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STRUCTURAL DIVERSITY AS A RESULT
OF SILVICULTURAL OPERATIONS
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ABSTRACT: The aim of the study is to quantify the effect of silvicultural treatments on the spatial structure of forest stands.
The first important basis is indices that are capable of reliably quantifying horizontal tree distribution patterns, vertical stand
profile and segregation of species. The second means of modelling the spatial stand dynamics is the single-tree simulator
SILVA 2.0. By combining SILVA 2.0 with a program module for structural analysis, we get a flexible tool with the help of
which we can examine the influence of different regeneration technics, thinning regimes and site conditions on growth, yield
and spatial stand structure. By a series of simulation runs, the influence of the initial structure, thinning method and thinning
degree on the spatial structure of mixed stands of spruce and beech is examined. The results underline the fact that especially
slight and moderate thinning from the top offer an effective possibility to form the stand structure and support its diversity.
Thinning from below has a more homogeneous effect on the spatial stand structure. The desired integration of structural
diagnosis into prognosis models that hitherto have been aligned to growth and yield exclusively offers the possibility of
considering, quantifying and optimizing production and stability aspects of silvicultural treatment.

diversity; structural parameters and scenarios; growth simulation; stand treatment

ABSTRAKT: Cielom prispevku je kvantitativne preskimanie vplyvu pestovnych opatreni na priestorovi heterogenitu a tym
aj na druhovi diverzitu lesnych porastov. Prvym dbleZitym zdkladnym ndstrojom sd tu indexy, ktoré méZu spolahlivo
kvantifikovat horizontilnu Struktiru rozmiestnenia stromov, vertikdlny druhovy profil a druhové zmiesanie drevin. Druhym
doleZitym nastrojom, ktory umoZiuje reprodukovat priestorovi Struktiru porastu a jej dynamiku, je porastovy simuldtor
SILVA 2.0 Prepojenim jednej z programovych rutin uréenej na analyzu Struktiry porastu s vlastnym porastovym simuldtorom
SILVA 2.0 vznikol flexibilny prognosticky a vyskumny ndstroj, ktorym je moZné skimat vplyv rdznej porastove] vystavby,
spdsobov obhospodarovania a stanoviStnych podmienok nielen na drevnd produkciu. ale aj na Struktiru lesa. V rdmci série
simuldcii sa v prispevku sleduje vplyv vychodiskovej Struktiry porastu, druhu a sily prebierky na priestorovi Struktiru
zmiedaného smreko-bukového porastu. Vysledky, ktoré v podobe indexov charakterizujd horizontdlnu Struktiru rozmiestnenia
stromov, vertikdlny druhovy profil a druhové zmiedanie drevin, potvrdzuji, Ze predovietkym slabé a mierne troviiové zdsahy
poniikaji moZnost formovania porastovej $truktiry a tym aj podpory diverzity porastu. Podiroviiové prebierky naopak vply-
vaji na priestorovil porastovd Struktiru homogenizujico. Uskutoénené spojenie informdcii o Struktire porastu s doteraz vy-
luéne produkéne orientovanymi prognostickymi modelmi otvdra pre pestovanie lesa moZnosti optimalizdcie medzi produkény-
mi aspektmi a aspektmi porastovej stability.

diverzita; indexy a scendre §truktiry; simuldcie rastu lesa; obhospodarovanie porastov

INTRODUCTION

In commercial forests spatial stand structure is con-
sidered as an important factor in determining habitat
and species diversity. Quantitative studies on this sub-
ject show that increasing heterogeneity of horizontal
and vertical stand structure is concomitant, as a rule,
with a higher number of species and with greater eco-
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logical stability (Altenkirch, 1982; Ammer et
al., 1995; Blab, 1986; Ellenberg et al., 1985;
Haber, 1982). Silvicultural operations can modify the
stand structure and therefore have an important poten-
tial in securing stand diversity and ecological stability.

The objective of the present investigation is to elabo-
rate methodological principles for a systematic analysis
of relationships between stand treatment and spatial
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stand structure. As the first essential basis indices can
be used which give a quantitative idea of horizontal tree
distribution pattern, vertical species profile and inter-
mingling intensity of tree species and hence serve as
valuable indicators of habitat and species diversity. The
second important basis is the stand growth simulator
SILVA 2.0, which is capable of reproducing spatial
stand dynamics for a wide range of site conditions, in-
itial stand structures and treatment variants
(Pretzsch, 1992). For the purpose of this investiga-
tion SILVA 2.0 was extended to inclifde a program rou-
tine for structural analysis and structure diagnosis.
A research instrument has thus been developed with
which the influence of silvicultural operations on spa-
tial stand structure may be analysed by simulation. In
a series of test runs with SILVA 2.0 the long-term effect
of slight, moderate and heavy thinning from below and
selective thinning as well as the effect of different mix-
ture types on the spatial stand structure were investi-
gated.

