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ABSTRACT

The débelopment of the crown structure of Pinus
resinosa Ait. was analysed in terms of three compohen;
 processes of tree growth: the number of first ordér
branches per whorl within the crown, the annual extension
increments of the main stem and first order branches, and
first order branch length - foliage dry weight
relationships. Factors regulating these components wefe
analysed and stochastic models to describe them were

developed.

Thirty-two trees from five different planted stgndé
located in the Quetico Section (L.l1l) of the Great Lakes:;
St.. Lawrence Forest 'Region (Rowe 1972) were examined,
These stands represented various sité conditions, stand

ages, and spacing categories.

The number of branches per whorl was weakly
correlated with two attributes of the parent structure:
the length of the terminal leader at the time of whorl bud
inception, and the length of the terminal leader on which
the branches occurred as whorl buds. The numbep of
branches per whorl was not related to the age of the tree

at the time of whorl bud inception. The binomial



probability density function was a suitable model to

describe the number of branches per whorl.

Extension growth of first order branches varied
greatly from year to year. Differences in the extension
growth of individual branches were associated with:
differences in the annual height increment of the tree,

factors governing apical control, and the relative

position of a branch within the crown.

There appeared to be 'a potential 1length ‘which
one-year-old branches could attain that was dependent upon
the concurrent height increment of the tree.  There .also
seemed to be a potential extension-increment for branche$
after their first growing season that was dependent upon
initial branch 1length and branch age. The observed
extension increments of branches were related in é
stochastic manner to the potential for branch extension

growth to simulate naturally occurring variation.

Total branch length was a wuseful estimator of the

total foliage dry weight for branches of the same age.
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INTRODUCTION

The tree crown is of central importance to the study
of the dynamics of tree and stand growth. Crown structure
determines the distribution and orientation of foliagé
within an individual tree. This is important to the
efficiency of the tree in trapping solar energy to produce
photosynthate (Horn 1971; Bunting 1976) . Larsén
(1962a,b , 1963, 1969) and others before him (Pressler
1865, quoted by Larson 1963 and Assmann 1978; Onaka
1950a,b) have hypothesized that the vertical distribution
of the annual stemwood increment ié fegulated by the Sizé
and the vertical distribution of the crown. "The
relationship between the crown and growth of the stem is
thought to be mediated by the vertical distribution of one
or more crown produced metabolites in the stem phioem
(Beckwith and Shackelford 1976). Mediators that have been
proposed include carbohydrates, auxin, or‘a combination of
carbohydrates and hormonal growth regulators. Regardless
of 'the identity of the crown produced mediator, many tree
physiologists believe that environmental factors affect
stem growth mainly indirectly through their direct effects
upon the crown and its productive capacity (Farrar 1961;

Larson 1962a; Kramer and Kozlowski 1979).
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Quantification of crown growth and development coﬁld
provide a useful tool for both the forest managérrand the
forest scientist. This is of practical importance'to ‘éhev
silviculturalist because silvicultural treatments'éan be
impiemented to manipulate the 1live crown directlyvj to
increase both wood yield ané quality (Smith 1963; ASsmann_

1970).

In addition, tree crowns affect forest eéoSystems in
other ihportant ways. The tree crown has a bearing §n the
watér‘feconomy ‘of a forest stand; It ihtércepts -
substantiél ,amounf 6f~ p;ecibitation"ahd; thefefore,
éffects the quantity of precipitation which~'reaches> the~
forestr floor (Ford and Deans 1978). Thg‘ foliage
complement of a tree or of the entire ,stahd-jis a_;foqd
source for defoliators and plays an impdrtant role in'pest 
dynamics (Kay 1978; White 1979). The quahtitY"of: ckown e
fuel 1is of interest to “the firé‘managér'(Btéwh'1976){
Even_pathOIOgists interested in the épibhytié“pqﬁulatibn
of a forest siand could benefit-from'quantificatioh of 

crown growth and development (Pike et al. 1977).

The,efficient crown has specific space requirements
within the stand. Crown size, usually ﬁeasuted by crown

width or length, will determine the upper limit of tree

‘stocking per unit land area (Curtin 19786; Curtis and
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Reukema 1978). The interactions between the size and
shape of individual trees and their crowns will be
important in any attempt to reconcile the érowth behaviour

of both trees and entire stands.

Recently, there has been a proliferation of compUtéf
simulation models to predict various aspects of growth and
yield of individual trees or stands (Goulding 1979)?
Computer simulation models are useful because with4them
foresters can evaluate alternative forest management
regimes in a felatively shoft time. A program of’reSearch
designed to yield quantitative knowledge about tree‘growth

must include a systematic study of crown dynamics.

The objective of the present study is to construct
and analyse a mathematical model of crown growth and

development for Pinus resinosa Ait. Crown structure was

analysed in terms of three component processes of treé
growth: the number of first order branches per whorl
within the crown, the annual extension increments of the
main stem and first,ordér branches, and first order branch
length - foliage Vdry weight relationships. Factors
regulating these components were analysed and stochastié
models to describe them are presented. The uninodal
growth habit of P. resinosa makes it a particularly

suitable study species.
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The :esu1t$ of this thesis revealed that the number
of first. order branches within the .Ctowh and ‘their.
extensidn growth varied greatly from Yea; to yeéf;
Nonetﬁeléss, definite trends were found in the pattefn:gf
firs; order branch development and resulting crown .fotﬁ;
Branch‘producﬁion was only weakiy related to the length of
the parent structure. Differences in first order bréhbh
extension growth were associated with differences in ;hé
annual »height increment of the tree, with faétors
governihg Vapical ,cqntrol, and with»the relétive posiﬁidpl
of the first ordef branch within. the crown. >Thg
stochastic model developed in this ;he#is is an attempﬁ tq
represent simultaneously the underlying biolégicalbpattefé
and the random variability observed in first order branéh'

production and extension growth for P. resinosa.

The‘ve;tical distribution of foliage within the crowh‘b
was also examined. The length of the first orderAbrandﬁ.
was a useful estimator of the total foliage_dry.weight:for

first order branches of the same age.



LITERATURE REVIEW

Crown organization and the mathematical modelling Qf
crown dgrowth and development are the subjects of this
review. Although complex models have been developed which
relate tree ‘growth to rather basic biochemical (Promnitz
1975; Ledig 1976; Chung and Barnes 1988a,b), biophysical
(Borchert 1973; Paltridge 1973), and environmental
processes (Reed 198¢) within individual trees, the
emphasis here 1is on physically measurable exterior tree
dimensions. Forest biomass studies have provided valuable
information on techniques for estimating ;biomass
components of an individual tree (Ogawa and ‘Kira 1977).
Few studies, however, have adopted a 'systems approachf
(Goulding 1979) to the problem of modelling' crdwn

dynamics.

Crown Structure in Pinus resinosa Ait.

The crown structure of a tree can be viewed as an
organized heirarchy of vegetative shoot ‘axes. Two
morphologically distinct types of vegetative shoots

commonly referred to as lohg—shoots and dwarf-shoots occur
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in the genus Pinus. The manner in which 1long-shoots ‘and

dwarf-shoots develop defines the btanChing network, and

resulting crown structure. In P. resinosa Ait., the
annual developmental pattern of 1ong;shodts andf

dwarf-shoots is almost always the same and | ié
characterizéd by,fixédvgrowth; "Fixed growth tefers.to tﬁé.
elongation of predetermined stem uni£s1 after a‘period 6?
rest, typified by the elongation of a winter bud. Thus}
past annual branching patterns and crown dimensions ar§
easily reconstructed for this species. Only the.fifét
year.of seedling growth and development are chéfacterized
by free growth. Free growth refers to the férmétiéh of §
shoot as a result of the simultaneous ‘initiation ané
elongation of new stem units. Thompson (1976) deséribeé

the motphology‘of‘pine éeedling growth and development.'r?~

The branching péﬁ;ern is‘fundameh£a1 t6 undéfsiandiﬁé'
the Vprganization and structure of the crown }in:>é;:
resinosa. Trees of this species have ésingle trunk Whicﬁ‘
supports a series .of lateral 1ongfbrahches'3that ‘érg
arranged as false-whorls albng .ﬁhe trunk axis. Such’
long-branch false-whorls are commonly, but_incorrectly.
referred to as branch whorls in the forestry 1literature
(Madgwick 1975). The traditional term 'whorl', however,
is adopted throughout this thesis.

1A stem unit is the internode portion of a shoot,

together with a cataphyll and its axillary structure, if
any (after Lanner 1976). : :



"Each 1lateral 1long-branch bears spirally arranged
dwarf-branches. Each dwarf-branch supports a single
faséicié of'usualiy‘two.needleS’ at its stem tip. " The
needle-bearing dwarf-branches usually persist from 2 to 8
years. Since dwarf-branches have a limited life span they
only occur on the youngést few annual stem internodes of
their supporting stem axis. The youngest1few annual stem
internodes of the mainstem or trunk also bear spirally

arranged dwarf-branches.

Lateral long-branches may also bear higher ordér
whorls _of_lateral 1ong-branchgs that develop in a similar
manner to those of their parent branch axis. This pattern
is repeated as a treé grows, but ‘generally lateral
long-branches of higher order than five are rare in  Pinus
(Flower-Ellis etral. 1976) . Althougﬁ‘ dwarf-branches
generally do not give rise to new branches, all
dwarf—branches have the 1latent capacity to develop into
ordinary long-branches. This ability diminishes as thé

dwarf-branch ages.

Both ordinary long?branches and dwarf-branches
originate in tﬁe apical bud as a primordium in the axilrof
a cataphyll. The formation of an ordinary: long-brahch
takes two years before it 4is actually visible as a

long-branch on the supporting stem axis. 1In contrast, the
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formation of a dwarf-branch only takes a single growing
season. Thé formation of an apical or terminal bud in. P.
fesinosg, and subsequent extension growth_rcomprise ‘a
distinct sequence of developmental stages (Duff éndv Nolap
1258;  Sucoff 1971; Lanner 1976). The ovet-winte‘ti'ng}

terminal bud contains all the primordia required for:. the

following season's growth.

The most proximal organs in the terminal bud are a
series of spirally arranged cataphylls (Figure 1A) that do
not subtend axillary budlets and enclose the terminal bud;
These are followed by a long,series’of cataphylls which‘
bear the dwa:f-branch budlecs without needié primqrdia
({Figure 1B), and then by a few cataphylls which bear th§
lateral 1long-branch budlets (Figure 1C).. Reprquctiv9 
primordia are not shown in Figure'l.. Ovulate"coné
primordia, hdwever, are thought to differentiate in thé
axils of the more distal cataphylls, as is the case witﬁ
theilohg¥branch budlets. In contraét, male cone primordiSA
arisé‘in the axils of the cataphylls near the terminal bud
basé'(Figure 1A). The lateral long-branch budlets are the
last axillary structures to be formed. Finally a séries
of ste;ile cataphylls is produced which will develop the
following year into the terminal bud scales'that}enclose

the successor terminal bud (Figure 1D) (Larson 1969).



" APICAL BUDLET |
FORMS SUCCESSOR BUD (§+1)

LONG-BRANCH BUDLET
FORMED AUGUST (i)

DWARF-BRANCH BUDLET
FORMED JUNE - AUGUST (i)

 STERILE STEM UNITS
FORMED MAY (i) -

TERMINAL BUD SCALES
FORMED SEPTEMBER (i-1)

.
N
e

Figure 1. The winter bud of Pinus resinosa Ait. contains all the
structures required in the (1+1) th growing season. The
sequence of primordia formation is described in the text.
(After Farrar 1974, unpublished manuscript)
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-Dﬁring the following growing season, bud expansion
proceeds Dby extensign growth - of the internodal region
between_eadh éataphyll (stem unit), with thevexcéption' of‘
the terminal”bud scéles. The dwarf-branch budlets develop
into dwarf-branches which bear fthe‘ needle fascicles at
their tip. The dwarf-branch only reaches a length of
about 2 3 mm, and.ls enveloped by a sheath of cataphylls
(fascicle-sheath). 1Its apical meristem eventually becomes
vacuolated, dehisced, and reduced in size (Sacher 1954;
Hanawa 1967). _Occassionally, howevef, the‘dwarf4bfanch
apex reﬁains meristematic and forms an interfoliar bud
which develops into-an ordinary 1ong—branch (Thomson 1914,

Little 1970; Curtls and Popham 1972).

