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Abstract

Kozak I.,  Perzanowski K.,  Kucharzyk S.,  Przybylska K.,  Zięba S., Frąk R., Bujoczek L.: Perspec-
tives for the application of computer models in forest dynamics forecasting in Bieszczadzki Na-
tional Park (Poland). Ekológia (Bratislava), Vol. 33, No. 1, p. 16–25, 2014.

This paper presents the perspectives for application of computer models in forecasting the dynam-
ics of forest development on example of Moczarne area, in Bieszczadzki National Park, based on 
authors’ computer models. First, the possibilities for forecasting the dynamics of forest develop-
ment in a local scale, i.e. within single rectangular or circular study plot, are presented. For this 
purpose, a computer prognostic model FORKOME has been applied, using both general math-
ematical relationships functioning within a forest ecosystem and empirical ones, characteristic 
for tree stands at analysed plots. Additionally, a layer of 3D visualisation of a tree stand, which 
is an integral part of the mentioned model, is also presented. Presented also are the possibilities 
for forecasting the dynamics of forest development at landscape scale, applying the theory of cel-
lular automata. For this purpose, a prognostic computer model CELLAUT was used in which the 
whole analysed tree stand is understood as a set of single cells, where stages of landscape develop-
ment dominating within those cells are considered as also the  influence of particular cells upon 
their neighbours. The paper also describes the perspectives for application of self-learning neural 
networks in the process of supplementation and verification of some parameters of a tree stand, 
calculated by the above-mentioned models.
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Introduction

The prognosis of the development of forest ecosystems can be performed at two different 
levels: at the local and landscape scale. At the local level, the development of a forest ecosys-
tem is analysed within a single plot of relatively small dimensions (usually below 1 ha). A 
significant issue there is the determination of parameters of the stand (e.g. age of trees, their 
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diameter at breast height) and the tendency for their changes in the course of consecutive 
years. At the landscape level however, development of a forest ecosystem within a large area 
is analysed. In this case, the prognosis for the development of tree stands growing within 
this area is significant, considering their species composition and external boundaries in 
precisely determined time intervals of the future.

Unfortunately, the prognostic process that includes all the above-mentioned aspects can 
be very complicated and time consuming, if it is done manually. Therefore, for such analysis, 
computer models of the forest landscape are very useful, which allow for much faster and 
efficient simulation of stand development on the basis of implemented algorithms. By all 
means, an ideal model should possibly, in the best way, reflect the structure of the stand and 
relationships dominating there, which justifies the use of both general relationships found 
and described by various authors, and relations determined empirically in a given ecosystem.

A model may provide, with an appropriate advancement, information on trends and rela-
tions existing in a forest ecosystem, and their potential effects in the future. That could allow 
for the application of preventive measures or proper cultivation, minimising the risk of a po-
tential problem (e.g. an invasion of an undesirable species within a protected area that could 
lead to a disappearance of other, native tree species). A continuous improvement of prognos-
tic landscape models may in the future make them the main planning tool of the forestry. 

The main aim of this work is to present the perspectives for application of original 
FORKOME and CELLAUT computer models in forecasting the forest dynamics on example 
of Moczarne area in Bieszczadzki National Park.

Methods

Among the earliest computer models of the forest landscape were JABOWA (Botkin et al., 1972) and FORET (Shu-
gart, West, 1977). They belong to the first models describing the dynamics of stand development and relations domi-
nating there, simultaneously being able to predict changes taking place in the forest landscape. They are also the first 
patch models in the history. Among the later constructions of patch models of the forest landscape, based on those 
archetypes, include FORSKA (Leemans, Prentice, 1989; Prentice, Leemans, 1990), ZELIG (Urban, 1990; Urban et 
al., 1991), SORTIE (Pacala et al., 1993). In the last decade of the 20th century, there were 40 versions of such models, 
applied to forests from different vegetation-climatic zones (Bugmann, 2001). A pursuant of above-mentioned trend 
in modelling the evolution of forest ecosystems is the patch model FORKOME.

It is possible to identify two groups of processes occurring in patch models: phenomena taking place in the 
surroundings of a tree stand and its demographical processes. The basic temporal step applied in patch models is 
one year; changes in essential parameters of a tree stand are determined for subsequent steps. The length of total 
simulated period, applied in the model, depends only upon its planned, final credibility of the results (Brzeziecki, 
1999). In models belonging to this group, the most optimal is the use of patches of about 600 m2 (Bugmann, 1994).

