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THE DEVELOPMENT OF A STAND MODEL FOR DOUGLAS FIR
ABSTRACT

A mathematical model has been developed to describe
the growth of trees in stands of Douglas fir (Pseudotsuga
menziesii (Mirb.) Franco) from age ten to age 100 years,
An initial square pattern of spacing was assumed. At age
ten years the trees were assumed to be open-grown, that
is, growing in diameter at breast height at a maximum
rate. A regression of d.b.h. on age was obtained from
eighteen open-grown, Douglas fir trees measured on the
Saanich Peninsula, Vancouver Island. The relationship
derived from these data agreed with further data collected
elsewhere in the coastal regions of British Columbia and
Washington and in the interior of British Columbia. The
d.b.h. growth of individual trees was predicted by five-
year periods. Relationships between crown width and
d.b.h. were calculated from data on 426 open-grown,
Douglas fir trees. There was a close correlation between
crown width and root spread for open-grown trees. A
multiple regression equation was obtained for height of
869 trees on d.b.h. and basal area per acre. All
regression equations calculated for use in the model were
highly significant statistically,

The model is initiated with a matrix of 15 x 15 trees
(or tree ‘locations'). The initial d.b.h. of each tree
is specified and, from the crown width/d.b.h. regressionms,
the crown width of each tree is calculated. As long as
the tree remains free of competition, this calculated
crown width is reduced by 40 per cent by the reduction
factor "REDFAC", to give the “competitive" crown width.
This was because it was found that, in young Douglas fir
plantations, there could be considerable overlapping of
the crowns before d.b.h. growth was reduced. As soon as
competition sets in the original 40 per cent reduction is
systematically reduced. The proportion of the circumference
of each tree that is occupied by the crowns of surrounding
competitors is then calculated. This proportion indicates
the amount of competition to which the tree is being
subjected and varies between zero, if the tree is open-
grown, and one or more, if the tree is completely enclosed
by the surrounding competitors. If the reduction is
sufficiently great, continued survival of the tree is



considered unlikely, and the tree is assumed to have
died. The periodic d.b.h. growth of the surviving
trees is calculated at five-year intervals to age
100 years.

All calculations are performed using an I.B.M.
7090 electronic computer. A summary of the structure
of the stand can be printed out at the end of each
five-year period if required. Height growth can be
described by modifying the stand model by including
an appropriate regression equation. Similarly,
volume growth can be estimated by modifying the
basic stand model.

The mathematical model developed here
satisfactorily describes the growth of Douglas fir
stands on an individual tree basis, over a wide
range of site conditions, stand densities, amounts
and distributions of mortality amnd thinning regimes.
Field data cannot be secured to evaluate the
accuracy of all the tests made. However, there are
no gross errors in absolute values and results are
accurate proportionately.

The model described here can aid the forester in
managing Douglas fir stands in the Pacific Northwest.
By simulating the growth of his stands from age ten
to age 100 years in a few minutes he can study
questions that would otherwise require several
human generations to evaluate.
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ABSTRACT
Supervisor: Professor J. H. G. Smith

A mathematlical model has been developed to describe

the growth of trees in stands of Douglas fir (Pseudotsuga

menziesii (Mirb.) Franco) from age ten to age 100 years. An
initial square pattern of spacing was assumed. At age ten
years the trees were assumed to be open-grown, that is,
growing in diameter at breast height at a maximum rate. A
regression of d. b. h. on age was obtained from eighteen
open-grown, Douglas fir trees measured on the Saanich Penin-
sula, Vancouver Island. The relationship derived from these
data agreed with further data collected elsewhere in the coastal
regions of British Columbia and Washington and in the interior
of British Columbia. The d. b. h, growth of 1individual trees
was predicted by five-year periods. Relationships between
crown width and 4. b. h; were calculated from data on 426
open-grown, Douglas fir trees. There was a close correlation
between crown width and root spread .for open-grown trees.
A multiple regression equation was obtained for height of 869
trees on d. b. h. and basal area per acre. All regression
equations calculated for use in thé model were highly signi-
ficant statistically.

The model is initiated with a matrix of 15 x 15
trees (or tree flocations"). The initial d. b. h. of each
treé is specified and, from the crown width/d. b. h. regres-

sions, the crown width of each tree is calculated. As long
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as the tree remaips free Qf competition, this calculated crown
width is reduced by 40 per cent by the reduction factor
"REDFAC", to give the '"competitive" crown width. This was
because it was found that, in young Douglas fir plantations,
there coﬁld be considerable overlapping of the crowns before
d., b. h. growth was reduced. As soon as competition sets in
the original 40 per cent reduction-is systematically‘reduced.
The proportion of the circumference of each tree that is
occupled by the crowns of surrounding competitors is - then
calculated. This proportion indicates the amount of competi-
tion to which the tree is being subjected and varies between
zero, 1f the tree 1s open-grown, and one or more, 1f the
tree is completely enclosed by the surrbunding competitors.
The five-year d. b. h. growth bf'each tree 1s then deter-
mined from the d. b. h,/age regression described above.
D. b. h.. increment is reduced in value by the proportion of
the crown occupied by competitors. If the reduction is
sufficiently great, continued survival of the tree 1s con-
sidered unlikely, and the tree 1s assumed to have died. The
periodic 4. b. h. growth of the surviving trees 1s calculated
at five-year intervals to age 100 years.

A1l calculations are performed using an I. B. M.
7090 electronic computer. A summary of the structure of the
stand can be printed out at the end of each five-year period
if required. Height: growth can be described by modifylng
the stand model by including an approprlate regression

equation. Similarly, volume growth can be estimated by
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modifyihg the basic stand model.

The mathematical model developed here satisfactorily
describes the growth of Douglas fir stands on an individual
tree basis, over a wide range of site conditions, stand
densities, amounts and distributions of mortality and thinning
regimes. Fileld data cannot be secured to evaluate the
accuracy of all the tests made. However there are no gross
errors in absolute values and results are accurate propor-
tionately.

The model described here can aid the forester in
managing Douglas fir stands in the Pacific Northwest. By
simulating the growth of his stands from age ten to age 100
years in a few minutes he can study questions that would

otherwise require several human generations to evaluate.
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INTRODUCTION

The present study was initiated in 1962 to develop
a stand model to describe the growth of Douglas fir

(Pseudotsuga menziesii (Mirb.) Franco) stands under the

conditions normally encountered in the coastal region of
British Columbia. A stand model should describe mathemati-
cally the growth of a stand by individual trees rather than
by average height, average dlameter at breast height, total
basal area and volume (either total or merchantable) as in
published yield tables. Yield tables generally describe the
”normalﬁ or "fully stocked" stand although in Europe (e. g.
Hummel and Christie, 1953) and, more recéntly, in North
America (e. g. Clutter, 1963) attempts have been made to
forecast growth under various thinning regimes. New Zealand
tables for Douglas fir (Duff, 1956) take the initial spacing
in the plantations into account. These tables have the
defect that once away from the normalvor prescribed it i§ not
possible to forecast yileld on any sound basis.

In the past ten years there has been.a_mafked
change in thinning and planting practice which has outdatéd
many of the yield tables; In the perfect stand model the
effect of the removal of any group of trees by thinning or
natural mortality can be described by the model in terms of
increased or décreased growth and, what 1s more important,

the distribution of that growth on the remaining trees can

1



also be estimated. If such a model could be obtained it
would be of great value to the forest manager 1n determining
optimum initial spacing in plantations and the most economical
method of thinning. From present day knowledge of the growth
of stands and of individual trees it should be possible to
obtain a satisfactory approximation to the 'perfect!' quel.

| For the purposes of the present study a satisfactory
model was defined as one Which gave estimates of mean diameter
growth, basal area growth and number of trees per acre which
fell within the bounds of the data gilven in several yileld
tables for Douglas fir (Barnes, (U. B. C. Forest Club, 1959),
McArdle et al., 1949, and Duff, 1956) and which showed no
abnormalities in diameter distribution. 1In the model no
attempt has been made to describe height growth of individual
trees in detail, due to the 1mpracticallty of measuring the
large number of tree helghts requilired, or volume growth,
although the latter is usualiy considered to be closely
correlated with basal area growth., Height-diameter relation-
ships can be calculated for individual_standsvfromvempirical
data., It should also be noted that, although the éalcul—
ations have been made on individual trees, the model should
not be used to describe the growth of any particular tree but
rather the stand as a whole. It!is anticipated that the
greatest value of the model will be for comparing different
methods of stand management.

Most of the information on the growth of Douglas

fir used in this study is based on data collected at the



University Research Forest, Haney, British Columbia since
1949, Much of this information has been published by Smith
et al, (1961) and by Griffith (1960). Further data were
collected in the summer of=l963 in the interior of British
Columbia (Paul Lake, near Kamloops), in the drier parts bf
the coastal region of British Columbia (Saanich Peninsula,
Vancouver Island), and on the higher rainfall, western slopes
of the Cascade Mountains in Washington State (Wind River).
Thé growth of a forest stand 1s a very complex
subject and one which has probably been studied more inten-
sively than any other topic in forestry. The principles of
the mensurational aspects of growth - height and diameter
growth, stocking, density, yield, thinning and competition -
are generally understood but attempts to fit mathematical
models to the basic theory have either been complicated and
limited in their use (Clutter, 1962 and 1963; Crane, 1962;
Czarnowski, 1961, and Meyer, 1930) or else did not give the
satisfactory results that had been desired (Staebler, 1951).
‘Due to the complexity of the growth.pattepns whiéh involve
extensive computations, researchers in the past have also
been physically»limited in the amount of work they could
undertake. With the advent of modern, high—spéed, electronic
computers and their widespread use in forestry, this problem .
‘has been reduced and the forest researcher's horizon has
been greatly widened (see Csizmazia, 1963). The advantages

of these advances have been summarized by Jeffers (1962):



For the first time in human history, not only 1s it
possible for us to undertake large scale forest
enumerations showing the state of the forest at a
particular time, it is possible to project these
enumerations forward with a fair degree of reliabi- :
lity, and to build from this information, mathematical
models of the forest.and 1ts production. The effect of
management decisions on this model may then be tested,
so that the forester can have a fair idea of the con-
sequence of his actions, before treatments are ever
applied,
This paragraph emphasizes the importance of stand models 1n
forest management and also the need to establish a model, or
models, which will satisfactorily predict growth under a
wide range of stand conditions,
The growth of an individual tree is dependent on a
number of factors, Baker (1950) outlined these as:
1. The site factors, which are virtually fixed and
can be but slightly modified by the forester's art.
2. The inherent capaclty of the leaves to carry on
photosynthesis (tolerance is involved here).
3. The input of light energy, water and nutrients,
4, The photosynthetic area,
Until recently, the forester could control, or.influence,
only the third and fourth factors. By fertilizing, irri-
gating or draining, the forester can now improve the quality
of the sife and, in tree-breeding, 1t is possible to select
those trees having the greatest growth capacity. The factors
influencing site are multitudinous and, because of this, no
two forest sites are ever exactly alike, In addition to
the soil characteristics (depth, permeability, organic mat-
erial content and nutrient content), site is affected by
climate (precipitation, temperature, hours of sunshine,

frost and winds), topography (type of slope, steepness, aspect



and elevation), and the artificial effects of man and domestic
animals., In natural stands growth may vary from year to

year due to climatic changes so that growth studies should
always be averaged over a number of years to eliminatepsuch
variation as far as is possibie. |

Not only does growth vary from site to site but
growth within a stand on a particular site is also variable.
If we consider a stand.where all the trees are the same age
and species, and have sufficient room that they are nof in
competition with each other, there will be still considerable
variation in growth (Baker, 1923). These differences will be
due to two sources: first, the inherited genetical differences
between trees, and second, local differences in site due to
changes 1in microclimate, microtopography, the presence of
local pockets 6f fertility, the presence of root systems of a
former stand and many other causes. This partially explains
the lack of success in predicting the growth of i1ndividual
trees (Staebler, 1951). In predlcting growth, even 1if it is
on an 1ndividual tree basis, the overall effect must be con-
sidefed and not the individual effect.

Smith (1964) described progress to date and the
problems involved 1in the preparation of a model of stand.
development from stem analysis. In order to apply his data
secured by stem analysis in the testing of various alterna-
tives in forest management, it was necessary to develop a
comprehensive, mathematical model of the growth of Douglas

fir stands which can be manipulated quickly and easily. The



writer has been concerned for two years wilth the preparation
and testing of the requilred mathematical model,

| In this thesis preparatioﬁ of the model willl be
»described. The developed model will be used to fest the
effects of various amounts and distributions of mortality
following planting on basal area growth. Four different
spacings ranging.from 3.3 x 3.3 ft. to 13.2 x 13.2 ft. will
be tested on three different site qualities - poor (Site
index 120), medium (site index 140) and good (site index 160).
Two wider spacings, 16.5 x 16.5 ft. and 19.8 x 19.8 ft., will
be tested on the medium site quality. Different types and
intensities of thinning will be tested in an attempt to
determine the best thinning schedule for the management of
Douglas fir plantations in the coastal region of British

Columbia,



PART I
SUMMARY OF PAST WORK

As stated previously, very little attentlon has
been paid to the development of comprehensive stand models,
due to the enormity of the mathematical computations involved.
Staebler (1951) suggested a number of hypotheses about the
growth of Douglas fir. His first hypothesis was thét a tree's
growth varied inversely to the competition which it received
from nelghbouring trees. It.was assumed that competition was
directly proportional to some function of the competing trees
(e.g. diameter at breast height or crown class) and inversely
proportional to their distance apart. All the competing
trees taken together éxplain the growth of the study tree..
Staebler's "area of overlap" hypothesis is probably of most
interest in relation to the presehtvstudy. According to this
hypothesis, trees require a circular area, whilch varies
with the d. b.h. of the tree, in which to grow. Two trees
which are growing so close together that their circles
overlap are consldered to be competing with eac¢ch other.

The growth of any tree is inversely proportional to the
amount of this overlap, d' (Fig. la). Staebler suggested
that competition-might,be better measured by the area of
overlap rather than the lineal measurement. In the present
study an angular measure, O, has been used to measure tree

competition (Fig. 1b). Staebler's third hypothesis was to
| 7



Fig. 1.(a) Staebler's method of measuring tree competition by
the overlap method (from Staebler, 1951: Fig. 4).

(b) The method of measuring tree competition in the
present study.

define competition as a fraction of "full growth". "Full
growth" was defined as two standard deviations above the
basic diameter growth/d. b. h. curve for the stand. A curve
of "full growth" could then be used as uniform reference point
for any stand. Unfortunately, the regression equations that
Staebler developed to describe the diameter growﬁh of indi-
vidual trees did not remove much of the variation in growth'
_between trees, possibly due to the small size of the sample
he was able to use (40 trees).

Staebler's research outlined above is probably the
only attempt that has been made to develop a mathematical
model to describe the growth of a forest stand on an indivi-
dual tree basis., Other methods have used stand averages;
these are described below together with other factors which

~affect the growth of forest stands.
The Spatial Pattern of Forest Stands

"Spatial pattern" i1s the arrangement of tree stems

within the stand. This arrangement is usually clearly definable



in the early life of a plantation as the trees will normally
have been planted in some geometrical arrangement at roughly
equal distances. A square pattern is usually adopted as thils
gives a balanced, equal space to each tree and is easy to
apply 1in practice. Although there 1is always a certain amount
of mortality, and sometimes ingrowth of naturally regenerated
trees, the planting pattern can uSually be seen for some time.
Planting the trees closer within the rows than the distance
between the rows is a fairly common practice in poplar culti-
vation and may become more Iimportant in the establishment of
Douglas fir plantations in the Pacific Northwest, Van Slyke
(1964 a,b) has adopted the systematic designs of Nelder
(1962) for testing the effects of spacing and rectangularity
in forest stands. |

The trees in a natural stand are never equally
spaced and their spatial pattern is often indescribable by
mathematical formulae., Where regeneration 1s dense and com-
petition is intense, or when the stand becomes older,»the
spatlal pattern does become more regular.

Development of pattern can be 1llustrated simply.
If a number of pennies are placed in a flat tray so that they
do not overlap and the tray then tilted so that the coins
slide to one edge it will be seen that, except for the edge
pennies, each penny is surrounded by six other pennies. Ir
the coins could now be compressed so that thé spaces between
them were eliminated, the coins would change their shape to

six-sided polygons whose centres would be located at the
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corners of equilateral triangles. Such a phenomenon is
common in nature when the units, or cells, are occupylng all
the available space as, for example, in a honeycomb, Dice
(1952) adopted triangular spacing in describing the spatial
pattern of plants. For these‘reasons it may be argued that
the spatial pattern of natural stands should be triangular
since the stand will tend to utilize the site completely.
However, few stands have 100 per cent crown closure and by
adopting an arbitrary square spacing, allowance can be made
for this. Hummel (1954) suggested that square spacing was
at least as Justifiable as triangular spacing because the
distribution of trees in a stand was never quite regular,
It 1s also simpler in ﬁractice and foresters are more
accustomed to think in terms of it. Bright (1914), Crane
(1962), Lemmon and Schumacher (1963), Smith (1958 and 1963)
and Wiley (1959) have also adopted the sguare spacing concept
to allow for the spaces between crowns in the canopy.

The argument that a stand is only fully utilizing
a site when the crown closure is more or less complete is
fallacious in some instances. In South Africa it was found
that root competition set in long before the crowns of
plantation—grown, exotic pines came into competition (Hiley,
1948 and 1954), VWhen water 1is scarce, growth 1s more
influenced by root restriction than by crown restriction
(Hiley, 1959). Part of the root system of trees normally
extends beyond the perimeters of the crowns and may interlock

with the roots of the surrounding trees (Spurr, 1952)., This
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has been fouﬁd specifically to be so in Douglas fir (Hengst,
1938; and McMinn, 1955 and 1963). McMinn (1963), however,
found that the greatest concentratibn of feeding roots was
confined to an area considerably smaller than the area
.occupiled by the crown and that the spread of the root sys-
tems was restricted'byvthe presence of other root ‘systems in
the soil. Bright (1914), who studled yellow pine '(P_ingg
ponderosa Laws.), claimed that the roots rarely extended
beyond the crown. It appears probable that he did not measure .
the full extent of the root systems as he confined his mea-
surements to the roots of wind-blown trees.
The various methods Qf describing pattern in plant

ecology have been described in detail by Greilg-Smith (1957).
Foster and Johnson (1963c) have described the pattefn and
frequency distribution of forest disease in Douglas fir
. plantatlons on Vancouver Island. Although the'initial pat-
tern of spacing must have been regular, or nearly so, and the
plantations had_only been established thirteen years, the
distribution of the living trees was described.as regular in
only one of the five areas sampled."In‘thé two areas with
.the heaviest mortality the distribution was aggregated whilst
in the remaining two areas it was irregular. Root-rot affected
trees were also aggregated whereas trees affected by frost-
-lesion and sunscald conformed to an irregular pattern, The
negative binomial distribution was found to adequately des-
cribe the distribution of root-rot affected trees,

- The actual spatial pattern of a forest canopy can

best be determined from crown canopy photographs taken from
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below or from stand maps. Stand maps have been drawn by some
European foresters but these have generally been of uneven-
aged. stands (Miegroet, 1950) or else are not extensive enough

to draw definite coneclusions (Kostler, 1953).
The Bffect of Initial Spacing on Growth

The "initial spacing'" in plantations is the planting
dilstance or, in naturally regenerated stands, 1t 1s the average
distance between 'established' seedlings. What is meant by
'established! will'depend to a.large extent on the site and
‘species. Dick (1963) defined an established ponderosa pine
seedling as "one at least 1 foot 1n height or growing in height
at a rate of at least 1/10-foot per year". These figures
should probably be doubled for Douglas fir in the coastal
region of British Columbia because of increased competltion
from more vigorous ground vegetation, |

Many spaclng trials have been carried out to test
the effects on growth of different planting distances., In the
Pacific Northwest a seriles of Douglas fir plantations was est-
ablished at Wind River, Washington, 1n 1925 at spacings vary—.
ing from 4 x 4 to 12 x 12 ft. The establishment and the
results of this experiment have been described in detail in
various unpublished reports of the Paciflic Northwest Forest
and Range Experiment Station of the United Stetes Forest
Service (Isaac, 1926; Isaac and Meagher, 1936; Isaac and
Petersen, 1940; and Reukema, 1961). - Less detalled reports

have been published by Eversole (1955) and by Reukema (1959).
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Morse (1962) has carried out an economic analysis using data
from the Wind River experiment to determine the optimum
initial spacing in forest plantations. The 1960 measurements
from this experiment (Reukema, 1961) showed that basal area
decreased with increase in spacing while cubic volume (trees
1.5 in., d. b. h. and larger) increased with wider spacing.
This increase in volume was more pronounced when only trees
6.5 in. in d. b, h. and greater were considered. The d. b, h.
of the average tree in the 12 x 12 ft,.spacing was more than
twice that in the 4 x 4 ft. spacing. Merchantable cubic
volume in the 12 x .12 ft. spacing was three times that in the
4 x U4 rt¢, spacing. Net periodic annual growth (1957-1960) by
all measures was progressively better with wider spacing.
Mortality was confined to trees six inches d. b. h. and under.
The largest trees per-acre contalned 57 per cent of the total
stand cubilc volume in the 12 % 12 ft. spacing but only nine-
teen per cent in the 4 x 4 ft. spacing. Total height of the
dominant and codominant trees appeared to be greatest in the
widest spacings (Reukema, 1959).

