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ABSTRACT
An individual tree/distance independent growth model
. was‘éonstructgd for trembling aspen in the prairie provinces
of Canada. Five basic relationships are integral to the
model; mortality, ‘diameter growth, height growth and site
differentiation, volume estimation, and biomass estimation.
The first two relationships were developed specifically for
this studyﬁ the latter fhree were obtained from the
literature. The aspen growth model provides summaries of
stand characteristics by diameter class at selected ages  for
the simulateﬂ stand. Testing and evaluation indicéfed

AY

satisfactory model performance and significant  §dvantages

¢
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for the model structure chosen. l ’W‘.’m

vi

e N PGty R VRN s e 4 ri e S e MR D S e s i




w N

GLOSSARY

-~

.DBH: Tree diameter at breast height (1.3 metres above
grouﬁd’ﬂevel).\ B .

.BAj Tree‘basal areg, usually at breast,height.

.SI: Site index; a measure of site quality;. the’ average
height of dominant‘and cordom%nant trees in a stand at
‘some refeﬁence age (usually 50 vyears for trembling
aspen) . |

.MAI: Mean anﬁua] increment of a {ree or stand‘pabameter

such as biomass. _
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1. INTRODUCTION

The objective of this study w;s to develop a  forest
stand growth model, primarily for the prediction of biomass
and volume growth, for trembling aspen (Populus tremuloldes
Michx.) in Ehe prairie provinces of Canada. The basic
purpose for the development of a forest stand growth model
is to allow managers and researchers to simulate thg,growth
and development of forest stands undér a variety of natural
and artificial conditions. Simulation models, such as fhe

one described in this thesis, permit evaluation of forest

management alternatives in a quick and inexpensive manner .

1.1 Growth Models

Forest stand growth models have been ciassified into
three types: single. tree/distance dependent , single
tree/distance independent and whole stand/distance
independent (Hann 1879, Munro 1974). Models in the first
category project growth on an individual tree basis for all
trees in the stand. Locational data for each tree Qin the
stand ¢are required to evaluate individual competitive
status. Examples of this type 1include Bella (1970}, and
Newnham and Smith (1964).

Models of the single tree/distance independent category
do not require tree data on location of trees. The growth of
imdividual frees in the stand is projected and competition

s

is determined through a comparison of the characteristics of
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an imdividual tree with the average,standlcharactérisfics
fHann {979; Muhro 1974). In%ludéd in this 'category are.
Stage’'s (1973) Prognosis Model and the U.S.D.A. Forest
Service (1979) General ized Forest Growth Projection System.
Models’fréh the Iaét category; who]e‘ stand/diétance
i%dependeht, project growth ‘on a ‘sfand.levéI basis, and
provide information about average stand 'condition$  (Hann
1979,  Munro 1974). A variety of different types of whole
stand models exist-within this categofyz These range fbom
;odels 'Which neithervuse nor-pfovide diameter distribution
v déta (Piénaar}and»Turnbull 1973, Mo;ér 1972, and Moser and
Hall ‘1969)“' to those utilizing ‘diameter disfribution
»fUncfions ~(Clutter and Belcher 1978), to those  using

diameter class ﬁnformation (EK 1974,‘Peden et al.'1973).

A
R

Concepfually, it may pe'cTéaher'tQ view forest growth
models]as: eXisting(,onv'a _confinuum ranging  from s{ngle

t;ee/distéhcé dependent té whole stand/distaﬁce‘independent.-
,These categories represent marginal ’differehces_‘between »
yééious ﬁodels oh the continuum. For eXamp]é, there may be
;nokdiffereéce between“ a sﬁhgle tree/distanCel Jindependent.
-modej which measurés treg diameter§ to .the néarestﬁgmm., and
a whole'stand/distance independent model which divides trees
into 2mm. classes and pr&jects their growth as such. As one
moyes alohg tQS continuum away from the single tree/distanpe
'_dependént mode]g,;the informationai réquirements‘decreqse as
'do‘(bre$uméb1y) tHe predﬁctiVé'abi1ities of thih@odels‘(ﬂénn'
1979). Ek and Dudek (1980) and Hann _(1979), - however,

X . N -
» ) ‘ \
. - N . .
.
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question the trend in predictive ability. In barticular, the
superiority of single tree/distance dependent models over
single tree/diStance independent models has been questioned

(EK and Dudek 1980).

1.2 Approach to Model Development ,

The "individual . tree/distance independent format Qas
chosen for this study for a number of reasons. First,
previous éttempts by the Départment o%' Forest .Science= to
[Wndel the’ growth of. tremb1ing aspen using a whole stand
mode pro;ided unsat1sfactory s1mulat1on results and 'a
benera] lack of model flexibility, Second the.superiority
of individual tree/distance dependent models has not been
vprdven and the data requirements for the development of this
type of model were prohjbitiVe in terms of both the physical
and financial limits for this study; Finally, it was felt
Athat an ihdividual tree/distance independent model ‘would
allow sufficient flexibility for mode] epp]ication, wou 1d
1mprove previous growth predictions, and could be developed
from available data and from data which could be collected
w1th1n a realistic time span | | |

The model for this thes1s (hereafter referred to as. /
4’the aspen growth model’ )was developed in f1ve stages/ The
first stage consisted of a review of the available
literature‘ on forest grthh modelling -and aspen stand
development . Findings of the literature review of forest

growth modelling are presehtedb in this - introduction and



/ influenced the decision to const;uct an. individual
i tree/distance independent model. In the second p?rt of thé-
: 1iteﬁat%fe review the biélogiC§1 concepts ’ uﬁderlying ‘asﬁen
growth ‘and development were addressed as_fhey'pertain:to
mode] construction. An attempt was made to identify the
'fdctors\ that affeét aspen growth and should, therefore: be"
incorpobated in a‘rea]istic growfh modelL
| - The second stage inlthe development of the aspen growth .
model was to assess the extent and quality of existing
growthfdata for aspen from various-gévernment agenFies and’
. forest products companies in- the pra{rie‘ provinces of
Canada,‘ahd to'obtain those data whicH apbeared - useful fér
*ﬂmodel Ideve]bpment. Age, density .and geographic deficiencies
in this data basé'were idgntified “and '§Upp]ementary field
sampling was conducted to augment the existing data.

The third stage addressed the specfficétibn and
eva]uatio*kof the basic mode 1 Felationshfps.' Five basic
relationships were idenfified ;s integrai to the aspen

~ growth model: | | |
1) Morta]ity,‘
2) Diameter growth, , -
3) Height growth-and site differentiation,
4) Volume esfimation, |
5) Biomass estimation.

aAnvfnvgftigation of these relationships.jndicated that the

latter thr;é 'coﬁ1d be obtainedv from the literature. The

first two relationships, mortality and diameter growth, are

{



1-Key elements to the aspen growth model and were developed
and tested specifjcal]y for this study.
. .After.the five basic re]ationshjps'ﬁad been proched or
devéioped, they weré assembled, in the fourth stage, into an
individual t%ee/distance anependeht model-framework. The‘
_ resu1t1ng aspen growth model accepts a vector of individual
tree diameters as'input and then projects diameter growth,
height growth and morta?¥t¥1 Various stand paraméters such
as biomass, volume, basal area,and density on a per Hectare
basis are are then summarized by  diameter c]%ss._ Aisq-
included in the stahd.summary are average sfand‘panameterS.
such as diame{er at‘breast‘height (DBH), stand height, and
~ mean annual inérehent. _
Finally, the model'was tested and evaluated.using data
" from representative permanent plats. Growth of three sample
plots was simulated for a period of 25 years and the model
results cohpared fo‘actual plot valugs. These plots had beeq
used  in a 'portjon"Of the deve]opmeht of the aspeh growth
model, so Ehe tests were not totally independént (see ‘' MODEL
TESTING AND EVALUATION' ). S |
The structure of . this thesis closely follows the

outline presented above foh'the development-‘of the aspen
growth  modet. A 1iteratur% review of aséen stand
deve]opmenf, from regeneration to juvenile stands to matufe
and OVermaturé sténds,_ follows this introduction! Data
collection efforts qré described, followed by . a  discussion

‘of the sélection, or deveiopment and testing, of each of the



~
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five basic model relationéhips. ~ Details " of mode]
construction followed by model testing and evaluation are

then’ndescribéd. A concluding chapter‘includes-bgth general

rstateménts about the accuracy"and adequacy of the aspen

growth model and. suggestions for additional }éééarph.

RN



2. LITERATURE REVIEW - ASPEN STAND DEVELOPMENT
Aﬁ essential element in the coqstrucfion of the aspen
growfh model was a review of ‘the available literature
describing growth and development \of %aspen‘ stands. This
di§CUss}oh of the life cycle of éspen is divided into three
parts: 1) Regeneration and early years: 2} Juvenile stands;
and 3) Mature and overmature stands. Factors which are

considered important to model development are given the

greatest attention in this review.

2.1 Regeheration and Early Years (S 10 Years)
2.1.1 The Clonal Concept -

Trembling aspen occurs throughout most.of Canada and
thé\hortﬁerh and western United States as a clonal species
(SFeneKér 1976,‘,Copony and Barnes 1974, Eteneker énd Wall
1870, Barnes 1969 and 1966, Zahner and Crawford f965, Basham
1958).  Each clone consists of gehettca]ly identical
individuals (ramets) which have ariéen from the root systeﬁ
of a single' parent (ortet) (Barnes 1966) . Ramets Qithih a
clone shafe similar phenbtypic and silvical characteristics
{Lehn 1979, Fren;h and.Manidn 1975, Copony ana Barnes 1974,
Schier 1974, Schier and Johnston 1971, Barnes 1969 and 1966,
Zahner and Crawford 1965).

Interfclénal - differences occur  for many ‘traits
including /time of flowering, time of ieaf flushing and leaf

fall, leaf and twighcharactenistics, bark color and texture,



and free form (Kemperman 1977, Barnes 1975.‘ Steneker and
Wall 1970). Lehn (?979) reported "inter-clonal differences in
biomass production.'Heighf\differences between cloﬁes of the
same age have been repOPfed but therévis some question as to.
‘their magnitﬁde (dones \and Tru31]10 1975 - Zahner ané
Crawford 1965). Inter - clonal d1fferences 1n suscept1b111ty
to 'fzost damage,, Hypoxy lon prutnatum canker and decay
organisms seem to be prominent (Kemperman et al. 1978,
French-and Ménion 1975, CSEony and Barnes 1974, - Wall 1971
and 1959, Egeberg 1963) . Suékering ability aléo appears to
be highly related to clonal ‘différences (gchier 18976 and
1974, Zasada and Schier 19%@ Garrett and Zahner 1964)
2.1.2 Clonal Effects on Aspen Suckering ,
Although some aspen are established by seed (McDonough
1979, Andrejak and Barnes 1969» _Barnes 1969) most
regeneration is vegetat1ve (Barnes 1969 and 1966). Garrett
and Zahner (1964) reported that clonal var1at1on in
suckering‘intensitx was so great that the effects of various
clearcutting'techniques were obscured. Significant ‘clonal
differenceg ‘héve also been found in the numbef and dry
weight of suckebs.prpduced from root cuttings, as weil as in
the content of total -nonstrucfura] carbohydrates (Schier
1976 and 1974, Zasada and Schier 1973, Schier. and dohﬁston
1971). Suckers from d1fferent clones respond differently to

_chemical treatments (Schier 1976, 1973a, 1973c) and tb

different temperature treatments (Schier 1976,:Zasada and -



Schier 1973, Maini 1947). Clonal differences in tfe

disturbanCe requiremen Ffor aspen suckering may also exist

(Schier  1976). W11 of these differences are probably
modified by date of root collection (Schier 1973d), site
conditions and other non-gengtic'characteristics.

- Barnes (1966) reported that clones become estab]iéhed
and interact with each other depending on ease of seedling
esfab]ishment, rate‘ of root expansion, inherent'suckering
ability (i.e. genetic differenées.between clones) and the
amount of disturbénce. Very little is Known, however, about
clonal dynamics in a population. Gfones expand, contract and
eftabiish- themselves in a stand but the effects of the
cbmpetitive nature of clones throughout their 1ife span s
not documented in~the_literature;

Ideally."a forest growth model for trembling aspen
should include significant clonal ~effects on growth and
morta]ify. However, since ho growth data 6n a clonal basis
is available for aspen, the growth model\de;bribed here does

not account _for any clonal differences in stand

characteristics” o

2.1.3 Apical Dominance Phenomenon and Temperature Effects
Aspen suckers arise ffom newly initiated meristems on
aspen. roots éfter the cbrk cambium has been formed. These
buds may develop into shoots or remain at ~the pfimordial
stage where later the&’ may develop in 8esponse to other

stimuli (Schier 1876).
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It appears that sucker  formation is primariT&
supbressed‘by auxin.transported from growing shoots (Farmer
1962, Schier 1973a, 1975 and 1976, Steneker 1974). This
apical dominance must be disrupted in order for suckering to
,occur.vlnterference with auxin confrol may occur as a result
of girdling, decapitation, defoliation or removal of shoot
tips (Schier 1976). Application of an anti-auxin or severe
disturbances such as fire og‘clearcutting may also Lnduée-
suckering (échier~5975); Drastic disturbances, however, are
not necessary for sucker production as is ,gvidenced by
suckering in undisturbed .aspen stands (Schier 1973b)
Environmental changes during normal seasonal growth méy
disrupt apical dominance eqough toxéllow suckering to Qqéur
(Schier 1976).

Once the épical dominance effect has been broken,
environmental factors become important (Steheker 1974). Soil
_‘temperature is probably the most important of these
environmental influences (Maini and Horton 1966, Steneker
1974, Steneker and Walters 1971, Zasada and Sch{er 1973).
Low soil -{emperatures may be*gklimit{ng factor in Alaska
.whére’asgén is found chiefly onnsouthern exposubes (Zasada
and Schier 1973). High soil tempebaturés on the edges of
ésben sfands may account for aspen invasion into grassland
areas (Barley and Wroe 1974). Sucker frequency and heiéht
vary inversely with the'depth and diameter of the_ parent
roots, -probably indicative of the effects of soil

temperature and carbohydrate reserves (Kemperman 1878).

