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ABSTRACT

This paper describes a simulation model
reproducing the development over time of a coniferous for-
est. The purpose of the model is to test the dynamic effects
on total volume and tree dimensions of such silvicultural
activities as thinning, and fertilizing. Cause and effect
relationships in the forest system are presented in the
shape of a dynamic model, a multiloop feedback system. In
this case, forest growth is viewed as a state which is deter-
mined by an accumulation process controlled by total volume
(ftalacre) and stand density (number of trees/acre).

In addition, the development over time in an
undisturbed forest or in stands affected by external actions
is determined by means of differential equations. The
structure of this model is so designed as to cause the com-
plex 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 two main advantages:

1) any behavior or response of the forest can
easily be visualized on graphics

2) 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 lay-

men and experts.
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The silviculture of coniferous species, such as black spruce,
is being continually intensified in Quebec. It is therefore an oppor-
tune time to introduce a new tool which could help the forest manager
to make better informed decisions.

DYPEUFOR*, (Dynamics of Forest Standg) a'mode1 for simulating
black spruce forests in Quebec resembles a laboratory, which offers the
forest manager the possibility of perceiving the effects of various sil-
vicultural treatments on the behaviour of a stand so that he can pres-
cribe the best method.

The concept and design of DYPEUFOR were inspired by the model
constructed by Kjell Kalgraf and Westye Egeberg (1975) to simulate
spruce stands in Norway. The first version of that model was created
within the framework of a comprehensive project of Gruppen for Res-
sursstudier (the group for resource studies) in Oslo, Norway to esta-
blish long-term strategies for forest resource utilization in Scandina-
via. From this prototype we designed a model adapted to Quebec coni-
fers.

Biological systems, like social and economic systems, are
nonlinear feedback systems, containing multiple loops. Even when we
possess an excellent knowledge of the various parts of a given system,
it is usually impossible 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 dyna-

mics (Forrester, 1976 and 1977), which is of very special value because

*
DYPEUFOR: Dynamique des Peuplements Forestiers
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it allows us to describe a system as a whole. However, its immediate
purpose is not ¢o optimize a system, but ratner to explain the trend of
the system and consequently to identify the factors which can improve
the system in the most efficient way possible.

Three principles were followed in constructing the DYPEUFQR
mode:

1= The purpose of DYPEUFOR is to test the dynamic effects of
silvicultural treatments on the total volume and the size
of the trees. A1l elements which influence these variables
have been included in the mode]. In other words, the boun-
dary which delimits DYPEUFOR lies where the elements exclu-
ded have no effect on the system's dynamic behaviour (Fig-
ure 1).

2-  The second principle was to make the model as realistic as
possible. To this end, the variables of DYPEUFOR corres -
pond directly to those of the forest system studied and
have the same units of measure as in the system. For exam-
ple, the flow of volume of wood is measured in cu ft/acre,
and not in equivalent dollars. This is intented to preserve
the possibility of studying the relationships among the diffe-
rent loops of DYPEUFOR.

3- Finally, to preserve the model's flexibility, we neither
assumed that the system is linear or stable nor presupposed
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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external elements
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COMPONENTS OF DYPEUFOR

The dynamic simulation model discussed herein comprises three
main components: natural regeneration, growth and natural mortality.
Figure 2 clearly illustrates the roles of these in conjunction with

the impact of external factors such as planting and cutting.
Natural Regeneration

It is generally accepted that a large number of black spruce
(Picea Mariana [Mi11)] 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 (Vezina 1975).

On the basis of earlier studies we hypothesized that the
forest area would be covered with 10,000 seedlings per acre following
an intense fire. A final clear cutting is also a sufficiently intense
treatment to give rise to a good restocking (Weetman et al 1973),
especially if it is done by patches so as to maintain permanent seed
sources (Vezina 1975); so it could also be the source of the stand
under study. Of course, such disturbances do not always lead to a
total restocking of the stand, and we therefore had to introduce a
regenerative process which enables new seedlings to become established

when the stocking becomes too thin.