- In Great Britain, Mackenzie (1951) found that initial
spacing (4 x 4, 6 x 6 or 8 x 8 ft.) had no effect on the height
growth of Douglas fir or the other conifers tested. He also
found that there was considerable interlacing of the branches
in the closer plantings. The dominant height growth of'south—
ern pines, established at spacings from 4 x 4 to 16 x 16 ft.,
was not affected by.spacing during the firét fourteen growing

seasons (Ware and Stahelin, 1948). Similar results were
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obtained with Norway spruce (Picea abiles Karst.) in Bavaria

(Guillebaud, 1951). It seems reasonable to suppose that,
providing the average height of the dominant trees or of the
100 largest trees per acre, 1s used as the parameter, spacing
does not affect the first 30 to 40 years!' height growth,
except at the extremes of open spacing or very close spacing.
On the other hand, dlameter growth is greatly 1mproved with
wlder spacing because of the extra space available for crown
development.

Until recently, especially in Europe, the practice:
has been to establish plantatlions at relatively close spacilings
(4 x 4 to 6 x 6 ft.) and then to thin early in the rotation.
This results in high initial costs of establishment and, where
éarly thinnings are unsaleable, further financial loss. If
thinning is ignored the crop's rotation may have to be
lengthened. Smith (1958) and Smith et al. (1961) have sug-
gested establishing stands at wide spaéings which will permit
the rapid growth rate characteristic of open-growth trees
during the early part of the rotation but which, by the time
the trees have reached harvestable size, would be normally
stocked. The initial spacings could be as much as twelve
feet or greater. Such an idea is not entirely new. Stafford
(1931) advocated '"skeleton planting", that is, planting the
ultimate stand, on the Swann Forest in Massachusetts, In
South Africa plantations have been established at spacings

of 9 x 9 ft. or greater for a number of years (Hiley, 1959).

Cromer and Pawsey (1957) found for radiata pine (Pinus_radiata

D. Don.) that the optimum spacing for maximum merchantable
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volume growth at age fifteen years was between 9 x 9 and

10 x 10 ft. Cook (1963) observed that the traditional 6 x 6
ft. spacing in the northeastern United States was costly to
establish, produced much unusable wood and required cultural
operations that were difficult to perform with modern equip-
ment and labour. He advocated a 6 x 10 ft,.planting program
which would prdduce adequate stocking and maximum merchantable
volume on well formed stems,

It 1s almost certain that wide initial spacing will
be more extensively used in the establishment of Douglas fir
in the Pacific Northwest ih the future. To test the effect
of spacings varying from 3 x 3 ft. to 15 x 15 ft., experimental
plantations of Douglas fir were established in 1957 on the
University Research Forest at Haney (U. B. C. Faculty of
Forestry, 1959). Four of these plantations are shown as
of October, 1963, in Plates Ia-d. The poorer growth in the.
plantation established at 12 x 12 ft, is probably due to

soll compaction as a result of logging the previous stand.
The Distribution of Trees in a Forest Stand

The distribution or "manner of occurrence" of trees
in a forest stand gives information on the regularity, or
irregularity, of the scatter of the trees. If 1s important
"that the distribution is known as, for instance, the volume
growth behavior of tightly clustered groups of trees of all
glzes will be different from the behavior of evenly spacéd

trees of more or less uniform. size groWing under similar site



PLATE I:

Douglas fir plantations on the University Research Forest, Haney, B. C.,
planted as two-year-old seedlings in the fall of 1957 at different
spacings: (a) 3 x 3 ft. (b) 6 x 6 £ft. (¢) 9 x 9 ft. (d) 12 x 12 ft.
Photographed in September, 1963.

9T
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conditions (Grosenbaugh, 1948). The highest yields should be
obtained when the trees are spaced in a regular pattern (Foster
and Johnson, 1963b).

A summary of the frequency distributions that have
been found to have applications 1in forestry 1s glven in
Appendix I, A description of some of the distributlons found
in sampling forest stands has been given by Smith and Ker
(1958). - |

The distribution of the treeé 1s obtained by taking
a number of sample plots and recording the number of trees in
each plot or, alternatively, dividing the plot into a number
of sub-plots and counting the number of stocked sub-plots, a
sub-plot being classified as stocked if it_contains an est-
ablished seedling of the desired species. The parameters of
most distributions are estimated from the mean and/or the
variance of the sample (see Appendix I). The distribution
will vary according to. the size of quadrat used (Smith and Ker,

1957).
Growth
Diameter at Breast Height and Basal Area

Breast height is taken at 4 ft. 6 in. in North
America and in Neﬁ;Zealand, 4 ft, 3 in. in Great Britain and
1.3 metres (4.26 .on the continent of Europe. The differ-
ences 1n dlameter growth in these three systems can be con-

sidered to be negligible, The age of a plantation in Great
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Britain and the rest of Europe and in New Zealand, is usually
reckoned from the date of thevplantatibn's establishment and
not from the date of germination of the seed as in North
Ameriica. These facts should be remembered when consulting
yieldvtables.

The methods of predicting dlameter growth that are
commonly used in forestry have been desgribed by Spurr (1952)
and by Husch (1963). For Douglas fir iﬁ Washington and Oregon
Spurr (1952) gave the follbwingvformulae for basal area |
growth:

GB = 85.31 - 2,995B; or GB = 87.30 - 2.039B - 0,396A;

where G, 18 the basal area growth in square feet per acre for

B
a period of fifteen years, B 1s the basal area at the begin-
ning of the period, and A i1s the age of the stand. Spurr later
studied the growth of Douglas filr in New Zealand and found
that, regardless of the type of thinning carried out, the
relationship between mean basal area of the 100 largest trees
‘per acre and age was linear (Spurr, 1963). For predicting the

mean dilameter in inches of the 100 largest trees per acre (D)

Spurr gave the equation:

D =/13.54 - 160
where A is the age of the plantation in years from the date of

establishment. _

Warrack (1959a) studied the diameter growth follow-
ing thinning of an eighteen-year-old stand of Douglas fir and
found that initial diameter was the best single criterion for

estimating diameter increment. The inclusion of other
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variables, such as crown width or crown index (crown width x
crown length), did not significantly improve the results.
Rouse (1962) has published estimates of radial growth of
Douglas fir for five- and ten-year periods for different
initial diameters. His estimates were based on the British
yleld tables .for Douglas fir (Hummel and Christie, 1953).

Kér (1953) and Smith et al. (1961) described the growth of
individual Douglas fir trees. A detailed. study of the radial
growth of Douglas fir and its relation to climate and soil
has been made by Griffith (1960);on the University Research
Forest over a. period of five years. Crane (1962) has given
formulae for predicting the average basal area increment per-
tree for radiata pine depending on whethér the stand 1is open-
grown, densé, or in the transition period between open-grown
and dense,

Not only is it necessary to predict diameter and
basal area growth of both stands and individual trees, it 1s
also necessary to be able to describe the manner in which the
distribution of dlameter classes varies with age. One of the
earliest, and probably the most extensive, studies in this
field was carried out by Meyer (1930). Although diameter dis-
tributions may approximate the normal distribution, forcing
them to do so often leads to serious errors in stand
distribution tables. For thiS'reason graphical methods are
consildered more acceptable than mathematical methods in
fitting frequency distribution curves (Spurr, 1952); To be

analysed mathematically the frequency distributions have to
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be defined by. parameters which take into account departures
from the symmetrical, normal distribution. These parameters
are the coeffipient of asymmetry (a measure of skewness) and
the coefficientvof excess (which represents approximately the
extent to which the actual distributilion differs in height from
the corresponding normal curve). ' The Charlief Type A curve

deviates around the normal frequency curve and is derived

from:
F(x) = [0 a8 044 4]
where: | -&_wg
Q(ﬂﬁ)ﬂz—ﬂ—@@ 2% = §0(x), @) being the normal

probability funcbipn

¢3(x)=64¢m(x) , where ¢m(x) is the third derivative
of ¢

4= 85¢m(i) , where §°(Y) is the fourth derivative
of () |

)% = number of trees,

B3 = coefficlent of asymmetry,

FL = coefficient of excess,
& = standard.deviation,
b = average diameter of the stand.

The Charlier Type B curve progresses from extreme negative

symmetry to the normal curve and is derived from:

Flxw-c) = B,y () + B, AY(:) + By NP+ B A + B4A4yf(1)
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where:
3
|

-2 . . A -)\2 :
Y= LSn=L 8 - gty |

AY)= l’ali‘x:%m ; etc., etc.

)\2
3 AzW=‘)=||(:é- N~ 2(x-2)

w, C, A and the Bs are parameters whilch are defined by the
conditions of the solution. Meyer (1930) fitted Type A curves
to 113 distributions of Douglas fir. He found that the coeffi-
clent of asymmetry, ;g, decreased rapidly at first with increase
in age but then more or less levelled off, The coefficient of
excess,Fﬁ, was positive (i. e. central class frequencies
raised) but decreased with age and became negative. Type B
curve fittilngs were superior to Type A when the average dila-
meter was small (less than seven inches). Prodan (1953)

also has fitted Charlier Type A curves to dliameter frequency
distributions of even-aged stands, Besides using the coeffi-
clents of asymmetry and excess in fitting diameter distribu-

tions of loblolly pine (Pinus taeda L.), Nelson (196#) also

used the gamma distribution (see Appendix I) and obtained
satisfactory results with the same distribution. Anderson
(1937) has described the application of Fourier's series in
forest mensuration,

A simple method of obtaining the range of a diameter
distribution, given the mean, has been suggested by Smith and
Ker (1960). They found that the minimum diameter is seldom
less than half the mean and the maximum usually never more

than twice the mean. Later, Smith et al. (1961) noted that in
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plantation-grown Douglas fir in New Zealand the upper limit
was only 1.6 times the mean. Vezina (1963) found that in

dense, natural stands of balsam fir (Abies balsamea (L.)

Mill.), the most vigorous trees had diameters of about twice
the average but also observed that the ratio of largest-to-
average d. b. h. tended to decrease with age; This would
indicate that the diameter distribution was probably becoming

more normal.
Height Growth

The relationship of height to age is the best guide
to site quality (Spurr, 1952). In spite of this important
fact height growth and distribution have been less exten-
sively studied than diameter growth and distribution. This
is partly due to the fact that the height of standing trees
is more difficult to measure and takes longer than the
measurement of diameter at breast height. Spurr (1952) has
described the form of typical height—overéage curves, For a
short period in the early 1life of the tree helght growth is
exponential. There is then a long period when the growth
curve is linear. The curve then gradually becomes horizontal
as 1t reaches the maximum height for the site. Smith et al.
(1§6o) have discussed the relative merits of natural and
conventional height/age curves and Smith (1962) has given
. factors for converting height at any age between 10 and

100 years to height at age 50 years (site index).
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Mathematical expressions for describing height growth
have been produced by Meyer (1940) and Coile (Schumacher,
1962). Meyer's formula is:

Y, = H(1-e™2%)

where Yc = height, x = age, and H = maximum height. The
constant, a, varied between 0.04 and 0.12. Coile's equation
is:

“log H=a - 6.528(1/4)

where H is the average height of 40O trees per acre in the
dominant and codominant classes and A is the age in yearsl

The best practice is to predict mean height growth
for the 100 largest diameter trees per acre rather than for
the average height of dominants and codominants or the aver-
age stand height as has been done in the past. Mean height
of the 100 largest trees 1s not so greatly_affected by the
density of stocking as is average height and therefore gives
more consistent growth trends. Because age or thinning may
reduce the number of stems per acre to below 100, Spurr
- (1963) tentatively suggested that the mean height of the 40
largest diameter stems per acre would be a better measure of
stand height.

Stoate and Crossin (1959) claimed that the relation
between height and girth (or diameter) at breast height can
be used as an index of site where age is unknown or ihdeter-
minable, Height-over-girth curves were drawn for codominant
trees on different sites and it was found that the girth af

which the curve levelled out increased with improvement in
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site quality.
Volume Growth

The true, or cubilc foot, volume curve follows the
same sigmold pattern as the height and diameter curves
except that the period of exponential growth at the beginning
of the 1life of the trees 1s more prolonged (Spurr, 1952). An
equation has been developed to describe the growth curve of
loblolly pine by Clutter (1962 and 1963). This is of the
form:
1

1ogeV = a + blS + bglogeB + b3A_

where V is the volume inside bark in cubilc feet per acre, A
is the stand age in years, S is the site index in feet, and
B is the basal area in square feet., Clutter!s equation for
volume increment is obtained by differentiating the above

equation with respect to age:

av _ -1 -2

a5 = PoVB (aB/da) - b3VA

dB _ -1 -1 ' -1 )
where g = - B(logeB)A + C,A™" B + C{BSA™ . Thus:

av -1 -1 -1 2

aF = bEV(logeB)A + b,C VA" - D,C VSA™ ™ - b3VA .

The actual equations obtailned for loblolly plne were:

log V = 2.8076 + 0.0151088 + 0.94931(logB) - 21.86347 1

av

and: == = v(5.79o7A'l - O.78166(logeB) + 3.6562 + 0.017418)A

dA
Similar equations have been developed by Buckman

(1962) for red pine (Pinus resonosa Ait,).

1
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Yield tables for Douglas fir have been produced by
Barnes and by Alexander (both in U. B. C. Forest Club, 1959)
and by McArdle et al. (1949) for the coastal region of the
Pacific Northwést. Yield tables for Douglas fir in California
have been developed by Schumacher (1930). Hummel and Christie
(1953) published yield tables for plantation-grown Douglas
fir in Great Britaln. These plantations have been thinned
according to standard Forestry Commission practice and.the
yield tables give the yield from thinnings as well as the main
crop. Barnes (1956) discussed the applicatiOn of the British
tables in the Pacific Northwest. Grandjean and Van Soest
(1953) published similar tables for the Netherlands and
Pardé (1956) adapted the British tables for French planta-
tions., Yield tables have been published for unthinned Douglas

fir in New Zealand (Duff, 1956).
Stand Density

The three important factors describing stand density
are trees per acre, mean height and mean diameter (Hummel,
1954). The product of these three variables 1s proportional
to the "bole area" (Lexen, 1943; and Hummel, 1954) or the
"cambial area" (Anucin, 1960). The bole area remains more
or less constant from the time of canopy closure untll the
limit of height growth 1s reached. Although it is cumbersome
to apply, it has the advantage that it is directly proportional
to the actual growing surface of the stem., The product of

number of trees and mean dlameter als related to basal area. -
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According to Hummel (1954) a more practical index of density,
especially for thinning, is Hart's stand density index Which
is the average distance between trees expressed as a per-
centage of the mean top height of the 100 largest trees per
hectare., Hummel suggested that it would be better to work
with the largest 250 trees per hectare.(or, approximately,
the largest 100 trees per acre). An index of twenty per cent
should be found after thinning to the British C/D grade.

Czarnowski (1961) put forward the hypothesis:

In pure, even-aged stands of a given species growing
on land of identical site quality and under conditions
of comparable competition for growing space, the
number of trees per unit of land area is inversely
proportional to the square of the mean height of the
stand.
For a measure of density Czarnowski defined the "crowding
factor" which was the ratio of the actual number of trees
per unit of land area to the normal number. The average
d. b. h. of the stand is proportional to this crowding fac-
tor. Another measure of density used by Czarnowskl was the
"compactness factor', the ratio between the actual volume
per acre and the maximum volume attainable for the site.

The use of "number of trees per.acre” has the dis-
advantage that this number may vary widely without affecting
density (Spurr, 1952). Basal area 1s not so affected and 1s
simple, objective and easy to use but has the disadvantage
that 1t gives equal welght to‘non—funotioning heartwood and
functioning sapwood and also that cambial (or bole) area is

the first exponent of diameter and not the second (Nelson

and Brender, 1963). Reineke's stand density index (Spurr,
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1952) gives the number of trees per acre, N, when the tree of
average basal area has a d. b. h. of ten inches. Thils index
can be obtained from the reference curve:

log) N = —1.605logloD + K

‘where K is a constant varying with the species. ‘

The crown width/d. b. h. ratios of Smith et al.
(1961) can also be used as an index of density. Stands will
then vary in density from a CW/D ratio of 0,7 for dense, to
about one for well-stocked or "normal" stands, to two or more
- for nearly open-grown trees. Briegleb (1952) obtained regres-
sions for crown width and crown length on tree height and
d. b. h., for Douglas fir. Having done this he was able to
calculate the "crown projection" and the crown surface area
and suggested that, as these indices remained more or less
constant regardless of stocking, they could be used as mea-
sures of density.

Other methods of measuring density have been dis-

‘cussed by Vezina (1962).
Thinning

Once the forest stand has been established there is
probably no way in.which the forester can alter its develop-
ment so much as by thinning. In Europe and other countries
where forest management is intensive, thinning is carried out
at regular intervals from the time of canopy closure to the
time of final harvesting. The heaviest thinnings are probably

undertaken in South Africa where the trees are practically in
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a state of free growth for a large part of the rotation.
Based on South African experience with exotic pines, Hilley
(1948) drew up a schedule for thinning Douglas fir. Thinning
in Britain is not heavy but the thinning intervals are short,
varying between three years for young stands to five or six
years for more mature stands (Hummel and Christie, 1953).

In New Zealand, Douglas fir plantations are thinned on a ten-
year cycle from age 30 years, removing one—third of the basal
area at each thinning (Spurr, 1963). 1In the Pacific Northwest
thinning has not been carried much farther than the experi-
mental stage.

It is generally accepted that the increased growing
space caused by thinning results in the improved diameter
growth of the remaining trees, with the result that the
merchantable volume is often increased (Mulloy, 1946). The
immediate response may at first be a reduction in diameter
growth of the remaining trees compared with unthinned trees
due to 'shock! (Staebler, i956a).

Growth reduction may be due to one of three reasons.
Firstly, if the stand remains unthinned until the crowns of
the trees become very small, then the trees will often not
respond to thinning because their release increases total
respiration more than total photosynthesis (Kramer and
Kozlowskil, 1960). Large amounts of carbohydrate are removed
in the respiration of cambial tissue and the exposure of the
stems to the direct heating effect of the sun results in

greatly increased respiration in the stem tissues. Trees in
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overcrowded stands may possess insufficient food supplies to
quickly develop enlarged crowns capable of increased photo-
synthesis, It is therefore important to thin early whileithe
crowns are sufflclently large to shift the carbohydrate
balance in favour of photosyntheslis over respiration. The
second possible reason 1s that on release the stem puts on
increased growth at the base at the expense of growth higher
up (Larson, 1963). Finally, reduction in diameter growth

may be due to damage of the residual trees during the felling
and extraction of the thinned trees. 'Shock'! following
thinning 1s probably confined to dense stands that are heavily
thinned. Stephens and Spurr (1948) detected an immediate res-
ponse to thinning in a twenty-year-old stand of red pine,.
radial growth being increased by U4l per cent within 24 hours.
In this particular stand root competition was probably the
limlting factor rather than crown competition as the soill

was sandy. Part of this increase may have been due to swelling
and not actual growth.

Height growth of trees 1is less influenced by thinning
than is diameter growth (Hall, 1954). Kittredge (1927) and
Mulloy (1946) found that thinning young stands of red pine did
not affect height growth. In South Africa, thinning was
found to affect the mean height growth but did not affect top
height (Hiley, 1959). Staebler (1956) observed a reduction
in height growth in the first season following thinning of
Douglas fir in an experiment at Wind River, Washington. At

Snow Creek, however, Worthington (1961) found that the mean
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annual height growth was increased from 2.2 to 2.4 ft, in the
-8ix years following a crown thinning in similar stands.
Adams (1936) found that increased height growth occurred
only in exceptional circumstances and that growth could be
retarded for a few years following thinning. Spurr (1952)
stated that at least some open-grown conifers do not attain
the height of forest-grown trees and that a very high density
will adversely affect height growth through stagnation. Gen-
erally, top height growth, or the height growth of dominant
and codominant trees, is not affected by thinning. Any 4iff-
erences in height growth noted following thinning are probably
due to the fact that mean height growth was measured.

The effect of thinning on volume growth varies,
Unless the thinning removes such a large proportion of the
trees that the site is not fully occupied for many years, the
overall result i1s a gain in gross volume (including volume
from thinnings) as a result of thinning. Hanzlik (1924), in
describing a Norwafispruce thinning experiment in Sweden,
showed that the volume of an unthinnéd stand increased by 91
per cent in fifteen years as opposed to figures of 72, 63
and 27 per cent for stands treated with various thinning
grades., Total volume production was far greater in the heavily
thinned plots. Kittredge (1927) found that the periodic volume
increment of red pine could be increased by 15 to 23 per cent
by thinning. Li (1923) found this increase to be as high as

23 to 34 per cent for white pine (Pinus strobus L.). Of this

increase, 43 to 57 per cent was attributed to utilization of



31

material lost by mortality in the unthinned stand and the
remainder due to accelerated production in the thinned stand.
Moller (1947) refuted the hypothesis that thinning increases
gross volume increment. Gemman experiments indicated that the
degree of thinning, even within very wide limits, had no
influence on gross increment over an extended period of time.
The increased increment causéd by heavy thinning lasted only
ten to twenty years. Generally, one would expect thinning,
providing that 1t 1s not excessively heavy, to increase the
merchantable volume of the stand and the gross volume yileld.
but to have little effect on the total cubic-foot volume of
the stand.

