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RESUME

Cette &tude porte sur un modéle de simulation du d&veloppe-
ment d'une forét dans le temps. Le but du modEle est de quantifier
les effets dynamiques (sur le volume total et les dimensions des ar-
bres) que 1'on peut obtenir soit & partir d'interventions sylvicoles
telles que l'&claircie, la fertilisation, les travaux de drainage, soit
3 partir de phénom@nes naturels stochastiques comme, par exemple, le

chiblis.

Les relations de causalité du syst@me forestler sont présen-
tBes sous forme d'un moddle systémique & rétroactions multiples. Dans
cette optique, 1'accroissement de la for€t est pergu comme un état dé-
terminé par un processus de cumul contrdlé par le volume total (pi®/

acre) et la densitd du peuplement (nombre d'arbres/acre).

A 1'intérieur du mod&le, le développement dans le temps d'une
forét non perturbée et les effets des différentes interventions sont

déterminds par des &quations différentielles.

L'approche dynamique des différentes interactions entre les

&1éments du modéle fournit deux principaux avantages incontestables:

-~ elle est propice & la représentation graphique, faeilitant
ainsi l'interpré&tation de différentes tendances du compor-

tement de la forét

- elle donne une vue globale du systéme forestier facile
d'approche favorisant les communications entre les pro-

fanes et les experts forestiers.



ABSTRACT

This paper describes a simulation model reproducing the develop~
ment of a coniferous forest. The purpose of the model is to test the
dynamic effects on total volume and tree dimensions of sylvicultural acti-
vities like thinning, fertilizing or ditching, and to evaluate the conse-
quences of natural phenomena such as wind throw, which is considered as a

stochastic event.

Cause and effect relationships in the forest system are presen-—
ted as a dynamic model: a multiloop feedback system. Forest growth is
viewed as a state which is determined by an accumulation process controlled

by total volume (ft®/acre) and stand density (number of trees/facre),

In addition, the development over time in an undisturbed forest
or in stands impacted by external actions is determined by means of dif-

ferential equations.

The structure of this model is so designed as to cause the
complex interactions between elements of the model to act all at once and
to show the real effect of any action taken on the forest ecosystem. This

involves many advantages such:

- any behaviour or respense of the forest can easily be visualized

on graphics

- it provides the user with an overall view of the forest system
as a whole in a way that is accessible to the uninitiated and

so facilitates communications between laymen and experts.
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INTRODUCTION AND SYSTEMS APPROACH

The silvicultural management of coniferous species, such as
black spruce, is being continually intensified in Quebec. Tt is
therefore an opportune time to introduce a new tool which could help the

forest manager to make better informed decisions.

DYPEUFOR, a model for simulating black spruce forests in
Quebec is such a tool, resembling a laboratory, which offers the forest
manager the possibility of perceiving the effects of various silvicultu-
ral treatments on the behaviour of a stand so that he can prescribe the

best method.

The concept and design of DYPEUFOR were inspired by the model
constructed by Kjell Kalgraf and Westye Egeberg to simulate spruce stands
in Norway. The first version of that model was created within the frame-~
work of a comprehensive project of Gruppen for Ressursstudier (the group
for resource studies) in Oslo, Norway to establish long-term strategles
for forest resource utilization in Scandinavia. From this prototype we

designed a model adapted to Quebec conifers.

Biological systems, like sccial and economic systems, are non-
linear feedback systems, containing multiple leops. Even when we possess
an excellent knowledge of the various parts of a given system, it is usu-
ally impossible for us to know how the system will behave over time, given

its complexity.

To make up for the limitation of our judgment or intuition, we
can resort to experimentation with the help of models. For this, we have
available to us an approach called industrial dynamics, which is of very

special value because it allows us to describe a system as a whole,



However, its immediate purpase is not to optimize a system, but rather

to explain the trend of the system and consequently to identify the

factors which are a key to improving the system in the most efficient

way pessible,

model:

1~

Three principles were followed in constructing the DYPEUFOR*

The purpose of DYPEUFOR is to test the dynamic effects of
silvicultural activities on the total volume and the size

of the trees. All elements which influence these variables
have been included in the model. In other words, the boun-
dary which delimits DYPEUFOR lies where the elements excliu-
ded have no effect on the system's dynamic behaviour (Figure
1.

The second principle was to make the model as realistic as
possible. To this end, the variables of DYPEUFOR correspond
directly to these of the forest system studied and have the
same units of measure as in the system. For example, the
flow of volume of wood is measured in ft¥/acre, and not in
equivalent deollars. This is intended to preserve the possi-
bility of studying the relationships among the different
loops of DYPEUFOR.

% DYPEUFOR:

Dynamique des peuplements forestiers (forest stand dynamics)



Finally, to preserve the model's flexibility, we neither
assumed that the system is linear or stable nor presuppo-
sed that the model had to pass through any predefined point.
This was to ensure that none of the most significant and
useful characteristics of the system would be excluded from

consideration.
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1, CHARACTERISTICS OF INDUSTRIAL DYNAMICS AND OF DVYNAMO

In order that the structure of DYPEUFOR and its constituent
eguations may be better understood, a brief outline of the main features
of industrial dynamics and of DYNAMO is presented.

1.1- A basic DPYPEUFOR network

Figure 2 shows a basic DYPEUFOR network, which included:

a level

1

— flows transporting material at a rate from a source to the level
represented by a rectangle, then from this level to a sink at a

different rate

- rates {or decision functions) which aet as values in controling

the flow

— information channels which link the decision functions (or rates)

to the level

1.11- Feedback loop

The basic element of DYPEUFOR, and of any dynamic model, is
the feedback loop (figure 2). DYPEUFOR has two Information flows,
each linking a rate to the level., These information flows transfer
information concerning the level to the rates. 1In reaction to this
information, each of the decision functions or rates adjusts the mate-

rial flow accordingly.
1.12- Tevels and rates
The networks contain two types of variables called levels

and rates. Levels are variables produced by accumulation; they define

the state of the system at a given moment. The rates are decision
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Figure 2: A basic DVYPEUFOR network



variables which depend on the levels. They define the instantaneous
flow between the levels of a system. A level is an accumulation {in-
tegration) within the system, whereas a rate determines the speed at

which a level changes.

Tt should be noted that the unit in which a variable is
measured does not always indicate whether the variable is a level or
a rate, An empirical rule for distinguishing between levels and rates
is to imagine that the system suddenly ceases to function. At that
point, only the levels will continue to exist. The rates, being action
variables, cease to exist as soon as action ceases. When a tree stops
growing, its growth rate becomes zero, but the level of its accumulated

height or volume will remain visible.

1.13- DYNAMC (Dynamic Models)

Conceived by MIT's Industrial Dynamics Group, DYNAMO is a
computer program which accommodates models constructed according to the

principles and structure just described.

