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Utilisation of mathematical models and growth simulators for
creating forest management plans and planning the tending felling
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ABSTRACT: The paper describes modelling of forest development and its utilisation for forest management planning, specifically
modelling of growth mensurational variables of the two main commercial species — spruce and beech. Further, utilisation of growth
simulator SILVA 2.2 for modelling the tending felling is described, focusing on data collection and main outputs of the modelling.
Researched methodology was applied to a sample forest near the Rackova municipality, property of Krométiz Municipal Forests.
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Growth simulators (GS) or mathematical models fo-
cusing on forest stand development can be used as an
important instrument of decision making when collecting
data for forest management. Currently, the main source
of information for the forest owner or the forest manager
is Forest Management Plans (FMP). The problem is that
FMPs are static works, created for 10 years, which do
not directly deal with the modelling of mensurational
variables. Therefore the informative value of FMP for the
owner is rather limited. FMP offer very exact information
in the first year of their validity, but they do not enable
to determine the development and behaviour of mensura-
tional variables during the whole period while the plan is
still valid, and thus give a more accurate information base
for successful forest management. This problem could be
solved by mathematical modelling of development of
mensurational variables, or rather complicated growth
simulators, which would supply the above-mentioned in-
formation. These problems are not new, KNEIfl (2000)
and SIMON (2001) mentioned them in their works.

PRETZSCH et al. (2002) approached the term model
as a system of equations and relations describing tree
growth and competitive relationships, while simulator is
an implementation of the model into a computer program,
which enables us to interactively influence the process of
simulation. The main objectives of the growth process
modelling are prognosis of forest stand development and
determination of optimum management strategy.

Based on the known and given behaviour regularities of
the individual growth processes, simulation models enable
to foresee the condition in which the given forest stand
will be with certain probability under the conditions of
quantitatively chosen factors.
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Many Czech authors were dealing with mathematical
modelling and its possible utilisation in their works. To
name the most important: POLAK (1972), SIMON et al.
(1996) and ZACH (2001). On the international level, the
following authors focused on forming the growth simu-
lators — PRETZSCH and KAHN (1998), NAGEL (1975),
and STERBA and MONSERUD (1995). As PRETZSCH et
al. (2002) presents, it is difficult to use foreign models
because of different environment and that is why such
models do not give realistic results. The main problem of
creating a GS that would be possible to use for simula-
tion of greater territory units, is the need for enormous
database and validation, which demands extensive meas-
uring. This is, of course, very demanding and becomes an
obstacle when constructing the GS. However, it is possible
to use quite simple mathematical models that can be cre-
ated while processing the FMP. On the one hand, their
utilisation restricted is to the given property, but they give
valuable information for the management and also for the
processing of FMP.

For the mathematical modelling of development of
mensurational variables it is necessary to create mock
time series from non-mixed forest stands of the same age
on the given estate. According to ZACH (2001) the mock
time series are defined as an entity of stands:

— 1n the same or related habitat,
— of various age classes,

— planted in the same way,

— of the same origin,

— and of the same tending.

One of the hybrid models, SILVA 2.2, product of a team
of researchers headed by Prof. H. Pretzsch from the Mu-
nich Technical University (for more detailed information
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see PRETZSCH 2002), makes it possible to forecast the
growth of pure and mixed stands of all age classes. The
identification parameters of forest stands, stand variables
and forest stand treatment basis are used as the starting and
controlling quantities. The starting quantities are informa-
tion about the tree proportions and tree heights — that is
variables d ., h, crown setting height and variables delta
x and y which describe the position of the trees. These
quantities are gathered by measuring. The controlling
quantities are the individual stand parameters. These
include nutrient supply, Nox and Cox content in the air,
length of vegetation period, annual amplitude, average
temperature, aridity index, total precipitation of vegetation
period and soil moisture. The forest stand treatment basis
is the assessment of tending felling.