. Various methods of thinning and thinning schedules
have been derived to sult different conditions., Of interest
to foresters in the Pacific Northwest is the work of Heiberg
and Haddock (1955), Warrack (1959b) and Staebler (1960).
Heiberg and Haddock suggested that site index 150 Douglas fir
should have thirteen thinnings between the 28th and the 85th
years to reduce the number of stems from 735 to 47 per acre.
Under such a schedule volume production is 39 and value 54
per cent greater than in unmanaged stands. This number of
thinnings is consilderably greater than that usually advocated
in this region and, apart from the delay in their commence-
ment, resembles European practice. Unless the stands were
relatively free growing to their 28th year it would probably
be more economical if a "cleaning" had been done much earlier

in the rotation so that the trees were at the spacing desired
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at age 28 or, if planting was carried out, to plant the
trees at that spacing. Warrack (1959b) prescribed thinning
to the d4/D ratio, where d is the average d. b. h. of the
thinnings and D the average d. b. h. of the crop before
thinning. A ratio of 0.65 indicates a cleaning, 0.65 to
0.75 is a low thinning, 0.75 to 0.90 is é severe low, or a
light crown, thinning; and a ratio greater than 1.00 is a
selection thinning. Thinning schedules were given for a
-natural stand and for a plantation showing the nﬁmber of
trees, average d. b. h. and height, basal area and volume
before and after thinning. |

Staebler (1960) based his thinning schedules on
the assumption that the total production of cubic volume by
a stand of a given composition on a given site was constant
and optimum for a wide range of stocking densities. The
length of his thinning cycle.corresponded to a ten-ft,
increase in the total height of dominants and codominants.
For site index 170 it was assumed that the average d. b. h.
at age twenty years was eight in. The schedule was drawn up
so that the dlameter growth in the 21st year was one-half
inch and the growth rate decreased thereafterAat a rate of
0.0035 in. each year. The main disadvantage with Staebler's
model is that he assumed all the trees in the stand, includ-
ing those removed in the thinning, were the same siée.

These three papers show an advance in stand manage-
ment in the Pacific Northwest over the past twelve years for,

in 1952, Warrack was advocating not thinning until there were
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sufficient trees (without removing all the largest) to make it
profitable. Thisvwould have been at an age of 35 years and
‘might in practice have led to exploitation fellings rather
'than thinnings. Alternatively, a thinning could have been
carried out before the crop was twenty years old, removing all
but the dominants and best codominahts.

In other regions, Hummel (1954) has defined thinning
treatments by means of Hart's stand density indei and Johnston
and Waters (1961) have suggested controlling thinnings by
means of a basal area/top height curve. Spurr (1948) advo-
cated row thinnings as they are cheaper and practically as
efficient as selective thinnings. They are good for improving
root and soil conditions but lead to uneven crown development.
Row thinnings may be useful in young plantations in the first
and second thinnings or until the thinned produce becomes
merchantable, Little and Mohr (1963) recommended the removal
of every third row when thinning loblolly pine.

The.effect of thinning on the growth of individual
Douglas fir trees has been studied by Staebler (1956b) and
Krueger (1959). In a 4l-year-old natural stand, Staebler
found that, after three years, the effect of release produced
a greater d. b. h. growth in dominant trees than in codominant
or intermediate trees. There was a progressive increase 1n
diameter growth as from zero to three competitors were cut
from around each tree. This increase was most marked between

zero and one and least marked between two and three competi-

tors cut. Dominant trees which were thought to be growing at
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the maximum rate possible for the site responded well to
thinning., The amount of release did not affect stem form
(Yerkes, 1960). XKrueger (1959) reported on a. similar experi-
ment carried out in a 30-year-old Douglas fir plantation. The
results were similar to those obtained in the natural stand
except that there were no significant differences in diameter
growth between the different amounts of release.

Guillebaud and HUmmel-(l949) made observations on
the movement of tree classes in Douglas fir (and other coni-
ferous) plantations in Great Britain subjected to different
grades of thinning.  In nearly every case, dominants showed
a net loss and subdominants (intermediates) a net gain. ‘It
was possible for codominants to move up to the dominant Crown
class.

Thinning may also affect the eventual yileld of a
stand in indirect ways. Rishbeth (1951) has reported that:
thinning increased the risk of attack by butt-rot (Egggé
annosus Fr.) in Douglas fir plantations in East Anglia.
Conversely, Weir and Hubert (1919) claimed that the thinning

of western hemlock (Tsuga heterophylla (Raf.) Sarg.) and grand

fir (Abies»grandis Lindl.) made conditions less favourable for

fungal attack. Mulloy (1946) found that thinning reduced
storm damage in fed.pine. It has been suggested that thinning
may reduce the volume of standing timber destroyed by fire by
as much as 50 per cent (Staebler, 1955a). All these factors,
although to a large extent unpredictable, affect the growth

of the forest stand.
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Natural Mortality

Natural mortality can be caused by the suppression
of the weaker trees by surrounding, more vigorous trees, by
insects, by fungl, by extremes of climate, by fire or by a
combination of any of these effects. Often the cause of death
cannot be attributed to any particular one of these. Usually
one agent causes a decline in a tree's vigor, a second car-
ries 1t further and, occasionally, a third agent completes
the killing process. The loss to the forest can take two
forms, complete loss of individual trees due to death or a
weakening of the trees causing a decline in the growth pro-
cesses with subsequent loss in volume increment. Spurr (1962)
found that radiata pine trees growing on pumice in New Zealand
began to exhibit a marked decrease in growth from at least
six to eleven years before death. Trees showing a (d. b, h.)2

increment of less than four (inches)2 had a .life expectancy of

less than eight years.
Mortality due to Fungal Attack

The most important fungus causing death and decay in
Douglas fir stands in the Pacific Northwest is the laminated

root—rot, Poria weirii Murr. It is present in most Douglas

fir stands but is not always serious (Childs, 1955). Trees
of all ages and sizes are attacked but more especially those
trees from about 40 to 125 years old (Childs, 1960). The

disease occurs in patches or centres of infection (Plate II)



PLATE ITI:

Group-dying of Douglas fir
caused by Poria weirii Murr.,
Wind River, Washington.
Photographed in August, 1963.

36
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from a few hundrgd square feet to an acre or more in extent.
The distribution of the disease has been Qescribed;as
"erratic" (Anon., 1955). Within a typilcal Qenfre there will
be several trees, standing or down, that have been'dead for
differing lengths of time. A few of the living trees_in.the
centre may be showlng signs of‘attack.—Aléaning, thin crowns
or poor colour. In a ll2-year-old stand of Douglas fir‘the‘
percentage of living.treés having infectidnUVisible on the o
sﬁump was fpund'to vary inversely-with.thq distance to the
nearest tree‘killednby'thé diseése-(Anén,;‘l955)i' Within ten
feet, 88. per cent of the trees were affected but atfa'distance:"
greater than 50 feet ohly fouriper cent. were éffected;.Infection
was usually on the portion of the stump-ﬁeargst the dead tree
but the extent of decay within ﬁhe tree showed no correlation
~with the distance from the kiiled‘tree;. The rate of damagé
usually doubles ever& ten to twenty’years (Childs, 1955).

The fungus spreads when spores infect woundsAatvor near the

bage of 1living trees (Childs, 1960). 'The fungus.can 1ive in
dead roots for 50 years or more. In young stands, damage
increases 1n geometric proportion to age as the infection
centres.enlarge. Infected trees seldom respond well to

‘release from competition and are often wind—thrown'within a

few years if not killed by the fungus (Childs; 1955). The
wind-thrown trees often provide breeding’matefial for bark

" beetles (Wright and Lauterbach, 1958).

Foster and Johnson (19592, 1959b and 1960) have

carried out a series of disease-sampling,Studies in young
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(thirteen to seventeen years) Douglas fir plantations on
Vancouver Island. In the first thirteen years aftér planting
the Douglas fir had suffered a 57 per cent mortality. There

was a high incidence of root rot. The shoe-string fungus,

Armillaria mellea (Vahl.‘ex. Fr.) Quel., was most prevalent

but Poria weirii and Fomes annosus (recorded for the first

‘time in a plantation in British Columbia) were also present.
The root disorders were aggregated or contagious and followed
the negative binomial distribution when the stands were
sampled with plots varying in size from 4/400 to 36/400
acres. Terminal leader dieback, frostheéions and sunscald
were also observed, These 1injuries were usually randomly
distributed and followed the Pqisson model, In the two

later papers (Foster and Johnsén, 1959b and 1960) the red

heart-rot, Stereum sanguinolentum A, & S., was found to be

present and 1t was thought that this. fungus would lead to
mortality in the future. Most of the openings caused by
root-rot were less than 9.9 ft. in diameter and of insuffi-
cient size to support a tree more than 22 years old. Only
8.2 per cent of the 574 infection centres were greater than
9.9 ft. in diameter and 1.6 per cent were greater than 15.2
ft. (Foster and Johnson, 1963a). Further details of the
.assessment of pattern, frequency distribution and sampling
of forest disease 1in Doﬁglas fir plantations have been gilven
in Foster and Johnson (1963c).

Fomes annosus 1s very common in Douglas fir plant-

ations in Great Britain. Rishbeth (1951) found that trees
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were killed near infected stumps soon after planting.- Stumbs
caused by thinhing are colonized by the fungus and act’ as.
centfes of infection for the sﬁrrbUnding,treeS&w_Itwmay'be
advisable to delay thinningvﬁntil-the'trees are over 25 years,
at which age they are more resistant to attack.’

Other fungi that may cause damage in Douglas fir
stands in the Pacific Northwest have been described by Harvey

(1962).
Mortality due to Insect Attack

The only insect cauSing'mortality'and'volume'1oss of
economic importaﬁce in the Pacific Northwest is the Douglas

fir bark beetle, Dendroctonus pseuaotsugge Hopk. According to

E&enden and Wright (1955) it is present at all times, killing
scattered trees and small groups (probably in association with
root-rot). When it throws off the' controlling effects of 1ts
natural enemies it becomes epidemic, killing much of the
Douglas fir over large areas in a few years. It.can<apparently
'kili healthy trees but prefers wihdfalls} damaged’or'defoliafed
trees and 1ogging slash, Mathers (1951) found that in,ai7bo-
acre stand near Quesne15-British Columbia, that the beetles
spread in a northeasterly direction. There were fourteen .
§Ockets of attack ranging in size from two to twenty trees.
There was no correlation between the trees killed and crown KA'
class, shape or .size of crown or d.. b. h. but there was with |
tree. vigour, those trees with a slower growth (possibly due

to fungal infection) being most liable to attack. Thomas
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and Craig (1958) found that winter injury due to frost-

weakened trees, particularly dominants and codominants,‘had

made them more susceptible to attack by Dendroctonus. In the
Millicoma Forest, Oregon, which has 150,000 acres of predomin-

antly Douglas fir; Dendroctonus was responsible for 59 per

cent of the average annual mortality. Walters (1954) classi-
fied trees as to susceptibility to attack by age and vigour.
Older, slower-growing trees were most liable to infection.

A typical group of beetle-killed trees is shown in Plates
IITa and b.

Mortality caused by:insects, unless it is associated
with fungal infection, is generally scattered or randomly
distributed in the forest stand. Little harm is caused by
small "kills" as the surrounding trees benefit from the
release (Hoffman and Anderson, 1945). Foster and Johnson
(19633) suggested that such,mortaiity may be beneficial in
ovefstocked_stands although 1t 1s detrimental in understocked
stands. |

It can be seen that the usual pattern of mortality
in Douglas fir stands follows the pattern of, first, infec-
tion by root-rot, which makes the tree more:liable to wind-
throw which in turn provides sultable breeding material for
bark beetles (Mathers, 1951), When conditions are sultable,

the bark beetle population rises and an epidemic.may_occur.
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PLATE III(a,b): Group-dying of Douglas fir caused by
Dendroctonus pseudotsugae Hopk., Paul Lake,

Kamlioops. Photographed in July, 1963.
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Natural Mortality through Suppression

Whereas the number of trees killed by insects, fungi
or climatic extremes and theilr distribution cannot be accur-
ately forecast, an attempt can be made to forecast natural
mortality through suppression, It 1s known that, providing
external forces do not come into play, the smallest, or sup-

-pressed trees in a stand will be the first to die as the stand
becomes older. From permanent sample plots 1t is possible to
tell, for any site quality, how many trees per acre there will
be in a normally stocked stand at any given age. From this it
is possible to estimate the number of trees that should die in
a given period. Because the largest trees and the smallest |
trees are never evenly spaced over the area, the mortality
wilill not remove entirely the smallest diameter classes but
will be generally confined to them, Staebler (1953) has esti-
mated the mortality in fully-stocked stands of young-growth
Douglas fir (aged 26 to 93 years) on 36 permanent sample
plots in Waéhington and Oregon. Plots where "irregular"
mortality had occurred were rejected. He derived two equa-
tions for determining the percentage of trees that will die
in a ten-year perlod. These are:
for dominants and codominants?
% mortality = 4.96 + 0.08(age) - 0.41(d.b.h.)
| (R = 0.266)
for intermediates and suppressed,
% mortality = 13.01 + 0.54(S.I.) + 0.61(age) - 783(d.b.h.)
(R = 0.715)
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Gross yleld and mortality tables were given in a later paper
(Staebler, 1955b). Further data on mortality in Douglas fir

have been given by Eversole (1955) and Griffith (1960).
Conclusions

From this review of the literature it can be seen that
much is known qualitatively but little 1s known quantitatively
about the growth of Douglas fir, Our quantitatlve knowledge is
confined to the published yield tables based on "normal" or
fully-stocked stands and to more or less locallzed research
projects which, although ylelding much valuable information,
cannot be applied on a general basls in the Douglas fir region
with any degree of reliability. In the development of a
mathematical stand model assumptions will therefore have to be

made on the basls of the avallable information.



PART II
DEVELOPING A STAND MODEL FOR DOUGLAS FIR

The object of the present study is to develop a
mathematical model that will describe the growth of a Douglas
fir stand from an age of ten years, by which time it 1s assumed
that all the trees will have reached breast height (4.5 ft.),
to an age when the stand might normally be expected to be har-
vested. This 1s assumed to be at, or before, 100 years.

A sound mathematical model should have as iﬁs basis
sound biological theory. Unfortunately our knowledge of the
growth of forest stands is not by any means complete, parti-
cularly in the period between the onset of competition between
trees in the stand and the time when mortality, through sup-
pression of the weaker trees, occurs and the stand becomes
normally stocked (cf. the open-to-normal concept of Smith
et al., 1961). Table 111 of Smithcoet al, (1961) indicated
that the length of time taken to grow Douglas fir stands to
aﬁ average d. b, h. of twelve inches can be reduced by 30 to
4O per cent if the stands are established at such an open-
spacing that they become "normal" when the average d. b. h.
is twelve in. Because of the gaps 1n our knowledge of tree
growth, certain assumptions have been made in developing the
model which it i1s hoped will be justified when the model is
compared with field conditions. All assumptions made will be

discussed fully.

4y
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Stand Model I

This model has been described in detail in an earlier
report (Newnham, 1963).

In this, as in later models, 1initial square spacing
was assumed, that 1s, trees could be located only at the
intersections of a square lattice. The pattern could be
modified by omitting trees from certain locations. The reasons
for adopting square spacing have been discussed in Part I of
this thesis. Its main advantage in model development 1s that
it facilitates computations. Stocking was assumed to be 1,000
trees per acre at age ten years, decreasing to 250 trees at
age 50 years. A basic matrix of 100 trees was used with each
tree being given a rank number depending on the magnitude of
its d. b. h., rank No. 1 being the 1argeét tree and rank
Né. 100 the smallest.

Competition was evaluated by comparing the rank
number of each tree with those of the surrounding trees. If
a "competitor'" had a lower rank number than the tree being
studied, the rank number of the tree was increased by an
amount inversely proportional to the distance of the '"competi-

tor"

from the tree. At the end of each five-year period those
trees having the greatest increase in rank number were con-
sidered to have "died" until the desired level of stocking
was obtained. The process was repeated at five-year intervals
to age 50 years. Diameter growth was predicted by assuming a

constant rate of basal area growth for open-grown or free-

growing, trees (Spurr, 1952). The five-year d. b. h., growth
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of each tree was then reduced b¥ an amount proportional to the
rank position of the tree and also its increase in rank dur-
ing the five-year period, |

Although the method used in this model was based on
arbitrary assumptions, the results (see Newnham, 1963) con-
formed to a pattern that might well be assumed to occur in
nature. It had the advantage that the calculations were
straightforward and could be rapidly carried out. The mailn
disadvantage was the difficulty of adapting it for different
initial spacings and distributions of trees as it was designed
to consider only those competitors within 13.2 feet of the
tree being studied. For this reason work on this model was

discontinued.
Stand Model IT

The early work on the development of this model has
been previously described (Newnham, 1963 and 1964), Most of
this work consisted of varying the values of the parameters
used in the model in order to make it give results which com-

pared favourably with the published yield table data.
The Basic Principles and Assumptions

Data were coliected in the interibr of British Colum-
bia (Paul Lake, near Kamloops), in the coastal region of
British Columbia (Saanich Peninsula, Vancouver Island and the
University Research Forest, Haney) and on the western slopes

of the Cascade Mountains in Washington State (Wind River).
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The relationship between crown width (the sum of the measure-
ments of the longest branch on two sides of the tree) and
diameter at breast height outside bark was calculated from
these, This relationship could best be described by two
straight-1line regressions, one for trees less than three in,.
d. b. h., based on data collected from a seven-year—old
plantation established at Haney at a spacing of 9 x 9 ft. 1n
which the crowns were not overlapping (Plate Ic), and one for
trees three in., in d. b. h. or greater, based on the data col-
lected from the remaining sites (Fig. 2). These regresSions
are:

trees < 3 ing. 4. b, h. CW 2.270 + 2.399D r = ,820,

N = 274, S = 40.765 ft.

trees =23 1inz. d. b, h. CW

5.031 + 1.423D r = .017
N = 152, S = +4.517 ft.

These results are nearly identical to those pub-
lished by Smith et al. (1961) aﬁd the more recent results
obtained by Smith and Jakoy (1963, unpublished data) from
measurements obtained on the University Research Forest at
Haney. |

The relationship between diameter at breast helght
and age was also studied for these open-grown trees by taking
“increment borings. Age was determined by counting the number
of annual branch-whorls below bréast height and adding this
number to the number of rings on the increment boring. The
relationship was found to be persistently linear for the

Kamloops data (Fig. 3) and also for the poorer sites on the
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--FIG. 3: The relationship between d. b. h. i. b, and age. Open-
: grown Douglas flr, Paul Lake,
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Saanich Peninsula (Fig. 4) and at Wind River (Fig. 5). On
~the better sites, the rate of diameter growth tended to
decrease with increase 1in age. For the Saanich data a
regression was calculated for five-yea? radial increment

R
(et P25
where necessary from the d. b. h./age curves of the individual

) on age, dilameter at age 25 years ( - interpolated
trees) and the initial diameter at the beginning of each
five-year period (Di)’ Trees were rejected if there were any

apparent errors in age estimation. The regression was:

= 0,9920 - 0.07883Di + O.15388D2 + 0.01969Age -

0.00005029Age>

syrig 5

N

141(from 18 trees), R = 0.784, s = +0.270 in.

To facilitate programming, the regression of D25 on D the

10’
diameter at age ten years, was later calculated

(Dpg = 1.706 + 2.75&Dlo,‘r = 0.950, s = 1.128 in.)

and the final regression became:

5yrRg = 0.06338 - 0.07223D; + 0.4237D;, + 0.01969Age -
0.00005029Age>

In the model this. last regression has been applied
to outside bark measurements whereas the regression is based
on inslde bark measurements. Thé error involved was not
great enough to cause any serious defect in the model because
it could only underestimate growth in d. b, h. by eight to
twelve per cent.

The Saanich data were selected as they were rep-

resentative of site conditions 1n drier parts of the coastal
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FIG. 4: The relationship between d. b. h. i. b. and age.
Open-grown Douglas fir, Saanich.



20

DIAMETER AT BREAST HEIGHT IN INCHES

l ] |

52

40 60 - 80 -
AGE IN YEARS

FIG. 5: The relationship between d. b. h. 1. b, and age.
Open-grown Douglas fir, Wind River.
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region. The Kamloops data were rejected on the grounds that
their inclusion would have given.too much weight to the
poorer sites not often encountered in the coéétal regilon;

the Wind River data were not included as the trees were not
sufficiently old. Diameter/age curves were constructed using
the above regression and are shown in Fig. 6. It can be seen
that the calculated diameter/age relationship‘is more or less
linear on the poorer sites but shows some curvilinearity on
the better ones,.

For the model it was necessary to estimate the
approximate age at which trees, 1nitially established as
open-grown, came into competition with one another. As the
determination of root spread is difficult in practice, crown
spread has often been used as an indicator of root spread.
This relatlonship was studied in detall on the open-grown
Douglas filr trees at Paul Lake, Kamloops. The annual preci-
pitation in this region is low (fifteen to twenty inches) and
the solls are therefore dry. The general mass of roots was
found not to spread much beyond the extent of the crown
(Fig. 7) although occasional roots spread to greater dis-
tances. When studled in the other areas sampled this relation-
ship also appeared to hold. Crown spread was therefore
assumed to be a good indicator of root spread when considering
the competitive status of trees.