Its essential features are:

- it checks the logic of equations and prints any errors

- it recorganizes the model by rearranging level and rate equations

and by ordering the interdependent auxiliary equations

- it does calculations step by step according to the interval
between solutions and the simulated time period specified in

control instructions

— it prepares and prints the results of the simulation in the form

of tables and graphs



1.2~ Order of calculations

We obviecusly need an adequate system of equations to describe

the structure outlined above.

This system of equations must define the interactions of a
set of variables over time. This implies that the equations must be
solved periodically in order to describe the successive states of the

system.

Let time K be the present time (see figure 3): dinterval JK has
just anded and interval KL will fellow. We therefore have access to the
information accumulated during the time elapsed between the origin and
time K. However, we have no information for time L and later {(nor do we

interval KL and following).

At each step, the Level equations are solved and the nesulls
ane then used fo solve the ratfe equations.

The level equations enable us to find the levels at time X
from the levels at time J and the rates during interval JK. The rate
eguations are then solved at the present time K after the level equations
have been sclved, and these rates will represent the actions to be taken
during the following interval KI,. In the diagram, the slopes of the lines
are proportional to the rates. After the levels at time K and the rates
during interval KL have been calculated, the positions J, K and L are each
moved to the right by & distance equal to the time interval DT. The levels
which have just been calculated are then called levels J and the present

time K is moved forward by the interval DT.

The same order of calculations can be repeated to find a new
gtate of the system at the end of time interval DT. Thus, step by step

the model traces the behaviour of the system over time.
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Types of equations

1.31~ Level equation

The characteristic form of the level equation is:

where
L = letter identifying the level equation
N.K = new value of the level calculated at time X (units)
N.J = value of the level at the preceding time (units)

TE.JK = value of the inflow rate during interval JK (unit/unit

of time} (TE = "taux d'entrée" = inflow rate)

S80.JK = outflow rate value during interval JK (unit/unit of

time} (80 = "sortie" = ocutflow)

DT = length of interval between solutions, i.e between

J and K (unit of time)
It should be noted that one or more rates can enter into
the level calculations. The level equation is the only equation
which contains the interval DT as a variable.

1.32- Rate equation

Unlike the level equation, the rate equation can have

several forms. One possible form is the following:

R AB.KL = TL.RAA.K+LE-SHTPTL. JK+1E~7XTRTT .JK+0. OT64UAR. JK



1t

where
R = letter identifying the rate equation
AB.Kl, = rate of volume increase (unit/unit of time)
TI.K = pumber of stems at time K (level)
AK = volume increase per sStem per year
TPTI.JK = number of seedlings planted during interval JK
TRTI.JK = number of natural seedlings produced during
interval JK
MAR.JK = number of layers established during interval JK

1E-5, 18-7 and 0.016 are the volume of a planted seedling, of a

natural seedling and of a layer respectively.

The rate equation has the following two characteristics:

~ It never contains the variable DT.

— The left side of the equation contains the value of the rate
defined for interval KL which comes immediately after time K

at which the rate is evaluated.

1.33- Auxiliary equatien

In principle, the auxiliaries are merely components of
the rate equations, and theoretically do not have to exist. 1In
practice, however, each auxiliary has its own proper signification,
even if it does not directly affect the dynamics of the model, and

its equation helps to refine the computer program.

The auxiliaries are evaluated after the levels onr which

they depend and before the rates of which they are components.
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A sample auxiliary equation is:

PM50.KAOLK

A PM.K =

where
A = letter identifying the auxiliary equation
PM.K = percent mortality at time K
PM50.X = percent mortality at 50% of Vmax at time K
KM.K = correction factor at time K

The auxiliary equations have the same time identifier as

the levels, but they differ from the latter in their form.

1.34~ Source and sink

The forest stand is in a relationship with its environment.

This relationship is manifested by:

a) the unlimited capacity of the enviromment to absorb
slash in the form of dead trees; thus mortality has

a sionk, as symbolized in figure 4

b) the unlimited capacity of the system to absorb emergy
and raw material to replace the dead material by
regeneration and growth; this uniimited capacity is

represented by the source in figure 5

1.35~ Constant initial values and initialization

Finally,

- All levels have initial values before the start of a

computation c¢cyecle
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~ Certain constants enter into rate, level and auxiliary

calculations
1.4- Standard symbols used in industrial dynamics

The letters and symbols shown in figure & were adopted for
industrial dynamics to represent the various equations and graphs in the

system,

It should be noted that in our diagrams there are two types of
lines joining variables. These lines represent flows. The solid lines
are flows of standing volume which enter and leave different levels (stan-
ding wvolume in fr¥/acre and number of stems per acre). The dotted lines
represent the information flows which permit the auxiliaries and rates to

be calculated (feedback).
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2. COMPONENTS OF DYPEUFOR

The dynamic simulation model discussed herein comprises three
main components: mnatural regeneration, growth and natural mortality.
Figure 7 clearly illustrates the roles of these in conjunction with the

impact of external factors such as planting and cutting.
2.1- HNatural regeneration

It is generally accepted that a large number of black spruce
(Picea Mwiiana [MiLE] B.S.P.) stands growing in Quebec regenerated as a
result of fires. An intense fire prepares favourable seedbeds and opens
the semiserotinous cones without destroying the abundant seed they contain
(Vézina 1975).

On the basis of earlier studies we posited as an initial hypo-
thesis for the present model that the forest area was covered with 10,000
seedlings per acre following an intense fire. A final clear cutting is
alse a sufficiently intense treatment‘to give rise to a good restocging
(Weetman ef af 1973), especially if it is done by patches soc as to maintain
permanent seed sources {(V&zina 1975); zo it could alsc be the source of the
stand under study. Of course, such disturbances do not always iead to a
total restocking of the stand, and we therefore had to introduce a regene-
rative process which enables new seedlings to become established when the

stocking becomes too thin.
2.11- Number of seeds germinated

The regenerative process should allow for new seedlings to fill
the gaps left by the disappearance of standing trees, whether fortuitous
or caused by human intervention. This process is described by the number
of seeds produced per aecre annually and by the actual germination rate as

follows:
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TRTL

NSEM>TG

where

TRTT

It

regeneration rate in number of stems/acre/year

NSEM = number of seeds produced/acre/year

TG

actuval germination rate

R TRTLKL = NSBMK * T6.K
a) Seed production

We know that trees do not produce seed at all levels of
stocking, but rather need to reach a certain degree of maturity
before becoming seedbearers. According to G. Frisque (personal com-—
munication), black spruce produces seed over a period of eighty years,
from age forty to one hundred and twenty. To these ages correspond
values for mean volume per tree, which we used to graph figure 8.

At its optimum, the stand produces up to a million viable seeds per

acre per year.

