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This volume is part of a Bulletin Series inaugurated by the Yale School of
Forestry & Environmental Studies in 1912. The Series contains important
original scholarly and applied work by the School’s faculty, graduate
students, alumni, and distinguished collaborators, and covers a broad range
of topics.

Bulletins 1-97 were published as bound print-only documents between 1912
and 1994. Starting with Bulletin 98 in 1995, the School began publishing
volumes digitally and expanded them into a Publication Series that includes
working papers, books, and reports as well as Bulletins.

To celebrate the centennial of publishing at the school, the long out-of-print
Bulletins 1-97 were scanned to make them available as pdfs to a broader
audience. A caution: the scanning process is not perfect, especially for print
documents as old as some of these, so the readers’ indulgence is requested for
some of the anomalies that remain despite our best efforts to clean them up.

Everything published from 1912-present is available on the School’s website
(http://environment.yale.edu/publications) for free download. Nothing
in the Series requires copyright permission for reproduction when intended
for personal or classroom use.

Bound copies of everything published in the Series from 1912 to the present
are also available in the Yale University libraries and archives and can best
be accessed by contacting the School of Forestry & Environmental Studies
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ABSTRACT

1
TUDIES of white spruce (Picea glauca (Moench) Voss) in central British

o Columbia led 1o the following results: (1) Annual longitudinal growth of
the main axis of all branches, excluding those below the point of maximum crown
spread, s a function of the concurrent height growth of the terminal, regardless
of the degree of suppression, Therefore, (2) the horizontal radial growth of any
vigorous portion of the crown can be estimated from height growth or a height-
age curve, provided that cortections for the crooks, curvature and angle of
branches are incorporated into the relationship, (3) The height of a tree is a
function of the height (Hd) of dominant trees and the width of its crown (CW)
relative to the maximum crown width (C\VMAX) it could have attained had it
grown without competition from surrounding trees (sqtmre of correlation co-
efficient r® == 0.55)* (4) Trees have a 50 per cent Bance of being overtopped
when the natural logarithm of CW/CWMAX is = — 175 and, based on data
from Ontario, usually die if it is < — 1.85. (5) Crown area, defined by the ver-
tical projection of the crown, and tree height provide an accurate estimate of bole
diameter (r* == 0.93) and bole volume {r* == 0.92).

A mathematical model was developed which simulates the growth of stands
in terms of the crown expansion of individual trees. A particular plot from which
growth predictions are to be made is represented in the memory unit of the com-
puter by a matrix which contains one entry for each square foot of growing space.
Each entry contains a code denoting the number of the tree if the particular loca-
tion is occupied. The number of entries occupied by cach tree increases as the
crowns of individual trees expand into vacant growing space. The spread of the
crown, within the limitations imposed by the size and location of competing
trees, is predicated on the expected heightage relationship of dominant trees on
the particular site. A random variable is generated hy Monte Carlo methods w
simulate unexplained sources of variation, e.g. heredity. The resulting asym-
metrical development of tree crowns is facilitated by a complex scanning program
which directs the computer to search out growing space available to each tree,
The height of each tree depends on Hd and CW/CWMAX. Diameter and veol-
ume of the bole are estimated from crown arca and height. Al simulated para-
meters are derived directly or indirectly from the height growth of dominant
trees and the spatial distribution of individual trees.

A comparison of the actual and simulated growth of permanent sample plots
showed close agreement in terms of bole and crown parameters.



GROWTH OF EVEN-AGED STANDS OF WHITE SPRUCE

The model is designed to replace conventional yield tables and provide a tool
for testing silvicultural practices and management plans. It can be applied over
large areas with information from low-level aerial photographs, thus expediting
the collection of data.



INTRODUCTION

THIS study attempts to develop a means whereby years of tree and stand
.growfh calf be simulated in minutes on a computer by compressing the
physmal dimensions of stands and the time scale on which they grow so that
estimates of growth and yield may be obtained quickly, and results of stand
treatments tested and demonstrated rapidly. The problem is not unique. It may
be solved by constructing miniature forests analogous to model shi ps or airplanes.
Aeronautical engineers, for example, cannot build and fly an aircraft each time
they wish to examine the acrodynamic properties of a fuselage or airfoil. Instead,
they build a model and simulate flight in a wind tunnel. Similarly foresters can-
not wait for decades to evaluate cultural practices. Instead, they should rely on
stand models which will likely be mathematical and quite abstract because many
aspects of the growth of stands are too complex to be studied with physical mod-
els. All models are analogous to reality but are simpler in structure because of
the omission of irrelevant detail. They can be organized, manipulated and stud-
ied in a way not feasible in real life.

The model forest formulated, assembled and tested in this investigation em-
ploys original methods which utilize the close relationship between the growth
of the crown and the bole. A programmed computer processes the spatial distri-
bution of trees and simulates the development of the stand, with special emphasis
on the competition for growing space. The volume of wood and other parame-
ters of the stand are determined from crown dimensions at the end of the predic-
tion period.

The model represents an initial step in the evolution of a precise analytical tool
for use in the development of optimum forest management regimes, Further
application as a teaching device and instrument of research is expected.

Gould and O’Regan (1965), and O'Regan et al. (1966) recently constructed
a very comprehensive stand model for forest planning. Economic considerations
and possible losses by fires and storms were incorporated into the model. The
model herein constructed is comparable to their “wood generator.”

Clutter (1963) developed a mathematical model in which the growth equa-
tion was the first derivative of the yield function, thus making the growth and
yield predictions compatible. His formulae were later employed in the simulation
of a forest enterprise (Clutter and Bamping, 1966). The stand model which
Newnham (1964) derived is described later.

The problem of constructing models for mixed stands was studied by Nelson

3



GROWTH OF EVEN-AGED STANDS ()F WHITE SPRUCE

(1965), who said “the ultimate model .. . would be a system wheteby the growth
of each individual tree of each species or species group could be characterized in
relation to its competitor.” The problem of the pure stand is studied in the pres-
ent investigation.

e ArrroacH

The approach employed to describe the dynamics of forests recognizes, firstly,
that the internal forces which mould the development of forests are generated by
mdividual trees, Consequently, the individual tree is the basic unit in the simu-
fation. Secondly, the crowns and root systems react directly 1o environmental
factors, whereas the bole mainly reflects the physiological activities of the crown,
Therefore the influence of the environment on the growth of a tree is described
in terms of the foliage and root system where possible, Lastly, factors which are
not understood or easily quantified are not ignored. Variation in growth habits
caused by root grafting and genetic factors are examples.

Emphasis in this study is directed towards an understanding of the general
principles governing the dynamics of stands. Therefore, the model’s form is par-
terned after the forest community and is not determined by an arbitrarily chosen
mathematical language.

TuE V artanies

The choice of variables included in the model is based on discussions by
Kramer and Kozlowski { 1g60) and subjective examination of stands to select the
factors which contribute most to the dynamic features of forests. Reasons for the
selection or omission of variables are summarized below.

Species  Only one tree species is considered, in order to simplify the maodel and
reduce data collection. However, a second species with similar growth habits can
be easily incorporated.

Age  Age is an important variable, especially from a conceptual point of view,

Genetics  Variation of uncertain origin, likely due in part to heredity, is simu-
lated even though the sources of the variance cannot be isolated.