MATERIAL AND METHODS

MATERIAL

The data for the study comes from 82 long-term
experimental plots in mixed stands of spruce and beech
in Bavaria (Tab. I). The single tree simulator SILVA
2.0 was calibrated and validated with the growth and
yield data from this network of survey plots. The oldest
plots have been under survey since 1928, the youngest
were established in 1995. The plots cover a broad range
of different ages, proportions and structures of mixture,
thinning regimes and site conditions. The model func-
tions are fitted with the whole data set of the network.
However the following simulation runs represent the

stand structure dynamic on a recently established age
series near Freising on fresh sandy loams in the Upper
Bavarian tertiary montane area (growth district 12.8
~Oberbayerisches Tertidrhiigelland®). Spruce has a pro-
ductivity index of 40 according to the spruce yield ta-
bles by Assmann, Franz (1963), while that for
beech is class I according to the beech-yield table by
Schober (1975), which implies excellent growth
conditions for both tree species. On the modelled test
plots of (.25 hectares beech has 10 years’ growth ad-
vantage over spruce. At the start of the prognosis runs
(age of spruce and beech 30 and 40 years, respectively),
the stem number was 2196 trees per ha, with a basal
area of 45.2 square metres per ha. Spruce and beech
occupy equal portions of the basal area.

METHODS

To determine and identify spatial stand structures we
can make use of a repertoire of reliable quadrat count
and distance methods, as compiled by Pielou (1975,
1977), Ripley (1977, 1981) and Upton, Fing-
leton (1985, 1989), The indices R by Clark,
Evans (1954) and Sby Pielou (1977) identfy the
horizontal tree distribution pattern and the intermin-
gling of species, respectively, and thus quantify ditfer-
ent aspects of spatial heterogeneity. Index A for the
vertical species profile, developed in analogy to the
index by Shannon (1948) serves to quantify the spa-
tial distribution of tree species.

Aggregation index R by Clark, Evans

The aggregation index by Clark, Evans (1954)
describes the horizontal tree distribution pattern by re-

I. Data base of the study is 15 long-term experimental plots in mixed stands of spruce and beech in Bavaria (x = data available)

Species st Numhe?r of Total area Beginning Number of Stem _Crowp Yo_ung gro‘w[h
plots (ha) of survey surveys chart dimension inventory

sp/be Zwiesel 8 1.86 1954 6 X X

sp/be Zwiesel 10 3.00 1985 2 X X

sp/be Mitterteich 3 0.76 1928

sp/be Freising 6 3.0 1994 | X X X

spibe Schongau 8 4.0 1995 I X X %

sp/be Bodenmais 3 2.5 1995 [ X X 2

sp/fir/be Kreuth 22 3.60 1973 2 X X X

sp/fir/be Zwiesel 4 1.93 1987 | X % X

sp/fir/be Garmisch 5 1.59 1954 5 X X

sp/fir/be Freyung 3 1.50 1980 3 % X X

sp/fir/be Bodenmais 2 1.00 1981 3 X X X

sp/fir/be Ruhpolding 2 0.31 1953 8 X X %

sp/firfbe Ruhpolding 1 0.30 1963 5

sp/firfbe Marquartstein 2 0.81 1953 5 X X

sp/fir/be Wolfegg 1 0.31 1952 6 X X X
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lating the observed average distance to the nearest
neighbour to the average distance to be expected when
trees are randomly distributed.

r observed
S (1
rexpected
R is obtained by calculating the distances r;; _ | y

to the nearest neighbour for each of N trees on a test
plot of size F, and then proceeding to calculate the
average distance "

“+

N
2'":’
i=

r observed = N (2)

This observed distance to the nearest neighbour is
related to the expected average distance for random tree
distribution

|

rexpected = (3)

g

=I5

— distances of { = |...N trees to their nearest neighbours
on the test plot,

N - total number of trees on the test plot,

F— area of test plot in square metres.

where: r;

Theoretically, R lies between 0 (greatest clustering)
and 2.1491 (regular hexagonal pattern). Aggregation
values below 1.0 show a tendency towards cluster for-
mation, while those around [.0 are indicative of random
distribution and those above 1.0 reveal a tendency to-
wards regular distribution. Aggregation index R is
hence a measure to what extent the observed spatial
pattern diverges from a random or POISSON distribu-
tion. It can be used for the overall stand as well as for
individual tree species in the stand (Fig. 9).

The calculation of the aggregation index R for the
tree distribution patterns shown in Fig. 1 (above) gives
values for R which lie between 14" and 1.2*, revealing
rather more regular distribution patterns as are usually
found in age class forests thinned from below. When
R = 1.0 (Fig. 1, below, left hand side) this is indicative
of a random distribution typical of selection forest
stands and virgin forests, while an aggregation index of
R = 0.9 (Fig. 1, below, right hand side) shows a ten-
dency to clustering. The symbols “and ™ designate
regularity with an error probability of 5 and 1%,
respectively.

Index A for the vertical species profile

The index A for the species profile is based on the
index H by Shannon, Weaver, originally. devel-
oped in the context of information theory and later ap-
plied to the description of species diversity in biological
systems (Shannon, 1948).

s
H:fzp,-.lnp{- )

=1
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1. Identification of four horizontal tree distribution patterns by the
aggregation index of Clark, Evans (1954). The symbol size is
proportional to the stem diameter at a height of 1.30 metres. R-values
of more than 1.0 indicate a trend to regular distribution, values below
1.0 indicate a trend to clustered distribution. Random distribution is
indicated by values of R = 1.0

where: § - number of species occurring in the stand,
p; — portion of species in relation to total population

n.
i

BT

n; — frequency of species ,
N - total number of individuals.

Index A for species diversity is derived from the
product of species portion p; and logarithmic species
portion In p; for the sum of a total of § species occur-
ring in the stand. By introducing the logarithmically
transformed species portion as a multiplying factor, the
index is disproportionately raised by rare species, while
dominant species lead to a disproportionately low in-
crease. The index A for the vertical species profile de-
veloped in the course of this study considers species
portions separately for three height zones ranging from
0 to 50%, 50 to 80% and 80 to 100% of maximum stand
height.