Seed production was simulated in DYNAMO with the help of
the following table of values:

oA

A E{SE}I K ms*rsm X

¢ ms 1E6 o

| A PSEMK = ‘IABHL(PSEM’L‘ v&.- ; 8, €
T PSEMT =-0/0/07. 34/, 66{1{1}1[1/0-.
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Figure 8: HNumber of seeds produced per acre per year as
a function of the mean volume per tree
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b) Germinaticn rate (surviwval)

The germination rate is observed to change as cover closes
in black spruce stands. The ratio V/Vmax being a measure of stand's

¢losure, determines the germination rate of seeds.

We shall let TGT designate the ratio of actual germination

rate {(TG) to maximum potential germination rate (CGT)

_ TG

TGT = COT

Now if we plot TGT values as a function of clesure (Figure 9)
one realizes that germination rate decreases very sharply as V/Vmax

increases.

Knowing the relative germination rate TGT, we can deduce

the actual germination rate TG.

TG = CTGXTGT

where
CTG = 0,01
DYNAMO
A TG.X = CTG*TABHL (TGT,V.XK/VM.K,0.,0,25,0.0125)
T TGT .='l/.5}.3f.1/.35/.01[.005/.001/*0095/.0001/.00005/

1B 3 /5E7S/1E S /sRT /18 T /5E S f1E TR /5E Yar 0
¢ CT¢ = 0.01

Thus we see how a regeneration is established naturally
in a more or less open area as a function of the maximum number of
available seeds and of their germination rate. The seed volume is

generally considered fto be negligible. However, to conform te the
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structure of the model, we have aszumed this volume to be one ten

millionth of a cubic foot (10 ’ft®).
2.12- TLayering

In general, black spruce does not reproduce well sexually,
but does reproduce well vegetatively, by means of layers. In a
natural stand, lavers begin to appear at about 100 years, when the
stand is beginning to become open, that is, when the mean volume
per tree begins to decrease as the largest and oldest trees fall.
Their growth is subject to apical dominance; the layers formed from
the lower branches of a mother tree remain more or less inert as long
as they are under its dominance. When the mother tree fzlls or is
harvested, one of the layers, generally the one that is most develo-
ped, takes over and comes to dominate the others, behaving as a

normal stem.

At the time it becomes independent, the layer is assumed
to have a mean volume of half that of a one-inch stem (the smallest
size class in use), or 0.016 f£® for a class III site (Vézina and

Linteau 1368).

In our model we therefore replaced each dead or fallen

stem by a laver at the end of 100 years.

Figure 10 summarizes the regeneration processes as develo-

ped in DYPEUFCR.
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2.2- Growth increments

Black spruce growing in a natural stand have a characteristic
height, diameter and volume, which were described by Boudoux
in a series of empirical yield tables {Boudoux 1977). We used these

tables to make the calecultations for our model.
2.21- Determination of tree volume at 1 to 3 Inches dbh

Users of yield tables are generally interested in the
merchantable volume; the tables therefore contain no information on
the volume of stems with a diameter less than four inches. Our
model, on the other hand, must have iInformation on all diameter clas-
ses in order to give a faithful representation of the forest. In
order to obtain the mean volume per tree for the 1-, 2- and 3-inch
classes, we used the normal yield tables prepared by Linteau and

Vézina (1968), which apply to a 50 year—old stand on a class III site.

This tables gave us the following values:

dbh {inches) volume per tree (£t%)
1 0.030
2 0.209
3 0.598

It was then necessary to know their frequency distribution as we

ware looking for mean volume for each of these diameter classes.

In Bolghari's (1973) doctoral thesis we found a graph
giving the distribution of cbserved frequencies fer stems in a

46 year-old black spruce stand.
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dbh (inches) number of stems per acre percentage
690 50
450 32.6
3 240 17.4
Total 1380 100

From this table we retained but the percentage, in

Roudoux's tables

(1977).

order to assign a suitable distribution to the total number of

stems with a diameter less than four inches, obtained from

Thus, for a 50 year-old stand on a class IIT site,

there are 1199 stems per acre, distributed as follows:

dbh (inches) percentage number of stems per acre
50 600
32.6 301
3 17.4 208
Total 100 1199

Knowing the volume per tree and the number of stems per

acre for each class,

acre for each diameter class, we can now calculate the volume per

dht (in) vol/tree number of trees/acre volume/acre (ft°)
0.030 600 18.0
0.209 191 81.7
0.598 208 124.1
Total 1199 224.1

and hence obtain the mean volume per tree.
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Mean volume per tree = Volume per acre/Number of trees per acre
224.1/1199
0.19 ft*

Thus, by combining the data provided by Vézina and Liateau,
Bolghari and Boudoux, we were able to extract the one figure we lacked
in order to find the total volume per acre, namely the mean volume per

tree.

2,22- Determination of the totazl volume per acre

It is now possible to complete the table given by Boudoux,
by adding it the volume for trees one to three inches in diameter,
which is the product of their average volume (0.19 fta), times the
number of stems in this class. These new data complete the infor-
mation set on the stand and provide a table better suited to our

purpose.

2.23- Determination of the maximum volume, Vmax

Assuming that there is a relation between the maximum volume
which a unit area of forest land can support and the area of the crown

cover of this maximum forest volume, we can write:

Vmax = ﬁéiéég VA
rcazd?
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where
43,560 £t = area of one acre
KCAZd? = ¢crown cover of the mean tree
4 = dbh of the mean tree in feet
Kca = factor by which the dbh is multiplied tao
obtain the crown diameter
VA = mean volume per tree

a) Determination of factor KCA

As one sees in figure 11, KCA is a factor which is
used in conjunction with dbh to determine the area covered by the

erown of each tree (Kalgraf and Egeberg 1975).

For intolerant species factor KCA is constant because
these trees cannot live under cover and therefore will not
tolerate crowding of thelr canopy. Black spruce is a species
which is able to live even under a closed canopy, and factor KCA
should therefore vary with the dbh in order best to represent this

aspect.

This was carried out simply by observing the behaviour
of this species in a natural stand. Owing to competition, the
black spruce does in fact receive a reduced amount of light. Hence
Spruce trees with identical crown covers but varying diameter can
be seen fairly oftem {G. Frisque, personal communication}. In such
a situation, it is possible for temporarily suppressed stems to
break through the crown, since the dominants are no longer striving

to widen their canopy and suppress them.



30

I ACRE

208

Figure 11: Area of crown cover

209



31

Bere then is how we arrived at wvalues for KCA:

Factor KCA was determined from the normal yield tables
of Vézina and Linteau. These tables were prepared for high stand
densities, and we therefore thought it safe to assume that they
would provide the best basis for calculating KCA. We took from the
tables, for site class III, the vectors for dbh and number of stems

in order to obtain a KCA value for each pair, as follows.

Iin the relation

_ 43,560
rea2a?

Vmax VA

the term 43,560/KCA?d2 represents the maximum number of stems (ntmax)

of volume VA which an acre of forest land can support.

