400 miniature kraft pulp
samples were similarly analyzed for fiber length in conjunc-
tion with Forintek Canada Corp. and appropriate data were
used to plot fiber length distributions from pith-to-bark for
butt and top wood sections of the nine trees sampled. These
data are described in detail in Chapter 4.
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were 45.6 (1.0), 47.2 (0.9) and 47.6 (1.0) percent od wood,
respectively.

The H factors required to produce these pulps at 5 percent
Klason lignin content were always smaller for a juvenile wood
than for its corresponding mature wood component. Differ-
ences ranged from a low of 30 to a high of 310, with a mean of
190. H factors for top wood components were larger than for
the juvenile wood but lower than for the mature wood compo-
nents. Mean and standard deviation values of the H factors for
each nine sample composite set of juvenile wood, mature
wood and top wood components were 1415 (135), 1600 (175)
and 1480 (80), respectively.

With two exceptions, more alkali was required to cook each
juvenile wood component than its corresponding mature wood
component from a given tree, but the differences were smaller
than would have been anticipated from the plot of caustic sol-
ubility versus extractives content (Figure 10-3). Mean and
standard deviation values of the effective alkali consumed for
each nine sample composite set of juvenile wood, mature
wood and top wood components were 11.37 (0.23), 11.26
(0.28) and 11.17 (0.25) percent od wood, respectively.

Thus, although pulp yields were lower for juvenile wood com-
pared to their corresponding mature wood components by
1.65 percent od wood, juvenile wood cooked more rapidly (by
190 H factor units) and required only a nominal increase of
0.1 percent od wood in effective alkali consumed.

Linerboard-Grade Pulps
Similar trends were found for pulp yields, H factor require-
ments and effective alkali consumptions as for the bleachable-
grade pulps. This is evident from the plots of linerboard-grade
versus bleachable-grade pulp yields shown in Figure 11-1 and
from the corresponding H factor and effective alkali consump-
tion plots of Figures 11-2 and 11-3, respectively.

The three regression equations are shown below:

Pulp yield (5% KL), % od wood= 2.06 + 1.15 Pulp yield (5%KL);
r2 = 0.95

H factor (15% KL) = -78 + 0.37 H factor (5% KL);
r2 = 0.82

EAcons (15% KL), % od wood = 0.20 + 0.85 EAcons (5% KL);

r2 = 0.81

Relationships Between Pulp Yield and Klason Lignin
Values of A and B in the regression equation:

Pulp yield = A + B • Klason lignin (pulp)

for each of the 27 unbleached kraft pulps are shown in Table
11-2 based on data from the first series of cooks.  In the Kla-
son lignin range from 5 to 15 percent, yield and Klason lignin
in pulp were highly correlated. The linear relationship
between pulp yield and Klason lignin differed significantly
with position in the stem as shown by the regression equations
for juvenile wood, mature wood and top wood.

Juvenile Wood
Pulp yield = 41.2 + 0.89 Klason lignin (pulp);

r2 = 0.94

Mature Wood
Pulp yield = 42.5 + 0.93 Klason lignin (pulp);

r2 = 0.95

Top Wood
Pulp yield = 43.0 + 0.93 Klason lignin (pulp);

r2 = 0.94

table 11-2
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However, an analysis of covariance to test for homogeneity of
slopes among position within a tree showed that three parallel
lines could be fitted to the data with a common slope 0.92, and
intercepts that were significantly different at the 5 percent
level.

Pulp yields at 5 percent Klason lignin are plotted versus the
wood lignin contents of the 27 chip samples in Figure 11-4.
Pulp yield decreased with increasing wood lignin content, but
the relationships were different for each component as shown
below. Yield and lignin content each covered a wide range of
approximately 5 percent. The plot shows that as wood lignin
content increases, our ability to predict pulp yield lessens. The
regression equations for the three components both combined
and separate are as follows:

All Components Combined

P u lp  y ie ld  (5%  K L ), %  o d  w o od = 71 .36  - 0 .9 5  W oo d lign in  co n ten t;
r2  =  0 .72

Juvenile Wood

P u lp  y ie ld  (5%  K L ), %  o d  w o od = 63 .19  - 0 .6 5  W oo d lign in  co n ten t;
r2  =  0 .39

Mature Wood

P u lp  y ie ld  (5%  K L ), %  o d  w o od = 69 .75  - 0 .8 9  W oo d lign in  co n ten t;
r2  =  0 .49

Top Wood

P u lp  y ie ld  (5%  K L ), %  o d  w o od = 73 .25  - 1 .0 1  W oo d lign in  co n ten t;
r2  =  0 .87

fig 11-1, 11-2, 11-3

figure 11-4
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Relationships Between Residual Effective Alkali and
H Factor
Over the range for which the plot of EAres against log H is lin-
ear, EAres and log H were highly correlated for each of the 27
bleachable-grade kraft pulps.

Values of A and B in the regression equation:

EAres = A - B • log H

for juvenile wood, mature wood and top wood are shown
below.

Juvenile Wood

EAres = 13.11 - 2.67 log H; r2 = 0.92

Mature Wood

EAres = 13.64 - 2.76 log H; r2 = 0.91

Top Wood

EAres = 14.28 - 2.98 log H; r2 = 0.93

However, an analysis of covariance showed no effect for com-
ponent. Thus, the following combined regression equation can
be used for all components which simplifies cook end point
control.

EAres = 13.46 - 2.73 log H; r2 = 0.89

Values of A did not follow those expected from previous work
with softwood kraft pulps (Hatton, 1983) in which it was
shown that, for a range of softwood kraft pulps, values of A
should be close to the level of EA applied. The difference
between the calculated intercept, 13.46 percent and the level
of EA applied, 16.0 percent, is significant at the 5 percent
level.

Fiber Properties
Fiber Coarseness
Values of fiber coarseness for the 27 bleachable-grade kraft
pulps (second series) are shown in Table 11-3. They ranged
from 170 to 269 micrograms per meter. For each of the nine
trees, fibers from juvenile wood kraft pulps were consistently
less coarse than those from the corresponding mature wood
kraft pulps, although differences were relatively minor in
some cases. The coarseness of fibers from top wood kraft
pulps, however, did not fall into any well defined pattern
vis-a-vis those from either juvenile wood or mature wood
pulps from a given tree.

Therefore, kraft pulps from the juvenile wood section of the
butt portion of each tree would be expected, because of their
finer fibers, to exhibit increased interfiber bonding, leading to
higher burst and tensile, but reduced tear, compared to pulps
from the mature wood section of the butt portion of the same
tree.

Fiber Length Distributions in Bleachable-Grade Kraft
Pulps 
Fiber length distributions of the 27 bleachable-grade kraft
pulps from the second series of cooks were grouped by tree
component as shown in Figure 11-5. Kraft pulps from juvenile
wood and top wood samples had similar distribution frequen-
cies whilst those from mature wood contained a higher pro-
portion of long fibers. These trends are confirmed by the
weight-weighted fiber length mean values of 2.75, 2.85 and
3.22 millimeters for juvenile wood, top wood and mature sam-
ples, respectively.

table 11-3
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The pith-to-bark weighted fiber length of bleachable-grade
kraft pulps determined by means of the miniature kraft cooks
are shown in Figures 11-6 to 11-8 for butt samples from
Ladysmith, Lizard Lake and Jordan River, respectively. The
corresponding distributions for top samples are shown in Fig-
ure 11-9. It was found that fiber lengths increased rapidly for
the first 20 years in both butt juvenile wood and top wood
samples, after which fiber lengths continued to increase for
some trees, but at a reduced rate. Tree differences were appar-
ent, but could not be explained on a basis of chip density dif-
ferences.

Weight-Weighted Fiber Length
The weight-weighted fiber lengths of the 27 bleachable-grade
kraft pulps are shown in Table 11-3. They ranged from 2.39 to
3.48 millimeters, and were much more consistent than their
corresponding coarseness values. For each of the nine trees,
the weight-weighted fiber lengths of juvenile wood kraft pulps
were consistently smaller than those of the corresponding
mature wood pulps. The weight-weighted fiber lengths of top
wood kraft pulps were generally intermediate in value
between juvenile wood and mature wood pulps from a given
tree. These trends are consistent with the pith-to-bark fiber
lengths shown in Figures 11-6 to 11-9.

R-14 Bauer-McNett Fraction
The fiber fractions retained on the 14 mesh screen during
Bauer-McNett fractionation of the 27 bleachable-grade kraft
pulps are shown in Table 11-3. In general, R-14 values were
well correlated on a within-tree basis with the weight-
weighted fiber length data shown in Table 11-3, but the slopes
and intercepts of the nine regression equations were different
on a between-tree basis, as shown below (top of page 94).

figure 11-5 figure 11-6 to 11-8
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Handsheet Properties of Bleachable-Grade Kraft 
Pulps
Handsheets from unbeaten and beaten samples of the 27
bleachable-grade kraft pulps were tested for their structural,
mechanical and optical properties and the complete data set is
shown in Tables 11-4, 11-5 and 11-6.

In general, the development of sheet properties can be
described by using a given level of beating, pulp freeness, or
sheet density as a yardstick. Freeness will not be highlighted
here because the trends shown are similar to those observed at
a given level of beating. Important handsheet properties were
analyzed to identify gross differences between tree compon-
ents. These data, given in Table 11-7, quantify the following
narrative which describes differences between juvenile wood,
mature wood and top wood pulps.

Properties as a Function of PFI Revolutions
The rate at which selected sheet properties developed in
bleachable-grade kraft pulps from juvenile wood, mature
wood and top wood – all sites combined – is shown in Figures
11-10 to 11-18.

Structural Properties
The sheet densities of kraft pulps from juvenile wood and top
wood were equivalent (Figure 11-10). These kraft pulps form
denser sheets at any level of beating than those from mature
wood, which agrees with the smaller coarseness values for
juvenile wood and top wood pulps (Table 11-3). Handsheets
from mature wood kraft pulps were rougher (Figure 11-11)
than those from juvenile wood and top wood pulps – which
were similar – and were more porous, as shown by the air
resistance trends in Figure 11-12.

Mechanical Properties
At any level of beating, handsheets from juvenile wood and
top wood kraft pulps showed greater interfiber bonding than
those from mature wood pulps, as reflected in values of tensile
index (Figure 11-13) and burst index (Figure 11-14). Kraft
pulps from juvenile wood and top wood showed slightly

higher stretch than those from mature wood (Figure 11-15) so
that the stress-strain factors for juvenile wood and top wood
pulps were equivalent and larger than those from mature wood
pulps (Figure 11-16). Tear indexes of mature wood pulps were
substantially larger than those from juvenile wood pulps,
which were somewhat larger than those from top wood pulps
(Figure 11-17) at any level of beating.

Optical Properties
Up to 3000 revolutions, scattering coefficients of pulps from
mature wood were slightly lower than those from juvenile
wood and top wood (Figure 11-18). Further beating, as

figure 11-9
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expected, removed any differences in scattering between the
three pulp types.

Pulp Freeness as a Function of PFI Revolutions
Up to 6000 revolutions, the freeness drop was slightly slower
for mature wood kraft pulps than for either juvenile wood or
top wood pulps, which were equivalent (Figure 11-19). To
achieve comparable freeness levels, mature wood kraft pulps
required about 2000 more revolutions than did juvenile wood
and top wood pulps. Thus, in the freeness range from 600 to
300 milliliters (Table 11-7), kraft pulps from juvenile wood
and top wood were denser, smoother and less porous to air
than those from mature wood. Similarly, juvenile wood and
top wood kraft pulps had higher tensile and burst indexes, but
substantially lower tear indexes than mature wood kraft pulps.
Kraft pulps from juvenile wood and top wood also had
slightly higher stretch and higher stress-strain factors than
pulps from mature wood.

Properties as a Function of Sheet Density
At sheet densities of 600 kilograms per cubic meter or less,
handsheets from mature wood pulps were slightly rougher
than those from juvenile wood and top wood pulps -- which
were equivalent (Figure 11-20). Tensile and burst indexes of
all three pulp types were similar at equivalent low sheet densi-
ties (Figures 11-21 and 11-22) but, at 600 kilograms per cubic
meter, the tensile and burst of juvenile wood pulps were
slightly lower than those from mature wood and top wood
pulps. The stretch of mature wood pulps was slightly higher
than that of juvenile wood and top wood pulps in the sheet
density range from 600 to 700 kilograms per cubic meter (Fig-
ure 11-23). At 600 kilograms per cubic meter, the stress-strain
factors for juvenile wood pulps were slightly lower than those
of mature wood and top wood pulps (Figure 11-24). At equiv-
alent low sheet densities, the tear indexes of all three pulp
types were similar (Figure 11-25). In the sheet density range
from 600 to 700 kilograms per cubic meter, the tear indexes of
juvenile wood and mature wood pulps were similar to one
another and higher than those from top wood pulps.

Tear Index versus Tensile Index
Tear-tensile plots for juvenile wood, mature wood and top
wood pulps, all sites combined, are shown in Figure 11-26.
For tensile values below 40 or above 100 N•m/g, tear indexes
of all three pulp types were similar. In the tensile index range
from 60 to 80 N•m/g, the tear index of mature wood pulps was
as much as 50 percent larger than those from juvenile wood
pulps which, in turn, were about 10 percent higher than those
from top wood pulps.

Tensile Index versus Scattering Coefficient
Tensile index/scattering coefficient plots for juvenile wood,
mature wood and top wood pulps, all sites combined, are
shown in Figure 11-27. At any given value of scattering, ten-

sile index was similar for juvenile wood and top wood pulps
which were higher than those from mature wood pulps.

Effects of Wood Density and Fiber Properties on 
Sheet Properties
In planning the new forest, or in preparation for utilization of
second-growth stands, it is important that the effects of wood
density and fiber properties on pulp properties be identified
and quantified. We need to know whether an increase in wood
density merely gives more woody material per cubic meter, or
if there are useful relationships between density, fiber proper-
ties and handsheet properties. These could be used to assess
the effects of stand management practices on the properties
and quality of end products made from this resource, and to
predict the pulp properties of improved planting stock.

Various authors have attempted to relate wood and fiber mor-
phological properties to handsheet properties, particularly for
softwood kraft pulps. Early work by Kellogg et al. (1975a,
1975b, 1976) on western hemlock and by Matolcsy (1975) on
balsam fir are notable Canadian efforts in this area. The equa-
tions derived were quite successful in predicting the effects of
wood quality changes on pulp strength (Kellogg and Gonza-
lez, 1976). Matolcsy (1975) found that fiber dimension ratios
were not useful in predicting the physical properties of pulp.

In much of this early pioneering work, fiber dimensions such
as length, diameter, cell wall thickness, and fibril angle could
only be determined by tedious, time-consuming, and often
expensive methods in which accuracy was often at a premium.
The recent development, however, of more rapid techniques
to measure fiber length (Bichard and Scudamore, 1988), fiber
coarseness (Bichard and Scudamore, 1988), and fibril angle
(Senft and Bendtsen, 1985), now offers new approaches to,
and increased incentive for, studies of relationships between
wood properties, fiber properties and handsheet properties.

In the context of second-growth forests and trees harvested in
the 21st century, the ultimate goal must be to develop relation-
ships between a few significant wood and fiber properties and
handsheet properties and, from these, to develop appropriate
models which can be used to define well in advance of harvest
those options available for best use of a managed stand of
trees for specific fiber products. A second and related goal
must be to develop accurate methodology for the prediction of
fiber properties in trees approaching their rotation age based
on the fiber characteristics of juvenile trees less than 5, or at
most 10, years old.