Root grafting Evaluation of the extent and importance of root grafting is
sssential before it can be assumed that trees act as individuals,

Site quality Soil, climate and other factors affecting the productivity of for-
ests are fundamental variables but are awkward 10 measure dircctly and synthe-
size into an expression of site quality. Consequently, it is expedient to use tree
parameters as an integrated expression of site factors,

Competition  Parameters of the crown are used to assess inter-tree competition

4
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Frourn 1. An eveneaged stand of white spruce, viewed in asystem context,

because the carbobydrates needed for tree growth are produced in the foliage.
Furthermore, crowns can be measured more readily than root systems, and the
size of a root system s likely reflected in the dimensions of the crown.

Credigeral pracrices Tt is advantageous to simulate the removal of trees in the
model because thinniogs will likely becoroe an integral part of management plans
in the near future, Allowance will not be made for the simuladon of vther cal-
tural practices, such as fertitization, until the necessity arises.

Damaging agencies  The effects of fire, insects, disease and other damaging
agencics will not be simudated until the model s used to predict yield over Yarge
areas, rather than on small plots as expected at the present time,

Trn Svyrem

A spruce stand, when thought of as a sysrem, is an orderly arrangement of fo-
tesrelated pieces that form a conpected unit or system. Systems analysis is used
to define these pieces and establish the links between them (Figure x ).

The “components” form the lowest level in the system. They serve as blocks
for building a system model which incorporates the essential features of the real
systemn and disregards those believed to be of minor importance {Figure 2}, The
arrows are symbolic of mathematical expressions which must b derived to de-
scribe the action and interaction of companents and elements of the environment.
The quality of the site in conjunetion with the age and the species of the tree

5 .
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initially regulates beight increment which, in tuen, regulates the growth of the
branches, possibly through the medium of hormones {Kramer and Kortowski,
19603 The size of the crown is limited by available growing space and cultural
practices. The degree of suppression or competitive status of an individual tree
depends on available light as determined by its height and crown size relative to
competing trees. In return, height and crown growth are influenced by the com-
petitive position of the tree. The volume and diameter of the bole are, for present
purposes, viewed as being solely dependent upon the size of the crown and the
height of the tree. Application of this information is anticipated in IR ECMIEnT
planning. Note that root components and other factors have been omitted for
sirnplicity, This description of components is highly simplified but it does proviee
a realistic foundation on which to build a model for deseribing the behavior of
forests.

Construction of the system model in Figure 2 is hampered because it is not
feasible w derive mathematical equations that relate the size, shape and location
of the crowns of all competing trees 1o the growing space available 1o the crown
of a particular tree. This difficulty can be overcome by developing a system simu-
lation model. The term “simulation” refers to the operation of a second systesn,
usually an electronic computer, for the purpose of imitating the actual sysem.
Simulation models can be realistically complex because a computer, with the

&
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numerical techniques and speed that it affords, permits a degree of detail that
would render ordinary mathematical models intractable, The muodel described
later accepts specifications of various system parameters and uncontrotlable vari-
ables and, with the aid of 2 computer, simulates the response of the forest to the
conditions specified.

The Monte Carlo method (Hammersley and Handscomb, 1964) is 4 common
hut possibly unfamiliar technique used in simulation models, It is applied when
data are incomplete or relationships are incapable of rigorous solution, and the
only information available pertains to the mathematical characteristics of a prob-
abitity distribution. Random samples are drawn from a population with this
probability distribution in order 1o simulate naturally occurring variation, Sam-
pling from a previously defined population to simulate variation in the rate of
tree growth is an example of the use of Monte Carlo methods.



ANALYSIS OF COMPONENTS

"HE relationship of the components analyzed in this section, with the ex-
T ception of root development, is illustrated in Figuore 2.

Data used in the analysis are from pure even-aged stands of white spruce
(Picea glauca (Moench) Voss) sampled in the vicinity of Prince George (lati-
tude 53° 751 N, longitude 122° 45" W.) in the central interior of British Colum-
bia. The forests are in the Montane Transition Section (Mg) of the Montane
Forest Region (Rowe, 1959) on Bednesti Bisequa Gray Wooded soil derived
from silty glaciolacustrine deposits.

All statistical relationships are significant at the one per cent level of confidence
and are judged to be important, The coefficient of correlation (1) or coefficient of
determination (%) expressed in per cent, and number of observations (n) are
shown with cach of these relationships. The standard error of estimate (S.E.) is
reported if the variables are not transformed.

Roor Duvsroesest

Superficial excavation of the surface roots of o white spruce in the study arca
showed that the average radial spread of roots is two to four times the width of the
crown. 1)r. R.I. Grose (personal communication) recently reported that the ra-
dial spread of the roots of white spruce is roughly equal to the height of the trees
in 3o-year-old plantations at the Petawawa Forest Experiment Station in Ontario,

Root grafting appeared to be minimal in spite of the interlocking nature of the
root systems. An excavation, in the Prince George study area, of the root systems
of three trees which were approximately 4 feet apart and about 65 feet wall, re-
vealed a single graft. One tree had captured a root from a fourth tree situated 15
feet away. Dr, Grose excavated several onetenth-acre plots and concluded that
root grafting was unimportant.

The preceding evidence indicates that the root systems of the trees spread hori-
zontally without any clear interaction with one another, Furthermore, even
though the roots of different trees are thoroughly intermingled, root grafts are
remarkably few. In the absence of indications of any strong effects of interference
or assistance among the root systems of adjacent trees, it is concluded that there
is no need to include competition parameters in the model because of any effects in
limiting root extension,
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Spry Quarary

Kite quuality, as mentioned earlier, is one component for which a satisfacrory de-
seription cannot be obtained in terms of environmental factors. For this study, site
quality is defined as the heightage curve of dominant trees (tallest 0% in the
standd 3. This relationship is not an integral component of the model, However, &t
must be avatlable for the particolar plots from which growth predicdons are
macde. In practice, a heightage corve would be determined for cach sive by con-
ventional methods of stem analysis or a set of site index curves, The success of the
simudation will rely beavily on the accuracy of these curves,

Hurowr Grewrse

The heightage curve used 1o define site quatity s more useful for siodating
tree hetghts if the relationship is modified 1o estimate the maximum rathey than
the average height of dominant trees, The maximum height that a tree can attain
at a particukar age can then be reduced wo sltow for the effects of comperition. This
height was estimated by comparing the average height of dominant trees in cach
of v3 plots with the height of the wllest trees in the plor. Ouly ooe of the 304 sam-
ple trees, ranging in dominant height from 47 to 115 feet, was found to exceed the
average height of dominants by more than ro per cent. Consequently, 10 per cent
added to the caleulated height of dominant trees is assumed to be the maximum
hetghe that any tree can sttain,

Growrs or Ties Crown

This camponent, in fact the entire madel, is developed to exploit the results of
an earlier study (Mitchell, 1965) in which estimation of bole diameter at breast
height (1)} of dominant and codominant white spruce was found to be independ-
ent of stand density. This relationship applied when the width of the crown
(CW) was used as the independent variable in addition to age and site index {81,
Neither plot basal area nor point density (Spurr, robay reduced the standard ereor
of Equation 1. This implies that crown width and bole diameter at breast height

R0
o g

: 207
respond similarly to differences in stand density so that their relative size remains
constant, Such results are expected because density regulates the fength and width
of the crown which controls the size and development of the bole. Consequently,
the relative width or area of the crowns of individual trees in an even-aged stand