The dwarf-branch pPossesses én intetcalary meristem at
its base  just> where it joins the cambium of the parent
stem. As ﬁhe cambium of the parent stem lays ~down new
cells to increase in girth, fhé centrally p051t10ned
meristem of the dwarf—branch extends by a 51m11ar, amount.
Thus, the dwarf-brapch is not buried by stem diameter
Qrowth'asv is an ordinary long-branch. ’Océassionally,
however, stem diameter growth is so vigotou§ tha£ the
dwarf-branches are sloughed off pfeméturely. This usually
occurs in young,’vigorous, fertilized stands, for example

(Farrar 1974, unpublished manuscript).
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At the same time that the dwarf-shoots are
developing, the 1lateral long-branch budlets also extend
and only increase 1in size slightly ¢to- form a whorl
(false—whorl) of lateral buds. They db not exténd to forh
long-branches. The formation of the subtending lateral
buds approximately coincides with the development of the
successor terminal bud which occurs when the extension
growth of the current season terminal bud is almost
complete. Thus, a whorl of lateral buds is formed which

subtends each new terminal bud. ' These lateral buds are

similar 1in ‘structure to the patent terminal bud.
Extension growth of the tSminal and subtending whorl of
lateral buds occurs concurrently during the following
growing season. Thus, the formation of.new branch whorlé
begins two growing seasons_prior to their appearance as
ordinary long-branches. Unless otherwise stated, the term

branch will refer henceforth to ordinary long-branches.

As a tree grows in height, new branches are’ forméd
annually at the crown top and older branches in the ldwer
crown die. The rates at which these processes occur
determine whether live crown length decreases, increases,
or remains static. New branqh whorls are produced at a
constant rate of one per year. The rate of branch
mortality, however, is more complex and varies with treé

age, crown classification, and the degree to which
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available growing space is utilized.

The mechanisms of branch mortality- are 'largei;,
unk nown. tarson'(1969),fhowever,.haé speculated that:eé¢A 
branch ‘in P. resinosa is ‘an autonomous source  of
essential photosynthates and,hbtmqnal_grOWth regulatorsgﬁ
Branches in lower crown positidns produce little of these
metébolites because their .feduCed light enVirdnmeht
severely limits photésynthesis.' Uhder ﬁhese conditions
branch growth is impeded which further limits the §upp1§
of watertand nutrients to th« lateral brahch. EVentually

the branch dies.

‘Crown size, measured by.length énd width, Qarieé witﬂ'
the competitive status of the tree. ‘Both live crown ratio
(percent of total treé. height occﬁpiéd by>vfunctiona¥
branches), énd crown radius décreaseﬂwhen treés‘are‘grQWﬁ__
at closer Spacihgs-\(curtis band Reukema 197¢).  For v%' 
particﬁlar sfahd‘ spaéing these ‘dimensioﬁs 'are fair1i 
stable. Theynmayvchange,‘hOWéQer, in fespohse‘to:culturéi
treatments. such as thinning and fertilization (Reukeﬁél

1964; Barker 1978).
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Regulation of Crown Structure in Pipus resinosa Ait.

The dwarf-branch habit and the‘ excurrent branching
pattern of P. resinosa may be explained in termé o§
strong apical control (Brown et al. 1967). Strong apiqéi
control usualiy refers to the inhibition‘of growth of
axillary buds by the shoot apex (Phillips 1975). With
reference to the leading terminal shoot in.g, :ggingsa;i
apparent correlative inhibition exists | bétweén the
long-branch forming 1laterai buds and the needle-bearinj_
dwarf-branches below. The latter appeat to be inhibited
because they are able to develop interfoliar budé or
ordinary long-branches when both the terminal and latérai

buds above are removed.

Further growth correlations occur between the
terminal bud _and the subtending‘.whorl of_léteral buds
during their concur:eht extension growth. Notmallf, thé
terminal leadervvis longer than any of‘the ngwly_formeé
lateral long-branches. Loss of the leéder results in
increased extension growth of. thé laterals ‘while the
removal of the laterals has 1little efféct_*upon léadér
extension .growth. This phenomenon is usually referred to
as compensatory growth in the forestry literature

(Little 1970; Brown 1971; Jankiewicz and Stecki 1976) .



- 14 -

The leading terminal bud of the mainstém axis is
usually' ‘the largest, dévelops 'thé' moét prefqrmeq
dwarf-brénches, becomes the lonéest shoot, and tends t&
suppdrt the most lateral. 1ongfbranches~(J$nkiewicz and
Stecki 19765. With few exceptions, there is a]freguléi
decrease in these parameters for branch whorls riﬁ
progtéssively lower positions'of'the crown '(Forward and
Nolan 1964; Réhfeldt and teSter 1966; Little 1979;
' Kozlowski and Ward 1961; Jankiewicz ahd Siecki 1976#
Riding 1978). . The overall mechanism of apiéal ééhtrol;‘
however, is complex and appegrs to involve bdth .ho;mohai
and nutritional factors (Little 1978;  Brown 1971;
Phillips 1975; Pharis 1976; Jankiewicz and Stecki 1976;

Kramer and Kozlowski 1979).
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Modelling Branch Growth and Development

Several studies have revealed some interesting
relationships about branching networks of botanical living
structures. Cohen (1967) briefly defines some theoreticai
rules which govern two—dimensioncl branching patterns.
The model incorporates variables such as ‘branch length,
branch angle in relation to the'pareht axis, and branching
probability.  These variables are largely determined by
the density of the branching netwotk,.and the precious:
angle of the free end of the branch. By specifying the
maximum and minimum values of the parameters, a widé'rangé,

of branching patterns can be simulated.

More recently, Bell et al. (1979) have developed a
two-dimensional data structure analogue for :modclling
plant architecture. The structural unit of a plént"ié
defined to be the apical meristem, and its pioduc;, which
is referrcd to as a shoot-unit. Both quantitative and
qualitative parameters of each shoot-unit sUch‘as meristem
fate, potehtial, location, duration and 1length comprisé

theydéta base.
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The system is operated in_ either an Vempiricel or
purely subjective manner. 1In the former'case, the deta1ls
of simulation are based on measurements of plants in. the
field and lead to a graphical representatlon of the
architecture possible for a given.species, In the latter”
case, the data on which thef simulation is"based-ie'
entirely subjective. Details - of the simulation - are
adjusted until the graphic model appeers accurate when
compared with actual plants. Subjective simulation may be

confirmed subsequently by field observation.

,The‘ model can be expanded  to simulate the
three—dlmensional aspect of plant archltecture. Modelliné
plant architecture in three dlmensions, however, 1nvolves
compilation of a data base ~organized 1n 'rooted-tree‘
form. A rooted tree data base is a special kind of lznked
data structure that allows for the full 1ntegrarlon_and’
control over tne seleorion of parameters required, duriné
simulation. VSmirh and Scoullar (1975) have previousiy
suggested the use of a rooted-tree‘data'strncture analogue

for modelling the crowns of young conifers.

A link is the length of the branching path between
any two branching nodes or forks. Branching‘patterns in-
trees have also beenvquantitativeiy analysed by assigning

a heirarchy of integers to  the various links which
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comprise a branching network. Originally  this teéhhiqué
¢f"ordérin§. linksi or branch segments was developed by
Horton (1945, quoted by Leopold 1971) and later«modifiéd_b;
Strahler (1957, quoted by Barker et al. 1973) to study
river networks. Leopold }1971) used Horton's method t§

describe the branching patterns of Abies concolor

Lindl. Gord. and Pinus taeda L., and found that they
obeyed the same laws as river networks. Strahler's méthod
has been used to describe the branching network of yari6ps
deciduous tree species in a similar manner (Bafket’eﬁral.
1973; McMahon 1975; McMahon and Kronauer 19765;‘ By thié
method, the end branches are order one, and two of thesé
meet to form an order two branch, and so on up to the main
stem. This is a new meaning for branch order in contrast
to the older meaning where branches are ranked from thé
main axis on up to the end branches. These studies reveal
a strong, negative, linear correlation between the ndmbef
of branch segments per order and order serial number. 1In
contrast, the logarithm of the mean basal diameter, mean
length, and the mean number of buds for each branch
segment per order show strong, positive, ‘linear

correlations with order serial number.

McMahon and Kronauer (1976) show that the decreasing
diameter of ‘branch ramifications is related to the 3/2

powerrof'the total length of the branching path from its
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tip to thg point where the diameter measurement is made.
Elastically similér‘columns which uniformly'reéist bending
stress prove to be proportional to the 3/2 power of thei}
length (McMahon 1975). Thus, trees appear to preserve

elastic similarity in their branching structure.

The total number of current season léng-branches“ of
young P. resinosa is easily estimated from Such variabiés
as cuirént season tree height, previous season's tteé
height, and stem diameter at breast height. By‘addihg thé
number of mainstem internodes és an~in£e;action term with
ahy of the ébove indepéndent VVariables more precisé,
estimates are obtainéd.(Miller 1965). 1In a éomprehensivé'

study ' of provenance differences in Pinus contorta Dougl.

and Picea sitchensis (Bong.) Carr., Caﬁnell (1974) reports
a strong, positive, 1linear correiation between the meaﬁ
number of lateral branches and the mean 1length of ,thé
parent shoot on which the laterals were predetermined as
buds prior to extension growth.' The  number  of
dwarf-branch budlets within the leading terminal bud of
the mainstem axis in P. resinosa is highly correlaﬁed
with parent bud length and total tree height (Mation
et al. 1968). The length of the terminal leader and the
number of dwarf-shoot branches that it bears is also
positivély and linearly correlated with the length of the

parént terminal bud (Clements 1970).
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Length of the terminal bud can be used as an index of
height growth in different genetic materials, as ip
provenances of P. resinosa (Rehfeldt and Lester 1966).
Terminal bud diameter and bud length of both the mainste@
and first-order branch axes of P. resinosa are also
useful indicies of extension growth potential in young g;
resinosa. A strong, linear relationship exists betweeﬁ
final shoot length and either parent bud length or

diameter (Kézlowski et al. 1973). 1In young Pinus'strobus

L., however, Little (1970) reports a strong, allométric
relationship between these same variables. The length of
the curreni Seaéon terminal leader of the mainstem axis is
also linearly correlated with therlength‘of the previoué
season's terminal leader. The final length of a terminal
mainstem axis shoot 1is 1linearly related to the finél
length of the longest lateral shoot inserted intd the same

whorl (Little 197@).

In all of the aforementioned studies there is no
attempt to simulate the three—dimensional orientétion of
each branch unit nor the geometry of the tree crown. The
first completely geometrical simulation Ofvtheofeticgl
tree-like bodies was presented by Honda (1971). Honda
demonstrated that a wide variety of crown formé may reéult
by éllowing parahéter values to vary for a few simplé

rules of branching angle ard extension growth. He varied
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only four parameters: the two angles which daughter
branches wmade. with the mother and their lengths relative
to.the mothEr and, once fixed, these remained consténﬁ
within each 1individual tree simulation. - Honda assumed
that (1) branches are straight, (2) branching occurs in
concurrent generations, and (3) a mother branch forks
into two daughters in the plane whose steepest. gradient

coincides with the directior. of the mother branch.

More recently, Honda's model has been refined and
calibrated to simuiate the branching pattern ahd geometry

of Terminalia sp. (Combretaceae), a tropical tree (Fisher

and Honda 1977). Two vigour classes of sympodial
branching units are recognized in this . genus
(Fisher 1977). The trunk and the branch axes are assumed
to be straight and to extend at an empirically determined
constant rate relative to the lenéth of the mother axis§
The bifurcation angle is expressed as a linear function of
the wvertical position of a branch from the mainstem apex.
The bifurcation angle 1is relatively stable below the
fourth branch whorl and 1is assumed to remain constant.
The state of a branch 1is measured by the order (i.e.
rank ) of bifurcation, the direction of the daughter unit
which is indicated by the sign of the branching angles,
and the vigour class of the mother branching unit. A

detailed quantitative study of Terminalia sp. is
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:preSented by Fisher (1977).

Height growth is related to crown form through the
mechanism(s) of apical control. Mitchell (1975) presents

an individual tree growth model for Pseudotsuga menziesii

(Mirb.) Franco. that establishes quantitative
relationships between various parameters of the crown and
the bole. The annual extension rate of aZfirst order
branch is defined to be inversely proportional to the
vertical position of the branch from the mainstém apex.
Empirically determined constants specify the ihitial rate
of branch extension.  Integration of the resulting
exténsion_rate function defines thé cumulative length of a
branch. Factors are introduced which :compenSaﬁéé for
crooks and irregularities which shorten branches slightly.
Pést‘crown profiles are easily reconstructed by specifying
the annual change in the vertical distance of a branch
from 1its mainstem axis apex. Mitchell's model, however,
assumes that branches extend 'in length at a constant
decreasing rate from the mainstem apex to the base of thg

crown.

Crown volume isbestimatgd by treating the cumulative
branch length function as a volume of revolution about the

mainstem axis. An annual shell of crown volume which is

an index 'of’ fdliaée volume is calculated from this
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information. Foliage volume is limited to the outer five

shells of the tree crown, sinée~ the 1life span of

Pseudotsuga menziesii foliage 1is about five yearé.
'weightihg ‘factors for foliar vdlumé are introduged to
account for feducti§ns in photosynthetié ”effipiency ,ahd
retention as foliage ages. 1In the model, foliar volume is
linearly related to bolewood increment (volume) for
open-grown trees. The model_ opefates by aliowing the

components to interact and vary with time.

