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Abstract. The present study addresses modelling and
effective MATLAB simulation of forest of growth of a
forest. The modeling of the forest growth was conducted
using certain assumptions on growth. Besides the simu-
lation the aim of the study was to simulate as many
individual trees as possible with the limited processing
power of a common notebook. The developed simula-
tion algorithm calculates many individual objects - trees -
with the main goal to receive a fast and efficient pro-
gram. This was achieved via the ideas from cellular au-
tomata.

Introduction

Globa warming has led to many environmental prob-
lems, such as increased periods of drought and less
precipitation. The climate change will affect various
types of animals and plants and change the growth dy-
namics of forest trees. This will change Austrian land-
scapes permanently. Especialy spruce, which is very
common in Austria's forests, will cease in higher tem-
peratures.

According to this, certain steps have to be made to en-
sure the health of our forests[1]:

e developing tools for the assessment of
ecosystem sustainability

e studying the quantitative and qualitative
patterns of ecosystem dynamics under
the impact of global warming

e establishing new paradigms of sustainable
forest management

This prospect requires effective predictions of forest
growth and the dynamics of its basic characteristics as
well as the implementation of disturbances, which can
be considered as the key drivers of forest ecosystem
dynamics because of their significant influence on its
structure and functioning. To ascertain an effective
prediction, a simulation model, namely an imitation of a
real life system, can be developed [1].

This study addresses the application of a forest
simulation using MATLAB. Besides the actual simula-
tion of a spruce forest, the aim of this study was to sim-
ulate as many individual trees as possible with the lim-
ited processing power of a common notebook. The
boundaries of MATLAB were tested by developing an
algorithm calculating many individual objects with the
main goal to develop afast and efficient program. This
was achieved via ideas from cellular automata, which
will be discussed in Chapter 2.1. We used MATLAB
versions R2016a and R2019b to build and visualize our
model.

As mentioned before we model a naturally growing
forest with as many trees as possible to test the bounda-
ries of MATLAB. The goal isto find out if such a pro-
gram would be feasible on a common notebook. Differ-
ent forest sizes are tested on a notebook with the follow-
ing properties: Intel Core i7-4710HQ, 2,5 GHz, 16GB
RAM.

Furthermore, to assess the influence of different sce-
narios, four general simulation scenarios were designed,
which are the following:

e Contamination

e Harvest

e Drought

o Bark beetles

e Biomass plant usage
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Figure 1: Standard simulation diagrams, which are updated each time step. Left: 2D-presentation of the forest. Right:

number of trees and wood mass of the forest.
1 Modelling

1.1 Forest modelling

The first thing that comes to mind, when modelling a
forest with individua trees, would be object orientated
programming, which MATLAB offers but is not suited
for in large scales as the program is an analysis soft-
ware. So instead of creating an object structure we use
MATLAB’s matrix-based data structure to store the
different properties of every single treein corresponding
cells.

This model was inspired by the cellular automata, a
discrete, abstract computational system [2]. In these
automata an occupied space is represented by one, oth-
erwise it is zero. Similar to cellular automata our model
is discrete; however, as a cellular automaton is deter-
ministic and we introduce probabilities, our model can-
not be classified as such.

We generate a 2D discrete space (see Figurel)

where each cells future state is dependent on its current
state and neighbors, namely depending on position.
One of the mgjor questions arising, when developing a
model, is the level of detail and processing resolution.
Building any simulation model, a number of assump-
tions and simplifications have to be made.

We assume aflat and confined area with unchanging
weather conditions. For this model, two main assump-
tions are made. The first is that the quantity of neigh-
bors and the tree’'s age is relevant for spreading. The
second assumption is that trees can randomly die de-
pending on age. In this random number, influences such
as light, water, nutrition and air are included.