9
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Fioves 3. Definition of crovwn area.

is a good integrated expression of the amount of competition to which a tree has
been subjected,

Estimation of the area of the crown, defined as the area outlined by the vertical
projection of the crown (Figure 3), requires an accurate description of the growth
of branches and adjustments for branch angle and other factors affecting the ra.
dial growth of the crown. Aanual growth of branches was measored with a tech
nique developed to detect past browsing damage to the stems of young Douglas-
fir trees {Mitchell, 1964). The use of this technique o anslyze the branches of
white spruce is described below,

Branches are removed at or above the point of maximum crown spread with
the aid of an aluminum extension ladder and climbing belt if the trees cannot be
felled. Each branch selected should extend to the edge of the vertical profile of the
erown and be free of abnormalities other than forks. The vertical displacement of
the ip of the branch from the horizontal plave is measured with the aid of an
abney level before removing the branch, The length and the horizontal extension
of the branch is estimated by reconstructing the angle of the branch after it is cut
from the tree. These measurements are to determine the horizontal growth rate
of the crown,

The branches must be analyzed by several means 1o obtain curves depictin @ the
growth in fength in relation to the age of each branch. Recognition of bud scars
pravides an cbvious means of locating each node. Unfortunarely, bud scars are
rarely apparent near the bases of old branches so it is necessary 1o expose the pith
by splitting each branch lengthwise. Changes in the morphology and color of the

10
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Fioure 4. Radial sections of nodes (marked at the sides with an indelible pencit)
showing changes in the morphology and color of the pith of white
SPrisee.

pith at the nodes of white spruce are portrayed in Figure 4. The pith is dark
brown towards the distal end of each annual segment where it also increases in
width and forms a cup. The pith formed when growth resumes is Hghe brown and
about the same width as the cup. B W(}wmﬁv the color change is the only evidence
of @ node, as Blostrared by the second branch section in Figure 4.

Measurement. of the longlradioal growth of cach branch is simple i the nodes
have been marked distiootly with an indelible penail, The distance from the base
of the branch to the first node plus the radius of the bole is equal 1o the growth
during the first vear unless the first branch internode is encased catirely within
the bole, This is unusual in immatuce e,

The relationship berween the length and age of branches in the study area was
determined by analyzing four branches at equally spaced intervals up the boles of
13 free-growing trees, These trees were in $o-year-old stands and far enough from
competitors to be fron of physical contact berween crowns, Branches were chosen
at the widest part of the crown and above in order to climinate those which

8
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GROWTH OF EVEN-AGED STANDS OF WHITE SPRUCE

showed the decline in the rate of growth indicative of approaching death. These
lowermost branches die slowly even when trees are free of competition. Conse-
quently, free-growing trees from young stands were sampled to obtain informa-
tion on the juvenile growth of crowns.

Curves 1 to 4 in the uppermost portion of Figure 5 illustrate the average rela-
tionship between the length and age of branches removed at four levels from the
crowns of trees in the 8o-year-old age class. Branch length (BIL) refers to measure-
ments made along the axis of branches, The same measurements corrected for
angle and curvature give the horizontal radius of the crown (CR). Growth infor-
mation is also shown for three younger age classes (branches 5, 6and 7) in which
case only one branch, at or slightly above the widest part of the crown, was ana-
lyzed from each tree. Figure 5 indicates that the rate of growth of branches is in-
fluenced by some variable other than age, possibly the rate of height growth.
Branch 8, representing intermediate and suppressed trees from the 8o-year-old
stands, is added 1o show that the rate of crown growth is reduced considerably
when there is little height increment,

The relationship between branch length and total height growth during the
same period should not be affected by the stage of development or the age of the
tree if the annual longitudinal growth of the branch is dependent upon, or closely
related to, the height increment of the same year, The validity of this reasoning is
supported by the relationship illustrated Dy curves 1 to § in the lowermost portion
of Figure 5. These curves are not significantly different. The diagram inserted in
the lower right-hand corner shows the axes of a hypothetical graph which has
been ratated and superimposed over a sketch of 2 tree to Hlustrate the variables
under consideration. Note that the independent variable is the distance from the
base of the branch to the terminal of the tree so that there is a one-to-one corre.
spondence between height and branch inerement. Measurement of height growth
is based on internodal measurements or interpolated from a height-age curve de-
veloped for each tree from the age count of increment cores taken at various
heights. The value of this relationship lies in its simplicity. Estimation of crown
growth from this relatonship does not depend on the height of the branch above
the ground, the age of the tree or the degree of suppression.

The relationship between branch length {BL) and height above the base of the
branch (H) becomes linear when plotted on logarithmic paper (both axis gradu-
ated fogarithmically ). One branch from each of three large isolated trees {100 to
125 years old) was analyzed 1o show that lincarity continues beyond the upper
limit (6o feet) of the independent vartable shown in Figure 5. The longest branch
provided limited evidence that the range of such linearity extends an additional g0

i2
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GROWTH OF EVEN-AGED STANDS OF WHITE SPRUCE

feer. These branches, plus five shorter ones from the same trees, did not differ
significantly from the curves illustrated in Figure 5. Consequently, all data were
combined in the derivation of an equation for the estimation of branch length,
The stope of the linear refationship on logarithmic axes was % suggesting an
equation in the form

BL == b/ (2)
The weighted regression cocfficient, b, is calculated as

b= BL/8h® 4 i o 1,0,...., 86

where

hy = distance in fc.ct from the base (.1[ thc ith hmm,h 10 lhe mp of thc most n‘?mnt
leader.,
The regression coefficient is included in Equation 4
BL == 0738 H4/4 (4)
"This coeflicient is an expression of the rate of branch growth in which height
rather than age is used as the independent variable. Hence, 0.738 feet of branch
growth is expected per unit of height growth (after transformation). A probit
diagram (Bliss, 1067) revealed that the variation of the regression coefficients of
individual branches can be described by a normal distribation with a mean of
0.738 and a standard deviation of o.125. This information is required later in the
construction of the model.

Equation 4expresses the cumnulative growth of branches and not the horizontal
distance from the tip of the branch ta the center of the bole because:

(1) branches grow in a “zig zag” manner, cspcrmi!y when extension is slow

(Figure 6a},

{2) branches tend to curve downward, especially toward the ends where folic

age is concentrated on slender twigs (Figure 6b),

(3) branches rarely grow perpendicular to the bole { Figure 6¢).

The correction for the first two considerations is derived by relating the sum
of the internodal lengths of branches to the straight line distance between points
A and B in Figuare 6b. The adjustment is very small, especially when branches are
fess than ro feet long. The following equations, developed from freehand curves,
are designed to show that the correction {¢) is a function of branch length. Other
factors such as the weight of foliage and diameter of the branch have been ig-
nored. The corrected length of the branch (Blc) is always less than the original
length (BL.), —
¢ —oooi50 BLY/A (s)
(6)
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Froure 6. Typical branching habit of white spruce.