Number of Seeds germinated

The regenerative process should allow for new seedlings to
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fill the gaps left by the disappearance of standing trees, whether for-
tuitous or caused by human intervention. This process is described by
the number of seeds produced per acre annually and by the actual germi-

nation rate as follows:

Regeneration Number

rate in of seeds Germination
number of i— produced ? rate

stems per acrgj er acre

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 (Canadian Forestry Ser-
vice, personal communication), black spruce produces seed over a pe-
riod 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 3. At its optimum, the stand produces up to a million
viable seeds per acre per year.

b) Germination rate (survival)

The germination rate is observed to change as cover closes in
black spruce stands. The ratio of standing volume on maximum volume
being a measure of stand's closure, determines the germination rate of
seeds (figure 4). The explanation for maximum volume will be given in

the section on Growth Increments.

Layering

In general, black spruce does not reproduce well sexually,

but does reproduce well vegetatively, by means of layers. In a
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Figure 3: Number of seeds produced per acre per year as
a function of the mean volume per tree
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natural stand, layers 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 falls or is harvested, one
of the layers, generally the one that is most developed, 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 ft® for a class III site (Vézina and Linteau 1968). Therefore

in the model each dead or fallen stem is replaced by a layer at the

end of 100 years,
Growth !ncrements

A unit area of forest land cannot support a volume of wood
greater than a maximum volume. This maximum volume Vmax corresponds to
a completely closed cover, Volume growth depends among other things
on the closure of the canopy. In an open stand with Tow density,
where the volume V per acre is less than Vmax/2, crowns receijve more
sunlight over a greater portion of their length, and their bhotOSyn-
thetic efficiency is therefore increased in comparison with that of a
stand with a standing volume equal to Vmax/2. If in a denser stand,
however, the volume V exceeds Vmax/2, the photosynthetic efficiency is
reduced and everything else being equal, the volume growth is less

than that of the stand where volume equals Vmax/2. We have Just seen

200

that Vmax/2 serves as a reference value and that the ratio V/Vmax may

be considered to be the relative crown closure.

Determination of the Maximum Volume Vmax and the Correcting Factor KCA

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:

Area of one acre . |Mean

wnax . * | Krea covered by volume

the crown of the per tree
mean tree 2
with
Area covered by-] dbh of the Correcting
the crown of thiJ = [ mean tree | x |factor
mean tree KCA

For intolerant species factor KCA is constant because these
trees cannot live under cover and therefore will not tolerate crowding
of their canopy. Black spruce is a species which is able to live even
under a closed caropy, and factor KCA should therefore vary with the
dbh in order best to represent this aspect. This was carried out sim-
ply 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 often (G. Firsque, Canadian Fores-
try Service, personal communication). In such a situation, it is pos-
sible for temporarily suppressed stems to break through the crown,
since the dominants are no longer striving to widen their canopy and

suppress them. Factor KCA was determined from the normal yield tables
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of Vezina and Linteau (1968). 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. Table 1 gives the
KCA values obtained for each pair dbh - number of stems, together with
the corresponding volume per tree. Figure 5 shows KCA as a function of
the mean volume per tree., After determining the factor KCA, mathema-
tical transformations (see Ung c: :I 1978, pages 27-37 for details) al-
low us to obtain Vmax as a function of the mean volume ner tree. Fig-

ure 6 illustrates this function.

Annual Growth of the Mean Volume per Tree

The calculation of annual growth of the mean volume per tree

is based on the concept of the doubling time:

Annual growth . {- .1
x | Mean

. ' log 2 |
of the mean COrrectiqg x Doubling time
at 50% of
volume factor s volume
per tree per tree

Figure 7 represents the change over time in the total volu-
me of a b]ack'spruce stand of site class III. The volume values are
those taken from Boudoux's (1978) tables, to which was added the volu-
me of nonmerchantable stems with a dbh less than four inches. From
this figure 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 decrea-

ses. This, in short, is what we mean by doubling time. The details of
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Mean
[-;;h in feet number of stems KCA  lyolume
per acre | per tree
T
0.217 2070 | 21172 | 0.52
0.242 1790 | 20.413 | 0.69
0.267 1600 19.567 0.87
0.292 1460 18.728 1.04
0.308 1350 18.423 Y22
0.325 1260 18.092 1.40
0.342 1190 17.708 1.317
0.358 1140 17.251 1.73
0.367 1090 17.241 1.89
0.375 1045 17.217 2.05
0.392 1010 16.767 2.19
0.400 980 16.668 2.33
0.408 955 | 16.540 | 2.46
0.417 930 16.425 2.60
0.425 910 16.279 2.74
0.433 890 16.145 2.88
0.433 875 16.282 2.
Table 1: Values of factor KCA corresponding to

various dbh and numbers of stems
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the calculation of the doubling time are shown in Ung et al
(1978, pages 40-41). Figure 8 graphs the doubling time as a function

of the mean volume per tree.
Mortality

Along with growth, mortality constitutes the entropy indica-

tor of our system.