Before the prognosis, the program SILVA 2.2 must cal-
culate capacity model of the stand, which is the controlling
model for the development of individual tree proportions
through the factors of the stands. In this model, most of the
growth functions for the given stand conditions provided
by the GS SILVA 2.2 will be set.

The prognosis itself consists of four steps, repetitious
in five-year cycles.

— Inthe first step, a three-dimensional model of the stand
is created and three-dimensional growth constellations
for each of the trees are established via the competi-
tion index. Spatial stand model is determined by the
position of the individual trees and their proportion
quantities. Three-dimensional growth constellation
is a determination of proximity relationships for each
of the trees in the stand. These are expressed by the
competition index, describing the social position of
individual trees in relation to those adjoining.

— In the second step, each tree is examined to determine
whether it will remain in the forest stand or not.

— In the third step, proportion changes of all stand com-
ponents will be determined via the competition index.

— The fourth step is important because of the availing
mortality model demonstrating which of the trees will
not survive the five-year period, based on the com-
petition effects. Mortality model consists of a logistic
regression specifying the probable outlasting of the
trees at the beginning of the period, and of a threshold
prognosis model which removes those trees exceeding
the competition index.

The program SILVA 2.2 makes it possible to choose
various combinations of interference when simulating
the tending felling, ranging from classical to special sil-
vicultural programs designed directly by the owner. The
algorithms of the thinning are controlled by the SILVA 2.2
according to the following three criteria:

1. The first criterion is the time sequence of the sampling
or of the upper stand height at which the felling is to
be done.

2. As criterion No. 2 is regarded the thinning, enabling
combinations of more styles during the stand evolution.
SILVA 2.2 distinguishes between four basic groups:
sampling according to the tree classes, sampling ac-
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cording to the target diameter, sampling according to
the selected or prospective trees and sampling accord-
ing to the average classes. For the research, two groups
could be regarded as suitable: sampling according to
the tree classes and sampling according to the target
diameter. When sampling according to the tree classes,
GS SILVA 2.2 takes into account individual propor-
tions of the trees and the competition indices. When
sampling according to the target diameter, it is the set
value of the diameter.

3. The third criterion is intensity. At the level of the forest
stand, the intensity is based on the default curves of the
number of trees or of the fundamental area. At the level
of the individual trees, it is based on the set degree of
the release of selected or prospective trees. It is also
possible to combine these with setting the maximum
height of felling at one particular event.

At the moment the calibration to growth conditions in
the Czech Republic is carried out. One of the institutions
dealing with growth simulators is the Faculty of Forest
Management at Mendel University of Agriculture and
Forestry in Brno, where the simulations for this work were
claborated. Even though the calibration to the stands con-
ditions is more or less finished (SIMON 2003), the results
can be regarded as only theoretical for the time being.

Timber and methodology

Research was conducted at the estate of Krométiz
Municipal Forests, cadastral area Rackova. The estate
is situated in Natural Forest Area 41 Hostynsko-Vsetin-
ské vrchy and Javorniky, between the towns of Zlin and
HoleSov. The area of the forests is 642 ha. The estate was
selected because of its typology and stand homogeneity.
More than 95% of the whole surveyed estate falls within
target forest management No. 45 — beech/spruce, fertile
site of medium location.

In mock time series for the given forest stand, the fol-
lowing static units of quantities were measured for the
individual age classes: diameter (d, ,), height (%) and
crown parameters (height of the crown setting, its length
and breadth). Measurements were conducted on the two
most frequent species, the spruce (Picea abies) and the
beech (Fagus sylvatica). Because of the paper’s limita-
tions, only the results about spruce will be discussed. At
each age class, 100 specimens were measured and the
values of about 900 trees in total were used for subsequent
calculations. For determining the number of trunks per
ha (N), sample plots of 20 x 20 cm (or 10 x10 cm for the
immature forest stands) were used.