There is increasing evidence to show that for some species,
particularly Pinus, kraft pulp handsheet properties are well
correlated with wood (chip) density alone, or in combination
with certain easily-measured significant fiber properties. This
is nicely illustrated by Semke's (1984) review of the effects of
juvenile fibers from loblolly and slash pine on kraft paper
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properties. Increasing juvenile wood density led to reduced
bursting strength, breaking length and handsheet density of
the resulting kraft papers. Tearing resistance increased. These
trends are qualitatively in agreement with those discussed in
this Chapter for second-growth Douglas-fir kraft pulps.

Detailed studies of Kibblewhite and coworkers (1980, 1982,
1983a, 1983b, 1984a, 1984b) in the past decade on P. radiata
from New Zealand confirm these earlier studies and support
even more strongly the high degree of correlation between
chip density and various properties of kraft pulp handsheets
made from trees ranging in age from 12 to 52 years.

A similar approach was taken with the 27 bleachable-grade
kraft pulps from second-growth Douglas-fir whose properties
were adjusted to 1000 revolutions in a PFI mill as described
earlier. Values of sheet density, tensile index, stretch, burst
index, and tear index for the 27 bleachable-grade kraft pulps
beaten to 1000 revolutions in a PFI mill are shown in Table
11-8.

The summary statistics from the data used to develop the pre-
diction equations are shown in Table 11-9. The broad ranges
observed for each variable suggest that prediction equations
involving these variables should be widely applicable to the
future Douglas-fir resource.

The correlation coefficients (r) for each pair of variables are
shown in Table 11-10. Among dependent variables, tensile
index and burst index were highly correlated (r = 0.99) as
expected. Stretch was strongly correlated with sheet density (r
= 0.86) while other pairs were moderately (yet significantly)
linearly related. Among independent variables, disk density
and chip density were highly correlated (r = 0.99) as shown in
Chapter 10. Thus, in the development of prediction equations,
separate equations were developed for chip and disk densities.

The former will be appropriate for future quality control pur-
poses during the pulping process while the latter will be more
appropriate when it is required to predict the properties of
handsheets manufactured from kraft pulps from trees for
which disk densities are available.

Those independent variables which play a significant role in
one, two or three independent variable prediction models for
the dependent variables sheet density, tensile index, stretch,
burst index, and tear index are summarized in Table 11-11 for
the independent variables of disk density and chip density.
Values of R2 show that for the properties of sheet density, ten-
sile index and burst index, the single most important variable
was disk or chip density. The addition of fiber coarseness and
weight-weighted fiber length produced significant increases in
R2 values. Although disk and chip density were important sin-
gle variables for the property of tear index, the best fit was
obtained with fiber length. The two variable equations with
fiber length and disk density or chip density gave significantly

larger R2 values of 0.85 and 0.84 respectively. Fiber coarse-
ness was the single most important variable for the property of
stretch, with R2 = 0.55. The two variable models containing
disk density or chip density were considered better than the
three variable models containing fiber length.

The three variable prediction equations chosen as models
from this analysis are shown in Tables 11-12 and 11-13,
respectively, when disk density and chip density were used as
the independent variable for density. Figures 11-28 to 11-32
show the predicted versus observed values of the five depen-
dent variables based on chip density as the independent vari-
able. We conclude that the wide ranging properties of kraft
pulp handsheets made from three different components within
nine second-growth Douglas-fir trees ranging widely in wood
density, can be predicted and explained on a basis of wood or
chip density, fiber length and fiber coarseness. This finding is
important not only because these three parameters can be rela-
tively easily measured but, because with more research into
the ways trees grow, we anticipate having some degree of con-
trol over these and other parameters in the future.

Options for Utilization of Shorter Rotation Dou-
glas-Fir
Future forest crops under some degree of management will be
harvested in rotations shorter than those presently used. This
change will likely bring about an increase in the ratio of juve-
nile to mature wood in a tree depending upon the relative
growth rates of each wood type and the age of the tree at har-
vest. In the present study, and based on a total of 60 trees (10
trees from each of six sites), the amount of juvenile wood in a
stem, i.e., from the butt to the unmerchantable top, was deter-
mined to be 49 percent for Douglas-fir trees with a mean age
of 50 years (Chapter 1).

Four potential utilization options are considered to illustrate
the effects of juvenile wood in the kraft pulping of second-
growth Douglas-fir.

1. 50-year old trees are processed for solid products, and
sawmill residual chips consisting of mature wood are pro-
cessed into pulp. This is equivalent to present practice.

2. 50-year old trees are sawn to segregate juvenile wood for
use in pulping. Mature wood is converted to solid pro-
ducts with approximately 20 percent residual chips pro-
cessed into pulp.

3. 50-year old trees grown as pulpwood are sawn to segre-
gate juvenile and mature wood. Mature wood and juve-
nile wood chips could be processed for pulp either
separately or together in prescribed ratios to produce
pulps with specific qualities.

4. Managed Douglas-fir stands could be thinned at 20 years,
for example. To a first approximation, the results for top



- 97 -

wood samples in the present study (Chapters 10 and 11)
can be used to indicate the quality of kraft pulps from
thinnings.

Values of sheet density, tensile index and tear index of 27
Douglas-fir kraft pulps beaten for 1000 revolutions in a PFI
mill are shown in Table 11-14 for juvenile wood, mature wood
and top wood and the four utilization options.

The most significant features of Table 11-14 are as follows.
The use of increasing quantities of juvenile wood (including
thinnings) has a significantly adverse affect on tear index,
although it should be noted that tear index values of 20,
though on the low side for Douglas-fir, are comparable to
whole-stem pulps from other Canadian softwoods. This drop
in tear is offset to some extent by increased tensile index and

sheet density. The ranges in values of sheet density, tensile
index and tear index shown suggest that this species offers a
number of utilization options whereby a range of kraft pulps
with distinctive properties can be prepared. Other softwoods
may not be capable of ranges with comparable magnitudes.

The development of a model simulation the conversion of this
resource to pulp, PULPSIM, would parallel the conversion to
dimension lumber using SAWSIM as described in Chapter 13.
A model such as this will permit an evaluation of the financial
impact of these and other utilization options.   

11-4
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fig 11-11, 11-12
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fig 11-13 , 11-14



- 103 -

fig 11-15, 11-16
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fig 11-17, 11-18
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fig 11-19
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fig 11-21
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fig 11-23
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fig 11-25
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fig 11-27
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fig 11-28
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Summary and Conclusions
The pulping characteristics, yield, and handsheet physical
properties of unbleached kraft pulps have been determined
from second-growth Douglas-fir trees of low, medium and
high density from three different sites on Vancouver Island.
Evaluations were performed on representative samples of
chips cut from juvenile wood, mature wood and top wood sec-
tions of each of the nine trees sampled.

The principal conclusions are as follows:

1. Yields of bleachable-grade kraft pulps (5 percent Klason
lignin) were always lower for juvenile wood relative to
those for mature wood from the same tree. Kraft pulp
yields from top wood components were higher than those
from their corresponding juvenile wood component.
These trends reflect the wood chemistry differences
reported in Chapter 10 and elsewhere.

2. Juvenile wood cooked faster than the corresponding
mature wood component; top wood cooked faster than
mature wood but slower than juvenile wood.

3. For a given tree, alkali requirements to cook to bleach-
able-grade pulps decreased in the order juvenile wood >
mature wood > top wood, but the differences were small
enough to be statistically insignificant at the 5 percent
level.

4. Similar trends with respect to yield, cooking rate and
alkali requirements were observed for linerboard-grade
kraft pulps (15 percent Klason lignin).

5. The fiber length distributions of bleachable-grade kraft
pulps from juvenile wood and top wood samples were
similar. Kraft pulps from mature wood from a given site
contained a higher proportion of long fibers.

6. The pith-to-bark weight-weighted fiber lengths of bleach-
able-grade kraft pulps increased rapidly across the juve-
nile wood and top wood zones, after which fiber lengths
continued to increase throughout the mature wood section
for some trees.

7. Fibers of bleachable-grade kraft pulps made from juvenile
wood were consistently less coarse than those from their
corresponding mature wood pulps, but there was no well
defined relationship between coarseness and chip density
between trees.

8. Within each tree, the weight-weighted fiber length of
bleachable-grade kraft pulps increased in the order juve-
nile wood < top wood < mature wood, but there was no
well defined relationship between weight-weighted fiber
length and chip density between trees.

9. Within each tree, bleachable-grade kraft pulps from juve-
nile wood and top wood formed denser sheets than those
from mature wood at any given level of beating or free-
ness, and were smoother and less porous to air.

10. Bleachable-grade kraft pulps from juvenile wood and top
wood showed better interfiber bonding than those from
mature wood pulps. Tensile and burst indexes, stretch and
stress-strain factors were all larger than those from mature
wood pulps, but the tear index was substantially lower.

11. Handsheet properties of all 27 bleachable-grade kraft
pulps can be predicted and explained on a basis of wood
or chip density, fiber length and fiber coarseness. Three
variable models were good predictors of kraft pulp hand-
sheet properties.

12. Consideration of available options for utilization of
shorter rotation Douglas-fir for kraft pulps indicates that
there is excellent potential for the production of kraft
pulps with a wide range of properties suitable for many
different end uses.
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CHAPTER 12
Refiner Mechanical Pulps

J.V. Hatton and S.S. Johal   Resource Evaluation Section, Pulp and Paper Research Institute of Canada

Introduction
The yield and quality of unbleached kraft pulps from juvenile,
mature and top wood having been described in Chapter 11, the
properties of refiner mechanical pulps made from the same
wood samples are presented in this Chapter.

Materials and Methods
Refiner Mechanical Pulping
Accept chips (as defined in Chapter 11) of the 27 samples of
second-growth Douglas-fir were refined in a 30.5 centimeter,
open-discharge, Sprout Waldron laboratory refiner using the
following processing conditions:

Plate type :  D2A507
Number of passes: :  2 to 4 depending upon freeness level 
Plate gap, mm :  0.5 to 0.6 (first pass); 

0.05 to 0.15 (subsequent passes) 
Refining consistency, % :  18 to 22 
Refining temperature, °C :  92 to 98

Refining conditions were chosen to give pulp freenesses in the
range from 50 to 200 milliliters Canadian Standard Freeness
(Csf).

Chip solids contents ranged from a high of 77 percent od
wood for juvenile wood samples to a low of 40 percent for the
greenest top wood sample. To remove the effects of moisture
content on these refining trials, juvenile wood and other sam-
ples drier than 60 percent solids were soaked in water at room
temperature for 24 hours. Each sample was centrifuged to
remove surface water and its final solids content determined.

Before each pass, the refiner was heated to 98°C with pressur-
ized steam and the plate clearance set at zero. Chips (or pulp)
were fed into the refiner by a vibratory feeder, and the pulps
were dewatered through a 250-mesh stainless steel screen.
Following each final pass, latency was removed by disinte-
grating a pulp for five minutes in boiling water in a British
standard disintegrator. Each pulp was screened on a 6-cut lab-
oratory flat screen equipped with white water recirculation.
Screen rejects and Bauer-McNett fiber classications on
screened pulps were determined. Handsheets were made and
tested for structural, mechanical and optical properties using
standard methods.

Statistical Analysis
Two different statistical approaches were used for data analy-
sis. In the first, refiner mechanical pulping data were standard-
ized by interpolation (or extrapolation) to given levels of pulp
freeness, sheet density and specific energy consumption, after
which paired difference analysis was carried out. This method
allows determination of the statistical significance of differ-
ences between refiner mechanical pulp properties from the
three different tree components. A two-tailed t-test was used
throughout. This method does not anticipate the algebraic sign
of the mean difference for each pair and is more conservative
than the one-tailed test. Following the standardization of data,
the second approach was to carry out multiple linear regres-
sion analyses using the six handsheet properties of sheet den-
sity, tensile index, stretch, burst index, tear index and
scattering coefficient as dependent variables, and the six wood
and fiber properties of disk density, chip density, weight-
weighted fiber length, zero span, R-48 fraction and Klason
lignin in wood as independent variables. The objective of
these analyses is to develop prediction equations for bulk,
strength and optical properties of refiner mechanical pulp
handsheets with measured fiber characteristics produced from
wood of a given density.

The means, standard deviations, minima and maxima of the
27 values for each variable were computed. Prediction equa-
tions developed from these data are not valid for future values
of the independent variables outside the range of these data.

The correlation coefficient was computed for each pair of
variables and tests for significant linear correlation were per-
formed. These tests are useful for pairs of dependent variables
because significant linear correlations between any two vari-
ables (i.e., r > 0.99) could allow one handsheet property to be
determined from another. They are useful for pairs of indepen-
dent variables because significant linear correlations between
any two variables, one of which is included in a prediction
equation, would suggest that inclusion of the other variable in
the equation would be unlikely to produce an equation with
improved predictive power.

Linear prediction equations for each dependent variable were
developed using the available independent variables. In each
case, the "best" one, two and three independent variable mod-
els were first computed. "Best" was defined as that combina-
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tion of independent variables which gave the highest R2 for a
given number of independent variables. Whenever an addi-
tional variable was added to the equation an F-test was per-
formed to determine whether the new variable added
significantly to the regression (Weisberg, 1980). In some
cases, linear relationships did not produce satisfactory predic-
tion equations with three variables. In those cases all five vari-
ables were tried and, if a linear model was still not
appropriate, an effort was made to find an alternate model.
Finally, the predicted values versus observed values for the
chosen predictive models were plotted for each dependent
variable.

Results and Discussion
From the 27 chip samples used, a total of 72 refiner mechani-
cal pulps were produced, two from each of the Ladysmith
samples and three from each of the Lizard Lake and Jordan
River samples.

Handsheets were made and tested and the complete data sets
(the raw data) are shown in Tables 12-1, 12-2 and 12-3 for
Ladysmith, Lizard Lake and Jordan River, respectively.

In general, the development of the sheet properties of mechan-
ical pulps can be described using a given level of pulp free-
ness, sheet density, or specific energy as a yardstick. Thus, to
facilitate data analysis and discussion, the raw data were
adjusted to a freeness of 100 milliliters Csf (Table 12-4), a
sheet density of 320 kilograms per cubic meter (Table 12-5),
and a specific energy of 10.5 megajoules per kilogram (Table
12-6). These standardized data were then statistically ana-
lyzed using the two approaches described earlier.

Energy Consumption
The energy consumed to reach a given level of freeness is
shown in Figure 12-1. The raw data show an appreciable scat-
ter because of between-tree differences, but there is some indi-
cation that juvenile wood required more energy than either
mature wood or top wood to reach a given freeness. This was
confirmed by the statistical analysis shown in Table 12-7
which summarizes within-tree differences. However, the
energy difference for the mature wood-top wood pair was not
significant. Since the mean chip density of mature wood sam-
ples exceeds that of top wood by an amount greater than that
by which it exceeds juvenile wood samples (see Chapter 10),
the role of chip density must be properly evaluated. The spe-
cific energies required to refine chips to 100 milliliters Csf are
plotted versus chip density in Figure 12-2. The energy
required by mature wood samples, as expected, was higher
than that for top wood samples at a given chip density value
below 415 kilograms per cubic meter. However, the energy
required for a given tree component to reach a freeness of 100
milliliters Csf decreased with increasing chip density, which

was unexpected. The three regression equations which
describe this trend are somewhat inconclusive because of the
relatively low values of their coefficients of determination
(r2).

Juvenile Wood
Specific energy, MJ/kg = 16.15 - 0.0107 (Chip density); 

r2 = 0.51

Mature Wood
Specific energy, MJ/kg = 19.70 - 0.0188 (Chip density); 

r2 = 0.52

Top Wood
Specific energy, MJ/kg = 21.02 - 0.0261 (Chip density); 

r2 = 0.58.

Fiber morphology (which affects chip density) rather than
chip density per se, may be the controlling factor in specific
energy requirements in refining. Some confirmation of this
conclusion is afforded by the fact that, in the chip density
range from 375 to 475 kilograms per cubic meter, the energy
requirements for juvenile wood and mature wood samples
were similar for a given value of chip density (Figure 12-2)
but the key mechanical and optical properties were different
for the two wood types (Table 12-6). Similar inconsistencies
between energy consumption, wood type and wood density
were observed by Corson (1984) in his work on Pinus radiata
refiner mechanical and thermomechanical pulps.