Number of Dead Trees

The number of dead trees per year is calculated on the basis
of the half-life concept:

Number of : Number of

dead trees Correcting 'ﬁET?égg?g—Et -| trees
per acre | |factor o 33:X°f * | per acre
per year

Consider x the mortality rate in number of stems per acre per year.
The time it takes the stand with a volume equal to Vmax/2 to lose half
its volume at this rate x is called the half-life.

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-1ife, such an approach proved impossible because of the lack of
relevant mortality data. This gap in knowledge had to be circumvented
in order to provide the model with the information it needed to func-
tion. We therefore proceeded with a series of tests, trying out va-

. rious curve patterns based on the Kalgraf and Egeberg (1975) model for

Norwegian spruce (Picea abies [L.] Karst) and seeking to fit the results

206

Doubling time

D50 yeors

100

(E]

15 2.0 VA f1 Hiree
Mean volume per tree

Figure 8: Doubling time as @ function mean volume per tree



207

to the empirical data obtained by Boudoux (1978). Figure 9 shows the
best half-life curve which we were able to obtain under the given cons-

traints.

Volume of Dead Trees per Year

When relative size of the dead trees is taken into conside-

ration, the volume of dead trees per year per acre is equal to:

Volume of raumber of Mean {EeIative
dead trees| = | dead trees| x | volume x |size of
per acre | per acre per tree the dead
per year Lper year | trees ___f

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
relative 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 10.
Stand Conditions at Time t
It now remains to relate the phenomena of natural regenera-
tion, growth and natural mortality in order to learn how the stand be-

haves at any given moment in response to these three determinants,

Density in Number of Stems per Acre

Stand density (trees/acre) is the result of regeneration and
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Figure 9: Half-1ife as a functi
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planting on the one hand, which provide new growth, and by silvicultu-

ral cutting and mortality on the other, which eliminate a certain num-

ber of stems. The situation can be summarized by the equation:

Number i Number ({Annua] [Annuan 7T [annual
of trees of trees planting rate of rate of
at time i at time e rate . sexual T layering
[t t-1 _| |reproduction| | b
Relative dead tree size . (Annual MAnnual
S ; - |cutting - | mortality
@ rate rate
L i e
Volume Density (cu ft/acre)
1.0+

/ ; The volume per acre varies over time in response to growth,

mortality and various silvicultural treatments:

0.5+ Volume Volume Growth Cutting Mortalit,
at time| = | at time +dt { |volume | - [volume |- |volume {
t t-1

v T

0 05 10 15 20 va Summary of relations
Mean volume per tree

i hien 90 Batbtive abid i e Figure 11 gives an overview of interactions of various in-
the mean volume per tree ternal variables in the DYPEUFOR simulation model. This general dia-
gram 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 (ft®/acre) and that of the density in number of

stems (number of stems/acre), the two being linked by the model's
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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 rate; the latter two variables 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 50 percent of the maximum volume
and the percent growth at 50 percent of the maximum density.

¢) Mortality: the mean volume per tree is used in calculating the
half-1ife at 50 percent of the maximum density; the latter is
then used to calculate the percent mortality, which together with
the density in number of stems determines the natural mortality

rate.

RESULTS

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 influen-
ces. The practical applications of DYPEUFOR, in which external varia-
bles are introduced, will be discussed in the second part.

Figure 12 shows that in the regeneration phase the stand has
a strictly positive material balance, characterized by an increase in
wood volume. The immature phase is likewise characterized by a posi-
tive balance, with a resultant increase in the biomass. In its prime

phase, the stand acquires its maximum wood volume. The stand then
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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 (input), so that a ne-
gative balance results with a loss of volume. This trend continues un-
til the balance is once again zero. At this point the stand reaches
equilibrium, which will not be disturbed unless there is outside inter-

ference.

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 accommodate silvicultural treatments. Such treatments could be of
two types: those which reduce the standing volume and those which pro-

duce or promote an increase in the volume.