[\‘_
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An éspen sucker is dependent upon carbohydrate reserves
in the parent root until it can carry on adequate
photosynthesis by itself (Schier 1376, Schierland lasada
1973). The number of suckers pFoduced from an aspen root
(i.e. not'necessarily emerging from the soil surface) is not
limited by carbohydrate reserves. The density of suckers
that reach the soil surface, however, is related to these
reserves since sucker ggpowth through the sbil is related to
the 1level of carbohydrate reserves in the parent root
(Schier 1976). Depletion of root reserves by repeated
disturbances such as cutting, burning or insect attack can
severely reduce sucker production (Berry and Stiell 1878,
Schier 1976). This potential for a reduction of reproductive
capacity wouid be an important consideration if components °
for éimulating ' harQesting, insect attack, etc. were
incorporated into the aspen growth model. In its initial
deve lopment -phagé}xhowever, the aspen growth model does not
have such routines. It was deéigned to operate on a sing1ei'
rotation 'basis, with a structure that would easily allow
later introduction of components ISimulatind natural and

man-caused changes.

2.1.4 Factors Affecting Suckerins-%fter Harvest or Fire
Aspen suckers protifically, ' (up to 200,000 per ha.),

followihg a sevefe disturbance such as fire or cléarcutting

(Schier and Smith 1979, Kemperman 1978, DeByle 1976,

Steneker 1876, Bella and Defranceschi 1872). After”® 1ogging
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the density of suckers produced is proportional to the
number of stems removed, with the best regeneration
occurring after a<tot§1 clearcut (Schier and Smith 1979,
Bella and De Franceschi 1972). As little as 2.3 to 3.4
square meters per hectarg .of basal area of residual
overstory can significantly"reduce suckering (Perala 1977). 
This 7s another factor to. be considered if a harvesting
option were incorporated into the aspen growth model. It is
hot clear whether summer or winter logging results in tBe
greatest sucker density (Bella and DeFranceschi 1972,
. Stoeckler and Macoﬁ 1956, Sandberg and Schneider 1953)
although some reports suggest ‘that suckering should be
greatest on summer cutblocks due to increased site
| disturbance gnd destruction of both understory and hﬁmus
resulting in higher soil temperatures (DeByle 1976, Bella (
and Defranceschi 1872). Disking has been shown to stimulate
sucker productibn (:Zillgitt 1_951) but scarification ’%s no
apparent effect (Schier and Smith 1879).

Fire,\_girdling of trenching~ can also promote aspen
suckering by disrupting'thé.apical dominance effect (Schier
‘and Smith 1979, Steneker 1974, Buckman and Blankenship 1965,
Farmer 1962, Stoeckler 13948). Repetition _ of intense
disturbances such as repeated spring burning or very short
rotation 1lengths can detrimentally affect SucKering,
presumably due to a depletion of root reserves in the parent

tree (Berry and Stiell 1979, Buckman aﬁd B1anKenship 1965) .
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2.1.5 Sucker - Density Relations

During the first few years of life many suckers die due
to suppression or pathological factors (Bella  "1975, Bella
and Defranceschi 1972, Anderson and Anderson 1968). Grazing
by cattle or wildlife can also cause significant mortality
(DeByle 1976). Aspen sucker stands show a marked approach
towards a common density level, with Very dense étands
suffering the highest mortality and the least dense stands
suffering little or no mortality (Sorenson 1968, Strothmann
and Heinselman 1957). In one study (Bella and Defranceschi
1972), sucker stands with densities ranging from 17 ‘to 240
thousang' stems/ha. at ~one year of age all approached a
density level between 22 and 53 thousand stems/ha. by the
age of six, Concerns about harvesting techniques could,
therefore, be partially nullified due to this trend towards
the elimination of initial differences in density.aThese
highly variable- mortality .rates presented a significant
problem and, therefore, required special attention in the
development of the morta]ity component of the aspen growth
model (see 'BASIC MODEL RELATIONSHIPS - Mortality’ ).

Diameter and- height growth of aspen appear to be
affected by stand density in the same manner as most other
tree species. Diameter growth decreases with increased stand
density (Bella 1975); therefore, stand density, or some
transformation thereof, is a logical variable for inclusion
%nto the diamefér growth component of the aspen growth model
(see 'BASIC MODEL RELATIONSHIPS - Diameter Growth' ). Height

d
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growth does not appear to be greatly affected by stand
density and shows a remarkable constancy over a wide range
of densities (Bella 1970, Strothmann and Heinselmann 1957).
For this reason, a simplie height growth function predicting
height on the basis of site quality and tree age and
ommitting independent variables such as dbh and density is

logical for the aspen growth model (see 'BASIC MODEL

RELATIONSHIPS - Height Estimation and Site

Differentiation’ ).

2.2 Juvenile Stands (10< Age <40 Years)
2.2.1 ansity Reduction in Sapling Stands Due to Hypoxylon
Canker

Mortality in youngvstands of trembling aspen is usually
caused by suppressioh or disease (Hinds and Krebill 13975,
Anderson and-Anderson 1968) . Hypoxyldn canker is caused by
the fungus Hypoxylon pruinatum (Klotz.) Cke. and is one of
the most important pathological agents throughout the
natural ranée of trembling aspen (Anderson and Anderson
1968, Baranyay 1967, Gruenhagen 1945} Povah 1924). The
fungus Kills its host by rapid invasion and subsequent
girdling of the stem tissues (Anderson and Anderson 1968,
Povah 1824). Mycelia of H. pruinatum penetrate the bark,
cambium and outer four to five mm. of wood tissue
(Gruenhagen 1945) . There does not appear to be any
significant reduction in basal area increment of infected

trees during the infection period, although the yearly

.

Y

~
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increment is re-allocated away from the canker producing an
of f-centered growth pattern (Baranyay 1967) .

Hypoxylon cankers usually form only on young bark (Bier
1940). As a consequence, large trees incur infection on
branches or on the bole near the crown while young trees
become infected on the bole near the ground (Brinkman and
Roe 1975, Anderson and Anderson 1968, Gruenhagen 1945, Povah
1924) . Infection on the bole will wusually result in
mortality in three to eight years (Anderson and Anderson
1968, Baranyay 1967).

Graham and Harrison (1954) found Hypoxylon canker in
the Lake States to be associated with wounds inflicted by
insects. Baranyay (1967) found that dead branch stubs were
the main port of entry for Hypoxylon canker in Alberta.
Dther ghannels of entry may be provided by such items as
wounds caused by wildfires. lightening, frost cracks, sun
scald, animal browsingu and human activities (Hinds and
Krebill 1875, Gruenhagen 1845),

}here appears to be aé inverse relationship between the
density of aspen stands and the incidence of Hypoxylon
canker (Andermson and Anderson 1968, Day and Strong 1959,
R.L. Anderson 1952), although there is some doubt about this
suggested relationship (Sfeneker 1966). Copony and Barnes
(1874) confirmed this relationship, but suggested that
mortality caused by Hypoxylon_canker:was the reasoﬁ for low
stand density. This density brelationship could have

important ramifications on thinning strategies 1in areas

F
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where Hypo;ylon‘eanker is prevalent (Anderson and Anderson
1968 .

..The incidence of Hypoxyioh canker in an'aspeh stand is
not related directly to s1te quality, vigor or sex ‘of the
tree Br1nkman and_ Roe 1975, Anderson and Anderson 1968,

R.L. Arderson 1964, G.W. Ahderson 1958, Christensen et al.

1951). _C]Qnés with superior growth, therefore, are not .

: . ,
necessarily the most resistant. There does appear to be a

relatiohship, however, betweeh Hypdxy]on canker 1h¢idence

and geograph1c locat10h (R.L.Anderson 1964)

There is significant inter-clonal variation in the

incidence of ‘HypOXylon canker (French and Manion 1975,

. Copony andearhes 1974) . Copony and Barnes - (1974) reported

eight-fold differences in Hypoxy]on canker infeetion between

clones (ten percent infection versus eighty percent

infectioﬁ) Selection of "good" clones, therefore, should -

[

take Hypoxy]on canker into account . A
No direct conﬂ measures are Known for Hypoxyloh
canker (Bripkman and Roe 1975, Hinds and Krebill 1975).
Maintenance of weJ]—stocRed stahds throughout the rotation
Seehs to be the best ‘appreach (Brinkman and Roe 1875,
Anderson and Anderson 13868).
*/yypoxylon canker infection or w1despread outbreak is
another e&ehﬁ//w1th potentlal for inclusion into the aspen
growth ,modei. ~ Quantifying the re]at1onsh1ps between

HypoXylen ”canker and stand density or other variables would

be hecessary béfore a Hypoxylon infection routine ~could be »

?
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developed.

2.2.2 Effects of Thinning .

Decreasing the density of an aspen stand: by thinning

.generally results' in an increase in radial growfh of

[

individual trees (Brinkman and Roe 1975, Bella 1870, Jarvis
et. al. 1966). Aspen trees in all diameter classes will
respond to thinning, with the smaller trees showing the

greatest percent diameter‘increment relative to the initial

" tree diameter (Bella 1870). The“larger:trees; however, have

a higher increase in growth rates in absolute terms than

smaller trees (Bella 1970). The loss in volume of the

thinhed trees appears to offset changes in diameter growth

so that stand increment and total volume yield is often not

.increased'-by thinning (Brinkman and Roe 1975, Bella 1970).

. Therefore, thinning does not appear to be a viable

management option and for this reason was not considered

important for the aépen.growth model .

2.3 Mature and Overmature Stands (240 Years)

. 2.3.1 Decay and Mortality

Mature and overmature aspen stands are characterized by

a slowdown in radial growth and an increase in decay volume

'(Kirby 1962, Basham 1960, Kirby et al. 1957, KauFert 1948).

WHiie v-stands ' of’ fully stdcked, mature aspen may be
comparable to softwood  species in gross volume, their

commercially usable volumes are much smaller due to decay.
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This characteristic has' led to the‘ term "pathological
rotation",bwhichAis the rotation age‘ based on net volume
incrémehtJ taking into account the effects of decay (Kirby
et.a]ﬁ 1957).‘The intended utilization of. aspen greatly
affects the selection of rotatién age since some_processes.'
‘such as biomass production for ;nergy purposes, may be ab]é'
to use different parts of the aspen tree (eg. small
branches) and'may also be able to use decayea wood . :
.Fomes‘ igniarius wvar. populinus ‘(Neuman) Campbell
(refehredito throughout this report as F.igniaPiUS). a heart
rot, is the mos t sefiops’agent of decay in trembling aspen
in North Amer ica (Anderson and Schipper 1978, Kirby et al.
1957, Riley 1952, Christensen et al. 1951, Kaufert 1948).
Thié decay organism enters the aspen trupk primarily through
‘branch stubs and wounds f@irby.et al. 1957, Christensen et
al. 195%). An average'of six years is reqUihed between the
1time of infeétion and the appearance of the first fruiting
bodies, or Cbnks ’fAnderson and Schipper 1978). COnké and
othe} external 5ndicatohs such as visible wounds  have been
‘used to predict ihe presence and amount of internal decay in
aépen trees with varying degrees of success '(Anderson and
Sbhipper‘ 1978, Bailey and Dobie 1977,\A1emdag and Hor ton
1972, Wall 1969, Basham 1968, Hinds 1963, Riley and Bier
1936). Mortality from F. igniarius apﬁears to be primariiy
the result of structufaﬂ weakening of the bole and
_subsequent blowdgwn (Anderson and Schipper 1978).

Decay in trembling aspen has often been referred to
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simply as "cull" or “"defect" but should be divided into

classes in order to evaluate the seriousness of the loss and .’

its “importance to different uses. Kempefman et.al. (1978) -
“classify wood defect as "advanced rot", "incipient rot", and
"stain“, Advanced rot is noticably soft; incipient rot is

discolored wood that is "slightly softer” than c]ear' sound
wood when tested with the point of a sharp knife; and stain
is discolored wood that is as hard as cleaf. sound wood. It
is important to note that”a1though defect volumes fbr aspen
can exceed 30% of total . gross volume (Hinds and . Wengert
1977, ki%by et.al. 1957) , much of this defect fs probably
stain or incipient decay. It has been found that advanced
rot 1is by far the smal]est‘ component of total defect
(Kemperman et.al. 1978, Kemperman et.al. 1976, Navratil
1972). |
Several variables such as site index, soﬁ], and aspect
have been examined for stsib1e. relationships with the _
incigénce and volume of defect;'Butbcorrélatfons have>been
low (Anderson and Schipper 1978, Kemperman ,gt;all 1978,
‘Kemperman et.a]., 1@76, Thdmas et.al. 1960[ Basham 1958,
Riley 1952). This could be due to the effect»of genotype on
defect. Highly significant diffeﬁences have been found among
clones in tﬁe incidence of F.igniarius, percent decay,
volume of decay, gross volume and net volume (Kemperman
et.al. 1978, Wall 1971 and 1969). In one study (Wall 1969),
incidence of  F.igniaPius among intermingled clones on the

same site varied from 12 to 64%: on another site the
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._vérﬁatioh was from 21 to 92%. Kemperman, et al. (1978)" found
~significant differences between clones in the volume of
stain and incipient decay but not in advanced decay. They
also found that the primary rot causing organisﬁ'varied by
clone: In some casés F. ighiarius was the primary causal
aéén;, while in others rot was caused primarily by Radulum
caeser ium (Morg )Lloyd or various other butt rot fungi. If
the decay relationships were quantified and related to other
variab]es; then a decay estimation routine 'might be an

imbdriant bption to the aspen growth model.

_2;3.2 Forest Tent Caterpillar '

The forest tent caterpillar, Malacosoma disstria Hon.,
is the mos t spectacular defoliator of aspen in the‘ prairie -
provinces (Steneker 1976, Ives 1971). Epidemic populations
can de@eﬁop in the same areas at 10- fo 15-year intervals
(Brinkman and Roe 1975). Ives (1971) reviewed the outbreak
| history of forest tent caterp111ar in Alberta. |

Radia] growth of aspen trees can decrease as much as 80
to . 90 percenf after several years of severe defoliation and
jn general is reduced with increééing intensity - and
frequency of defoliation (Brinkman aﬁd Roe 1975; IQes 1971,
Duncan and Hodson 1958). Few trees die following forest tent
caterpillar infestations (Brinkman and Roe 1975, Ives 1974)
and grdwth‘retUrns to normal within two years af&er seyere:
defoliation (Ives 1971, Duncan and Hodson 1958}. Forest tent:

- caterpillar infestations could also be modelled if the
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relationship between caterpillar attack and tree growth were

~further quantified. Although forest ent3catérpi11ar can be
controlled using pesticides, this rare y happens because of
the relatively Jlow economic importance of aspen in the

prairies (Brinkman and.Roe 1875).