S Z
A==3 Ypy-lnpy )
i=17=
where: § - number of species in the stand,
Z - number of height zones (three in this case),

Pj; — species portions in the zones p;j=#
n; = frequency of species i in zone j,

N - total number of individuals.

Index A summarizes and quantifies species diversity
and distribution of species in the stand. While the index
is lowest in stands with one-storied pure stands, it rises
for pure stands with two or more layers. A mixture of
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3

zones

2, For the diagnosis of the species profile index A, the stand is
subdivided into three height zones. The zones 'l to 3 represent 100-
80%, 80-50% and 50-0% of the maximum height of the stand. For
the computation of index A, the proportions of the different species
are counted out separately according to the different height zones

»imt

3. Species profile index A for mono-layered and multi-layered pure
and mixed stands of spruce and beech

4. Identification of the mixture type of beech (black) and larch (light
grey) by the segregation index of Pielou (1977). S-values of more
than 0} indicate a trend to segregation, values below 0 indicate a trend
to association. Independent distribution of species is indicated by
values near 0

several species effectively raises the index and peak
values are reached in mixed stands with heterogeneous
structures (Fig. 3). Every deviation from the one-storied
pure stand is reflected in a distinct rise in species pro-
file index A.
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Segregation index by Pielou for the intermingling
of species

The segregation index § by Pielou (1977) deter-
mines the intermingling of two tree species according
to the nearest neighbour method. For its calculation
a search run serves to determine the species of the near-
est neighbour for each of N trees on the test plot, giving
the number of (rees of species | and 2 (m, n), the num-
ber of trees with neighbours of their own species (g, d)
and with neighbours of the other species (¢, #). The
segregation index is thus derived from

_ observed number of mixed pairs

§=1 =
expected number of mixed pairs ()

and will lie-between —1.0 and + L1.0. From the basic
values in the 2 x 2 table (Tab. II) it is calculated as
follows:
JV. ~ 3
s, SR 7
(v.n+w.im)

If the observed number of mixed pairs is higher than

the expected one, this will lead to § < 0, indicating

I. Four-field table with the basic variables for the computation of
the segregation index § according to formula (7). Explanation of the
variables in the text

Nearest neighbour

tree species | | tree species 2| total

Base tree species | i b m
Base tree species 2 ¢ o i
Total v w N

a close coupling or association of species. Conversely,
if the observed number of mixed pairs is lower than
expected, then § > 0 and is evidence of segregation, i.e.
the spatial separation of species. Where S = 0, i.e. the
number of observed and expected mixed pairs is equal,
then species are distributed independently of each other.

The mixed stands of beech and larch from the
Solling in lower Saxony in Fig. 4 reveal a wide range
of intermingling intensities. While big cluster and
aroup mixtures (Fig. 4, above) have segregation indices
of § =0.431f and § = 0.11, respectively, small clusters
and single tree mixtures (Fig. 4, below) tend to lower
them to S = -0.25x. High segregation indices are indica-
tive of pronounced intra-species competition. whereas
low values imply species association and the dominance
of competitive conditions between species. The symbol
t1 shows significant segregation with 1% error prob-
ability, x indicates significant association with 5% error
probability.

Stand growth simulator SILVA 2.0 with program
routine for structure diagnosis

The position-dependent individual tree model
SILVA 2.0 breaks down forest stands into a mosaic of
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individual trees and reproduces their interactions as
a space-time system. It can therefore be used for pure
and mixed stands of all age combinations. Primarily it
is designed to assist in the decision making processes
in forest management. Based on scenario calculations
SILVA 2.0 is able to predict the effects of site condi-
tions, silvicultural treatments and stand structure on
stand development, and therefore also serves as a re-
search instrument. To explain the incorporation of
a program routine which permits structural analyses,
a representation of the essential elements of SILVA 2.0
is provided in Fig. 5. For details on the model see
Pretzsch (1992), Kahn, Pretzsch (1997) and
Kahn (1995).

The first model element reflects the relationship be-
tween site conditions and growth potential and aims at
adapting the increment functions in the model to actual,
observed site conditions. With the aid of nine site fac-
tors reflecting nutritional, water and temperature condi-
tions the parameters of the growth functions are deter-
mined in a two-stage process (Kahn, 1994), The stand
structure generator STRUGEN facilitates the large-scale
use for position-dependent individual tree growth models.
The generator converts verbal characterizations as com-
monly used in forestry practice (e.g. mixture in small
clusters, single tree mixture, row mixture) into a con-
crete initial stand structure with which the growth
model can subsequently commence its forecasting run
(Pretzsch, 1997). The three-dimensional structure

site conditions

Module reflecting Site /

> Growth Relationships

starting values

it Stand
missing Structure
? Generator
no (———l

Y

_ 3D Structure Module
[ Thinning Model

|
|
L ; Competition Model ]
|

Allocation Model
output
b
-
t=0.n
¥ Stem Quality, Assortment,
Financial Yield output
te= Qv =4
Y Structure Analysis:
I Indices for Diversity output
>
F=