In the seven-year-old plantation established at
Hahey at an initial spacing of 3 x 3 ft. 1t was fqund that,

although the branches of the trees overlapped by as much as
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FIG. 6: Calculated d. b. h. o. b,/age curves (by inch
d. b. h. o. b. classes at age 10 years).
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50 per cent, there was no apparent reduction in diameter
growth compared with the plantations established at wider
spacings which were still open-grown (see Fig. 8 and Plates
Ia-d). To determine the competitive status of each tree 1n
‘the early stages of the model, the crown widths (determined
from the d. b. h., of each tree using the crown width/d. b. h.
regression) were therefore multiplied by a reduction factor
(the variable "REDFAC" in the FORTRAN program) which was
chosen after testing several different values using the basic
matrix of diameters. The new measurement thus obtained was
called the competitive crown width. |

\ For a starting point in the model, the dlameters
of a matrix of 15 x 15 trees were measured in the 6 x 6 f¢t.
plantation (aged seven years) at Haney. ' These trees were
growing on.a good site (probably site index 170 feet at 100
years). To adapt these measurements to a poorer site more
commonly encountered in the coastal region of British
Columbia, it was assumed that the same diameter distribution

would be found on site index 140 but at an age of ten years.
Description of the Stand Model

As stated, the model started with a matrix of
15 x 15 trees at age ten years., The number of trees per acre
therefore varied with the initial spacing ranging from 4000
tfeesiper acre at a 3.3 x 3.3 ft. spacing to 250 trees per
acre at a 13.2 x 13.2 ft. spacing. To avoid "edge effects",

it was assumed that this matrix was repeated every fifteen
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FIG. 8: Diameter frequency distributions of seven-year-old
Douglas fir plantations established at different
initial spacings. University Research Forest, Haney.
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rows and every fifteen columns. Thus the trees in row No. 15
were next to the trees in row No. 14 on one side and row
No. 1 on the other. The diameters at breast height of these
trees were known (Table 1) and from these the crown widths of
the trees could be calculated (see Fig. 1) and the competitive
crown widths obtailned using the reduction factor, "REDFAC",

Taking one tree in the matrix at a time the model
was tested to see if any of the surrounding trees were com-
peting by determining whether the competitive crowns over-
lapped. If overlap occurred, the angle subtended at the centre
of the crown by the two points of intersection of the com-
petitive crown perimeters for each competitor was measured
(in radians: 2N radians = 360°. See Fig. 1b). This measure-
ment was weighted in each case by the ratk¥o of the crown
width of the competitér to the crown width of the tree being
studied, thus recognizing that the trees with the larger
crowns usually had the added advantage of being téller. The
method of calculating this angle is given in the description
of the FORTRAN program in Appendix II (see SUBROUTINE CROWN).
For each tree the sum of these angles was divided by 21 to
give the proportion of the circumference of the "competitive"
crown of the tree occupled by the crowns of its competitors
(the RORTRAN variable "SOC"). Thus a value, which varied
between zero and one (or more if the circumference of the
crown was occupied by séveral overlapping crowns), was
obtained for the cdmpetitive status of each tree.

The sum of the angles subtended at the centre of a

tree by the intersections of the crowns of the competing
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TABLE 1: The initial d. b. h. matrix used in the development of the model.
Data from the University Research Forest,
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trees, as an index of competition, is related to the "number

of sides free" index of competition used by Tinney and
Malmberg,(l948) and by Ker (1953). Ker found that for 65-year-
old Douglas fir trees, radial growth at breast height increased
with initial d. b, h., crown class (the weightling factor aes—
cribed above would have a similar effect in the model) and
number of sides free. The variable "SOC" used in the present
model differed only in that.it measured "sidee occupied”

rather than "sides free". Staebler (1951) used the amount of
crown overlap as a measure of competition (see Fig. la).

Uslng the regression described above fer'five-year
radial growth on age, d. 5. h, at age ten years, d. b; h. at
the beginning of the five-year perlod and age, the model next
calculated the five—yeaf diameter increment for each tree,

assuming that the tree was open-grown regardless of whether

it was or was not so. This five—year»increment was then
reduced by an amount whieh depended on the competitive
status of each tree»(see lines 370-371 of:the FORTRAN prog-
ram in Appendix II). The amount of reductien would vary
from zero for trees that were free-growing (I.e. "SOC”:iio)
to 100 per cent for trees whose crowns were'completely over-
lapped by surrounding competitofs ("soc" = 1). If this
increment was not greater than e certain_percentage
("DINC") of the d. b.h. at the beginning of the five-year
period, the tree was considered to have diled. If it was
greater, the new diameter of the tree ("DAPQ") was eale

culated. These new diameters were then used as a basis for
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calculating the next five years' growth of the stand and the
process repeated to age 100 years.

The values of "DINC" used to define mortality were
chosen arbitrarily. Attempts to obtain realistic values by
sampling dead trees in the field were of little use as the
varilation in.the last five years' d, b, h., growth of Douglas
fir was Very'great. some trees were able to survive and grow
at the rate of 100 rings per inch for 25 years or more while
others, apparently killed by insects or fungi, died with very
-1little decrease in growth rate during the last five years of
their lives. The values of "DINC" chosen rénge from five
’per'cent at age ten years'to 0.1 per cent at age 45 years or
above. The inclusion of "DINC" values in the model was found
to be necessary for, if it was assumed that éeath occurred
only when the periodic diameter increment became zero, the
onset of mortality was delaydd and, when 1t did occuf, was
very heavy causing widespréad depletion of the stand. This
was because, in nature, mortallty is a continhous process
occurring every year, whereas 1n the model, mdrtality was a
discrete process occurring only at the end of each five-
year period. Thus trees that would have died at the begin-
ning of the period remained ”aliye" to the end and thus
reduced the growth of neighbouring trees, which would nor-
mally have been released, to a level where death might
occur too.

As soon-as mortality had started in the model the

value of "REDFAC" was increased each five-year period by an



62

amount "REDINC", again chosen arbitrarily. Competition in
the model was based on the crown-dimensions of open grown ;
trees., Thus with the reduction in. diameter growth as competi—
tion set in, the calculated competitive crown w1dths were
less than they would have been had the‘trees remained
competition-free. Increasing the value of "REDFAC" compen-
sated for this. It should be noted that, in closed standsiof
Douglas fir after the 1nitial perlod of 1ntense competition,
there may be con51derable gaps in the crown canopy (see
Plates IVa & b) whereas the roots may occupy these gaps and
overlap to a consideraole extent (McMinn, 1963).

| Much of the early work in the development of the model
involved selecting a combination of values of "REDFAC", |
"REDINC" and "DINC" which, when the model was run, would i
give results that fitted published yield table data |
(Flg:;,. 9-11) satisfactorily. It was found (Newnham, 1964)
that "REDFAC" controlled the age at which mortality first
occurred and "REDINC" the amount of mortality thereafter.
Reducing "REDFAC" delayed the onset of mortality; reducing
"REDINC" decreased the amount of hortality. | |

When searching for possibleicompetitors at each five-

year re—appraisal the program was designed to consider all
trees or, more correctly, all possible tree locations, within
a distance of eight times the initial spacing of the tree
being studied. The area around.each tree was divided into
octants (Fig.,12),and the closest tree in each octant was

tested to see whether it was a competitor., If a competitor



PLATE IV: Crown canopy photographs of 39-year-old
Douglas fir plantations established at
(a) 4 x 4 £ft. (b) 10 x 10 ft., Wind River,

washington. Photographed in August, 1963.
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was only half in an octant, the competitive status of the tree
was halved. A large section of the FORTRAN program (Lines
53-369) is required to calculate the distances to each loca-
tion in the octant and to make the}necessary tests involved.
The model assumed th;t if a tree‘was released from
competition at any stage, 1ts pattern of diameter growth until
competition again set in would be that of an open-grown tree
of the same d. b. h. and age. This ignorédAthe possible
shock effect (Staebler, 1956) discussed in Part I of this
thesis. It was thought that the errors caused by makingvthis

assumption would be small,
Results

As stated earlier, the model was developed using a
basic matrix of diameters from a 6 x 6 ft, plantation of
Douglas fir on the University Research Forest at Haney. Ten
(4.4 per cent) of the 225 trees 1h this matrix were dead or
missing. There was no evidence to show that this mortality
was not randomly distributed. Site index was approximately
140 according to Barnes (U, B. C. Forest Club, 1959). Four
initial spacings (planting distances) were tested: 3.3 x 3.3,
6.6 x 6.6, 9.9 x 9.9 and 13.2 x 13.2 ft. Later the two wider
spacings, 16.5 x 16.5 ft. and 19.8 x 19.8 ft., were tested.
They are included 1in Fig. 13-15 in order that the effect of
initial spacing on stand growth can be studied over very
wide range of spacings. The program was run on the I. B. M.

7090 electronic computer at the University of Toronto which
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is 300 times faster than an I, B. M., 1620, The time taken for
program compilation, input, processing and output (but not |
listing the results) was aboﬁt five minutes, ‘The number. of
trees per acre, mean,d; b. h. (with its variance and stand-
ard deviation), basal area per acre, mean and periodic basall
area»increments, dlameter of the tree of mean.basal area,
gross basal area yield per acre and mortality were obtalned at
the end of each five-year period. In addition, the diameter
frequency distribution table and the diameter matrix could be
printed out as required. An example of fhe program output 1s

given in Appendix II (Fig. 70).
Number of Trees per Acre (Fig. 13)

The number of trees per acre remained constant until
mortality from competition set in at age twenty years (3.3 x
3.3 ft.), 30 yeafs (6.6 x 6.6 ft.), 50 years (9.9 x 9.9 ft.),
70 years (13.2 x 13.2 ft.) or 95 years (16.5 x 16.5 ft.).
Mortality, as defined here, did not.occur at all iﬁ the
19.8 x 19.8 ft, spacing during the first 100 years of the
life of the sténd. Mortélity did not usually occur until the
nﬁmber of trees at any age was greater than that gilven ih the
yield tables of McArdle et al. (1949). 1In the closest spac-
ing (3.3 x 3.3 ft.) the stocking was considerably higher
than the yield table data. Part of this difference was
probably attributable to the fact'that this model only
takes account of naturai mortality through suppression of

the weaker trees by the more vigorous trees_and not by
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agents‘that cause irregular mortality such as fungi, insects or
wind. By age 80 years the differences in stocking due to the
initial spacing have greatly diminished except for the 3.3 x

3.3 ft. spacing.
Average Diameter at Breast Height

The average diameter at:breést height outside bark
given_in_Fig. 14 is the simple arithmetic mean of_all'treeé.
- Yiéld tables are based‘oh those treés,above a certaiﬁ minimum
d. b} h,.(usually”l.S inches). The New'Zééland tables (Duff,
1956) differ from the yield tables of the PaCifichorthWestvin
that the average d. b. h. given is the d. b. h. of the tree of
.average pasal area. Age is calculated from the date_df | |
Tfestéblishment of . the planfation'and‘not from the date of ger-
mination of the seed. These differences in nomenclature
should be remembered when comparing the different yield tabies
and the stand model. |

From Fig. 14 it can be seen that, in the early stages
bf the model, the average d. 5. h. was greater than that of - -
the yield fables of the Pacific Nofthwest due to the opeh—:'.
- grown néture of the Standé compared with the normal stands
given 1in the yieid‘tables. As competitlon set in the_average
'd. b. h. groﬁth falls off. After the first trees were
removed as mortality, d.;b..h, growth_picked up again and
remained more or.léss linear. The genefél_trend of the
d. b, h. growth curvés fdllowedvthose.given bbecArdle‘gz_gl.

(1949) and Barnes (U. B. C. Forest Club, 1959), except as


http://can.be

Th

outlined above, The average diameter of thé 3.3 x 3.3 ft.
spacing appeared to bevhigher than expected_above age 80
'yéars. This_was because the model failed to determine the

total amount of competition for each tree.
Basal Area per Acre

The relationéhip between basal area and age (Fig. 15)
proved to be the most diffiéult to'harmonizéAWith'the yileld
‘table relationships (Newnham, 1964) and the final model could
probabiy still be improved; The basal area of fhe 3.3 x 3.3
ft. spacing was excessively highlabove 4o years, due to a
combihation of a high stocking of trees (Fig‘.l3)'and a high
average d. b. h, (Fig. 14). It'appears that the model will
"be of limited use in performing tests on this spacing above

40 years, or when the number of trees in the_matrix is
reduced to less than 25. With the other three spacings,

basal area growth was most rapid in the 6.6 x 6.6 ft. spacing,
and least at the 19.8 x 19.8 ft. spacing. Basal area growth
appears to level off at between 250 and‘3OQ sq.‘ft. per acre.
Basal area yield appeared closer to the yileld tables of
Barnes (U. B. C. Foreét Club, 1959) &han to those of

" McArdle et al. (1949).
"REDFAC"

The variation of the value of the reduction factor,
"REDFAC", with age is shown in Fig. 16, It can be seen that

its value remained constant at each spacing until mortality
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occurred. From then on it increased, the increase being more
rapid with increase in age. Above a value of 1,0, "REDFAC"
is no longer a "reduction" factor. The reasons for modifying

the value of "REDFAC" have been explained above.
Diameter Frequency Distributions

Frequency polygons have been drawn at ten-year intervals
on a trees-per-acre basis (Fig. 17-20). They show no signifi—
cant departure from that which might be expected from small
samples taken from plantations. The irregularities I1n the
distributions of the last three or four decades of -the closer
spacings were probably due to the fact that, although the
number éf trees per acre in each age class was relatively
large, the numbers in the matrix on which the distribution
was based were relatively small. For example, one tree pre-
sent in the matrix was equivalent to 17.8 trees per acre at
3.3 x 3.3 ft. spacing, but only 1.1 trees per acre at 13.2 x
13.2 ft. spacing. The small range in diameters probably was
also due to the small number of trees.

The cumulative frequency distributions (Fig. 21 and 22)
have the characteristic sigmoid shape of natural distributions.
The range of diameters for any given mean increases with
lncrease in initial spacing although this is probably due, 1n
part, to the greater number of trees present in the matrix at

the wider spacings.
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'Distributionsiof Trees o

The stand structure of the basic matrix is shown in
Fig 23 and the development of the stand for the 6. 6 x 6 6
'ft{ spa01ng 1s shown in Fig 24 The final stand structure

- for each spacing is shown in Fig 25 The stand development

vbetween age ten.and age lOO years for the spacings_not shown':"

i,lS s1milar to that of the 6 6 x 6 6 ft spacing;*the only:”
‘ maJor difference being the ages at which the various stages
-rshown in'Fig 24 occur._ For the 3 3 x. 3 3 ft spa01ngs the,d
4stages are reached earlier and for the wider spacings they
are reached later.

In order that the structures of the stands may be.
understood, the trees have been'dividedbinto four classes
by d. b. h. (see Fig..23). After competition has set in,
these classes probably correspond to the four crown classes:
dominant, codominant, intermediate and suppressed. However,
where there is a concentration of trees in the upper d; b. h.
class, it is unlikely that they would all be dominant trees,
as would be indicated by thls method. Conversely, a group
of trees in.the smallest d. b. h. class would contaln trees
in the higher crown classes. Using this diagrammatic
representation of the stand, it 1s possible to trace move-
ment of trees between crown classes and to see how the
various distributions of trees, to be tested later in this
thesis, are modified. as the stand develops.

Klthough the plantation, on which the basic matrix of

diameters is based, appeared remarkedly uniform in growth,
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it can be seen that there is some site variation within the
stand at age ten years., Mortality occurs first in the local
patches of highest site quality (Fig. 24, age 40 years) as

the competition is more intense. By age 60 years, mortality
has occurred among the lower site groups and the trees have
become more uniformly distributed. Before the number of

trees is reduced to the level shoWn for the 3.3 x 3.3 ft.
spacing at age 100 years (Fig. 25), the model ceases to
function properly. The model only searches to a distance of
elght times the initial spacing (26.4 ft. in this instance)
for competitors. Therefore, at close spacings, some of the
trees are considered to bé free of competition in one or more
octants, diameter growfh is not reduced sufficiéntly and basal
area consequently rises to the high level previously described

(see Fig. 15).
Stand Model IIA

As it failed fo give satisfactory results at the 3.3 x

3.3 ft. spacing above age 40 years, stand Model II was modi-
fied by prescribing a fixed amount of mbrtality each five-
year period, Thié'consisted_of 0.5 per cent random mort-
ality, which was applied to the stand each five-year period
ffom the start of the model. A "competition" mortality was
applied at the end of each five-year period as soon as five
per cent of the stand had shown no increase iﬁ diaméter
growth during a five-year period., The values of this mort-

ality were, in the first instance, interpolated from the
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yield table for Douglas fir of Barnes (U. B. C. Forest Club,
1959) but were later modified to suit the requirements of the
model (Table 2)., This competition mortality was not allocated

TABLE 2: Mortality by five-year periods for Douglas fir.
Adapted from Barnes (U. B. C. Forest Club, 1959).

Run ITA-1.
Age Previous 5 years'
(yr.) ' mortality (% of
total no. of trees)

15 25

20 23

25 21

30 19

35 ‘ 17

Lo 14

45 12

50 10

55 8

60 7

65 7

70 6

75 6

80 5

85 5

90 U

95 4
100 3

uniformly to all diameter classes but with decreased probab-
1lity in classes greater than the mean. Within eech class
trees were selected at random for mortality. A detailed
description of this method of applying mortality was given
in an earlier report (Newnham, 1964).

This modified model was run using the seme matrix

of diameters as was used in stand Model II described above.
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Results (Fig. 26-28) show a reasonable correspondence with the
published yield table data except that the basal area was
again too high in the 3.3 x 3.3 ft. spacing. Diameter distri-
butions usually covered a greater range of values than 1n
stand model II. As there was no improvement over stand model
IT, the development of this model was not pursued further,

It was also thought more desirable that the final model

should generate its own competition mortality rather than to

have it predetermined.
Conclusions

Of the three stand models tested, stand model I can
be disregarded for further use owing to its severe limitations
in testing different spacings. Stand model II meets the
requirements of this thesls in that mortality is self-
prescribed and it can be used to test a wide range of spacilngs.
Stand model IIA could probably also be developed into a satis-
factory model with further modification. It has the advantage,
which could also be built into stand model II if required,
that a small amount of random mortality is allocated at the
end. of each five-year period as well as competition mortality.
Both stand models II and IIA are of only limited use with

spacings as close as 3.3 x 3.3 ft.
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PART IIT
TESTING STAND MODEL IT

Having developed a satisfactory model for a normal
or fullyfstocked stand of site index 140 feet at 100 years,
it was next necessary to test this model for stands'having
varying amounts and distributions of mortality following
planting, for vafious sites and various thinning schedules.
For all tests, except those used in testing site differences,
the same diameter distribution as that used in developing
the model, i.e. N(/p = 1.26, o = 0.177), was assumed. In
the test runs, however, the theoretical nofmal distribution
was used as opposed to the empirical distribution, obtained
from the Douglas fir plantation at Haney, which was used in
developing the model. For testing site differences each
diameter in the basic matrix Wés multiplied by a constant,.
which varled with the site index being tested. The distri-
bution of locations occupilied by trees therefore remained
constant over the range of sites tested while the distri-
bution of diameters varied. An advantage of these méthods
of testing over field experiments is that all the site

factors, except the factor being tested, are held constant.
Mortality Following Planting

Mortality following planting describes the number '
of trees missing, or dead, in the initial diameter matrix
at age ten years, In the plantation which was used 1n

developing the model this was 4.4 per cent which, in practice,
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even at spacings as wide as 13.2 x 13.2 ft., would be ignored.
The purpose of these tests was to determine the amount of
mortality that may occur at each spacing before the final
yleld would be affected. The distribution gf the dead trees
is important. If the dead trees occur in.ciumps, és opposed
to a random distribution, the stand will take longer to

return to full stocking (see Smith et al., 1961, Table 16).:
Method of Generating Distributions

The distributions tested were: binomial (10, 30 and
50 per cent mortality), uniform or rectangular, (50>per cent
mortality) and an artificial distribution consisting of two
random infection centres (fourteen per cent mortality). To
allocate each distribufion of mortality, the basic matrix of
15 x 15 tree locations was divided into 9- location squére
plots. The number of plots with O, 1, 2, ...., 9 trees was
calculated from the density function for the appropriate
distribution (see Appendix I); each plot was allocated one Qf
these numbers at random. The locations of the trees within
each plot were chosen at random and, finally, a diameter was

allocated at random to each tree from a normal distribution

(p= 1.26, a® = 0.177).

The two‘random infection centres were chosen to
represent the clumped.mortality assoclated with, for example,

Poria weirii (see Plate II). Two locations in the matrix

were chosen at random as centres of infection. The infection

was then assumed to have spread outwards from each centre,
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killing trees with probability inversely proportional to the
distance from the Centre location., To allocate this mortal-
ity to the initial matrix, it was assumed that all eight
trees in the first square "shell" surrounding the centre
location, four of the sixteen trees in the second "shell',
two of the 24 trees in the third "shell" and one.of the 32
trees in the fourth "shell'", were dead. The allocation of the
dead trees in the second, third and fourth shells was carried
out at random. Apart from the two random infection centres
no other mortality was introduced. It was assumed that the
living trees surrounding the two‘dentres were not "infected"
and therefore showed no decline in vigour., This 1s usually
not the case in practice but the problem of determining the
amount of reduction in growth due to infectlon was outside
the scope of the present project.

The distributions of mortality tested therefore
cover random mortality, described by the binomial distribu-
tions, -and clumped mortality, described by the uniform
distribution. The random infectlon centres describe an o
extreme of aggregation. The binomial distribution was used 
to give a random distribution of mortality, instead of the
Poisson distribution, which is more usually assoclated with
randomness, as the greatest number of trees that could occur
in a plot was limited to nine. The Poisson distribution

requires that there be no upper bound.
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Results

For comparative purposes i1t has been assumed in these
tests that the stand with only ten per cent mortality, binom-
lally distributed, is fully stocked for each spacing at age
ten yeafs. A mortality of less than ten per cent following
planting is unusual in practice. The Douglas fir plantation at
Haney, which was used in the development of the model,.was

specially chosen as representative of the maximum stocking that
could be expected in practice.