2.3.3 Other Insects

Other inseéts which can cause significant /Bamagg to
trembling aspen on the prairies include the 1aﬁge'aspen'
tortrix, Choristoneura conflictana Wik., the gray
willow-leaf beetle, Galerucella decora Say, the aspen leaf
beetle, Chrysome]la cﬁofChi Brown, and the poplar borer,
Saperda calcaraﬁon Say (Davidson and Prentice 1968). At the
present’timé the céntro] of these insects using pesticides
is unwarranted .given the low level of aspen utilization .on
the prairies. ;This managemeht option may be employed,
however, ét some time in the future (Brinkman and Roe 1975,

Davidson and Prentice 1968).

2.3.4 Sﬁté‘ReIationships | |

| Trembling aspen can-inhabit a wide range of sites but
grows best on fresh. to moist clay loams and moist sandy
loams that have good drainage aﬁd a water table befweenv .75
and 2.5 meters below the surface (Steneker 1976, Fralish and
Loucks 1967). Stoeckler (@560) found that repeated burns
lowered site quajify, but Strothmann (1960) found no such

relationship and later publications (Steneker 1976, Fralish’
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'and Loucks 1967f do not even mention this factor. .
Several systems have been developed for the rating .of
aspern site qQquality or aspen site index from site
characteristics such aé soil texture,_soil moisture, stone‘.
content; slébe, - aspect, and depth to.water table (Steneker
1976, Brinkman and Roe 1975, Fralish and Loucks :1987}
Strothmann ‘1860, Meyer 1956) but site index calculated as a
function of the average hefghts of the dominant and
co-dominant trges is still fhe most commonly used meaéure of
aspen site qUality,.and is, therefore, used in the aspen

' V’
growth model. :

2.3.5 Summary . .

In conclusion, it has been shown that the dynamiCS‘of'
. aspen stand:? devélopmént are very cohplex. A  number of
potential options for an 'aspen growth model are evident
including‘\components ; for  the simulation of c]éﬁal
- differentiation, harvestihg;' fire, disease,v insects and
other natural or man-caused changes. The aépen'gﬁowth modelA
was designéd to operate on a single rotaiion basis, wifh a
structqfe \that ? permits‘ the incorporation ° of the
above-mentioned options, if they are‘dévéloped. The effects
of certain'factdrs ére imp]icitly preéent in the datav:which
was available fof this study. and are, therefore, implicitly
present in the aspen? growth model. Insect and‘ disease 
infestations, such as tent caterpillar or Hypoxylon canker

.Qutbreaks,'likely affected some or all of the stands where
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permanent or temporary‘samp1e plots were measured. Model
relationships developed from these data would, tﬁerefdre.
include theheffects of such infestations. This would be an
important factor for consideration if‘components for some of
fhese~options were developed.

.Sevé¥a] important relationships directly affécted the
construction of the aspen growth model. The most important
of these is thé occurrence of extremely vériable mortality\
rates”_in‘ young aspen stands. In addition, findings of the}
literature review regarding:diameter growth; height grdwth
and site quality estimation were found to be of impor tance
and were subsequently considered when the basic model
relationships .were deve loped (see ° 'BASIC  MODEL
RELATIONSHIPS' ) . |
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Data were required for the development of two model

3. DATA COLLECTION

relationships; diameter growth and moftality (see 'BASIC
MODEL RELATIONSHIPS’[. The diameter growth component could
be developed from repeated diameter measurements over time
of ‘trees in‘permanent sample p]ots or from radial increment
megsurements of trees at a given point in time 'using an
increment borer. in o;der to indicate mortality, repeated
measurehents over time of:trées:in permanent sample. plots
were required  for the development of. the mortality
component . Both, types of data were requested from the
‘following agencies and compahies:
1)‘ Provincial forest management agenciés: .

1
- Manitoba

Saskatchewan .

Alberta

_British Columbia,
2) The Canadian ForestryTSerQice (Nor thern Forest
Research Center, Edmonton),
3) MacMillan Bloedel, Aspenite Division, HUdson
Bay,'SasKatghewah,'and
4) 'Proctér and Gamble Cellulose Ltd., Grande
. Prairie,-Alberta. _
Two of these sources eventually proved to ‘have valuable
data; the Alberta Forest Service'(A.F.S.) and the Canadian

Forestry Service (C.F.S.).
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The Alberta Forest Service made all of its permanent
sample plot data.available. 26 permanént sample plot groups
in pure aspen types in Alberta (Figufe 1, Appendix 1). Each
group consists of four plots which ére either 0.25 or 0.50
acres in size; In total, the Alberta Forest Service
permanent plot data consisted of approximately 12,000
individual tree observations (the measurement of an
individual tree at a point in time was considered an
"observation”). All Alberta Forest Service permanent samgTe-
plots included indi&idua] tree measurements for diameter at
breast height (outside bark) and crown class. In addition,
some sample tre?§ had‘ measurements of age, height, bark
thickness and radial increments. A majority of these pléts
.were established in 1960 with remeasurements made on all
plots in 1968 and on some plots in 1878 and 1979. Four
groups of plots which had been remeasured last in 1968 were
remeaéured again in the summer of 1980 as a part of 4fhis
study. All1. of the Alberta Forest Service permanent sample
p]ots.were in stands 50 years and older (see the age-density
summary, Table f, Appendix 1).

The Canadian Forestry Service also made its permanent
‘samp1e plots in pure aspen types availab]g, one plot from
study MS$133 (Turtle Mountain .Forest'Reserve, Manitobé):
three p?ots.from study MS-155 (Pelly, Saskatchewan); and
three plots. from study MS-146 (Riding Mountain National
Park, Manitoba). These plots wefe established in age classes

ranging from 11 to 23. years and were remeasured by the



26

r

Canadian Forestry Service five times at approximately five
year intervals. Measurements included diameter at breast
height (outside bark) and heights of some sample trees. The
Canadian Forestry Service permanent sample plot data were
compoSed -of' approximately 8,009 indivi&ual tree
observations. |

Analysis of the data fbom‘thé Alberta Forest Service
and the Canadian Forestry Service resulted 1n a number of
conclusioqs pertaining to modél development and data
collection efforts to be carried out. First, the mortality
‘component of the model would have to be developed from these
data, since these were_the only available permanent sample
plot records in aspen types. Second, it was decided that
supplementary measurement of temporary sample plots was
necessary in young, dense stands in Alberta in order to fill
geographic, age and density gaps in the data'basé. Twenty
~three temporary sample plots were subsequgnt1y established
in pure aspen types in var ious Alberta locations (Figure 2,
Appendix 1) covering’a selected range of dens%ty ’and age
“classes (Table 2, Appendix 1). . |

A11 of the temporéry plq}s were 0.01 hectares in size.
Measurements included speéies; diameter at breast height
(outside bark); total height; crown class; cull suspect
class; total age; stumb diameter; ten, twenty and . thirty
year radial increment; andban approxfmate location of each
tree on the plot. Additional data from the remeasurement of

some University of Alberta permanent sample plots in pure



27

aspen types, conducted under another research project in the
Department of forest Science, were also made available to
this project. , wa

Several of the other agencies and companieé which were
contacted made data available for this project but, for a
variety of reasons, these data were not used in model
development. The Forest Inventory Branch of the Manitoba
Department of Natural Resources made inventory data in aspen
tyﬁes available for this project. These data could not be
Uséd due to a lack qf radial "increment measurements.

-The 'Forestry Branch of the Saskatchewan Department of
Tourism and Renewable Resources made all of their permanent
sample plot data in pure aspen types available for this»
project. These plots were established in 1949 and 1954 with
$ubsequent rémeasurments a{ approximately five year
intervals. A1l measurements before 1969 were bOn a diameter
class plot tally basis. This prohibited their use for both
the mortality éomponent and the diameter growth component of
the aspen growth model. In 1969 all trees on these plots
were assigned individua} numbers and their diameters were
recorded individually. Remeasurements on an individual tree
basis was scheduled for the summer of 5980. It was expected
that the 1969 measurements could be used in conjunction with
the 1980 remeasurements for.both the mortality and diameter
growth  components of the aspen ~growth model. The

Saskatchewan Forestry Branch, however , encountered

difficulties when remeasuring these plots in 1980 and were
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forced to renumber the individual trees on the plots. This
made theij data wMusagle.

T S .

The remaining agercy (British Columbia Forest Service)
and the two companies contacted (Procter and Gamble
Cellulose, and MacMillan Bloedel, Aspenite Division) were in
the process of establishing permanent sample plots in aspen

types but had performed no remeasurements on their plots.

i



4. BASIC MODEL RELATIONSHIPS
Five basic relationships were identified as integral to
the development of the aspen growth model:
1) Mortality,
2) Diameter growth,
3) Height growth and site differentiation,

4) Volume estimation, m /

{
S) Biomass estimation. \

The first two relationships, mortality and dia%eter growth,
are Kkey components‘of the aspen growth model. No functions
were fand in the literature which wou ld adequately
represent these ) relationships for aspen. They were,
therefore, developed and tested specifically for the aspen
.growth model. The sections describing the mortality and
diameter growth components\in\yjde discussions of the data
from which they were developed. the various approaches
utilized to develop the functional forms, and tes{ing of the
final functional relationships.

The last three relationships were obtained from the
literature in a format which was considered adequate for the
aspen growth model. The sources of tHese relationships, as
well as their functional forms, are déscribed in their

corresponding sections.

29
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4.1 Morgality

| Trembling ~aspen exhibfts extremely high mortality in
young, dense sfandg, with rapid dis;ppearance of initial
differences in density (Bella and De Frang§:chi, 1972) . Very
'~ dense stands suffer ‘the highest'mortality while the least
'deése stands suffer little mortality (Sorensen 1968,
StrOthmann(and Héinse]manb 1957). It .was"félt_ tha£ the
mortaTit¢' component in young‘asben étands was an extfeme]y

impor tant aspéct of the aspen growﬁh' model due to the

significant énd often drastic effectsfthaf mortality hgy

have on certain growth‘barameters.SUCh as stand voP;me aﬁd‘
biomaSs.>vTherefore, ‘thé‘ morta]fty componeni of the aspen

'gnowth model was addressed with specia] attention..

| There are two basic_methods of model]ing_mortality‘ fof

individual tree growth models (EK and DudéK 1980). In the

I'first, trees are ¢1assifiea into live and dead categories

based on‘ Some threshold such as a minimum Teyel of.growth

(EK and Dudek 1980): One proglem with this approéch is the.
Aarbjtrary se]ection of a threshold paraﬁeter:and'its level .

AnOthep{problgm is that mortality in forests.may be caused

- by nuﬁéfous factor§ »and is not solely nestricted to the
smallest, slowest gr;)wing'tre'es (EK and Dudek 1980). An
examination of thé permanent éaﬂple'plot data revgaled that

in young aspen stands the smallest ‘trees éfe more likely to.v
d{e, "but in olgervstands thebe_was no obvious relationship
‘ betwéen any. simple tree parameter and‘hbrpplityt‘The second

method was established by Hamiltbn (1974,1980) and Hamilton



S 31

N, ' , -

“and :Edwapds (1976) and is based on predicting the

propab?lity thét a tree dies. In this method, the morta1ity
moddf’fis developed in three rﬂasic steps (Qami]ton”1974,
19§brﬁHamilfon and Edwards 1976, Hami]ton'and Wendt 1975).
{h the first step potential independent variables are
screened for those which best 'éxplainv variations in
mortaTity. In the secbhd stép éoefficients are-éstimated for
the logistic model using a .dichotomousi dependent . variable
(0=1ive tree,} 1=dead tree).  The functio:_ form for the

logistic model is:

p = . 1
1 + exp (-(~BO+ B1X1i+B Xpo v oo + B X . ))

Where: P. =probability of mortality of the V

ith tree in a Sbeeified period of time,

- restricted to the interval (0,1). .

B. =jth nonlinear regression coefficient, j=0,1...p

X, =Kth independent variable, k=1,2,...p

The probability of mortality for an individual 6 tree is-

bounded by 0 and 1. Although a 1inear‘regreséion model has
Beenvused,for the prediction of the probability of tree

morta]ity,‘”it cannot ensure that the probabiiity estimates

~ will lie between 0 and 1 (Hamilton and Edwards 1976). The

. N ’
- logistic function, which limits estimates of probability to

the interval (0,1), has been proposed as the preferred mdde]l

for expressing this relationship between the dichotomous

Y




32

dependent  variable (mortality) and the independent
variable(s). The final step is model " verification by

comparison with an jndependent data set to ensure that it
adeqhate]y estimatés mortality: and dpes~n01 mgreTy reflect
anomalies of the ﬁarticulér Qet of data from which the model
was developed. A chi-square test is oftén used to measure
this "goodness of fit" (Hamilton and Edwards 1976).

This me thod wa§ adopted for the aspen growth model for
the fo1loWing reasons. First, this type of model a]lows'
great flexibility in applicationi_The resu]tihg probability
of mortality may be ‘used in either a sfochastic or a
deterministic fashion to predict sfand'morta]ity; With the
stochastic methbd, a uniform (0,1) random variate fs
generated for each tree fn the stand. for each time period.
The tree "dies" and is removed from the stand if the
estimated probability of death is.épeater than the random
variate,. otherwise-it "lives" (EK and Dudek 1980, Hati1ton
" and Edwards 3976)3 The deterministic me thod treats each tree
in the stand as repreéentative 6f a group of trees (for
example, plot ta]1ies'expahded~to‘a per hectare basis). The .
probability of.mortality for each tree is then wused in a.
 8eterminf§tic faShion to reduce the number of treés which it
represents (EK and Dudek 1980, ﬁamilfdn‘and. Edwards 1976).
The second reason for selecting this model is that'a number
of potential _independent variables are }considgred for
tnc]usion into. the médel .with‘ the best predictors‘ Of

morta]iiy being accepted.'%g% this way, the arbitrary
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selection of a threshold variable and minimum threshold

levels is avoided.

‘The

légistic ‘nonlinear Eegression package of the

Biomedical Computer Programs - P Series (BMDP-78, Dixon and

Brown 1979) can be used for screening ‘independent ‘variab tes

for ' their predictive ability and for estimating the

appropriate coefficients for the logistic function. Using a

subset of 500 tree observations from the A.F.S. and the

C.F.S. permanent sample plot records for both young and old

stands, the fol]owihg potential independent variables . were

screened for their predictive ability based on a chi-square

test (Dixon and Brown 1979\

1)
2)
3)
4)
5)
6)
7)
8)

Diameter (cm.) pt breast height (DBH) ,

Basal -area (cm. f the tree (BA),

Basal area (m.2) of the stand (per hectare),
Stand density (tfees/ha!)l

Stand age (}e;;s), N

Site index‘(m. at 50 years) ,

Relative DBH,"

Relative BA. - R | '

where: Relative BA or relative DBH ﬁqh a specific tree is

equal to tree BA or DBH divided by the average BA or DBH of

the stand.