5. Scheme of the stand growth model SILVA 2.0 with the program
module for structural analysis
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model uses tree attributes such as stem position, tree
height, diameter, crown length, crown diameter and
species-related crown from models to construct a three-
-dimensional stand structure model. The generated
three-dimensional model of the observed stand supplies
the basis for the derivation of structural indices R, A
and §S. The thinning model 1s also individual tree based
and can model a wide spectrum of treatment programs
(Kahn, 1995). The core of the thinning model 13
a fuzzy logic controller. In the simulation studies de-
scribed below the thinning model simulates various
thinning methods (thinning from below and selective
thinning) and thinning mtensities (slight, moderate and
heavy). The competition model employs the light-cone
method (Kahn, Pretzsch, 1997) and calculates
a competition index for every tree on the basis of the
three-dimensional stand model. The allocation model
controls the development of individual stand elements.
Tree diameter at height 1.30 m, tree height, crown di-
ameter, height of crown base, crown shape and survival
status are controlled, at five year intervals, in relation
to site conditions, interspecific and intraspecific com-
petition. Finally classical yield information on stand
and single tree level for the prognosis period are com-
piled in listings and graphs. Additional information on
stem quality, assortment yield and financial aspects
completes the growth and yield characteristic.

At every stage of the simulation run a program rou-
tine for structural analysis calculates a vector of struc-
tural indices which serve as indicators for habitat and
species diversity. Based on the three-dimensional struc-
tural model the indices described above can be calcu-
lated, i.e. the horizontal tree distribution pattern index
R, the vertical species profile index A and the intermin-
gling index §, which form a link with the ecological
assessment of forest stands.

The algorithmic sequence for predicting forest de-
velopment comprises the following steps: The first step
is the input of data on the initial structure and site con-
ditions of the monitored stand. Secondly, the parame-
ters of the growth functions are adapted to actual site
conditions. Once the starting values for the prognostic
run are complete monitoring can begin. If there are no
initial values, e.g. stem positions are unknown, the
missing data can be realistically complemented with the
help of the stand structure generator. Once the spatial
model has been constructed (step 4) the silvicultural
treatment program is specitied in the fifth step. The
competition index calculated for each tree through the
three-dimensional model in step 6 is used in step 7, to
control individual tree development. Steps 4 to 7 are
repeated until the entire prognostication period has been
run through in 5-year steps.

RESULTS

The use of structural analysis in conjunction with
a stand growth simulator is explained now on the basis
of a series of simulation test runs. Specific examples
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will serve to demonstrate the effects of different stand
establishment structures (single or group mixtures), dif-
ferent thinning methods (thinning from below and se-
lective thinning) and different thinning intensities
(slight, moderate and heavy) on the spatial stand.

The input comprises two different variants of mix-
ture structure (Fig. 6). The first is a single tree mixture
with a random horizontal distribution pattern of the to-
tal stand as well as for spruce and beech separately (R =
1.03, Rypryce = 1.0L, Rpeee = 0.99). In this case the
segregation index by Pielou shows an-independent dis-
tribution of the two species (§ = (0.034). For the second
variant a group mixture of beech with spruce was se-
lected as the initial structure. In this case the horizontal
distribution pattern of beech shows significant cluster-
ing (Rpeech = 0.68"") and the segregation index by
Pielou reveals a highly significant segregation of
spruce and beech (5§ = 0.57217%). Both stands have
similar vertical species profiles; A = .55 is indicative
of great structural diversity in species representation.
The thinning regimes simulated in the 100 years lasting
prognostication period are characterized in Fig. 7 in
terms of the corresponding number of stems and the
basal area development of the remaining stand. Thin-
ning from above was carried out in the form of stepwise
selective thinning according to the ,Schweizer Ausle-
sedurchforstung®™. When considering two basic struc-
tures (single tree and group mixtures), two thinning
methods (thinning from below and from above) and
three thinning intensities (slight, moderate, heavy) the
result is 12 development whose spatial structural diver-
sity is discussed below.

The horizontal tree distribution pattern

The more or less random horizontal tree distribution
pattern of the total stand at the beginning of the prog-
nostication period is converted into a rather more regu-
lar pattern on account of thinnings from below, espe-
cially if these were intense (Fig. 8). This tendency for

434

regular distribution patterns to be caused by thinning
from below can be attributed to the systematic removal
of understory and intermediate trees, which inevitably
leads to qualitatively satisfactory, dominant trees re-
maining in the stand at rather more regular intervals.
This results in stands with a homogeneous spatial struc-
ture. Stand structures of this type are more and more
replaced by more intensely structured stands which are
mainly thinned from above. Selective thinning as ob-
served in this study, especially in its slight and moder-
ate variants, causes random to clustered tree distribu-
tion patterns, since vigorous trees occasionally are left
to grow in groups while understory and intermediate
trees are being maintained. This leads to tree distribu-
tion patterns, where parts with denser stocking exist
next to those with lesser density. When thinning from
below and selective thinning is carried out slightly to
moderately they provide greater heterogeneity than
heavy thinnings. This is due to the fact that heavy thin-
ning from above supports the ingrowth of understory
and intermediate trees into the dominant stand class and
heavy thinning from below removes all trees of the
lower social classes. Both methods strengthen tenden-
cies towards regular tree distribution patterns.