Model FORKOME (Kozak, Menshutkin, 1999) was constructed with an aim to simulate the dynamics in forest 
stands considering the fate of single trees. In this specific approach, the forest is treated as a group of trees, where 
each of them has an individual set of properties, and an individual development pattern. The model considers simu-
lation of reproductive processes (block BIRTH), growth (block GROWTH) and mortality (block DEATH) of trees 
during every year, as well as the influence of additional environmental and ecological factors upon the tree stand. 
Among the factors considered  are annual sum of precipitation (block PRECIP), annual sum of temperatures effec-
tive DGD (degree days) for vegetation (block TEMP), nitrogen contents in the soil (block NUTRIENT), degree of 
shading of the area (block LIGHT) by tree crowns (Kozak et al., 2003c). 

All forested areas in the model FORKOME are analysed on the basis of the above-mentioned blocks, consider-
ing the actual increase of DBH (diameter at breast height) during the year of simulation (so-called DINC). DINC 
means an optimal increase of DBH, i.e. an increase of tree diameter in optimal conditions of environment (‘ideal’ 
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increase). Hence, DBH is the fundamental parameter of trees on which the model FORKOME is based. Other 
significant parameters, e.g. the height of trees, are calculated on the basis of DBH value (in case when real data are 
missing). However, the actual increase of trees DINC has to take into account environmental conditions (annual 
sum of temperatures effective for vegetation; water balance connected with precipitation and transpiration; an aver-
age level of light availability in the forest; availability of nitrogen in the forest litter) which may reduce an optimal 
increase of DBH (DNC). Depending on dominating environmental conditions, every factor decreasing the optimal 
growth may take values between 0 and 1.

Every reducing factor is represented by an appropriate thematic block. Since the time of its creation until now, 
the FORKOME model is constantly revised.  Possibly the most recent achievements in the field of landscape model-
ling are implemented. This model was already used in scientific projects in various regions of Poland, for simulation 
of development and succession of mono- and multi-species stands according to different climatic scenarios, e.g. in 
Bieszczady (Kozak, Menshutkin, 2000a,b, 2001; Kozak et al., 2002, 2003b, 2007a), Ukrainian Eastern Beskydy (Ko-
zak et al., 2005, 2007b) and Kampinos National Park (Kozak et al., 2003a).  

Model FORKOME also contains continuously developed presentation layer, which allows for 3D visualisation 
of components of the forest landscape, including the layer of ground vegetation, dried and fallen trees, which is con-
nected with simultaneously developed block of natural disasters (Fig. 1). At the present stage of the development 
of the model, components of visualisation have only presentational character and are not logically connected with 
thematic blocks of the model. However in a short perspective, the application of 3D visualisation in the process of 
an exact delineation of the shadow is also planned, based on the projection of tree canopy.  

Unfortunately, when the dynamics of stand development is analysed within a larger, and more diversified area, 
‘patch’ models may appear insufficient. Then, it is necessary to approach the whole analysed area as a set of mutu-
ally connected patches of tree stands. Additionally, a high degree of spatial differentiation within forest ecosystems 
causes that large-scale analyses of the dynamics of forest development with patch models would require setting a 
large number of study plots, which may be difficult due to many reasons.

In such case, a good idea can be the application of a mathematical theory of cellular automata, developed by 
John von Neumann and Stanislaw Ulam. A crucial component of this concept is a division of a large area into small 
cells, representing stages of landscape development, available from a finite list of such stages (a good example of a 
stage of landscape development can be a period of domination of a given tree species within one cell). For such ap-
proach, an important aspect is the determination of rules responsible for a transition of a given cell from one stage 
of development to the other in an appropriate time period, while the algorithm serving for determination of those 
rules should be possibly the most universal. 

Fig. 1. 3D visualisation  of exemplary forest plot from Moczarne, in the model FORKOME.
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The concept of cellular automata did not have at first any connection with biological sciences. However, because 
of the universal character of this theory, its practical applications in ecology, like the modelling of vegetation dy-
namics (Balzter et al., 1998; Colasanti, Grime, 1993) or population of insects (Hassel et al., 1991), were developed. 