'In‘hature,the'battern of érown growﬁh and déVeiobﬁeht
is. not ‘the 'same‘fo: eaéh free within a stand because of
genetic andenvifonﬁehtal_factors,_ For a population of
trees, the parameters of the ~component -fuhc;ionS< of
Mitchéll's indiVidual.tree gfowthimodel are éharégterizéd
by the normal distribution (Mitchell 1969,,4975).' This‘
relationshiﬁ,allowed Mitchell to ’stqchéstically ~simulate
naturally ngccurringv variation ofv'qrown Qroﬁth' and
development for treéé within an entire stand. The growth

of even-aged white spruce (Picea glauca (Mdench)'Voss;)

has been simulated in a similar manner (Mitchell 1969).

Cochrane and Ford (1978) outline a comprehensive

stochéstic model to describe the development of the

branching structure of young, P. sitchensis. Their model

defines thé ‘rulésl for.specifyihgrthe number of branches
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that occur per mainstem whorl, branch orientation, as
measured by the azimuth around the circumference of thé
tree in a single pléne; and the mean angle éf insertioﬁi
into the mainstem. Branch extension increment in the
first season is treated entirely as a stochastic p;oces$
and is simulated by the gamma probability déhSity
functibn. Subsequent branch extension increments are
based on the relative extension rate of a'branch (Gj;

defined as:

(1) Branch extension increment in the I th season

G(I) = Length of branch in (I-1) th season

The branch extension increment in any season (I) then has

the gamma distribution with parameters:

(2) - - &
I-1
G(Igﬂ(l + G(J)
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Forest Biomass Studies

Forest biomass studies have contributed SUbstahtially
to the understanding of the distfiSdtﬁoh of cro&ﬁ foliagé;
The total dry weight of living foliage supportéd by 'thé'
crown of a 'copiferous tree is allometrically related t§
various parameters of the bole éuch.as diameter at breast
height (Kittredge 1944; Shinozaki et al. 1964a,b}
Loomis et al. 1966; Honer 1971; Kinerson et al. 1974)}
diameter at the base of therliﬁe crown (Shinozaki et al.
1964a,b; Loomis et al. 1966; Madgwick 197@; -Erowﬁ
1976), and to the length of the livé crown (Loomis et él{
1966). A similar rationale has been extended td‘ ésﬁimaté
the total foliage dry weight suppqrtéd. by'individuai
branches that compose the crown. The . moSt--xusefuif
estimator of total branch- fdliage' drY"weight'is'basai{
branch diameter at a position'about 5 -10 cm from ,thé
point of insertion into the bole (Loomisnet al. 1966{ 
Riedacker 1971: van Laar 1973;  Madgwick ‘and-fJacksoh 
1974; Gary 1976; Ek 1979). The inclpsiéni of some
measure of branch position within the créwn significantly
iﬁcreases the pfecision of the egtimatioh‘of total branch

foliage dry weight from basal branch.diameter'(Ek'1979).\«-
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Madgwick (1968) has modelled the vertical
distribution of foliage within P. resinosa and _Pinus

sylvestris L. His model is based on the allometric

relationship between total foliage dry weight 6f‘thé
tbpmost mainstem whorl of branches (one-year-old) and thé
length qf the terminal 1ead¢r. The annual dry Weigh£
foliage increment of a branch whorl within thé‘upper crown
increases exponentially at an empirically determined
constant rate of 168 percent. The foliage increment' of
the lower branch whorls 1is reduced by ‘empirically
determined constants to account for competitibn (Madgwick

1974).

The pipe model.theory of tree  growth simply states‘
that the quantity of foliage existingvabove‘a certain
horizontal level‘ within a plant commﬁnity'dis alway$
proportionél to thé sum of the cross-sectional a;ea_of,thé
stems and branches found at that levél (Shinozaki et al{
1964a). This theory has formed the basis f°f,m°delling
foliage dynamics in P. taeda L. (Kinerson et al. 1974).
The normalized cumulativey foliage dry weight at each
branch whorl in P. taeda L. is related to its normalized
vertical position within the 1live crown. 1In order to
generate the foliage distribution within the forest
canopy, the above relationship is re-scaled from empirical

data in terms of live crown 1length, and total foliage
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biomass 'fof each tree within the stand. Stem diameter at
breast height is used‘to estimate total crown foliage _dr9
weightﬁ'per tree. The ~canopy fol1age distribution for any
part of the stand is calculated by summing ‘the reuscaled

model crowns for respective trees.

Kinerson et al. (1974) express hew' foliage
production 'and foliage loss as a simple function of time
elapsed during a specific gfowing season. The normalized
total crown foliage dry weight increment, and normalized
foliage dry weight 1itterfa11 sre related in a sigmoid
manner to lnormalised time (days) elapsed in a specific
‘growing season. Normalized terminal leader elongatlon of
the mainstem axis is 11near1y correlated with normalized3
t1me (days) elapsed during a specific gtowing season. Bj
combining this informatlon, the distributlon of follagec»
biomass by age class and position within the crown ‘or

canopy is simulated. The model has been further‘extended

to estimate the ve:tical distribution of branch-wood
biomass within the crown of P. taeda (Kinerson and
Higginbotham 1973). |

In a similar manner, Kinerson and ‘Fritschen (1971)

have modelled the'foliage area distributidn’within crowns

of P. menziesii. By treating the canopy as a"composite

of trees of average height and crown length Stephens
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(1969) concluded that the vertical distribution of foliage
in even-aged P. resinosa canopies can be characterized by

the normal distribution.

Satoo and Imoto (1979) recently introddced a . new
concept to model the disttibution of foliage within thé

stand canopy of Cryptomeria japonica (L.f.) D. Don. The

canopy is treated as a 'compoSité of crowns of averagé
shape. Crown shape is approximateéito be a cone from thé
relationship between cumulative foliage biomass from the
trée top,xcrown léngth, and crown radius. Foliar bioﬁass
at a specificrhorizontal levelvis estimated from a single
surface of revolution forlthis cone. By 'speCifQihg thé
height and 1location of trees,' and the average coné
inclination for the stand, the vertical distribution ofv
foliage within ~the crown, croﬁnrlength; and crown widtﬁ

are reconstructed.



- 28 -

"MATERIALS AND METHODS

Crown Terminology, Mathematical Notation and Crown

Relationships

The branching network of the crown in P. resinosa
may be analysed 1in terms'_ofﬂ'the annual extension
increments of the various long-branch axes including thé'
main stem or trunk of the tree. The past record of-thé
annual extension increments of any order lqng-brénch axis.
and the mainstem axis is easily reconstructed because é
new whorl of lateral long-branches 1is produced gnnually
along the parent axis. Each new long-branch whori:
identifies an annual node of the branching network and
each node 15 separated by a ‘stem internode. 'Each.steﬁ
internode répresénts an annual extension increment of "thq“
parent loné—branch axis. Each node of the mainstem axié”
and any order long-branch axis is referred to-és a1 annual

node and the subtending stem internode is referred to as

an annual internode.

The main axis of the crown is the main stem of the
tree itself. Annual internodes of the main stem are

numbered consecutively from the mainstem base (Figure 2).
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The ;@éhgth of the i th maihstem internode from the tree
ﬁbéézm;};l'be denotéd; AH(i). It represents the annual
| height bincrement of the tree, AH, at the end of fhe i th
growing season. Since stem . internodes are formed

annually, the address number, i, also represents the age

‘of the tree at the end of the i th growing season. The

total length of the mainstem or total tree height, H, at

the end of the i th growing:' season is simply:

n
H(n) = X AH(i).
i=1

A long-branch whose parent axis is‘the main'.stem qf
the tree is referred to as a first order long—branch;_
Long-branches of higher order than one are not; con:idered_
in the present study. The architecturé of each fitst
order long-branch parallels that of the main steﬁ;
Several long-branches occur per whorl and new first ordef
long-branch whorls are forﬁed annually along the .mainstem
axis. Thus, it ié ﬁecessary to distinguish first order

long-branches within the crown of P. resinosa.

Annual intg;nodes of every first order 1qng4branch
are numbered consecutively from the long-branch base. The
length of the k th stem internode from the base of the
j th first order 1long-branch insetﬁed in the i th whorl
along the mainstem axis will be denoted, :sz(i,j,k).

AL(i,j,k) represents the annual extension increment of



- 31 -

the specified long-branch a£ the end of its k-th :growing
season. . The 1ong—branch address - number, k,‘:aisc
represents the age of the first order long-branch at' the
end of its k th growing season. The total length of any-
first order long—branch or total branch length, L, at the
end of 1ts m th grow1ngv season is s1mp1y§
LG, 5m) = SAL(GLSK). |
k=1
It is eometimes necessary to“locate a first vcrder-
long-branch.stem internode that ektended‘concurrently with',
a 'particdlar meinstem internode. ' The f1rst | oraerf
long—branch stem internodes which extend concurrently with'-
the mainstem internode, AH(i), i,=‘,3,4,5..5,2_‘ﬁ belong
to the set of first order longobranch internodeS"
{ALi-1,j,1), AL(i=2,3,2)yeens AL(i-—k,g,k),...,)
AL(2,3,1)}. The values of j run through the approprxate'
integers, 6,1,2,... up to the number of longfbranches:'iﬁ¢:

the particular mainstem whorl.

Conversely, given a first order long—branch stem
internode, [kL(l,j,k), the concurrent height increment off

the tree is Z§H(i+k)

This series begins with the 1nteger 3 because P.
resinosa seedlings do not normally produce first order .
long-branches at whorl address (1l,j.k). P. resinosa’
seedlings, however, do produce first order long-branches
at whorl address (0,j,k), but these are ignored because
they are usually very small and soon die. ' '
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Study Site Location and Sampling Method

Thirty-two P. resinosa trees were selected from fiyé
different planted stands 1located in the Quetico Sectiop
(L.11) of the Great Lakes#St.'k Lawrence .Eorest Regioh ‘
(Rowe 1972). Trees with straight boles and health§
symmetrical crowns were ~chosen. The scarcity of P.
resinosa stands in northwestern Ontario made it imppssible

to select the sample trees from one uniform site.

Two stands (Stands A and B) were plahted ‘at regular
spacing on similar Asites at the Ontario Ministry»ofi
Natural Resources, Thunder Bay, Forest Tree_Nurserf;»
Stand A was classifiea as open-grown at 6.6 ?by-j6,6,h
spacing and was approximately'29~years-old'at tbg timév §f 
sampling. Two trees were felled in this stan@ in eariy;f'
May 1978. The trees ranged between'lﬂ,47 to 412.@3 m iﬁ
height. Thé trees ffom stand B were grown.at 2,3 -by- 2.51
m spacing and ranged in apparent agé from 29 td 3¢ years.
Three trées were felled from this stand in early MaY'1978"
and another three were felled in early May 1979. These
six trees ranged in height from 14.18 to 17.59 m

(Table 1).
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‘The remaining stands were Aplahtedv at irregular
spacing at three 1locations in the vicinity-of Aﬁikokan,dl-
Ontafio (Figure 2). Stand C was located near Sapawé% }
Ontario approximately ‘22 km east of Atikokan. The treeéfj
were approximately 2@0-years-old and ranged E betweeﬁ
8.24 to 9.73 m ih height. Stand D was locaﬁed near
Kawené, Ontario approximately 39 km east of Atikokan. The §
trees were 16 to l2-years-old .and ranged between .
3.48 to 4.89 m in height. Stand E was located near Nym
Lake, Ontario approximately 15 km east of Aiikokén; Thé: 
trees were 12 to 1l4-years-old and ranged betweeﬁ '

4.96 to 6.4 m in height (Table 1).

Stand CharactefiStics and Site Evaluation

An,vindication{_qil_site index was ‘provided by
. | (Clgy )
for each tree (Alban 1979). Growth intercept values were °

calculating the growth intercept at breast height (GI

pooled by site (Table 2). 'Ana1YSis of variance indicated
no significant differences of growth intercept values :

between sites (P = 0.05).
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Nym Lake study site - 13-year=-old red pine

Figure 3. Location of study sites.
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Crown Analysis and Measurement

Sample trees Qere felled and the=firs£ ofder branchgs
were ranked accofding.to their age. Small branches wéré
severed from the bole with clippers. Large branches,
however, were cut with a chainsaw which removed a saw ker£f
of 8.75 cm. First order branch anﬁualr intérhbdek lengths
were measured  to the nearest half centiﬁetré; Bothbiivé
aﬁdA dead branches were measured. Anomalous .features
including forked or partially defoliated but 1living
branches, branches adjacent to a damagéd mainstem .ieader;
browsed.'branches, and interfoliar brahéhészwerebnoﬁed,
The foliated'portions of living'branéhes were ciippéd .ahd

collected'in kraft paper bags.