_ 43,560
KCAZd*?

nt
max

Henee,

KCA = 43,560
nt .d?

max

Table 2 gives the KCA wvalues obtained for each pair dbh-

number of stems, together with the corresponding velume per tree,
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dbh in feet number of stems KCA VA
per acre
6.217 2070 21.172 0.52
0.242 1790 20,413 0.69
0.267 1600 19.567 g.87
0.292 1460 18.728 1.04
0.308 1350 18.423 1.22
0.325 1260 18.092 1.40
0.342 1190 17.708 1.57
0.358 1140 17.251 1.73
0.367 1090 17.241 1.89
0.375 1045 17.217 2.05
0.392 10190 16.767 2.19
0.400 380 16.668 2.33
0.408 955 16.540 2.486
0.417 9330 16.425 2.60
0.425 310 16.279 2.74
0.433 890 16.145 2.88
0.433 875 16.282 2.99

Table 2: Values of factor KCA corresponding to

various dbh and numbers of stems
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b) Relation between height and dbh

1t should be recalled that the concept of maximum wvolume
applies to a normal stand. It is therefore logical to determine
the relation linking height and diameter (dbh) from the normal yield
table prepared by Vézina and Linteau (site class III).

In order to be able to carry cut the mathematical trans-

formations necessary for determining the maximum volume, we shall

express the height-dbh relation in allometric form:

A e )

In logarithmic form, (1) becomes

1111'1:111 Bu+811ﬂd P T R I A R PR B RN N R (2)

This expression can be written

y = atbhx
where
= 1anh
=1n d
= 1n By
b=|31

The parameters of the regression equation of In h on In d are:

a = 4,5638 b = 0.8766

Bo =e¥ = 95,948 By=b = 0,877
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{1} can thus be written

h = 95.948 a°* 877 . ........ e earenas e reranaenna. (3)

For comparison, we present table 3, which shows the

observed values oppousite the values obtained using model (1).
¢} Maximum volume, Vmax

Assuming the stem form of the black spruce to he a

paraboloid, the mean volume per tree, VA, can be written

1 Id®
VA - 2 - 4 - h ---------------- . » - PR I R dr v s (4)
where
-% = form factor for a paraboloid (Pardé 1961)
d = dbh in feet
h = height in feet

From equation (3) we alsc know that

h o= 95,948 4% %77 ... ...... . e (3)

from which we extract

ar
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B3
Age dbh Height h = Bgd
(vears) {(feet) (feet) {feetr)
26 0.075 9.9 9.9
25 0.117 14.4 14.6
30 0.150 18.4 18.2
35 0.183 21.9 21.7
40 0.217 25.1 25.1
45 0.242 27.8 27.6
50 0.267 30.2 30.1
55 0,292 32.3 32.6
60 0.308 34.1 34.2
65 (0.325 35.8 35.8
70 0.342 37.3 37.4
75 3.358 38.6 39.0
80 0.367 39.9 39.8
85 0.375 41.0 40.6
90 0.392 42.0 42.2
95 0.400 42,9 43.0
100 0.408 43.7 43,7
105 0.417 44.5 44,5
110 0.425 45.2 45.3
115 0.433 45.9 46.1
120 0.433 46.5 46.1
125 0.442 47.1 46.9
130 0.450 £7.7 47.6
Mean 35.31 35.29
Variance 122.70 122.72
*Residual standard error = 0.0442 feet
2 = .99
F = 61137.04
Table 3: Regression of h on d according to the model

h = Bed

<3

&
Residual standard error, R%? and F are of course calculated from

h = Bgdsl and not from its logarithm 1n h.
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Substituting (6) in (&)

VA = I B3t 280 ceemese (D)
8x95,9482°280
Henca
8x95,948228¢ peees
h = F VA e eerieaneen Cereeanns .. (8)

Substituting this result in (6)

2 i 2208 2428
4 = (m h ..., At e bssasrseranns I €3
G«695 1.585 0.695
42 = et 8 %95.93 x VA ..., (9)
g5 952-28 I D.69%5

5 8 0-595 B+B55%5
d” = (m VA A . K )

Vmax = 43560 * L X VA tiiiiinnnnns (11)
RCAZ 8 0+695,0:635
Ix95.95
G305
Vmax = éégiégg X VA .. fhe s e {12}
KCA

Knowing VA and KCA, we can calculate Vmax, the
maximum volume. Results of these calculations are given in

table 4.
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Mean volume KCA Maximum
per tree volume
(£t3/tree) (ft¥/acre)

.41 21.8 872
.54 21.1 1010
.68 20.5 1148
.83 19.8 1307
.98 19.2 1463
1.13 18.7 1611
1.28 18.2 1765
1.41 17.8 1902
1.52 17.6 1992
1.61 17.5 2048
1.66 17.4 2092
1.68 17.4 2098

Table 4: Vmax for different values of VA and KCA
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Figure 14: Variation over time of the total volume of a
black spruce stand of site class ITL
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Figure 13 shows Vmax as a function of the mean volume

per tree.
2.24— Doubling time

Knowing the value of the maximum volume from the cal-
culations in the preceding section, we can mow calculate the
doubling time at fifty per cent of the maximum volume (regarding

this latter parameter, E%?E see sectlon 2.26).

Figute 14 represents the change over time in the total
volume of a black spruce stand of site class ITII. The velume
values are those taken from Boudoux's (1977) tables, to which was
added the volume of nonmerchantable stems with a dbh less than

four inches.

From figure 13 we can see that the volume does not
increase at a uniform rate; rather, the rate varies with time.
Thus, for example, a stand of a given age may grow at a rate of
six per cent per year. At this growth rate, its volume will double
in a certain number of years, and this doubling time will change as
the growth rate increases or decreases. This, in short, is what we
mean by doubling time. In order to calculate it, we must first
examine the volume graph to find the ages at which the maximum
volume and half the maximum are reached. For example if VA4O =
0.41 ft¥/tree at the age of 40 years, the maximum volume Vmax

corresponding to this mean volume is 872 ft®/acre.

The volume curve gives us

Vmax = 872 ft¥/acre at 43 years

and vﬁfx = 436 ft®/acre at 29 years




41

The difference between these ages gives us the doubling

time at fifty per cent of the maximum volume for

- 3 N
VA40 = 0.41 ft°/tree:

D50 = 43 - 29 = 14 years
Table 5 gives the values obtained for doubling time at

50% of Vmax (D530) at different mean volumes per tree (VA), and
figure 15 graphs D50 as a function of VA.

2.25~ Percent growth at 50% of Vmax

If we now let PA5S0 designate the percent growth at

fifty per cent of the maximum velume, knowing D50 we can write:

PASOXDS0
e = 2

PASOxD50 = 1n2
Tt might help to recall at this point that to a
given age there corresponds a mean volume per tree VA and a

doubling time DH50.