Treatments Reducing the Standing Volume

Final cuttings and thinnings bring about an immediate reduc-
tion in the standing volume, while contributing to sound optimum site
utilization. In order to be able to simulate various types of thin-
nings, the concept of relative size of harvested trees is introduced

into the calculation of the volume removed by thinnings.
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less than 1 for a thinning from below

greater than 1 for a thinning from above

Figure 13 and table 2 show the results of two thinnings si-

mulation: 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 intensi-

ty of 300 stems per acre. These results and those of other types of Ieese
thinnings are grouped in table 3. In general, the volume which can be

harvested is low. A close study of the results shows that:

- mixed thinnings are preferable to two successive thinnings
of different types;

- thinnings in stands of site class III do not lead to in-
creased yields;

- the advantage which can be foreseen from thinnings consists

in being able to harvest wood earlier, if the thinnings are

economically justifiable.
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a) Planting

1f 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. Al1 that is needed is to prepare a table of the
number of seedlings to be planted per year. Consider the planting ti-
metable shown in figure 14. The results of the simulation presented in
figure 15 and table 4, show that this planting program is completely u-
seless. It is made superfluous by the existence of a good natural re-
generation in the first year (10,000 seedlings at the beginning of the
simulation horizon). Nevertheless, it would be of great value and in-
terest to determine an optimal planting program for a site on which
seedlings are not easily established naturally. The DYPEUFOR user
could then determine the starting date for his planting schedule, its
length and the number of seedlings needed each year during the program.
b) Fertilizing

Fertilizing can be introduced in the model by modifying the
percent growth by a factor according to curve patterns such as those
shown in figure 16.

Figure 17 and table 5 show the results of a fertilization
according to pattern n®1 which has an effect between 20 and 30 years.
The results of simulations of various treatments are shown in.table 6.

It seems that fertilizing would be of doubtful value in a
class IIT stand. In fact, such a treatment occurring between years 20
to 30 of stands life and having curve pattern 1 would produce only a
year earlier a maximum volume of 1588.9 ft3/acre' that is, an improve-
ment of 4.1 ft?/acre in comparison with a non treatment policy. Fur-

ther analysis of table 6 shows that pattern 2 seems to be better than

220

NUMBER OF

TRANSPLANTS 4
500
400
300-
T T —
0 3 7 YEARS

Figure 14: A planting timetable
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Figure 16: Curve patterns illustrating the effect of
fertilizing on growth between 20 and 30 years
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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) in-

dicate that the maximum volume ceases to increase when fertilizer is

applied later than 35 years.

A policy of combined fertilizing and thinning is disadvanta-
geous in comparison with a no-treatment policy, because it increases
the age at which the maximum volume is produced without producing an
appreciable increase in volume in all cases. Figure 18 and table 7

give the results.

CONCLUSIONS

The increasing remoteness of timber sources has brought about
a renewed interest in intensive silvicultural management of coniferous
species. Forest resources cannot be managed blindly, however, without
risking considerable losses. DYPEUFOR, in its present form, is inten-
ded as a decision-making tool 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 data regarding the standing volu-
me lost each year from natural causes. This factor, hitherto ignored
in formulating management policies, is of decisive importance in deter-
mining the balance of regeneration, growth and mortality in a forested

area at a given moment.

The importance of filling this gap, which is brought into
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Figure 18: Simulation of stand development with a combined
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sharp focus by the DYPEUFOR global systems approach, and the considerable
amount of research which remains to be done in order to throw light on
this factor cannot be overemphasized.

Notwithstanding the lack of mortality data, the model's po-
tential was tested using a number of scenarios. For the time being re-
sults are dependent on hypothetical values which may not completely re-
flect reality. It nevertheless remains true that DYPEUFQR is a valua-
ble tool which could provide valuable information leading to sound fo-
rest management as soon as accurate and complete information on morta-
lity is available. The determination by iteration of optimum combina-
tions of duration, intensity and type of silvicultural treatments ap-
pears as one of the most promising applications of the model. A number
of preliminary conclusions regarding fertilization and thinning have
already been obtained in the course of this study. Furthermore, the
interplay of 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 obtain an
overview of the effects of any disturbance to the forest stand dyna-
mics.

Finally, this model designed to permit a large degree of
flexibility, enables us to gain a better understanding of the current

state of forestry knowledge.
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