The following variables were selected for inclusion

into the mortality function (based on significance of

t-statistic at «=0.05). and their coefficients  were

estimated as
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Variable Coefficient S.E. Coeff./S.E.
#trees/ha. 0.226 0.049 - 4.681
Rel. DBH -2.550 0.341 -7.470
BA/ha. 0.034 °  0.03f " 2,836
Constant 3.202 0.513 -6.235
Khere:
S.E. = standard error'of the regression coefficient.

Coeff./S.E. = value of the t-statistic - a test of the

significance of each coefficient.

9

An implicit assumption in the development of this

function was that of uniform mortality over the. time
interval between measurements of the permanent sample plots.

In jorder to accomodate this assumption and because the

interval . between measurments was different for different

plots and for the same plot at different measurements, ‘the

dependent'variable Was weighfed by the inverse of the number
of years between méasurements.'ln this way, the function was
developed to. predict the prbbabi]ity of annua1.morta1ity
based on the assumption ‘uniform mortality over the
; measurementw period. Tb4 was the approach adopted by
Hamilton and Edwards (1976).

This function was then used to simulate mortality in a

_determiniStic fashion for some of the permanent sample plot

~
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data from which it was developed. The mortality predictions

were poor .for some age classes mortality was underestimated

-

- for -young -stands and overest1mated for old stands. Only in

“the mid-range of the stands (approximately 50 years of age)

were the predictions reasonable. This led to two
conclusions. The first was that the assumption -of uniform

mortality between the time of measurement of the permanent

"sample plots was incorrect, at least for young; dense aspen ‘

stands‘ This conclusion was reinforced by examination of the
mortality pattern of some of the permanent samp]e p]ots For
example, the density of one plot dropped from 7580 trees pep-
hectare at 24 years of age to 5062 trees per hectare at 29
years of age to 3802 trees ;ék hectare at 34 years of age.
Over the first five year period fhe ﬁorta]ity rate was 8.43%
whi}eh'oyer'the last five year period the mortality rate was
5.9% (when compounding is taken into consideration). This
illustrates that a~considerab1e change in mortality rate can
occur over a ten year span. This was the period for all of \
the C.F.S. perhanent-sanple plots between the time of plot
establishment and first re?measurement..lt is also likely
that the mortalitybrafe changed over the five year periods
as well. | ‘ -

Hami 1ton laﬁd Edwards (1976). however, obtained
satisfactory mortality predictions Using fungtions which had
béen deVefoped from data assumed to have un{form mortality

over 5the period between measurements of the plots. Hamilton

and Edwards developed mortality furfctions  for species in.

4
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northern Idaho such as. western hemlock (Tsuga heterophy}la),
ponderosa pine (Pinus ponderosa) and subalpine fir (Abies
lasiocarpa) . These' species exhibit much lower rates. of
norta1ity than trembling aspen and, therefore, have less -
chance of significant change in morta]ity rates between
’re-measQrements‘ of permanent sample pldfs. For example, the
average mortality rate for western hemlock was found to be
1.36% per year. 'thilar1y. the average morfality rate for-
ponderosa pine was found to be 0.95% per year. Subalpine fir
had the highest reported morfality rate (2.57% per year). In
cdntrqst, the aspen stand which dropped from 7580 trees ber
.hectare to 5062 trees per hectare over a five year pefiod
exhibited a mdrtality rafe of 8.43% per year  when
compounding i; taken | into consideration. The AseEOnd
conclusion was that one function based on the logistic model
was not adequate for simulating mortality in aspen,
pfimarily bécause of the extremely high and variable
mortality rates in young, dense stands. |

,‘To Qver¢ome these difficu]ties, the data were
‘segregated into "old" stands (greater than 40 years) and
“young“ stands (less. Athan 40 years). In addition,
'specification of modefbinput for. BMDP was revised. Treet
status, the.dependent variable, (O;Iive, 1=dead) was viewed
as the "failure" or "success” of a tree in dyingA If the
‘tree “"failed” to die it was assigned zero | 6 by if it
- "succeeded" fn dying, it wés assigned one | 1v);_The number

of yea%s between,measureménts of the'permanent}sample plots
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was viewed as the number of "chances” the tree had to die.
For example, if the period between measurements was. five
years. and the tree lived, it .was assigned 0 and was
éons{dered to have"failed at five opportunities to die. 1If,

on the other hand, the tree died, it was assigned 1 but the_
number of opportunities to die which {t actually bhad was
unknown, since the exact year of death Was unknown. 1f the

assumption of uniform mortality between measurements was
. true, then the avérage number of oppbrtunities fér the dead
trees fo die would be 0.5 x the length of the measurement
period, or 2.5 vyears in this case. 1f, however, mortality
was greater at the beginning of the period (as the data
suggest), the aVerage number of “chances" the average
mortality tree had in which to die would be less than 0.5 X
the *length of the period. In effeéEL the number of chances
that the average_mortalitx tree had in which to die was
proportfona]ly reduced. - The factor used to estimate the
number of annual. opportunities that a dead tree actually
had, dh average, to diéb(0.5&.in”fﬁi§,case) will be referred
to throughout the remainder of this thesis as the
"proportional»reduction“factor"._' '

Numerous mortality functions 'wgre.then developed for
the twb groups of trees;. assuming different proportional
reduction factors to adjusf the length of the period betwégn
measurements for the deéd trees. The mortality predictions
of these"functions were then tested“against the aata from

which they were,developed. A1l of the functions from fhé‘
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segregated data were better predictors tnan the first
function which wae developed from unsegregated datab In
addition, the functions with a proportional reduction factor
less than 0.5 we}e the best predictors. Problems similar fo
those encountered with the first mortality function occurred
with all of the mortaliiy functions developed using the data
from young stands. In general, mortality in the very young
stands was underestimated, while the mortality in stands
approaching 40 years of age was overestimated. 1f the>
proportional .reduction factor was reduced, mortality
predietions for the young Stands became better, but the’
overestimates of .-mortality for the -older stands became
worse, and vice versa when the pronortional neduction factor
‘was increased to a level near 0.5.

To ‘overcome thie difficulty, the permanent sample plot
observations were further segregéted inte three groups on
the basis'of density. The three groups were:

1) Greater than 6000 trees per hectare

2) Between 2500 and 6000 trees per hectare

3) Less than 2500 trees per hectare
The 1egistic regression -option of BMDP was used to screen
the s;me,set'of potential independent variables fer their
predictive ability. Once again,rnumerous runs of BMDP were’
made using various values for the proportional reduetion
factor. The .folfowing funetions appeared to OUfperform all
others in their den§%ty cléss when pfedicting mortality for

the data from which they were developed:
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Function 1: Developed from 789 tree observations taken
from the C.F.S. permanent sample plots with greater than

6000 stems per hectare. Proportional reduction factor

was (0.30). o
Variable . Coefficient S.E. Coeff./S.E.
Relative BA -3.607 0.191 -18.932
Constant 0.360 0.125 2.883"

.

N

Function 2:Developed from 3185 tree observations taken
from the CFS permanent sample plots (from Manitoba and
Saskatchewan) with 2500 to 6000 stems per hectare.:

Proportional reduction factor was (0.30).

~

Variable Coefficient  S.E. Coeff./S.E.
Relative BA -3.202 0. 096 -33.356

Constant -0.256 0.058 -4.395

Function 3: Developed from 2330 tree observations taken
from the Alberta forest Service permanent sample plots
- with less than- 2500 stems per hectare. Proportional

reduction factor was (0.50).
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Variable Coefficient S.E. Coeff./S.E.
Age -0.014788 002699 -5.478
BA per ha. 0.026375 005093 5.179
Relative BA -1.450101 - 322271 -4.500
Relative DBH =~ -0.913845 .512428 -1.783
BA (tree) 0.003935 .000630 6.243
DBH (tree) 10.073380 .024800 -2.959
Constant -1.057000 .255000 -4.139

Testing was conducted using a chi-square test (which
makes . use of .the nominal properties of the data) and the
Kolmogorov-Smirnov test (wéich uses the ordinal nature of,
the data). Fuhctiqn 1 was teéted against two subsets of the
data from which it was developed since an 1ndependént data
set with greater thah‘ 6000 trees per hectare was not
.available (Tables 1a,1b,2a,2b, Abpendix II). Function 2 was
tested against ah independent data set from the University
of Alberta permanent sample plots in aspen (Tables 3,5,
Appendix 1I). Function 3 was tested against an independent
data set from.the Alberta Forest Service permanent  sample
plots in aspen ‘types (Tables 4,6, Appendix 11). For all
“three models, using  both the -Chi—sduare and
Kolmogorov-Smirnov tests, the hypothegis that eaéh mortality
function produced the same distribution bf mortality as that

found in real stands could not be rejected («=0.05)
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Consideration waS“also given‘ to the probability
predictions at the density boundary betweén one function and
the next. On an individual tree basis, the probability of
mortality would likely be disjoint at the boundary between
functions, but on a stand basis, there should be no distinct
deviation in mortality away from ‘the overall trend
established by the previous function. In other words, when
the three mortality funcfions are combined in a simulation
of stand mortality, there should be no distinct change in
the stand mortality trend when one function is replaced by
another as stand density crosses the bouhdary level for
function selection. Thesé\‘ﬁhfee functions appeared to
Eespond in this fashion extremely well when combined‘ for

trial simulations (see ' CONCLUSION AND RECOMMENDATIONS' ) .

AN

4.2'Diamefer:Growth A
Diameter growth, and subsequently, volume and biomass

growth, was approached on an individual tree basis to ensure
maximum flexibility for model development and operation. THe
non-finean' regression - package of BMDP was used for
preliminary testing of the following non-1linear anctional
forms for use in the diameter growth component of the aspen
growth model: h

1) Natural growth function.

2) Llogistic function.

3) Allometric function.

4) Generalized Gompertz equation.



42

5) Modified Chapman function.
Considerable difficulties were encountered using BMDP
in the estimation of coefficients for even simple forms of
the above functions (eg. DBH = f(age) ). In addition, it was

felt that a number‘of independent variables might have to be

included in the diameter growth function in order to reflect .

differences 1in site quality, stand density, and each tree’'s
" competitive position in the stand. These reasons combined
with time limitations, forced the abandonment of non-1linear
forms for the diameter growth component of the aspen growth
mode 1.

Two methods of modelling diameter growth using multiple
linear regression techniques were also investigated. The
first method was to use diameter or basal area increment as
the dependent vartable. independent variables (before
transformations) were theh selected from the following:

1) Present DBH or basal area (BA)
2) Number &f trees per hectare
3) Stand age : g
4) Site index
5) Bgsal area (BA) per hectare e
6) Relative DBH qr BA (same definition as for
| mortality) _ |
Variables such as relative DBH , relative BA, number of
trees per hectare and BA per hectare were included as
potential independent variables so that la measure  of

A competiiion could be direct]y incorporated into the diameter
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growth function.

Preliminary analysis using a random set of 205
observations selected from the C.F.S. and A.F.S. permanent
sample plots indicated difficulties with this approach.
Direct correlations betweén the independent wvariables and
the dependent variable (both BA and DBH growth) were poor.
This appeared to be due to large fluctuations in growth
relative to each other, yet these fluctuations were small
when compared to the diameter of the tree. fFor instancg, two
different 10 cm. trees could have their periodic diameter
increment recorded as 6 mm. and 4 mm. respective]y. This 1is
a 33.33% difference when the increments are compared
directly to each other as a percentage of the increment of
the larger tree (i.e.(6-4)/6=.3333), but represents only a
1.89% difference when expressed as a percentage ofﬁéihe
diameter of the larger tree (i.e.(10.6—10.4)/10.6=.0&89).

Lack of precision of diame growth measurements appeared.

ddition to general measurement

B e TN

to' add to'thiz proglem.,:
2 asurements from the permanent ’
sample kpléts were recorded to v0r1 inches (2.54 mm.). As
shown ab;vé. a difference of this magnitude between diameter
measurements of two trees can be significant when’compared
to diéheter increment. | _

The two alternate function forms, with significant

independent variables (a=0.05) were: .

1. BA increment {(cm.2) = 0.2029 + 5.637(Relative BA)
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r? = 0.09878 S o o
R.S.E. = 1.99071

2. DBH increment (ch.) = -0.0273 + Oﬂ3597(Re1atiyé DBH)
) S + 0.0091(DBH)

L e . 0.09708
R.S.E. "= 1.50600

Where: R.S.é. relative standard error
of the residuals.gi.e.;
standard error of‘fhé'
residuals divided by the.

" mean of the dependent variable

\Thevsecond approéch was to. predict future tree diameter
(ratﬁeb' than djametegéincremept) dinectfy'as a function of
. the same sét of.'bd!siblemmindepéhdent “variables. This
'appréacﬁ\ indirectly incorponatés” diameter.incremeht while
masking Fheiilargek fluCtu;tionsﬁ of diameter: increment
relative 'to‘veach otherf An_at tempt was‘made té predict DBH
(or-BA)vfive,yéabs iﬁ‘the future and ten yFabs in thé fhtﬁre.
based. on ,the> same set of vindependenf variables ﬁisted
ﬁreviousiy.' | . - \f

Using the same randomly selected set of 265
;obseryétiéns fbub_ equations were deveippeqwusidg’multiple
1inearﬂnegréssion techniques . The dependent Qariabl7/inﬁgthe

~ four equations was;
IR o : : ' /

/‘ .



45

1) DBH5: DBH five years in the future g
2) BA5: BA five years in the future
3) DBH10: DBH ten yeaﬁs in tﬁ%/future

4) BA10: BA ten years in the future

The four alternate functions devé]oped, with
significant independent variables.(a=0.05) were: |
1. DBH5(cm.)° = 1.247945 + 0.9658520(DBH in cm.)
” +1.663212(Relative DBH) |
-0.0001481556(#trees/ha.)
-0.01882325(Age)

r2 = 0.96273
R.S.E. = 0.10923

a

4

2. BAS(cm.2)  =57720455 + 1.042853(BA in cm.?)
+19.59457 (Relative BA)
- :0.0048921721(#trees/ha.)
- 0,8118688(Age)

 r2i= 0.94367

" R.S.E. =.0.25745
3. DBH10(cm.) ¥ = 2.49588 + 0.9317044(DBH in cm.)
e ; - .
o o +3.326424(Relative DBH)
-0.0002963113(#trees/ha.)
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-0.03764651(Age)

r2 = 0.86791
R.S.E. = 0.20365 :
4. BA10(cm.2) =114.4081 + 1.085717(BA in cm.2)’
+39.18916(Relative BA)
-0.00984344 (#trees/ha. ) s
-1.623737 (Age)

r2 = 0.82447
R.S.E. = 0.45593
v Fi @

The functions‘ prédict{ng 'thuhe DBH exhibited more
favofable regression statistics than thQse‘predicting future
BA. The r2 _Qalues were much higher, and.the  relative
standard error of residuals (defined as tHe.standaFd error
of the reéiduals divided by the mean of tkege dependent
variable) yalues wefe lower. In addition, the residuals were
more’5uqifdrm_bover the Eange of predicted dependent
variables. Sfmi]ar]y, the fUnctidng gased on a five year
projection were more favqrable than those [Based on a ten

yeér projéctidn.

e : L : :
-During the final phase of development of the diameter

growth componént it-was feltlthat-special efforts should be

made to incorporate {hdepéhdent oyariab{fs-into the model-

which yp§§g§gg1ow:ymxiﬁﬁm“ffexipility for model application.