Mainstem internode léngths wéfe heasuxed With,~é
steel-reinforced | qloth tapé, to the neatestA half
centimetre{: The>diameter of the bole at éach;'whdri_ was
measured‘ wiﬁhv é éteei diameter tape té tﬁe néat¢st ﬁéhth
of a centimetre, after all branches:weré séééred from 'ﬁhe

bole.
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Léboratory Procedure

Foliage was air-dried andrthe needle fascicles were
then removed from thg supporting shoots. The foliage Qaé
replaced into the bag, and both folfage and bag weré
oven-dried at 185 C for 24 hours. Bag plus foliage dry
weights were determined to the nearest tenth.:of a  gram.
Net foliage dry weight was obtained by subtracting the
mean oven-dry weight of a random sub-sample of ‘bags from
the total dry Qeight. The mean oven-dry bag weight, based
on a sub-sample of 423 bags was 23.6 g. The standa;d

error of the estimate was 6.5 g.



-39 -

Initial Data Preparation

The length of the first internode of each first brdér
branch, ZXL(i,j,l),. has threé components: the internode
segment buried in the bole, the kerf lost if the branch
was severed from the bole with the chainsaw, and the
internode segment measured in. the field. Field
measurements of AL(i,3,1) were corrected by adding
one-half the bole diameter at the appropriate whorl ﬁlds
the kerf where necessary. In the case Qf branches removed
with clippers, the kerf is negligible and it was ignored.
In the case of branches removed by chainsaw, a kerf of

.75 cm was included in the corrected internode length.

The number of branches in the i th mainstem whorlﬁaé
determined by examination of the live whorl$ only. ‘Dead
brahchgs and)mainstem internodes with 6bvious‘lsigns of
past 1leader damage, and branches thich were.coded as
having other various anomalous vgf&wth features were

excluded from analysis.
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THE MODEL

The system in Figure 4 and the following biologlcal
and mathematical relations describe the Ihypothesized
development:of the crown,in_g; _resinosa. Crown dynamics
are controlled by a combination of 'genetic'_and
environmental factors. The excurrent branching pattern of
P. resinosa may be explained.in terms of strong apical
control (Brown et al. 1967). Annual height increment is
largely determined by site quality, age, and the genetic
constitution of the individual tree (Carmean 1975,

Mitchell 1975).

Modelling height growth was not the primary objective
of this study. Height growth based on measurements of the
mainstem internode lengths and age in P. resinosa has
been successfully ‘modelled‘ by Hahn and Carmean (1980).
Their model is based on generalizations of the Richards'
functzon (Richards 1959; ‘Monserud 1975) and reflects the
changes that occur in the cumulatlve helght increment of a
tree as it ages (Assmann 1978). Site index 1slinc1uded as
an independent variable and accountsv for the rate and‘
pattern of height growth that is directly related to site

quality (Carmean 1975)..
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‘GENETICS
ENVIRONMENT

Hei) L AH(i+1)

{AaLG.gD

|

AL(,3.K) K

L(7,34k)

I

F(i,3,k)

Figure 4. Material components and communicating processes of the

crown dynamics system of Pinus resinosa Ait. Arrows
indicate either a positive, +, or negative, -, feedback
mechanism. For interpretation of symbols see text.
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Cannéll (1974) has suggested .a positive, linear
relationship betwéén the number of lateral branéhes,'éhd
the length of therparent shoot dn which the laterals wete
predetermined as buds prior to extension growth. Thus,
the number of branches in the i th mainstem whorl, N(i);
may be expressed as a function b§f the lengﬁh of the
terminal leader on which fhey oécurred as lateral buds in
the season prior to their extensibn growth. This past
terminal leader 1length corresponds kfo_ the mainste@
internode length which subtends each bfanch wh&rl,vzsﬂ(i);

Symbolically,
(3) N(i) = £,(AH(1)), i = 2,3,4...

In the genus Pinus, however; ' the incéptidﬁ of £he’
branch—fotming buds occurs two years pfio:ffto' theii
extension growth; Thus, the number of branches in thé_
i th mainstem whorl as a function Qf the length of tﬁé
terminal leader at the time of lateral bud -inception
should also be investigated. This past léader length'
corresponds to the second mainstem internode . below eadh
appropriate branch "whorl,. '[§H(i—1j; The general

mathematical relationship is

(4)  N(i) = £,(AH(i-1)), i = 2,3,4...
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The extension increment of branches in their first
growing season, AL(i,j,1l), is aésumed to ‘be unobstructed
and ihfluenced‘ by the concurrent height increment,
AH(i+1). Evidence of strong apical control supports this:
hypothesis (Kramer and Kozlowski 1979). In ‘mathematical.

terms,
(5) AL(i,3,1) = fa(ZXH(i+l)), i=2,3,4...

where AL(i,j,1) represents the extension increment of the
j th branch in the i th mainsten Whorl'during its first
groWing season, and AH(i+l) represents: the concurrent

height increment. -

Subsequent extension in¢rements,of:a lateral branch,
AL(i,j,k), depend upon its age, k, totai branch length at
the beginning of the growing seasoh; L(i,j,k-1), tfeé 
vigour, and environmental conditions (Coéhrane and Fdrd
1978). The telative annual_rextensiOn increment of the
3 ﬁh branch in the>i th mainstem whorl at the end of iﬁs

k' th growing season, G(i,j,k), may be defined as:

(6) G(i,j,k) = AL(i,j,k) k = 2,3,4...
. L(i,3,k-1) '
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‘Cdrsory inépection of the‘ cu;rent séaéon exteﬁéion
incrgmept: of the first order bianch axes of a coniferous
tree reveals a gradual decreasé in length from the top 6f
the crown to its base (Kozlowski and Ward‘1961; Fofwata
and Nolan 1964; Mitchell 1969, 1975). This is one reason
why the crown rengbles’é paraboioid more closely than a
‘cone. Since the age of a branch reflects its position
within the crown, the relative annual branch extehsion
increment (Equation 1) may be expressed as é  functiQn of

branch age, k. In mathematical terms,

(7)  G(i,i,k) = £,(k), 'k = 2,3,4...

The dry weight of_foliééé'sﬁppo:téd by a branch can
be related- to variqué exterior branch:_dimensions
(Riedacker 1971; Lédig.1974; Ek 1979); Riedackéf(lQ?l},
however, .pointé out that branch ,aée is an imboftanﬁ

parameter to consider in such regréssions.

The original quantity of foliage, however, does not
stay constant as it ages (Kinerson et al. 1974; Reed
19809). Some foliage biomass is 1lost through either
abiotic or biotic ' factors. Thus, branch age must be
incorporated into ‘regressions vthét' estima;e the‘ total

foliage dry weightv supported by"a branch from some
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exterior branch dimension. Brénch agé'is‘ useful becauée
it reflects the relative position of a branch within the
crown. In this study, the total dry‘:weight.'of fbliagé
supported by a first order bfanch is estimated from‘the
current season length of its axis at the time of sampling:
The effect of branch age on the relationship between total
foliage dry weight and branchllength is unknown. Thus, it
is useful té_deQelop‘é family ofiequations which relateé
theAtptal.foliage dry weight of the j th _branchw inserted
into the i th mainstem whorl, F(i;j,kf, to,its_lengtﬁ,
For a tree at the end c¢f its n tl growihg seaébn,’ﬂthé

. [
general relationship is:

(8) F(n-k,j,k) = £, (L(n-k,5,k)), k = 1,2,3...,n=-2.
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RESULTS

B;anch Produétion

The sample trees were stratified by stand 1location
and randomly divided into two independent data sets which
are referred to as the calibrétion.“data set éhd ‘the

validation data set, respectively.

A regression analysis of the calibration data plotted
in Figure 5 revealeq no relationship betweeq)the number of
branches per whorl, N(i), and total t;ee age at the timé
of whorl bud inception, i-1. The regression was not
significant (P = #.85; Equation 1, Table 3). Simplé
linear regression df the nuﬁber df'b:anches per whorl aé"a
function of the length of the terminai leader_qt the timé
of whorl bud inception, AH(i-1), (Figure 6) revealed a
weak, but significant relationship (P = #.65; Equation 3,
Table 3). A better 1linear relationship, however, was
found between the number of branches pef-‘whdrl and} the
length of the terminal leader on which theY'océurred as
whorl buds in the season prior to their extension growth,
AH(i), (Figure 7 and Eqﬁation 2,vTab1e 3). Since even

the best of these correlations was weak, the number of



- 47 -

, s, . ~°(39S w3eQ uOL3RAQLL®) :3D4nOS) °T-L ‘uoildadul png [J4oym . _
40 3wy 9y3 e abe 9943 [vI03 JO UOLIOUNS ® S® ‘(L)N *{Joym 4ad S3YOURJq JO J3qUNU BYl  °G aunbL4

(S¥v3a)  1-1

0°0¢ 2°2 $°81 9°21 -89 - 0°1
r - ) . -. . — n " " ) y ) T . 2 H
* s = s . 42
- » * * ® PN » 2 = £
» PY e s 2 2 e * » » ® 2 € &« £ s & 47
=
* * s s T = e £ Z + 2 £ € = 2 9 9 ¥ % + £ 469
« &+ s s T 2 r s 2 s 2 s+ s+ s 409
* s+ s % @ s 2 2 2 2 =+ 0+ T L Z 2 s s » a 4 1/
. 3 k4 +» € ¥ * 4 8




LaA3] G0*0 Y3 3@ JUedLHLUBLS J0U 4 SU

(I-LHVY
(LY

{s4eaf) uol3dadui png LJoym 4O BuwL] 3Y3 3e 3be ddu3 = [-L

(w) wuor3dsoul png [JOYM JO BWL} BYJ 3 Jdpe3| [PULWUD] 30 spm:mF

(W) SPNQ [AOYM S® PAUUNII0 SBYIUBUQ [JAOYM 3Y} YILUM UO J3PR3| |RuLWwdd] 40 y3buadl -

[40YM Y3 L BY3 03Ul Pajuasul sayoueuq jO- saqunu = (L)N I
1
o0
<t
]

£ 08T  €t°1 21°0 8¢ + [(T-L)HVIpI e = (LN (T=L)HV : (LN

2 08T  t€°1 €2°0 16°2 +[ (L)HVIV9°Y = (LN (LHV (LN
I 08T 200 g, 00°0 £e*§ + [T-1][c 01 x 0€°9] = (1N I-1: (LN
Jaqunu . . )
:o*mwzcu u X am N; uoLienb3 ﬂamzmcowumﬁm«

°(38S ejeq uoLrjeaqile) :924nog) A13AL3o3dsau
‘uoL3dasuL pnq [Joym jo Bwi} 3y} e yjbua| Jopes| [eulud] pue ‘yjMmoub uOLSUIIXD 03 JoLud Spng
LA0YM S® PaUUndI0 S3YIURUq [JAO0YM BY3 Yolym uo yjbua| Japed| |euiwudl ‘uor3dasul png [JOYM

40 dwLl |y3 3@ 3be 9343 |00 JO SUOLIOUNY Se [JoyM J4ad S3YdURUQ JO J3qUNU 3Y} JO uoLjewrlsy °E a|qel



- 49 -

*33S ¥JRQ UOLIRAQLLRD :824n0S) *(T-L)HW*UOLIdBOUL PNG [JOYM 4O BWL} 3y} 3@ USpe3|
[RULWAd} 3Y} 40 Y3bud| 3Y3 40 uoiLlouny ® se *(1L)N ‘{4oym uad sayduedq j0 udqunu Y]  °9 BunbL4

(W)  (1-1HWV

* : s . ts 23 33 ss ) : ) ..L w

08°0 G9°0 05°0 - 1£°0 61°0 . - 0°0
g T p P | T T T H
. 'Y » ° . 12
. ® 4 ' * * . o €
* % s 8% s ® *2s s st 2 s s s = se AP
=
~~
—ta
S
s =22 & 2 2 £ ss ..un sZ8 332 T = ¢ 2 Z 22 =2 % ®s T2 s -4 » o m
8 T 88 Db s T2 22 22 » s 292 s £ s * P do
s s ¥ 2 Cer s 202 T 32 s . . 4 /




- 50 -

*(39S ®3eQ coSZn:co :324n0S) *(L)HW
.ﬁ;o;m :oS:wuxm 03 J0Lad SPNQ [AOYM S® PBUUNIO0 SIYIURUG [JOUM 3Y} YDLYM UO 43pe3| ,
[eulwad3} 3yl o yabual ay3z jo uorzouny © se *(1L)N *l40YM Jad sdYdueuq 4O JBqUNU YL  °/ 24nb L4

() (AW

80  §9°0 15°0 980 22’0 £0°0
¢ B . B v 1 1
« o . « o
T . . * o oo . s 4 €
. T ¢ o ses ¢ o8 T o s T2 ee r Y 4 v
. RS- S M 608 VEC oLs 05 s S08 £ o8 sos o ‘o . 4 g
® oS¢ T esTeTs0eT e s Te I IT 2L s o 4 9
44 c e 42T s ees EF oF e s T = * 4 L
6  ses 0 e & sse s s ] s

N



-51 =

branches per whorl was treated as a purely stochastic

- phenomenon.