Knowing the doubling time of the volume as a function

of the mean volume per tree VA, we can find PAS5Q:

1n2

PASD = ﬁ

DYNAMO

A PASDLK = LOGN(2)/DS0.K
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VA* V % Vmax
Age in Mean volume Actual Maximum Age at | Age at
years per tree volume volume E%?E Vmax Vﬁ?x D50
ft3/tree ft3/acre | ft3/acre
40 0.41 762 872 436 43 29 14
45 0.54 921 1010 505 48 31 i7
50 (0.68 1071 1148 574 53 34 19
55 ¢.83 1210 1367 653 59 37 22
60 0.98 1334 1463 731 66 39 27
65 1.13 1447 1611 865 74 41 33
70 1.28 1544 1765 882 87 44 43
Table 5: Calculation of doubling time

VA and V were calculated from the figures in Boudoux's (1977) empirical

yield tables.
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2,26~ Percent growth at V/Vmax or percent actual growth

The volume growth depends among other things on the closure

of the canopy. In an open stand of low density, where the volume V

Vmax
2 »

ter portion of their length, and their photosynthetic efficiency is

per acre is less than crowns receive more sunlight over a grea-

therefore increased in comparison with that of a stand with a standing

volume equal to EE%E. If in a denser stand, however, the volume V ex-

Vmax
2
else being equal, the volume growth is less than that of the stand

Vmax
— -

ceads , the photosynthetic elfficiency is reduced and everything

where veolume equals

Vmax
serves as a reference value and

We have just seen that
that the ratio V/Vmax may be considered to be the relative closure of

the canopy.

If we let KA designate the correction factor for PA5S0 (perceat
growth at 50% of Vmax), the percent actual growth {(or percent growth at
V/Vmax) can be expressed as

PA = KAXPASO
9YNAMO
A PAX = KA*PASH.K

Figure 16 represents factor KA as a function of the ratio

V/Vmax.
2.27- Growth per tree per year

Knowing the percent annual growth PA, we can calculate the

growth per tree per year:
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A = PAXVA (ft3/tree/year)
VA being the mean volume per tree (£t3/tree).
DTRANO
A AKX =-?&JK*§A.K
2.28- Total growth per year

T being the number of stems per acre, the growth per

acre can be written
AB = TIxA (ft®/acre/vear)

To this must be added the volume produced annually by

planting and by sexual and vegetative reproduction.

4\

% AB.KL = TI.KRA K+1E-SATPTI.JK+1E-78TRTI.JK+0.016*MAR.JK
_ Y T S———tarnnet

Planting Sexual Layering
reproduction

Figure 17 gives a summarized growth diagram.
2.3- Mortality
Along with growth we must consider mortality, the entropy
indicator in our system. Mortality increases during the life of the

stand and may reach a final rate which is in equilibrium with the growth

rate.
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Here all similarity with the growth situation ceases. In the
case of growth, we were able to establish a curve for the doubling time
using existing data, but in the case of the stand's half-life, such an
approach proved impossible because of the lack of relevant mortality

data.

It appears in fact that no detailed study has yet been made
of the volume lost amnually by a forest due to mortality, or of the

relative size of Nature's annual toll.

The importance of mortality cannot be overemphasized in forest
management, in general, either in simulating various management hypothe-
ses {including harvesting) in order to derive the greatest profit from
forest lands. A knowledge of loss volumes, as well as of annual growth,
would yield a better understanding of the dynamics of wood production
and of the mechanics involved in the circulation of matter and energy

from the environment to the forest system and back to the environment.

This gap in knowledge had to be circumvented in order to
provide the model with the information it needed to fumction. We there-
fore proceeded with a series of tests, trying out various curve patterns
based on the Kalgraf and Egeberg (1975) model for Norwegian spruce (Picea
abies [L.] Karst) and seeking to fit the results to the empirical data
cbtained by Boudoux (1977).

2.31~ Percent mortality at 507 of Vmax

Let PM50 designate the percent annual mortality of a
Vmax
-
lose half its volume at this rate PM50 is called the half-life,

stand with 2 volume equal to The time it takes the stand to

DV50, and is expressed by
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PM50xDV50
e = 2

PM50xDV30 = 1n2

Knowing the half-life, PM50 can be calculated:

PHS0,X = LOGN(2)/DV50,K

Figure 18 shows the best half-~life curve which we were

able to obtain under the given constraints.
2.32-~ Percent mortality at V/Vmax

The situation for stand mortality is opposite te that
which we found for growth. The denser the stand becomes, or the
closer the volume comes to the maximum volume, the greater the

competition and the greater the mortality.

Taking the percent mortality at 507 of Vmax as our

reference, percent actual mortality can be expressed by

t

PM = PM50%KM

where

correction factor for PMS0

2
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Figure 19 shows factor KM as a function of the ratio

V/Vmax.
2.33~ Number of dead trees per year

Mortality is here calculated in terms of number of dead
stems in the stand, and corresponds te a reduction in the number

of trees standing. The number of dead trees per year is therefore

written

TMTI = TIXPM

where
TI = number of stems/acre
TMTI = mmber of dead stems/acre/year
DYNAMO -

R TMTL.KL = TI,K¥EM.K
2.34= Volume of dead trees per year

Knowing VA, the mean volume per tree and TMTI, the number

of dead trees per year, the annual loss volume per acre can be

calculated:

TM = TMTIXVAxXGRAM (ft>/acre/year)
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where

GRAM = relative size of the dead trees

THLKL = M JTRAVAK*CRAM.K

2.35- BRelative size of dead trees

Another difficulty to overcome was determining the
relative size of dead trees, No one could say whether these were
trees of average size or larger than average. We had to derive a
linear relation between the felative size of dead trees and volume
per tree, which would enable us to better interpret data in the
empirical tables. Such a relation is shown in figure 20. Figure 21
i¢ a diagram representing the determination of natural mortality

rate,
2.4—- Stand conditions at time t

Tt now remains to relate the phenomena of natural regemeration,
growth and natural mortality in order to learn how the stand behaves at

any given moment in response to these three determinants.
2.41- Density in number of stems per acre

Stand density (trees/acre) is a lewvel (N = "niveau™)
determined by regeneration and planting on the one hand, which
provide new growth, and by silvicultural cutting and mortality omn

the other, which eliminate a certain number of stems.
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The situation can be summarized by the equation

TIt = TItﬁl+dt(TPTI+TRTI+MAR—TETI—TMTI)

where

TPTI = annual planting rate
TRTL = annual rate of sexual reproduction
MAR = abnual rate of layering

TETT = amnval cutting rate

TMTI = annual mortality rate

2.42- Volume density (ecu ft/acre)

The volume per acre varies over time in response to

growth, mortality and various silvicultural treatments:

Ve = Vg tAex(AB=TE-TM) .......ovvuiiiunnnn.. D ceenan (13)
where

AB = Growth volume

TE = Cutting volume

™ = Mortality volume
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2.43- Mean volume per tree

VA - ¥ ft?/stem

O UAWAR = VLR/TIK
2.5~ Summary of relations

Figure 22 gives an overview of interactions of various "internal"
variables in the DYPEUFOR simulation model described in this chapter. This
general diagram brings together the three fundamental development processes

in a forest stand: regeneration, growth and mortality.