Statistical data were processed by the Adstat and Excel
programs, basic statistical characteristics were calculated
and tested for the congruence of the theoretical normal
distribution with the distribution of the tested unit, specifi-
cally the selective skewness and acuteness. Autocorrela-
tion test was conducted according to ‘von Neuman Ratio’
(MELOUN, MILITKY 1994). At all the age classes, normal-
ity and independence were proved for the quantities d, , as
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well as h of the spruce. Next steps of the calculation were
dealing with the modelling of the given mensurational
characteristics (diameter, height and stock).

The growth and increment models of 4, ,, /& and stock
were calculated according the Korf function (ZACH 2001).
The equation is:

k
y=A e(l—n),tw b

The real stock was calculated for a given age class by
the method of volume tables and recalculated for the area
of 1 ha. For the production analysis it was necessary to
convert the real stock into potential stock with full density.
Growth and Mensurational Tables of the main species in
the CR were regarded as the standards (CERNY et al.
1996). Applicability of the growth tables was tested by
one-selection 7-test for the congruence between the meas-
ured and table quantity values of the d, , mean (DRAPELA,
ZACH 2002).

Input data for GS SILVA 2.2 are the stand conditions,
obtained from the climatic station HoleSov, and propor-
tions and distribution of the trees, obtained by special

Table 1. Results of measurements and Korf function models
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measurements. Suitable forest stands were selected from
the given pseudo-time series that best meet the require-
ments of minimal species distribution. For the given
forest stand, an area of 0.5 ha was marked out and all
the specimens were located there by the Delta x- and y-
co-ordinates, thus determining the exact positions of all
the individual specimens in the forest stand. For each tree,
d, ,, h and the crown setting are measured and these data

are then processed by the GS SILVA 2.2, including the
simulation of tending fellings.

RESULTS

The Korf function obtained by non-linear optimisation
by the Gauss-Newton method proved to be a suitable
development model for the monitored mensurational
variables in the given estate. The calculated coefficients
are:

d ;:A=50.572,k=7.898,n=1.707,

correlation index = 0.965

h: A=51.351,k=2977,n=1.507,

correlation index = 0.966.

Measured results d, , of Korf function h of Korf function

Age d , (cm) h (m) GF (cm) Al (cm/year) CI(cm/year)  GF (m) Al (m/year) CI (m/year)
5 591 3.64 0.73 1.13
15 11.19 9.75 13.57 0.55 0.93 12.29 0.82 0.62
25 15.38 13.87 22.31 0.64 0.63 17.11 0.68 0.37
35 19.40 19.54 27.11 0.61 0.41 20.19 0.58 0.25
45 22.16 22.21 30.02 0.55 0.28 22.37 0.50 0.19
55 25.01 22.41 31.93 0.49 0.21 24.00 0.44 0.14
65 28.49 26.87 33.27 0.44 0.16 25.29 0.39 0.11
75 31.48 27.15 34.26 0.40 0.12 26.33 0.35 0.09
85 32.79 28.63 35.01 0.37 0.10 27.20 0.32 0.08

GR — growth function, Al — average increment, CI — current increment
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Eventual data obtained by measuring and those calcu-
lated by the model are described in Table 1. Growth func-
tion (GF), average increment (Al) and current increment
(CI) curves are represented in Figs. 1 and 2. Correlation
indices were tested by the tests of significance with the
reliability level of alpha at 0.05; and the significance was
proved to be valid. High values of these indices define the
relation as close.