The results of the tests are summarised, graphically,
in Fig. 29f40. Cunulative frequency distfibutions are given
in Fig. 41-43 and the development of the stand structure under
the different types of mortality is given for the 6.6 x 6.6
ft. spacing in Fig. 44-53,

As would be expected, the initial planting distance
plays an important part in determining the length of time
required by the stand to again reach full stocking, by besal
area., At the closest spacing (Fig. 31), differences in basal
area have disappeared by age twenty, regardless of the amount
or distribution of mortality at age ten years. Doubling the
planting distance increases the age at which recovery takes
place to between 60 and 70 years, depending on the amount
and distribution of mortality (Fig. 34). At a spacing of
9.9 x 9.9 ft., the stands with 30 and 50 per cent binomial
mortalities have recovered by age 85 to 95 years but the
clumped, uniform (or rectangular) 50 per cent mortality has

not fully recovered at age 100 years (Fig. 37). At the widest
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following planting on basal. area per acre,
Spacing: 9.9 x 9.9 ft. Runs II-2 to II-6,
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FIG. 46: Initial diameter matrix with 30 per ¢ent binomial

distribution of mortality following planting.
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spacing. tested, 13.2 x 13.2 ft., only the 30 per cent binomial
distribution of mortality and the two random infection centres
are approaching full basal area.stocking at age 100 years,
Generally, it can be seen that the th clumped distributions
take ionger to recover than the random (binomial) distribu-
tions. There is also evidence to suggest that, at the two
Widest spacings, the maximum basal area for the two random
infection centres will not be as great as that reached by the
stands with binomial distributions of mortality. The reason
for this is that each infection centre covers such a large
area (36 and 64 milacres at 9.9 x 9.9 and 13.2 x 13.2 ft., .
respectively) that the surrounding stand is not capable of
fully occupying the. area before age 100 years,

The length of time before the differences in the
number of trees per acre between the different types of
mortality dilsappears, is" longer than that for basal area
(Fig. 29, 32, 35 and 38). This is because the surviving trees
have less competition and are therefore able to accumulate
rapid, individual, basal area growth. In the two clumped
distributions tested, mortallty is more rapid than with the
random distributions in the first two or three periods after
competition sets in. This is due to mortality occurring
among the dense clumps of the surviving trees.

The diameter frequency distributions (Fig. 41-43)
are not greatly affected by the distribution of the mortality
and retain the characteristic.sigmoid'shape of normal distti-

butions. A small secondary peak occurs towards the upper
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limit of the range after age 60 years in the stand with the
two random infectlion centres (Fig. 43). This may be due to
the "edge effect” as a result of which large trees are pro-
duced around each infection centre,

The development of the structure of the stands under
the effects of the different types of planting mortality can
be followed in Fig. U44-53, The development of the stands
established at other than the 6.6 x 6.6 ft. spacing, which
differs only in the age at which each stage is reached, 1is not
reproduced here. If it 1s assumed that the four dlameter
groupings shown are equivalent to theAdominant, codominant,
intermediate and suppressed crown classes, 1t can be seen
that there 1s a general movement down, although between two
and five per cent of the trees move up. Mortality is usually
confined to the "suppressed" and "intermediate" classes.

Where the distribution of the trees is clumped, mortélity
occurs first within the clumps. These results do not differ
from those that might occur in actual plantatilons (Guillebaud

and Hummel, 1949; Warrack, 1952),
Site Quality

To test differences 1n site quality, eaqh tree 1in
the basic diameter matrix used to deveiop the model was multi-
plied by a constant to reduce the mean d. b. h. to 0.80 in.
(approximately S. I. 120) or to 1.92 in. (approximately S. I.
160). The distribution of the trees in the matrix 1s there-

fore the same as that for the bagic model.
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Results

Site indices 120 and 160 and site index 140 (the
basic model), are compared in Fig. 54-58 for the 6.6 x 6.6
ft. spacing. Fig. 54 shows that the number of trees per acre
is greatest for the poorest site and least. for the best site
as expected, The pattern of mean d. b, h., growth is similar
for all three sites, the only differénce being 1n the value
of the mean (Fig. 55). The differences in basal area per acre
(Fig. 56) are not as marked as those for 4. b. h. but are in
proportion to the yield table values (Barnes (U. B. C. Forest
Club, 1959), McArdle et al., 1949). The cumulative diameter
frequency distributions are shown in Fig. 57 and the stand
structures at age 100 years in Fig. 58. The latter indicate
that the stand development of the two sites has not been
exactly parailel. Some of the locations occupied by trees
in the site index 160 stand are not occupied in the site

index 120 stand where the mortality was less.
Thinning

Thinning is the most important silvicultural oper-
ation that can improve the quality and condition of the
stand once 1t has been established. It must not be confused
with exploitation felling, which is carried out with the
sole purpose of obtaining a monetary return, regardless of
the condition of the residual stand. Thinning practice on
the Continentbof Furope has, until recently at least, beén

classical: "low" thinning where the dead, dying and
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FIG. 54: The effect of site on number of trees per acre.,
. Spacing: 6.6 x 6.6 ft, ‘Runs II-2,7,8. ’



DIAMETER AT BREAST HEIGHT IN INCHES

6.6 x 6.6 ft. Runs II-2,7,8.

/
| /
20 SITE INDEX //
---------- 120 -/
———~ 140 /
/
—— - cours ¢ — |‘° ;
s / // v
/ /
: //
A / /
16— /'/ / /
; /
/ / ,
/ /
/. / /7
K / ’,'
14}~ ./ / /
// y /
K / /'
/'/ 4 ’
| v : /7 /'
12 , / / _ ’
/' // Pd
/ / p
T / /// 4
/ / ra
/ / e
S
8 / / g
/ Y4 7
/ 7
/ S
/ / L
./ // //I
6 ./ // o
/ e et
/ -~
K / L7
v
/ ’,
4 ./' // /
/ //
/
| /,// /
’ 2}- /. / ‘[’/
//’
’I
oL ] | ] ] |
(o] 20 40 60 80 100
AGE IN YEARS
FIG. 55: The effect of site on mean 4. b. h. o, b. Spacing:



BASAL AREA IN SQUARE FEET PER ACRE'

132

, SITE INDEX
400 120
—_———— 140
O 160
v N
350}— —_— N\
/o /./
/ N
H .\ b
/
| /
\\ / /\\
/ s ,
\ \\ \\‘\ \\
| / / \\\
”8 \\ \\\ \\\lll'\\
/ / s
\\\ -~ 7 ~~ \\
/ T T ~
/ / vt
200 s L T
. .\ \ \\\
/ / \\
/ /oy
VA
A A
o : / / \s
150+— \ \ Y,
. ] [/
/ \ /
|
’ \ \ \s
100 | [/
/ \ /
[y 7
/ \ /
.\ / /
sor- L/
I 7/
[/ /7
i/ 7/
/ /
/.’ ;
ol d 1 L | ] I

o 20 40 60 80 100
AGE IN YEARS

FIG. 56: The effect of site on basal area per acre. Spacilng:
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diseased trees and the "whips" are the first to be removed,
followed by the removal of suppressed and some intermediate
trees to give more growing space for the dominant and co-
dominant trees. In addition, "wolf" trees are often removed
at the time of the first low thinning. Most of the trees
removed in such thinnings, particularly those in the early
life of the stand, were unusable and therefore there was
little financilal return. To make thinning more attractive
economically, "crown" thinning was introduced. A crown
thinning isolates a limited number of the best dominants in
the stand by removing the larger competitors surrounding
them, Most of the unusable suppressed and intermediate trees
are left standing.

In both the low and crown thinnings described above
the trees are subjectively chosen. The marking of trees for
thinning is therefore a slow process, requiring considerable
skill, Because of thié, and the unsaleability of the smaller-
sized trees, thinning has not gained the same prominence 1n
the facific Northwest as 1t has in Europe.

To reduce the subjectlivity in thinning, thinning
prescriptions have been prescribed, describing the number
of trees or the amount of basal area to be left after each
thinning. The simplest of these prescriptions is row
thinning in plantations (Spurr, 1948; Little and Mohr, 1963)
where entire rows of trees are cut, regardléss of the size
or quality of the trees, or the size or quality of the trees

in the residual stand. Such a thinning 1s mechanical,
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requifing little skill, and is usually practiced only in young
plantations.

In South Africa, numerical thinnings have been car-
ried out since about 1930 (Hiley, 1959). Before marking a
plantation for thinning, the marker measures out a one-tenth
acre plot and marks the trees on this plot in such a way'that
the prescribed number of trees are 1eft. He continues to
mark according to this density but with frequent checks to
ensure he 1s maintaining his accuracy of marking. It has been
found that this can be done quickly and accurately, by
relatively unskllled labour. There 1s still a certain sub-
jectiveness 1in selecting the trees to be removed. Although
the numerical schedules are strictly adhered to, the
thinning practices are usually silviculturally, as well as
economically, acceptable,

It 1s therefore difficult to use the stand model
that has been developed for this thésis to test the effect
of various thinning regimes. However, there are two pos-
sible methods that can be used. First, knowing (from the
matrix printed for each five-year period) the 4. b. h. of
each tree and 1ts location in the stand at the end of any filve-
year period, 1t 1s possible to select those trees which, in
the opinion of the reader, should be "thinned". The model is
then run for a further five-or ten-year period and the pro-
cess repeated. This is a subjective method. An objective
method, and the one which 1s used here, is to prescribe the

removal of all trees within certain dlameter 1limits at the
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end of each thinning period ofiten or twenty years. The limits
used depend on the mean d. b. h. and 1ts standard deviation.

In the present instance, they have been selected to represent

a moderate and a severe low thinning, and a crown thinning or
selection felling. The growth of an unthinned (éontrol)‘stand

is summarized in Table 3,
Moderate Low Thinning

This removes all trees that are less than the mean
d. b. h. minus one standard deviation (D - s) at the end of
each thinning period (after the five-year mortality has been
removed). Thinning commences at the end of the period in
which competition mortality first occurs.  According to the
method which has been used 1n the model to allocate crown
classes to each tree (see Fig. 23), this thinning removés all
the trees in the suppressed crown class and no trees from any
other crown class. It was thought that such a prescription
would be equivalent to a light-to-moderate low thinning but,
according to the 4/D ratio (Warrack, 1959b), the thinning was
more severe than expected.

The results are shown in Fig. 59 and 60 and in
Table U4, for a ten-year thinning period. Although there 1is
considerable reduction in the number of trees per acre com-
pared with the unthinned stand (Fig. 59), the reduction in
basal area is not so marked (Fig. 60). The increase in net
basal area yield over the unthinned stand is at once apparent.

Gross yleld (stand + thinnings + mortality) was slightly



TABLE 3: The growth of an unthinned stand. Site index: 140. Spacing:
6.6 x 6.6 ft. Run II-1. ‘
Age Number of trees per acre Mean Basal area per acre (sq.ft.)
(yr. d.b.h.o.b.
Stand 5-yr. mortality (in.) Stand 5-yr. Gross
, mortality cumulative

10 956 1.3 9 9
15 956 2.7 40 4o
20 956 4.o 90 90
25 956 5.1 142 142
30 947 9 5.8 176 1 177
35 889 58 6.2 196 8 204
4o 733 156 6.9 199 22 230
45 640 93 7.7 213 14 258
50 551 89 8.4 220 18 283
55 458 93 9.2 219 25 307
60 396 62 10.1 228 19 334
65 | 342 53 11.2 2140 16 364

(o) 298 uy 12,2 250 19 392
75 276 22 13.1 266 13 4o2
80 236 Lo 14.3 269 26 450
85 213 22 15,4 284 16 480
90 204 9 16.2 303 9 508
95 160 by 17.9 284 41 531
100 147 13 19.0 292 14 553

gET
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FIG. 59: The effect of thinning on numbér of trees per acre.
All trees less than (D - s) removed at 10-year
intervals., Spacing: 6.6 x 6.6 ft. Run II-O.

100



BASAL AREA IN SQUARE FEET PER ACRE

thinnings) and stand basal area yield.
(D - s) removed at 10-year intervals.
Run II-9.

less than
Spacing: 6.6 x 6.6 ft.

550 ///)
—-——=— Gross Yield o8
' //440
-———-—== Net . /
Thinned Stand .//
500 U Unthinned T Thinned /7
/ /
/ /
/ /
T / /
450/ Y /
/’4//,0
//
/// -~
/ v” \\\v
40q— // '/'/
. // T. s
_/, N/
[/
/ !
350} . v
/ / ’
300—
250
200
1so—
1o0—
ol
] ] | ] il |
(o] 20 40 60 80 100
AGE IN YEARS
FIG. 60: The effect of thinning on gross, net (stand +

All trees



TABLE U4: The effect of thinning on growth and yield. All trees less than (D - s) removed at
intervals of 10 years. Spacing: 6.6 x 6.6 ft. Run II-9,

Age Number of trees Mean 4/D Basal area per acre (sq. ft.)
(yr.) per acre d.b.h.o.b.(in.) ?Zt‘ :
Stand Removed 5-yr. | Stand Thin- |- 2v*°|Stand Removed 5-yr. Net  Cumul-
(before as - mort-| (before nings |(before as thin- mort- Yield ative
thin- thin- ality| thin- thin- nings ality (Stand gross
ning) nings ning) ning) ' : + thin- yield
D d nings) (net
yield
+ mor-
tality)
10 956 1.3 9 -9 9
15 956 2.7 . bo .- 4o 4o
20 956 b.,o 90 90 90
25 956 5.1 142 142 142
30 U7 9 5.8 176 1 176 177
35 889 58 6.2 196 8 196 204
4o 733 111 156 6.9 5.0 0.72] 199 15 22 139 230
us 591 31 8.0 211 7 226 264
50 529 8u 62 8.6 6.7 0.78| 222 21 14 237 289
55 418 ' 27 9.7 ' 222 8 258 318
60 360 76 58 10.7 8.4 0.79| 230 30 20 296 3760
65 284 ' 12.2 235 301 381
70 244 Ly 4o 13.4 11.2 0.84} 241 30 22 307 Log
75 191 9 15.0 236 8 332 ha2
80 182 31 9 16.1 13.5 0.84] 260 31 8 356 b3
85 151 17.6 ' 257 : 384 501
90 151 13 ' 18.4 16.1 0.88| 280 19 Lob 524
95 133 4 19.3 273 7 418 543
~100 120 13 13 20.0 17.7 0.88| 263 23 26 4o8 559
Total 372 476 168 150

h
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increased by thinning. Increasing the thinning period to
twenty years (Fig. 61 and 62, Table 5) causes little reduction
in the basal area of the stand but, compared with results

from the ten-year thinning period, the net yileld 1s reduced.
Severe Low Thinning

In this thinning none of the suppressed, codominant
or dominant trees were removed and only those trees in the
intermediate crown class between (D - s) and (D - 0.5s) were
thinned. -Such a thinning could be justified, silviculturally,
on the grounds that the suppressed trees left are unlikely to
seriously hamper the growth of the dominant trees expected to
form the final crop and, economically, on the grounds that the
intermediate trees removed are more valuable than the sup-
pressed trees removed in the thinning previously described.

This thinning was tested with a ten-year thinning
period (Fig. 63 and 64; Table 6) and a twenty-year period
(Figﬁ 65 and 66, Table 7). On a ten-year cycle, net and gross

basal area ylelds were the highest of the thinnings tested.
Crown Thinning or Selection Felling

This thinnlng removed a small number of codomlnant
trees between (D + 0.75s) and (D + 8) using a ten-year thin-
ning period. Although the number of trees removed (Fig. 67,
Table 8) was the least of all the thinnings tested (at ages
60 and 90 years there were no trees within the prescribed

1imits), the reduction in the basal area of the stand was
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FIG. 61: The effect of thinning on number of trees per acre.
A1l trees less than (D - s8) removed at 20-year
intervals. Spacing: 6.6 x 6.6 ft. Run II-10.
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less than (D - s) removed at 20-year intervals.,
Spacing: 6.6 x 6.6 ft. Run II-10.



TABLE 5: The effect of thinning on growth and yield. All trees less than (D - s) removed at
intervals of 20 years. Spacing: 6.6 x 6.6 ft. Run II-10.

Age Number of trees Mean d,/D Basal area per acre (sq. ft.)
(yr.) per acre d.b.h.o.b.(in.) ratio
tand Removed 5-yr.| Stand Thin- Stand Removed 5-yr. Net Cumul-
(before  as mort-| (before nings (pefore as thin- mort- Yield ative
thin- thin- alityjthin- thin- ‘nings ality (Stand gross
ning) nings ning) ning) + thin- yield
D d nings) (net
yield
+ mor-
tality
10 956 1.3 9 9 9
- 15 956 2.7 4o 40 4o
20 956 4.0 90 90 90
25 956 5.1 142 142 142
30 U7 9 5.8 176 1 176 177
35 889 58 6.2 196 8 196 204
4o 733 111 156 6.9 5.0 0.72 199 .15 22 199 230
b5 591 31 8.0 211 7 226 264
50 529 62 8.6 222 14 237 - 289
55 Luo 89 9.5 222 24 237 313
60 374 76 67 10.4 7.910.76 228 26 22 243 341
65 298 12,0 237 278 376
70 262 36 13.0 247 : 18 288 Lol
75 240 22 14.0 262 13 304 433
80 218 4o 22 15.1 12.0 ] 0.80 275 -32 17 316 463
85 173 4 16.8 ' 269 I 341 492
90 164 9 17.7 284 10 357 517
95 156 - 9 18.5 293 - 11 366 538
100 138 27 18 19.4 17.010.88 285 Yo 26 357 555
Total 254 592 114 198

GHt
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FIG., 63: The effect of thinning on number of ftrees per acre.

All trees between (D - s) and (D - 0.5s) removed at
10-year intervals, Spacing: 6.6 x 6.6 ft. Run II-11.
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TABLE 6: The effect of thinning on growth and yield.

(D - 0.5s) removed at intervals of 10 years,

Spacing: 6.6 x 6.6 ft,

All trees between (D - s) and

Run II-11.

Age Number of trees Mean d/D Basal area per acre (sq. ft.)
(yr. per acre d.b.h.o.b.(in.) ratio
1 Stand Removed 5-yr.| Stand Thin- Stand Removed 5-yr. Net Cumul-
(before as mort-| (before nings (before  as thin- mort- Yield ative
thin- thin- ality| thin- thin- nings ality (Stand gross
ning) nings ning) ning) + thin- yield
D nings) (net
yield
+ mor-
tality)
10 956 1.3 9 9 9
15 956 2.7 40 40 40
20 956 4,0 90 90 90
25 956 5.1 142 142 142
30 {947 9 5.8 176 1 176 177
3 889 ' 58 6.2 ' 196 8 196 204
bo {733 120 156 6.9 6.0 | 0.87 199 24 22 199 230
4s 1573 - 4o 7.9 a 203 6 227 263
50 524 111 49 8.6 7.5 | 0.86 |221 34 9 245 290
55 {396 18 9.8 ' 213 6 271 322
60 351 44 4y 10.8 9.4 0.88 229 22 14 287 352
65 284 ' 22 12,2 ' 236" 7 315 387
70 {266 22 18 113.1 11.4 |} 0.87 ]255 16 10 335 it
75 | 240 hol14.1 268 3 363 448
80 |209 31 31 |15.4 13.6 | 0.89 |274 32 21 369 hrs
85 169 9 16.9 267 Y4 394 504
90 156 18 13 [18.0 16.4 | 0.91 {280 26 12 4o6 528
95 138 19.0 275 428 550
100 |125 18 13 ]20.0 18.5 | 0.92 {274 33 19 a7 568
Total 364 186 141

ght
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FIG. 65: The effect of thinning on number of trees per acre..
All trees between (D - s) and (D - 0.5s) removed at
20-year intervals. Spacing: 6.6 x 6.6 ft. Run II-12,
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TABLE 7: The effect of thinning on growth and yield. All trees between (D - s) and
(D - 0.5s) removed at intervals of 20 years. Spacing: 6.6 x 6.6 ft. Run II-12,

~

Age Number of trees Mean d,/D Basal area per acre (sq. ft.)
(yr. per acre d.b.h.o.b.(in.) 23, —
Stand  Removed 5-yr. Stand Thin- | T2°*° | Stand Removed  5-yr. Net Cumul-
(pefore as mort-| (before nings (pefore as thin- mort- VYield ative
thin- thin- ality] thin- thin- nings ality (Stand gross
ning) nings ning) ning) : + thin- yield
D d : nings) (net
yield
+ mor-
tality)
10 956 1.3 ‘9 9 9
15 956 2.7 Lo 4o 4o
20 956 bh,o 90 90 90
25 956 5.1 142 142 142
30 L7 9 5.8 176 1 176 177
35 889 58 6.2 196 8 196 204
4o 733 120 156 6.9 6.0( 0.87 199 24 . 22 199 230
45 573 -~ 40 7.9 ' 203 6 227 263
50 524 b9 8.6 221 ' . 9 245 290
55 Lot ' 538 9.4 ' 231 15 255 315
60 378 U9 89 10.4 8.9 0.86 230 21 27 253 - 341
65 311 18 11.7 : 237 6 282 376
70 289 22 12.5 255 : 13 300 406
75 267 22 13.4 270 15 315 436
80 231 4y 36 14.6 12.7| 0.87 275 39 23 320 | 4ol
85 178 9 16.1 259 6 343 493
90 164 13 17.3 274 10 358 519
95 147 18 18.5 | 276 20 360 540
100 138 18 .9 19.2 17.4] 0.90 283 29 C14 367 560
Total 231 606 113 194

16T
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FIG., 67: The effect of thinning on number of trees per acre,

All ‘trees between (D + 0.758) and (D + s) removed at
10-year intervals. Spacing: 6.6 x 6.6 ft. Run II-13.