Essentially, the diagram is composed of two networks, that of
the volume density (ftsfacre) and that of the density in number of stems
(number of stems/acre), the two being linked by the model's basic variable,

the mean volume per tree.
Here is a brief explanation of the diagram:

a) Regeneration: the mean volume per tree is used in calculating
seed production rate and germination vrate; the latter two va-

riables in turn are used to determine natural regeneration rate.

b) Growth: the mean volume per tree is used to determine the growth
rate per tree, by doubling time at 50Z of the maximum volume and

the percent growth at 507 of the maximum density.
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Mortality: the mean volume per tree is used in calculating the

half-1life at 50%Z of the maximum density; the latter is then used
to calculate the percent mortality, which together with the demsity

in number of stems determines the natural mortality rate.
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3. RESULTS

3.1- Application of DYPEUFOR without external action

In this first part we shall study the results obtained from
the simulation by considering only the internal system variables, i.e.
the development of the forest stand in the absence of external influences.
The practical applications of DYPEUFOR, in which external variables are

introduced, will be discussed in the second part of the chapter.

The version of the program used in this simulation is shown in

appendix 2. "The wvalues obtained are given in figure 23 and table 6.

Studying this simulation, we can see that in the regeneration
phase the stand has a strictly positive material balance, characterized
by seed input and an increase in wood volume. The immature phase is
likewise characterized by a positive balance, with a resultant increase

in the biomass.

In its prime phase, the stand acquires its maximum wood velume.
The stand then goes through a relatively brief plateau period before

entering in its senescent phase,

During the senescent period entropy increases, first balancing
and later exceeding the material flow (imput), so that a negative balance
results with a loss of volume. This trend continues until the balance is
once again zero. At this point the stand reaches equilibrium, which will

not be disturbed unless there is outside interference.

Thus an undisturbed black spruce stand of site class IIT appears
to be a system in dynamic equilibrium, whose characteristic behavicur over

time can be represented by the graph in figure 24.
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Simulation of stand development withont cexternal action
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6 continued
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This behaviour is a result of the simultaneous existence of
a positive feedback leop responsible for growth and a negative feedback
loop which brings the system back to a state of dynamic equilibrium in

which the positive and negative forces balance each other, (figure 25).

3.2~ Applications of DYPEUFOR with external actions

A study of the forest in its natural state would be of little
interest if it did not take into account the user's potential influence

on its development.

Therefore a second model must be designed which will ac-
commodate silvicultural treatments. Such treatments could be of two
types: those which reduce the standing volume and those which produce or

promote an increase in the volume.
3.21- Treatments reducing the standing volume
Final cuttings and thinnings bring about an immediate
reduction in the standing volume, while contributing to sound,
optimum site utilization.

3.21]1~ Utilization rate

The utilization rate is expressed as both number of stems

and volume removed annually.

Each year, a certain number of stems may be removed by

thinning (ETI.K) or by final cutting (CF.K).

In order to be able to simulate various types of thinnings,
the concept of relative size of harvested trees is introduced into

the calculation of the volume removed by thinnings.
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POSITIVE FEEDBACK LOOP NEGATIVE FEEDBACK LOOP

STANDING VOLUME A

REGENERATION MORTALITY
AND GROWTH

Figure 25: Feedback loops
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DYNAMO

R TE.KL = CF.K*VA,K4BTI.K*VA K*¥GRAE

TE.KL = volume of wood removed during interwval KL (fts/acre/

year)

CF.K = number of stems removed in the final cut at time X
{stems/acre/year)

VA.K = mean volume per tree at time K (ft?)

ETI.K = number of stems removed in thinnings at time K {stems/
acre/vear)

GRAE = relative size of harvested trees

GRAE is either the ratio of the mean volume of the harvested
stems to the mean volume of the standing stems before thinning, or the

tatic of their respective mean diameters,

Depending on the type of thinning, the value of GRAE will
be:

GRAE
GRAE < 1, thinning from below

I

1, mixed thinning
GRAE > 1, thinuning from above
3.212- Thinning and final cutting
a) The PULSE function
The thinnings and final cutting are introduced into DYPEUFOR

in the form of pulses produced at the desired moments., The intensity

of the pulse corresponds to the number of stems removed.
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The function used for this purpose is called PULSE, and

has three arguments:

PULSE(HAUT, PREM, INT)

HAUT = magnitude of the pulse (HAUT = "hauteur" = "height™)
PREM = date of the first pulse (PREM = "premi&re'" = first)
INT = interval between two successive pulses

The pulse is produced during the time interval DT. The
first pulse takes place at time PREM and subsequent pulses at times

PREM+INT, PREM#+2xINT, PREM+3%INT and so on.

b) Illustration

Appendix 3 gives a version of DYPEUFOR which simulates
two thinnings, the first from below at 50 years with an intensity
of 500 stems per acre, and the second from above at 65 years with an

intensity of 300 stems per acre.

Figure 26 and table 7 show the results of this simulatiom.

Various types of thinnings were simulated, the results

being assembled in table 8.

In general, the volume which can be harvested is low.
Bearing inm mind that stand mortality is not accurately known, a close

study of the results shows that:

- mixed thinnings are preferable to two successive thinnings

of different types;
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Simulation of stand development with two
thinnings
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- disturbances in the form of thinnings in stands of site

class IIT do not lead to increased yields;

- the advantage which can be foreseen from thinnings consists
in being able to harvest wood earlier, if the thimnings are

economically justifiable.

3.22- Treatments which produce or promote growth

These typical silvicultural treatments basically involve

planting new trees or promoting growth by fertilizing.
3.221~ Planting
If a number of seedlings are to be planted according to
a fixed timetable, the effects of this treatment can be predicted
with the help of the model. All that is needed is to prepare a
table of the number of seedlings to be planted per year.
a) The TABHL functiom

Figure 27 shows a graph with a horizontal asymptote.

By dividing the X axis into equal segments and finding

the corresponding values for Y, we obtain table 9.
Notice that:
- the left column is an arithmetic progression, and can

therefore be represented by the first and last terms and

the size of the increement;
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X Y
g 0
1 70
2 210
3 410
4 510
5 550
6 500
7 350
8 200
9 120
10 100
11 100
12 100
13 100
14 100

Table 9: X and Y co-ordinates of various points on the

curve shown in figure 27.
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- the values in the right column are equal to 100 afrter
¥ = 10: this column can therefore be cut off at X = 10
and a value of ¥ = 100 assigned for all X greater than
10.