Table 2a. Comparison with growth tables

- - i - - Selection thinning;

89 94

Fig. 3. Mid-diameter development of
tended stands

The results of one-selection 7-tests for the congru-
ence of the mean when modelling the stock prove that
divergences between the measured quantities and values
from the growth tables (Table 2a) are minimal. Growth
tables were therefore advantageously used for assessing
the potential stock. Another suitable stock development
model was also the Korf function, whose coefficients are
as follows:

Age class meiléil(rce:rrril)ent d,(cm) GT meagu(rr:r)nent B (m) GT Ho

1 6

2 11 10 not accepted 10 10 accepted

3 15 14 not accepted 14 15 not accepted
4 19 19 accepted 20 20 accepted

5 22 22 accepted 22 22 accepted

6 25 22 not accepted 22 22 accepted

7 28 28 accepted 27 28 not accepted
8 31 30 not accepted 27 28 not accepted
9 33 32 accepted 29 29 accepted

GT — growth and mensurational tables, Ho — zero hypothesis about equality of values (measured results are equal to table values)

J. FOR. SCI., 50, 2004 (8): 374-381

377



Table 2b. Model of reserves development

Age class m;esierre\;zZn ¢ GF Al CI

1

2 93 92 6.14 143
3 220 234 9.35 13.1
4 380 349 9.96 9.1
5 451 435 9.68 7.5
6 433 501 9.12 5.8
7 603 553 8.51 4.6
8 588 594 7.92 3.7
9 628 628 7.38 3.0

GF — growth function m*ha, Al — average increment m*/ha/
year, CI — current increment m*/ha/year

V m¥/ha: A =536.755, k=204.888, n=2.717, correla-
tion index = 0.986.

Stock at the level of 630m*/ha (Table 2b) classifies this
stand as a stand with high production, which proves the
hypothesis that the management set of stands No. 45 is one
of the optimal sets for the spruce (PRUSA 2001).

For models of the tending felling, growth simulator
as well as three basic types of tending felling are used,
which corresponds to the works of BOGACHEV (1990),
COURBAUD (2000) and NIEMISTO (1989). When choos-
ing the thinning methods, the real age of forest stand,
its condition and recommendations of the management
instructions for the given estate were taken into account.
The following methods of tending fellings were selected
for the estate, by virtue of the management instructions
within SILVA 2.2:

a) crown thinning is a negative selection placed at the
main level, where the decisive criterion is non-figura-
bility of the stem. Two tending fellings in 20-year spans
with the maximum value of 100m?/ha per felling were
set;

b) selection thinning (Schédelin’s) is a positive selection
designed for all the five tree classes. When selecting
trees for felling, it is necessary to bear in mind the quali-
ty of the tree, materiality, social position, distribution
of the trees on the plot and stability. Two extensive
tending fellings with the maximum value of 100 m*/ha
per felling were set in this case as well;

c) target diameter method is adjusted for the trees selected
for felling at the &, | value of 45 cm and four fellings in
10-year spans with the maximum of 100 m*ha.

Fig. 4. Average height development of
tended stands

Fig. 5. Total volume increment develop-
ment of tended stands
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V/ha
511
574
633
680
710

ratio
0.940

Slen.
0.930
0.927
0.915
0.924

TVP
511
598
682
769
846

Target diameters

N/ha
830
776
716
656
586

h
24
26
27
29
30

dl 3
26
28
30
32
32

V/ha
511
466
524
586
622

Slen

ratio
0.908
0.896
0.891
0.878
0.857

TVP
511
586
658
740
807

Selection thinning

N/ha
830
558
524
496
456

h
25
26
28
29
31

d1.3
27
29
31
33
36
38

/h
511
461
559
617
651

Slen

ratio
0.939
0.932
0.911
0.888
0.886

Crown thinning
TVP

511

586

689

769

845

N/ha
830
612
596
558
486

h
25
26
28
29
31

d13
26
28
30
33
35

Age
49
54
59
64
69

Table 3. Growth tables of mensurational quantities, simulation RS SILVA 2.2
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690
730
675
727

0.913

936

1,011

508
474
418
394
354

31

34
35
36
37
39

558
618
682
741

0.848
0.844
0.838

880
946
1,013

332
326
322
316
240

32
33
35
36
37

593
647
705
748

0.879
0.863

915
990
1,063
1,141
1,193

386
370
350
320
244

32
33
35

36
39
41

74
79
84
89
94

0.932

32
34
35

40

0.922

1,079
1,156
1,229

41

0.847
0.827
0.826

0.932

0.811

1,076
1,133

45

36
37

44
45

700

0.923

36

669

0.803

46

646

d, ,— mid-diameter; & — mid-height; N — number of trunks; Slen. ratio — slenderness ratio (4/d, ,); V — reserves (m*/ha), TVP — total volume production (m*ha)