The Monte Carlo method is a common technique used té
simulate stochastic processes (Kleijnen 1974). Each
stochastic variable is represented by an appropriate
probability density function (p.d.f.). The Values,ofr
stochastic variables are then simply drawn at random f:om

their respective simulated distributions.

Figure 8a shows the frequency distribution of _whorls
sorted by the number of branches per whorl from thé
calibration data set. The number of branches per whorl
can be simulated by specifying an‘appropriaté;discretg
probability density function and”the numerical .vglues, of
its parameters. The Poisson distribution is bidiogically
meaningful because it ailows the generation of discrete;
random variables between zero and infinity. Paramefers E6
calcﬁlate the Poisson probabilities were estimated frdm
the sample whorl population data from the calibration data
set (Table 4). The methodolégy outlined by ‘Kossack and
Henschke (1975) was used to fit the Poisson probability
density function to discrete, empirical ' data.

Goodness-of-fit was tested by the chi-square statistic:
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Table 4 . Frequency distribution of whorls sorted by the number of :
branches per whorl from the calibration data set. g

Number of Frequency of Total Number
Branches Whorls of Branches
per Whorl

0 0

1 3 3

2 10

3 10 30

4. 26 104

5 52 260

6 41 246

7 30 210

8 13 104
Total 180 967

Mean number of branches per whorl for the sample
population = 967/180 = 5.372
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2 n
(9) X" = Yoo, - £,

i=1

where 0, represents the observed frequency of wvalues in
the i th class, and Ei represents the expected frequency

of values in the i th class (Koséack and Henschke 1975).

The results of the chi-square test are presented ih
Table 5. Since_ the calculated chi-square value of 47.82
is greater than the tabulated chi-square value of 12.59
(-X%.oas ) the Poisson model was rejected at the 95

percent confidence level.

The binomial'p;d.f. was coﬁsidered as an alterﬁativé
to the Poisson distribution. The binomial diStributioh;
however, limits the generation of discrete, random
variables between zero and a Specified tanéé
(Chatfield 1975). Examinétion of both the calibration ana
validation data sets revealed that the maximum number Qf
branches observed in any whorl was eight. Parameters of
the binomial distribution were also estimated from the
sample whorl’population data from the calibration data set
according ‘to .the methodology outlined by Kossack and
Henschke (1975).(Tab1e‘4). Results of the.chiaéquare test
are presented in Table 6. The calculated chi-square value

of 8.061 is less than the tabulated chi-square value of
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Table 5. Comparison of the observed frequency distribution
‘ of whorls from the calibration data set with that
simulated by the Poisson probability density

function. '
Number of Observed Poisson ‘Poisson Chi—square
branches frequency probability frequency statistic
per whorl of whorls x = 5.372 of whorls (df = n-2)
0 0 0.005 1 «
1 3 0.025 4 4.76
2 5 0.067 12 B
3 10 0.120 22 6.55
4 26 0.161 29 - 0.31
5 52 0.173 31 14.22°
6 41 0.155 28 6.04
7 30 0.119 21 3.86
8 13 0.080 14 '
9 0o 0.048 9 R
10 0 0.026 5 11.28
11 0 0.013 2 :
12 0 0.006 1
13 0 0.002 1
. | *

Total 180 1.000 180 47.02

Class values <£5 were summed to the next-highest class

x .
significant at the 0.05 level
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Table 6. Comparison of the observed frequency distribution
of whorls from the calibration data set with that
simulated by the binomial probability density

ns *

function.

Number of Observed = Binomial ‘Binomial Chi-squapé
branches frequency probability frequency statistic
per whorl’ of whorls g : 3.672 _of whorls (df = n-2)

0 0 0.000 - 0

1 3 0.002 3 0.50

2 5 0.016 5

3 10 0.065 12 |

4 26 0.166 30 0.53

5 52 0.271 49  0.18

6 41 10.277 50 1.62

7 30 0.162 29 0.03

8 13 0.041 7 5.14
Total 180 1.000 180 8.0l

Class values <£5 were summed to the next highest class

ns * = not significant at the 0.05 level
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9.49 (-xﬁ.omu ). Thus, the binomial model was,accepted

at the 95 percent confidence level.

In the model, the number of branches per whorl is

generated from the binomial distribution with parameters:
8 r 8-r w
(18) Pr(N(i) = r) = r 0.672" (1-0.672) s r=20,1,2...8.

where r represents the number of branches per whorl, 8 is

the maximum observed number of branches per whorl, and
0.672 is the calculated mean number of branches per whorl
for the sample whorl population divided by eight

(Table 4).

Simulation of the number of branches pef} whorl
proceeds in Monte Carlo-fashion by drawing a random
number, X, from the continuous, uniform distribution on
the interval [ @,1 ). The number of branches. per whorl,
N(i), is then assigned according to the fdllowing
probability statements which are derived from the binomial

model (Equation 18; Table 6):



if (@6.000 < X < 6.002], N(i) =1
if  [0.002 < X < 0.018], N(i) = 2
if [#.018 < X < 9.883], N(i) = 3
(11) if  [0.883 < X < .249], N(i) = 4
if [8.249 < X < 0.528], N(i) =5
if [8.520 < X < 8.797], N(i) = 6
if [8.797 < X < 8.959], N(i) = 7
if  [8.959 < X < 1.0007, N(i) = 8

The binomial probability that N(i) = @ 1is so small
(1.4 x‘lﬁ"4 ) that I assumed it to be equal to zero

(Table 6).

Comparison of the observed number of branches ‘péf
whorl (Figu;e 8c) with that simulated by the binomié}
model (Figure 8b) frqm the validation déta‘ set indicateﬁ
no significant differences (P = 0.05) between the tws
distributiqns (zxi.oau < 9.49).. Table 7 presents the

results of the chi-square test.
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Table 7. Comparison of the observed frequency distribution
of whorls from the validation data set with that
simulated by the binomial probability den51ty

function.

Nuﬁber of Observed
branches frequency
per whorl of whorls

10
25
59
44
23

O 9 & B bW N - O

Total 174

Binomial Chi-square
frequency statistic
of whorls (df = n-=2)
0
1 0.06
0
15
26 0.04
48‘ '2.52
44 0.00
34 3.56
6 0.67
174  6.85 ns *

Class intervals 45 were summed to the next highest class

ns * = not significant at the 0.05 level
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Branch Extension Increment: Year One

Figure 9 shows a plot of the extensionv increment °f.
branches in their first growing season, :ZSL(i;j,l),
against their concurrent height increments,.[§ﬁ(i+l), from
the calibration data‘set. Examination of the plotted data
suggested that for any given height increment there exists
an upper bound on the concurrent extension increment of.
branéhes in their first growing season. To test this
hypothesis, the maximum extension increment of .
one-year-old branches observed 'in each whorl was
identified and plotted against its concufrent height
increment (Figure 1@0). The relationship appeared  1inéar
and so simple linear regression‘was performed aésumihg:fhé

model:

(12) AL(i,j,1) = a + b[AH(i+])]
Max imum .

where AL(i,j,l) denotes the maximum extension increment

Maximum ,
(cm) of a branch in its first growing season (k=1l)
inserted into the i th whdrl, and AH(i+l) denotes |its

concurrent height increment. The resulting equation,

(13) AL(i,j,1) = 1.1 + 69.0[ AH(i+1)]
‘ Maximum
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has a coefficient of determination (r2) of g.83, and a
standard error of the estimate of 4.4 cm. The regression

was significant at the 95 percent confidence level.

Biological considerations suggeét that the fegression_
shouldv pass through the origin. Since the intercept in
Equation 13 was not - significéntly different (P = 0.05)
frpm zero, the model zxL(i,j,I)=b[15H(i+1)] waswadoptéd.

Maximum ‘

and its coefficient estimated (Stéelr and .Torrie 196@}

Freese 1964). The result was

(14) AL(i,j,1) = 71.0[AH(i+1)] ‘
Maximum o
Equation 14 is superimposed on the total data set in

Figure 9.

Equation 14 can be viewed as the biological potential
for extension ihcrement of branches in ﬁheir fifst}growiﬁg
season. As Figure 9 clearly shows, most branches do not
achieve this pofential} "only relatively few branches
exceed it. The observed extgnsion increment of branches
in their first growing season was treated as a stochastic
process which is ‘bounded somewhat loosely about
Bquationvl4. In 6rdei to develop a stochastic modél of
this‘ process, each observed extension increment of

branches in their first growing season was expressed as a
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proportion of 'thev hypothesized biological potential
defined by Equation 14. Mathematicélly this is equivélen;

to a ratio:

(15) Rl = AL(i,j,1)/AL(i,3,1)

Maximum
Table 8 and Figurenll show the frequency distribution of
Rl values from the calibration data set by 10 peréent

class intervals.

Ri was hypothesized‘to be aFStochast§C'variableA:thét
can be simulated by specifying an appropriate p.d.f; and
the numerical values of its parameters. A continuoqs
probability density function that can assume a variety of
shapes is the 2—parameterAWeibu11 p.d.f. .(Bailey and Dell
1973). L

(16) Flx) =<l x 1%-e 3 x>0,8>0,9p>0

From the obserVed frequency distributioh_ of R1 values
(Table 8,, the scale, B8, and shape, ¢, parameters were
estimated to be @.895 and 3.633, respectively. The
parameters of the Weibull p.d.f. were estimated according
to the methodology outlined by Bailey and Dell (1973) and
Bailey (1974). Goodness-of fit was tested by the

chi-square statistic (Table 9). The test suggests that
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Table 8. Frequency distribution of R11 values from-the calibration:

data set.
Class  Class interval Absolute Relative Cumulative
code of R1 values frequency frequency relative .
: ’ frequency
1 - 0.00 - 0.10 2 ~0.002 0.002
2 0.10 - 0.20 15 0.017 0.019
3 0.20 - 0.30 27 0.031 0.050
4 0.30 - 0.40 40 0.046 0.098
5 10.40 - 0.50 54 0.063 0.159
6 0.50 - 0.60 56 0.065 0.224
7 0.60 - 0.70 103 0.120 0.344
8 0.70 - 0.80 100 0.116 10.460
9 0.80 - 0.90 140 0.163 0.623
10 0.90 - 1.00 180 0.209 .0.832.
11 1.00 - 1.10 104 0.121 0.953
12 1.10 - 1.20 29 0.034 0.987
13 1.20 - 1.30 6 0.007 0.994
14 1.30 ¥ 5 0.006 1,000

Total 861 1.000

1Rl is déf1ned in Equat1bn 15 as the ratio of the observed extension
increments of branches in their first growing season to the hypothesized
biological potential defined by Equation 14.
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Table 9 . Comparison of the observed frequency distribution
of Rl values from the calibration data set with'
that simulated by the Weibull probability density

function. '
Class Ciass ‘Frequency Weibull Weibull Chi-ﬁi
code mid-point - of probability frequency square
of ‘R1 value: B = 0.895 of - statistic
Rl value ' C = 3.633 Rl value  (df = n-3)
1 0.05 2 ~0.001 1 -
2 0.15 15 0.005 4|  32.89
3 0.25 27 0.017 14 S
4 0.35 40 0.039 34 1.06
5 0.45 . 54 0.07L -~ 61 - 0.80
6 0.55 56 0.107 . 92 . 14.09
7 0.65 103 0.141 121 2.68
8 0.75 100 0.160 138 10.46
9 0.85 140 0.156 138 0,27
10 0.95 180 0.130 113 39.72
11 1.05 104 0.090 78 8.67
12 1.15 29 1 0.051 44 5,11
13 1.25 6 0.024 20 9.80
14 1.35 5 0.008 7 - 0.57
Total 861 1.000 861 126.12 °

Class values £ 5 were summed to the next highest class

*
significant at the 0.05 level

1 'Sa'me‘footn'o_.}té‘ as Table8.
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the observed frequency distribution of Rl values 1is
significahtly differeht (P = 0.065) frbm that simulated ~by

the Weibuli model. Therefore, the model was rejected.

It is possible that another standard p.d.f. could bé
used to represent the observed ffequency distribution of
Rl values, but none were tried. 1Instead a method  of
randomly generating Rl values was derived directly frbm
the obsérved ftequency distributioh of Rl wvalues. Té
assign Rl in such a way that the desired probabilities afg
in effeét, a -raﬁdom number, X; is drawn from thé
continuous, wuniform distribution on the interval re,l1.
Rl is then assigned according to probability _statements
derived from the cumulative frequency of; R1~'va1ueé

(Table 8) as fdllows:

9.092 1, Rl = 0.85

A

if [ 0.800

X<
if [ 0.902 < X < 8.020 1, RL = 0.15
if [ 8.620 < X < 6.051 ], Rl = 0.25
if [ #.851 < X < 0.698 ], Rl ='a.35
(17)  if [ 6.898 < X < 6.160 ], RL = 8.45
if [ 8.168 < X < 8.225 ], Rl = .55
If [ 8.225 < X < 0.345 ], Rl = .65
if [ 0.345 < X < 0.461 ], Rl = 8.75
if [ 8.461 < X < #.624 ], Rl = .85



if [ @.624 < X < #.833 ], Rl = 8.95
if [ ©2.833 < X< @.954], Rl =1.065
if [ 0.954 < X < #.987 1, Rl =1.15
(17) if [ 0.987 < X < #.994 ], Rl = 1.25
if [ 8.994 < X < 9.9951, Rl =1.35
if [ #.995 < X < 6.998 1, Rl = 1.45
if [ 0.998 < X< 1.0080 1, Rl =1.70

The extension increment of branches in their first growing
season isr then calculated as the product of AL(i,3,1),

Maximum
and Rl:

(18) AL(i,j,1) = RIIAL(i,j,1)]
Maximum

where AL(i,j,1) is calculated from Equation 14 and Rl is
Maximum '
calculated from Equations 17.