In forestry, the theory of cellular automata has found the application in modelling of a spread of forest fires 
(Karafyllidis, Thanailakis, 1997). In the field of landscape modelling however, regarding forest landscapes, the con-
tinuously developing model CELLAUT still functions (Kozak et al., 2003c). 

Concluding, cellular automata used in landscape modelling consist of the following components: a regular grid 
containing a finite number of cells, rules for identification of neighbours (according to Neumann – four neighbour-
ing cells, or according to Moor – eight neighbouring cells), function of transitions (determination of the status of cell 
K in the moment t + 1, depending on the status of cell K and its neighbour in the moment t) and an initial configura-
tion of cells’ status (Kozak et al., 2003c). 

Model CELLAUT has been elaborated for the simulation of the development of large landscape units, including 
forested areas. The specificity of this approach is a treatment of analysed forest area as a set of cells where each of 
them represents the stage of the landscape which dominates  within its boundaries. The model is determined by a 
matrix of probabilities for landscape transitions on the basis of maps saved as text files, containing in fact a list of 
stages of landscape development for  every cell within a given area in a determined moment of time.

Current version of the model requires two maps: first referring to the present status of cells and the second, the 
status of cells n years before present. On the basis of those data, transition rules are determined depending on the 
status of cells and their neighbours (according to Neumann). Finally determined matrix, serves for the elaboration 
of prognosis of a large forest area, for n years in advance. 

Similar to FORKOME, the model CELLAUT also was already used in scientific projects for prognoses of a de-
velopment dynamics for large areas of various characters (Seńko, Jóźwina, 2004; Frąk et al., 2009).

Results 

To demonstrate the performance of the model FORKOME, a circular plot (No. 68672), with 
a radius of 14 m was used, situated in a tree stand within Moczarne area, in Bieszczadzki Na-
tional Park at an elevation of 840 m a.s.l. Within the analysed plot, initially (in 2008), 29 trees 
belonging to species Abies alba and Fagus sylvatica (Fig. 2, Table 1) were recorded.

Species Tree number Basal area (m2 ha-1) Age (years)
Fagus sylvatica 22 5.4 24
Abies alba 7 9.2 122

T a b l e  1. Initial characteristics of trees for simulated area in the model FORKOME.

Fig. 2. Initial picture of simulated area in the model FORKOME (prior to the simulation). 
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As a result of simulation, the proportion of beech trees considerably increased; the sum 
of DBH value for this species was finally higher than for fir. In terms of numbers, beech trees 
almost doubled compared to the first year of simulation, and reached 42. The number of fir 
trees, however, remained at a similar level like at the beginning of simulation (Table 2).

Species Tree number Basal area (m2 ha-1) Age (years)
Fagus sylvatica 42 53.4 55
Abies alba 6 52 172

T a b l e  2. Parameters of a tree stand in the 50th year of simulation by the model FORKOME.

Regarding the DBH values, a distinct domination of fir is visible, supplemented with 
young and many beech trees (Table 1). For this forest plot, a simulation of a stand develop-
ment was performed for the next 50 years (Fig. 3).

In subsequent years of simulation, the proportion of beech trees (regarding the biomass) 
within an analysed area increases gradually but continuously from about 20% in the begin-
ning, up to about 50% in the last year of simulation (Fig. 4). 

Fig. 3. Final picture resulting from simula-
tion in the model FORKOME.

Fig. 4. Changes in the proportion of bio-
mass of tree species in the studied tree 
stand forecasted by the model FORKOME 
(X-axis – year of simulation, Y-axis – a 
proportion of tree species in the biomass). 

The analysis of tree stand development within a single patch cannot reflect the full picture 
of forest development dynamics, which is a larger area consisting of many patches. In such 
case, more credible results can be obtained with application of cellular automata in the form 
of CELLAUT model.

Unfortunately, on the basis of the dispersed 57 circular plots, it was not possible to con-
struct a large, compact area consisting of square cells. Therefore, the performance of the 

Abies alba
Fagus sylvatica
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model will be demonstrated us-
ing the stochastically generated, 
exemplary forest area (a square 
of 5×5 km, consisting of square 
cells 25×25 m) with tree species 
most frequently occurring there 
(beech and fir). The area was 
generated from two maps: pre-
sent (year t0) and historic (year 
t0–50), considering the trend of 
dominance transition from fir 
to beech, observed in the simu-
lation in FORKOME model, for 
the plot No. 68672.