The implications of the present study are that future, managed
stands would most likely contain larger amounts of juvenile
wood with lower average wood density than presently avail-
able. This wood will require a higher specific energy than at
present to reach a given freeness, and will have mechanical
and optical properties different from those of mature wood
with similar density.

Fiber Size Distribution
The long-fiber fraction (R-48) retained on the 48-mesh screen
of a Bauer-McNett fiber classifier decreased with decreasing
freeness, as shown in Figure 12-3. At a given freeness, R-48
was higher for mature wood samples. This is shown in Table
12-7. The R-48 values also decreased with increasing specific
energy consumption, Figure 12-4. The long-fiber fraction is
plotted versus weight-weighted fiber length in Figure 12-5,
and it can be seen that, despite the expected correlation, there
was a high degree of scatter in the data. Mature wood pulp
data points were clustered to high values of weight-weighted
fiber length, in contrast to those from juvenile wood and top
wood pulps, which were clustered to lower weight-weighted
fiber length values.

Much less variation was observed for the fines contents
(P-200 fraction) of refiner mechanical pulps from the different
samples. Fines contents decreased in the order, juvenile wood
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> mature wood > top wood, with their means and standard
deviations of 27.9 (1.0), 26.3 (1.3) and 24.7 (2.1) percent,
respectively. There was no apparent relationship between the
long fiber and fines contents of the pulps examined.

Sheet Consolidation
The development of sheet density with freeness and specific
energy is shown in Figures 12-6 and 12-7, respectively. Sheet
density increased with decreasing freeness, and there was
some indication that mature wood pulps gave denser sheets
than did top wood pulps at a given freeness (Table 12-7). The
corresponding trend with specific energy was less clear, but
the analysis confirmed that mature wood pulps gave denser
sheets than did both juvenile wood and top wood pulps at the
same energy input (Table 12-9).

Tensile Strength
Tensile index increased with decreasing freeness (Figure
12-8), increasing sheet density (Figure 12-9) and increasing
specific energy (Figure 12-10), as expected. At a given free-
ness or specific energy, the tensile indexes of mature wood
pulps were always higher than those of juvenile wood pulps
(Tables 12-4, 12-6, 12-7 and 12-9), but the magnitude of these
differences was smaller as a function of freeness. Similar
trends were present, but less evident, for tensile index as a
function of sheet density (Tables 12-5 and 12-8).

Tearing Resistance
The tear indexes of refiner mechanical pulps from mature
wood samples were consistently higher than those of juvenile
wood or-top wood pulps, regardless of whether the compari-
son was made on a basis of fiber length (Figure 12-11), free-
ness (Figure 12-12), sheet density (Figure 12-13), or specific
energy (Figure 12-14). Similarly, the tear indexes of top wood
pulps were consistently lower than those of juvenile wood
pulps at a given freeness, sheet density, or specific energy
(Tables 12-4, 12-5, 12-6, 12-7, 12-8 and 12-9).

The impressively larger tear indexes of mature wood pulps
compared with juvenile wood or top wood pulps at a given
value of tensile index are shown in Figure 12-15. The two
well defined clusters of points for mature wood pulps at
higher tear values, and those for juvenile wood and top wood
pulps at lower tear values indicate, also, that the tear indexes
of these pulps are essentially independent of tensile strength
within the freeness range covered.

Optical Properties
High values of scattering coefficient and printing opacity are
characteristic of refiner mechanical pulps produced from
non-chemically treated chips, and are important for the use of
such pulps in newsprint and other wood-containing printed
papers. The scattering coefficients of mature wood pulps were
lower than those from juvenile wood pulps at a given freeness
(Figure 12-16), sheet density (Figure 12-17) or specific energy

(Figure 12-18) as shown by the analyses reported in Tables
12-7, 12-8 and 12-9. In general, the scattering coefficients of
mature wood pulps were lower than those from top wood
pulps as well, but the magnitude and significance of this effect
depended on the basis of comparison used (Tables 12-7, 12-8
and 12-9).

Scattering coefficients increased with tensile index (Figure
12-19). The much higher scattering of juvenile wood pulps
relative to mature wood pulps at a given value of tensile index
is clearly evident. The scattering of top wood pulps more
closely resembled that of mature wood pulps.

The brightnesses of mature wood and top wood pulps were
consistently higher than those of juvenile wood pulps from a
given tree (Table 12-7).

Effects of Wood Density and Fiber Properties on 
Sheet Properties
In planning the new forest, or in preparation for utilization of
second-growth stands, it is important that the effects of wood
density and fiber properties on pulp properties be identified
and quantified for the same reasons outlined in Chapter 11. In
that chapter, it was shown that the wide ranging properties of
kraft pulp handsheets made from 27 samples ranging widely
in wood density could be predicted and explained on a basis of
wood or chip density, fiber length and fiber coarseness.

A similar approach has been taken with the 27 refiner
mechanical pulps from second-growth Douglas-fir whose
sheet properties were adjusted to a freeness of 100 milliliters
Csf, a sheet density of 320 kilograms per cubic meter, and a
specific energy of 10.5 megajoules per kilogram.

The summary statistics from the data used to develop the pre-
diction equations are shown in Table 12-10. The broad ranges
observed for each variable suggest that prediction equations
involving these variables should be widely applicable to the
future Douglas-fir resource and provide much needed data for
the PULPSIM model for this species.

The correlation coefficients (r) for each pair of variables are
shown in Table 12-11 for data at a freeness of 100 milliliters
Csf only. Values of r for data at a sheet density of 320 kilo-
grams per cubic meter and a specific energy of 10.5 mega-
joules per kilogram are similar to those in Table 12-11 and
have been omitted. Among dependent variables, tensile index
and burst index were highly correlated (r = 0.88), as shown for
kraft pulps in Chapter 11. Among independent variables, disk
density and chip density were highly correlated (r = 0.99), as
shown in Chapter 10. Thus, in the development of prediction
equations, separate equations were developed for chip and
disk densities. The former will be appropriate for future qual-
ity control purposes during the pulping process, while the lat-
ter will be more appropriate when it is required to predict the
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properties of handsheets manufactured from refiner mechani-
cal pulps from trees for which disk densities are available.
Other significant relationships between pairs of independent
variables, and pairs of dependent versus independent vari-
ables, are evident from Table 12-11. In particular, fiber length
and tear index, and Klason lignin and scattering coefficient,
are highly correlated (r = 0.85).

Prediction equations were initially computed for each hand-
sheet property using the best one to five variables as described
earlier. Neither sheet density nor stretch could be adequately
predicted using a linear combination of the independent vari-
ables. Even when density plus the other four independent vari-
ables were included in the model, the R2 values for sheet
density and stretch were no larger than 0.46 and 0.50, respec-
tively, based on data at a freeness of 100 milliliters Csf.

The best two to five variable prediction equations chosen as
models from this analysis are shown in Tables 12-12, 12-13
and 12-14 for handsheet properties at a freeness of 100 millili-
ters Csf, a sheet density of 320 kilograms per cubic meter and
a specific energy of 10.5 megajoules per kilogram, respec-
tively.

Values of R2 for the handsheet properties of tear index and
scattering coefficient were high irrespective of the basis cho-
sen for comparison. These two dependent variables gave
excellent plots of predicted versus observed values at constant
freeness and constant specific energy, as shown in Figures
12-20 to 12-23. The rather significant influence of Klason lig-
nin in wood on the scattering coefficients of refiner mechani-
cal pulps from second-growth Douglas-fir requires further
study.

Options for Utilization of 
Shorter Rotation Douglas-Fir
Future forest crops under some degree of management will be
harvested in rotations shorter than those presently used. This
change will likely bring about an increase in the ratio of juve-
nile to mature wood in a tree depending upon the relative
growth rates of each wood type and the age of the tree at har-
vest. In the present study, and based on a total of 60 trees (10
trees from each of six sites), the amount of juvenile wood in a
stem, i.e., from the butt to the unmerchantable top, was deter-
mined to be 49 percent for Douglas-fir trees with a mean age
of 50 years (Chapter 1).

Four potential utilization options were considered to illustrate
the effects of juvenile wood in the kraft pulping of second-
growth Douglas-fir (Chapter 11). The same options are con-
sidered here to illustrate the specific effects of juvenile wood
relative to mature wood in refiner mechanical pulping.

Thus, values of specific energy, sheet density, tensile index,
tear index, and scattering coefficient for refiner mechanical
pulps at a freeness of 100 milliliters Csf are shown in Table

12-15 for juvenile wood, mature wood and top wood, and the
four utilization options.

The use of increasing quantities of juvenile wood (including
thinnings) affects the tensile and tearing strengths as for kraft
pulps (see Chapter 11), but the magnitudes of these changes
are smaller for mechanical pulps. Specific energy require-
ments can be expected to increase by about 5 percent, but this
could be offset by the superior scattering coefficients given by
juvenile wood relative to mature wood.

Summary and Conclusions
Fibers from mature wood refiner mechanical pulps were
longer and coarser than those from juvenile wood and top
wood pulps. As a result, handsheets made from mature wood
pulps were stronger than those from juvenile wood and top
wood pulps, as shown by their superior tensile and tearing
strengths at a given pulp freeness, sheet density, or specific
energy consumption. The optical properties of mature wood
pulps, however, were inferior, as shown by decreased printing
opacity and scattering coefficient, compared to those of juve-
nile wood and mature wood pulps. The brightness of mature
wood pulps was low, but consistently higher than that of juve-
nile wood pulps. The effect of chip density is still not well
understood. Although mature wood samples, with their longer
and coarser fibers and higher density than juvenile wood and
top wood samples, required more energy to reach a given free-
ness, the energy requirements for a given tree component
decreased as the chip density increased. The implications of
the present study are that future, managed stands will proba-
bly contain larger amounts of juvenile wood with lower aver-
age wood density than presently available. This wood will
require a higher specific energy than used at present to reach a
given freeness, and will have mechanical and optical proper-
ties different from those of mature wood with similar density.
This trend needs to be better understood so that appropriate
action can be taken to facilitate the planning of Canada's sec-
ond-growth forests. Handsheet properties of all 27 refiner
mechanical pulps can be predicted and explained primarily on
a basis of fiber length, fiber strength and Klason lignin in
wood. Density is important but, unlike the models developed
for kraft pulps, plays a less dominant role. Consideration of
available options for utilization of shorter rotation Douglas-fir
refiner mechanical pulps suggests that there is potential for the
production of mechanical pulps with a range of mechanical
and optical properties. However, the color problems (Chapter
10) and low brightness of these pulps must first be overcome
before mechanical pulping of this species is practical on a
commercial scale.
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PART V: Managing the Resource

CHAPTER 13
Silvicultural Treatments and End-Product Value

K.J. Mitchell  Research Branch, B.C. Ministry of Forests 
R.M. Kellogg  Wood Science Department, Forintek Canada Corp.
K.R. Poisson  Killer Software Engineering

Introduction
As harvesting in British Columbia shifts from old-growth to
second-growth stands, forest planners predict that the volume
and value of timber cut will decline to a substantially lower
level unless strategies are implemented to elevate the yield
and revenue through intensified protection, utilization and sil-
viculture. This study focuses on silvicultural treatment oppor-
tunities by developing a management tool that will help
planners identify silvicultural practices and environmental
factors having the highest impact on standing yield, product
recovery and financial return.

It is frequently assumed that the larger volume of wood pro-
duced by intensive forest management has proportionately
greater value. There is increasing evidence that this is not
always true. For example, Forintek Canada Corp. found a
decline in strength and stiffness properties relative to estab-
lished standards (Barrett and Kellogg, 1986) when they inves-
tigated the impact of wood properties on the quality of lumber
from second-growth stands of coastal Douglas-fir. The report
also highlighted the need to relate these findings to silvicul-
tural practices, product value and financial return. That is
what the present and foregoing papers in this volume attempt
to do. Figure 13-1 traces the flow of information from the pre-
ceding chapters to the major sections of the current study
(Chapter 13). Chapters 2, 5, 7 and 8 provide the relationships
that model wood properties and product quality with the sup-
port of Chapters 1 and 3. This information is vital to the sys-
tems that grow trees, saw logs, grade lumber and determine
end-product value. The studies shown on the righthand side of
Figure 13-1 generate the data which will be needed in the
future to model the production of pulp. Likewise, Chapter 9
may contribute to the simulation of treated lumber. The inte-
grated research program depicted in Figure 13-1 culminates in
a financial analysis that consolidates treatment response,
wood quality, product value, and discounted costs and revenue
into a single expression of net value.

The present paper describes the development and initial vali-
dation of the system of models, called SYLVER, shown in the
lower part of Figure 13-1.

SYLVER
SYLVER simulates the impact of Silviculture on Yield, Lum-
ber Value, and Economic Return. It is a stand-level system
designed to rank the merits of alternative treatment opportuni-
ties. Social benefits are not considered. No attempt is made to
evaluate the effect of cultural practices at the forest level
where age-class distribution and other factors may be of over-
riding importance. The major components that link silvicul-
tural treatments to financial return are illustrated in Figure
13-2. The flow of information is shown in greater detail in
Figure 13-3 which serves as a reference for later sections. The
current version of SYLVER only applies to second-growth
stands of coastal Douglas-fir. Work on interior lodgepole pine,
Pinus contorta Dougl. var. latifolia Engelm., is in the planning
stage.

Each element of SYLVER operates independently with infor-
mation provided by the user or by a preceding element of the
system (Figure 13-2). The Tree and Stand Simulator (TASS)
grows the stand of trees on a prescribed site and applies silvi-
cultural treatments. The Bucking (BUCK) and Sawmill Simu-
lation (SAWSIM) programs produce logs and lumber from the
trees grown by TASS. The grading routine (GRADE) classi-
fies the lumber according to quality. The Financial Analysis
System (FAN$Y) determines the discounted net revenue
recovered from tending, harvesting and processing the stand.
The analyst must interpret the output and integrate it with
other management information before making decisions con-
cerning the selection of sites and stands, and the choice and
timing of silvicultural treatments. 
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SYLVER, as depicted in Figures 13-2 and 13-3, is being
tested in preparation for its use by forest planners to formulate
strategies for guiding the treatment of individual stands. The
process is complicated because TASS and SAWSIM must be
operated by specialists on mainframe or mini-computers
which are capable of completing complex computations in a
reasonable time. In contrast, most users only have personal
computers and limited time to be trained. The system shown
in Figure 13-4 will overcome these problems by dividing
responsibilities for operating the system. Support service spe-
cialists with access to a mainframe computer will run the
modules that generate the product files. The forest manager
equipped with a personal computer will perform the financial
analyses using FAN$Y, interpret the results, and make deci-
sions based on information from all sources. Initially, both
groups will formulate a series of relevant management
regimes by specifying silvicultural practices (e.g., planting
density, pruning) and treatment levels, and environmental fac-
tors (e.g., site quality). Bucking and sawmilling specifications
will be standardized. The product file for each regime will be
forwarded to the forest manager who will have FANSY oper-
ating on a personal computer. The user can then define the site
productivity and logging chance, enter confidential cost and
revenue data for the proposed area and treatment, analyze the
information in the product files, and generate the evaluation
file. The analyst will be free to compare silvicultural treat-
ments and to test the sensitivity of parameters by altering
input data and assumptions. The revenues must be interpreted
and compared with other options before decisions can be
made and action taken. If a silvicultural regime of local inter-
est is not in the product file, the manager must contact a sup-
port service specialist (Figure 13-4).

The following sections describe the characteristics and opera-
tion of each component of SYLVER.