Equation 18 was developed with data  from the
calibration data set. Comparison of. the observed and
simulated frequency distributions _6f: the extension
increments of branches in their first growing season from
the wvalidation data set  indicated no significant
differences at the 95 percent confidence level (Xﬁi'os)11

< 19.68). Table 18 presents the results of the

chi-square test.



Table 10,

Class
Code

N =

0 0N oYU A~ W

10
11
12

Total

ns * not significant at the 0.05 level
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Frequency distribution of observed and simulated
extension increments of branches in their first season

(Source: Validation Data Set).

C]ass'Ihterval
of Extension

“Growth

(ém)
0.0 - 5.0
5.0 - 10.0
10.0 - 15.0
15.0 - 20.0
20.0 - 25.0
25.0 - 30.0
30.0 - 35.0
35.0 - 40.0
40.0 - 45.0
45.0 - 50.0
50.0 - 55.0
55.0 - 60.0

Observed
Frequency

29
65
93
82
109

115 -

128

120
67

24

848

Simulated
Frequency

29
61
91
94

122

98

131
11 -
68

21
14

848

Chi=square
Statistic
(df=n-1)

0.00
0.00
0.26
0.04

1.53
1.38

2.95
0.07
0.73

0.01

0.43
2.57

9.97 MS *.
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Branch Extension Increment: 2-Years-0ld and Older

A model of the extension increment of branches
2-years-old and older was based on the relétive‘annual_
branch extension increment, G(i,j,k), (Equation 1). iﬁ
order to ensure equal representation of branches by age ih
the sample data, both the calibration and validation data
sets were pooled. Branch data were then stratified by
branch age and randomly reallocated to form two new
calibration and validation data sets of equal size.
Relative annual branch extension increment from the
calibration data set 1is plotted against branch age ih
Figure 12. Examination of Figure 12 suggested that fof
any given age of a branch there exists an upper bound on
the associated relative annual branch extension increment.
To test this hypothesis,' the maximum relative annual
branch extensipn increment for branches of each age was
identified and plotted against the corresponding branch
age. The relationship between the maximum relative annual
branch exténsion increment, G(i,j,k), and branch age, k,

Maximum

appeared non-linear (Figure 13). An acceptable fit was

obtained with the following allometric model:

(19) G(ilj'k) = akbl k = 2,3,4..0

Maximum
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The coefficients a and b were estimated byb linéar
least-squares methods on the légarithmic transﬁormation éf
Equation 19 (Freese 1964; Zar 1968). The retransforméé"
values were corrected for bias by the method outlinedvby
Baskerville (1972). The resulting equation,

(20)  G(i,3,k) = 5.47( k ] 18

Maximum
has a coefficient of determination (r2) of $.97, and a
standard error of the estimate of 0.23. The regression
was significant at the 95 percent confidence level.
Equation 20 is superimposed on the total data set in

Figure 12.

Equation 20 can be vie&ed as the biological potentia;
relative annual extension increment that a branch of given
age may attain after its first growing season. As
Figure 12 clearly shows most of the éalculated relatifé
annual branch extension increments of any giﬁen branch age
do not achieve this potential; only very few exceed it.
The extension increment of branches after Eheir first
growing season was treateé'as a stochéstic process which
is bounded somewhat loosely about Equation 24. In order
to develop a stochastic model of this process, each
observed relative annual extension inérement of branches

was expressed as a proportion of the hypothésized,
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biological ‘potential defined by Equation 20.

Mathematically, this is equivalent to a ratio:

(21) R2 = G(i,j,kK)/G(i,j,k), k = 2,3,4...

: Maximum '
Table 11 and Figure 14 show the frequency distribution of
R2 wvalues from the calibration data set by 10 percent

class intervals.

 R2'was hypothesized to be a stochastic variable: that
can befSimulatéd by specifying an apbropriate b.d:f; and
the.numérical values of its parameters. An attempt was
made to fit the 2-parameter Weibull p.d.f. to thé‘
observed frequency diétribution_of R2 (Table 11). Fer
these data, the Vscale, 8, and shape, ¥y, parameters wefé
estimated | to | be @.513. and 1.846, respectively.
Goodness-of fit was testéd by therchi¥square étatistic and
the results of the test are preSented in Table 12. Thg
test suggests that the observed frequency distribution of
R2 is significantly different (P = #.85) from that
simulated by the Weibull model. Therefore, this model was

rejected.

Again it is possible that another standard p.d.f.
could be used to represent the obser?ed frequency

distribution of R2, but none were tried. Instead, the
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Table 11. Frequency d1str1but1on of R21va1ues from the calibration

data set.
Class Class interval Absolute -Re1ative Cumulative
code of R2 values frequency frequency relative
frequency

1 0.00 - 0.10 44 0.064 0.064
2 0.10 - 0.20 70 0.101 0.165
3 0.20 - 0.30 63 0.091 0.256
4 0.30 - 0.40 103 0.149 0.405
5 0.40 - 0.50 128 0.185 0.590
6 0.50 - 0.60 102 0.147 0.737
7 0.60 - 0.70 76 ~0.110 0.847
8 0.70 - 0.80 35 0.051 0.897
9 0.80 - 0.90 28 10.040 '0.938
10 0.90 - 1.00 25 10.036 0.974
11 1.00 - 1,10 11 0.016 0.990
12 1.10 - 1.20 4 0.006 0.996
13 1.20 - 1.30 2 0.003 0.999
14 1.30 - 1.40 0 0.000 0.999
15 1.0 * 1 0.001 . 1,000

Total 692 1,000

1

R2 is def1ned in Equation 21 as the ratio of the observed relative
annual branch extension increment to the hypothesized biological
potential defined by Equation 20
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Table 12. Comparison of the observed frequency distribution of R2
= values from the calibration data set with that simulated
with the Weibull probability density function.

Class Class Frequency Weibull Weibull Chi-square
code mid=-point of probability frequency statistic
of R2 value B =0,513  of . ( df = n-3)
R2 value C=1.846  R2 value :
1 0.05 44 0.048 33 3.67
2 0.15 70 0.113 78 0.08
3 0.25 63 1 0.149 103 15.53
4 0.35 103 ©0.158 109 0.33
5 0.45 128 0.147 - 102 6.63
6 0.55 102" 0.122° 85 3.40
7 0.65 76 0.094 65 1.86
8 0.75 35 0.066 46 2,63
9 0.85 28 0.044 30 0,13
10 0.95 25 0.027 19 1,89
11 1.05 11 0.016 11
12 1.15 4 0.009 6
13 1.25 2 0.004 3 0.73
14 1.35 0 0.002 1
15 1.45 1 0.001 1
Total 692 1.000 692 36.88 *

Class values £5 were summed to the next highest class

* significant at the - 0.05 Tlevel
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observed frequency distribution of R2 was used in Monte
Carlo-fashion to randomly generate ‘simulated ‘R2 Values. 
To assign R2 in such a way that the desired probabilitigs
are in effect, a random number, X, is drawn }frOm thé
continuous, - uniform distribution on the interval [lé,l 1.
R2 is then.assigned according to the following probability
statements as specified ‘byy the cumulative relétive

frequency of R2 values (Table 11):

if [ 0.000

<X <0.0641, R2=0.05
if [ 0.864 < X < 8.165 1, R2 = 6.15
if [ 8.165 < 8.256 1, R2 = 0.25

VLY

if [ #.256 < 9.405 1, R2 = 0.35

if [ 6.405 <

I

8.590 1, R2 = 0.45

(22) if { 2.590 < 8.737 1,  R2 = 09.55

I

if [ 8.737 < 0.847 1, R2 = £.65

if [ .847 <

I

9.897 1, R2

"
L]
L

-~
wn

if [ 6.897 <

(WA

.938 ],  R2 = 8.85

if [ 6.938 < 8.974 1, R2 = #.95

In

if [ 0.974 <

|~

#.990 1, R2 = 1.65

XX X X X X X X X X X %
|~

if [ 2.998 < l.000 ], ‘R2 = 1.20

I~
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The relative annual branch 'éxtension increment,
G(i,j,k), is then calculated as the product of G(i,j, k)
Maximum:

and R2: :

(23) G(i,j,k) = R2[G(i,j,k)], k = 2,3,4...
Maximum

The extension increment of branches after their first

growing season, AL(i,j,k), is simulated as follows:

(24) AL(i,j,k) = R2[G(i,3,k)1[L(i,5,k-1)] , k = 2,3,4,...
- Maximum

where L(i,j,k-1) denotes initial branéh 'length, G(i,j,k)

Maximum -
is calculated from Equation 20, and R2 is calculated from
Equations 22. Equation 24 was developéd ~with data ,f;om.
the calibfation data »set. To eval@ate.squation 24, ﬁhé
validation déta set was used to ,éompare fhe observea
frequency distributions of the current season branch
extension increments and those simulated by the model
(Table 13). Since the calculated éﬁi~square vaiue of
91.92 was greater than the tabulated chi-square value of
15.51 ( xj.oas ) the model was rejected at the 95
percent confidence level. Figure 15 shows the frequenéy

distributions of the observed and slmulafed current season
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Class
Code

W 0 N O U B W N

R T R S
w N = O

Total

Class values £5 were summed to the next highest class

*
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13, Frequency distribution of the observed and simulated

extension increments of branches after their first
growing season (Source: Validation Data Set).

Class Interval
of Extension
Growth
(cm)

0.0 - 5.0
5.0 - 10.0
10.0 - 15.0
15.0 - 20.0
20.0 - 25.0
25.0 - 30.0
30.0 - 35.0
35.0 - 40.0
40.0 - 45,0
45,0 - 50.0
50.0 - 55.0
55.0 - 60.0

S+
60.0

Observed
Frequency

170
95
83

112

103
67
36
17

O O = O

692

significant at the 0.05 level

Simulated
Frequency

153
152
112
75
70

50

28
17
14

O = Oy O

692

Chi-square
Statistic
(df=n-1)

1.89
21.34
7.51
18.25
15.56
5.78
2.28
0.00

19.31

91.92
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branch extension increments by 5.8 cm classes (From

Table 13).

Table 14 shows the mean and the variance of the
observed and simulated current season branch ektension
increments stratified by age. The variances were tested
for homogeneity by the Students-t-test (Steel and Torrie
1968). The results of this test are shown in Table 14.
The means of the observed and simulated current season
branch extension increments for each age ‘class were not

significantly different (P = E.GS).

Individually the branch extension growth _mddels
(Equations 18 and 24) may reliably represeﬁt the data.
Simulating the ‘cumulative annual branch eitension
increment over time, howeQer, may be in érfor owing to the
interéction between errors in the separate‘ models and
compounding of érfors over timé (Goulding 1979).: Tovtest
thé behaviour of the branchrextensionrgrowth models, .the
observed and simulated mean total branch lengths were

compared for the live whorls of an open-grown tree from

the validation data set. Figure 16 shows a flow chart of
the simulation procedure. Simulation of the extension
increment of a branch in its first growing season was
based on the observed concurreht height increment of the

sample validation tree and Equation 18. Subsequent branch
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Table 14. Mean and variance of the observed and simulated
extension increments of ‘branches after their
first growing season for branches of the same
age - (Source: Validation Data Set).