For this project, a variable square forest area is pop-
ulated with 20 trees, age 10, as initial condition. The
planting locations are randomly chosen within a radius
of 20 m around the central point of the area. Different
simulation scenarios are conducted, taking into account
both the regime of forest management, namely harvest,
as well as natura disturbances, such as droughts. Cer-
tain parameters, such as spreading, death rate etc. of a
spruce tree, are necessary for model initialization.

Structure of the forest. For this kind of object-
orientated programing it would be obvious to populate a
forest object with tree objects in which all properties,
such as age, mass, humber of neighbors etc., are stored.
As MATLAB is not suited for this kind of program-
ming, we chose a different approach.

We generate only one object (class as it is called in
MATLAB), namely the forest, in which all properties
are stored in separate matrices. Inspired by the afore-
mentioned cellular automata, the size of the forest de-
termines the size of the matrix so that each entry corre-
sponds to alocation in the area. Furthermore we assume
that one entry matches one square meter. For example, a
forest of size 100 m x 100 m generates a 100 x 100
matrix.

Since the matrices provide us with a grid, there is no
need to compare each tree with every other tree. Instead
we only need to check the cells within a given radius for
neighboring tree, which reduces the number of opera-
tions needed dramatically.
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Methods Descriptions

Forest() Construction-method of the forest. Initial-
izes all matrices for storing properties.

findTrees() Searches for all trees in the given area and

stores their x- and y-location in a 2xn-
matrix, where n is the number of found
trees (namely foundTrees).

findNeighbours() Loops through all found trees and counts
all neighbors in a given radius.

plantTree() Plants a tree, with a given age, by changing
the corresponding entry of the tree-matrix

to 1.

markTrees() Loops through all found trees and applies
the rules for dying for each tree and marks
those which will be removed in the next

time step.

Removes all marked trees and resets the
properties of the given location.

removeTree()

spread() Loops through all found trees, generates a
random location for the sapling and checks
afterwards, depending on neighbor count,

if this sapling can be planted.

Increases the age of the tree by one as
well as the mass. Additionally it increases a
color counter every 5 years by one; up to a
maximum of 10.

aging()

die() Finds all marked trees and calls the re-
moveTree()-function.

harvest() Loops over the current harvest area and
marks all trees with in that area over a

given age and records the harvested mass.

infest() Finds all trees within a given (small) area
and choses randomly a tree and increases
the beetle count by 20 on the chosen trees

(100 times).

beetleSpread()  Finds every infested tree and loops over
them. It multiplies the number of beetles
by a given factor and spreads the number

of beetles evenly on neighboring trees.

boundaries() A helpful function which generates the
boundaries of the search area with a given

tree-location and radius, including edge

cases.

draw() Generates a scatter-plot of all trees with
full circles of different sizes and shades of
green depending on age (see Figure 1).

drawMarked()  Generates a scatter-plot of all marked

trees with red crosses.

Table 1: Summary of the forest's methods.

To update the forest each year, a number of different
functions (methods as they are called in MATLAB
classes) are used, givenin Table 1.

To retrieve the indices, the find function is heavily
used. The find function returns the indices and values of
nonzero elements and thus allows us to loop over occu-
pied spaces only.

Similar to cellular automata we appoint afew simple
rules:

e  Spreading: depending on the number of neighbors
the tree plants a sapling in arandomly generated
unoccupied space in a certain radius, however,
not too close to other trees

e Aging: every year the tree grows older and
accumulates mass depending on age

e Dying: each tree has a certain probability to die,
depending on its age

Spreading: Every other year, asit is the case in nature

[3], the trees spread and plant new saplings. This is

achieved by appointing different probabilities according

to different numbers of neighbors in a certain distance;
for this study aradius of 10 mis chosen.

e zero neighbors: no spreading: 0%
e |essthan or equal to three neighbors:

50% chance to spread

e  between three and ten neighbors:
100% chance to spread

e greater than or equal to ten neighbors:
50% chance to spread

e morethan fifty neighbors: no spreading: 0%

These probabilities are conducted according to the fol-
lowing considerations: if the tree has no neighbors, there
is no chance to pallinate the tree. If it has a certain amount
of neighbors there are enough pollen to fertilize the seeds.
However, if the tree has too many neighbors there is
not enough space for the seedlings to grow and no
spreading occurs.
Aging: every year, the tree grows older and accumulates
more mass depending on age. Till the age of 70, we as-
sumed a linear growth rate of 28 kg/year. From 70 to 140
the tree has a growth rate of 14 kg/year until it reaches its
final mass of approximately 3.000 kg. When calculating
the mass, we assume that the harvested wood has aready
sufficiently dried with awater content of 20%. [4]

Dying: Each tree has a certain probability to die, ac-
cording to its age.
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e Lessthan or equa to three years:

5% chance to die
e  Greater than three years: 1% chanceto die
e  Greater than 150 years: 20% chanceto die

With the probability to die each year, general stress-
factors such as diseases, damage by wildlife, or storm
losses are considered. The effects of drought and bark
beetles are dedlt with separately. Y ounger trees and very
old trees are naturaly more susceptible to these genera
damages.

As a forest is a very complex ecosystem, data on
these specific parameters and probabilities is missing.
As a result, the authors decided to conduct the procedure
of mode initialization by using the following parameters:

e treesgrow on an area of one hectare [5]
e Theforest hasagrowth rate of 2,5 %
cubic meter each year [6]
To arrive at these targets, we adjusted the spreading
and neighbor radii by means of computational experi-
mentation.

1.2 Contamination modelling

The first issue is the implementation of a contaminated
area in the forest, where trees can only survive for a
short amount of time as there are toxic chemicasin the
ground, which prevent the trees to grow further.

This is achieved by implementing a given area,
which is marked as “contaminated” where trees, which
grow on this ground, will cease after two years. This
implementation could be used for rivers or roads as well.

We preset a matrix, namely contaminated, with the
elements one and zero for contaminated and non-
contaminated areas respectively. In the function mark-
Trees() every tree is checked if the location is consid-
ered contaminated and if so, it will dieif it is older than
three years.

1.3 Harvest modelling

The second issue is harvesting specific areas, which is
conducted by dividing the whole areain ten equal strips.
At a given time, all trees over a given age in one strip
(0,9 ha) are harvested. In the function harvest(), each
entry of the strip is checked for trees. Then, each tree
reaching the requested age is marked and subsequently
removed. Furthermore, the mass count is recorded. Each
iteration (namely one year), the harvesting strip shifts to
the next starting point, which is conducted each year till
it reaches the beginning and starts once again.

1.4 Drought modelling

Less precipitation causes increasing stress for the trees
which results in a higher mortality rate and reduced mass
growth as well as fewer offspring [7]. We assume an
increased mortality rate of 20% and a growth reduction
of 50% and a reduced chance of generating offspring by
50%.

To implement this natural phenomenon, these rates
are changed in the functions markTrees(), spread() and
aging() depending on a drought flag, which is set for a
given time period.

1.5 Bark beetle modelling

The last issue is the bark beetle infestation which will be
agreat threat in the future, since global warming causes
warmer winters and therefore increases their chances to
survive.

Forest at time = 60

o 30 60 80 120 150 180 210 240 270 300

Figure 2: Red box: Initial infestation area.

The biggest problem of these bestles is the explosive
growth rate and the fact that the trees succumb to these
immense numbers [8].

In our model the beetles spread three times a year
and infest each tree without exception (such as age etc.).
The number of beetles on each infested tree multiplies
tenfold and the same amount is equally distributed to
neighboring trees within the radius of 10 m. Further-
more, each tree with 200 beetles dies and the beetles
with it.