A look at the species-related tree distribution pat-
terns of spruce and beech reveals that spruce tends to
maintain its initial distribution pattern. This is again an
example of the effect, as evidenced in the overall stand,
that slight and moderate thinning from below leads to
rather greater spatial homogeneity, while selective thin-
ning is seen to be the cause of rather greater spatial
heterogeneity in stand structure. Beech tends to occur
in clusters, independent of whether it initially grew in
group mixtures or single tree mixtures. This is less pro-
nounced when treatment consisted of thinning from be-
low rather than in selective thinning. In single tree mix-
tures and large and small cluster mixtures thinning from
above very often causes cores with intraspecific com-
petition to remain. Since beech is inferior to spruce at
the observed site, its initial distribution pattern is being

6. Initial structures for the simulation study
are spruce-beech mixed stands with single-
-stem mixture of beech (above) and group
mixture of beech (below). Indices for sin-
gle tree mixture: R = 1.03, R = [.01. Ry,
=099, 5 = 0.034. A = 1.55 and for group
mixture: R = 0.96, R = 0.93. Ry, =
0.68™, § = 0.572¢1+, A = 1.55
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7. Stem number and basal area curves per
hectare (left and right respectively) of the
six basic treatment scenarios. Slight. mod-
erate and strong thinning from below
(above) and slight, moderate and strong se-
lective thinning from above (below)
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8. Development of the aggregation index R for the whole stand
(spruce and beech together) during the prognostic period of one hun-
dred years. Thinnings from below support regular distribution, thin-
nings from the top produce random or clustered stem distribution
patterns

superimposed to a very large extent on account of both
thinning method and thinning intensity.

The vertical species profile

With progressive ageing and differentiation all simu-
lated stands suffer a loss in vertical structure. The par-
ticularly severe competition for light in these phases
which leads to the decline of structure-contributing but
poorly supplied stand elements at lower height levels is
evidenced by the severe reduction in index A in pole
crops and young timber observed for all thinning pro-
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grams of this study (Fig. 9). Only when a new stand
generation grows in a subsequent regeneration phase
does index A seem to recover. While the species profile
shows an almost linear decrease in the course of the
forecasting period on account of thinning from below
(Fig. 9, above), selective thinning, especially if slight
to moderate, maintains greater spatial heterogeneity un-
til final felling (Fig. 9, below). With both, thinning
from below and above, slight to moderate thinning fa-
vours greater structural diversity than does heavy thin-
ning. The higher species profile index A in stands
thinned from above is attributable to understory and
intermediate stands which can be maintained over the
entire production period through slight and moderate
thinning of the uppermost layer. There 1s no statistically
significant effect of initial stand structure (i.e. single
tree mixtures, large and small cluster mixtures) on the
vertical species profile A. Any differences in species
profile between single t'ee and group mixtures which
existed at the start of the prognostication period are
being totally superimposed by both thinning method
and intensity.

The intermingling of species

Similar results, in overall tendency, are obtained
when analyzing species intermingling § under varying
thinning regimes and intensities (Fig. 10). Differences
initially evident in intermingling intensity, with pro-
nounced intermingling for single tree and small cluster
mixtures and poor intermingling for large cluster mix-
tures are increasingly being overlaid by the thinning
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9. Effect of thinning from below (above) and selective thinning from
the top (below) on the vertical species profile in mixed stands of
spruce and beech

methods in the course of the 100 years lasting forecast-
ing period. Independent of the initial stand structure,
thinning from above leads to a rather more segregated
occurrence of species, i. e. to cores with stronger intras-
pecies competition. By contrast, thinning from below
led to stand homogenization, also as regards the inter-
mingling of species. The more intense removal of weak
trees causes stand parts with intraspecies competition to
be increasingly replaced by those whose neighbours be-
long to the other species. Similar interspecies neighbour
relationships at a large scale contrast here with hetero-
genous stand structures when thinning is done selec-
tively. As in species profile index A the segregation
index by Pielou shows a particular reactivity, especially
in the pole crop and young timber, to subsequent com-
petitive processes and the thinning regimes then em-
ployed. In middle and higher stand ages only slight
shifts undergo in species intermingling. This supports,
quantitatively, the well-known silvicultural rule that
growth regulation in forest mixtures is effective in
young stands only.

DISCUSSION

The use of a program routine for structural analysis
in conjunction with the stand simulator SILVA 2.0 led
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and thinning regimes (above: thinning from below; below: selective
thinning) on the segregation of spruce and beech during the prognos-
tic run of one hundred years

to the development of a feasible model with which the
effects of different stand structures, thinning regimes
and intensities on the structural diversity of mixed
spruce-beech stands can be studied. The simulation re-
sults obtained serve as examples and the small number
of samples as yet permits no generalization of the de-
scribed results. Indices R, A and S, used to quantify
horizontal distribution patterns, vertical species profile
and intermingling of species, respectively, highlight
merely selected aspects of spatial stand structure. The
implementation of further indices would lead to an even
more accurate description of structural stand formation.
In particular, a still better characterization of species
intermingling, contact frequencies and border lines be-
tween mixture species would be desirable, as this kind
of information controls, inter alia, faunistic diversity.