TASS
The construction of TASS was initiated by the Canadian For-
estry Service (Mitchell, 1969) with later support contributed
by Yale University (Mitchell, 1975), University of Idaho
(Goudie, 1980), British Columbia Ministry of Forests (Mitch-
ell and Cameron, 1985), and other agencies.

Operation
TASS is a biologically oriented model designed to assess the
effects of cultural practices and environmental factors on the
growth and yield of Douglas-fir (Mitchell, 1975) and other
species. It grows trees in a three-dimensional space simulated
by a computer. The height-age curve for a particular site
drives height increment and branch growth. Genetic variation
in height and branch growth ensures that some trees will grow
more slowly than others and succumb to competition earlier.
Crowns expand and contract asymmetrically in response to
internal growth processes, physical restrictions imposed by
competing crowns, environmental factors (site quality, disease
activity, insect defoliation, animal damage), and cultural prac-
tices (espacement, thinning, fertilization, pruning). The
crowns annually add a shell of foliage that benefits the tree
less and less each year. In the model, the volume increment
produced by the foliage is distributed over the bole annually
and accumulated to produce tree summaries (Table 13-1) and
related stand information.

fig 13-4
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The model is calibrated to conform to the yield of remeasured
plots on coastal British Columbia. Yields reported in the cur-
rent study are very similar to the Ministry’s managed stand
yield tables for coastal Douglas-fir (Mitchell and Cameron,
1985). Minor differences are due to recent refinements. Note
that these yields will usually exceed those achieved in the
operational environment where irregular stocking, pests and
other factors contribute to falldown.

TASS was extended to simulate the production of juvenile
wood according to the criteria established in Chapter 2. That
is, the wood added in a particular year is classified as juvenile
wood if it is located above point A in Figure 13-5. Mature
wood of relatively high density is produced in the lower por-
tion of the ring. Point A is 3.8 meters below the base of the
live crown (B). Point A1 shows the transition point one year
earlier when the base of the crown was lower. The series of
transition points in Figure 13-5 traces the lifting of the crown,
and defines the inner core of juvenile wood and outer shell of
mature wood (shaded). TASS retains the diameter of the juve-
nile core and outer stem at arbitrary points which usually cor-
respond with stump height (0.3 meter), top of each 5 meter
section, and other points (e.g., 0.7 and 1.3 meters) needed to
complete the description of bole form. A second grade ring is
created by TASS if the tree is pruned. It records the diameter
of the branch-free stem following treatment. The inside radius
of the clear wood shell is equal to the outside bark radius at
the time of pruning, plus the radius of the exposed branch
stub. This adjustment removes the branch stubs and healing
zone from the shell of clear wood. The transition from juve-
nile to mature wood along a particular ring is assumed to
occur at the upper limit of pruning based on preliminary
results reported in Chapter 2.

Average knot diameter (KD) is equal to branch diameter
(inside bark) at the surface of the stem. It is calculated annu-
ally at the end of each section within the live crown as a func-
tion of its distance (L) below the top of the tree. That is:

KD = 0.6850L0.6122

The diameter at the time of death is retained. KD contributes
to the determination of lumber grade. Maximum knot diame-
ter is also needed to grade logs. Its function (not shown) is rel-
atively complex. Equations for estimating branch diameter
and knot size were derived by J. Goudie from data collected
near Lake Cowichan.

The information passed to the bucking module is illustrated in
Table 13-1 and Figure 13-6 for a single tree pruned to 6.5

table 13-1 figure 13-5
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meters at age 23. Outside bark diameter is needed to calculate
the volume of bark, a component of hog fuel scheduled for
inclusion in later versions of SYLVER. The double height
entry at the upper limit of pruning (6.5 meters in Table 13-1)
signals the bucking module to cut the stem at this height and
localize the clear wood in the butt log for maximum grade
recovery.

Silvicultural Practices
Seven treatments were selected to test the operation of the sys-
tem on a reasonably productive site (site index = 35). These
include planting densities of 300, 400, 500, 600, 750 and 1110
trees per hectare, plus a pruning operation at age 23 in a sepa-
rate plantation established with 500 trees per hectare. All
stems in the later trial were pruned to a height of 6.5 meters
leaving an average live crown ratio of at least 0.30 on 97 per-
cent of the trees. The seedlings (2+0) in each regime were
planted in a square pattern with a small amount of variation
(0.15 meters) permitted about the intended location. Slash
burning and early planting were assumed to remove the threat

of brush competition. Mortality to age 20 reduced the estab-
lishment density to approximately 90 percent of the number
planted.

BUCK
BUCK was developed by Halco Software Systems Ltd. to
simulate the cutting of trees or long logs.

Operation
Each tree is bucked into the assortment of log lengths that will
yield “maximum” value. For example, the pruned portion of
the stem, if present, is bucked first to isolate all clear wood in
a single butt log to increase grade and value recovery. The
bucking of the remainder of the tree is controlled by a log
value look-up table prepared by the support service. It
includes the value of a matrix of logs which vary in length (8,
10, 12, ..., 24 feet), small-end diameter (4.00, 4.25, 4.50, 4.75,
..., 8.00, 8.5, 9.0, 9.5, ..., 18.0, 19.0, 20.0, ..., 36.0 inches), and
taper (0.000, 0.125, 0.250 inches/foot). An abridged version

figure 13-6 table 13-2
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of the resulting log value table is shown in Table 13-2. Each
entry shows the value of lumber cut from the log less a base
value, used for analytical purposes, which is equal to the reve-
nue produced by chipping the entire log. The value of the logs
represented by each of the 1485 cells in the table has to be
determined independently by two different methods because
the lumber and log markets do not usually favor the same log
lengths. Notice that the financial analysis of lumber and chips
in the lower left-hand section of Figure 13-3 uses stumpage
appraisal (Crown land only) which is derived from the corre-
sponding value of logs on the right-hand side of the flow
chart. Consequently, logs must be bucked and evaluated for
both markets if the end products are sold on the coast as lum-
ber and chips. Firstly, each log in the look-up table is cut into
boards by SAWSIM (described later) so that log value can be
derived from the assortment of boards cut, and a lumber price
table derived by the support service in consultation with the
users. Recommended prices are shown in the lowermost sec-
tion of Table 13-3 which applies to boards with knots. This
table is based on the average prices reported in Random
Lengths Publications (1976-86) for the period 1976 to 1986
inclusive. The prices reported for 22 and 24 foot lengths were
subsequently reduced to an arbitrarily low value to discourage
the bucking of uncommonly long logs. The unabridged ver-
sion of Table 13-2 governed the bucking of the simulated trees
from all silvicultural treatments as depicted on the left-hand
side of Figure 13-3. Secondly, each cell in a companion log
value table is assigned a value based on its grade, diameter,
length and corresponding selling price on the Vancouver Log
Market (Table 13-4). That is, the volume of the log in each
cell is calculated and multiplied by the price which corre-
sponds to its diameter and length. Note that a log must satisfy
both the diameter and length criteria to qualify for a particular

grade and price. The path for bucking and evaluating trees
destined for the log market is shown on the right-hand side of
Figure 13-3.

The diameter of the stem and the basal diameter of the
branches (knots) at each bucking point are interpolated from
the information recorded at arbitrary heights by TASS. All
data are converted to Imperial units before bucking and saw-
ing.

SAWSIM
SAWSIM is a product of Halco Software Systems Ltd. It was
constructed to help the forest products industry evaluate the
effects of tree characteristics, bucking practices, mill design,
product mixes, and other factors on the productivity and prof-
itability of sawmills. It simulates the prescribed layout of the
sawmill and determines the cutting pattern that will maximize
the value of lumber cut from each log.

The original SAWSIM was employed during the development
of the present study. However, computation time was exces-
sive because each silvicultural regime produced about 1000
logs. A streamlined version (SAWSIM-S) was substituted
later in preparation for production nuns. SAWSIM-S pro-
cesses straight, uniformly tapered logs using the split-log full-
cant or split-log split-cant sawing methods generally used
with automatic equipment. Full-log full-cant sawing (i.e., full
taper) is not allowed. The diameter of each log was reduced
by 0.75 inches (1.9 centimeters) to compensate for sweep,
crooks, eccentricity and other factors that reduce lumber
recovery. SAWSIM-S operates twice as fast as SAWSIM
because the options that compensate for sweep and other fea-

fig 13-7
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tures of little importance to this study have been removed. The
capacity to handle interior grade rings and knot diameters was
incorporated into SAWSIM-S by Halco Software Systems
Ltd. as part of this project. SAWSIM-S was also modified to
classify each board according to the grade ring from which it
originated. The term SAWSIM used in the remainder of this
report means SAWSIM-S.

Operation
Figure 13-7 illustrates the log characteristics produced by
TASS and BUCK. SAWSIM applies a series of predefined
cutting patterns appropriate to the diameter of the log, and
selects the one that produces the maximum value of lumber
based on the prices shown in Table 13-3. Figure 13-8 shows
the cutting pattern selected for a 20 foot Log with end diame-
ters of 13.9 and 16.4 inches.

Mill Configuration
For the purpose of the demonstration runs in this report,
SAWSIM was configured to conform to a sawmill with the
machine centers given below:

Machine  Kerf (inches)
quad band 0.135
double-arbor gang 0.165
edger  0.150

TABLE 13-3

fig 13-8
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Lumber Specifications
SAWSIM was set up to cut rough lumber of the following
nominal dimensions:

thickness 2 inches (1 inch also permitted for clear boards) 
width 4, 6, 8, 10, 12 inches 
length 10, 12, 14, 16, 18, 20, 22, 24 feet

The maximum allowance for wane was one-third of the thick-
ness or width of the board. The trim was variable.

SAWSIM assigned one of the following quality classes to
each board based on the cross-section with the maximum pro-
portion of juvenile wood (i.e., the weakest point):

The application of these quality classes is illustrated in Figure
13-8.

Validation
The actual volume of lumber sawn from 299 Task Force study
trees was compared with output from SAWSIM which was
instructed to cut trees of the same dimensions. SAWSIM pro-
duced an overrun of 5 percent which was reasonably uniform
across the range of log diameters. This difference was not
removed because it will likely compensate for improvements
in sawmill technology expected before today’s plantations
reach harvest age.

GRADE
GRADE characterizes log and lumber quality. The grade and
dimensions of each log and piece of lumber for a particular
silvicultural treatment and harvest age are stored in the prod-
uct file (Figures 13-2 and 13-4) along with the quantity of
chips, and supporting data. The analysis of this information by
FAN$Y is described later.

Products
Logs may be sold on the log market, or converted into lumber
and chips by SAWSIM. Each market is simulated independ-
ently (Figure 13-3). Logs and lumber are graded according to
the rules outlined in later sections. Log summaries include the
scaled volume (cubic meters per hectare) by grade, and the
number of logs per hectare. Lumber is reported as board-foot
volume per hectare by dimension (nominal) and grade, and
lumber recovery factor (LRF), where:

LRF = (nominal lumber volume) / (scaled log volume)

Chip recovery is calculated as bone dry units (BDU) per hect-
are. That is,

BDU = (0.95) (28.08) Vg/2400

where: 28.08 pounds of chips are recovered from
each cubic foot of solid green wood
 (Vg)

2400 pounds is equivalent to 1 BDU
95% of the chips are recovered after

screening of undersized chips
(fines)

Log Grade
Log grades are needed to calculate the value of logs, and
stumpage (Figure 13-3). As mentioned earlier, logs destined
for the log market are bucked to maximize their value based
on the prices associated with the grades, lengths and diameters
in Table 13-4.  The volume of these logs by grade and price
per cubic meter contributes to the determination of stumpage
collected from companies logging Crown land and selling on
either the lumber or log market (Figure 13-3).

The grading rules defined in the BCFS Scaling Manual (see
Appendix I) were applied to the second-growth logs in this
study even though the grading system was developed for logs
from old-growth stands. Decay, stain, twist, check, split, pitch
pockets, ring shake, sweep, uniformity of color, and burls are
not simulated by TASS and were ignored in the determination

Quality 
Class

Juvenile 
Wood

%

clear 0

JV1 0-9

JV2 10-39

JV3 40-59

JV4 60-89

JV5 90-100

table 13-4
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slightly lower for grades 2 through Economy. However, this is
largely due to the recovery of clear lumber (16.0%) which is
not found in the second-growth logs. The distribution of lum-
ber grades used by SYLVER is displayed at the bottom of
Table 13-9. It is based on the same data as the preceding line
(Chapter 7). Lumber recovery factors shown on the far right
of Table 13-9 are generally higher in second-growth stands
with an average difference of 18 board feet (7%) for log
grades H, I and J.

FAN$Y
FAN$Y provides the manager with a tool for evaluating the
impact of selected silvicultural treatments and financial infor-
mation specified by the user on the value returned by various
products. This approach to financial analysis enables the user
to identify all treatment options that provide an acceptable
return. A manager faced with budget constraints can also rank
treatment opportunities by analyzing the information provided
by FAN$Y. Table 13-10 outlines the basic components of
financial analyses performed by the provincial government
and industry when managing forests on Crown and private
land. Revenues, costs and discount rate drive the financial
analysis. Different revenues and costs concern land managers
in the public (Crown) and private sectors. The private land
manager derives revenue from the sale of logs, or lumber and
chips, whether managing Crown or private land. The costs of
private land management include forest management, harvest-
ing and manufacturing. In addition, taxes are payable on pri-
vate land, while stumpage and land rent are payable on Crown
land. Crown land managed by the government yields revenue
from stumpage, and incurs forest management costs. The dis-
count rate in FAN$Y can be set by the user. The Ministry of

table 13-9
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Forests uses 4 percent. Private discount rates will depend on
alternative investment opportunities.

FAN$Y was designed and constructed by D. Ormerod and S.
Wilson of Sylvametrics Consulting in cooperation with D.
Coffey and W. Howard of the British Columbia Ministry of
Forests.

Operation
The operation of FAN$Y is depicted in Figure 13-9 with sup-
porting details listed in Table 13-11. The product file is assem-
bled by the GRADE module (Figure 13-4) and distributed to
the user with FAN$Y which contains the components illus-
trated in Figure 13-9. Lumber from the product file is option-
ally degraded for juvenile wood content or kiln drying, and
stored in the regime file from which evaluation reports are
derived. The user customizes the process by entering site spe-
cific information which replaces default run parameters (e.g.,

logging chance, haul distance) and economic data (e.g., unit
costs and revenues). Lumber premiums for length and grade,
and appraisal data for stumpage calculations may also be
altered.

Product File
This external file (Figure 13-9 and Table 13-12) contains site
and management information followed by product data for
logs, lumber and chips. Silvicultural practices are defined in
Table 13-12a, although slash burning is the only one selected
in this example. The timing of treatments following stand
establishment is also recorded, including the final harvest cut.
All harvest ages in the financial analysis are referenced to the
time of stand establishment. That is, a 40 year old plantation
would contain 42 year old trees, assuming 2+0 stock was
used. The board foot volume of knotty lumber is categorized
by juvenile wood content, length, width, and grade as illus-

figure 13-9
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trated in Table 13-12b. The classes for clear boards, itemized
in Table 13-6, are not shown in this example.

Lumber Degrade
This adjustment simulates degrade caused by juvenile wood
(Table 13-7), or kiln drying (Table 13-8). The application of
FAN$Y is simplified if this procedure is performed before the
system is sent to forest managers. That is, the user receives
companion sets of regime files for lumber which is adjusted
and unadjusted for degrade. FAN$Y is currently configured in
this format making it unnecessary to distribute product files or
degrade adjustment factors unless requested. The symbols “-”
and “^” are appended to the file names (e.g., P50E_60- or
PSOE_60^) to identify the adjusted and unadjusted versions,
respectively. The adjusted regime files contain two independ-
ent subsets of data: one with the lumber degraded for juvenile
wood content, and another degraded for kiln drying. The
unadjusted regime files have two subsets of identical data.
Note that the product files and lumber degrade factors can be
distributed and implemented by the user because FAN$Y is
capable of performing the lumber degrade operation.