This is accomplished in the TABHL function, which has the

following five arguments:

TABHL (TAB, X, XINFER, XSUPER, RAT)

TAB = name of the table

X = independent variable

XINFER = lower limit of X

XSUPER = upper limit of X

RAL = gize of the increement of the progression (RAIL = "raison')

For example, if ¥ is an auxiliary, we can write

A Y.K = TABHL(YT, X.K, 0, 10, 1)
g ® 0/70/210/410/510/550/350/200/120/

TARHL is a linear interpolation function which yields the
values between the points in the table, if DT is less than the size

of the increement.

b) Tillustration

Consider the planting timetable showm in figure 28 which

serves as a basis for the next simulation.
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NUMBER OF
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Figure 27: Graph of values which could be interpolated
in the TABHL table
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TRANSPLANTS

300
400 - "
300+

1 —
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Figure 28: A planting timetable
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Appendix 4 gives a version of DYPEUFOR which simulates

the effect of this planting program.

The results of the simulation shown in figure 29 and

table 10, show that the planting program is completely useless. It
is made superfluous by the existence of a good natural regeneration
in the first year. Nevertheless, it would be of great wvalue and
interest to determine an optimal planting program for a site on
which seedlings are not easily established maturally. The DYPEUFOR
user could then determine the starting date for his planting sche-
dule, its length and the number of seedlings needed each year during

the program.

3.222- Fertilizing

The equation for calculating percent growth could be made
to take fertilizing into account by modifying the value of the growth
factor FA according to curve patterns such as those shown in figure

30.

z) The RAMP and STEP functions

The TABHL function described above could easily be used
for simulating various fertilization curve patterns. But ancther
way of simulating them which is both elegant and convenient (because
it eliminates the need for introduction interpolation points in the
tables) consists in combining the RAMP and STEP functions. These

functions each have two arguments, and behave as follows:

RAMP = 0 , for TIME < DEB
TIME
RAMP = E PENxDT, for TIME > DEB
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FA
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\, T T T b
Q 20 k. o] 40 AGE
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Figure 30: Curve patterns illustrating the effect of
fertilizing on growth between 20 and 30 years
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where

PEN = slope ("pente')

DEB = start {"début')

STEP (HAUT,DER)

STEP = 0 , for TIME < DEB

STEP = HAUT , for TIME = DEB
where

HAUT = height ("hauteur'™)

DEB = start

TIME being the iteration counter (intrinsic variable of DYNAMO).
b. Illustratiomn

Patterns 1 and 2, for a fertilization which has an effect

between 20 and 30 years, were obtained with the help of the fellowing

combinations of functions:

Pattern NO 1
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Pattern ND 2

& FAK = STEP(1,1)+STEP(,5,FER)~STEP(.5,FER+10).

€ FER = 20

As an illustration, appendix 3 gives the version of
DYPEUFOK which simulates pattern ¥® 1. The results appear in figure
31 and table 11.

The results of simulations of various treatments are shown
in table 12.

It seems that fertilizing would be of doubtful value in a
class III stand. In fact, such a treatment occurring between years
20 to 30 of stands life and having curve pattern 1 would produce on-
ly a year earlier a mazimum volume of 1588.9 ft */acre; that is, an
improvement of 4.1 ftsfacre in comparison with a non treatment poli-
cy. Further analysis of table 12 shows that pattern 2 seems to be
better than pattern 1 and that in the case of a treatment consisting
of fertilizing alone, the later the application, the greater the
volume. However, other simulations (the results of which are not
shown in the table) indieate that the maximum volume ceases to increa-

se vhen fertilizer is applied later than 35 yvears.

A poliecy of combined fertilizing and thinning is disadvan-
tageous in comparison with a no-treatment policy, because it increa-~
ses the age at which the maximum volume is produced without producing

an appreciable increase in volume in all cases,

Appendix 6 gives a version of DYPEUFOR which simulates stand
development with pattern 2 fertilization applied at 10 vears, combined
with mixed thinnings of 200 stems at 50 and 65 years. Figure 32 and

table 13 give the results.
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Figure 31: Simulation of stand development with fertilizing
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Figure 32: Simulation of stand development with a combined
fertilizing and thinning program
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3.23~ Windfall: a natural stochastic phenomenon

As an example of a natural stochastic event, the effect of

windfall on the behaviour of the stand was tested.

Probabilities were assigned te vavious relative wind speeds.
To these wind speeds correspond degrees of damage expressed as the
proportion of trees overturned (table 14).

For this test two DYNAMO functions were used:

NOISE
CLIP

3.231~ The NOISE and CLIP functions

a) The NOISE function generates random numbers, uniformly

distributed between - 0.5 and 0.5.

In order to obtain randem numbers NO between 0 and 1

we use

DYNANO

A NO.K = 0.5+NOISE( )

b) The CLIP function is the equivalent of a conditional branch.

It has four arguments, and behaves as follows:

CLIP(P, Q, R, S)

CLIP
CLIP

It

P , for Rz §
Q , for R < S
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Cumulative Windfall damage

probability expressed as the
proportion of trees
over turned

*  0-0.9%0 0

0.90-0.94 0.001

0.94-0.97 0.005

0.97-0.99 0.01

0.99-1 0.10

Table 1l4: Cumulative probabilities of various

depgrees of windfall damage

% Lower limit included
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To determine the proportion of windfallen trees {(CHA) correspon~

ding to a given probability, the following combination is used:

DYNAMO

A CHA.K = CLIP(CLIP(CLIP(CLIP(.1,.01,%0.K,.99).005,
| NO.X,.97),.001,N0.K, .94),0,¥0.K, .90}

3.232- TIllustration

Appendix 7 gives the version of DYPEUFOR which simulates
the effect of windfall.

The results of the simulation are given in table 15

and figure 33,

As might be expected, the effect of windfall is neither

greater nor less than that of thinning.

The principal aim of this test was to show that stochas-
tic phenomena can be incorporated into DYPEUFOR if it is desired
to quantify the effect such phenomena could have on silvicultural
pelicies being studied.
3.24~ Analysis of parameter sensitivity

Two parameters were tested:

- the reference germination rate (CTG)

~ the initial number of stems (ITI)
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3.241~ BReference germination rate

We should here recall ocur assumption that the stand being
studied originated after a fire, from seed buried in the soil before

the fire.

However, the results of the simulation of matural stand
development {(undisturbed) have shown us that once established, a
stand repreoduces solely by layering. Sexual teproduction does not
take place, then, unless a fairly intensive crown thinning is under-~

taken at a time when the stand is ready to preduce viabhle seed.

The reference germination rate {CIG) was tested by a
thinning of 1200 stems at 50 years. The results of the tests are

shown in table 16.

This table shows that the reference germination rate is a
very sensitive parameter, which means that accurate information on
this parameter is absolutely essential for studying a black spruce

stand.