1 0HF my

Fig. 6. Initial state of spruce, before simulation; age 49 years

50 m

Pty

4k} m

Fig. 7. Final state 50 years later — crown thinning 94 years

The owner’s intention to assess individual types of
thinning was chosen in agreement with the management
instructions. As WOLF stated (1998), production criterion
(stock at the exploitable age and total volume increment)
and production safeguarding criterion (defined by the slen-
derness coefficient 4/d, ,) were monitored. The simulation
results — as described in Table 3 and Figs. 6 to 5 — make
it clear that the method of target diameters is better from
the production aspect. The disadvantage of this method is
the lowering of slenderness coefficient and irregular tree
distribution in the area (Figs. 6-9). The best alternative
for tending the estate is selection thinning, which ensures
the slenderness coefficient value at 80 while losing only
8% of the total volume increment. Crown thinning results
prove the hypothesis that this type of thinning can lower
the stability and balance and thus become the least suitable
alternative in subsequent years.

It is important for the owner that the examined spruce
stands are the ones with very high timber production for
which the management instructions recommend to switch
the tending from stability to quality. It is obvious from
the simulation results that the best tending alternative for
the given estate is the selection thinning which renders
the timber at 660 m*/ha while achieving the best value of
slenderness coefficient.

DISCUSSION AND CONCLUSIONS
The use of growth simulators and mathematical model-

ling for development of mensurational variables should be
integrated into the forest management planning. The use
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Fig. 8. Final state 50 years later — selection thinning 94 years

Hhm

11K} pn

Fig. 9. Final state 50 years later — target diameter 94 years

of models is a particularly valuable source of information
for creating the FMP (ZACH 2001; SIMON 2003; DURSKY
2003). The problem that remains is the need of extensive
amount of measured data (PRETZSCH et al. 2002; ZACH
2001), which is very time-consuming and with the present
methodology of FMP processing impossible. Another lim-
iting criterion for creating the models of development of
mensurational variables is certainly also the size of the
estate (KNEIfl 2000) — not only the area, but also the
representation of the age classes in particular. This is im-
portant when creating the quasi-time series and with not as
large estates: there might be a danger that some age classes
could be missing and would have to be substituted.

The great contribution for forest management planning
is the substitution of growth simulators for growth tables
in mixed forest stands with various age classes, where the
growth tables currently use methods not suitable for the
given forest stands (DURSKY 2003) and might not be the
optimal criterion for the given forest stand. When com-
pared with the growth tables for spruce monocultures, no
significant divergences were discovered. With the beech,
where all series of forest stands were more mixed, the
divergences were noticeable.

The use of GS SILVA 2.2 when processing the FMP is
at the moment facing one great obstacle, and that is the
contemporary methodology of FMP, specifically the deter-
mination of the mensurational characteristics for the given
forest stand groups (ZEZULA 2003). This fact does not
allow the GS to become a substitute for the prevailing way
of processing the FMP because this method is very time-
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consuming. But due to the generators of the initial situa-
tion it is possible to use GS SILVA 2.2 for making the FMP
more accurate even from the current data (composition,
mid-diameter, mid-height, stock density, number of stems
and mix description) obtained from the FMP (DURSKY
2003). The growth simulator SILVA 2.2 is also a suitable
instrument for planning the tending fellings.