.
LRGN - N

4

N
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SBecifically, the following variables were considered to be

particularly impor tant :

1. DBH (preseht)
This, was the most significant independént variable in
both of the pﬁe]iminary regressions which had
incorporated it.o Intuitively, one would expect present

BBH to be the best single predictor of future DBH.

'\) .

Competition factors _
Compefition may be viewed from a stand perspective (such -

as number of trees per hectare or basal area per

hectare) or from ag&a; “yfdual tree perspective (such as

. }\ - .
relative DBH or absolute DBH) In addition, response to
thinning could potent1a11y be viewed as a response to\
stand density or basal area per hectare.

}

Inclusion of site index to differentiate DBH growth on

3. Other Variables

sites of »differént quality was also thought to be
important. In the’prelimihary regréssions, howeVer; sité
index was not a significant Variabie_(a=0.05).

" In addition, it was thought that a< zero-intercept
function might perform better than a non-zero-intercept
function for the prediction of"diémetér gnowth.v The
y-intercept\bfo} the preliminary functions was largefénouéh
so that fof .sma}l trees  in 'a ‘stahd, a distorted

overredictjon - of future diameter might result simply

“
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because of the relative magnitude of the»intercept and the

tree diameter.

-The  analysis for, diameter growth over a five year

period was-repeated.with an\enlarged‘data set consisting of

774 observations taken from tﬁé,temporary sample plot data

collected under this project and the Alberta Forest Service
permanent sample plots.

The range of ages for this data set was 10 years to S8

years with a mean of 45.7 years. The following function was

developed:
g
DBHS(cm.) = 0.95890(DBH in om)
-0.000036548x( #tree/hd)
20.01170(AGE) + 0.074408(SITE INDEX)
+0.036334 (Relative DBH) “
+0.005842 (BA in cm. ?)
4
r2 = 0.99684

R.S.E. = 0.06607
o .
This ‘function &as intuitively .gonsistent (i.e. the
coetficients had the theoretically “correct" signg) and

incorpdrated variables for _competition determination

(Relative DBH, #trees/ha.), site quality (site index) and
‘had a zero intercept. The #trees/ha. variable, however, was

not significant (v=0.05).

.Reforhulating - the above function With a squéred
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\ ' ~ -
transformation of #trees/ha. resulted in thé following"

function (variables significant at a=0.05):

DBHS(cm.) = 0:9683(DBH in cm) |
-0:0000000027122( (#tree/ha) 2)
-0.0099465 (AGE )

' +0.058651(SITE INDEX]
+0.77562(RELATIVE DBH)
+9.5169E-04(BA in cm. 2]

r2 = 0.99849

R.S.E. = 0.04585 ' d//jj

This functionh was subsequently chosen for use in the
”1aépen gro@th model because it had the highest r2 value, the
lowest R.S.E. value and a relétive]y uniform distribution of
residuals over the range of predicted values (Figures 1,2,
Appendix_III). In addition, when.this function was cOmbinea'
with the morté]ity‘fgnctions for simﬁlation, the subsequent
pattern of diameter growth éhd mortality was consistent with

the basic theory of tree and stand development .

4.3 Height Es;imation énd Site Differentiation

Height = estimation- and site diffefenfiétibn are
fncorporafed into the aspen growth model through thé use of
‘a sitei index eduation. Site index, the average height of

dominant and co-dominant trees at some reference age, is_ a
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widely.used and commonly accepted measure of site (Husch,
Miller and Beers 1972). The regreésion. equation was
developed by J.D. Heidt, Department of Forest Science

(Dancik et. al. 1980):

Height{m.)=0.011292+0.440716(Age)-0.002036(Age?)

%

Site is incorporated through the-use of anamorphic site

index curves. The height of a tree is 5redicted by

multiplying the héight (predicted from the.above‘equation)

by the ratio of the site index for that tree to the

reference site index. This ‘function performs well up to

approximately 100 years but, because it has a negative

quadrétic. term, it becbmes unrealistic after age 100. There
. [}

appears to be several ways to overcome this problem. Oné)M

method - would be tao develop a better faﬁ&tjoﬁ, possibly with

a non-linear form, to prevent trees from 'shrinking’ in

~height at very old ages. A segmented model, with a second

equation for ages greater than 100, could also be used to

overcome this problem. Finally, an arbitﬁary ad justment
procedure could be incorponafed; into the mogeT "to ,allow

stand height to reach a plateau,'but prevent a decline.

Implementation of any of these options was viewed as

unnecessary  for this thesis \because the mean annual

increment and overall maxima for biomass and volume occur

before age 100. Growth pb@jeotions for trembling aspen

a

beyond 100 'years of age are unreasonable for all practiéa]»

“.
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management purposes.

When this eqﬁation is used in the aspen growth model,
the ‘predfcted‘height is assumed to be the average height 6f
the stand.\éspen is a light intolerant species, exhibiting
extfemely high mortalfty due to suppression (Bei]a i975,
Bella and Defrancheschi 1972), and thus, it has a relatively
unifbrm overstory when compared to other species such as

spruce. The height measuremends from the permanent sample

plots used for this project support this conclusion.

i \ . . ™
4.4 Volume
An  aspen volume equation developed by Honer (1967) was
Qsed for the calculation of total volume per tree (stump and
top included): \ | '

Volume(ft3) = (DBHOB?(in.)T/(-O.311:T (436.683/HT(ft.)))

This partiéular volume equation was used due to its’
general acceptancé and use across Canada. Any volume
equation éou]d, in fact4 be~usea.»The volume equation used
should be, selected bagéd ‘on ghow ‘well it -performs in
gredicting. actual tree volumés in a given area for a

particular tree species. No evaluation of this volume

equatiSn was carried out as part of this study.



52

4.5 Biomass

Aé with tree volume the development of equations to
prediét ‘biomass was outside the scope of this thesis.
Réliénce was therefore placed on existing equations to
predict biomass. Bella and DeFranceschi (1980) have
deve loped a‘series of equations to‘predjct tree biomass for
various compbnents of the tree that are reasonable in terms
of both the geographic location of the samble ~and their
,prédictive power . The results of Bella and DeFranceschi

(1980) were used in the model for the calculation vof total

biomass per tree (stem wood, bark, branches and leaves). The -

function is : >

Total Tree Biomass(g.) = -0.80319
+0.936736(1n(DBH2(cm. )HT. (cm.)))
'A]terhative functions developed by Bella and Defranceschi
could easily be incorporated in the growth model to predict

other components of tree biomass.

o~



5. MODEL CONSTRUCTION |

The aspen growth model is of the single tree/distance
indecendent format. It was constructed to accept input data
as a tree list of individual DBH's with accompanying stand
paramcters (such as site index). Each tree in the list 15
grown separately. Output 1is printed on a diameter class
basis and includes stand characteristics such as total
biomass ~per hectare, number of trees per hectare, etc. In
addition, plots of biomass, stand density and biomass mean’
‘annual increment against stand age are produced.

The aspen growth model was formulatéd in APL (A
Programming Language, Gilmac .and Rose 1976). A1l  major
routines are composed cf different subordinate functions
Which are called by a main function as required. This
modu]ar -composition, characteristic of programs written in
APL,‘permits easy substifution of various functions or the
addi t ion of new options. .For example, a'différent volume
“function (eg. for ‘a specific area) could easily be
incorporated info tce aspen grcwth mode 1 sihp]y by defining
the new relationship in APL and then replacing the old
function with this newly defined version. This inherent
flexibility of APL was the'primary reason for its. selecticn
'as the computer_;liggqage for the development of the aspen
growth model. For similar reasons Hegyi (1974) used APL for
the developmént,of a growth model for jack-pine stands.. |

The aspen growth model operafes in a BATCH mode which

facilitates printing of octput‘ on the central printing

53
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facilities of the University computer (see Appehdix Iv).
Inputs consist of two vectors which serve as arguments to
the model’s principle function which is called 'MAIN' . :
INPUT1
1. Initial stand age (years)
2. Plot size (square meters)
3. Number of growing periods desired for the’sihﬁlation (5

vyears each) |

4, Forkoutput apbearances only:
| - minimum diamefer.(DMIN)
- width of diameter classes (DWD)

- numéer of diameter classes (DONUM)

5. Site Index (base age 50 years)

INPUTZ2

1. List of DBH's (cm.) for all trees in the plot.

Trees are grown for the specified number of 5 year periods

by the following steps which occur during eaqh period:

1. Ca]cu]aﬁe biomass, volume and Basal area for the trees.
‘Cbnvert to a per hectare vélue and assign the trees to
diameter classes. Predictéd stand height is based on age
and site index. ’

2. Print the diamet;r class summary.

37 bheck if maximum number of steps has been reached.

No: Go to 4, or |

Yes: Print graphs of:

-Biomass/ha. over age
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-Trees/ha. over age
-Biomass mean annual increment (MAI).
then stop.

4. Generate a two dimensional matrix of random numbers.
roWs: same length as the‘input&vector of tree diaheters.
columns: five (one for each year of the f{ve year
period).

5. éenerate the annual probability of morta]ity for‘ each
tree. |

6. Test each tree: is the probability of mortality greater
than any of the five random numbers?

Yes: remove that tree from the vector of DBH's, or
No: retain the tree.

7. Grow the live trees based on Fhe stand parameters at;the
beginning of the growth pefioa.

8. Replace the vector of old diameters with the new
diameters. Go to 1. _

A c?mplete list of functions used in the »..iel, except
for the ,plotf{ng functions,is included in 4Appendix V. The
plotting functions used to produce the graphs are. standard
library functions of the University of Alberta intended for-
the production of quick,\ relatively accurate graphs

(Armitage 1972).
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6. MODEL TESTING AND EVALUATION

In addition to evaluating individual mortality and
diameter growth components, stand predictiqns based on the
model were compared with permanent sample plot data. The
data used in the comparisons came from the Canadian Forestry
Service permanent sample plots from Riding Mountain National
Park, Manitoba. The C.F.S. permanent sémple plots were the
only permanent plots in young aspen stangs which bhad a
number of repeated measurements. It wag‘feLt that these
should be used for model testing, rather than the Alberta
Forest Service permanént sample plots which were in old
stands, because young stands exhibit the greatest
| variability in growth parameters and because the primary
purpose of this model is that of" bioﬁassw prediction. The
data set wused for testing was not independent of model
development, since data from these plots were’ used to
develoé the mortality component of the aspen growth model .
It was expected; therefore, that the mortality componeﬁt of
the aspen. growth model Would perform well when compared to

. the actUal stands. The CFS plots were not used in the other

components of the mode 1, therefore, Somq;g]evel of

independence in testing was achieved.

Plot characteristics and the tre‘é’?*:’~1i's-"%‘-- “ffom *
permanent sample plots at establ1shment were u§ed as 1nput§&

to the aspen growth model. Thé growth of eachg:

simulated from ages of 23 to 48 for plots%1 and 2; and from~ﬂ -

ages of 14 to 49 for plot 3. The actual stang§ were méasured»‘
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at ages 23 (establishment), 33, 38, 44, and 49 years for
plots 1 and 2, and at ages 14 (establishment), 24, 29, 35,

and 40 years for plot 3. Six parameters of the simulation

‘were compared to the real stands over the projection period:

1) Stand Volume

2) Stand Biomass

3) Stand Basal Area

4) Stand Density

5) Average DBH

6) Biomass Mean Annual Increment
Five simulation runs were conducted for éach plot. The
results were averaged so as tp smooth oqt any anomalies
created by the stochastic nature of the mortélity component
of the model. |

The results of the average simulation runs are

presented in g?aphical form in Appendices VI, VII, and VIII.
In addition, comparisons of thé six parameters are presented
in Tables 1, 2 and 3.

- The age for the predicted valpes is equal to the actual
age for three éf the five measurement points. The remaining
two measurement pointsﬁweie only one year apart; enabling ’
direct comparison withbut exsgapglation.

As can be seen in fable; J.gi, 3, the predicted results

are reasonably close to the actual wvalues. The averageb

'percéntf deviation of predicted from actual stand

charadteristics was 0.64% for the 72 combinations of plots,

ages and stand characteristics predicfed.

S i




TABLE 1 - Comparison of Actual to Predicted
Parameters for Plot 1.

Age of Pred. | Actual Actual Z

N Pred. Value Age Value Diff.
W 23.00 134.72 | 23.00 134.72 .00
S of 33.00 | 249.48 33.00 |  243.56 2.43
2L 38.00 299. 11 38.00 281.06 6.42
o%| 43.00 338.31 44.00 | 342.93 -1.35
> 48.00 359.99 | 49.00 360~ 76 =21
£ $*23.oo_ 87-.23 23.00 | = 87.23 .00
£ 33.00 149.57 °33.00 146.14 2.35

|« o 38.00 174.23 38.00 163.56 6.52
Zc| 43.00 192.29 44,00 193.26 | -.50

|5 e| 48.00 | 200.49 49.00 199.20 .65

4 | ‘ ‘
23.00 + 27. 841 ©23.00 | 27.81 .00

ol 33.00°{ 37.50 33.00 36.61 2.43

< <| 38.00 39.96 . 38.00 - 37.55 6.42
o 43.00 40.92 44,00 40.74 .45
El 48.00 40.01 43.00 39.49 1.33
o| 23.00 | 5760.00 23.00 | 5760.00 .00

& <] 33.00 [ 3392.00 33.00 | 3659.00 -7.30
@ @[ 38.00 | 2712.00 38.00 | 2695.00 .63

|2 8| 43.00 | 2192.60 | 44.00 | 2138.00 2.55
oLs| 48.00 | 1784.80 | 43.00 | 1706.00 4.62

N .o [N ‘

.- 23.00 7.54 23.00 7.54 .00
@ 33.00 11.64 -33.00 10. 81 7. 65
B¢l 38.00 13.49 38.00 .12.87 4.79
w ol 43.00 15.22 44.00 15.04 - 1,21
> 48.00 16.70° 43.00 16.63 .47

1 = 23.00 3.79 23.00 3.79 .00

%] 33.00 4.53 33.00 4.43 °2.36
< ©| . 38.00 4.58 38.00 [ 4.30 6.52
> | 43.00 4.47 44.00 4.39 1.82
8| 48.00 4.18 439.00 4.06 2.75 .