Regime File
The regime file (Figure 13-9 and Table 13-13) is the same as
the product file (Table 13-12)  except that the juvenile wood
categories are combined, and the lumber volumes may have
been shifted from one grade to another to imitate the impact of
degrade specified in Tables 13-7 and 13-8. Note that the grade
distributions of green (G) and dry (D) lumber are identical in
Table 13-13 because they have not been degraded for juvenile
wood content or kiln drying, respectively, in this example.
These files are the basis of the financial analyses.

Run Parameters
Information provided to FAN$Y via this channel (Figure
13-9) is illustrated in Table 13-14 and described below:

Land Class Index
The Land Class Index (LCI) quantifies the “degree of operat-
ing difficulty” anticipated when managing and harvesting a
particular site. It varies from 0 to 100 with values of 0 to 25
covering the range of conditions encountered in second-
growth forests managed intensively in recent years. Values of
5, 10, and 25 are recommended for low-, average-, and
high-cost situations, respectively. LCI is based on most of the
components of the Logging Productivity Index described in
the appraisal manuals of the Ministry of Forests (October
1983 and January 1985) together with an Isolation Rating
Table, constructed specifically for FAN$Y. The following
costs are affected by LCI:

Forestry Costs: 
Survey and prescription 
Site preparation 
Planting 
Brushing and weeding 
Spacing 
Pruning 
Fertilization

Harvesting Costs: 
Infrastructure development 

 Operation, camp and crew transportation overhead 
Central administration overhead 
Tree to truck operation 
Hauling

The relationship of these variables is illustrated and discussed
later under “Economic Data”.

Cost and Price Trends
These trends reflect the user’s prognosis of future changes in
real production costs and selling prices. Historically (1920-
1980), lumber and stumpage prices have increased 2.0 and 6.5
percent per annum, respectively, followed by a sharp decline
in the early 1980s (Hay-Roe, 1988). Forintek economist Gilles
Brunette reviewed data from various sources to help users for-
mulate reasonable cost and price projections (personal com-
munication). His cautious prognosis indicates that the price of
Douglas-fir lumber will increase, in real terms, by 0.5 percent
per year in the 1990s, and then decrease by 1.0 percent for the
next 50 years. Costs will decrease by 1 to 2 percent per year in
the same period.

Future cost and price trends are very uncertain and are left to
the discretion of the user. They must be selected with care
because they have a considerable impact on the present net
value of managed forests, as will be shown later. No cost or
price trends are incorporated into the demonstration runs pre-
sented at the end of this report.

Discount Rate
Costs and revenues incurred at various ages in the life of a
stand are not comparable unless adjusted by means of a dis-
count rate. For example, a revenue of $100 expected 40 years
hence is worth more to the owner than $100 realized in 80
years. Similarly, expenditures in the future are more desirable
than current costs. Planting and thinning may each cost $500
per hectare at ages 0 and 30, respectively. The manager must
spend $500 now to plant but could cover future thinning costs
by investing $154 today at 4 percent for 30 years. That is,
$500 discounted at 4 percent for 30 years returns:

$500 / [ 1 + (4 / 100) ]30 = $154

The discounted value of costs and revenues is very sensitive to
the discount rate, especially for long rotations. Higher dis-
count rates favor practices with early revenues and late expen-
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ditures. The Ministry of Forests uses a real rate of 4 percent.
Private companies would choose a rate based on alternative
investments opportunities.

FAN$Y determines the present value of the future cash flows
at the beginning of the year on the assumption that they occur
at the mid-point of the year. Surveying, site preparation and
planting costs, for example, are not incurred until six months
after the evaluation is performed and therefore must be dis-
counted for 0.5 years. That is, planting costs of $400 can be
met July 1 by investing $392 January 1 at 4 percent. Annual
expenditures (land rent, overhead and protection, taxes) are
not affected.

Distance
Distance records the number of kilometers logs must be
hauled to the sawmill or log market. The harvesting cost func-
tion described later must be altered if logs are transported by
water.

Lumber: Green/Dry
The green(G)/dry(D) indicator allows the user to manufacture
and sell green or dry lumber. The drying option affects the

manufacturing cost, selling price, and net revenue. Green and
dry lumber will incorporate the impact of degrade for juvenile
wood and kiln drying, respectively, only if the appropriate
degraded adjustments (Figure 13-9) are made by the user or
incorporated into the regime files distributed with FAN$Y. It
is not possible to combine degrade for juvenile wood content
and kiln drying.

Exchange Rate
Lumber prices in United States dollars and premiums for
length and grade were obtained from Random Lengths
(1976-86) and the Western Wood Products Association
(WWPA) Monthly F.O.B. Price Summaries (1976-86). The
current exchange rate (September 1988) is used to convert the
financial summary to Canadian currency in the demonstration
trials.

Cost and Price Adjustments
The prices and costs provided with FAN$Y may be out of date
for a particular application. The user can enter new informa-
tion or request that the stored data be inflated or deflated by an
appropriate amount. For example, a cost adjustment of 0.950
would decrease all costs in FAN$Y’s files by 5 percent. A sec-

table 13-12b
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ond entry of 1.100 could increase prices by 10 percent. These
run parameters must not be confused with the cost and price
trends, described earlier, which escalate or de-escalate expen-
ditures and revenues over time. A price adjustment of 1.150
(15 percent) in combination with a price trend of 0.5 percent
would elevate resident lumber prices from $100 to $115, and
then escalate them by 0.5 percent per year until harvest age,
thus adding another $40 which would bring the final selling
price in 60 years to about $155.

Selling Zone, District, Silvicultural Type
The appraisal of timber and determination of stumpage recog-
nize differences in log, lumber and chip prices by species in
each of 32 selling zones in British Columbia. Silvicultural
allowances compensate for differences in treatment costs in
each of 46 districts and 6 silvicultural types. Lumber prices
and other data are determined by the Ministry of Forests for
appraisal purposes and do not necessarily conform with other

information provided in FAN$Y (e.g., lumber prices in Table
13-3). The yield information (regime files) distributed with
the current version of FAN$Y applies to coastal Douglas-fir in
Selling Zone 1, Silvicultural Type 1, and any one of the fol-
lowing districts:

Code District
11 Chilliwack
12 Maple Ridge
13 Squamish
14 Sechelt
15 Powell River
16 Duncan
17 Port Alberni
18 Campbell River
19 Port McNeil
IA Mid-Coast

table 13-13
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Site Index
Each product file contains the logs, lumber and chips pro-
duced by a particular silvicultural regime, site index and har-
vest age. For example, Table 13-12a illustrates a stand in
which 500 trees were planted per hectare on site 35 and har-
vested at age 60 when the site trees were 36.7 meters tall.
Stands will reach this height at different ages on sites of
higher or lower productivity as shown below:

This information can be obtained from site index curves or
tables such as those used by TASS to calculate the height of
Douglas-fir (Bruce, 1981). There is evidence that each combi-
nation of site and harvest age will produce the same yield for a
particular site height and silvicultural regime, assuming all
other factors are identical. The rationale and methodology are

explained by Mitchell and Cameron, 1985. The user of
FAN$Y may temporarily override the site index in the product
file by entering a new value as a run parameter. The system
will calculate the corresponding harvest age. Up to six site
indices may be entered, thus allowing the user to perform
financial evaluations on a range of sites in a single run.

The relationship of site index, harvest age and site height
requires clarification. Site index is derived from site height
and age at breast-height (Mitchell and Polsson, 1988). Harvest
age is the sum of breast-height age and the number of years
required by site trees to reach breast height, less the age of
planted seedlings. For example, the corresponding entries at
the top of Table 13-12a are calculated as follows:

Site height (SH) =  36.7 m
Site index (SI) =  35.0 m
Age at breast-height =  54 = f(SH,SI)
Years at breast-height =  8 = f(SI)
Seedling age =  2
Harvest age =  54 + 8 – 2 = 60

Site index, years to breast height and seedling age may be
altered by the user.

Managerial Perspective
The code for managerial perspective identifies the manager
(Crown or private) of the }and, the owner (Crown or private),
and the primary market of the end products (standing timber,
logs, lumber) as illustrated in the lower part of Table 13-14.
Perspective 1 shows that the Crown sells standing timber from
Crown forests. In perspectives 2 and 3, the private sector man-
ages Crown land and may sell logs directly, or manufacture
and sell lumber and chips. Perspectives 4 and 5 apply to pri-
vately owned forests. The perspective selected in Table 13-14
guides the course of the financial analysis, particularly the
determination of costs and revenues (Table 13-10). One or
more perspectives may be analyzed simultaneously.

Economic Data
Table 13-15 itemizes the costs (forest management, harvest-
ing, manufacturing and taxes) analyzed by FAN$Y (Figure
13-9) in addition to the price of logs, lumber and chips. The
user may customize this information for a particular site.

Forestry Costs
Forestry costs processed by FAN$Y are listed at the top of
Table 13-15. The user may enter the costs per hectare for a
particular management regime or rely on information calcu-
lated by the system using the cost functions, some of which
are displayed in Figure 13-10. The forestry costs for some sil-
vicultural treatments (e.g., planting, spacing, pruning, fertili-
zation) are only relevant to a particular financial evaluation if
the corresponding product (Table 13-12a) and regime files
include the treatment. Irrelevant costs are ignored. FAN$Y

Site Index Harvest Age Site Height

45 41 36.7

40 49 36.7

35 60 36.7

30 78 36.7

25 119 36.7

table 13-14
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calculates all forestry costs as they occur over the rotation,
beginning with stand establishment and ending with the har-
vest.

Forestry cost equations for survey and prescriptions, site prep-
aration, planting, brushing and weeding, spacing and precom-
mercial thinning, pruning, and fertilization are based on
survey questionnaires returned by 10 companies and agencies.
Respondents provided cost data for “low”, “average” and

“high” cost situations, and described the associated condi-
tions. Sylvametrics Consulting collected and summarized the
confidential data and concluded that these levels of operating
difficulty correspond to LCIs of 5, 10 and 25, respectively.

Some forestry costs, such as reforestation, may be viewed as a
cost of harvesting rather than a cost of establishing a stand. It
can be argued that public opinion and government regulations
demand that all Crown forests be reestablished, thus eliminat-
ing the optional status of stand establishment. Planting, for
example, would then become a harvesting cost incurred at the
end of the rotation. Discounting these costs to the present
would minimize the impact of establishment expenditures,
effectively increasing the net present value. As an alternative,
the manager might only consider those silviculture costs in
excess of the minimum required by the public or government.
This approach would not affect the ranking of espacement
opportunities and would thus retain the integrity of the analy-
sis.

Annual Land Rent  The amount paid per hectare per year for
the use of the land is the annual land rent. The Crown cur-
rently charges $1.25 per hectare per year for Timber Licenses,
or bases the rent on the productive capacity of the land in
terms of its average annual volume growth (i.e., mean annual
increment). The default relationship in FAN$Y (Figure
13-10a) derives annual land rent ($ 0.25 per cubic meter per
hectare) from mean annual increment if site specific data are
not provided by the user. For example, a stand which grows 10
cubic meters per hectare per year would generate an annual
land rent of $2.50 at $0.25 per cubic meter. The manager of
private land may prefer to exclude the cost of land rent ini-
tially and use the net discounted revenue to determine land
rent after subtracting an allowance for profit and risk. This
perspective is assumed if the annual land rent in the economic
file (Table 13-15) is set to zero by the user. The land rent illus-
trated in Table 13-15 is calculated from mean annual incre-
ment (MAI), harvest volume (Table 13-12a), harvest age and
annual land rent (rate) as follows:

   
 land rent = MAI x rate x age

= volume/age x rate x age
= volume x rate
= 604.5 m3 x $0.25
= $151.12

Surveys and Prescription  The land is usually surveyed to
determine its area and condition (physical and biological).
This information contributes to the formulation of a silvicul-
tural prescription and management plan. FAN$Y assumes an
initial cost of $5.35 per hectare which increases in relation to
the LCI or operating difficulty of the site on which the survey
and prescription is undertaken (Figure 13-l0b). The example
in Table 13-15 shows a cost of $7.49 for LCI 10.
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- 151 -

Site Preparation  This treatment may utilize slash burning,
scarification, chemical sprays, land clearing, or any combina-
tion applied in the year of stand establishment. Slash burning
of logging debris is the most common method of site prepara-
tion on the British Columbia coast. Figure 13-10c shows that
slash burning costs about $29 per hectare under ideal condi-
tions, but rises rapidly as the operating difficulty increases
from a “low” LCI of 5 ($107 per hectare) through an “aver-
age” LCI of 10 ($184 per hectare) to a “high” LCI of 25 ($416
per hectare). This range of LCI applies to second-growth
stands which have been treated recently on the coast. Chemi-
cal treatment has a higher initial cost ($188 per hectare) but is
less sensitive to increases in LCI (Figure 13-10c). Clearing
might include stump removal in stands infected with root rot.
TASS assumes that the land is reasonably free of slash when it
establishes and grows the stand, and automatically informs
FAN$Y, via the product and regime files, that slash burning
has occurred (Table 13-12a). The user may cancel this treat-
ment and select an alternative regime.

Planting  Nursery and planting costs are determined by the
number of trees planted and the operating difficulty (LCI) as
shown in Figure 13-10d. Planting 500 trees on LCI 10, for
example, costs $433. Doubling the establishment density
increases the investment to $525. The incremental cost ($0.18/
tree) is unreasonably low, and will be revised in future ver-
sions of FAN$Y.

Brushing and Weeding  Trees may encounter brush competi-
tion which is intense enough to impede the height develop-
ment and survival of the plantation. Since TASS assumes that
trees are free growing after establishment, the user must spec-
ify the type and frequency of treatments if brushing or weed-
ing is needed to ensure unimpeded growth (Table 13-12a):
Cost functions are available for manual brush removal (stem
injection, foliar spray) and aerial spray.

Spacing and Precommercial Thinning  Juvenile spacing is
the primary means of reducing competition in overly dense
stands where individual trees are too small to have commer-
cial value. This treatment usually favors trees that are healthy,
vigorous, well-spaced and of good form. The growth per hect-
are can then be concentrated on fewer trees. Consequently, an
investment in spacing should reduce harvesting and manufac-
turing costs and increase product value. This is only relevant
if the regime being analyzed includes a spacing. That is, the
corresponding stand grown by TASS must have been spaced
at one or more ages (maximum of 3) during the simulation.
The age and intensity of each treatment will be recorded in the
product (Table 13-12a) and regime files. Spacing costs are
available for stands which are 4, 9 and 15 meters tall. FAN$Y
will apply the function that most closely matches the height of
the stand.

Pruning  Removing branches leads to the development of a
shell of knot-free wood over the pruned length of the stem.
Clear lumber cut from this section will bring a premium of
about 300 percent. One or two lifts are permitted by FAN$Y.
SAWSIM places an upper limit of 6.5 meters (21.3 feet) on
the pruning height (i.e., a 20 foot log). Only one pruned log is
permitted, although it may incorporate two lifts. Pruning cost
functions are graphed in Figures 13-10e and 13-10f. The user
must request the first and second lifts to remove branches to a
height of 6 meters. That is, two 2 to 4 meter lifts are required
to attain a height of 6 meters. The following tabulation
assumes 400 trees are pruned per hectare at age 23 in an area
with an LCI of 10:

   1st lift = $310 (Figure 13-10e)
   2nd lift  = $650 (Figure 13-10f)
   Total = $960

Costs of $2.40 per tree ($960/400) appear to be a little low in
light of information assembled since these functions were
derived. Consequently, pruning is assigned a cost of $3.00 per
tree in the demonstration runs. The second lift in the above
example could be omitted or delayed until a later age, but may
not appear alone. Note that the second and third prunings
shown in Table 13-12a are redundant at present.