Branch 'n Observed current. Simﬁlatéd.cufrent 4

age branch extension branch extension
' increment (cm) increment (cm)
Mean Variance Méan Variance “
*2 g 28.8 99.5 26.0  283.3
Y3 82 22.7  105.0 25.3 230.5
* 4 81 19.2 45.9 19.4  146.9
*s 77 15.3  43.0 . 16.8 105.7
6 71 12.6 60.1 ©13.6 76.8
* 60 12.1  68.3 o 11.4 38.1
* 8 55 9.7 59.0 8.8 29.7
9 41 8.2 50.4 10.0 48.2
*10 29 8.2 57.6 6.2 13.8
11 27 5.8 38.9 5.9  19.0
12 21 6.0 '32.0 7.4 23.1
13 16 5.0 22.8 5.6 17.2
14 15 8.1 24.2 5.2 11.3
15 6 10.8 7.7 4.2 13.8
16 6 6.8 8.5 4.6 10.0
17 6 8.0 10.8 4.2 6.8
18 4 4.4 1.9 3.6 7.8
19 4 6.6 13.7 2.0 3.9
20 2 2.0 2.0 1.8 2.2
*

Variances are not homogeneous at the 0.05 level
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Figure 16. Flow chart outling procedure to simulate the mean total branch
lengths per whorl in P, resinosa Ait. ‘
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extension increments were simdlated by Equation 24, The
number of branches per whorl in the simulated tree was set'
equal to the observed number of branches per whot1 in thg
real treé.> ;f this were hot done, differences in the
observed and simulated number of branches per whorl would
affect the calgulation of the obsgrved and simulated meah
total branch lengths per whorl. Table 15 and Figure 17
summarize the results of the comparison between the
qbserved and simulated mean total branch lengths per whorl
of the sample validation tree. No significant:diffgrences
(P = é.ﬂS) were found between the observed and simdlated
mean total branch lengths per live whorl less than

8~years-old.
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Figure 17. The observed and s1mu1ated mean tota] branch lengths per
live whorl of an open arown tree . (Source: Validation

Data Set).
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Total Branch Foliage Dry Weight as a Function of Total

Current Season Branch Length

A family of regression eqﬁétions stratified by branCh
égev was developed to estimété tdtal'foliage'dryrweight
from current season branch 1eng£h. For branches of all
ages, an accéptable fit to the.foliage dry weight data was

obtained with the following allometric model:
. gty o) : .
(25) F(i,j,k) = a[L(i,j,k)] ko= 172‘;310-0

where F(i,j,k) denotes the total fqliage dry weight, g, QfA'
the 'j th branch’inSerted into the i ﬁh»méinStém?whOrl é£j 
age k,‘L(i,j,k)'deﬁotes'curfent‘branch length 'a£ agé‘ﬂk;
and - a,b are constants. The 'coefficienté a and b were
estimated by '1iheat41east' squares “methods on thé
ldgarithmic,'ttahsformatioh of -quatioh 25 (Freese 1964;
Zaé 1968). The retransformed'valﬁes were corrected for

bias by the method outlined by Baskerville (1972).

Table 16 summarizes the statistics for these equations.
Table 17 1lists the results of simple linear
regression of the observed total foliage_dry weight as a

functiqn'of'the-simuléted total foiiége' dfy‘ weight for
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Table16 . The relationship between total branch foliage dry weight |
and current season branch length for branches of the same b
age fitted by the allometric model: F(i,3,k) = a[L(1,3,k)]".

Branch 5

age a b r S, Correction! : Equation

' ' Y+X' factor n number
1 0.4x100 1.56 0.81 0.43  1.10 54 1

2 2.3x107' 1.23 0.8 0.20 - 1.02 86 2

3 6.3x10% 1.57 0.90 0.27  1.04 80 3
4 6.7x107° 2,06 0.91 0.22  1.02 74 4

5  1.4x107% 1,90 0.90 0.25  1.03 74 5
6 1.9x1070 2.28 0.93 0.25  1.03 65 6
7 6.4x107 2,02 0.91 0.30  1.04 56 7
8 2.3x100° 2.18 0.91 0.35  1.06 55 8
9 2.1x1003 2.16 0.70 0.43  1.10 40 9
10 2.7x107° 2,93 0.80 0.44  1.10 27 10
11 2.5x107> 2.89 0.75 0.77 1.3 28 11
12 2.0x1077 3.79 0.57 0.91 1.5 20 12
13 2.4x107° 4.5 0.82 0.60  1.20 16 13
14 5.1x107° 4.42 0.77 0.70  1.28 16 14
15  6.1x10°° 4.44 0.97 0.13 1.0l 5 15
16 3.2x10°10 4.8 0.72 o0.44 -1.10 26 16 .
1

after Baskerville (1972)

F(i,j,k) = total branch foliage dry weight (g) of the j th branch
inserted into‘the_i th mainstem whorl at age k.

L(f.j.k) = current tota1Abranch length (cm) of the j th branch
inserted into the i th mainstem whorl at age k.

Note: k represents the age of the branch at the time of sampling.

Source: Calibration Data Set
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Table 17 . Simple linear regression of the observed total branch foliage
dry weight on_that simylated by the allometric model:
F(iyj,k) = a[?(i,j,kﬂ - (Source: Validation Data Set).

Branch Intercept Slope r -S n Equation
age a b ry.x number
1 3.5 0.71 © 0.53 8.1 54 1
2 3.4 1.14 7 0.79 10,0 91 2
3 ~9.6 1.18 7 0.79  21.1 84 3
4 -5.1 1.10  0.81  30.7 89 4
5 -36.8 1.30 © 0.8%  36.1 79 5
6 ~24.1 1.26 © 0.91  53.6 77 6
7 225.3°  1.21  0.82  57.4 61 7
8 -13.0 .10 © 0.91  38.2 55 8
9 -54.3 1.48 7 0.93  72.8 42 9
10 - -2.5 1.13 0.92 76.5 32 10
11 -20.8 1.10  0.93  88.3 25 11
12 27.4 0.58 ~ 0.93  94.8 23 12
13 85.8 0.47 7 0.66  27.6 16 13
14 222.8 0.13 7 0.12 % 127.1 13 14
15 275.8 0.18 ©  0.50  156.4 7 15
16" 182.9 0.19 © 0.32 134.7 20 16

* significantly different from 1 at the 0.05 level

+ not significant at the 0.05 level
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each branch age class from the validation data set. All
regressions exéept.Equation 14, Table 17 were significant
and the interéepﬁ of each equation was not significantiy
different (P = @#.05) from zero. The slope of each
equation was significantly different (P = @.05) from one,
except for | Equations 4, 10, and 11, Table 17,

respectively.

Figure 18 and Figure 19 show plots of the a and b
coefficients from the foliage dfy weight - branch length

regression equations against branch age, respectively.
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DISCUSSION

This study revealed definite trends in the pattern of
branch development, and reshlting crown form. Thé
regularity of these trends suggests thét différences in
branch extension growth are éssociatéd with: differences
in the annual height increment of the tree; factors
governing apical control, and the relative position of the
branch within the crown. The data also showed that the
extension growth of branches ofig; resinosa is highly
variable. This conclusion corroborates the finding of
otheré (Forward and Nolan 1964; Rehfeldt and:Leste:‘
1966) . Such. variation is most likely associated with;
the seasonal variation in environmental faétofs Such’aé»
light intensity and duration, tempetatdre, soil 1m6ist0ré
and fertility, etc. (Reed 198¢; Dehhe 1979);
differences in »the seasonal develobment of new ”shoot
growing points, both vegetative and reproductive, of a
brahch; differences in apical control; = differences in
thq size, 'structure, and durat;on of the photosynthetic
crown (Farmer '1976);and  differences 1in the genetic
constitution of the tree (Nienstadt 1964; Fowler 1965;
Holst 1975). The stochastic model developed 1in this

thesis (Figure 16) is an attempt to représent
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‘simUItaneously the underlying biological pattern and the
random variability of the production ahd extension growth*

of first order branches in P. resinosa.
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-Branch Production

Factors that control whorl bud formation in P.
resinosa can only be indirectly related to the length of
the parent structure. This study revealed a weak, linear
relationship between the number of branches per whori and
two attributes of the parent structure: length of the
terminal vleader on which the branches occurred as whorl
buds, Z&H(i), and the length of the terminal leader at the
time of whorl bud inception, AH(i-1). Several authors
have reported a non-random increase in branch numbers with
total tree height (Miller 1965); with the basal diameter
or length of the parent structure (Barker et al. :1973{

Cannell 1974) and before crown closure (Cochrane and Ford

1978).

The development of strobili may acéount fér sqﬁe,.df
the vatiation in the number of branches per mainstem whori
in P. resinosa. Both»‘femgle strobiii éndl latefal,
1ong—brancﬁ buds ‘ére thought to oriéinate from ideﬁtical
primordiall ﬁissue (DUff' and Nolan 1958). 1Strobili
production decréaséd the number of long-branch budlets in

Pinus contorta (Cannell 1974).
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The length of the terminalkleader on which :btanches
occurred as whorl buds (Equation 2, Table 3) provided.a
better estimgte of the number of branches perj‘whorl,rthan
the-lenéth of the terminal leader at tﬁe time of whorl bud

inception (Equation 3, Table 3). It is possible that the

length of the former terminal leader is affected by some
of the same factors which control the survival of whori
buds which develop into branches; Léteral bud primordia
or lateral branches may abort at any time during the
course of the fifst gfowing §eason of their'developmént in
response to various abiotic and biofic factors. Cannell
(1974), however, noted that very few 1atefa1, lonngranch

budlets aborted or remained dormant in Pinus contorta

during the‘ second érowing éeason.of their de§elqpment;
Although age might reflect the vigour and sexual maturity
of a tree; and therefore influence lateral branch numbers;
no significant (P = 0;55) relationship existed‘bétween thé'
nuﬁber of branches per whorl and tree age at the timevofl
whorl bud inception, (i-1), ( Equatidn 1, ‘Table 3).
Lateral bud production is also an inherently variable
character (Cannell et al. 1976) . The physiélogica1 
mechanism(s) that control the formation and number'of
long-=branch budlets ih g;nug is still unknown. Future

work 1n,this area would be warranted.
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It is, therefore, reasonable to treat the number of
branches per whorl as a stochastic ‘phenomehon. '?hé
'binomial p.d.f. 1is a suitable distribution to describe
the number of branches that occur at a given whorl
position within P. resinosa. Although the binomial model
developed in this study (Equation 18) limits the maximum
number of branches per whorl to eight, there appears to be
a maximum number of branches that a givenAwhorl can
support simply because space is a limiting factor (Cannell
and Bowler 1978). Even if more than eight branches pef
whorl do occur in reality, the probability of sdch an

observation occurring seems to be low (Table 6).



- 100 -

Branch Extension Increment: Year One

Both the terminal leader and its'subtending whori of
lateral, one-year—old branches can be tteated as a_single
growth unit. During each growing season there appeare to
be' a potential 1length that a. one-year-old branch can
attain. This potential length is regulated by factere
that govern leader extension growth. Although apical
control is certeinly a factor that influences the
potential 1length of a one-year-old branch in a specific
growing season, it is clear that seasonal differences ip
this potential reflect - . seasonal changes iﬁ"leadet
extenSion growth. The strong, positive, and . 1linear
correlation between the length of the longest branch of an
annual whorl of one-year-old 1aterels and ﬁhe' iength '6f
the concurrent leader seems - to substantiate vthie

conclusion (Equation 14).

Canneil (1974) defined e measure of':the degree of
apical control ‘as the mean length ofran‘annual‘whorl of
one-year-old laterals as a percentage of' the length of
their concurrent terminal leeder; A high ratio indiéates
weak apical control because reiativeiyelong‘ laterals are
associated with their terminal 1eader.‘ ‘Equation 14

indicates that the potential 1length of a one-year-old
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branch fdhring_ any growing  season is alWayS‘uébout 71
percént of'the length of its concurrent ‘tefminal leadéf; 
Thus, the‘degree‘of apical contfoilexp:essed by'a'mainstgm
terminal leader over the potential lenéﬁh" of its
one—yearfold ‘laterals during any growing season_is‘high1§ 
regular énd.uniform. This sUggésﬁs that the seasonal
variation in the potential  length of a oneéyeareold
lateral branch is not associated with differences .in_ the
degreé of apical control, but rather ~with factors

regqulating leader-extension.growth;

The actual lengths of one—year;old branches inserted
into the same whorl vary greatly. ‘The majority of thesé
laterals are shorter than the potential length thatréan bé
attained dg:ihg ‘any growing éeason (Figu:e 9). »Thelmogﬁ
likely cause isvithev.occurrenée » ofb quthet_  §fowth
.corrélations bétween thél iateréls; ~Within a wﬁdrl‘of
lateral, one-year-old branches, there is -competitiqﬁ
between branchés for avéilable growth reéources froﬁ the
supporting terminal leader which tends to keep them all
short to the advantage of. the terminal leader (Little
1979). Thus,'branch numbers~may‘haver_é beafing ~on thé
extension growth potential within a ohe—year—old branch
whorl because of the division of the . supply of growth

resources to new shoot growing points.