3.242~ 1Initial number of stems

The Initial number of stems represents the number of seed-
lings established after & fire. Varying it between 8,000 and 12,000
(seedlings per acre), we find from the results of the simulations

that this is not a very sensitive parameter.
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Volume Age at which the Volume

Maximum volume Fer maximum volume at per
CTG after thinning | tree is reached 200 years | tree

ft¥/acre fc? fr¥/acre £l
0,0001 289.2 2. 200 289.2 2.5
0.001 498.9 1.9 200 498.9 1.9
.01 1611.6 1. 182 1611.6 1.5
Table 16: Sensitivity analysis of the reference germination rate.




g7

Volume Age at which the Volume

ITI maximum per tree maximum volume at I per
pi3/acre 913 is reached 200 years tree
pi*/acre pi?
8,000 1574 1.62 160 1564 1.61
10,000 1575 1.61 100 1567 1.61
12,000 1574 1.61 100 1568 1.61

Table 17: Sensitivity analysis of the initial number of stems.
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4. CONCLUSIONS

The increasing remoteness of timber sources has brought about
a renewed interest in intensive silvicultural management of coniferous
species. Forest resources canncot be managed blindly, however, without
risking considerable losses. DVPEUFOR, in its present form, is intended
as a decision-making toel which will enable the forest manager to foresee

at a glance the results of a given management program.

It must be remembered, however, that this model was adapted to
existing conditions in Quebec using the information available. We have
pointed out the complete lack of knowledge and data regarding the stan—
ding volume lost each year from natural causes, This facter, hitherto
ignored in formulating management policies, is of decisive importance in
determining the balance of regeneration, growth and mortality in an avrea

of a forest at a given moment.

The impertance of £illing this gap, which is brought into sharp
focus by the DVPEUFOR total systems approach, cannot be overemphasized,
nor can the tremendous volume of research which remains to be deope in

order o throw some light on this factor.

Nevertheless, we were able to get around this problem, and
tested a number of possibilities in order teo explore the model's potential.
For the time being, of course, the results are dependent on values which
had in part te be invented, and which are only partially reflective of
reality. It nevertheless remains true that DVPEUFOR is a valuable tool
which will provide highly useful! information for sound forest wmanagement
as soon as complete, accurate information can be supplied. Among the
potential practical applications which appear to us to be the most promi-

sing are the determination, by iteratiomn, of optimum combinations of
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durarion, intemsity and type eof silwvicultural treatments. We have alrea-
dy obtained a number of preliminary conclusions regarding fertilizing and

thinning, among others, during the course of this study.

In addition, the interplay of the various biological variables,
clearly brought out by the system analysis used in the model, make it an
excellent pedagogical tool. Among other possibilities, it enables the
student to get an overall grasp of the effects on a forest system of any
disturbance to the stand dynamics, whether a natural stochastic phenomenon

or an artificial intervention.

In short, this model, designed to permit a large degree of flexi-
bility, has enabled us to gain a better understanding of the current state

of forestry knowledge.
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APPENDIX 1

Glossary of variables used in DYPEUFOR

A growth ("accroissement") in ft3¥/tree/year
AB growth in ft3/acre/year
CF number of stems removed in the final cut (“coupe finale')

per acre per year

CHA percentage of trees overturned by windfall ("ehablis"™) an

indirect representation of wind speed

CTG coefficient of germination rate (“coefficient du taux de

germination')

CcvM coefficient of maximum volume (Mcoefficient du volume

maximum'’)

D50 doubling time at 507 of the maximum volume

D50T table of interpolation points of D50

BV50 half-life ("demi-vie') at 50% of the maximum volume
DV50T table of interpolation points of DV50

El number of stems removed at the lst thinning (“8claircie')

Per acre per year



ElA

E1TT

E2

E2A

E2TI

E3

E3A

E3TT

ETI

FA

FER

GRAE

GRAM

GRAMT

INT

104

vear ("ann&e") in whiech the lst thinning is done

number of stems (Ytiges') removed at lst thinning per

acre

number of stems removed at 2Znd thinning per acre per year

year (Yannée') in which 2nd thinning is done

number of stems removed at 2nd thinning

nunber of stems removed at 3rd thinning per acre per year

year in which 3rd thinning is dome

number of stems removed at the 3rd thimnning per acre

number of stems removed by thinning per acre per year

growth factor (“facteur d'accroissement)

time at which fertilizing starts to have an effect

relative size of trees harvested (grandeur relative des

arbres exploités)

relative size of dead trees {grandeur relative des arbres

morts)

table of interpeclation points of GRAM

interval of time separating two cuttings



ITT

KCA

KCAT

NO

NSEM

NSEMT

FA

105

initial number of stems per acre ("nombre initial de

tiges™)

correction factor for percent growth (Maccroissement")

at 50% of maximum volume

table of interpolation points of KA

factor by which dbh is multiplied to obtain the crown

diameter

table of interpolation points of KCA

correction factor for percent mortality at 507 of maximum

volume

table of interpolation points of KM

layers {("marcottes') produced per acre per year

maximum number of seeds ("nombre maximum de semences')

produced per acre per year

random number distributed uniformly between 0 and 1,

generated by the DYNAMO language

number of seeds ("nowbre de semences') produced per acre

per year

table of interpolation points of NSEM

percent growth ("pourcentage d'accroissement™)



PAS0

PM

FM50

PSEM

REV

TE

TETT

TG

TGT

TL

T™MTI

TPTI

TPTIT

106

percent growth at 507 of maximum volume
percent mortality
percent mortality at 50% of maximum volume

percentage of seeds (''pourcentage de semences') produced

per acre per vear

rotation ("révolution') length

cutting rate ("'taux d'exploitation') in ft’/acre/year

cutting rate in number of stems ("tiges') per acre per

year
germination rate ("taux de germination')
table of interpolation points of TG
number of stems ('tiges') per acre

mortality rate ("taux de mortalité") in volume, ft’/acre/

year
mortality rate in number of stems/acre/year

planting rate ("taux de plantation') in number of stems/

acre/year

table of interpolation points of TPTI



TRTI

VA

VSEM

107

natural regeneration rate (''taux de régéundration") in

number of sStems per acre per year

. 3
volume in ft*/acre

mean volume per tree (Marbre'm)

maximum volume in ft®/acre

volume of seedlings ('semis')
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Appendix 2: Version of DYPEUFCR used to simulate stand development

without external action.
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Appendix 3: Version of DYPEUFOR used to simulate stand development
with a thinning from below of 500 stems at S0 years and a

thinning from above of 300 stems ar 65 years,
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Appendix 5: Version of DVPEUFCOR used to simulate stand development
with a fertilizing progranm having an effect between 20

and 30 years.
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Appendix 6: Veraion of DYPLUFUR used to simulate stand development
with & combined program of fertilizing at 10 years and
mixed thinning of 200 stems at 50 vears and 200 stems at

65 years.
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Appendix 7: Version of DYPIUFUR used to simulate the development of

a stand affected by windfall, a stechastic phenomenon.
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