Fertilization  Cost functions are provided with FAN$Y. How-
ever, this treatment will not be available for financial analyses
until recent fertilization response data are incorporated into
TASS.

Annual Overhead and Protection  The administrative over-
head cost of managing a hectare of forest land is in the neigh-
borhood of $5 to $10 per year in addition to charges of $1.25
for protection provided by the Forest Service. A cost of $10 is
assumed in the demonstration runs which accumulates to $600
over the payment period of 60 years illustrated in Table 13-15.

Harvesting Costs
Harvesting costs are itemized in Table 13-15. Costs relevant
to a particular regime are provided by the user or calculated by
the system using functions for infrastructure development
(Figure 13-lla), operation, camp and crew overhead (Figure
13-llb), central administration overhead (Figure 13-11c),
tree-to-truck operations (Figure 13-lld), hauling (Figure
13-Ile), and sorting and scaling (Figure 13-llf). Important
independent variables include LCI, volume harvested per
hectare, average log volume, and hauling distance. This
default information is based on functions fashioned after the
appraisal methods developed by the Valuation Branch of the
Ministry of Forests. No function is provided for water trans-
port at present, although the total cost may be entered by the
user. The coefficients of the equations which produce the
default relationships displayed in Figure 13-11 may be
changed by the user but not the functional relationships.
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Manufacturing Costs
The manufacturing costs represent a hypothetical mill with a
quad-band headrig, a double arbor gang saw, a board edger
and the following throughput:

   Production = 90 million board foot per year
   Average log length = 15 feet (4.6 meters)
   Average log volume = 10 cubic feet (0.28 cubic meters)
   Number of logs = 2900
      processed/shift

Milling costs can be attributed to the handling and processing
of individual logs or pieces of lumber in any proportion. At
one extreme, all milling costs can be attributed to the log. The
cost of milling a log is assumed to be relatively independent
of its diameter over the range of sizes harvested in managed
stands. Under these conditions, the total milling costs will
increase in direct proportion to the number of logs harvested
per hectare. At the other extreme, milling costs can be attrib-
uted to the number of pieces of lumber processed. Hence mill-
ing costs per log will increase in relation to log diameter while
milling costs per cubic meter will decrease. FAN$Y permits a
division of milling costs between logs and lumber in any pro-
portion.

The default values in Table 13-15 which characterize the
hypothetical mill used to demonstrate SYLVER are based on
information reported by other Task Force studies for green
and dry lumber. The demonstration runs assume that all costs
are attributed to log processing (i.e., a ratio of 1.00). Users can
manipulate these values to describe a particular mill. Costs per
log and per piece of lumber are generated automatically on the
basis of an eight hour day. Total manufacturing costs are
derived from the number of logs and boards processed, and
the corresponding piece rates.

Notice that three manufacturing costs in the economic data
file (Table 13-15) must be increased if the lumber is dried.

Drying costs are added automatically if the run parameter for
lumber in Table 13-14 is set to dry (D).

Taxes
Annual taxes on forest property vary considerably in British
Columbia. They are generally less than $1.00 per hectare
($0.30 - 0.90) in the interior, but higher on the coast where
rates of $1.00 to 7.00 per hectare are common. A tax of $10.00
is assumed in the example in Table 13-15 which represents a
highly productive site reasonably close to the mill. The next
version of FAN$Y will include cost functions for an annual
property tax, and a property yield tax based on operating diffi-
culty (LCI), hauling distance and site index.

Log, Lumber and Chip Prices
The log prices (Table 13-15) for each grade of Douglas-fir (F)
are the average of the Vancouver Log Market yearly average
values for the period 1982 to 1986 (Average Log Price Report,
Council of Forest Industries). Chip prices are from the same
source. Both are in Canadian dollars. Lumber prices ($US/M
fbm) are for random lengths, No. 2 and Better (average:
1981-1986) from information reported in Random Lengths for
surfaced green dimension lumber. Premiums for length and
grade are described in the next section.

Lumber Premiums
FAN$Y automatically applies price premiums for length and
grade (Figure 13-9), relative to base prices for random
lengths, and No.2 and Better grades, respectively.

Length
The lumber prices for random length lumber reported in Ran-
dom Lengths were compared with the prices of lumber cate-
gorized by length (8 to 24 feet). These comparisons expressed
as ratios provide length premiums for green and dry lumber
(Table 13-16). The trend of change of these ratios over time
was examined. As expected, the ratio varies over time but the
relative position of the length premium for different dimen-
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ables in the lower box. The input screen displayed by FAN$Y
in Figure 13-12 will produce 7 reports.

The financial statement begins with a summary of the dis-
counted revenues and costs, and the corresponding net present
value followed by the internal rate of return and ratio of net
present value to forestry costs (Table 13-17a). A detailed list-
ing of the operating costs and taxes is appended. The sales
value of logs, or lumber and chips (Table 13-17b) follows,
showing both the undiscounted and discounted values. Sales
revenue is derived from the sale of logs, or lumber and chips
depending on the market option selected $9.96 under the man-
agerial perspective. The lumber market option also produces a
table of lumber volumes by width and grade $10.09 (Table 13-
17b).

The net present value (NPV) is the single most relevant statis-
tic generated by FAN$Y (Table 13-17a). A value of zero
means that the target investment rate (discount rate) has been
achieved. Values above zero represent returns on investments
which exceed the target. However, the magnitude of the NPV
and the apparent merit of a treatment from an investment per-
spective are very sensitive to the underlying assumptions.
That is, two reasonable sets of assumptions could produce
divergent NPVs.

The listing of discounted operating costs, taxes and sales reve-
nue in each evaluation report (Table 13-17) helps the user
assess the impact of itemized expenditures and revenues on
NPV. For example, the contribution of each lumber category
is displayed to show the effect of dimension and grade.

Demonstration: Establishing Silvicul-
tural Priorities
The following simulated experiments illustrate methods of
analyzing and interpreting data generated by SYLVER. The
results are displayed solely to demonstrate the potential and
limitations of the model. They must not affect management
decisions or field procedures until the entire system is vali-
dated and customized to a particular site.

Planting Density
Consider a recently logged area of Crown land scheduled for
site preparation and planting of coastal Douglas-fir. The forest
manager may want to decrease the number of trees planted as
a means of reducing growing costs and increasing company
profits. Assume current reforestation policy for highly pro-
ductive sites calls for 1110 planted trees per hectare with har-
vesting scheduled for age 70. The manager might simulate
planting densities of 1110, 750, 600, 500, 400 and 300 trees
per hectare, and examine the potential for harvesting each
density, at decadal ages from 40 to 100 years. Figure 13-12
displays the summary screen of FAN$Y prior to the analysis
of stands planted with 500 trees and harvested at the seven
proposed ages. Input information processed by FAN$Y for the
plantation harvested at age 60 is illustrated in Table 13-18.
Table 13-17 shows the corresponding evaluation report. The
following discussion of results covers the proposed range of
planting densities and harvest ages.

Harvest Volume 
The merchantable volume of standing timber (Table 13-19a)
is displayed in Figure 13-13. The yield of young stands is pro-
portional to the number of trees. However, differential mortal-
ity and other factors allow plantations of relatively wide
spacing to close the gap and eventually surpass the yield of
denser stands. The plantation with 300 trees will also conform
to this pattern in time.

table 13-17a
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fig 13-12
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Log Volume
The predicted volume of logs harvested per hectare is identi-
cal to the standing volume shown in Table 13-19a since decay,
waste and breakage are assumed to be negligible in trees from
second-growth forests. The distribution of volume by log
grade is listed in Table 13-20 for a cross-section of planting
densities and potential harvest ages. J-grade logs are most
prevalent at a particular age because the minimum permissible
diameter is only 10 centimeters as opposed to 30 and 38 centi-
meters for H- and I-grade logs, respectively (Table 13-5). The
proportion of J-logs decreases as tree size responds to increas-
ing age and wide initial spacing. That is, trees of relatively
large dimensions produce a greater proportion of 5-m logs
which qualify for the higher grades. Notice that the proportion
of H- and I-grade logs increases as stands age. The decline in
I-grade logs towards higher densities may reflect a decrease in
knot size which permits the logs to qualify for the H-grade.
Short logs of low value accumulate in the X grade. Their dis-

tribution bears little relationship to age or density because
they originate from the uppermost part of the stem. The pro-
portion of volume by grade shown in Table 13-20 conforms
reasonably well with the results of Chapter 7 considering that
the latter study combined logs from stands covering a range of
ages and densities.

Lumber Volume and Recovery
The effect of espacement on lumber volume (Table 13-19b;
Figure 13-14) imitates that of standing volume. Lumber
recovery factors (Table 13-19c) calculated from Tables 13-19a
and 13-19b improve as trees increase in age and size. Notice
that trees from open-grown stands have relatively high lumber
recovery at 40 years because of their size, but the advantage
slowly declines as the stands age. Chapter 7 reported compa-
rable recovery factors of 265 to 283 board feet per cubic meter
for stands which varied in age from 42 to 62 years (Chapter 1)
assuming four years were required to reach breast height after
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planting. The combined sources of information, including
observed stocking densities, imply that establishment density
likely ranged from 400 to 1110 trees per hectare.

Product Value
The value of end-products (Tables 13-19d to 13-19f)  realized
from each planting density and potential harvest age is illus-
trated in Figure 13-15 for lumber (with and without degrade
for juvenile wood), logs and residual chips. Degrading lumber
for juvenile wood content lowers its value by 20 to 30 percent.
These estimates may be overly pessimistic because they
assume that all boards in the affected visual grades (Table
13-7) are shifted to less demanding classes. The introduction
of machine stress rating systems, in place of visual grading
procedures, would reduce the number of boards degraded and
the overall impact of the variable strength properties of juve-
nile wood. Logs provide less revenue because they are rela-
tively unmanufactured, and of much less value per cubic
meter than lumber.

Net Present Value
NPV in Table 13-19g is the difference between the sales reve-
nues and costs including stumpage (Table 13-17a) after dis-
counting all values to the time of planting. The impact of
planting density, harvest age and juvenile wood content is dis-
played graphically in Figure 13-16. Stands established with

table 13-19a figure 13-13
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400 to 500 trees and harvested 50 to 60 years later provide
higher returns than alternative regimes when the conventional
visual grading procedures are applied. Recognition of juvenile
wood properties reduces NPV substantially, expands the range
of optimum planting densities (500-750 trees per hectare) and
delays harvesting until age 90. However, the negative impact
of juvenile wood displayed in Figure 13-16 will likely be
countered in part by current and future technology. Table
13-19g and Figure 13-16 analyze silvicultural practices from
the perspective of a private company managing Crown land as
opposed to private forests. The latter situation is represented
by the lowermost curve in Figure 13-17 for a plantation of 500
trees. NPVs are considerably higher ($275 at 55 years)
because the tax on private property is much less than stump-
age paid for timber harvested on Crown land. However, the
optimum planting density and harvest age, in terms of NPV,
does not change appreciably. The returns from pruning shown
in Figure 13-17 are discussed later.

The interpretation of NPV is straightforward. Any investment
opportunity that yields a NPV of zero or more dollars will
generate income at the discount rate (e.g., 4%) or above. Con-
sequently, the manager would likely pursue all opportunities
with a positive NPV if funds are unlimited. Where projects are
mutually exclusive, the manager would choose the project

fig 13-14 table 13-19g-i
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with the highest NPV. The incorporation of budget constraints
is discussed in the next section.

Ratio of Net Present Value to Forestry Costs
This ratio of NPV to forestry costs measures the return rela-
tive to expenditures on forest management. The example in
Table 13-17a has a ratio of 0.63 ($572.58/$906.02) which
means that each discounted dollar spent on forestry returns
$0.63 (discounted) more than would be realized by investing
it at 4 percent. The manager would favor investments with the
highest ratio of NPV to forestry costs when faced with budget
constraints (Table 13-19h). Budget constraints occur when
there are insufficient funds to invest in all projects with an
NPV equal to or greater than zero. From this perspective,
plantations with 400 trees will outperform all other densities if
harvested between age 50 and 60. NPV/cost ratios can also
evaluate the contribution of optional treatments. The incre-
mental benefits of pruning are analyzed later.

Internal Rate of Return
The internal rate of return (IRR) is the discount rate that
equates costs to revenues as illustrated in Table 13-17a which
shows a rate of 4.952 percent. The NPV of $572.58 in the
upper part of Table 13-17a represents excess return relative to
the target rate of 4 percent. Using a discount rate of 4.952 per-
cent in the analysis in place of 4 percent would yield an NPV
of zero. Notice that each regime with a positive NPV in Table
13-19g also has an internal rate of return greater than 4 per-
cent (Table 13-19i). The relative merits of treatments based on
IRR may not be consistent with results using other investment
criteria because of differences in the implied underlying
assumptions, particularly if the time periods are not compara-
ble. For example, stands planted with 500 trees and harvested
at age 50 or 60 years generate the same IRR of 5 percent in
Table 13-19i. The corresponding ratios of NPV to forestry
costs (0.56 versus 0.63) in Table 13-19h are considerably dif-
ferent because each method of analysis imposes different
assumptions for the 10 year period following cutting at age
50. IRR can be used when funds are limited although econo-
mists generally prefer the ratio of NPV to forestry costs. Mis-
han (1975) gives a comprehensive discussion of these
investment criteria.

Mean Annual Increment
Harvest volumes can be sustained at the highest level over a
series of rotations by selecting the planting density and age
that achieve the maximum mean annual increment (MAI). For
example, dividing each entry in Table 13-19a by the cor-
responding age gives a maximum value of 12.6 cubic meters
per year at age 70 when 1110 trees are planted. The same anal-
ysis gives different results when applied to other measures of
productivity as shown below:

The optimum planting density and harvest age depends on an
organization’s objective. A policy that strives to maximize the
merchantable volume of standing timber, or logs, encourages
relatively high planting densities (e.g., 1110 trees per hectare).
Emphasizing lumber volume has a similar effect, except that
the harvest age is delayed by 5 years to capture improvements
in lumber recovery as trees and logs achieve larger dimen-
sions. The MAI of lumber value gives identical results. Log
value tends to extend the cutting age. This may reflect the
relationship between log diameter and price. The attractive-
ness of high establishment density and long rotations vanishes
when planting and carrying costs are incorporated into the
analysis through NPV which directs the manager to plant 400
to 500 trees and harvest at age 55. An analysis of the NPV of
lumber degraded for juvenile wood recommends increases in
the planting density and harvest age. Both actions reduce the
proportion of undesirable juvenile wood in trees.

Pruning
The results from the simulated experiment with different
planting densities may encourage the forester in this hypothet-
ical example to look for other opportunities to increase net
revenue. Pruning is a likely choice because clear lumber cur-
rently commands a premium in excess of 300 percent relative
to the price of the No. 2 and Better grade category. We may
assume that pruned plantations established with 500 trees on
private land are of immediate interest. However, the pruning
cost functions shown in the economic file do not agree with
the company’s experience of $1.00 and $2.00 per tree for lifts
1 and 2, respectively, for 23 year old stands pruned to a height
of 6.5 meters. This amounts to $3.00 per tree or $1350 per
hectare, assuming 450 trees survive to age 23. To remedy the
situation, the manager recalls the economic file and enters
$450 and $900 in place of the pruning cost functions for the
two lifts. The results are summarized in Figure 13-17 along
with comparable information from the untreated companion

MAI Indicator Density Harvest Age

Volume

  standing/logs
  lumber

1110
1110

70
75

Value (revenue)

   lumber
   logs

1110
1110

75
80

NPV

   no degrade
   degraded

400-500
500-750

55
90
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stand growing on private land. Pruning increases the NPV by
$250 and delays the optimal harvest age by about 10 years,
assuming conventional full-cant sawing is employed in both
cases. Split-cant sawing of pruned logs further elevates the
NPV by $150. This method of sawing reduces lumber recov-
ery by about 1 percent but increases the yield of clear lumber
by 6 percent because logs are positioned so that boards are
more closely aligned with the knot-free shell. Clear lumber
produced by pruning and split-cant sawing accounts for 14
percent of the total volume, and 33 percent of the value.