TABLE 8: The effect of thinning on growth and yield.
(D + s) removed at intervals of 10 years.

Spacing:

All trees between (D + 0.75s) and
6.6 x 6,6 ft,

Run II-13.

Age Number of trees Mean d/D Basal area per acre (sq. ft.)

(yr. per acre d.b.h.o.b.(in.){ ratiop—

: Stand Removed 5-yr. |{Stand Thin- | Stand Removed 5-yr. Net Cumul-
(before as = mort- |(before nings (before as thin- mort- Yield ative
thin- thin- . ality |thin- thin- nings ality (Stand gross
ning) nings ning) ning) + thin- yield

d nings) (net
yield
+ mor-
tality)

- 10 956 1.3 9 9 9

15 956 2.7 40 4o 4o
20 956 4.0 90 90 90
25 956 5.1 142 142 142
30 b7 9 | 5.8 176 1 176 177
35 889 58 6.2 196 8 196 204
ho 733 4 156 6.9 8.1 |1.17 1199 16 22 199 230
hs 618 71 7.6 202 11 218 260
50 524 53 93 8.4 9.9 1.18 | 209 28 20 225 285
5 yor 44 9.0 1198 11 243 314

60 391 36 9.8 215 10 260 341

65 324 67 |10.8 219 21 264 367

70 | 285 9 40 |11.9 14,5 |1.22 |231 10 16 275 395

5 244 31 13.0 236 _ 12 291 423

80 196 18 - 1Re] 14,3 17.4 1.22 {230 30 32 284 448

85 173 - 4 [15.0 225 3 309 476

90 164 9 [16.0 242 9 326 502

95 151 13 |17.3 258 9 342 527

100 146 Y 4 18.2 21.8 1.20 {277 12 3 361 549
Total 128 684 96 188

€aT
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the most marked (Fig. 68) due to the high mortality among the
smaller trees ih the residual stand, as well as the loss due
to. thinning. Net yileld was also redﬁced and, above agev75
years, the gross yield of the thinned stand was a little less
than that of the unthinned stand.

The results of these tests, aithough,only covering
~a small proportion of many different types of thinning, indi-
cate that the stand model can be used for testing the effects
of thinning on the growth and yield of the stand. Any objective
method of thinning, such as those used above, can be tested,
provided the FORTRAN program for;the model is modified to suit

the individual's requirements.

Height Growth

In all the tests so far carried out using the model,
no attempt has been made to predict height growth. The
reasons for this omission have been stated earller in this
thesis. It i1s generally accepted that, within a stand, tree
height 1s closely correlated with d. b. h., the relationship
usually being cUrviiinear. The relationship will vary among
stands due to differences in stocking, density of trees, age
and site. To study this relationship, data for 869 Douglas
fir sample trees were obtained from permanent sample plots
located on the University Research Forest, Haney, the
University Campus Forest, Vancouver, and from the experimental
plots of the Research Division of the B. C. Forest Service
at Cowichan Lake, Vancou?er Island. The latter series of

plots was located in plantations of Douglas fir which had
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been thinned, leaving the residual stands at densities which
varied between "normal" and "open-grown'.

Using these data, a regression calculatlon was car-
ried out of tree height on d. b, h., number of trees per acre,
basal area per acre, site index and age. The results of this
regression calculation are summarised in Table 9, A series
of regression equations is given, each equation having one less
independent variable than the previous equation. The variable
eliminated each time was the one making the least absolute
contribution. to R2. »It appears that the regression equation
H = -11.083 + 8.27095D + 0.160482B - 0.154019D°, where H is
the total height of the tree in feet, D 1s the d. b. h. o. b.
in inches and B is the basal area of the stand in square feet
per acre, is the most suitable for practical purposes,
Inclusion of further variables does not greatly decrease the
residual variance, sg, whereas eliminating D2 almost doubles.
the residual variance. Examples of height/d. b. h. curves,
calculated from the above equation, are shown in Fig. 69 for

stand basal areas between 60 and 240 sq. ft. per acre.
Conclusions

The model has proved to be satisfactory for the
various tests performed in this part of the thesis., It is
not possible at present, due to the unavailability of field
data, to confirm that the absolute values for number of |
trees, mean d. b. h. and basal”area are accurate, Howeveﬁé

1

there are no significant departures, except when carrying but



TABLE 9: Regression of tree height on 4. b. h., number of trees per acre, basal area per
acre, site index and age. The variable making the least absolute contribution
to R2 is eliminated each time. Number of trees = 869. Source of data: B. C.
Forest Service, University Research Forest and Campus Forest. Mean height =
53.7 ft. Standard deviation = + 34,74 ft.

Regression of height on: _
Constany] D.b.h. No. of B.A./ac, Site Age (D.b_.h.)2 (D.b.h.)3 Log, R® s°
(in.) trees/ac. (sq.ft.) Index (yr.) (d.p.n.)
Regres- coef-
sion. ficients
-15.415 | 8.3478 -0.005859 0.141596 0.060795 0.210877 -0.195037 0.001067 -2.1966 [0.946 65.88
- 4.633 | 8.5384 -0.007905 0.179185 - 0.055343 -0.203969 0,001293 -2.6728 (0,945 66.85
- 3.073| 8.3799 -0.008939 0,189941 - - -0.191386 0.001041 -2.5069 [0.945 66.92
-11.025 (10,9741 - 0.157393 - - -0.273890 0.001818 -6.8723 [0.939 T74.26
-10.132 | 9.7477 - 0.158176 - - -0.192917 - -4.8099 (0.939 Th4.27
-11.084 | 8.2710 - 0.160482 - - -0.154019 - - [0.938  T4.94
- 6.099 11.0728 - - - - -0.222466 - ~ 0.890 133.00
9.005 | 6.5691 - - - - - - - 0.844 187.48
Mean | 6.81 727 120 139 35 69.96 954.,0 1.6651
S.D. +4.86  +396 +65 +26 17 +103.84  +2240.6  +0.7475
r for | 0.919 -0.407 0.806 0.107 0.608 0.803 0.661 ~0.893
Ht.
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tests on some of the stands with an initial spacing of 3.3 x
3.3 ft., from that which might be expected to occur in nature.
Reasons for the limitations of the model at close spacilngs
have been glven in Part II of this thesis,

Of particular interest, as it has seldom been
described 1n natural stands or plantations, 1s the deVelopment
of the structure of the stand after various amounts and dis-
tributions of mortality have been applied to the stand after
planting. This will help the forest manager to decide whether
to replant a young plantation which has suffered early mort-
ality. The site indices tested cover the middle of'the range
of the site qualities encountered in the coastal region of
British Columbia. To fest site indices outside the range
given, i1t may be necessary to modify the model to start at age
five years for better sites, so that the trees have not already
begun to compete with each other, or at age fifteen years for
poorer sites, by which time the majority of the trees should
have reached breast height.

The thinning tests that have been described are
examples of how the model might be used rather than an exhaus-
tive survey of such tests., The model can be modified by
rewriting the FORTRAN program to meet the requirements of each

individual case.



SUMMARY AND SUGGESTIONS

FOR FUTURE DEVELOPMENT

The object of this thesis was to develop a mathematical
model to describe the growth of Douglas fir stands under the
conditions commonly.encountered~in the coastal region of British
Columbia, This has been done by deécribing the growth 1n dia-
meter of each tree 1n a matrix of 225 trees, assuming the trees
were located at the intersections of a square lattice., It was
assumed that, at age ten years, these trees were open-grown. The
five-year periodic growth in d. b. h. was calculated for each
tree using a regression of d. b. h. on d. b, h., at the beginning
of the period, d. b. h. at age ten years and total age, obtained
from a sample of eighteen trees on the Saanich Peninsula,
Vancouver Islahd. These growth data were 1in general agreement
with those from younger'trees collected at several other loca-
tions. The crown width of each tree was also calculated from
the d. b. h., using regressions of crown width on 4. b. h,. |
obtained for U426 trees sampled in the interior and in the
coastal regions of British Columbia and Washington.

Trees were assumed to contlnue to grow at the open-
growth rate until the crowns overlapped. The five-year periodic
diameter growth of each tree was then reduced by an amount
depending on the proportion of the circumference of the crown
occuplied by the crowns of surrounding trees., This was repeated
at five-year intervals to age lQO years using an I. B, M., 7090

electronic computer. Mortality was obtained by assuming that
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a tree was dead i1f the five-year periodic d. b, h., was reduced
below a certain percentage of the d. b. h. of the tree. This
minimum percentage growth expected for survival varied from
five pervcent at age ten years to 0.1 per cent at age 45 years
or above.

The model worked satisfactorily over the range of
conditions tested until the number of trees was reduced to.
below 25. This occurred only above age U0 years at the 3.3 x
3.3 ft. spacing so that the model is therefore of limited use
when carrying out tests at older ages at this spacing. The
basic model was developed using a matrix of diameters at breast
-height obtained from a plantation of Douglas fir on.the
University Research Forest at Haney, B. C. These dilameters
were modified to sult the requirements of spacing and age 1in
the model. These data have been used as a '"control" in test-
"ing the model under other conditions of growth.

The model does not attempt to describe helght growth.
Instead, the relationship between height and 4. b. h. has been
studied over a wide range of site quality, densities of stock-
ing and age, and a multiple regression derived. This may be
used to determlne the height of any tree, given its d. b. h.
and the basal area of the stand. Volume growth has not been
estimated either, although this can be assumed to be
correlated with basal area, Alternatively, knowlng the height
and d. b, h, of each tree, an estimate of tree volﬁme can be
obtained using the method of Newnham (1958) or of Smith and

Breadon (1964).
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The assumptions that have been made in the model must
be biologically justified. The first of these 1s that competi-
tion can be measured by the proportion of the crown of éach
tree occupiled by the crowns of surrounding trees. In the
model, this has been modified to allow a 40 per cent crown
overlap before the amount of competition‘is sufficiently great
to reduce diameter growth. Measurements taken in seven-year-
old Douglas fir plantations on the University Research Forest
support this assumption. It has been noted in Part II that
root spread. is closely related to crown spread} For growth,
the tree requires light for photosynthesis and nutrients and
.moisture from the solil. If the crown of a tree 1is over-

- lapped by the crowns of surrounding trees, shading of the
lower branches occurs, and photosynthesis and the production
of carbohydrates is reduced with the resuitant reductfion in
tree growth, If the root systems of trees overlap, the com-
petition for the available soil nutrients and moisture is
increased until a point i1s reached where the root system 1s
not able to obtain the maximum amount of nutrients and mois-
ture that 1t is capable of transporting tQ the aerial part of
the tree. Logically, competition must therefore be related to
the proportion of the circumference of the tree occupied by
the crowns of surrounding trees,

The assumption that the optimum rate of diameter
growth is reduced by the proportion of the circumference of
the crown (after reduction to allow for overlap) occupied by

the crowns of competitors, is difficult to Justify
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quantitatively, due to lack of information. The diameter growth
of open-grown trees is known and it is known that, as competi-
tion sets in, diameter growth is reduced to the point where the
tree dies, The relationship between the amount of compétition
and reduction in diameter growth used in this thesls was chosen
because it was simple to use.

It has been assumed in the model that, if a tree
was released from all cémpetition, it would resume the rate of
growth of an open-grown tree. This ignores any "shock" effect.
Reasons for this "shock" effect have been discussed in Part I.
Shock is most likely to occur when a stand, which has been
allowed to become very dense with poorly developed crowns, 1is
suddenly opened up. Nowhere are these conditions found in the
model so that it is safe to ignore "shock". It is probable,
however, that there is a time-lag before the tree resumes
fully the optimum rate of growth. This time-lag is not taken
into account by the model. The errors involved are not thought
to be serious, although Reukema (1964) has shown that short-
term growth of crown was not related to release., The model
used here should apply generally.

. Once a satisfactory model had been obtained it was
next possible to test the effects of different distributions
and amounts of mortality following planting (Table 10),
different site qualities (Table 11), and different thinning
regimes (Table 12) on the growth of the stand. The effects of
different initial spacings (Table 13) had already been tested

while developing the model. In the summary tables the 6.6 x



TABLE 10:

The effect of amount and distribution of mortality following planting on stand

growth. Site index: 140. Mean d.b.h.o.b. at age 10 years: 1.26 in. Spacing:
6.6x66 ft. '
Run Distri- Amount Number Age at Number Basal Age 100 years
bution of of of trees which of trees area :
mortality mortal- per acre mean per acre per
following ity at age d.b.h. when acre
planting (%) 10 years o.b. 1s the mean when
12 in. d.b.h. mean Number Basal
0.b. 1is d.b.h, of Mean area
12 in. o.b. is trees d.b.h. per
12 in. per 0.b. acre
(sa.ft.) acre (in.) (sa.ft.)
IT-1 Negligible - 956 69 302 248 147 19.0 292
II-2 Binomial 10 907 70 319 257 156 18.6° 302
II-3 Binomial 30 711 67 325 261 151 18.8 300
II—M Binomial 50 516 66 317 250 138 18.5 263 -
II-5 Uniform » ‘ ‘
(rect- 50 498 63 298 228 138 19.3 286
angular)
II.6 2 Rand. : '
Inf. 14 858 68 305 247 142 19.2 296
Centres '

LEA!



TABLE 11:

negligible.

The effect of site quality on stand growth.
planting:

Spacing: 6.6 x 6.6 ft,

Amount of mortality following

Run Site Age 10 years Age at Number of Basal Age 100 years
Index which trees per area per :
‘ Number: Mean mean acre when acre when
f ot ’ i.b.n.0.b d.b.h., mean mean d.b.h.
o gees “(in.)  "|o.b. is d.b.n.o.b. o0.b. is 12 | Number Mean Basal
per acre -h. 12 in, 1is 12 in. in. of trees d.b.h. area
' (sq.ft.) per acre o0.b. per
(in.) acre
(sq.ft.)
II-7 120 956 0.80 84 280 245 213 15.2 274
II-1 140 956 1.26 69 302 248 147 19.0 292
IT-8 160 956 1.92 . 55 338 276 107 23.6 331

G991



TABLE 12: The effect of thinning on stand growth.

Run

G II-1

II-9

II-10
11-11

II-12

e

1.26 in.

Trees
removed
between:

lower upper
limit limit

0 D-s

0 D-s

D-s D-0.5s!

D-s 5LO.SS§

'II-13:D+ Dts

:0.758

Thin-
ning
Per-
iod
(yr.)

10
20
10
20

10

Num-
ber
of
thin-
nings
be-
fore
age
100
years

E = U] o W (o))

ige -

at
which
mean
d.b.h.
o.b.is
12 in.

69
64
65
64
67
-

Num-

ber

of
trees
per
acre
when
mean
d.b.h.
o.b.is
12 in.

302
284
298
289
303
270

-Basal

area
per
acre
when
mean
d.b.h.
o.b.is
12 in.

(sq.
ft.)

248
228
237
230
244

224

Thinnings
Num- Basal
ber area
of per
trees acre
per (sq.
acre ft.)
271 66
187 41
275 79
169 45
106 54

Site index:
Amount of mortality following planting: negligible.

140.

Total;
—--1basal -—m -

area

yield |

L2

Mean d. b. h.

o, b.

Spacing 6.6 x 6.6'ft.

| Num-

ber
of
trees
per
acre

C 147

120
138

f 125

: 138
C 146

Me
d.
O.
(i

S o oo

19.
20.
19.
20.
19.
18.

n

n M o &~ O O

"Aée 100 yearéw

per
acre
(sq.
£t.)

292

263
285
274
283
277

Num-
ber
of
trees
per
acre

359
227
346
213
124

Basal Thinnings
.h. area
.)

Basal
area
per
acre
(sq.
ft.)

146
73
153
84
84

at age 10 years:



TABLE 13: The effect of initial spacing (planting distance) on stand growth. Site index:
140, Mean d.b.h.o.b. at age 10 years: 1.26 in. Distribution of mortality
following planting: negligible. Run I1-1 ,
Initial Number of Age at Number of Basal area Age 100 years
spacing trees per which mean trees per per acre
(ft.) acre at d.h.b.o.b. acre when when mean
age 10 yr. 1is 12 in. mean d.h.b.o.b. |Number of Mean Basal area
' d.b.h.o.b. is 12 in, trees per d.b.h.o.b. per acre
is 12 in. (sq. ft.) |acre (in.) (sq. ft.)
3.3 3822 63 510 406 213 1999 466
6.6 956 69 302 248 147 19.0 292
9.9 425 6L 319 258 134 17.9 240
13.2 239 52 239 198 146 18.4 272
16.5 153 51 153 125 149 19.6 318
19.8 106 51 106 87 106 21.6 273

191
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6.6 ft. spacing of the basic matrix has been taken as a "control',
with which the results of the varicus tests may be compared.
The age at which the stand reaches a mean d. b, h., of twelve
inches is an indication of the minimum rotation (Smith et al.,
1962),

In terms of absolute values it 1s not possible to
confirm that these results are accurate. However, the basic
model gives satisfactory fits to the yield table data of
Barnes (U. B. C. Forest Club, 1959) and McArdle et al.. (1949).
It should be realised also that the results of these‘tests
are based on one,”run” in each case. Although.it is possible
to control site differences‘more readlly in the stand model
by using identical diameter dlstributions, tree distribuﬁions
or site qualities as' may be required, this is equivalent to
a fileld experiment in which there is only one féplicate of
each treatment. The "runs" have been replicated in "degree"
but not in "kind" due to the amount of computer time required.
It is probable that, if not completely accurate in absolute
values, the results give accurate, relative estimates of
growth under the range of conditlons tested., To confirm the
accuracy of the résults, further field data, largely not
-available at-present, would have to be secured. Sevéral
recently established spacing and thinning trials may provide
more suitable data in the long run.

This thesis has shown how a stand model can be

developed for Douglas fir and has shown how the model may

be used . to study the growth of stands under various conditions.
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So far the model does not give estimates of volume growth
although these may be obtained from individual diameter and
height data. This could be built into the model by modifying
the FORTRAN program,

The model also assumes that, sfter the initilal
mortality following planting, all mortality that occurs in
the sténd is due to suppression. In napural stands, besides
suppression mortality, there is usually a small amount of
random mortality due to_insects, disease, or extremes of
climate., In the stand model, such moftality could be obtained
by a method similar to that described for stand model IIA
(Newnham, 1964), At the end of each five-year period there is
a three-digit random number associated withseach tree. If this
random number is less than the random mortality that has been
prescribed, the tree "dies"., If it is desired to prescribe a
"clumped" mortality at a particular age, this can be accom-
plished by setting the random numbers of the trees to be
"killed" equal to zero at that age.

The model can be used to test any prescribed thinning
by modifying the FORTRAN program to meet the requirements of
each case. In conjunction with the computer program of Kozak
and Munro (1963), it can be used to find the theoretical
distribution giving the best fit to the actual distribution
of the trees in the stand at the end of any five-year period.
From this it would be possible to find the best size of
quadrat to use as a basis of sampling at the various initial

spacings -and stand ages. For these tests, a. larger basic
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diameter matrix (at least 30 x 30 trees) could be required to

give sufficient quadrats for satisfactory distribution fitting.

A basic square spacing has been assumed in all the
tests performed with the model. The pattern of the spacing
can be varied to a certain extent, as has been done in testing
the different distributions of mortality following planting,
by omitting trees from some of the 1ocations on the square
lattice. It is alsovmost‘convenient to use a square pattern
when programming the computer. Although the model can be
modified to use a basic triangular, or polygonal, pattern the
resulting program would.be more complicated than that for
-8quare spacing. o

It is not. known whether it .will be possible to adapt
the model readily for use with other tree species, 1In.theory
it should be possible, providing.tﬁe necessary crown width/
d. b, h, and diameter growth regressioﬁs.are known for the
species. Some difficulty may be encountered in obtaining
satisfactory crown width/d. b. h, regressions for species,
such as some of the spruces, which have a columnar crown habit.

In its final form, it should be possible*to use the
model to estimate, given sufficient basic information, the
volume (even,ﬂperhaps, by’grade)_and values of sawn products,
pulpwood; plywood, and waste for any Douglas fir stand,‘grown
under various conditions. All that is required 1s a wealth
of information on utilization, a large computer, the patience
to write the necessary program, and time to test and refine

the biological‘assumptions involved,
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APPENDIX I
THE DISTRIBUTIONS ENCOUNTERED IN FOREST RESEARCH
Introduction

Most researchers in forestry have at some time
encountered the more common distributions described in
forestry literature (Smith and Ker, 1957). It is the purpose
of this section to present some of these distributions in a
uniform manner based on the prinoiples of mathematical
statistiosI

It 1s first necessary to give some definitions.

Definition 1: If X is a random variable, then the distri-

bution function of X, F 1s a function defined by

X,

Fy = [P[x=x]

for every real number x. (Tucker, 1962). The term on the right-
hand side of the above equation means "the probability of the
event that the random variable, X, wlll take on a value less
than, or equal to, x, a real number". Because it is a prob-

ability, FX(X) must take on a value between zero and one,

Definition 2: The discrete density function,_fx(x), is

defined by

0 if x = xn for all n.