Note that Ble is equal to the dlope distance from the tip to the origin of the
branch, Fighty-six branches were used in the analysis,

Derivation of an equation to correct for branch angle () (Figures 6b and ¢)
is facilitated by a linear relationship between cosine # and branch length which
applies if branches are less than rg feet long. The cosine can be estimated by the
exuation

cosine § me ¥ o [0.070 - 0.0135 fﬁ};% -
The radius of the crows (CR) 15 calenlated as

CR == {BLe} {cosine 83 {8)
The sguations for estimating the length of branches and the radius of the crown
are illustrated in Figure 7. Fleight above the base of the branch is the independent
variable. The size of the correction for converting branch length to crown radius
is shown in the lower part of Pigure 7. Equations 4 to 8 may be combined and
stmplified algebraieally into the form
CR =z 038 FV (1 o 000100 ) (1 lo.070 — oi0ro0 HV4)  (g)
where
CR oz radivg of the crown (feet)
B heigha of the tree above the base of the branch {feet).
The relationship expressed in Equation ¢ can be reversed to obtain a crude
estimate of the length of the crown above the point of maximum crown spread.
Since

BL ooy S (4)
therefore
Mo ygo (BLW®
CL &= 150 (CR)MH (10)
b
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where

CR o orovwn rading at the point of maximum crown spread (feet,

oL erown length above the polnt of maxinum crown spread {feet),
The length of the crown {CLY is equal to the height (1) shove the base of th
branch whes CL is measured above the point of mazimum crown spread. Sub-
stitution of crown radius (CR} for branch lengrh (BL) oraits, for simplicity, the
corrections derived in Eouations 5 to 9. However, in the moddd subsequently
presented the value of Gl s adjusted by approximating the corrections shown in

Figure 7,

Preliminary investigation of the development of crowns of dominant and co-
dornivant trees tn moderately dense stands was initiated after the study of crown
wrowth of free-growing trees to provide information one

(1} the effect of competition in two or three quadrants of the crown on the

growth of branches around the remaining perimeter,

16
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Frovre 8. Effect of inter-tree competition on branch length.

(2) the rate of branch growth before and after contact with crowns of neigh-

horing trees,

{3} the response of the crown to the death or removal of a competitor.

Branches on the free-growing side of a tree grow at approximately the same
rate as branches of completely free-growing trees, judging by statistical tests and
a comparison of average growth curves for branches 1 and 2 from the middle of
the crown, and branches 1 and 4 from the upper crown (Figure 8),

Branches facing potential competitors show a slight decline in the rate of
growth immediately before the crowns make contact. For example, the growth of
branches directly above the point of crown contact is slightly but sign ificantly less
than for those not facing other trees, as is illustrated by branches 4 and 5 in Figure
8. Note that growth is almast identical until age 15, This minor reduction in the
rate of growth before contact is ignored in the development of the model, Small
amounts of growth added by branches in the zone of crown contact are usually
fost as & result of whipping damage. This damage is not common in very young
stands, thus allowing crowns to intertock.

The third objective of the preliminary study was to investigate differences in

7
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the growth of released and comparable free-growing branches of the crown. Anal-
ysis of released trees in the Prince George study arca and in go-year-old plantations
at the Petawawa Forest Experiment Station, indicates that vigorous branches in
the zone of crown contact respond to release, However, the rate of growth is usu-
ally ,much fess than that of branches immediately above the zone of crown contact
and the released branches are therefore much shorter.

Crereria oF Suppression anp Deatn

Criteria of suppression and death are critical components in models of stand
growth if trees die during the fife of the stand either from inadequate growing
space or, more directly, because they cannot tolerate certain combinations or levels
of environmental factors. Light is often the main variable that iimits survival even
though other factors may occasionally affect growth. Trees receiving insufficient
light must eventually be eliminated from the stand during the simulation to per-
mit competing trees to increase in size, Omission of these eriteria would result in
apparent stagnation of the stand.

The aerial growing space occupied by a tree, measured hy the area or equiva-
lent width of its crown, is used in the model to estimate the amount of light re-
ceived by the tree and thus its competitive status. However, the area or width of
the crown alone is not an adequate expression of competition because it is also a
function of the age of the wee and the quality of the site. The width of the crown
(CW) of an individual tree relative to the width of the crown of the same tree
had it grown without appreciable competition is a satisfactory measure of suppres-
sion. For analytical simplicity, the crown width of each tree is expressed relative
to the maximum crown width (CWMAX) that could be attained by open-grown
trees had they been growing on the same plot at the time of measurement,

Equation 4 can be modified to caleulate the maximum crown width {(CW-
MAX} of open-grown trees, The variable F, in the case of open-grown trees, is
equal to the distance from the leader to the widest part of the crown. Variable H
was estimated to be approximately 85 per cent of the total height (HT) based on
a sample of 64 free-growing trees, A second allowance is made for variation in the
rate of branch growth (b). The maximum rate of growth can be estimated from
the probability distribution of regression coefficients (b) described earlier. Ninety-
nine per cent of the trees are expected to have a value of b less than 1.029 which
is 2.33 standard deviations above the mean of 0,738, This coeficient is arbitearily
assumed to represent the maximum rate of crown growth, No value of b equal to
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ur greater than t.oag will be generated by the maodel, therefore stimulated crown
widths never exceed CWMAX, Thus

Bl o ool RBo (4)
is converted into
Bl o vozg (o8g HTHW {11}

and the equation for estisvating the maxinnum radins of the crown {CRMAX) is
derived in the same manner as Equation g to obtain

CRMAX == o.grs HTY (1« 000132 HT) (1 = jo.0p0 — ooy FIT#4)
(12)
and
CWMAX == 2 (CRMAX). (13)

Equations 12 and 13 incorporate corrections for branch angle and curvature,

For the purpose of the model, a tree is arbitrarily considered to be suppressed
when there is 3 50 per cent possibility that the tree will be completely overtopped
by competiters. The severely suppressed tree in the series of diagrams in Figure o,
for example, has just been overtopped, The probability of this event occurring is
related to {CWACWMAXY, expressed as a natural logarithm to faciltitate later
analysis.

The data collected to establish a criverion of suppression consist of the crown
width, the height to the widest purt of the crown and the total height of 303 trees

9
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* Far of the 13 phots were stmited because of insuffichont data for this type of analysis,

in 13 plots in which the average height {Fd} of the tallest 1o per cent of the trees
ranged from 47 1o 135 feet, Plots were located subjectively in dense stands to en-
sure an adequate sample of all crowa classes,

The analysis of the data s presented in Table 1. The heighe ro the widest part
of the crown {Fl2CW) of dominant trees (of total height FId) exposed to heavy
competition is estimated by caloulating the average HaCOW of the ro por cont of
the trees in the plot with the highest crowns. Heights (HT) of individual trees
are divided into two groups:

{1} BT = mean H2OW {overtopped trees )

{2} ¥T 2> mean Ha0W
andd then separated into classes of In{CWACWMAX). In other words, a teee is
assumed to be avertopped when ity total beight {HTY is equal 1o or less than the
height, shove grovnd, of the widest parts of the crowas of dominant trees in the
same everbaged stand, Colurmn two of Table 1 shows that the average height to
the point of maximum crown spread is 31 feet in dense stands, Of the o3 trees in
the three quite similar plots, only three bave values of In{CW/CWMAX) be-
tween =050 and —o00g. All heights exceed 31 feet. However, in the range
500 10~ 1744, for example, the heighes of 12 trees are greater than 3x feer.
The remaining five trees, constituting 2g per cont, wre overtopped. The Hkelihood
of suppression, expressed in per cent, Is summarized for all plots in the last col-
urmit of Table 1 and Hustrated by a free hand curve in Figure . The resules show