First predictive runs give quantitative evidence that
stand establishment and stand treatment methods pro-
vide effective means of control to improve stand struc-
ture and diversity. The comparison between thinning
from above and below emphasizes the potential of mod-
ern treatment programs to improve stand structure.
A vector of structural parameters gives a quantitative
idea to what extent silvicultural measures such as mix-
ture regulation, removal and thinning can be used as
effective control instruments in securing structural di-
versity and ecological stability.
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Individual tree models, provided they are based on
sound parameterisation, offer the best possible link with
the analysis of stand structure by reproducing stand dy-
namics as a time-space system, since, in combination
with the spatial model, any amount of structural infor-
mation is available for every phase of the simulation
run. Thus, for a wide range of forest structures, treat-
ment regimes and site conditions and apart from basic
natural production indices (e.g. development of stem
numbers, basal area, stock, increment), structural pa-
rameters are obtainable which can be used as indicators
for habitat or species diversity. In this manner produc-
tion and stability aspects can be coordinated and opti-
mized in the model.

Due to the lack of methodological principles model
validation has to date mainly been done using classical
yield data and the validity of the simulated spatial struc-
ture remained untested. However, the closeness with
which the modelled spatial structure is compatible with
reality, particularly in distance-dependent individual
tree models, is of central significance for its predictive
accuracy. As a by-product of this study, the usefulness
of structural parameters R, A and § was recognized in
the validation of distance-dependent individual tree
models. A comparison of modelled spatial structures,
with those diagnosed on test plots is possible based on
the use of these indices, which permit conclusions to be
drawn as to how realistic the structural components of
the growth model actually are. The structural indices,
primarily introduced to assist in structural diagnosis
thus also show new, efficient alternatives to improve
model parameterisation and validation.

Acknowledgements

I thank Dr. Jan Dursky for the translation to Slo-
vakian language and Doc. Ing. Vilém Podrédazsky
for the review and helpful comments.

References

ALTENKIRCH, W., 1982. Okologische Vielfalt — ein Mittel
natiirlichen Waldschutzes? Forst- u. Holzwirt, 37: 211-
217.

AMMER, U. - DETSCH, R. - SCHULZ, U., 1995. Konzepte
der Landnutzung. Forstw. Cbl., 114: 107-125.

ASSMANN, E. - FRANZ, F., 1963. Vorliufige Fichten-Er-
tragstafel fiir Bayern. Miinchen, Institut fiir Ertragskunde
der Forstlichen Forschungsanstalt: 104,

BLAB, J., 1986. Grundlagen des Biotopschutzes fiir Tiere.
Ein Leitfaden zum praktischen Schutz der Lebensriume
unserer Tiere. Bonn, Bad Godesberg, Kilda-Verlag: 257.

LESNICTVI-FORESTRY, 44, 1998 (10): 429439

CLARK, P. I. - EVANS, F. C., 1954. Distance to nearest
neighbor as a measure of spatial relationships in populati-
ons. Ecology, 35: 445-453.

ELLENBERG, H. - VON EINEM, M. - HUDECZEK, H. -
LADE, H. J. - SCHUMACHER, H. U. - SCHWEINHU-
BER, M. — WITTEKINDT, H., 1985. Uber Vigel in
Wildern und die Vogelwelt des Sachsenwaldes. Hamb.
Avifaun. Beitr., Bd. 20: 1-50.

HABER, W., 1982. Was erwarten Naturschutz und Land-
schaftsptlege von der Waldwirtschaft? Schriftenreihe des
Deutschen Rates fiir Landesptlege, H. 40: 962-965.

KAHN, M., 1994, Modellierung der Hohenentwicklung aus-
gewihlter Baumarten in Abhidngigkeit vom Standort.
Forstl. Forschungsber. Miinchen, Nr. 141: 221.

KAHN, M., 1995. Die Fuzzy Logik basierte Modellierung
von Durchforstungseingriffen. AFJZ, 166: 169-176.

KAHN, M. - PRETZSCH, H.. 1997. Das Wuchsmaodell SIL-
VA 2.1 — Parametrisierung fiir Rein- und Mischbestinde
aus Fichte und Buche. AFJZ, 168: 115-123.

PIELOU, E. C., 1975. Ecological diversity. London, John
Wiley & Sons.

PIELOU, E. C., 1977. Mathematical Ecology. London, John
Wiley & Sons: 385.

PRETZSCH. H., 1992. Konzeption und Konstruktion von
Wuchsmodellen fiir Rein- und Mischbestinde. Forstl. For-
schungsber. Minchen, Nr. [15; 358.

PRETZSCH, H., 1993. Analyse und Reproduktion riumlicher
Bestandesstrukturen. Versuche mit dem Strukturgenerator
STRUGEN. Schriften aus der Forstlichen Fakultit der
Universitit Gottingen und der Nieders. Forstl. Versuchs-
anstalt, Bd. 114, Sauerldnder's Verlag: 87.

PRETZSCH, H., 1997. Analysis and modelling of spatial
stand structures. Methodological considerations based on
mixed beech-larch stands in Lower Saxony. Forest Ecol.
Mgmt, 97: 237-253.

RIPLEY, B. D., 1977. Modelling spatial patterns. J. Roy.
Stat. Soc., Series B, Vol. 39, No. 2: 172-192 und Discus-
sion 192-212.

RIPLEY, B. D., 1981. Spatial Statistics. London, John Wiley
& Sons.

SCHOBER, R., 1975. Ertragstafeln wichtiger Baumarten.
Frankfurt a. M., J. D. Sauerlidnder’s Verlag: |54.

SHANNON, C. E., 1948. The mathematical theory of com-
munication. In: SHANNON, C. E. - WEAVER, W.
(Hrsg.), The mathematical theory of communication. Ur-
bana, Univ. of lllinois Press: 3-91,

UPTON. G. 1. G. — FINGLETON, B., 1985. Spatial data
analysis by example, Volume I: Point pattern and quanti-
tative data. London, John Wiley & Sons: 410.