Then ;:fx(xn) =1, and{bleé:x x(x,) = Fx(x) (Tucker, 1962)
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It should be noted that in discrete distributlons the
values of x can only be integers and also that the density
function,(fX(x), takes the value zero outside the range of the

values of x on which the distribution is defined.

Definition 3: A randomfvariable, X, 18 said to have an

absolutely continuous distribution if there'exists a function,

fX(x), such that

FX(X) =J fX(t)dt

—00

X
function of the random variable X (Tucker,. 1962).

for every real number, x. The function f,(x) 1s the density

Definition 4: If Xl””’Xn are n independent observations on

a random variable,. X, then’

the mean,:xnf= (Xl + ...+ Xn)/h

2 1 4 2 e 2
and the variance, 8, = 7= 1(£§ixi - (églxi) /n).

For 1nformation about the properties of distribution
functions,.the varlous methods of obtaining estimates of the
parameters describing a disfribution from samples, expecta-
tions and consistent and unbilased estimators, reference
should be made to any stahdard.text on mathematical’statistics

(e. g. Kendall and Stuart, 1958,.1961;vTucker, 1962).
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Distributions encountered in forestry feéearch

A, Discrete distributions
1. The binomial distribution
This distribution occurs where. the experiment con-
sists of a sequence of n (Bernoulli) trials which satisfy the
following requirements:
| (i) the outcome of each trial can only be one of
two possible incompatible events, "success"
(3) or "failure" (F), |
(ii) the outcome of each trial is independent of the
other trials, and
(iii) the probability, p, of S occurring does not
vary from trial to trial.

If these conditions are met then the binomial density function

is
- n X n - X
tx(x) = lx -] = () »*C2 - )
X
' -
=11’]— }n§5' ! px(l—'p)n X’ x =0,1,2,...,n

s

where 0<p<1 and x

number of "successes" in n trials,
Properties: in'= np; si = np(l.—.p).
Estimator: p = X /n.

Tables of the binomial distribution function are

given in Burington and May (1953).

2. The Poisson distribution

The binomial distribution approaches the Poisson
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distribution as a limit when n-—»o0 and p—> 0 in such a way
that np = m is a constant (Burington and May, 1953). The
density function of the Polsson dilistribution is

' mfe™ ™
£ (x) = P[x - x:l - — , X =0,1,2,..., m>0

X

Becausé of the above limiting property, the Polsson distri-

- bution may be used to approximaté the binomial distribution

and vice versa,

Properties: Y% =m; 8- =m
A —

Estimator: m = Xn

Tables of the Poisson distribution are given in

Burington and May (1953).

3. The negative binomial distribution
The density function of the negative binomial distri-~

bution is
m, -k
=)

(1 + T

1f x =0

k+x -1 -k m
( ) (1 + %) ()" if x = 1,2,3,
X

0 ey

meem>Q,k>O.

The Poisson distribution is obtained as a limit as

K—=o0,
Properties: X = m; 32 = m + m?
p ¢ n— > n"‘ kt
— A X,
Estimators: A = X3 K = —5—— (Anscombe, . 1949)
s_ - X
n n
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Tables of the negative binomial distribution have been»pub—
lished by Grimm. (1962). The writer has developed a FORTRAN
program for the I, B, M, 1620 electronic computer which .
calculates tables of the distribution over the range of
values of m and k normally encountered in practice.

In deciding which of the above three distributions
should be used to fit empirical data, the relationship between
X_and s- should be studied. If X > s°, the binomial distri-
bution is indicated; if X = sﬁ, the Poisson distribution is

indicated; and if 3c'n< si

, the negative binomial distribution

is ihdicated. The Poisson distributilon occurs when. the
individuals in the population are randomly distributed (see
Pielou, 1959, for a discussion on randomneSs). If the variance
is less than the mean, the individuals aré more uniformly dis-
tributed. The negative binomial distribution indicates that

the individuals occur in clumps or aggregates. The uniform

(rectangular) distribution indicates extreme clumpilness.

4, The uniform (rectangular) distribution
- The density function of this distribution is
/N if x = 0,1,2,...,N
£ (x) = P[X = x:] -
0 otherwise
where N>O,
The uniform distribution gives an equal probability

of occurrence to each value of x within the range.
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Properties: X = N/2

- na ()

1<1<N

2>

Estimator:

B. Absolutely continuous distributions
1. The gamma distribution

The gamma distribution.has a density function

— e ¥ 1r x>0
M + 1) <t 1 :
fye(x) =
'O otherwise
oo .
where x-1,8>0 and Mx+ 1) = J v Vay =xT(x), If n is
0

an integer (n>0) then [M(n) = (n - 1)! In particular,

M(1) = 1 and M(%) ==
Properties: 'E% = ﬁ(%’+ 1); g2 2(°<+ 1)

-F

Estimators: By the method of moments

A X2 A sE
n ] n
Q(=T 1, ﬁ-_::__
Sp Xy

These are not necessarily the most efficlent estimators
(Kendall and Stuart, 1961). Thom (1949) gave approximate
solutions to the maximum likelihood estimators of « and ﬁ.

These are
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Tables of the gamma function are given in Burington

and May (1953).

2. The normal distribution

The normal distribution has density

wHere 4”<JL<QD and 02:>O. This distribution is often written
as N9N,<T2),/w and 62 being the parameters describing the
distribution. Tables of the N(0, 1) distribution function are
given in most statistical texts or in Fisher and Yates (1957).
Properties: If X is a réndom &ariable having a N(0, 1)
distribution, then the distribution of X° 1is gamma with = -%
and £ = 2 (Tucker, 1962),.

If Xl,,;.,Xn is a sequence of n independent

variables each with a N(o, 1) distribution, then the distri-

bution of Xi + ... F Xi is chi-square with n degrees of
freedom.
A
Estimators: M= X.; g° = s°
ks n* ¢ = 8,

The followilng theorem is sometimes found useful

when working with distribution problems.

The central limit theorem: Let Xl””’xn be a sequence of
independent, identically distributed, random variables

with finite common expectation,/b and variance, 62. Let

Y = ("Xl + ... +-;Xn)/a‘fﬁ
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Then
N L5
1 2 ,
F (x)——4>J e dti
Yn ~-00 /ETT

as n—»o  uniformly in x (Tucker, 1962).
' Because of the limiting nature of this theorem, when
n is sufficiently large, the normal distribution may be used

to approximate any other distribution.

Pearl-Reed growth curves

Pearl;Reed growth curves, originally developed to
desqribe the growth of the population of the United States
(Pearl and Reed,. 1920), have beeh used in forestry to. describe
diameter distributions (Osborne and Schumacher,.1935). The

Pearl-Reed equation is of the form

a
be X

1 + ceaX

where a, b, and ¢ are constants having positive values. In
the original paper (Pearl and Reed, 1920), y was the popu-
lation size and x the time. When used to describe diameter
distributions, y 1s the cumulative number of trées and x 1is
the diameter. This equation may be written in the form

b

e + C

This equation has the possible disadvantage that it
produces a symmetrical frequency distribution. Osborne and

Schumacher (1935) used a modified Pearl-Reed equatioh of the
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form

y =¢ + L

= —Tx
1 + mef-x)

where c 1s the lower asymptote, k + ¢ 1s the upper asymptote

and. m is an arbitrary constant. The term, f(x), is of the-

form

X + b2x2 + ... + b x"

f(x) =D n

1

This gave asymmetrical distributions which described the

distribution of dlameters of even-aged stands of red gum

(Liguidambar styraciflua L.) with remarkable accuracy.
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APPENDIX II

A DETAILED DESCRIPTION OF THE FORTRAN PROGRAM

FOR STAND MODEL II

1., A 1list of the more important variables in the program w1th
their meanings. -

A (also MA) Age in years.
ACOMP. Age at the beginning of the period in which
~mortality first occurs.
ASTART Age at the start of the program.
ASTOP Age at which the program stops (usually
- 100 years; ASTOP <100),
Al Constant term in the radial growth
regression,
Al1C, AZ2C Constant terms 1n the two crown width
regressions.
BAST Basal area per acre.
B1l,B2,B3,B4 Regression coefficients in the radial

growth regression.

B1C, B2C Regression coefficients in:the two crown:
width regressions.

D D. B, h. o. b. at the beginning of each
five~year period.

DAP5 D. B. h. o. b. at the end of each five-
year period.

DINC Minimum percentage five-year diameter growth
.for survival, '

D10 D. b. h., o. b, at age 10 years.

FLAST : Number of trees per acre at beginning of
each five-year pericd.

FN Number of trees at end of each five-year
period.



FPLOT

MATIO
NDIST
NMAT

NT
NOCT
PD
PI
PS

REDFAC

REDINC

soc(1,J)

19T
Number of live trees in the matrix at
age 10 years. :

Row number in matrix (0< I<20, usually
I<15), :

Column number in matrix. (0<J <20, usually
J£15). ’ o

Row number of "competitors" in matrix.
Column number of "competitors" in matrix.
The number of locations that the competing
tree in each octant is away from the tree

being studiled.

Number of trees per row and per column in
input matrix (6 =MATIO<20).

Number of planting distances (initial
spacings).

Number of trees per row and per column in
working matrix. (6 <NMAT<MATIO).

Number of trees per acre (in input).
Number of octant.

Planting distance (initial spacing).
M= 3.141596.

Plot size in acres (of working matrix).

Reduction factor to reduce calculated
crown width to "competitive" crown width.

Increment for REDFAC.
Proportion of the circumference of the
crown in the I,Jth. position occupied. by

competitors.

Distance of the Mth. competing tree from
the tree being studied (PD< S(M)< 8 x PD).

Angle subtended at the centre of the crown
by the two points of intersection of the

Mcompetitive" crowns, divided by two

(O=THETAZ 11 ).
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2. Description of the FORTRAN program.

Line No.-
MAINLINE PROGRAM
4-23 Input section. The parameters, regression
coefficients and the basic data are read into
the computer.

24-30 Prints out basic matrix of dilameters.

31-493 Loop for each planting distance.

37-39 Calculates the distance of each possible
competitor from the study tree.

4o-374 Loop to calculate five-year periodic diameter
growth.

53-369 Loop to calculate the competitive status, SO0C,
of each tree by octants.

54-97 Values are given to the variables required to
calculate the positions in the matrix of
"competitors", D(K,L), with respect to each
tree, D(I,J). The values of the variables are
determined according to the octant being con-
sidered (see Fig. 12). :

98-104 Calculates the location of the first tree posi-
tion in the octant. (The function subprogram
KFIND(KM) is described below.)

105 Tests to see if there is a tree in this posi-
tion. (live trees >0).
106 If a tree is present in the first position the

subroutine CROWN (described below) 1s called and
THETA is calculated. The next statement (107).
calculates the competitive status of the tree
and the program then branches to the next oct-
ant., (To save operating time, THETA in the
program is half the angle subtended at the
centre of the crown by the intersection of the
"competitive" crown perimeters. The proportion
of the circumference of the crown occupled by
each competitor 1s therefore divided by T, and
not 21 , to obtain. the proportion of the crown
occupied, S0C).



Line No.

109

370-1

373
380
881
383

385-95
396- 404
405-18
420-9
433-51

452-82
483

48y

485

486-8

bo2
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If there is no tree in the first position the
program branches to the second position in the oct-

ant and the process 1s repeated until a tree 1s

found. If no tree is found in any of the fourteen
positions in the octant the program branches to
the next octant.

Calculates the d. b. h. of each tree at the end of
each five-year period (DAP5). .

If D(I,J)<0, DAP5(I, J) is set equal to zero.
Tests for mortality.
Sets D(I,J) equal to DAP5(I,J) for all live trees.

Sets D(I,J) equal to -DAP5(I,J) for all trees that
have "died" during the current five-year period.

The new diameter matrix is printed out.
Initialises frequency distribution table loop.
Calculates the number of trees that have "died"
in each one-inch dlameter class 1n the past five

years.,

Calculates the number of live trees in each one-
inch diameter class.

Calculates means, standard deviatilions, basal area,
etec.

Prints out dilameter frequency distributlon. table.

Tests to see 1f mortality has occurred before
the current period.

Tests to see 1f mortality has started in the
current period.

If mortality has occurred during the current
period, ACOMP 1s set equal to the age at the
start of the period.

If mortality has occurred, elther before or during
the current period, REDFAC 1s modified.

Tests for end of run.
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13
14

15

17

18

20,21

22
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FUNCTION KFIND(KM)

When determining the position of competitors in
the matrix this subprogram ensures that the
mainline program does not branch out of the
matrix.

SUBROUTINE CROWN

Calculates the value of THETA, the angle subtended
at the centre of the crown by the intersection of
the crown perimeters divided by two.

R = .5% REDFAC so that Rl = .5%(ALC + B1C(D(I,J))*
REDFAC

Calculates the "competitive" crown radius (R1)

of the tree being studied and of the potentilal

competitor (R2).

Tests to see if the "competitive" crowns overlap;
Tests to see if the crown of the tree being studied

(the I,Jth) completely overlaps that of the
competitor (the K,Lth.).

- If the answer to 13 is "no" or to 14 is "yes",

THETA is set equal to zero and control is returned
to the mainline program.

Tests to see if the crown of the competitor over-
laps that of the tree beilng studiled.

If the answer to 17 is "yes", THETA 1s set equal
to ™.

Calculates the ordinates of the point of inter-

section (in the first quadrant) of the
"competitive" crowns.

Tests to see if THETA 1s greater than, equal to or
less than 1 /2., THETA is calculated accordingly
(see Fig. 70) and control returned to the main-
line program,

Program output

An example of the output given at the end of each five-
year period by the FORTRAN program for the I. B. M. 7090
is shown in Fig. T71. “
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I m/2=6=TN

0= T/2 + «
= Ty2 + arctan(X/Y)

2. O=<@ =J¥2

8 = arctan(Y/X)

FIG. 70: Calculation of © in the FORTRAN program.



CeBoeholote FREQUENCY DISTRIBUTION TABLE

CeBeHse NCo OF NO. UF TREES 9YRe MUGRTALITY 5YR. MURTALITY

CLASS TREES PER AC. PER AC.
2 0 C. 2 8.9
3 17 75.6 2 8.9
4 28 124.4 4 L7.8
5 3¢ 133.3 4 17.8
6 38 168.9 6 26.7
1 29 128.9 1 4.4
8 15 66.7 G Ga
9 13 St.8 o] 0.
10 S 2242 0 Je
11 1 4o 4 0 C.
12 1 4.4 C V.
TCTAL = 177 78¢.7 15 Ba.4
MEAN = 5,99 INS. 4.72 INS.
VARIANCE = 3.6C0%
STANDARD CEVIATION = 1.90
TREE CF MEAN d.A., = 6.28
EASAL AREA PER AC. = 169.4 Su. Fl. . 11.1 SU. FT.
PaAdl . (BASAL AREA} = el
M.A.l.{BASAL AREA) = 5.6

REDFAC = 0.6059

FIG. 71: Example of program output.
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STAND

2
L e

MODEL [l ~ NEWNHAM FOMTRAN SCURCE LIST MODFIR
1SN SOURCE STATEMENT
1 DIMENSEON PD(S),PSI5},NT(5),DINCE20),0t20,20),D10120,20) ND6(30) 11 1
oo .. DIMENSION DAP5{20,201,50C12C,201,5150),NNOBK3U),DEST(S0) 11 2
Y CUMMUN REGFAC,ALC1A2C,81C,B205 Ty J KoL oMy NMAT oS, THETA, D [ 3
4 READIS, 1) NMAT MATLIO)NDIST,ASTART (ASTGP ,FACRED JREDING T
101 FURMAT(313,4F6.C) 15
11 READIS¢2) (POLI) 2 1=1yNDISTIoEPSII) o E=L,NDIST) 1 s
22 2 FORMAT(10F6.0) o7
23 READIS5,5) ALC,A2C,8B1C,B2C e 118
24 5 FURMAT{4F10.0) ]
25 READ(S,6) {DINCILA),LA=2419) il
32 6 FURMAT(18F4.3) o
33 READIS, 12001 (DISTCL),1=1,48) "noi2
40 1200 FURMAT{12f6.4} o3
41 REAUIS,3) FPLOT,INTU1), D=} 4NDIST) 1 14
46 3 URMATIF6.0,5160 1T 15
a7 REAC(S5,4) ALsB1sB2eB3sB4sBAMAT 11 16
50 4 FUAMATI6F10.0) o
5% 200  READ(S, 1201} no1d
52 1201 OFGRMAT( 30X, 42H 730X,254 1L 19
1 ) ~ 1 <o
TS pd o1 Isi.MATLO R S
54 7 READ(S,8) (DIO(T4d},J=1,MATLO) 22
62 8 FURMAF120F3.1) 23
63 WRITEL6,9) I 24
64 9 CFURMAT(1H1, 51X, LSHSTAND MUDEL [1G/IHO¢3ZHURIGINAL D.B8.H.CeB. OF tall 25
ICr TREL/) - 26
765 TTWRITE(E 201 T [ A A -
66 DU 10 [=1,NMAT " s
67 10 WRITE(6y LL) (D1O(T44)ydml,NMAT) 29
15 11 FURMAT{ LHO,F4, 1, 19F5. 1) "1
76 DG 130 11=1,NDIST s
17 WRITELOW LZINTCIE)oPSLET)oPDUIL) 4MATI0FACRLU¢RFDING It se
100 12 OFORMAT(IHL, 51X, 15HSTAND MODEL 1IG///471X422HNU, UF TRELS PEi ACT SI{17 733" ~=
15/749%, LIHPLOT SIZE FAL9,4h AC.//46X19HPLANTING DISTANCEL =F5.1,6401 34
2H FYo///710%, BHMATRIX =13,8H SQUAKE o 9H REDFAC =Fal.3y7H RLOINC sF/(1 3o
3.4) e se
101 X=PDUIL) o3z
102 __ DG 1210 I=1,48 R UL sd o
T03 12107 'S{I)SDIST(1)ex I 5%
10 BASTZHAMAT/PS(I1} 40
106 REDFAC=FACRED 1 41
107 FLASTaFPLUT 1 a2
Lic A=ASTART i1 a3
111 ACOMP=0. 11 44
127 TTUDG 14 1EL,NMAT (7«57
113 CL 14 J=1,NMAL 1t 46
114 14 0(1,J)=01Ct14J) oar
117 PI23.14159 1l 40
120 15 DU 93 l=l,NMAT 49
121 OU 93 J=1,NMAT [REETA
122 SOCtT,0)20, 1B -
123 FFLOCT,)) 92,722,186 I %2
124 16 DG 91 WUCT=1.8 53
125 GU TO (17417,18,18,17,17,18,18) ,NUCT tr 54
126 7 =i 1L 55
127 1=y 1 se
. 13c GG T0 19 1 s
131 14 Il=y TUTHIY S T T
132 Jl=1 59
133 19 GO TO (20420521421521421420,20) 4NUCT I ey
134 20 1Mls=1 1 6l
135 [m23-2 62
136 IM3=s-3 11 &3
137 IMa=—4 - - 11 o4
140 I¥92-5 I 6o
141 Th6=-¢ it se
162 IM72-7 1 67
143 Ivg=-8 Il o8
144 1¥9=-9 15 69
145 TTIMIGES1T SR TG I
146 GG T0 22 oo
147 21 tMl=1 1o
150 1222 [T
151 IM3=3 I 14
152 IMe=4 T4y
153 7T IMGas” T - Y Ve T T
154 1M6=6 oo
15% (M7a7 e 18
156 Ivg28 oo
157 Iv929 It Ao
___160 IMlo=10 .. 1 sl
161 2277 "GU 10 23,247 23724, 2472302492 51 NUCT B - e ST e T
162 23 dMie-1 o83
163 JM2e-2 1L e
lo4 M3z 3 I »s
165 IMe=—4 I se
166 JMS 1t 87
(A} TJkes=eTT T h ToTrrmTmr oo T o T T T TTTIITTRE T
170 JMIE-t AT
171 Gu TU 25 1o 9o
172 24 FEIERY o9
173 JM282 oo
JM3e3 [FE)
TIV4wk e DR I R T —
JM585 1o
JMeae RS
IMTaT o
M=l 1 98
02 [HCIL=1) 27526427 i 99
TREKFINGITIFINTY TT°Io0
204 L=Jit 1wl
205 GG TO 28 112
206 27 K=l 1ows
207 LeKFINDIT1+IMY) 1olus
210 28 TFID(K LYY 30,30,29 11105
TTT2TITZ9 T CALL CROWN 117108
212 SGLI1,J1=50CU s J )¢ 50 THETA/PY 1 o7
213 6o To 91 Inoes
214 30 M=2 . 11y
215 IFCIL=1) 32431,32 . 1o
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198