7
" NOTE: % Diff & ((Predicted - Actual)/Actual) x 100%
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TABLE 2 - Comparison of Actual to Predicted
Parameters for Plot 2.

Age of Pred. Actual Actual %

Pred. Value Age Value Diff.

23.00 137.87 23.00 .00

W ol 33.00 241.76 33.00 -4.52
S<| 38.00 |- 289.97 38.00 5.61
13%| 43.00 | 332.47 44.00 -3.31
> 48.00 |. 353.28 49.00 -5.85
w £l 23.00 89.61 23.°00 .00
@ 5l - 33.00 145.17 33.00 -4,95
S ¢ 38.00 169. 31 38.00 5.53
O c| 43.00 189.54 44.00 -2.84
o S| 48.00 | 197.29 49.00 -5.43
23.00 28.46 23.00 28.46 .00

el -33.00 36 34 33.00 38.06 -4,52
=] 38.00 38.74 38.00 36.68 5.61
el 43.00. 40.22 44.00 40.85 -1.56
Ll 48.00 39.27 49700 41.07 -4,39
s~ | 23.00 | 6156.00 “{3°23.00 4 6156.00 .00
~ €| 33.00 | 3307.80 33.00 | "4079.00 -18.91
|2 ¢| 38.00 | 2694.80 | 38.00 | 2756.00 -2.22
Z ol 43.00 | 2240.00° 44.00 | 2361.00 -5.12
o =| 48.00 | 1812.00 49.00 | 1953.00 -7.22
T 23.00 L 7.41 23.00 7.41 .00
o 33.00 11.66 33.00 10.48 11.29
O E{ 38.00 | - 13.37 38.00 12.64 5.81
W ol 43.00 14.97 44,00 14,37 4.20
= | 48.00 16.46 49.00 15.90* 3.53
2] 23.00 3.90 23.00 3.90 .00

S| 33.00 4.40 33.00 4.63 -4.95

z © 38.00 4.46 38.00 4.22 5.53
s £| 43.00 4.41 | _44.00 4.43 -.59
T 58| 48.00 4.11 49.00 4.26 -3.47

NOTE: %MDiff

=4

((Predicted - Actual)/Actual) x 100%




1 to Predicted
3 . é

Age of - Pred. Actual Actual %

Pred. "Value Age Value .Diff.
. 14.00 29.26 14,0048 29.26 00
S of 24.00 82.32* | 24,00+ 89:97 -8.50
S &£ 29.00 | 113.64 29.00 | 1Q8.41. 4.83
3°E| 34.00 | 138.57 35.00 | *%134.84 2.77
> | 39.00 | 168.13 40.00 | -"487.54 ©.36
w S| 14.00 22.34 14.00 22.34 .00
@ »| 24.00 56.18 | 24.00 | . 61.03 -7.95
< o 29.00 74.59 28.00 70.81 " 5.34
Oc| 34.00 | 88.16 35. 00 84.92 - 3.81
@ 2| 39.00 | 104.19 | 40.00 102. 38 1.77
14,00 12.61 14,00 | 12:61 .00
| 24.00 21.61 24,00 | 23.62 -8.51
<X 29.00 | @25.25 | 29.00 | 24.09 | . 4.83
@l 34.00 4=/ 26.90 | 35.00 |- 25.55 | - 5.29
39.00 '29.16 | 40.00 28.47 | 2.41
> o 14.00 |14519.00 14,00 |14519700 .00
E £| 24.00 | 6770.40 24,00 | 7580.00 -10.68
® & 29.00 | 5244.80 28.00 | 5062.00 "3.61
S o 34.00 | 4079.20 35.00 | 3802.00 .| 7.29
o S| 39.00 | 3417.20 40.00 | 3086.00 10.73
+ 14.00, 3.14 14,00 3.14 .00
© 24.00 6.29 24.00 “6. 01 4.62
D E| 28.00 7.76 29.00 7.53 3.08
w. % 34.00 9.10 35. 00 8.93 1.89
> 39.00 10. 36 40.00 10. 46 -.91
s 14.00 1.60 . 1.60 . .00

S| 24.00 | o..2.34 % 2.54 | -7.94

< o, 29.00 2.57 % 2.44. | 5.34°

43 €| 34.00 2.59 . 2.43 | 6.88_
1~ 8| 39.00 2.67 2.56 4.39

Qm

NOTE: % Diff = ({Predicted - Actual)/Actual) x 100%
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Ih.aT) cases, the perceht diffeﬁencel(expressed‘as a percent
of the actual valﬁe) was less than 20%. Only ohe. compar ison
showed a difference greater than 15% (Plot 2, Age 33,
Densify : ‘183§1%). Three co&barisons were greater than 10%:

t) Plot 2, Age 33, Average DBH : +11.28%
2) Plot 3, Age 24, Density : -10.68%
3) Plot 3, Age 39, Density : +10.73%

Al remainihg compar isons shbwed differences of less
than 10%. It should be noted that density compar isons
accounted for three of the four . comparisons with‘ greater
than 10% difference between actual and predicted values, yet
these plot@ were used to develop the mortality component of
" the aspen growth model. This lends support'to the aUthors;.’
Fohclusions that mortality is th; mos t diffipult cdmpohent
of aspen growth to mode1  (see ' CONCLUSION ‘ANB
RECOMMENbATIONS’). |



7. CONCLUSION AND RECOMMENDATIONS

Based on the testiﬁg _conducted, it appears'that'the

.4 aspen growth model simulates stand development “fairly well
W : : :

within the range of data from which it was developed, but
cautioh should bei taken when applying the mode 1 to
situations beyo;a fhis range. As was shown in Tables 1, 2,
and 3, most deviations between predicied and actual stand
characteristics‘v were less . than 10%, with an average

percentage deviation of 0.64%. Additional testing, with

¥u11y independent data from the prairie prdvindes, is

necessary to ver1fy this conclusion. However, no such 'data

are ava1]ab1e for the geograph1c region under consideration.

In order to improve the aspen growth model, additional

‘research into the pattern and prediction of morta11ty in

& Y

’=aspen *,f kneceSsary Mortality was the most difficult

compogent of aspen growth to model due to its extremely high
variability 1in young aspen stands. High levels of\morta11ty

can have drastic effects on other growth paremeters such as

stand biomass or volume. One problem in particular hahpered

efforts to model mortality in aspen stands. This - was ' the.

4

length of time be tween measurements of the perma[ent sample
plots, "particularly in young stands. In most caseb the “time.
period bethen measurements in the CFS permanent sample
p]ots was five years, but in some it was ten years. Aspeh
stands between ten and thirty years of age exhibit such high

and’ var1ab1ee1evels ofﬁ@orta]1ty that their dens1ty “may be

ﬁélved in -ten yeérs, wi%h substantial changes in mortality
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rate over that period. This presents a problem when

ating cdéfficients for the logistic function to predict

ity of individual tree mortality. In pantfcu]ar,
when epecifyingfthe del for a logistic regressioh package,
the average time of mortality must- be eetimated for the
trees which djed between measurements. When the stand is in
a state of high‘ and variable mortality, specifying this
average " time of mortality® becomes both crucial, and

extremely difficult. Annual re-measurements, particularly in

young stands, . are. essential for monitoring mortality in

aspen.

Segregating aspen stande\into three groups on the basis

of stand density (see /ghélC MODEL RELATIONSHIPS -

Mortality’' ) enabled satisfactory mortality predictiohs over

. each corresponding density range but created problems due to

the need to 1inkK these functiomswin‘the aspen. growth model.
: , v . g .

A segmented approach was adopted to ‘join these three

functions but this created the »poseibfijty 'of disjoint

density trends when 'the‘model is used foﬁ\simulation runs

‘which utilize two or more of the mortality functions. While

\ |
th1s\ problem was' not evident in the simulation runs

condeéred for this study, more research 1nto the 11nkage of
such functions for growth modelling is needed One e\tent1al
approach is the use of spl1ne functlons (DeBoor 1978
grevi{ie 1968), but this is.beyond the.seope of thislthe;ms.

Consideration .of‘ other aspects of the aspen gfowfh

model - al)so lead to favorable conclusions. Modular component

o
8 -
7
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structure in APL allows easy substitution of variougk
funations or the incorporation of new obtions. The asbéﬂg
growth model pfbduces output both in graphical'sand tabular
form, allowing easy {nterpretation of regults‘for manaéemeht
purpoées. | .

More research is necessary if new options are to be
1hcqrporated into the aspen growth model. Such options might
jnc]udig;C
") Clonal variation,
~2) Harvesting,

3) Fire,

4) Insecfs, s
5) Disease.
« As previously stated, the -ihcorporatibn' of any of the,
above-mentioned options> is facilitated by the structure of

the aspen growth model. “ '

As it exists, the éspen growth model has 'a number of
potential management uses. Of obvioué importance is the
prediction of gréwth and growth'rates for various paramefersv
such aé biomass and volume. For such‘yses,-the aépen growth
model.can replace more COnveqtional methods of stand growth
estimation; such‘as étand-tab]e projection. In add%tion, the-
aspen growth model has a distinct advantage over general
yield tables in that, with a'tree‘ﬂist of diameters from a
stand and the other model inputs, the volume or biomass
yield of that stand can bé predictéd‘for ény reasonable
lenéth of time._ta\any reasonable stand age. ;Thé manager

3
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‘can, therefore, obtain a growth projecfion based on fhe
existihg stand parameters and can choose the format‘for the
resufts of this brojection. By altering. input variables, the
manager can explore growth responses. Aside from the simpler
uses, the i§spen. growth mode‘as potential for H‘nkage with

linear programming models such as Timber RAM (Hennes et al.
1971) . Inventory or\permane?A samé}e plot data could serve
as direct inputs to the aspen grdwth model. Growth
projections would then #Qerve as 1npuf to the linear
programmihg - modél which would. then éolve for optimal
production (eé: volume) for an area based on specified,
constraints. '

| These are. only a few of the pOténtiaJ management uses
for the aspen growth model. It is evident that the actual
use. of this model will depend: to a lar degree, on the
level of utilization of the aspen resource lin Canada, ;nd

the subsequent need for growth and yield information of

better quality than is presently available.
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APPENDIX I - Locations and AGE/DENSITY Summaries for
A.F.S. Permanent ‘Sample Plots and ENFOR
;Tenpor-ar*y Sample Plots. |
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APPENDIX II - Chi-square Tests and Ko Imogorov-Smirnov

Tests for Mortality Functions.




Table 1a

AL

Chi-Square Tests

14

Test 1. Mortality Function #1 (for > 6000 treesPha.)

82

DBH CLASS PERCENT TALLY OBSERVED EXPECTED CHI-STAT
0 - 1 0.340 2.000 2.000 ©2.000 0.000
1 - 2. 15.476 81.000° 91.000 90.067 0.000
2= 3 26.701 157.000- ~139.000 130.634 0.007

/3 < 7.483  338.000 49,000 60.523 v 2.194
TOTALS 100.000 588.000 281.000 283.223 2.736

Critical value of CHl-Square @ 0.05 level with 3 d.f.= 7.81
4 ,

g | o

Table, b '~ Chi-Square Tests

) »,

Test 2. Mortality Function #1 (for > 6000 trees/ha.)

DBH CLASS . - PERCENT- TALLY OBS PECTED CHI-STAT
2 -3 0.977. 3.000 3. 2.828 0.010
3"~ 4 14,332 44,000 42, 37.126 0.640
4 - 5 ¢ 18.241 . .$6.000 - 32,000 36.033 0.4517
5- 6 17.264 53.000 15.000. 19.803 1.185 "
6 < 49.186  151.000 10.000 11.884 0.299
TOTALS 100.000  307.000 102.0p0  107.675' . ,2.565:- -~ ~

Critical va}ué of CHI-square @ 0.05 level with 4 d.f.= 9.49

0
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ftd

Table 2a Kolmogoroy-Smi;noQ Tests
' .
Test f. Mortality Function #1 (for > 6000 trees/ha.)
\ [
DBHCLASS 0BS 0 0BS PRED P PRED [P - 0]
(CM.) RELFREQ CUMFREQ RELFREQ CUMFREQ
0 - 1 .00712 .00712 . 00706 .00706 .00006
1 - 2 .32384 .33096 . 31801 .32507 .00589
2 - 3 .49466 .82562 .46124 *° .78631 . .03%832"
3 - 4 .14235 °© .96797 . 19834 .98465 .01667
4 - 5 .03203 1.00000 .01522 .99987 .00013 ,
5- 6 .00000 :1.00000 .00013 1.00000 .00000 h
'MAXIMUM [P - O] IS :  .03932
Sample size = 281 (actual mortality)
Critical K-S statistic @ 0.05 = .0811
Tabje 2b Kolmogorov-Smirnov Tests
Test 2. Mortality Function #1 (for > 6000 trees/ha.)
DBHCLASS: 0BS 0 0BS 'PRED P PRED - |P - D] .
(CM.) RELFREQ CUMFREQ RELFREQ CUMFREQ : -,
2 - 3 .02841 102941 . 02627 .02627. .00314
3 - 4 .411786 .44118 . 34480 .37107 .07011
4 - 5 .31373 - .75490 . 33465 .70572 .04919
5- 6 14706 .90196 . 18391 88963 .01233
6 - 7 .05882 - .96078 . 08942 .97806 .01827
7- 8 .00880 - ,87059 .01837 .99743 .02684
8- 9 .00000 .87058 . 00227 .99969 .02811
8 - 10 .01961 .98020 . 00029 .99938 .00879
10 - 11 .00980 1.00000 . 00002 1.00000 .00000
MAXIMUM |P - O} IS : .07011

Sample size = 102 {actual mortality)
Critical K-S statistic @ 0.05 = .1347
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\ - i
A
Table 3 ChirSquare Tests
L} :
Test 1. Mortality Function #2 (for 2500< < 6000 trees/ba.)
DBH CLASS PERCENT TALLY OBSERVED EXPECTED CHI-STAT
1 - 4 3.562 13.000 10.000 9.606 .016
4 - 5 7.123 26.000 14.000 16.966 518
5 - 6 11,233 41.000 23.000 23.377
6 - 7 13.425 49.000 17.000 22.718
7- 8 10.137 37.000 13.000 — 127828
g - N 11.781 43.000 9.000 10.491
g9 --10 5.479 20.000 6.000 3.188
10 ¥ 37.260 136.000 6.000 4.213
TOTALS 100.000 365.000 98.000 103.387

Critical vglue of CHI-square @

Chi-Square

Mortality Function #3

0.05 level with

Tests

(for < 2500 trees/ha:)

7d.f.:=

Table 4

Test 1.