The need and effort of people to know the behaviour of
the system in future opens the door for such programs as
SILVA 2.2 and with the present development of informa-
tion technologies it is possible to expect further and further
significant progress.
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Vyuziti matematickych modela a ristovych simulatori pro tvorbu lesnich
hospodarskych pliant a plinovani vychovnych zasahi

R. SMUDLA

Fakulta hospodariské vpravy lesa, Mendelova zemédélska a lesnickd univerzita, Brno, Ceskd republika

ABSTRAKT: Clanek se zabyva modelovanim vyvoje lesa a jeho vyuzitim pro lesni hospodaiské planovani, konkrétng mo-
delovanim rastovych taxa¢nich veli¢in dvou hlavnich hospodatskych dievin, smrku a buku. Dale popisuje vyuziti ristového
simulatoru SILVA 2.2 pti modelovani vychovnych zasaht, a to ziskavani dat a hlavni vystupy modelovani. Jako ptiklad vyuziti
studované metodiky je pouzit majetek Méstskych lestt Krométiz u obce Rackova.

Klic¢ova slova: matematické modelovani vyvoje taxacnich veli¢in; smrk; riistové simulatory; SILVA 2.2; vychovna tézba

Prace byla provadéna na uzemi Méstskych lest Kro-
meéfiz lezicich v katastrdlnim tzemi obce Rackova.
Zkoumany majetek se nachdzi na tzemi Pfirodni lesni
oblasti 41 Hostynsko-Vsetinské vrchy a Javorniky mezi
meésty Zlin a HoleSov. Plocha lest je 642 ha. Divodem
vybrani majetku je jeho typologicka a stanovistni homo-
genita. Vice nez 95 % celého zkoumaného objektu spada
pod cilové hospodafstvi 45 — bukové/smrkové, zivnych
stanovist’ stiednich poloh.

Pro nejvice zastoupené dfeviny smrk a buk byly vy-
brany porosty odpovidajici pozadavklim nepravé casové
fady. V nalezenych porostech nepravé ¢asové fady byly
pro jednotlivé vékové stupné zméteny statistické sou-
bory hodnot téchto velicin: tloustka (d,,), vyska (h)
a korunové parametry (vyska nasazeni koruny, jeji délka
a Sitka). Statistické soubory hodnot veli¢in byly zpraco-
vany v programech Adstat a Excel, kde byly vypocitany
zakladni statistické charakteristiky a proveden test na
shodu teoretického rozdéleni s rozdélenim z experi-
mentalniho souboru; jednalo se o test vybérové Sikmosti
a Spicatosti. Test na autokorelaci je proveden pomoci
poméru von Neumana.

Dale byly vypocitany modely pro predpoveéd vyvoje
d,y a h a rovnéz pro zasobu. Pro vSechny veliCiny je
vhodnym modelem Korfova funkce. Hodnota zasoby
630 m’/ha (tab. 2b) fadi toto stanovisté do stanovist
s vysokou produkcei, coz potvrzuje nazor, ze HS 45 patii
mezi optima smrku (PRUSA 2001).

Pro simulace RS SILVA 2.2 byly vybrany porosty
z dané Casové fady a v nich provedeno méfeni vstup-
nich veli¢in. VRS SILVA 2.2 byly poté provedeny si-
mulace pro jednotlivé typy vychovnych zasahti a ty
byly mezi sebou porovnany. Z vysledkti simulace je
patrné, ze z produkéniho hlediska je nejlepsi metoda
cilovych tlousték. Jejim nedostatkem je snizovani koe-
ficientu S$tihlosti a nepravidelné rozmisténi stromti po
plose. Nejlepsi alternativou vychovy je pro dany maje-
tek vybérna probirka, kterd pii pouhé 8% ztraté na COP
zajistuje hodnotu Stihlostniho koeficientu 80. Pro vlast-
nika je dtlezity fakt, ze smrkové porosty na zkoumaném
majetku patii mezi porosty s vysokou produkci dieva a ze
nejlepsi variantou vychovy pro dany majetek je vybérna
probirka, ktera poskytuje zasobu 660 m3/ha s nejlepsi
hodnotou stihlostniho koeficientu.
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