ISN SUURCE STATEMENT
216 31 LeKFIND(JL+JML) i1
211 GO_T0 33 e
320 32 K=KFIND(J14JH1) T 113
221 EFIDIK, L)} 34y34,33 [T
222 33 CALL CROWN 111y
223 SUC(1,J)=S0Ct14J)+.5¢THETA/PT It Lo
224 G0 10 91 o
225 34 M=3 1i 118
226 TFUTL=1) 36,35,36 1T 119
227 35 K2KEIND(T141M2) 11120
230 L=J41 o2t
231 GC TO 37 11 1e2
232 36 K=yl 11 123
233 LakKFINDIT141M2) 11 124
234 37 TFIDIK,L11 39,39,38 TT 125
235 34 CALL CROWN 1126
236 SOC{1,J)=50Ct1,J)+.50 THETA/P] 1roer
237 G0 T0 91 11 128
240 39 M=4 11129
280 TRULL-T) 41,640,441 16130
782740 U=KFINDUTT+dM10 i 13
243 GU FO 42 1 132
244 41 K=KFIND{J1eJML) 11133
245 42 TF{DIK/L}) 44s44,43 o134
246 43 CALL CROWN TR
2417 SOC{1yJ)=SUCII,J)+THETA/P] 11 136
250 GO TO 91 [ER R}
251 44 M=5 A [EPY]
252 IFLIL-1) 46,45,46 1139
253 45 LeKEIND(J14JM2} 11 140
254 GO TO 47 1 lsl
255 46 K=KEIND(J1eJM2) 11 (62
TTOTTTZ56 41T TF(UIRG L)) 49449,48 1143
257 48 CALL CROWN 11 144
260 SOCU1,J)=50Ct1sJ)e.50 THETA/PL 1L 14>
261 GO 10 91 11 146
262 49 M=6 1 144
263 IFtI1=1) 51,50,51 o 11 148
TTT264 S50 T KskFINDUT L+ IM3Y 1T 149
265 t=J1 [ 150
266 GG T0 52 11151
267 st K=Jl 11152
270 L=KFIND(TLeIM3) 1153
211 52 TFLO(K,L)) 5454453 11 154
TTTTTR218 53 T CALUCRUWN T T T T TI15%
273 SOCIT+J}sS0CEE,J)a.50THETA/P] [Ty
274 GG 10 91 e 1s?
215 54 M=7 11 158
276 IFL11-1) 564555,56 11 1499
. e17 55 L=kFINDlJI®gML) N 11 160
773007 TGO 1O 57 T I T Vel
301 56 KaKE IND{SL+IM1) . 11 lo2
302 57 TF(O{K,L)) 59,59,58 1T 163
303 58 CALL CROWN 1 los
304 SUC(Ted)=SUCTT,J}+THETA/PI I les
305 GO TO 91 11 l6e
. _30659 vag o 1 167
307 IFTII-1) 6t,60,61 7 TiTed
310 60 L=kFINDIJL+dM2Z) 11 te9
3t GU TO 62 1 iro
312 61 K=KFIND(J1eJM2Z} o
313 62 TF(DEK L)) 64564963 11172
314 63 _ CALL CROWN_ o o 1i_ 173
315 SUCTT,J1=SOCHI,JI*THETA/P] R B ¥ £N
36 GO TO 91 i1 1ss
"317 64 M=g I 176
320 IF(IL=1) 66465,66 e
321 65 KeKFINDY T 141M4) 1178
. 322 L=J1 1§ 179
323 ~ G0 T0 67 TT 180
324 €6 K=J1 1 iyl
325 L=KFIND( 1 1+1M4) 11182
326 IF(DIKyL)) 68468567 11 183 .
327 &7 CALL CROWN : I L4
330 S0C(1,J1eS0CtT4J)¢.50THETA/PL [TLL
X} [V (T I T TT719%
332 68 M= 10 11187
333 IFLLI=1) 70,69,70 [TYT]
334 69 LaKFINDIJ1+JM1) 11189
335 Gu 10 71 11 140
336 70 K=KFINDIJLoIML) I 191
3TN TTTIROUG, LYY 1A TE T2 117192
340 72 CALL CROWN 11193
341 SUCLT,J)=SUCE 1y J}4THETA/P 11194
342 GU TO 91 1oaes
343 73 Mxl] 1 196
344 IF(11=1) 75474415 11497
TS T N T REKRFINGT LMY T T T IT7198
346 LaKFIND{J1+JM3) w9
347 GO TO 76 1200
350 75 K»KEIND{SLoJIMS) 1t 201
351 L=KFIND(TEeIM3) 1202
. 3%2 1 TFIDIK L)) 78,418,177 11203
35377 TALL CROWN 17204
354 SUCLT90)=SOCH L4 J)+.5¢THETA/PT 11 205
355 G0 TU 91 1 206
356 18 M=12 11 267
357 TEC11~1) 80,79,80 11 208
360 19 KeKFINOLT141M4) 1 209
I8T L=RFINDUITFINZT 1T 210
362 60 TO 1HO 1 o2il
163 80 KaKEIND(JL¢IM2) 1212
364 L¥KFIND(ILe1M&) 1 213
365 180 IF(D(K,L)) Bl,81,1801 11 214
11 215
1T 216
Iy
I 2te
0 11219
373 [E{11-1) 83,82,83 1 220



1SN SUURCE STATEMENT
374 82 LaKEIND(JL4JKn3) 1221
375 GU_TO B4 11 222
376 83 KeKFINUTJ1+JM3) TT 223
377 a4 TFLUIK, L) B6,H6,485 i1 224
400 8% CALL CRUWN CIL 225
40} SOC{1,J1=50CI1,J)+THETA/PY bl 226
402 MM} . 1 227
403 8o IFt11-1) 48,87,88 11 228
404 87 K=KFINDU 1+ 1H5) TT 229
. 405 L=di 1230
406 G0 TO 89 12
407 88 K=J1 11 232
410 LakFIND(§1+ (M5} 1233
411_89 TF(CIK,L)) 2980294490 11 234
412790 CALL CROWN 11235
413 SUCI T, J)=SOCHT,J)e.5¢THETA/PY I 236
414 Gu 10 91 11 232
418 298 [FIMM) 299,299,91 i 238
416 299 M=15 11 239
4l7 1FUIL=1) 301,300,301 11 240
4207300  KaKFIND(11+IM5) 1241
421 L=KFIND(JLeJML) 11 262
422 G0 1D 302 11 243
42) 301 KaKFINDCJLegMl) 1 244
426 LaKt INDETL¢IMS) 1§ 245
425 302  IF(D(K,L)) 303,303,72 11 246
TTTTT 426 303 MEIET T 17247
w27 IFLI1=-1) 305,304,3C5 Tl 268
430 306 L=KFINDIIL+IM2) 1 249"
“31 GO TO 306 11 250
432 305  KsKFINDtJ1+JIM2) nEL!
433 306 TF(D(KsL)) 307,307,722 e MY 252
TR 3077 NS ) . 17253
435 [F(I1-1) 309,308,309 12
436 308  KaKFIND(IleIM4) 4]
437 L=KFIND(J14aM4) 1
«40 G0 1O 310 i1
441 309 K=KFIND(J1+JM4) ~ . e 1 -
T TTRE2 T T UEKFINDLIT e ING) 1]
443 310 IF(DIK,L)} 311+311,90 t
466 311 Ms1B 1
445 1FLIL-1) 313,312,313 1
446 312 KaKFINDITL4[MS) 11 208
441 L=KFIND{JL+IN3) - 11 264
TTTTUTRSG T GGTY 3% T e N 7 .
451 313 K=KFINDUJLeJMD) It 266
452 LakFINDU L1+ [M5) 11 26t
453 316 TFIDIK.L)) 3154315,72 1 2ol
454 315 Msl9 11 209
455 TELIL-1) 317,316,317 . 15 270
T 455 316 KsKkFINDIIleINO) e Y
457 L=Jt 1 oze2
460 GU O 318 1 213
461 317 Kayl 274
462 LeKFIND{14+1M6} 215
%673 318 IFID{K,L)) 319+319,90 1 270
__ 464 319 M=20 . 12
465 TFCII=1) 321,320,321 " - Rl
466 320  LaKFIND{JLeJNL} o2
467 Gu Tu 322 1 2u0
470 321 KaKFINU(JL+JM)) 12wl
471 322 1F{D(K,L)) 323,323,72 1 262
. 672 323 M=21 11 243
473 7 FFELL=0) 325,324,325 T T T T T T T v
476 326  LaxFIaD(ILeIMZ) 11 285
15 GU TO 326 It 286
476 325  KaKFINU(JLeJM2)} [TLY;
471 326 IFLOIKILDY 327,327,72 11 28H
.8 11 249
v
502328  KKEINU([LeIMS) {
503 LakFINDEJ1eaM4) ]
504 GO 18 3291 1
5049 329  KsKFIND(JL+JM4} i
506 LaKFINGE T4 IM) |
507773290 LEUDIK,LY) 330,330,172 e |
310 330 Me2} i
all TFCIL=1) 33243314332 |
512 331 KeKFINDUILeIM6) |
513 LeKF IND{J L4 IM3) i
514 GO 10 333 I
S5T5 3327 KsKEINCLILeaMs) & 7T 1
Sis L=KFINDIT14IMO) ]
SLE 333 1H(DIKGL)) 334,334,72 {
520 334 Ms24 1
521 TFULL=1) 346,335,436 |
522 335  KaKFINUCILeIMT) 1
523 LeJt T T e 1
524 GO 16 337 1
525 336 Kadl 1
526 LakFIND(T1e1M ) [
S21 337 TELOIK,L)) 338, 334490 {
530 338 M=2% !
931 MM=() . - T
532 TFCLI=1) 340,339,340 1
533 339 LsKFINO(J1edMl) 1
534 GU 10 34l t
535 340  KaKFINDIJLeJMI} 1
B30 341 IF(DIK,LY) 343,343,342 1
‘§37 342 CALL CROWN 1
540 SUCHT4J)=S0Ct Lo d)+THETA/P) 1
541 MMe] 1322
562 343 IF(11=1) 345,344,345 11 323
543 344 KeKFIND(TleIMY) 1i 324
544 LKF LDl JLegM5) tlo32%
545 60 10 340 - T173%%
5406 345  KaKFINU{JL+JaMO) 1 osav
547 L=KFINDITLeIMS) 11 328
550 346 JHIDUK,L}} 347,347,90 i 329
S50 36T IH(MM} J48,344,91 tt 310
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ISN SOQURCE STATEMENT
552 348  M227 133
553 IF(I1-1) 350,3494350 11 332
554 349  KaKFIND(I1+iM6) 177333
556 - LekFIND(JL+IMG) 11 334
556 G0 1O 351 1 335
557 350  KaKFIND(JL+JM4} 11 336
560 L=KFIND(TL+IM6) 11 337
561 351  [F{OIK,L)) 352,352,172 i1 338
562 352 M=2B 17339
563 IF(T1-1) 354,353,354 11 340
. 566 353  KsKFIND(11¢INT) 11 341
565 L=KEIND{JLeJM2) (1 342
566 GU TO 355 11 3e)
567 354  KaKFIND(JL¢JM2} i1 144
570 C=KFINDI{ T L+ THT]Y 1T 335
S71 355  1F(DIKsL}} 356,356,172 11 346
572 356  M=29 11 347
513 1F(I1-1) 358,357,358 11 348
S74 357  LeKFINDLJILeJM3) 1L 349
575 G0 _TO0 359 11 350
ST¥6 358 K=KFINO(JIL#JM3T TT 351
577 359  IF(D{K,L)} 360,360,72 I 352
600 360 Ms30 11 353
601 IFII1-1) 362,361,362 11 354
602 361  K=KFIND(1l+IM6) 11 355
603 L=KFINDLJ1eJMS) 11 356
604 0 Y0 363 TT 357
605 362  KaKFIND(JLeJM5) 15 358
606 LeKFIND(11+1M6) 1359
607 363  IFLUIK.LY) 364,364,72 i1 360
610 364 M=3) 11 36l
61l TFLIL=1) 366,365,366 1 362
617365 TTREKFINUTTI#IMA)D TT 363
613 L=dl (AT
6l4 GG 10 367 t 365
615 366  K=J1 1l 366
616 LaKFIND(11¢IM8) 11 3o?
617 367  IFIDI(KsL}) 91,91,90 1 308
620 91 CONTINGE 11 369
622 ODAPS (Lo J1=0(14J)42.9{A148LoD(LsJ)+A0{U2¢B4*A)+BIODLO(T,I)) 1 370
11.-80C{T44)) 11 371
623 6o 10 93 1 372
624 92 DAPS(1,J)=0. £1 373
625 93 CONTINUE 11 374
630 LA=.2%A+.5 1375
631 A=AeS, 1L 376
632 NG 97 I=1,NMAT 11377
633 DU 97 J=l,NMAT 1378
634 TFIDAPS(T4J1) 95,95,94 1379
635 94 TF{(DAPS{1,J)=-D11,J))/Dt1,J)I-DINCILA}} 96,99,95 11380
836 9% O, JT=0APST15J]) - [LEEL] .
637 60 To 97 (382
640 96 Oll,d1=-DAPS{ 14} 1t 383
641 97 CUNT INUE 11 384
644 MAsA Ly 385
64S MMAzAe . 05¢, ] Ii 386
646 MMASMMA#20 . I{ 387
647 TF(MACMMAY 102,98,102 TT 358
650 98 WRITE{6,99) MA 11 389
451 99 FURMAT (1H1, 57Xy SHAGE =13/1H0y1THD.B.H.0.B. MATRIX) 1 390
652 DO 100 I=1,NMAT 11 391
653 100 WRITE(6,201) {D(1sd)pJ=leNMAT) iy 392
661 101__ FCRMAT(1HO,F6.2,15F7.2) 11393
662 WRITEL6, 1ULS) - T 39%
663 1015 FORMAT(1HO, 19HIDEAD TREES ARE - )) 1 395
664 102 DO 103 [3=1,30 1 e
665 NNOB( [3)=0 1 397
666 103  NOBL13)=0 1L 3us
670 S0=0. 31 399
S 671 $D0o=0. TT %00
672 NNOWa0 1 4ul -
613 SND=0. 11 &02
614 SNGO=0. 11 403
615 NDEAD=0 11 404
a76 0U 112 I=14NMAT 1 405
T DO [1Z2 J=T,NWAT ™ TT %06
100 IFIOE1,J)) 104,112,108 11 &0/
701 104  ON=-D{I1,J) 1 408
702 NCEAD=NDEAD+] I su9
703 SND=SND+DN i1 410
704 SNCO=SNDD+DNSON 1L 41l
708 3=1 T 312
706 105 Ti3=§3 11 413
107 TI3aT13¢.5 11 414
710 IF(DN=-T13) 107,106,106 11 618
711 106 13ei3el It 416
_na2 1F(13-30) 105,107,107 [Ty
TT3106 N SNNDBTT3V 1 T %18
714 GO TO 112 11 419
715 108 NNOW=NNON+1 1 420
116 SD=SD¢D(1,d) 11 21
nr SDD=SDD+D( [, J18D{ 143D 11 422
720 13=1 11 423
TZIT109  T13=13 T 428
122 TI3=T13+.5 U 62>
723 IF{0(1,4)-T13) 111,1104110 (1 426
726 110 131341 11 427
125 - IF(13-30) 109,111,111 11 428
726 111 NDB{I3)=NDB(13)¢1 11 429
TIT TYZ —CONTINUE TT %30
732 IF INNOW+NOEAD) 130,130,113 11 431
733 113 IF(NDEAD) 115,115,114 11 432
734 114  FOEAD=NDEAD 11 433
735 DBARN=SND/FDEAD 11 434
736 FCA=FDEAD/PSIILY 1L 435
737 BANZPT#SNDO7TS T8, oPSTTTYY 1T 338
740 GG 10 1151 11 437
741 115  DBARN=O. 11 438
142 FCA=0. 11 439
743 BAN=O, 11 440



ISN SUURCE STATEMLNT
744 1151 IF(NNOW) 116411641152 11 4%l
745 1152 _FNTNNCW 11 442
T T e T *SB/FN 11 443
747 VAR={SDD-SDeSD/FN)/{FN-10) 11 444
750 S1GMAsSURT(VAR) Il 445
751 D2BAR=SURT(SDO/FN) 11 446
752 BA=P{eSDD/(576.4PSIET)) i1 447
153 _Aval=na/a [1 448
TS, T CAI<(BA-BASTIe.2 11 4439
755 BAST=BA 11 450
756 ENTAZEN/PSITTY 11 451
757 Lk6  MMAsAe.l+.1 11 452
760 MMA=MMA® 1O 11 453
761 [F(MA-MMA) 1251,1161,1251 11 454
762 1161 WRITE(6, 1177 MA T 5%

763 117 OFORMAT{LHL,S5TX)SHAGE =13/1H0,39HN,B.H.0.8. FREQUENCY DISTRESUTION It 456

LTABLE/ LHO, 12Xy 60HDBoH.  HNO. UF  hUe UF
2. MORTALITY/ZLH 4 12X425MHCLASS TREES

THEES SVR. MURTALITY SYRIT 457
PcR AC. 125X THPER ACL//) 11 458

T 123 WRITE{64124) [3,NOBCTI)+FNDACNNOH(T3) 4FNNDAC

1000 124 FORMATUIN 4 12X4 14409 Fl2.001L4WFLB.1)
1001 12% CONTINUF

STAND MCUEL Il = NEwWNHAM

STAND MODEL 11 = NEWNHAM

T T0L2TIRTL ACOMP=A-SYT

1003 T Gu TO 1253

1004 L1251 WRITE{641252) MA

1005 1252 FURMAT{LHL,57X,5HAGE =13/)

1006 1253 OWRITE(6,126) NNUW,FNTA,NDEAD,FDAJUBAR Dy
LyCATVAVAL

2EVIATION =F6.2/1HU,20H TREE LF MEAN B.A.
3ER AC. =Flely8F Su. FlosllXeblolsdH Sq.
4EA) =FT7.1/1H0,20HM A 1. {BASAL AREA) =F7,
1010 TFLACOMP)Y 127,12741272
011 127 IF(FLAST=FN) 128,128,1271

1013 1272 X=A-ACUMP
1014 Yax-20.
101% REUFACSREDFACHREDINCe{X4.012YeABS(Y))
1016 128 WRITEL64129) RCOFAC

1017 129 FORMAT (LH ¢BHREDFAC wF7.41

w20 77 FLASTaFN

1021 IFLA=ASTOP) 15,130,130
1022 130  CONTINUE

1026 Gu Tu 200

102% £ND

SN SCURCE STATEMENT
1 FUNCTIUN KFIND(KM)
2 _DIYENSION S(50),0D120,20) )
3 COMMON REDFAC,ALCIA2C 81C 820 odsKol oMy
“ TFIKM) 141,2
51 KF [WDaXMeNMAT
6 RETURN
T2 IFIKM=NMAT) 4,4,3
_. 103 KF IND=KM=NMAT : )
1 RETURN Cr T
12 4 KF [ND=KM
13 RETURN
14 ENC

764 D0 125 13=1,30 11 659
765 TEINDBOI3)eNNOBLT3)) 125,125,018 11 460
U766 TE8 IFINDBIT3)) 120,120,119 L
767 119 ENDH=NDBLL3) 11 462
770 FNLAC=FNDB/PSIIT) 11 403
AR ENNDAC=0. 1T 464
712 GU TU 121 11 465
773 120 #NCAC=O., e [l 4no
EERALR T THINNDBUT Y)Y 1230 123v172 TE 461
775 122 FNNDB=NNDB(13) 11 408
776 FNNGAC=FNNDB/PSEIT) 11 409

. 1l o475
ARNP VAR, SIGMA,D2BAR 64 BANIT 470
1t 477

» 14X LHYLAN =F6.2,5h11 418
<47 RO ZORSTANDRRO THTI 477
=Fb.2/1HU s 2OHLASAL ARFA VI 450
FTo/1H0»20HP Aula (BASAL ARII 44l
1117) 11 4u2
11 443

FURTRAN SUURCE LIST KFIND

KEINCGOL

. KFTRDGOL
NMAT S, THE A0
KK 140GO4
KETHUGO S
KELHGGUs
KEINGGO?
RFINDGRS

REINLGLD
KEINUGLL
KEINDGL2

FORTRAN SOURCE LIST CROWN

TRFENDGE T

KETNGGUY ~

ISN SOURCE STATEMENT
1 SUBROUTINE CRUWN
e . 2_____ OIMENSTIUN SI501,D020,200 o
3 COMMON RELFAC,AICA2C,BLC (BICTI YUV K L MINMAT S THETA, O 7
“ Ra.9eREGFAC CROWGO4
5 TR(O0Tad1=34) U242 CROWKGOY
61 R1a(AIC+RICEDIT, ) )0R CROWHG06
7 Gu 10 13 CROWNGOT
_____ L0 2 RLmUA2CHBZCODITgJMYOR CROWHG0
13 TFIDIK LI=3.) 445,5 T T TTTRRGRTIGUY
12 4 R2#(ALCHBICSD(K,L}IoR CRUANGID
13 GG 10 6 CRONNGLL
16 5 R2=(A2C+82CeD(K,L))oR CROWNGI2
15 6 IF{R1I4R2=SIMI) Byb,7 CRUANGL 3
- Lo le 7 IF({RI=R2=SIM}) 9,8,8 CROWNGle
1778 THETART, ) ) TROWNGTS
20 RETURN CROWNGLE
21 9 IFIR2-R1-5(M}} 11,10,10 CRUWNGL T
22 10 ThETA=3,14159 CROANGLH
23 RETURN CROWNGLY
24 11 Xa(RISRI-R2eR20S(MI@S(MI)/(2.05(M)) CROANGEU
5 YaSURI{RI#R =Xk} 777 T T T CRUWNGIT
26 1FIX) 12413414 CROW 4G22
27 12 X=-X CROWNG23
30 TRETA=(L.9T0B04ATANIX/Y) ) oR2/RY CHOWNG2A
31 RETURN e CRORNG2S
32 13 TRETA®1,57080%R2/R1 S CROWNGZE
EE] RETURN o TROWNG2 T
34 16 THETASATANIY/X)9R2/R] CRUWNG2H
35 RETURN CROWNG29
36 END CRUWNG30
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