To initiate the infestation the function infest() injects
a given number of beetles into a certain area of the for-
est once (see Figure 2). To spread the infestation the
function beetleSpread() is called three times per time
step. The markTrees()-function checks the number of
beetles on every tree and marks them, if the given
threshold is met.
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2 Simulation Results

At first to verify the model and to meet the set targets a
9 ha forest (300x300) is simulated five times and the
mean values are calculated. The results are shown in
figures 3 and 4. The figures show that the target tree
population of 1000 trees per hais met in its equilibrium
state. This state is reached after 250 years.

The forest of this model follows a logistical growth
and thus has a changing growth rate. For the second
target, we estimate the growth rate by taking the mean
value between the years 50 and 200, which results in a
mean growth rate of 2,67% m? per year, which corre-
sponds well with the set target of 2,5% m2 per year.
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Figure 3: 5 iterations and mean value (blue) of the
forest's tree count each year over time
span of 300 years.
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Figure 4: 5 iterations and mean value (blue) of the
forest's wood mass each year over time
span of 300 years.

As pictured the deviation from the mean value is small
enough to justify the low number of iterations. Thus
every following scenario (contamination, harvest,
drought and bark beetle) is conducted in the same way,
by iterating five times and taking the mean. Additional-
ly other scenarios are deactivated, to examine each
scenario by itself.

2.1 Contamination

As Figure 5 shows, the contaminated area in the forest
remains blank, except for afew trees of age 1-3 years.

The contaminated area acts as a barrier and the for-
est has to grow around it. Therefore the forest spreads
more slowly behind the contaminated area.

As expected the growth is delayed and terminates in
a smaller total amount of trees and mass compared to
the forest without a contaminated area (see Figures 6
and 7).

2.2 Harvesting in strips

In this simulation harvesting starts after 100 years and
lasts for 150 years and only trees older than 90 years are
felled, since the idea age for harvesting of spruce is
between 80 and 120 years. [9]

The mean value of the harvested wood over thistime
span is 116,1 tons per year. The first 50 years of har-
vesting have considerably lower yields, as in the begin-
ning the forest is till growing in size and only few trees
are over 90 years old.

However, after 95 years of harvesting the forest is
already at its fullest with 9.000 trees and therefore a
mean harvest of 188,32 tons per year is guaranteed.

Forest at time = 100

Figure 5: Forest at the age of 100 years with a contami-
nated area between (90,120) and (120,180).
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Figure 6: Tree count of the whole forest with
contaminated area.
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Figure 7: Mass of whole forest with contaminated area.
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Figure 8: Five iterations and the mean value (blue) of the
harvested wood over a time span of 150 years.

As shown in Figure 9 and Figure 10 the forest can
maintain a steady growth rate and can sustain itself
without problems.
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Figure 9: Tree count of the whole forest while harvesting
(mean value over 5 iterations).
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Figure 10: Mass count of the whole forest while
harvesting (mean value over 5 iterations).

2.3 Household energy supply by wood

‘How many households can be supplied with electric
energy using the felled wood?

This question arises, how much energy can be
gained using 116,1 tons of felled wood. An average
household in Austria consumes 4.415 kWh electric
energy each year [10]. Assuming, that the wood is al-
ready sufficiently dry with a water content of 20%, the
wood has a fuel value of 4 kWh per kg [11]. Conse-
quently, transferring these 116,1 tons of dry wood to a
biomass power plant, it would amount to 464.400 kWh
which could provide approximately 105 households
with electric energy in Austria each year.

2.4 Drought

The drought is implemented twice, after 50 and 250
years, each period lasts for ten years.

The model shows that a drought at an early stage has no
significant impact, the growth rate merely stagnates.
The drought at the latter period, with a full grown forest
of 9.000 trees, causes an apparent reduction of growth
rate, as well as a higher mortality. The forest seems to
recover after a certain amount of time, however it takes
more than 100 years to regain the same amount of trees
aswell aswood mass.
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Figure 11: Mass count per year of drought periods at 50
and 250 years over a time span of 350 years.
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Figure 12: Mass count per year of drought periods at 50
and 250 years over a time span of 350 years.