UPTON, G. 1. G. — FINGLETON, B., 1989. Spatial data
analysis by example, Volume II: Categorical and directi-
onal data. London, John Wiley & Sons: 416.

Received 16 February 1998

437



ROZMANITOST STRUKTURY LESNEHO PORASTU AKO VYSLEDOK

PESTOVNYCH OPATRENI

H. Pretzsch

Ludwig Maximilianova univerzita Mnichov, Lesnickd fakulta, Am Hochanger 13, 85354 Freising

V hospodarskych lesoch je priestorova Struktira po-
rastu ddleZitou veli¢inou habitatovej (Zivotného prie-
storu) a druhovej diverzity. Cielom prispevku je roz-
pracovat metodické zaklady pre analyzu vztahov medzi
obhospodarovanim porastu a jeho Struktirou a prispiet
tak k prepojeniu produkénych a ochrandrskych aspek-
tov obhospodarovania lesa.

Prvym déleZitym zdkladnym nastrojom pre spomina-
ni analyzu sd indexy, ktoré mdZu spelahlivo kvantifi-
kovat horizontilnu Struktiru rozmiestnenia stromov,
vertikdlny druhovy profil a druhové zmieSanie drevin
a byt tak indikéitorom habitatovej a druhovej diverzity.
Druhym déleZitym ndstrojom je porastovy simulator
SILVA 2.0, ktory umoZziiuje progndzovat dynamiku vy-
voja porastu pre Siroké spektrum stanovistnych pod-
mienok, vychodiskovych porastovych Struktir a variant
obhospodarovania porastu.

Prica sa opiera o zdkladny empiricky materidl po-
chiadzajici z 82 wvalych vyskumnych ploch (tab. I),
ktoré pracovnici Katedry vyskumu rastu lesa (Ludwig-
-Maximilians-Universitit Miinchen) dlhodobo sleduji
v rovnorodych a zmieSanych porastoch v oblasti Ba-
vorska. Na najstarSej z tychto intenzivne sledovanych
ploch prebiehaji merania uZ od r. 1928, na najmladSej
od r. 1995, Plochy pokryvajd Siroké spektrum porasto-
vych podmienok z hladiska veku, foriem zmieSania, in-
tenzity zmiefania a spdsobov obhospodarovania; pred-
stavujd jednu z najlepSich moZnosti parametrizdcie
rastového simulatora SILVA 2.0.

Indexy R od Clarka, Evansa (1954) — vztah
I-3aSod Pieloua (1977) — vztah 6-7 identifikuja
horizontdlnu Struktiru rozmiestnenia stromov, resp.
druhové zmieSanie v lesnych porastoch, a vysvetluji
tym rdzne aspekty horizontdlnej heterogenity. Pre kvan-
tifikdciu obsadenia porastového priestoru drevinami bol
skonStruovany index A — vztah 5, ktorého podstata sa
opiera o Shannonov index (Shannon, Weaver,
1948). Kazdy z tychto indexov charakterizuje len uréi-
ty, Specificky aspekt priestorovej Struktiry. Siroka
a podrobnd diagndza Struktary porastu je moZna len si-
borom (vektorom) indexov Struktiry, ktory sa v rdmci
tohto vyskumu sklada z indexov R, A a S.

Jednotlivo stromovy, poziéne zdvisly, rastovy simu-
lator SILVA 2.0 rozklada lesny porast na mozaiku jed-
notlivych stromov, ponima ich ako priestorovo-Zasovy
systém a je preto pouZiteIny nielen pre rovnorodé, ale
aj pre rdznoveké a zmie$ané porasty (obr. 5). V prvom
rade je uréeny na pomoc pri rozhodovani sa o spdsobe
obhospodarovania porastu. Tym, Ze umoZiiuje variantne
prognézovat vyvoj lesa pri réznych scenaroch obhospo-
darovania, réznych porastovych Struktirach a stano-
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vitnych podmienkach, je simulitor SILVA 2.0 pouii-
telny aj ako vyskumny ndstroj. Spdsob prepojenia pro-
gramovej rutiny pre analyzu Strukeiry porastu na rasto-
vy modul bude ¢itatelovi jasny po ziskani prehladu
o zikladnych elementoch a funkénych principoch ras-
tového simuldtora, ktoré si podrobnejSie popisané
v pricach Pretzsch (1992), Kahn, Pretzsch
(1997) a Kahn (1995).

Algoritmus prognézy vyvoja lesa sa sklada z tychto
krokov: na zafiatku sa nacita vychodiskovi Struktira
a stanovi§tné podmienky progndzovanych perastov
(zoznam s dimenziami jednotlivych stromov a stano-
viStnymi parametrami). Druhym krokom je transforma-
cia parametrov prirastkovych funkcii s ohladom na sta-
noviite. Ak si Startové veliCiny kompletné, zacina
vlasiné prognézovanie. Ak ale vychodiskova Struktira
nie je kompletnd, napr. chybaji koordinaty jednotlivych
stromov, si v ramci kroku 3 chybajice data doplnené
pomocou generitora Strukliry porastu. Po vytvoreni
priestorového porastového modelu (krok 4) sa v piatom
kroku stanovi program pestovného obhospodarovania
porastu. V Siestom kroku sa pre kazdy strom stanovi
z trojdimenziondlneho porastového modelu konkurenCny
index, ktory shiZi v siedmom kroku na odvodenie vyvoja
jednotlivych stromov. Kroky 5 aZ 7 st opakované tak
dlho, pokial cez pitrocné intervaly neprebehne cely Cas
prognozy. Paralelne k stanoveniu v uZSom slova zmys-
le produkénych veli¢in (taktieZ v pitroénem cykle) sd
vo vystupe vysledkov informicie aj o kvalite stromov,
sortimentovej Struktdre a finanénom vynose. Na zakla-
de trojdimenziondlneho modelu je moZné podla vztahov
(1), () a (7) urcit aj spominané indexy pre posudenie
horizontilneho rozmiestnenia stromov v poraste — R, ver-
tikdlneho druhového profilu — A a druhového zmieSania
— 8. Indexy tak vytvaraji premostenie na ckologicki
taxdciu skimanych porastov.