DBH CLASS

< 18

18 - 21
21 - 24
24 - 27
27 - 30
30 - 33
33 «

- TOTALS

Critical v

PERCENT

6.
8.
.348
.823
.440
19,
. 348
.000

AR
24
18

11
100

alue of

383
511

149

- TALLY

9.
12.
16.
35.
26.
27.
16.

141

000
000
000
000
000
000
Q00

.000
A ‘c
CHI-square @ 0.05 level with 6d.f.=

OBSERVED EXPECTED CHI-STAT
4,103

—_—_ WO W

.000
.000
. 000
.000
.000
.000
.000
27.

000

-3

G)b.)U"O'HD«h&

.239
.932
.463
.284
.896
131
.046

2.045

-t
I N O

-t

.362
231
.267
.716
.066
.450
.137

.50

84
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Table 5 ’ Kolmogorov-Smirnov Test ‘
Test 1. Mortality Function #2 (for 2500 < < 6000 trees/ha.) .

DBHCLASS’ 0BS 0 ‘0BS PRED . P PRED |P - O]

(CM,) RELFREQ CUMFRE@ RELFREQ  CUMFREQ

0~ 1 .01020  .01020 .00794 .00794 .00226

3- 4 .09184°  ..10204 .08497 .09291 .00913

4 - 5 14286  .24490 16410 . 25702 01212

5- 6  .23469  .4795Q .+ .22611 . 48313 .00354

6 - 7  .17347 65308 - .21973  .70286  ..04980

7- 8 13265  .78571 © .12408  -.82694 204123
'8 -. 9 - .09184  .B7755 10147 .92841 .05086

g - 10 <06122  .93878 ' .03083  .95925 _ .02047

10 - 11 .03061 .96939 02511 .98436 01487

1 - 12 .02041 .98980  .00985  .99421 . .D0441

12 - 13 .01020 1.00000 .00287 .99708 .00292

13 - 14 .00000 1.00000  :.00223  .99931 .00069

14 - 15  .00000 1.00000 .00040  .99871 .00029

15 - 16  .00000 1.00000  .00015  .99886 . .00014

16 - 17 .00000  1.00000 .00011 ~ .99998 - .00002 .
17 - 18  .00000 1.00000 .00001 .99989 .0000 1 y
18 - 19 .00000 1.00000 .00001 . 1.00000 .00000

. MAXIMUM |P - O] IS : .05086

Sample size = 98 (actual mortality)
Critical K-S statistic @ 0.05 = .1374
Table 6 Kolmogorov-Smirnov Test
Test 1. Mortatity Function #3 (for < 2500 trees/ha.)

L.

DBHCLASS | 08S 0 0BS PRED P‘PREb P - 0]

(CM.) RELFREQ CUMFREQ RELFREQ - CUMFREQ

9 - 12 .00000  .00000 : .01597 .01597 .01597
12 = 15 11111 11111 .03882 .05479 .05632
15 - 18 .14815  .25926 .05303  .10782. .15144
18 - 21 -~ 11111 .37037 11142 .21923  .15114
21 - 24 .22222  .58259 .12963  .34B87 - .24373
24 - 27 .22222  .B1481 .24871 .59758 121724
27 - 30 11111 .92593-  .16517 .76275 ©  .16318
30 - 33 .03704  .96296 .15497 .91772 . .04525
33 - 36  .03704 1.00000 -.06286 .98058 -+ .01942
36 - 39- .00000 1.00000 .01474 ~ .99532 .00468
33 - 42 -.00000 1.00000 .00468  1.00000 .00000
MAXIMUM |P - O] IS : .24373 -

Sample size = 27 (actual mortality) = ; ‘ )
Critical K-S statistic @ 0.05 = ,2617 :
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APPENDIX III - Histogram and Plot of Residuals for Final
- Diameter Growth Function. |
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. \\ Figure 1 ~ Histogram of Residuals N
L ; . r '
N 1
CLAQB\ . a
. INTVLS F CF PF CPF
feemme- - -- --- 0 100 200
. X -1.784 1 1 i
-1.784<X -1.505 -3 4 4 )
-1.505¢<X -1.226 6 10 .8 1.3 0
-1.226<x -.948 13 23 1.7 3.0 0
-.948<x ,-.669 62 85 8.0 1.0 000000
-.669<X -.391 100 185 12.9 23.9 0000000000
-.391<x -:112 177 362 22.9 . 46.8 060000000000000000
<. 112<X .967 156 518 20.2 66.9 ~{0000000000000000
167<X .445 106 624 13.7 = 80.6 00000000000
LA45<X .724 72 696 9.3 8%9.9 0000000
L724<X 1.002 27 723 3.5 93.4 000 ' )
1.002<x 1.281 20 743 2.6 R86.0 00 : _ -
1.281<X 1.560 11 754 1.4 - 97.4 0
1.560<X 1.838 4 758 . .5 :97.8
1.838<X 2.117 @+ 5 763 .6 '88.6 0
2.117<X  2.395 3 766 4 99.0 B
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2.674<X 2.852 2 770 3. 89.5 L 2
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3.231<X 3.510 0 772 ° .0 89.7
3.510<X 2 774, .3 100.0
0 100 200
e
LEGEND: F: FREQUENCX CF: CUMULATIVE FREQUENCY

PF: PERCENT FREQUENCY "CPF: CUMULATIVE PERCENT FREQUENCY
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APPENDIX IV - Example of a BATCH Run of the Aspen Growth
| Mode 1.

¢
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B oK KK K K K KK K R R R R o o K K K
sxxxnnnxkx ASPEN STAND DEVELOPMENT MODEL sxxrexrkrnmnx
MR R RN KKK E K RUN: 1981 3 19 12 . K K K oK X K K K
WA ok ok ok sk ok ok K R oK oK o o oK o K K o K oK o o K o o o koK

STAND AGE IS 14 YEARS

GROWING PERIOD O OF MAXIMUM 2 .-
LENGTH OF GROWING PERIOD IS 5 YEARS

PLOT SIZE IS 405 SQUARE METERS

SITE INDEX 1S 16 ; INDEX AGE 50

2 CM. TOTAL TOTAL TOTAL TALLY
DBH CLASS  VOLUME BIOMASS BA
0- 2 Q, 1.067 .902 . 460 2296
2 - 4 13,953 10.878 6.013 - 8469
4 - 6 13.903 10.323 5.992 3704 .
6 - 8 ©.335 ‘ .240 . 144 49 s

TOTALS . 29.257 22.343 12.609 14519
AVEKAGE DIAMETER (CM} : . 3.144
AVERAGE HEIGHT (M) : 5.456

BIOMASS MEAN ANNUAL INCREMENT (TONNES PER HA): 1.586

Moo ok o o o ok ok K ok oK ok K Kk K ok K K ok K ok o K o K oK K kK
#xxxwxxxxx ASPEN STAND DEVELOPMENT MODEL s*x*xxxxxsxx
ok kK RUN: 1981 3 19 12 O Kk K
K A 2 oK G K K R K ok ok o ok o oK K K K K kX
STAND AGE IS 19 YEARS :

. GROWING PERIOD 1 OF MAXIMUM 2 -

- LENGTH OF GROWING PERIOD IS 5 YEARS
FLOT SI1ZE 1S 405 SQUARE METERS

SITE INDEX IS 16 : INDEX AGE 50 ’
2 CM. TOTAL = TOTAL TOTAL - TALLY
DBH CLASS  VOLUME BIOMASS BA ,
0 - 2 .020 .016 .006 [ 25
2 - 4 7.068 5.314 2.293 - 2494
4 - & . 31.879 22.851 10.34% . .4 5185
6 - 8 11.941 8.301 3.874 s 1185
TOTALS 50.908 36.481 16.514 .7 8889
AVERAGE DIAMETER (CM) : 4.738
AVERAGE HEIGHT (M) : 7.218

BIOMASS MEAN ANNUAL INCREMENT (TONNES PER HA): . 1.920



M o ook oo K K R o oK R o R K R o K KK o K ok ok o ok

wxwxxxxnux ASPEN STAND DEVELOPMENT MODEL *x*uwkxxwuwxx
ok K K RUN: 1981 3 19 12 e K o o K K
3o oo R R K K R R K oK o K K oK o K oK o o o oK K o o K Kk K K

aa ]
STAND AGE IS 24 YEARS . o
GROWING PERIOD 2 OF MAXIMUM 2 N
LENGTH OF GROWING PERIOD IS 5 YEARS
PLOT SIZE 1S 405 SQUARE METERS
SITE INDEX IS 16 ; INDEX AGE ‘50
- 2 CM, ~ TOTAL . TOTA!. TOTAL TALLY
DBH CLASS VOLUME BIOMASS BA
2 - 4 .233 . 168 .061 49
4 - 6 15,767 11.033 4.139 1852
) 6 - 8 54.241 - 36.843 14.238 3975
8 - 10 . 8.937 5.805 = 2.346 420
_ TOTALS 79.:177 53.949 20.784 - 6296
AVERAGE DIAMETER (CM) : . 406
"AVERAGE HEIGHT (M) : 8,884
BIOMASS MEAN ANNUAL INCREMENT (TONNES PER HA): 2,248 .
N ¥ N\

91



. 4 .
ASPEN STAND DEVELOPMENT MODEL 198$ 2 23 17 g

STAND BIOMASS' VS [ {faND AGE (
+ TOTAL STAND BIOMA}&J REssheR HECTARE)

50+
40+ -

30+

10+

0 4 8 12 16 20
: STAND AGE (YEARS)

' ¥ Dr ;
60+--------- 4omeeeeos +.r"‘» &w@ ------------ R

O%kecnocnmena- e e I T L R ek T P
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4
ASPEN STAND DEVELOPMENT MODEL 1981 2 23 17
STAND DENSITY VS. STAND AGE
« STAND DENSITY (TREES PER MECTARE)
15000+~-- ------- R e R R R R s L +-J -------- +
*
12500+ \ H
o ] ¥ \} N .“;'.f%ﬁ_w
10000+ : e ‘ R N Y
7500+ - - +
. *
5000+ : . +
2500+ ; , +
|}
O*~e--we-=-- D R L R AR LR ‘-+ --------- LR R N +
0 4 8 12 16 20 24
STAND AGE (YEARS) X
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ASPEN STAND DEVELOPMENT MODEL 1981 2 23 17
MEAN ANNUAL INCREMENT VS. STAND AGE*
* MEAN ANNUAL INCREMENT (TONNES PER HECTARE)

2. 44---ccen-- e L AR el +

,

L et LR - vemme--o tocmrena- o mmemee~ +

0 'y 8 12 16 20
STAND AGE (YEARS)

~—~
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APPENDIX V - Alphabetical Listihg of Functions Used in
‘ the Aspeq Growth Model
8
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axxsx  AVE o . . AVE

AVE: (+/w)¥pw
:0zppw
H

ARITHMETIC MEAN.OF VECTOR w
IF w IS A SCALAR, THEN MEAN IS w

sxxs BIOM ) o . BIOM

BIOM:1E 6x+~.80319 + .936736x@1008wxax2

INDIVIDUAL TREE BIOMASS (TONNES) FROM BELLA AND DE FRANCEESCHI,

1980 (PAGE 8). .

a:DBE IN CM., , i
©:HEIGHT IN METERS.

R . e
sxxx PBY : ' BY
BY :(((1 0 xpw)lpal)ta),((1 Oxpa)lpw)tw

:(0=0\0/,a+C0L a)2(0=0\0/,0+C0Lw)
'(va) BY (vu)

n

& CREATE 4 MATRIX FROM o AND w

n BY FIRST CONVERTING THEM TO MATRICES AND THEN

n ADJUSTING THEIR ROW SILES TO MATCH

n  AND PLACING o TO LEFT OF w.

n IF TEEY DIFFER IN TYPE THEY ARE CONVERTED

n TO CHARACTER FORM,. ¢

=xxx  CDTA CDTA4

CDTA:0(wt2) 2

CIRCLE DIAMETER TO ARE4 .
RESULT 1S AREA OF CIRCLE VITH DIAMETER w

96
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»aas  CLASS CLASS
V OUT<DCLASS CLASS DWD;UPCLASS;LOCLASS -

(1] upc§nsséonua DCLASS*DWD

(2) LOCLASS<UPCLASS-DWD

(3) OUT«(9 0 vCOL LOCLASS) BY(COL((pLOCLASS).3)p (' - ")) BY(2 0 VCOL UPCLA

€D ff)nzsuzr IS COLUMN SHOVING DIAMETER CLASS INTERVALS.

{S) & DCLASS : VECTOR OF DIAMETER’CLASSES

L61  DWD : WIDTH OF CLASS

(71 n \ i

)

xasx  COL coL
COL: (24 (pw).1 1)pw

[
n RESTRUCTURE w AS MATRIX WITH AT LEAST ONE COLUMN.
) (ONLY FIRST TWO COORDINATES OF STRUCTURE ARE )
" RETAINED.)

L]

axxx DBETODCL . ’ DBETODCL

v R«V DBRTODCL S
(11 n ASSIGNMENT OF A TREE DIAMETER TO A DIAMETER CLASS.
(2] w VvV IS a4 VECTOR
(3) w SC1)=DMIN, S[2):=DWD, S[3]=DNUM
[8] Rel0.01+(V-S[1])45[2]
[5) RI(R2S[31)/1(p¥)1+S03])

2xxx  DIST ) ‘ DIST

DIST:(0DIS w[31])+.x ® u[;2‘]

"

A RESULT IS w(;2) DISTRIBUTED INTO A ONE WAY TABLE.

a MULTIPLE ENTRIES INTO THE SAME CELL ARE SUMMED

"

n USUALLY w(:1] IS DBR CLASS

[ “ wl3;2) IS STAND CHARACTERISTIC, SUCH AS VOLUME
]
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sana FDBH rosn
’DB':EFDHH'.‘@ofvt.u[7}.((('Ju=u)'lEN00[2))-2).u BY (RE[ o) BY ((DT4 &)

"

o THIS FUNCTION CALCULATES S YEAR FUTURE DBN AS 4 PUNCTION OF .
a STAND ACF, SITE INDEX, (NUMBER OF TREES PER NECTARE)e2,

® PRESENT DBN(CM.), RELATIVE DBN AND BASAL AREA(CM.»2) OF TRF TREF.

a al1):STAND AGE (YEARS)

a a(7):SITE INDEX (M»2 AT 50 YEARS)

n w:d YVECTOR OF ALL DIAMETERS IN TRE PLOT.