Treatments other than pruning (such as juvenile spacing and
fertilization) will also have an impact on the financial analysis
to a greater or lesser degree. They will be evaluated in future
trials with SYLVER.

Incremental Analysis
The manager investigating treatment opportunities may want
to compare the incremental benefits of treatments that
enhance the quantity or quality of wood produced by a base
regime. For example, what is the return on each dollar spent
pruning a young stand planted with 500 trees? This treatment
is particularly interesting because the analysis of incremental
return must accommodate different harvest ages.

The NPV displayed in Figure 13-17 is the combined return
from planting and pruning on private land. The contribution of
pruning (split-cant sawing) can be isolated by comparing the
two alternative management options (i.e., planting 500 trees
per hectare and pruning at age 23, versus planting alone).
Table 13- 21 shows the NPV, forestry costs and corresponding
ratio for each option, followed by the differential contribution
of pruning in terms of NPV and costs. The ratio of NPV to
forestry costs is calculated from these differences in the third
section of Table 13-21. The positive values suggest that the
incremental benefits of pruning begin to accrue by age 60 and
peak about 10 years later when the NPV and ratio of NPV to
forestry costs reach $578 and 1.04, respectively. However, this
analysis assumes that both management options incorporate
the same harvest age. A close examination of each shows that
the investment criteria culminate close to 60 years for planting
alone, and about 70 years for the combined treatment. The
incremental contribution of pruning at optimal harvest ages is
given at the bottom of Table 13-21. The pruning component of
the treatment regime has an NPV of $392, and each dollar
spent on pruning yields $0.68 more than would be earned by
investing it at 4 percent. Note that NPV expresses net return
which is the difference between revenues and costs, including
forestry costs. If the latter cost had not been removed, the ratio
calculated at the bottom of Table 13-21 would increase from
0.68 to 1.68. This means that $1.68 of discounted revenue is
returned for every dollar invested in pruning at 4 percent.

fig 13-17

table 13-21



- 164 -

Sensitivity Analysis
The preceding demonstrations show that net present value and
rotation age are sensitive to planting density, pruning and
juvenile wood content. However, there are many other vari-
ables in FAN$Y that affect the outcome of the financial analy-
sis. These include other regime variables (site quality), run
parameters (operating difficulty [LCI], cost/price trends, dis-
count rate, hauling distance, kiln drying and exchange rate),
operating costs (forestry, harvesting, manufacturing, stumpage
and taxes), and product prices. The user needs to be aware of
the variables that can alter the results through relatively small
changes in magnitude. Site index, for example, can be tested
by changing its current value of 35 meters incrementally to
evaluate the impact of site quality on the culmination of NPV
and associated rotation age. The value of all other independent
variables should be standardized at values such as those given
in Table 13-18. Each sensitivity trial in the following analysis
is viewed separately from the perspective of a company log-
ging Crown land and private land. Some scenarios might give
unrealistic results because arbitrary conditions may be created
by restraining variables that are closely linked (such as prop-
erty tax and site quality). The stand with 500 trees per hectare
serves as the base case in the following analysis.

Site Productivity
In this trial, site index is decremented in steps of 5 meters
from 45 to 25 meters. Figure 13-18a shows a steep decline in
NPV ($2400 to -$600), and increase in harvest age (46 to 80
years) on Crown land. NPV is even more sensitive to site
quality on private land, although the length of the rotation is
less affected. The crossing of the curves is an anomaly that
would not likely appear if property taxes, currently held con-
stant at $10 per hectare per year, were tied to site index. Pro-
rating taxes from $15 on site 45 to $5 on site 25 causes the
lines to merge below site 30. The curves cross when the dis-
counted tax payments exceed the stumpage paid for Crown
timber.

Land Class Index (LCI)
This run parameter of operating difficulty, previously set at 10
(Table 13-18), is allowed to range from 0 to 30 in Figure
13-18b. NPV is highly sensitive to LCI while the harvest age
is quite stable. The latter increases slightly on Crown land.
Notice that it is better for industry to manage Crown land than
its own land when the LCIs exceed 20, because the tax on pri-
vate property is greater than the stumpage paid for public tim-
ber! Taxes are not adjusted for LCI, unlike stumpage rates.

Cost and Price Trends
Figure 13-18c shows that annual changes in costs and prices
have a substantial effect on NPV, considering the scale only
ranges from -2 percent (0.98) to +2 percent (1.02). Harvest
ages are not affected. Notice that the slopes of the price lines
are identical on Crown and private land while the cost func-

tions are not. NPV is less sensitive to cost trends on Crown
land because stumpage decreases in response to an increase in
harvesting costs.

Discount Rate
Figure 13-18d shows a reduction in NPV and rotation age on
both public and private land as the discount rate increases
from 3 to 5 percent. This is no surprise since carrying costs
rise exponentially.

Hauling Distance
Increasing the hauling distance on private land decreases NPV
without altering the time of harvest (Figure 13-18e). The situ-
ation on Crown land is more complex. Neither variable is
affected by hauling distances up to 100 kilometers because
transportation costs are deducted from stumpage. Offsetting
costs continue until minimum stumpage is imposed. Addi-
tional hauling costs must be absorbed by the operator, causing
a reduction in NPV and a lengthening of the rotation. Note
that hauling costs contribute to the determination of stumpage
for a particular site but do not affect the base rate for the
region.

Drying
Kiln drying lumber from stands established with 500 trees per
hectare increases the selling price of lumber by $30 per thou-
sand board feet at a cost of just under $10 per thousand. This
boosts the NPV by about $700 assuming no degrade due to
drying. If degrade is included, the benefits from drying ($450)
are somewhat lower. The change in NPV is identical on
Crown and private land as shown below:

The rotation age is stable on each tenure.

Exchange Rate
Figure 13-18f shows that NPVs of public and private timber
are equally sensitive to the exchange rate for the United States
dollar through its impact on the value of lumber in Canadian
dollars. Harvest ages are not affected.

Planting Costs
Table 13-22 shows the relationship between planting cost per
hectare and NPV for stands established with 500 trees. Rota-
tion length is kept at 60 years for convenience in this and later
analyses because it is not affected by planting costs. Planting
500 trees costs $433 and produces a NPV of $573 on Crown
land in the current analysis. Increasing planting costs to $609
decreases the NPV to $400 (Table 13-22). An expenditure of
$813 reduces NPV to $200. That is, a change of $204 in the
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planting cost alters NPV by $200. The direct relationship
between cost and NPV also applies to survey, site preparation,
and all other one-time costs incurred at the time of stand
establishment. These initial costs only benefit from a discount
period of 0.5 years unlike harvest costs which are discounted
over the entire rotation. The relationship between planting
cost and NPV is similar on private land (lower part of Table
13-22) although shifted due to the higher NPV ($885) at age
60.

Annual Overhead and Protection Costs
The sensitivity of NPV to annual overhead and protection
costs is analyzed in the same manner as planting costs. These
costs (currently $10 per hectare per year) differ in that they are
expended annually for 60 years. A change of $8.50 per year is
required to alter NPV by $200 (Table 13-22) on both Crown
and private land.

Hauling Costs
Hauling costs, like other harvesting and manufacturing expen-
ditures incurred at the end of the rotation, have relatively little
impact on NPV because discounting at 4 percent for 60 years
reduces every dollar to about 10 cents. On Crown land, haul-
ing costs (currently $2.50 per cubic meter) are offset by reduc-
tions in stumpage (currently $10.59 per cubic meter) until the
minimum stumpage rate ($0.25 per cubic meter) is imposed
coincidentally with a hauling cost of $11.50 per cubic meter
(Table 13-22). Further increments of $3.40 per cubic meter
cause a corresponding reduction of $200 in NPV. The sensi-

tivity of NPV to hauling costs is similar on private land
although stumpage is not a factor.

Stumpage and Taxes 
Stumpage (base rate) on Crown land has a similar impact on
NPV as hauling costs because both are incurred at time of
harvest (Table 13-22). Taxes on private land are identical to
annual overhead and protection costs in terms of amount ($10
per hectare per year), payment (annual) and relationship to
NPV (Table 13-22).

Recommendations and Conclusions
SYLVER was conceived and designed as a silvicultural tool
for forest managers responsible for evaluating the impact of
cultural practices and environmental variables on standing
yield, product recovery and financial return. Initial validation
shows that it has successfully integrated the results of other
Task Force projects into a system that is sensitive to environ-
mental variables, silvicultural practices, wood properties,
product quality, financial return and management oppor-
tunities. The striking increase in the net present value of
pruned stands illustrates the dynamics of financial yield, and
the insight that SYLVER can provide when adequately vali-
dated.

Reviewers of interim copies of FAN$Y recognized that its
financial summaries could be misinterpreted and applied

table 13-22
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incorrectly if distributed to foresters with good intentions but
no experience. Consequently, the Task Force recommends that
a formal training program be prepared and made available to
the personnel of member organizations planning to evaluate or
implement the system.

The Task Force encourages its members to test FAN$Y rigor-
ously, and assess its performance in relation to their practical
experience in sectors simulated by SYLVER. Users are also
requested to recommend future directions for system develop-
ment. Current plans call for additional silvicultural treatments
(e.g., juvenile spacing, fertilization, and commercial thin-
ning), processes such as stress grading, and economic analy-
ses that will incorporate social benefits. All suggestions will
be evaluated and incorporated into the next version of
SYLVER where practical.
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PART VI: Conclusions and Recommendations

The results of this study show that, largely due to the high pro-
portion of juvenile wood, second-growth coastal Douglas-fir
harvested in 50 to 70 years will have physical, mechanical and
chemical properties substantially different from the old-
growth resource harvested today. Juvenile wood volume may
be as high as 50 percent of total volume at these rotation ages.
Juvenile wood, which in this study material comprised on
average the first 23 rings from the pith, has an average relative
density of 0.46. The average stemwood relative density of the
study trees is 0.48 while the best estimate of average
old-growth relative density is about 0.51 to 0.52.

A great deal of tree-to-tree variation in longitudinal shrinkage
exists, but on average the longitudinal shrinkage of the inner-
most juvenile wood is more than twice that of mature wood.
No sharp distinction can be observed between juvenile and
mature wood based on longitudinal shrinkage, but it appears
that the most serious levels are generally confined within the
first five rings from the pith. In contrast, the fiber length
increased dramatically from between 1.0 and 2.0 millimeters
at the pith to between 3.0 and 4.0 millimeters in the mature
wood. These mature wood values were not attained for
approximately 30 rings from the pith, so it can be anticipated
that the average fiber length of short rotations stands will be
substantially less than that of old-growth material.

In terms of chemical properties, lignin content of juvenile
wood is higher than that of mature wood, but a comparison of
the mean second-growth values with those available for
old-growth shows that they are not appreciably different. A
similar comparison shows total extractive content of second-
growth is lower than that of old-growth.

More than half of the total log volume in the study trees fall
into the J grade category; a small good quality sawlog. The
lumber recovery factor of 256 fbm per cubic meter for these J
logs was nearly identical to that for old-growth J logs. The
lumber recovery of approximately 300 fbm per cubic meter
obtained for I, H, and C grade logs is somewhat higher than
averages obtained for old-growth of the corresponding grades,
while the recovery factors for X and Y grade logs (the lowest
grades) are substantially lower than those obtained for
old-growth. These lower recovery factors are due to differ-
ences in average log size. The yield of lumber graded No. 2
and Better was 5 to 10 percent lower for second-growth log
grades compared to old- growth grades except in Y grade logs
where the value for old-growth was 3 percent lower than for
second-growth.

The conversion of second-growth Douglas-fir will yield no
clear grades without pruning. Clear grades in old-growth have
comprised 9 percent of the volume and 21 percent of its value
as recently as 1975. Approximately 35 percent of the lumber
sawn in this study was graded as Select Structural. The two
major reasons for lumber being graded lower than this were
knots (29.1 percent) and wane (28.6 percent).

The factor primarily determining lumber value is tree and log
size. Grades No. 2 and Better accounted for a relatively con-
stant average of 82 percent of all lumber. Increased yields of
Select Structural that were obtained as log diameter increased
were largely at the expense of reductions in the yield of No. 1
and No. 2 lumber. Clearly, differences in lumber value related
to log quality depend on a premium price for Select Structural.
Without this premium for grade the effect that log size has on
value would become even more important, because premium
prices are usually paid for the widest lumber widths.

Although knots were a major determinant of visual lumber
grade there is no direct linear relationship between knot size
and visual grade. This results from the fact that an acceptable
knot size for a given lumber grade is defined by the size of the
lumber piece and by the location of the knot within the piece.

Lumber grade and value considerations of second-growth
material will have to include the impact of juvenile wood on
lumber drying and strength characteristics. Warp, particularly
twist, was a major drying degrade factor with a strong ten-
dency for warp to increase with increasing proportion of juve-
nile wood. In Select Structural lumber containing 90 to 100
percent juvenile wood, over 20 percent of the lumber had
twist in excess of the grade limit causing a drop in grade to
either 2, 3 or Economy.

Of greater concern is the magnitude of potential grade and
value reduction resulting from the reduced strength and stiff-
ness of lumber with high proportions of juvenile wood. For
example, Select Structural lumber containing 90 to 100 per-
cent juvenile wood from butt and middle logs has a stiffness
(Modulus of Elasticity) approximately 80 percent of that from
mature wood and would not meet the design code require-
ments. These results do not reflect the design values that could
currently be assigned to random samples of visually graded
lumber as typically marketed in British Columbia.

Rather, they bring industry’s attention to a potential value
problem should there be a significant change in log sorting
strategies, proportion of second-growth being harvested or a
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change in forest management strategy that increases the pro-
duction of low density lumber.

There is a substantial proportion of the lumber from second-
growth trees with high strength and stiffness properties that
are not recognizable by means of visual grading. By contrast,
machine stiffness rating systems provide a direct method of
assessing the structural performance capability of each piece
of lumber. In a similar sense, conventional kiln-drying sched-
ules and practices may result in appreciable drying degrade in
second-growth Douglas-fir lumber containing a high propor-
tion of juvenile wood. Methods have been developed else-
where in the world to deal with similar drying problems and
these should be examined to develop a cost-effective means of
reducing degrade losses in this material.

Perhaps one of the greatest values in the information obtained
in this study is the recognition of potential quality problems so
that methods can be developed to deal with them effectively
before this type of wood becomes a significant component of
the harvested coastal Douglas-fir resource. The results should
suggest ways in which second-growth can be converted,
graded or marketed in order to realize its highest potential
value.

If the second-growth coastal Douglas-fir resource or sawmill
residuals from that resource are converted to kraft or refiner
mechanical pulp certain observations can be made on the
characteristics of those pulps based on the results of this study.
Yields of both bleachable-grade and linerboard grade kraft
pulps were consistently lower for juvenile wood relative to
mature wood while the yield of top wood was intermediate.
Juvenile wood cooked faster than mature wood. Bleachable-
grade kraft pulps from juvenile wood and top wood formed
denser sheets than those from mature wood at any level of
beating. They also were smoother and less porous to air. Pre-
sumably due to an improved interfiber bonding, the juvenile
wood and top wood pulps had higher tensile and burst
strength, a greater stretch and stress-strain factor than those
from mature wood. On the other hand the juvenile wood and
top wood pulps were substantially lower in tear strength than
the mature wood pulps. The wide ranging properties of
bleachable-grade kraft pulps made from the different compo-
nents from the second-growth Douglas-fir resource were pre-
dictable on the basis of wood or chip density, fiber length and
fiber coarseness.