20
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that the heighes of approximately 5o per cent of the trees, with values of In(CW/
CWMAX) less than or equal w0 — 175, are entirely below the crowns of domi-
mant trees, Consequently, suppression or overtopping Is assumed to take place
whon the value of In{CW/CWMAXY) s less than or equal 1o — 10

The effect of competition can be incorporated into estimates of tree height by
relating CW/CWRMAK 1o a function which combines tree height (EUTY and the
height (Hd) of dominants, where Fld is equal to the average height of the allest
1o per cent of trees dn the plot. The relationship between relative heighe (BT/
Fed) and crown width (CW/CWMAX) is sigmoid in form and can be trans.
formed into s steaight line by applying a log logistic transformation (Blss, xg073.
Specificatly, the navural logarithoy of HT/ (o Hd — HTY s related 1o the natu.
ral logarithm of OW SCWRAX, where .y Fd is the maximuun height o tee can
attain, This height can be estimated by increasing the average height (Hd)y of
dominant trees by 1o por cent, as explained earlier. The one tree out of 304 that
exceeded the maximum height was omitted in the derivation of the following
COquAtions,

n ¥R roe
In(HT/ {1 e FITYY 5= 3007 <4 1390 In{COW/CWMAK): 303 5455
(x4)
whire
In == natural logarithm
HT = height of a particular tree (feet)
Hld = hmghr of a dominant tree of the same age (feet)
CW zz crown width of the tree in question (feet)
OWMAX = masimum crown width in feet of a free-growing tree of height
Hd
Equation 14 can be svlved algebraically for HT to estimate total height from the
width of the crowm:
BT m (. aHd )/ (o - 0.0447 (CW/CWMAX) 1) {15}

Esrmarion oF Bove PARAMETERS
Fstimation of the future sive of tee crowans is of Hmited practical value unless

hole dimensions can be estimnated from the width or area of the crown,

Diameter at breast height
Equation 1 is inadequate for estimating bole diameter in a model of stand

growth because the relationship does pot apply to intermediate and mppwswc}
trees. Moreover, age is an ummmbi& variable because it has no causal effect on

21
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biclogical processes and frequently must be used in conjunction with an estimate
of site quality. The introduction of height to replace age as a variable is expedient.
The correlation between the width of the crown (CW) and diameter (1) of the
bole of dominant Messmate (Fucalyptus obligua (1. Herit}), for example, was
improved by the inclusion of the mean height of dominant trees as a third vari-
able {Curtin, 1964,
The form of an equation for estimating the diameter of the bole (D) in inches
is based on four asssmptions:
(1) bole diameter at breast height (outside bark) is a function of average
crovws width (CW) in feer and total tree height (HT) in feer, each raised
o an unknown exponent,
{2} CW and BT are interdependent variables,
{3) Doz oif CW o,
{43 Do o HT =£ 48
The following relationship is applicable 1o all crown classes because the basic
dara used in jts derivation include 131 intermedinge and suppressed trees and 51
open-grown trees, in addition to the qoo trees wsed in the derivation of Equation
1. The revised cquation,

nox oo

10D eer 30 b 0680 INCW 4 0585 lo (HT - 4.5): 582 g3.0%,
{16}
GF
I s o,y WS CRPT o g 5y 88, {x7)

is a considerable improvement over Equation 1 because the coefficient of dever-
mination (1) is increased by 5 per cent and an index of site quality is no longer
reguired.

Volume

The volume of the bole can be estimated divectly from the area of the crown
and height of the tree based on considerations sivailar to those underlying Equa.
uous 16 and vy,

Eighty-eight trees, representative of a range of heights (17 to 12 feet) and live
crown yatios {27 10 93%, ), were measured for total height, crovwn area and diam.
ever of the bole at various heights, The area of the crown was determined by map-
ping the vertical projection of the crown, ach tree was cliabed to obuain four or
five measurements of diameter and bark thickness of the upper bale. Breast heighe
and upper bole diameters were plotted on Reineke tree volume graphs w deter.
mine the inside bark volume of each tree,
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The equation derived to estimate the volume of the bole (V) from measure-
ments of crown area {CAY and height (HT) is
n fx o0

0V wo emgfy3 - osgr IoCA 4 200 InHT: 88 gua% (68}
V oz guoooobiag (OA YRR TS {19}
Rawrew

The results summarized below form the basis of the matheroatical model de-
veloped in the next section

{1} The cumulative height growth (HY of trees in all crown classes deseribes
the radial growth {CR) of the crown within the growing space Himitations
imposed by competing trees.
CR =z 0738 4 (1 o unoroo B (3~ oo~ ooro0 HE4Y O (g)

{2} The height {F1T) of a tree is a function of the height (MHd) of dominany
trees and the width of its crown {CW) refative to the maximum erown
width {CWMAX) it could bave antained had &t grown without competi-
tion from surrounding trees,

BT mo (v Hd Y /o 4 oogqr{COW/OWMAK) — 140y {15}

{3) There is a 5o per cent possibility that a tree will be overtopped if irs vabue
of In{CW /ZCWMAKY is fess than or equal 1w —-1.95,

(4) Tree height (1T and the widdh {CW) or ares (CA) of the crown pro-
vide accurate estivnates of dismeter (1) and volume (V) of the bole,

Dz ooaygy CWHE (T v gy 0500 {x7)
V oz owooobag (CAYY HT=S (rg}



THE MODEL

A("‘i WIPUTER model, developed by Newnbam (1964 was designed to
simulate the growth of individual trees in stands of Douglas fie, His model
estimated mean diameter growth, basal area growth and number of trees per acre,
at intervals of five years from age 1o to 100 years, Trees were assumed to be spaced
in a square pattern and free of competition until age 1o, Diameter increment of
each tree from age 1o to 15 years was based on the growth of open-grown trees but
was reduced in relativn to the proportion of the circumference of the crown that
was occupied or overdapped by the crowns of surrounding competitors. The di-
ameter of the crown was derived from the relationship between the width of the
erown and the bole diameter at breast height of open-grown trees, Trees were
assumed to die if the reduction in dameter increment was sufficiendy great. The
procedure was repeated for all trees before considering the succeeding intervals of
growth,

The model presented in the carrent stady differs from Newoham's model in
that it simulates the actual mechanism of competition, The crown of each tree
expands and competes with the crowns of neighboring trees for growing space in
a simulated forest and thus wmkes on an foregular shape to wilize unoccupied
space, Those trees that cannot find adequate space eventually die. Fucthermore,
the size of the bole of each tree is estimated from parameters of the cown, and
the assurnption of square spacing is not required.

CoMpurar SIMULATION

The storage unit of 2 computer may be visualized as a two-dimensional matrix
of registers, each of which can retain a 1o-digit number although only four digits
are shown in Figure 1o, The matrix can contain thousands of registers, if neces-
sary. Numbers may be entered into the matrix or recalled by specifying the reg-
ister’s location or address, which is given by the number of the row and column,
The contents of the location containing the number 189 in Figure 1o, for example,
can be expressed as

Location {3,2) == 1%y,
The programming language employed is FORTRAN IV, The matrix is regarded
as an aves of faod divided into units of one square foot,
The hypothetical growth of the crown of a single tree, viewed from above, is
outlined in Figure rra. The time interval chosen in this example is five years,
during which tirae the radivs of the crown increases 2.5 feet, Figure 11b illustrates
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Froun 1o, Storage locations in the form of a two-dimensional matrix.

the method which uses the storage locations of the computer o simulate the
growth of the crown. Initially, all locations or registers in the matrix are set equal
to zero { year o). Germination occurs at location (6,8}, which is the origin of the
tree, Growth of the crown during the fest five years is sufficient to occupy all loca-
tions into which the number 11 has been entered, The digit in the units position
denotes the number of the tree while the number in the “tens” position indicates
the time interval during which the location was oceupied. The growth from age
o 10 15 years of only one tree is shown in Figure rr. The shapes of crowns may
becurae very irregular when trees grow in close proximity because fovations con-
raining numbers greater than zero have been claimed and cannot be occupied by

any other wee.
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{a) (b) {c)

Froure 12, Pattern of branching.