At first, the maps were im-
ported, historic and present, 
and therefore, on their basis, 
the model could determine the 
transition matrix for landscape 
state during 50 years, consid-
ering both the changes within 
cells and the interaction among 
neighbouring cells. On the basis 
of transition matrix, the model 
creates the prognostic map for 
50 years ahead (t0 + 50). A gen-
eral scheme of prognosis for the 
dynamics of development of a 
large forest area with the use 
of CELLAUT model is given 
in Fig. 5. In the presented case, 
two stages of landscape develop-
ment are identified: domination 
of beech (stage No. 1 – coloured 
dark grey) and domination of 
fir (stage No. 2 – coloured light 
grey). Obtained prognosis con-
firms the existence and continu-
ity of a trend for the replacement 
of fir by beech in subsequent 50 
years.

Such approach can also be 
applied in the simulation pro-
cess of the dynamics of tree 

Fig. 5. Subsequent phases of simulation in the model CELLAUT (stage 
No. 1 – coloured dark grey – domination of beech; stage No. 2 – colou-
red light grey – domination of fir).
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stand development. At first, it is possible to verify, through a comparison of data generated 
by the model with data generated by the neural network, to what degree ecological relation-
ships introduced to FORKOME model are true for a given area. For example, such situation 
may refer to an approximation of tree height value depending on its DBH value or prognosis 
of periodical increase of DBH, height or the biomass of a tree depending on values of this 
parameter in the beginning of the analysed period. Application of a neural network could 
also be helpful to work along with CELLAUT model, in the prognostic process of changes in 
landscape status. In this case, input data can be assumed as the present state of considered 
cell and its neighbours, and the output data would be the state of this cell in the future. Such 
approach to a prognosis could allow for consideration of empirically confirmed relationships 
within analysed areas, influencing the state of simulated trees or cells. 

Discussion 

The study demonstrates the perspectives for the application of computer models in fore-
casting the dynamics of forest development (in a local scale with computer prognostic 
model FORKOME and at landscape scale using CELLAUT model).

The model FORKOME uses both general mathematical relationships functioning 
within a forest ecosystem, and empirical ones, characteristic for tree stands within ana-
lysed plots. That is, it combines ecological models (Brzeziecki, 1999; Bugmann, 2001) 
as well as empirical ones (Pretzsch et al., 2002). On the basis of results generated by the 
model, the hypothesis that in 50 years beech may become the dominant species within 
the analysed area regarding the number of trees as well as their biomass seems reason-
able. That indirectly confirms the hypothesis that beech at Moczarne area is the main 
natural component of forest associations there (Michalik, Szary, 1997). 

Additionally, within Bieszczadzki National Park, specific environmental conditions 
occur, which, as it has been proved, significantly influence the development of tree 
stands (e.g. slope exposition, elevation above sea level, relative insolation). Such analy-
ses were already performed for a tree stand within an upper timberline in Bieszczadzki 
National Park (Kucharzyk, 2005), and in particular for dense beech stands there, being 
in a younger optimal phase (Kucharzyk, Sugiero, 2007), where such relation has been 
proved. At present, at Moczarne, similar analyses are conducted, aimed at determination 
of an exact relation between an increase of tree volume and selected environmental fac-
tors. Relations identified in this analysis will be included in the model FORKOME as a 
separate thematic block. 