& SOURCE: RUN 1, JANUARY 26, 1981, FRST.REC VERSION.

n 1981 2 8

LR 2 5CT Jcr

FGT:.011292 .440716 ~.002036 LTR w+0 1 2
n AVEIRAGE BEIGHT OF ASPEN STAND IN METERS. w: STAND AGE.
n FRON 198Q ENFOR REPORT. )



[ o TS oo RN o BN oo RN oo BN aa §

XX RN

LTR:

83

tTR - T . LTR

at . Xw

n LINEAR TRANSFORMATION, OR, PRODUCT SUM OF a UITH w

N , .

xxxx MAT ' - . MAT
MAI:wta
an aiAd YECTOR OF TIMES SINCE BEGINNING

8 w!VECTOR OF SOME GROWTH PARAHETER OVER TIME. .

BIET

€11
21

3]
5]

7]
[ 8]
[ 93
‘[10]
(113
[12]
[13]
[14]
[15]
[16)

4)

3]

NAIN - ‘  NAIN
v ovr«srANDcaAR MAIN DBE;COUNT ;DBHQ
COUNTQ+0
TOTAL 0 4 p10
STANDCHAR*STANDCHAR 0
REPEAT: ,
TALLY*(pDBH)910000+STANDCEAR{2] L ' . ac
VOLUME«TALLYxDEY VOL STANDCEAR(11 STH STANDCHARL?]
BIONASS~TALLY<DBE BIOM STANDCEAR[11 STH STANDCHARL7]
BA«~(CDTA DBE)+STANDCHARL2] "
STANDCEAR REPORT DBE
TOTAL~TOTAL ON1 STANDCEAR[11,(+/BIOMASS BY TALLY).(*/BIOMASS)+STANDCE
‘R£;g~(srawoanx MORT DBH)/STANDCHAR FDBH DBE'
STANDCHAR[11+STANDCHAR(1]+5
_STANDCHARL81«STANDCHARL8]+1.
“REREAT IF STANDCEAR[B]sSTANDCEAR{3] ) °

MODELPLOT TOTAL

N B 1981 2 2§



xx*xx  MODELPLOT

V MODELPLOT TOTAL
11 QYLABEL~'TOTAL STAND BIOMASS (TONNES PER HECTARE)'
2) .QYCOLABEL+""
3] QTITLE«"STAND BIOMASS YS. STAND AGE’
4] 1 2 PLT TOTAL
5) QYLABEL+'STAND DENSITY .(TREES PER BECTARE)'
QYCOLABEL+""
7] QTITLE«'STAND DENSITY VS. STAND AGE'
8] 1 3 PLT TOTAL
- 9] QYLABEL«'MEAN ANNUAL INCREMENT (TONNES PER BECTARE)’
10] . QYCOLABEL«"'"
11) QTITLE«'MEAN ANNUAL INCREMENT VS STAND AGE'
12 1 4 PLT TOTAL

lanlanlanl ol an Ko N R K B Ko X o
L4}
—

xxxx MORT - S

V OUT«STANDCHAR MORT DBH;RANDOM; NUH PMORT ; STANDCHAR

[ 1) NUM«pDBF

[ 2] RANDOM<«(NUM, S)p(’(NUMXS)pIOOD)+1000

[ 3] OUT«(A/RANDOM2®(5,NUM)pPMORT~STANDCHAR SELECT DBH) ,
[ 4] =w THE LENGTH OF THE TREE LIST (DBH) VECTOR 1S RECORDED.
[ 5] n A MATRIX OF RANDOM NUMBERS IS THEN GENERATED, SHAPED
[ 6] & SO THAT THERE ARE 5 RANDOM NUMBERS FOE EACH TREE. .

[ 7) w IF TH. PROBABILITY OF MORTALITY FOR A TREE IS LESS

[ 8] a THAN ALL 5 RANDOM NUMBERS (REPRESENTING 5 ANNUAL

[ 9) =W CHANCES TO DIE), THAT TREE IS MAINTAINED FOR THE

(101 w FOLLOWING GROWTH PERIOD, OTHERWISE IT °'DIES' AND

(11] . IS OMMITTED FROM THE TREE LIST VECTOR IN THE

[12) n FUNCTION 'MAIN',
Xk &k x oDbIS

ODIS: (ONUB 4)+.%w

L]
A ORDERED DISTRIBUTION OF w OTHERWISE SAME AS DIS
"

xxx%x ONUB

ONUB : ((wrw)z1pw)/wrwldw] : )
"
n UNIQUE ELEMENTS OF NUMERIC VECTOR w
[} IN ASCENDING ORDER.
a (ORDERED NUB)
" ,

100

MODELPLOT

MORT

oDI1Is

ONUB



g \ | ) 101

sxxx  ON1 - ’ . ) . . ON1

© ON1  :((L0 1 xpw)lpa)te),[070]((0 1xpa)lpw)tw
’ :(0=0\0/,0+«ROW 2)2(0=0\0/,w+R0OWw)
:{va) ON1 (¥uw)

L} .

& CREATE A MATRIX FROM o« AND o ‘ ’ .

a BY FIRST CONVERTING THEM TO MATRICES AND TEHEN

& ADJUSTING THEIR COLUMN SIZES TO.MATCH

n AND PLACING & ON TOP OF w.

n IF THEY DIFFER-IN TYPE THEY ARE CONVERTED ,

8 TO CHARACTER FORM. -

. -

xxx%x  PKILL ' ' “PKILL

PKILL:#1+x-B+.x01, al1], ((*/BA)*G[?]) w EY(REL w) BY (REL BA) BY BA*CDTA w
'((p.u)!iEu+a[2])22500
t+1++-BB LTR ®1,C0L REL BA«CDTA w
RESULT IS PROBABILITY OF DEATH FOR ASPEN TREES
@ : TWO ELEMENT VECTOR OF STAND AGE AND PLOT SIZE (M=2)
w : VECTOR OF TREE DBK'S (CM) FOR THE PLCT
IF THE NUMBER OF TREES PER HECTARE IS GREATER THAN 2500,
THE LOWER FUNCTION 1S USED. .
ToP FUNCTION «+.RUN 1, FEBRUARY 8, 1881 o . <
BOTTOM FUNCTION : RUN 2, JANUARY 12, 1981
S . 1981 2 8

*#s#* REL o ’ REL

RBL:w + AVE w
n TBUS FUNCTION CALCULATES ANY RELATIVE STAND STATISTIC

’



*xxx  REPORT - ‘ ' REPORT
Y STANDCHAR REPORT DBH:DCLASS;VOLUMES:TALLIS;BASALS;CLASSES;BJOHS ,
TR

L 23 unn:t:tuuntn:x-}taantn:nynnnx_x:nat'n-gn.*.gaa.-nntt,at '

€31 ¢ xxxxxxxxxx ASPEN STAND DEVELOPMENT MODEL .;.,i.,....t '

[ 4] Anun;. RUN: ', (YOTS[ 41),' . erxxaxrrRmRR

[ 5 iﬁlt*ti*ttitx!l****tttt!ttt'itt!t!t;tgt:i}tttttl!i!tt '

[ 61 ‘

[ 2 STAND AGE IS * (YSTANDCHARU1)),' YEARS'

[ 8] GROVING PERith'.(vSTANDCHARfB]).' OF MAXIMUM ' ,YSTANDCHAR[3)
[ o] + LENGTE OF a;bwrno PERIOD IS 5 YEARS" '
f10] PLOT SIZE IS *,(VSTANDCHAR[2)),' SQUARE METERS'

113+ SITE INDEX IS ',(vSTANDCHAR[1)).' ; INDEX AGE 50

[12)] ¥ \ l

[13] e

(18] 12 (20 YSTANDCHAR(S])," CM. . TOTAL TOTAL  TOTAL
tis1 + oy CLASS vaUM;  BIOMASS B4

[16] vcﬁass«psﬂ DBHTODCL.STANDCHAR[M.S.GJ ‘ 3

(171 CLASSES<DCLASS CLASS STANDCHARLS ]

(18] vavMES+(Disr DCLASS dY VOLUME)

[18)  BASALS~(DIST DCLASS BY 8A)

[20]  BIOMS+(DIST DCLASS BY BIOMASS)

[21) TALLYS<(DIST DCLASS BY TALLY) J _

(22] CLASSES BY(11 3 11 3 10 3 12 0 VVOLUMES BY BIOMS BY BASALS BY TALLYS)

(231 TOTALS ', 93 11 3 10 3 12 0 Y(+/VOLUME),(+/BIOMS),(+/BA) ,+
/TALLYS : '

(28] ¢

{(25] * AVERAGE DIAMETER (CM) : ', 8 3 Y(AVE DBE)

(261 Jv:xaas HEIGAT (M) : "+ 8 3 V(STANDCHAR[1] STH STANDCHAR[7])

{271 BIOMASS'MEANIINNUAL INCREMENT (TONNES PER BA):', 8 3 V((*/BIOMS)*S
TANDCHAR[11) . ) .

102



[28]
[29]
[30]
(31]
{32]
[33]
[3w]
[3s5]

+(COUNTQ=1)/RESET |

COUNTQ+1

~0

RESET:

1

COUNTQ+0

-§Q‘

CLLYS)

s
¢

\

', CLASSES BY(11 3 11 3 10 3 12 0 YVOLUMES BY BIOMS BY BASALS BY T4

103
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xsxx ROV _ ‘ ROW
ROW: (7241 1,pw)pw

RESTRUCTURE w AS MATRIX WITH AST ONE "ROW.
(ONLY LAST TWO COORDINATES 'OF STRUCTURE ARE RETAINED.)

.2 »®» 9

S ——

sxxx SELECT _ SELECT
SELECT:41+%-BBB LTR ®1,C0L REL BA<CDTA o .
s({p,w)x1E4+a(2])<6000 -
. ae PRILL w ) :
n RESULT IS PROBABILITY OF DEATHE FOR ASPEN TREES
N a : TWO ELEMENT VECTOR OF STAND AGE AND PLOT SIZE (M2)
# w : VECTOR OF TREE DBH'S (CM) FOR THE PLOT ,
n IF THE NUMBER OF TREES PER HECTARE 15 GREATER THAN 6000,
n THE TOP FUNCTION IS USED, OTHERWISE, PKILL IS CALLED ¢ -
n  AND FURTHER SELECTION BY DENSITY IS CONDUCTED.
& TOP FUNCTION : RUN 2, JANUARY 21, 19871.
" 1981 2 8
xxxx SPLIT ! - SPLIT
SPLIT: (0DIS wlift))+.x & wl;2)
L] . R
n RESULT IS wl;2)] DISTRIBUTED INTO A ONE WAY TABLE.
a MULTIPLE ENTRIES INTO THE SAME CELL ARE SUMMED.
.
n USUALLY w[:1] IS DBH CLASS _
" w(:2) IS STAND CHARACTERISTIC, SUCH AS VOLUME.
[ ] - )
*xxx  STH . . STH
STH:(HGT a)xwtBGT 50 '
» SITE TO KEIGHT (PROPORTIONAL), a:AGE, w:SITE INDEX (BASE 50 YEARS)
xxxx  VOL . . B ‘ VoL

VOL:.028317x((ax.3937)%2)+".312+436,683+wx3,28083

TOTAL VOLUME FOR TREMBLING ASPEN (STUMP AND TOP )
INCLUDED) IN METERS CUBED FROM 'STANDARD VOLUME

TABLES AND MERCHANTABLE CONVERSION FACTORS FOR THE
COMMERCIAL TREE SPECIES OF CENTRAL AND EASTERN CANADA' ,
BY T.G.HONER, APRIL, 1967. INFORMATION REPORT FMR-X-5.
a:DBH(CM), w:HEIGHT(M) a

-
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APPENDIX VI ¢ Graphical Comparison of Actual to

~

Plot Summary

Plot Size ---s---osimessmesaoeoooo-

Csite Indéx'-;-----é---fi ------------
Stan? Aée at Establ%shment ------ ---
™ Actual 'Opservaf'iohs ---------- oo
Preaicted Observations ----- P,

Plot Location e s

"~ 105

| Predicted Parameteré for Plot 1.

6

.21 (m. at 50 years)
23 years -

23 to 49 years
23‘to 123 years

Riding Mountain
National Park,
Manitoba

-

Y

. Yes
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Figure1 Stand Volume (m3 per ha.)
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Figure 2 Stand Biomass (tonnes per ha.)
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Figure3d Stand Basal Area (m2 per ha.)
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Figure4 Stand Density (trees per ha.)
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’ ‘at first observation. v
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Figures Stand Average DBH (cm.)
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Figureeé
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Stand Biomass Mean Annual

Increment (tonnes/ha.)
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APPENDIX VII - Graphical Comparison of Actual to

Predicted Parameters for Plot 2.

Plot Summary

Plot Size -------------------------- 809 m.
Site Index ----------------------ooo 21 (m. at 50 years)
Stand Age at Establishment --------- 23 years
Actual Observations ---------------- 23 to 48 years
Predicted Observations ------------- 23 to 123 years
Plot Location ---------------------- Riding Mountain
National Park,
-~ Manitoba
112
™
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Figurez Stand Biomass (tonnes per ha.)
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(average of 5 runs)

Actual Biomass = Predicted Biomass

at first observation.
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Figures Stand Density (trees per ha.)
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Figures Stand Average DBH f(cm.)
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Figures Sggnd Biomass Mean Annual Lhcrement (tonnes/ha.)
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APPENDIX VIII - Graphical Comparison of Actual to

Predicted Parametérs fof Plot 3.

) ' oo
Plot Summary

Plot Size -------- et fﬁ""'"“;’_405 m.
Site Inqex Rl ity . ;!16 (m.lat 50 yearsf
Stand Age»at E%iﬁb]ighmentv-—-; ----- 14 years
Actual Observations m=-------------- 23 to 49 years
Predicted Observations ------------- 23 to 123 years \
Plot Locationf4—--—------; ----- ——--- Ridiné Mountain j

‘ Natjona] P?:E;////
S _ | : 'Man1toba‘,_ - : {

=
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Figure1 Stand Volume (m3 per ha.)
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Figure2 Stand Biomass (tonnes per ha.)
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Figure3 Stand Basal Area (m2 per ha.) "
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Figure4 Stand Density (trees per ha.)
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Figures Stand Average DBH (cm.)
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ass Mean Annual Increment (tonnes/ha.
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