The system whereby the crown is incremented represents a compromise be-
tween the actual growth pattern of tree crowns and the limitations mposed by
a square matrix. The growth pattern of the crown is basically radial about the
bole if viewed from above (Figure 12a). Figure 12b is & more realistic representa-
tion of the actual pattern of branching, This is simulated in the model by the net.
work shown in Figure r2c. This system can be readily fitted to a square matrix,

The program that instructs the computer to perform the simulation is too com-
plex to describe in detail. The highly simplified flow.chart in Figore 13 depicts
the steps and decisions included in the program. Instructions are given to incre-
ment the radius of the crown, test for and occupy available growing space and
remove overtopped and dead trees from the main canopy.

Growing space, made available by the suppression, death or removal of a tree,
is reoccupied by neighboring trees according to the scheme in Figure 14, All loca-
tions occupied by tree 2 (Figure 14a) are set equal to 10,000,000 (shown as -1
in Figure 14b) when the tree is suppressed or dead. The locations containing the
number 31 in Figure 14 are occupied during the next interval of growth, Note
that the indentation left in the crown of tree 1 is not completely filled. The proce-
dure that accomplishes the asymmetrical increment can be understood by tracing
the steps required to accupy location (7,10}, abbreviated L(7,10), in Figure 14b.
locations 1.{7,8) and L{7,9) are occupied so that control passes to L{7,00). The
number - signals the computer to calculate the amount of crown growth lost
because of the presence of tree 2. This radial distance is equal o a b == ¢ (Fig-
ure 14d). Therefore, the maximum distance that the crown can grow during this
particular interval Of growth is CR = ¢ = 1). Location (7,10) and subsequent
locations in row 7 of Figure 14' are accupied by tree 1 only if their distance from
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the arigin (L{7.7)) is less than or equal to D. The distance ¢ is retained becanse
it is needed each time the area of the crown s incremented, The same principle
of reoc cugmum applics afong each vector shown in Figure rzc although the
method of caleulating and storing ¢ increases in complexity.

Fxtra instructions are included in the program to allow the crown of one tree
to grow a short distance through the crown of a second tree into an opeaing in the
stand.

29



GROWTH OF EVEN-AGED STANDS OF WHITE SPRUCE

Foedback from crown area to height growth that could partially dictate the
subsequent crown expansion has not been built into the model. This refinement
would be necessary if many intermediate or suppressed trees were released by a
selection cut of dominant teees,

Some trees invariably grow bevond the boundaries of the plot during the simu-
lation. No data were recorded on the competition from trees ouside the plot be-
cause this problem can be avercome by assuiming that trees which grow out of the
plot on one side grow tnto the opposite side. This method gives good results, o5
pecially in homogeneous stands, Measurement of trees arcund the periphery of
the plot {s more exact but very wasteful of data.

Inn nature the rate of growth of the crown is obvionsly not the same for every
tree in the stand becawse of genetic variation and other factors, These sources of
variation in the growth are simulated by Monte Carlo methods and 2 random
number generator which allow the regression coeficient (b) in Bquation 2 1o
vary in accordance with a normal distribution having a mean of 0738 {Equations
4 and o} and a standard deviation of o125,

Suppressed rees (In (CW/CWMAX) =5 1.9%) are assumed 1o Hve under the
main canopy of the stand. All locations, with the exception of the origin, that are
cceupied by a suppressed tree are set equal to 10,000,000 thus allowing the tree to
be overtopped by competitors, The location at the origin of cach suppressed tree
retains 4 number representing the area of the crown. This area does not change
and is kept available because estimates based on the area of the crowns of sup-
pressed trees are required for the plot summary, The location at the origin is not
set equal to roo00,000 until the tree dies.

Special steps must be incorporated into the model 1o remove trees for ROV TEASON
other than death. Thinnings, for example, are readily simulated if the eriterion for
cutting can be defined mathematically.

The preceding method of simulating growth is applicable to even-aged stands
of species that are sufficiently intolerant of shade to preclude the possibil ity of trees
thriving under the main canopy. Interlocking of tree crowns, common in young
stands, is not a serious limitation. The model assumes that the area shared by
crowns s divided between the trees, The greater wind movement of trees as thx&;:
increase in height and crown size results in the Joss of new growth of shoots in
the zone of crown contact and thereby prevents appreciable interlocking of
CHOWRS.

The following example illustrates the use of the model to simulate the growth
of an cven-aged plantation of white spruce. These plot data must be supplied with
the model belore the simulation can proceed:
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Specifications:

plot dimensionos {feet) 40X 32

length of simulation (years) 45

mumber of trees 4%

site index (height at age 30) 3%
Age sequence jo simulation (years) 8, 1o, 13, 20, 25, 30 ATy 42, 4%
Plot summaries (years) 10, 15, 20, 25 A5 42y 45
Map strmaries {years) 10, 15, 20, 25, 30,37, 42, 45
Location of every tree {(fort) (24}, (nr0) oo, (o)

(), {77y o %3} el

The age sequence is chosen so that the growth of the crown during the first in-
terval is greater than one foot, otherwise no locations will be occupied, thus wast-
ing at least one pass. The interval during the rematnder of the simulation can be
of any length and may be varied. An interval of 5 vears, for example, is suitable
for simulating growth over a period of 50 years.

Plot summaries can be requested at the end of any interval, Individual tree data
and means of the following variables are printed: crown area, crown width,
crown fength, diameter of the bole at breast heighr, basal arca, height, volume and
degree of suppression (la{ CW/CWMAX)). Basal area and total volume per acre
are alse given. Diameter of the bole, height, and volume of individual trees are
tatlivd by classes to show distribution of values. Even theugh individus! tree data
may be reguested, it should be rermembered that the madel is not meant to de-
scribe the growth of any particular tree but rather the growth and development of
the plot as a whole,

A coded map showing the growing space occupied by each tree and the age at
which any particudar location was occupied will be printed on request, An in-
complete sequence of coded crown maps corresponding to the preceding specifica
tions is ilhustrated o Figures 15 1o 18 w show the developement of a typieal stand,
The crowns of individual trees have been oudined schemuatically to emphastze the
coxde, which in this case inchudes only the number of the rree. Variation in the
rate of crown growth v very obvious at age ro {Figure 15). The canopy closes
within the next 1o years {Figure 16}, Suppression and mortality are evident by
age 30 {Figure 17) and increase rapidly votl age g5 (Figore 18),

Trwrine op tie Moz

Building models and simulating “acd absurdom™ can lead w0 very erroncons
conclusions if tests of validity are not applied at various stages i the developrent
of a model. The model under construcrion in the current study s now ready for
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GROWTH OF EVEN-AGED STANDS OF WHITE SPRUCE

testing against experience before proceeding further, Fxtension or refinement at
this time could be superfluous if tests expose the need for major revisions. Flow-
ever, the tests need not be exbaustive until the model i fully developed and ready
for application.