Presented also are the possibilities for forecasting the dynamics of forest develop-
ment at landscape scale. For this purpose, a prognostic computer model CELLAUT was 
used, in which the whole analysed tree stand is understood as a set of single cells where 
dominating stages of landscape development within those cells are considered, and also 
the influence of particular cells upon their neighbours. That allows for the forecasting of 
the dynamics of vast forest landscapes where succession driven changes take place. In the 
literature, similar approaches applied for forecasting of changes in various components 
of the landscape are described (Karafyllidis, Thanailakis, 1997; Dunkerley, 1999).
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However, at the present stage of development, the CELLAUT model, in the prognostic 
process, does not consider certain factors characteristic for Bieszczadzki National Park, e.g. 
slope inclination and exposition, which may limit the accuracy of its prognosis. Additionally, 
it would be advisable to consider the effect of air pollution transferred by wind to Bieszczady 
area, which could become a significant detrimental factor for such sensitive species like fir. 
However, probably this factor could be neglected there for the time being, since fir stands in 
Bieszczady have higher degree of viability than stands growing to the west of Dunajec river, 
which most probably results from considerably lower amount of air pollution reaching as far as 
the Bieszczady region (Gawrońska, 2000). Nevertheless, the model CELLAUT will be system-
atically developed on the basis of currently conducted studies, extending to    include a  number 
of additionally considered factors. 

Present results obtained with CELLAUT model are saved as ASCII files which is quite fea-
sible for subsequent analysis regarding the aspect of metrics in landscape composition. In the 
CELLAUT model, there is a possibility for the calculation of spatial metrics patterns. However, 
obtained prognostic data saved as ASCII files can be easily used in other software packages like 
the FRAGSTATS (McGarigal, Marks, 1995), which is a specialist program used for the analysis 
of landscape metrics.

	 The paper also describes the perspectives for application of self-learning neural net-
works in the process of supplementation and verification of some parameters of a tree stand, 
calculated by the above-mentioned models. Artificial neural networks, which already find their 
application in natural sciences for many years (Lek, Guegan, 1999), are mathematical struc-
tures, and their program performs calculations through orders of elements called ‘neurons’. 
Application of a neural network gives a possibility of describing unknown values of traits Y1,..., 
Ym for a single object of a given class on the basis of known values of traits X1,..., Xn of this 
object. However, to start with, it is necessary to extract a sample of actual data on objects be-
longing to a given class, which will be used in the learning process for the neural network. For 
all objects composing a learning sample, all values of X1,..., Xn and Y1,..., Ym should be known.

	 This modern approach, often finding an application increasingly in ecological studies, 
is also being gradually used in forest ecology. An attempt at the application of such approach 
to the analysis and prognosis of the dynamics of forest systems of Bieszczadzki National Park 
is already advanced and seems quite prospective. Through a comparison of data generated by 
both models and those generated by the neural network, it has been verified to what degree the 
ecological relationships considered by models FORKOME and CELLAUT are valid within a 
given plot. An example can be the issue of approximation of the tree height value depending on 
the value of its DBH, and subsequently the forecasting of the periodical increase of DBH value, 
the height and the biomass of trees, depending on the value of this parameter in the beginning 
of the prognosis.

An additional possibility offered by the FORKOME model, connected with a layer of 3D 
visualisation of a tree stand, is its application to the calculation of spatial distribution of the 
shade of tree crowns within the patch area. This may appear to be very useful for the analysis of 
the process of tree regeneration.

An example of Bieszczady forests shows that computer simulation models in general, how-
ever, still require some refinement, and adaptation to a diversity of factors playing a role in forest 
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ecology are becoming truly useful and a relatively inexpensive tool allowing for more precise 
planning in forest management. 

Conclusion

Models FORKOME and CELLAUT are continuously improved and enriched with results of sub-
sequent analyses which make them valuable and verified tools for the prognostic process of devel-
opment dynamics of forest landscapes.

Both models supplement each other: model FORKOME works in a local scale, which allows 
for a detailed analysis of the characteristics of changes in the dynamics of forest development 
within a small patch of a tree stand. On the other hand, model CELLAUT working in a landscape 
scale allows for an analysis of a development dynamics of large forest areas, consisting of smaller, 
mutually neighbouring patches. Therefore in a perspective, an incorporation of both models into 
one integral entity may be planned.

A layer of 3D visualisation in the model FORKOME, apart from its presentational function, 
is also a nuclei for thematic blocks of the model, creation of which is planned in the future (e.g. 
determination of an exact extend of shaded area on the basis of the shape of tree crowns, and 
calculation of an influence of shading effect upon the growth of seedlings).

An additional element supplementing the performance of described models can be the appli-
cation of neural networks, e.g. for verification and validation of obtained results, which may bring 
better fitness of those models to conditions and relationships occurring within various types of 
analysed forest areas. 
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