An increase in the proportion of juvenile wood will adversely
affect the tear index of kraft pulps of coastal Douglas-fir to a
point where they are more comparable with the tear strength
of other Canadian softwoods. This drop in tear is offset to
some degree by increased tensile strength and sheet density. In
short, the future resource can be expected to produce a more
balanced kraft pulp. It appears that there is the potential for an
increased range of properties from kraft pulps of sec-

ond-growth Douglas-fir which offers a broader range of utili-
zation options. Other softwoods may not be capable of
providing a comparable range in properties.

Fibers from mature wood refiner mechanical pulps were
longer and coarser than those from juvenile wood and top
wood pulps. As a result mature wood pulps were stronger in
both tensile and tearing strength.

The optical properties of mature wood pulps, however, were
inferior, as shown by decreased printing opacity and scattering
coefficients compared to those of juvenile and top wood
pulps. The lower density of wood of the second-growth
resource will require a higher specific energy than used at
present to reach a given pulp freeness.

It has been found that the properties of refiner mechanical
pulps can be predicted and explained primarily on the basis of
fiber length, fiber strength and Klason lignin content of the
wood. Wood density is also important, but unlike the models
developed for kraft pulps, plays a less dominant role. Consid-
eration of available options for utilization of second-growth
Douglas-fir refiner mechanical pulps suggests that there is
good potential for the production of mechanical pulps with a
distinctive range of properties.

The second major contribution of this study has been the
development of a model called SYLVER which can relate sil-
vicultural strategies to standing yield, product recovery and
financial return. Initial validation shows that SYLVER has
successfully integrated the results of other Task Force studies
into a system sensitive to environmental variables, silvicul-
tural practices, wood properties, product quality, financial
return and management opportunities.

The model suggests an increased return on investment through
the establishment of coastal Douglas-fir plantations at stock-
ing densities of 400 to 500 trees per hectare as opposed to the
current practice of 900 trees per hectare. On highly productive
sites the highest return would be realized with a harvest rota-
tion of 50 to 60 years when conventional visual grading proce-
dures are applied.

Recognition of the potential end-product quality problems
resulting from the high proportion of juvenile wood resulting
from this strategy results in a marked reduction in the net
present value, expands the range of optimum planting densi-
ties (500-750 trees per hectare) and delays harvesting until age
90. Defining the magnitude of these effects provides the forest
industry with some sense of the potential value losses against
which the investments in either technological or biological
solutions to the problem can be compared. The optimum
planting density and harvest age depends on an organization’s
objective.
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A policy that strives to maximize the merchantable volume of
standing timber, or logs, encourages relatively high planting
densities (1110 trees per hectare). Emphasizing lumber value
has a similar effect. The attractiveness of high establishment
density and long rotations vanishes when planting and carry-
ing costs are incorporated into the analysis through net present
value.

The results from the simulated experiment with different
planting densities may encourage the forest planner to look for
other opportunities to increase net revenue. Pruning is a likely
choice with clear lumber presently demanding a price pre-
mium in excess of 300 percent relative to No. 2 and Better,
and the realization that short rotation unpruned stands will
produce essentially no clear lumber. The model suggests that
pruning will increase the net present value by as much as
$400. It is predicted that a single lift pruning to 6.5 meters at
age 20 would result in clear lumber accounting for 14 percent
of the volume and 33 percent of the lumber value. This strik-
ing increase in the net present value of pruned stands illus-
trates the dynamics of financial yield and the insight that
SYLVER can provide when adequately validated.

Integrated efforts like the Douglas-fir Task Force provide a
means of developing a knowledge of the wood characteristics
that determine end-product value. This is essential informa-
tion for tree improvement planners who may want to consider
the potential they have to offset some of the negative wood
quality features expected in the managed second-growth
resource. Models like SYLVER offer the potential of evaluat-
ing the effects of genetic manipulations of the wood character-
istics which are critical in determining end-product value. The

model should be able to consider the costs of genetic manipu-
lation and trait measurement in tree improvement programs so
that assessments of overall financial return of potential invest-
ments can be made in terms of net present value. These
options are just beginning to be explored but with further
refinement of the model the potential of this application is
very real.

The Task Force recognizes that certain assumptions are made
in carrying out these analyses with which not all potential
users agree. These assumptions have been described in Chap-
ter 13 and for the most part users of FANSY have consider-
able control over the assumptions when developing their own
financial evaluations. It may be considered a bold assumption
that structural lumber will still be produced from stands of
coastal Douglas-fir at the end of the next rotation. The demon-
stration runs of the model have assumed there will still be a
premium in the market place for clear lumber and that the use
of wood as a structural material will continue to be economi-
cal. The form of structural members may change, but it is rea-
sonable to assume that the value of the raw material will
remain related to its inherent structural performance potential.

If Canada’s forest industry is to remain competitive on the
world market we must maintain a high quality resource which
will permit the greatest flexibility in the manufacture of a vari-
ety of high quality value added products.

The Task Force encourages users to test FAN$Y rigorously,
and assess its performance in relation to their practical experi-
ence in sectors simulated by SYLVER.
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APPENDIX I: Douglas-Fir Log Grades1

5.45 Fir and Pine Grades
With the exception that pine has no peeler grades these two
genera are graded the same. The grades apply to all species of
pine found in the province. See section 4.17.

5.451 No. l Peeler Fir, Grade Code A 
5.4511 Grade Rule
Fine grained logs 5.2 m or more in length and 38 cm or more
in radius where at least 80% of the gross scale will cut out on
a rotary lathe into veneer and at least 35% of the veneer will
be clear and of uniform colour.

5.4512 Log Requirements to Make the Grade
(a) No conk, conk stain or pocket rot is permitted.

(b) There must be no fewer than 6 annual rings in each 2 cm
of diameter.

(c) Logs must have at least 50% of the visible surface clear
with only a few well spaced knots or knot indications no
more than 4 cm in diameter permitted on the upper 25%
of each side and only one knot or knot indication no more
than 4 cm in diameter permitted in the next 25% of each
side.

(d) Maximum twist permitted over 30 cm in length is 8% of
the radius up to a maximum deviation of 6 cm.

(e) Butt rot must not be present in logs less than 8 m in
length.

(f) The diameter of butt rot in logs 8 m to 10.2 m in length
must not exceed 33% of the measured butt diameter after
excluding flare.

(g) The diameter of butt rot in logs 10.4 m or over in length
must not exceed 50% of the measured butt diameter after
excluding flare.

(h) Butt star checks must not be longer than half the top
diameter of the log.

(i) No more than one heart check or split which must not
affect the outer 25% of the diameter is permitted.

(j) Only small pitch pockets ranging in numbers per end
from four for logs 38 cm in radius to seven for logs 76 cm
or over in radius are permitted.

(k) One tight partial ring shake which does not extend around
half the circumference of the ring and does not have
checks at right angles to the shake, or a full ring shake
with a diameter less than 33% of the diameter of the log is
permitted.

(1) No sap rot or sun checks are allowed in logs less than 25
centimetres in radius. Logs 25 centimetres in radius and
greater can exhibit sap rot or sun checks to a depth of 4
percent of the top diameter of the log. The maximum
depth of sap rot or sun checks shall not exceed 5 centime-
tres.

(m) Sweep is permitted providing the log meets the grade
rule.

(n) Bucking breaks, splits and broken ends are allowed pro-
vided the defect can be eliminated in a length equal to the
top diameter.

(o) Burls are permitted to the extent of one medium or large
size burl for every 2.6 m of log length.

5.452 No. 2 Peeler Fir, Grade Code B
5.4521 Grade Rule
Fine grained logs 5.2 m or more in length and 30 cm or more
in radius where at least 80% of the gross scale will cut out on
a rotary lathe into veneer.

5.4522 Log Requirements to Make the Grade
(a) No conk, conk stain or pocket rot is permitted.

1. British Columbia Ministry of Forests. 1980, Forest Service Scaling Manual. (Revised March 1983). British Columbia Ministry of 
Forests, Victoria. 264 p.
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(b) There must be no fewer than 6 annual rings in each 2 cm
of diameter.

(c) Logs 30 cm or over in radius must have one 2.6 m butt
block free of knots or knot indications.

(d) Logs 38 cm or over in radius must have one 2.6 m butt
block free of knots.

(e) No knots over 4 cm are permitted and knots or knot indi-
cations 4 cm or less in diameter must be well spaced.

(f) Maximum twist permitted over 30 cm of length is 14% of
the radius up to a maximum deviation of 8 cm.

(g) Other defects are permitted as listed for No. 1 Peeler Fir.
See section 5.4512 items (e) to (m).

5.453 No. 3 Peeler Fir, Grade Code C
5.4531 Grade Rule
Logs 5.2 m or more in length and 19 cm or more in radius
where at least 80% of the gross scale will cut out on a rotary
lathe into veneer. 

5.4532 Log Requirements to Make the Grade
(a) No conk, conk stain or pocket rot is permitted.

(b) There must be no fewer than 5 annual rings in each 2 cm
of diameter.

(c) No knots over 4 cm in diameter are permitted and knots 4
cm or less in diameter must be well spaced.

(d) Maximum twist permitted over 30 cm of length is 14% of
the radius up to a maximum deviation of 8 cm.

(e) Other defects are permitted as listed for No. 1 Peeler Fir.
See section 5.4512 items (e) to (m).

5.454 No. 1 Lumber Fir and Pine, Grade Code D

5.4541 Grade Rule
Logs 5 m or more in length and 38 cm or more in radius where
at least 75% of the gross scale will cut out merchantable or
better grade of lumber and at least 50% of the lumber will be
clear.

5.4542 Log Requirements to Make the Grade
(a) No conk, conk stain or pocket rot is permitted.

(b) There must be no fewer than 6 annual rings in each 2 cm
of diameter.

(c) Logs must have at least 90% of the visible surface clear
with only a few well spaced knots or knot indications no
more than 4 cm in diameter permitted on the upper 10%
of two sides or the upper 20% of one side.

(d) Maximum twist permitted over 30 cm in length is 8% of
the radius up to a maximum deviation of 6 cm.

(e) Only small pitch pockets ranging in numbers per end
from three for logs 38 cm in radius to six for logs 76 cm
or over in radius are permitted.

(f) No ring shakes are permitted in that part of the log
between 8 cm and 20 cm of the bark.

(g) A ring shake within 8 cm of the bark is only permitted if
within that part of the log inside the shake there is suffi-
cient wood free of knots or other defects to make the
grade rule.

(h) Insect or worm holes other than ambrosia must not pene-
trate beyond the sap wood.

(i) Ambrosia, butt rot, burls, checks, crook, heart rot, ring
shake, sap rot, shatter, splits, sweeps, or other defects are
permitted providing the portion of the log free from these
defects is sufficient to meet the grade rule.

5.455 No. 2 Sawlog Fir and Pine, Grade Code H 
5.4551 Grade Rule 
Logs 5 m or more in length that are:

(a) 15 cm or more in radius where at least 75% of the gross
scale will cut out lumber, or

(b) 25 cm or more in radius where at least 50% of the gross
scale will cut out lumber, 

and at least 65% of the lumber will be merchantable or better.

5.4552 Log Requirements to Make the Grade
(a) There must be no fewer than 3 annual rings in each 2 cm

of diameter.

(b) On logs 15 cm to 18 cm in radius there must be no more
than well spaced knots up to 5 cm in diameter over the
upper 33% of the visible surface, or reasonably well
spaced knots up to 2 cm in diameter over all the visible
surface.

(c) On logs 19 cm to 24 cm in radius there must be no more
than well spaced knots up to 5 cm in diameter over 50%
of the visible surface, or reasonably well spaced knots up
to 4 cm in diameter over all the visible surface.

(d) On logs 25 cm or over in radius there must be no more
than occasional knots up to 8 cm in diameter over 50% of
the visible surface, or reasonably well spaced knots up to
5 cm in diameter over 67% of the visible surface or rea-
sonably well spaced knots up to 4 cm in diameter over all
the visible surface.
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(e) Maximum twist permitted over 30 cm in length is 14% of
the radius up to a maximum deviation of 8 cm.

(f) Insect or worm holes other than ambrosia must not pene-
trate beyond the sap wood.

(g) Ambrosia, burls, butt rot, checks, conk, conk stain, crook,
heart rot, oversized knots, pitch pockets, pocket rot, ring
shake, sap rot, shatter, splits, sweep or other defects are
permitted providing the portion of log free from these
defects is sufficient to meet the grade rule. 

5.456 No. 3 Sawlog Fir and Pine, Grade Code I
5.4561 Grade Rule 
Logs that are:

(a) 3.8 m or more in length and:

(i) 19 cm or more in radius where at least 75% of the
gross scale will cut out lumber, or

(ii) 25 cm or more in radius where at least 50% of the
gross scale will cut out lumber 

and at least 50% of the lumber will be merchantable or better,
or

(b) 5 m or more in length and 19 cm to 24 cm in radius
where at least 50% of the gross scale will cut out lumber
and 65% of the lumber will be merchantable or better.

5.4562 Log Requirements to Make the Grade
(a) by log radii, maximum knot size diameters which should

not prevent the manufacture of the lumber requirements
of the grade are:

(b) Maximum twist permitted over 30 cm of length is 20% of
the radius up to a maximum deviation of 9 cm.

(c) Ambrosia, bunch knots, burls, butt rot, checks, conk, conk
stain, crook, heart rot, insect holes, loose knots, oversized
knots, pitch pockets, pocket rot, ring shake, rotten knots,
sap rot, shatter, splits, sweep, or other defects are permit-
ted providing the portion of the log free from these
defects is sufficient to meet the grade rule. 

5.457 No. 4 Sawlog Fir and Pine, Grade Code J 
5.4571 Grade Rule 
Logs 5 m or more in length and 5 cm to 18 cm in radius where
at least 75% of the gross scale will cut out lumber and at least
50% of the lumber will be merchantable or better.

5.4572  Log Requirements to Make the Grade
(a) Knots with diameters up to a maximum diameter of 6 cm

should not prevent the manufacture of the lumber require-
ments of the grade, with the provision for oversize knots
as noted in (c) below.

(b) Maximum twist permitted over 30 cm of length is 20% of
the radius.

(c) Ambrosia, bunch knots, burls, butt rot, checks, conk, conk
stain, crook, heart rot, insect holes, loose knots, oversize
knots, pitch pockets, pocket rot, ring shake, rotten knots,
sap rot, shatter, splits, sweep, or other defects are permit-
ted providing the portion of the log free from these
defects is sufficient to meet the grade rule.

5.458 No. 5 Utility Fir and Pine, Grade Code X 
5.4581 Grade Rule
Logs 2.6 m or more in length and 5 cm or more in radius
where at least 33.3% of the gross scale will cut out lumber and
at least 50% of the lumber will be merchantable or better.

5.4582 Log Requirements to Make the Grade
(a) By log radii, maximum knot size which should not pre-

vent the manufacture of the lumber requirements of the
grade are:

(b) Maximum twist permitted over 30 cm of length is 26% of
the radius up to a maximum deviation of 13 cm.

(c) Ambrosia, bunch knots, butt rot, conk, conk stain, crook,
heart rot, insect holes, loose knots, oversize knots, pocket
rot, ring shake, rotten knots, sap rot, shatter, splits, sweep,
or other defects are permitted providing the portion of the
log free from these defects is sufficient to meet the grade
rule.

Log Radius Knot Size 
Diameter

19-24 cm 8 cm

25-37 cm 9 cm

38+ cm 10 cm

Log Radius Knot Size 
Diameter

18 cm, or under 10 cm

19-37 cm 13 cm

38 cm, or over 15 cm
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5.459 No. 6 Chipper Fir and Pine, Grade Code Y
5.4591 Grade Rule
Logs that are lower in grade than utility but are better quality
than firmwood rejects.