The muodel is best tested against permanent sample plot data, This, however,
introduces certain Hmitations with respect w age and growth habits because the
oldest white spruce plantations with permanent sample plots are only 43 years of
age and they are on the Petawawa Forest Experiment Sration near Chalk River,
Ontario, which is 2,000 miles from the study area. A description of the pliots s pres
sented in Table 2. Testing of the model is Tanited to a subplot within each pee-
manent sample plot to reduce the data requirements and stepadation costs.

Plots 324, 325 and 326 are suitable test plots because the height and the planting

FABLE 2. GESURIFTION DF PLOTE

Naprher of PSP 550 gaqt a2 gads
Yvar of wtablishment PR e85 FELH EEE
Year of plaming May rgab May vgrg Mar 1926 May 192y
Plannng stock s 0 e Gty
Sk § et SR K 5K ERE
Sig puscex et e B 155
Bubpdot do

Dhiepenstons {feet) PR g AR R0 30 % 50 0% 52

Mrssarernent dates® aud

ageof plantation

SRR
1ot (a5}

walr g0}

120 {8
R
fos

1 (g0}

ray (8}
igse {30}
156 35}
rosh (37

woan {0

o (350
sesd (372

1506 {ax)

pasl £ tofs (e}

£
ng sk,

 Sulplots say and
were respecively o N

sy pas andd 3u6 are in plantainas which were establbhed o tesr thres types of plane

yab were thinned from below o 1y and 143 square foet of basal avea pes
b 158,

a0 {Rdell, yanys.
Traw vevordsy

heighe (W71

T, bode digmeter {00, Jength of ve coown, crown clas {000

13, hoighiy of sty trees tn wach one-loch diwmeter class

i

166 FT, D, OO0, coovwn itk fength of the srown abeve the podng of mecions
sroven width,
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THE MODEL

location of every troe aee available from measurements of sarvival in 1ag. Such
data are not av; z:iahiv for other plots. Plot 310 is abso included becanse inspection
of lving and dead trees indicated that servival was very high between the time of
planting » m} crown closure.

The heightage relationship of white spruce in the permanent sample plots at
the Petawawa Forest Experiment Station was developed by Stielt { m»ﬁ}

Use of permanent sample plot records from southern Ontario (larivude 48N,
longitude 77 "W.} to test a model based on data col 1 central British Co-
humbia {1 mmdw 547N longitude 123 W) is extremely rigorous. It presupposes
that tree growth and growing conditions are similar in both places. This asswap.
tion has 1o be verified, or adjustments must be made in the model to CORPEISRLG
for differences,

Analyses of nine branches from Four trees on the Petawawa Forest Experiment
Station indicate that branch growth, relative to height growth, is greater there
than ar Prince George, Thwo branches came from the plantation that contained
subplots 324, 325 and 326, Others were from mature stands about 5 miles BIWRY.
The regression coefficient of Hauation ¢ must be modified w allow for the d fiffer-
ence in the reationship between height growth and branch extension:

BE o aps8 HRY (Prince George) {4)

1s changed to
BL sz o886 %Y (Petawawa) {20}
Eauations 1r and 12 were modibied accordingly,

Unfortusately, cireumstances roade it necessary 1o rely on data from subplots
310, 5ad, 305 and 326 woadapt the model w conditions at Petawawa, The infor.
mation was wied wderive vadues discussed below, which inoeporate differences
hetween Prince George and Petawaws into the model and establish a criterion of
death, The resulting modifications in the model are minor, and are not expected

to jenpardize the validity of the test,

The standard deviation of the regression coefiiciont in Equation 20 was osti-
mateed to be o6 from the variation in the relationship of the radius and length
of the erown, Both measurements were taken at the poing of maximum crows

spread,

Investigation of the crown width-bole dizmeter relationship revealed a differ-
ence berween white spruce at Prince Georpe and Petawawa, Trees in the Jauer
aven procuce 25 per cont maore darserer groweh av breasy beight per unit of crown
wicdth, Fence, estimates of diameter and volwme of indbvidual trees, from Equa-
tions pr andd vy, st by increased by factors of 1.2 and (1.a5)%, respectively,

Troes die in the siomdation when the value of nf OWSCWMAXY falls below
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GROWTH OF EVEN-AGED STANDS OF WHITE SPRUCE

~~1.85. Insufficient information on crown size in relation to tree death made it
necessary to establish this criterion through an iterative procedure, The value of
In{CW/CWMAX) at which trees die was varied until the total number of simu-
tated trees living in all plots in 19571 agreed with the actual number of living trees.
Fortunately, the critical value of In{CW/CWMAX) has only a minor effect on
the results of the simulation because the few suppressed trees which remain alive
do not contribute appreciably to the parameters of the stand,

Plots 325 and 326 were subjectively thinned from below in 1958, These thin-
nings were simulated by removing trees with the smallest diameters until the re-
maining basal area agreed with the actual basal area in the subplot after thinning.

The results of the simulation are compared in Tables 3 to 6 with permanent
sample plot data for subplots 310, 324, 325 and 326, Values derived from field
measurements of the subplots are in italics. An other figures were simulated by
the model. The figures in parentheses show the growth trend which would be
expected had the stands not been thinned. The variables tested are discussed be-
low:

Number of trees The actual and the simulated number of trees per subplot
never differ by more than three trees except after thinnings. The low estimate of
basal arca in subplot 325 belore thinning (194 vs. 217{t*/acre) meant that com-
paratively few trees (200 vs. 720 trees/acre) had to be eliminated to achieve the
same basal arca as on the actual subplot.

Crown width Measurements of crown width are not included in permanent
sumple plots records. Consequently, they could only be obtained for 1966 as part
of this study. The simulated and actual values agree within 3 per cent in subplots
325 and 326, but the difference is greater in the unthinned plots. The discrepancy
probably Hies in the field measuremnents as there is 2 tendency to underestimate the
width of crowns in dense stands.

Crown length  Estimates of crown length are consistently low, suggestin g that
Equation 1o for caleulating the length of the crown should be revised.

Bole diameter  Litdle difference is apparent between the actual and the simu-
lated average of bole diameter although the model does not show the slight de-
cline in the rate of growth after age 35 evident in the ficld dara. Note that diam.
eter growth continues between ages 15 and 20 years following crown closure even
though the average size of crowns cannot change until suppression begins ("Tables
4 1o 6. This demonstrates the influence on diameter inerement of additions to
crown surface through height growth,

Height The height of every tree in the subplots had not been determined since
1951, until necessitated by this study in 1966, The estimated average heights are



THE MODEL

TARLE o AUTIIAL AN SO EOCHARMICERISTION OF SURFLOT 350

Subplot
Age {yoars) 1 s 28y 2% A 3% 40 4%
Y:c;}r ) par woad wwgr apeh apsr aesk 1961 10b6
Mueober of trooy 48 41 b i% R
N ; 45 2 553 33 a8
Por tree (szwx’:r’;gggtz*sf) fos supvmnary regquested {ros-1o.48)
Cromen wisdth (eat) 5.8 by .6 Gy
e £
fengh (feet) &5 4 B LK
- . . ) w7
Brobe diameter (inohes) $.2 4.5 87 fu5
; o i xS .2
brasal srea {ageare foer) LEG vy ol oy
1 N wrd e el waa
Besghee (oot 5.4 30,8 b gy
- 252 45
wohmme {oubic feer) 1.3 B 3. 4%
P ads 34 $u42
Por auee
Nursher oof vrees P44 IBRT Tgeg ravd
‘ ) PEEG R Ra0g FEQE
Bowad area (souare feet) s T 257, 306
s 8 EIG 258 266
Woluoe {oubic fort) 2134 2997 4340 576

aquy 06 siax g4

* Sivoduted values,
* Qoraa! fgures in ety

generally high at age 30 and low at age 43, baplving thar Equation 15 is inade-
quate or that the heightage relationship used in the model does not accurarely
describe heipht growth in the subplots.