2.5 Bark beetle

To investigate under what conditions a bark beetle out-
break will occur, we conduct nine scenarios in which we
differ the year of infestation. 2.000 bark beetles are
inserted in a specified (de-central) area (see Figure 2)
starting in the year 20, each time incrementing by 5 up
to 60 years.
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As Figures Figure 13 and Figure 14 show, the first
bark beetle outbreak happensin the year 40. Before that,
the bark beetles couldn’t spread, as the number of trees
in the specified area is too small (see Figure 15). The
outbreak lasts approximately five years and eradicates
nearly al of the tree population, as a consequence the
beetles go extinct since there are too few trees left and
the distance between these trees is too high.

Even though the bark beetles cause the forest popu-
lation to decreases immensely and delay its growth by
ten years, it is always able to recover within approxi-
mately 150 years. The simulation-data shows an over-
shoot in mass as well as tree count 200 years after the
outbreak, which may be explained by the following
reasoning:

e Atthetime of the outbreak the trees
occupy afar spread area
e After the outbreak only saplings remain

These factors cause a very homogenous forest of wide-
spread, same aged trees. Since in this model the mortali-
ty rate is increased significantly (by 19%) at the age of
150 an over proportional amount of trees die and there-
fore mass and tree count drop. This phenomenon can be
especialy well observed in the mass count.

tree-count for different infestation years
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Figure 13: Tree count per year during the bark beetle in-
festation over a time span of 350 years.
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Figure 14: Tree count per year during the bark beetle in-
festation over a time span of 250 years.
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Figure 15: Close-Up of the infestation area (as seen in
Figure 1) for every simulation. The rows depict
the different years in which the forest is infest-
ed.

We assume that each tree killed by bark beetles is
removed and as a consequence the beetles from this tree
cannot spread further. By doing so, the bark beetles
eventually go extinct. Transferring this circumstance to
forestry, infested and dead trees have to be removed in
order to defeat the bark beetle.

As Figure 15 shows the outbreak only occurs if the
trees have enough neighbors, namely more than two.
This would suggest that a forest with less planting den-
sity isless prone to bark beetles.

2.6 Computational power

To identify the computational power on a notebook,
different forest sizes were smulated, starting from 1 ha
to 64 ha. The results are shown in Figure 16, and it can
be clearly seen that the simulation time grows linearly
to the side length of the forest area.
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Figure 16: Mean time elapsed for different forest sizes.

3 Conclusion

This study shows, that complex systems with a consid-
erable amount of data and computational power are able
to run on a simple notebook using MATLAB, if the
program is implemented with certain computational
effort saving techniques, such as avoiding nested loops
— in this regard the find()-function provided by
MATLAB was profoundly useful.

According to this model it is possible to harvest
wood without constraining the forest’s natural growth, if
certain rules are followed. Here the harvest took placein
strips and only trees older than 90 years are felled. Oth-
er harvesting techniques may be examined in future
studies. Finally it should be mentioned that a yearly
reliable yield can only be achieved, if the forest has
reached nearly its maximum size.

Likewise, the forest size respectively the planting
density plays a crucial role in the bark beetle outbreak.
According to this model, the outbreak can only occur, if
there are enough neighboring trees around the infesta-
tion center. Though if the density is high enough, the
forest will be nearly annihilated within lessthan 5 years.

However the forest always recovers and returns to
its pervious size in less than 50 years. It has to be con-
sidered that the forest would only survive a bark beetle
invasion, if the infested and dead trees are removed and
thus eradicate the bark beetles.

The ideas of the cellular automata proved to be very
viable to depict a very complex system in a comparably
simple way. Over al this model manages to generally
resemble a naturally growing forest with two very sim-
plerules.

To recelve more redlistic results, nonlinear interac-
tions between the individua trees and their abiotic envi-
ronment, such as light, air and soil, have to be consid-
ered, which could be implemented by adding more
complex rules.
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