Prepojenie analyzy $truktiry porastu s rastovym si-
muldtorom je nové a v prispevku je bliZ3ie predstavené
na zdklade série simulanych priebehov. Pri tom je ana-
lyzovany efekt vplyvu rdznej vychodiskovej Struktiry
porastu (jednotlivo stromové alebo skupinové zmieSa-
nie), rézneho druhu prebierky (podirovriovd a vyberova)
a roznej sily prebierky (slabd, mierna a silnd — obr. 7) na
porastovu vystavbu pomocou indexov R, A a §.

Prica konkrétne pojedniava o dynamike Struktdry
smreko-bukového porastu (obr. 6) na erstvych piesci-
to-hlinitych pddach (stanovistnd jednotka 24) z oblasti
Hornobavorskej terciérnej hornatiny, kde smrek dosa-
huje bonitu 40 (podla rastovych tabuliek Assmann,
Franz, 1963) a buk 1. bonitu podla Schoberovych ras-
tovych tabulieck (Schober, 1975), ¢o moZno vieobec-
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ne charakterizovat ako vel'mi dobré rastové podmienky.
Pri Startovej situdcii (vek smreka je 40, resp. buka 30
rokov) je pocet stromov zdruzeného porastu 2 196 ks.ha™
a kruhovi zakladiia 45,2 m®.ha™'. Smrek a buk ma pritom
priblizne rovnaky podiel na kruhovej zdkladni.

Porovnanie podiroviiovej a vyberovej prebierky
zvyraziuje Struktiru formujici potencidl modernych
vychovnych programov. S podporou vektora Struktural-
nych parametrov je kvantitativne dokazané, Ze pestovné
opatrenia ako napr. reguldcia zastipenia, &istky a pre-
bierky predstavuji vyznamni moZnos(’zabezpedenia
Strukturdlnej pestrosti a ekologickej stability lesnych
porastov. '

Na zadiatku prognézy viac menej ndhodné horizon-
tilne rozmiestnenie stromov celého porastu je vplyvom
podiroviiovych zisahov (predovSetkym ak si silng)
zmenené na typicky pravidelné. Nami ponimana vybe-
rovd prebierka vedie (predovietkym v slabej a miernej
variante) k ndhodnej az hidcikovej Struktire, pretoZe
nositelia prirastku si v skupinach a podrast s porasto-
vou vypliiou ostiva zachovany. To vedie k porastovej
Struktire, ked sa vedla seba v poraste striedaju Casti
s vysokym zakmenenim s Castami medzernatymi (obr, 8).

Pokial druhovy profil (charakterizovany indexom A)
pri podiiroviiovej prebierke s ¢asom prognézy skoro li-

nedrne klesd, zachoviva vyberova prebierka, zvIast ked
je slaba a mierna, aZ do konca prognézy velku priesto-
rovi heterogenitu. Pri poddroviiovej a vyberovej pre-
bierke zachovidvaji slabé a mierne zdsahy vieobecne
vac§iu pestrost Striktury ako silné zasahy (obr. 9).

Nezidvisle od zaciatocénej Struktiry vedie droviiovd
prebierka k vyrazne segregovanému vyskytu drevin, t.j.
k zosilnenej medzidruhovej konkurencii. Presne naopak
vo vzfahu k zmie$aniu drevin pdsobi podiroviiovi pre-
bierka, t.j. homogenizujuco. Prostrednictvom odstrine-
nia slab$ich stromov sa Casti s medzidruhovou konku-
renciou premiefaji na Casti s viac menej druhovo
rovnakymi susedmi (obr. 10).

Ukazovatele horizontdlneho rozmiestnenia, vertikal-
neho druhového profilu a druhového zmiesania stro-
mov v poraste dokazuju, Ze predovietkym slabé a mier-
ne droviiové prebierky predstavuji vyznamni moZnost
ovplyviovat formovanie Struktiry porastu a tak aj po-
rastovej diverzity. Uskutoénené spojenie informdcii
o Struktdre porastu s doteraz vyluéne produkéne orien-
tovanymi prognostickymi modelmi otvidra pre pestova-
nie lesa moZnosti optimalizicie medzi produkénymi as-
pektmi a aspektmi porastove] stability.

Contact Address:

Prof. Dr. Hans Pretzsch, Lehrstuhl fiir Waldwachstumskunde der Universitit Miinchen, Forstwissenschaftliche Fakultit,

Am Hochanger 13, 85354 Freising, Germany

LESNICTVI-FORESTRY, 44, 1998 (10): 429-439

439