Basal area The simulated rate of basal area growth per acre is consistently
greater than the actual rate (Figure 19}, One possible explanation lies in the
“hlanket” correction of 25 per cent in the diameter of the bole to allow for differ-
ences berween Prince George and Petawawa, The adjustment was derived from
1966 data only and may have to be varied in relation w age or height of each tree,
1t would, however, be better to revise Equation 17 with data from southeastern
Ontario, Note that the rate of growth in subplots 325 and 326 did not respond to
the thinnings as expected in the simulation, Further information is needed 1o as-
sess the effects of thinning,

Volume  Actual and simulated voluree per acre figures are in reasonable agree-
ment { Figure vo) although the preceding comments about basal area are appli-
cable.
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TARLE 4o ACTUTAL AND SDMULATRY CHARAL

T OF SUBPLOT 334

Subpdit
Age kLY 1y 30 2% 30 3 4 45
Year rogr woad wpar vl resy apsb aabr aphd
* . o vy i
Mastber of foees ' & #9 4 3% 40 ER 16
49" 44 41 e
Pey tree {averagesy ‘ ‘ ] )
Crown width Ay 5.5 5.5 & A B 1% .4 L%
g
Fengrth w5 By £.4 By 2 wh S B.5
‘ ol
Bote darmster o.b 2.4 2.8 3.5 gt 4 h 5.5 3
s i R k2
buasad area Gat 02 o4 Doy oo oas oaf oot
oun oy Al Y
height g4 16 ab ETC R T IS T St 5
a2y Fr ]
vodume 0 o 0y oy 1 1.5 ay 3.8
T I Y 2 T
Paw aure
Ruznber of teees PR oeBR oY wysa o wsve wafe usfly rgeg
1606 raet eafy yaug
Basal ares 3 42 o ey 153 B4 226 a7t
iy 204 ey 2l
Vedurne 48 a0 fo8 o 8BS afab 680 g
poag g W88 ey

Simudared values,
* Actual Hgsres i stalics,

The troe and the stoulated froguency distributions of bole diameters, repre-
senting subplots 310 and 324, are compared in Figure 20, The simulated diame-
ters show less spread than the acraal values, This means that the standard devia-
tion of the regression coeficient in Bguation 20 should be increased to introduce
greater variation in the growth rates of the arown and bole. The pronounced
shortage of simulated diameters in the lower dismeter classes is partly dug to the
criterion of death, which always eliminates the smallest tree. A criterion of death
incorporating a random variable may overcome this problem. Some severely sup-
pressed trees would romain alive even though more vigoroos erees had died, thus
creating a Hanter frequency disteibution, Tt is not known whether such. modifica.
tions would duplicate the bimedal nature of the actual distributions,

Further testing of the model ts anticipated if permanent sample plot records can
he obtained for older stands (o100 years) covering a range of sites. Data from
European stands may be available. There is also the possibility of using species
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AL AR SEMULATER CHARAITERIET RO 08 SUBELOT 30y

Suhpbert
Ao i 1% i a A 37 EES
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g Er
FLa 37 33 Ee: 1y 34 1y
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Crown width 47 % 5.9 % 5.5 6.1 6o {583
€5 8
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femgth 9% i3 .3 6.9 T X w0y B {8
f @
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2y 5
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Lkt
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THE MODEL

other than white spruce, provided that allowances can be made for differences in
growth habits,

Lisirrarions

At present, simulations must begin before the crowns close. However, the
model can be casily modified to accept data obtained from crown maps or low-
level aerial photographs taken before or after the closure of crowns.

Death caused by natural factors other than suppression cannot be simulated but
may be incorporated into the model if the mortality can be resolved mathemati-
cally (Smith er al., 1963).

Plots must be square or rectangular if trees along the edge of the plot are to com-
pete with trees on the opposite border. Otherwise plots of any shape may be used,
with rinor changes in the computer program.

The model does not simulate the growth of all trees simultaneously during each
interval of growth as in nature. Radial increment of the crown progresses tree by
tree down one row and up the next until all treex have been updated. Thus each
tree has a slight advantage over the following tree in the sequence. The advantage
tends to be compensating. Problems caused by the sequencing can be overcome by
decreasing the growth interval, e.g. from five o two years.

The cost of projecting the growth of stands by this model may be prohibitive
unless very fast computers are used, Subplot 31o (approximately 0.025 acres ), for
example, took 3 minutes and 15 seconds for a total cost of $21.67 (ar $400.00 per
hour) to compile the program and simulate 45 years of growth on an IBM 7094
computer, The cost will increase rapidly as the period of growth is extended.
Larger plots will increase the cost in direct proportion to their arcas.

APPLICATION

The model is designed to provide estimates of growth and yield of spruce for
any acreage from a woodlot to a large management unit. Low-level aerial photo-
graphs, taken any time after trees become discernible, can be used to locate sample
plots and determine the area occupied by the crowns of individual trees. Either
airplanes (Kippen and Sayn-Wittgenstein, 1964) or helicopters (Lyon 1961) can
be employed. Eventually, methods will be invented to interpret information from
photographs automatically (Langley 1966). Complete photocoverage is not nee-
essary. Each photograph can represent a plot if taken according to a statistically
vabid sampling design.

Computer stmulation of the growth of stands can provide estimates of the time
of crown closure, mortality, diameter distribution of the boles and total cubic-foot-
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volume by diameter classes. This information is required by foresters who must
anticipate stand treatments, and managers who must develop management plans
based on expected yield figures, The model may also enable comparisons of the
results of initial spacing regimes before seedlings are planted provided the amount
and distribution of early mortality are known. It may not be necessary to observe
ficld trials for 10 to 20 years o determine the time of erown closure because reli-
able results can be obtained in a matter of weeks by determining the rates of
crown growth and simulating the development of the plantations. Knowledge of
the time of crown closure may prevent an uneconomic cleaning or improvement
cut but ensure a profitable thinning at an carly age. Various thinning regimes or
methods of cutting can be simulated to eliminate approaches that are unlikely o
give the desired results,



CONCLUSIONS

HE model developed in this study s 2 prototype system designed 1o provide

a readistie solution o the urgent problem of projecting the growth of stands
inte the futere to obtain estimates of yield, The results of preliminary tests wre
promising. Fowever, the full potential of the model will not be realived uotil the
systeny s expanded, improved and thoroughly rested,

Stroulation technigues will equup foresters of the near future with a powerful
ool for promoting efficient use and development of forest land. Furthermore,
madels will expand the expetience of foresters by enabling thern o test the validivy
of theie proposals mathematically before erabarking upon expensive and tie
consuming trials,
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