- 102 -

Under normal circumstances, few branches exceed the
estimatéd potential length of\afbheAyéar-old branch during
any growing season (Figure 9). Compensatory growth byithé
late:als . may occur, however, if the expression‘of apicai
control is suppressed by such factors as damége to fhé
leading terminal shoot (Little 1978), or various
envifénméhtal factors which affect branch vigour. In
general, the degree of apical control exerted"by a
terminal leader over lateral branches decreases as thé
tree ages, and the micro-environment of the branch is
altered (Moorby and Wareing 1963; Jankiewicz and Steck1l
1976) . The ‘influence of the aforementioned factors upoﬁ
extension growth of one-year-old branches is.difficulil tq
measure. These factors were. therefore treatedu in a
stochéstic manner (Rl values, Table 8), The same factérs
may also account for much of the unexplainéd variation iﬁ

the relationship between the length of the longest

one-yearéold branch and the cqncurfent height increment.
Both tree age at the time of the initiétion of a
one—year—ola.branch whorl 'growth unit' and branch numbers
per whorl may also be:important variab1es to consider in
the relationship between the ‘lehgthr of the ldngegt
one-year-old léteral 'Sfanch and its concu?rent height
increment. In spite of ~all the possible confo&ndihé'

sources of variation which may influence the extension
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growth of one-year-old 1lateral branches, Equation 18
provides a method for reliably simulating the éxtehsiop
growth  of a one-year-old first order branch-_in‘_g;

resinosa.
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Branch Extension Increment: 2-Years-0ld and Older

No simple rule was fouhd to explain the extension
increment of branches after‘their first growing season.
The relative annual branch exténsion increment, G(i,j,k),
defines the rate 6f extension during any growing season in
relation to the length of the branch prior to extension
growth. Figure 12 revealed that b;anches o£ equal age
vary gteatiy«in . their relative extenéicn rates. This
variation in relative branch extension fates is greatest
for the youngest branches, but decreases as ‘bfanches age
and gét longer (Figure 12). The'large‘Variatidn'in the
rélati?e extension rates of ‘branches located in thé
uppermoéﬁ crown ’positions indicates.that differences in
initial branch length do not account 'for,‘différénées ip
branch extension increment during the following gtdwiﬁ§'
season. As branches get older and ldhgér, however, i£
does  appear that initial branch 1length becomes ‘a
determining factor for extension growth during the

following growing season (Figure 12).

I hypotheSized that there exists a potential relative
rate of extension for branches that ‘decreases
exponentially with branch age {Figure 13). The strong

relationship between the maximum telative‘énnual branch
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extension increment and branch age seems to substantiate

this‘conclusion (Equation 209)

Branch age reflects the position of a branch within
the crown. The potential length increment of a branch
declines as it moves into progressively lower positions
within the crown. This decline in the potential length
ihcrement of a branch is quite rapid between the first and
about the eighth whorl position (Figure 13). The decliﬁé
in the potential length increment of branches as they-move
into progressively lowér crown posifions is in general
agreement with tﬁe findings of others (Forward and Nolan
1964; Mitchell 1969, 1975). The causes of the observed
decrease in the relative extension increment of branchés
as they age are still unknoWn. There"fs, AhoWever,
speculation that the decrease in branch extension growth
within lower crown positions ‘is associated with the
effects of mutual shading by branches (Reed 1986).: Tﬁe
net assimilation rate, NAR, of branches genetally
decreases in progressively lower crown positions  as a
result of a decrease 1in light intensity (Woodman 1971;‘

Kramer and Kozlowski 1979).

Branches do not attain their potential length
increment for several reasons; The variation 1in the

observed relative branch extension increments is most
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likely attributable to SeaSOnelb'variatien‘in the field
env1ronment, tree vigour, branch v1gour,l (Ceehranerkand
Ford 1978) or even genetic variation between trees (Holst
1975; Cannell et al. 11976) . Competition between
neighbouring trees also reduces the potential extension
growth of branches in the middle and‘ioWer crown positions
in gge resinosa. The branches in the upper three whorls,
however, are generally unaffected- bf competition with
neighbouring trees (Forward and Nolan 1964). Flowerlng
may reduce the potential extension inerement‘of a branch,
but appears to be dependent upon the vigour of the branch
(Powell '1977). NAR is also generally greater for branches
which have -southern exposure (Woodman 1971; Kramer and'
Kozlowski 1979). Thus, the extension growth pattefn>qf \e
branch may be sensitive to its Oriente;ion abeut the stem;
Overall it ~appears that branch extension growth is~
sensitive to the general micro-enviromment of the branch;
ﬁilson (1970) suggests that the decrease in branch
exteﬁsien growth ' is related to the angie of insertion of
the branch into the main stem. The more nearly horizontal
a branch 1is the greater‘ would be the rreductién’iin
elongation; va_phenomenon referred to as geotonous Qtowth
response in iplants.b Factors' reguiating branch angle
involve compression wood formation which is linked to

apical control, but is still unknown (Wilson 1978; Kramer
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and Kozlowski 1979). The effects of these sources of
variation are reptesented in the model by means of a

stochastic variable - R2.

Comparison of the frequency distribu;ions of the
observed and simulated branch extension increments from
the validation ~data set by the chi-square statistic,
however, revealed that the two. distributions were
significantly (P = #.85) different (Table 13). Figure 15
shows that the model for extension growth of branches
after their first growing season (Equation 24)
overestimates the frequency of branch extension increments
less than 15 cm and underestimates the frequency of branch
extension increments between 15 - 35 cm. These
differences possibly reflect bias in the model
(Equation 24) associated with differences in branch age.
The chi-square test, however, was based upon the frééuency
distribution of extension increments for branches of all
ages. Stratification of the extension increment data by
branch age would provide a method for evaluating any
possible bias in  the branch extension growth model

(Equation 24) associated with branch age.

Comparison of the frequency  distributions of
extension increments stratified by branch age would reduce

the size of the sample data. The chi-square
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goodness-of-fit test is very sensitive and comparisonS’of
freqUency distributions based on a small sample sise ‘may
not be appropriate. It is generally suggested that data
be divided into 18 to 20 classes and that there be at
least five observations per class when"constructing
frequency distributions to be tested 'by the-'chi-square'
statistic  (Chatfield 1975). in this study, the sizes of
the sample branch populations when‘.stratified by branch
age are marginal or do not meet the general requirements
for the chi-square 'goodness-of-fit' test. By ‘increasing
the 'sample size it ‘may be possible to characterize the
Vdistribution of R2 values (Equation 21) by an approprlate
‘p.d.f. for each age class of branches,' Further work in
refining the technique of simulatiné Vbranch exten51onb
growth after the first growing: season in a stochaStio

manner is warranted.

Fidure 15 , however, reveais a general similarity
between the frequency dlstrlbutions of both the observed
and sinulated current season branch exten51on_ 1ncrements
from the validation data set. Exact solutions for the
frequency distribution of the current season' branch
extension increments stratified by branch age could not be
reliably determined. No s:gnificant differences
(P = 6.95) were found between the observed and simulated

mean current season branch extension increments stratified
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by branch age from the validation data set (Table»14),
Therefore, it was concluded that the model (Equation 24)
does simulate ~the mean annual extension increment of

branches after their first growing season.

"In the model, simulation of the cumulative annuél
extension increment of a branch (Equations 18 andb 245 ié
largely dependent upon the magnitude. of the -conéurrén£
height increment of the tree when the branch was one year
old. Figure 17 suggests that short concurrent height
increments consistently yielded corresbondingly short mean
total branch lengths. VThus, simulation of the cumulative
branch ‘extension growth in P. resinosa reflects
differencés associated with the annual changes in the
height increment of the tree. Significanﬁ differences
(P = 8.85) were found, however,gbetween:the obSérved:.and
simulated mean total branch lengths per live whorl of an
open-grown tree for several branch whoris' greater  than
8-years-old (Figure 17, Table 15). Table 15 showed that
the observed mean total branch lengths of'these thris‘waé
always greater than the correspondihg simulated mean'tptal
branch lengths, and that these differences were asSOéiated.
with comparably short concurrent height increments. This
finding suggesis that branch extension growth in real
trees 1is not- entirely related to factors regulating the

height increment of the tree.'-
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Ccmpensatory éxtension growth of‘branéheé is knownito
occur when leader extension growth is;impedea‘for Vafiousb
reasons,(Little‘l97ﬂ5. Compensatonylektensioh ‘growth .by
branches of fhé real tree is the most'prbbabie_explanation
for the differences between the observed and simhlated
mean;,total branch 1lengths for the sevepal'whorls Within
the live crown of the sample validation tree (Figﬁre 17).
The stochastié nature of  the branch extension,growth
models (Equations l8 and 24) might allow for compensatory
extension growth by branches of the simulated tfee, but
the probability.of such an occurrence ‘is low. It would be
more appropriate to compare model behaviour as a whole to
a population of several validation tfeés."An éléefnatiﬁe
method with which to evaluate crown dyha@ics in P.
resinosa would be to use previously pdbliShed"ﬁeight
growth functions for this specieS'(Hahn‘ahd Carméah’lQSﬂ;‘
Payandeh 1977) instead'oflusing observed heighﬁ'iddtémehté
from real trees to drive the branch extension grbﬁtﬁ model

developed in this thesis.
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Total Branch Foliage Dry Weight
and

Branch Length Relationships

‘Total ¢urrent_ season branch length was a usefui
estimator of the total foliage dry weight supported by
branches of the same age. Higher coefficients of
determination were recorded for the regreséion equations
developed for younger branches within the upper crown thah
for the older branches in lower crown positions
(Table 16) .- These differences in the coefficients of
determination are probably associated with differences f@
‘needle-fascicle retention between the upper and lowér
crown branches. Needle-fascicle retention is affected by
mutual "shading' and mechanical abrasion . betweéh‘
neighbouring trees (Reed 1986). - In 'generai;
needle-fascicles persist for up to eight vyears 'in .25 
resinosa. This may account for the strong correlation
between total branch foliage dry weight ahd branch'*lehgth
relationships" for 8-year-old  or youngérrbranchfwhofls;
Although needle-fascicles are lost for various reasons in
branches df' the upper crown, the rate of needle;fascicler

abscission in lower crown positions is enhanced because of
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mutual shading, mechanical abrassion, and senescence'of‘
the needle-beéring dwarf-branches. .Much"'pfA the
unexplained variation in the total branch foiiage‘dfy
Weiéht and branéhblength regressions may be éssociated
with differences between bréncheS‘from trees of different
age, spacing, or site quality.,-Poﬁassium nutrition is an
important determinant of needle fascicle retention in P.
resinosa (Madgwick 1975); Factors regulating dwarf-branch
ébscission are unk nown, but would warrant 'futuré
investigation if the foliage dynamics in P. resinosa. are

to be fully understood.

Branch length underestimated the total .foliage'.éry
weights 6f brénches in the upper crown (iﬂ?yéar—old,o?
younger branch whoris) and overestimated total foliage dfy
weights of branches in lower crown positions (Table 17).
In the upper crown, first 'otder branches &probably beaf
different numbers and lengths of foliated branches 6f
higher order. Thus, branches within the upper crown which
have sihila: first order axis lengths may have entirely
differeﬁt foiiége carrying capacifies because of
differences in the number and 1lengths of higher”o:dér
folia;ed branches that they support. - Validation of - the
branch length - foliage dry weight regressions with an
independent population of branches from different trees

may not account for differences in the foliage carrying
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capacity of fitét order branches; Underéstimation Qf
foliage | dry _Weights of branches within _1o§et crown
positions is most likely assoéiéted Qith faqtors gqvepniné-
needle-fascicie retention. Similar results were reported

by Madgwick and Jackson (1974).

The estimated parameters (éjand b coefficiénts) of
the family of régression equatibhs that relété total
brénch foliage dry weight to branchblength forubranches‘of
the same'age (Table 16) appear to be dependent upon branch
age. Figure 18 and Figure 19 shqw that( thé ﬁétura;
logarithm of the a coéfficients: and, that the vb
coefficients, of the total'braﬁch foliage dry “weight and
branch length regressions, increase with increasing brancﬂ
age, respectively. Both figures also exhibit paralléi
cyclic patterns of the two coefficiénts,f‘”ThiS' is.
inte'resting but as yet an unexplained phenomenbn.’ I IS
clear that the a and b coefficients could be estimated aé

simplé functions of branch age.:

‘Modelling crown dynamics in P, resinosa is
incomplete. The ideal model would simulate height growth,
branch production, branch extension growth, and foliage

dynamics as affected by site quality and spacing or stand
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density. Since the growth of the stem is hypothesized-’to_
be regulated by’ the crown, crown models maY-provide-
quantitatlve information with which to achieve stem growth
objectives through 511vicultura1 manlpulation ,ofu the
crown. Deterministic models of crown growth 'and
development, such as those developed byJMitchell (1969;

1975) for Pseudotsuga menziesii and PiCeg glauca, and

Fisher and Honda (1977) for Terminalia, are site‘specific

and do not account for the observed seasonal varlation in
the pattern of first order branch extension .growth,
Although stochastic models of branch production and branch

extension growth have been developed for Picea 51tchen51s

on uniform sites (Cochrane and Ford 1978), - these‘ authors
fail to 'preserve the excurrent branching patternhof the‘
crown structure of north temperate coniferous trees. ‘,Tﬁé
model developed in this. the81s is an attempt to eluc1date
the pattern of crown growth and_ development ~ in jb]
resinosa. The model is silviculturally meaningful because'
it provides a quantitative basis upon which to study the
bioiogical structure and function of crown dynamicsuinrad
structurally simple tree species, and teventually the
forest ecosystem as a whole. Serious efforts_to,make
quantitative, theoretical contributions toiforest science
should continue. - Only then will foresters be able to

devise alternative silvicultural regimes which wili
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elicite optimum response from the forest to méet'desi:éd

management objectives.
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