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AB STRACT: The aim of the stud y is to quanti fy the effect of silvicultural treatmen ts on the spatial struc tur e of fores t stands.

The firs t impo rta nt basis is indic es that arc capable of reliably quant ify ing horizo ntal tree distribution patterns. vertical s tand

profil e and segrega tion of species. The second means of modelling the spatial s tand dynamics is the single-tree simulato r

SILVA 2.0 . By combining SILVA 2.0 with a progr am module for structural analysis, we get a flex ible tool with the hel p of

which we can examine the intl uence of different regeneration tech nics. thinnin g reg imes and site co nd ition s on growt h. yield

and spatial stand structure. By a se ries of simulation run s, the influence of the initial struc ture , thinning me thod 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 thinnin g from the top offe r an effec tive possibility to form the stand structure and support its div ersity .

Thinning from below has a more homogeneous effect on the spatial stand structure . Th e desired integra tion of structural

diagn osis into prog nosis models that hitherto ha ve bee n aligned to gro wth and yield exclusiv ely offers the pos sibility of

co nsidering, quantifying and optimizing produc tion and stability aspects of ailvicul tural treatment.

diver sity; struc tural para me ters and scenarios; growth simulation; stand trea tment

ADSTRAKT: Cief'om prispevku je kvan titativ ne pre skumanie vplyvu pesto vnych opatrcni na pries torov u hetero genitu a tym

aj na dru ho vu diverzitu lesny ch porastc v. Prvym d61ezitym zakladny m nastrojom su tu indexy , ktore mail! spolahlivo

kvantifikovat horizonta lnu gtruknl ru rozmiestneni a strc mov, verti kdlny dru hov y profi l a druhove zmiesanie drevin . Druh ym

do lczitym nas trojo m. krory umcz fiuje reprodukovar priestorovu Strukniru pc rastu a jej dyn amiku . je po rastc vy simulato r

SILVA 2.0 Prepojenim jednej z programc vych rutin urcenej na analyzu It ruktury po ras tu s vlastnym porastovym simulatoro m

SILV A 2.0 vzniko l flex ibil ny progn osticky a vys ku rnny nas troj . kto ryrn je moznc skumar vplyv re znej porast o vej vys tavby.

spcsobov obhospodarovania a stanovistnyc h podmi en ok nielen na drevmi produ kci u. ale aj na Struk turu lesa. V ramci serie
sirnul acii sa v pris pevku sleduje vplyv vychodiskovej struktury porastu. druhu a sily prebie rky na prtes torovu I rrukturu

zmtesancho smre ko-bukoveho porastu. Vysled ky. ktore v podob e indexov charakte rizuju hcrizontalnu Itrukturu rozmiestn enia

stromov. vert ikaln y druhovy profil a druhove zmiesanie drevin. potvrdzuju , ze predo vse tky m slabe a mierne urovnove zasahy

po nukajti moz nosr form ovania pcrastovej s truktury a tym aj podpory diverzi ty porastu. Podurovno ve prebierky nunpak vply

vaj tl na pr iestc rovtl porastovu I tru kuj ru ho mogenizu j uco. Uskutocnene spojenie infc rmacf 0 Itrukture poras tu s dorcraz vy

ludne prod ukc ne orien tovanymi prog nostickymi model mi orvara pre pestova nie lesa moinosti optimalizacie medzi produk cny 

mi aspcktmi a aspektm i porastovej stability .

diverzita ; indexy a seenare Itruktury; simulacie rastu lcsa: obho spodarovanic poras to v

INTRODUCTION

In commercia l forests spatial stand structure is con
sidered as an impo rtant factor in determining habitat
and spec ies d iversity. Qua ntitative studies on this sub
ject show that increa sing heterogeneity of horizontal
and vertical stand structure is concomitant, as a rule,
with a higher number of species and with grea ter eco-
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logical stability (A I t e n k i r c h , 1982; A m me r et
al.. 1995; Bl ab . 1986; Ell en b erg et al.. 1985;
H a b er , 1982). Silvicultural operations can modify the
stand structure and therefore have an important poten
tial in securing stan d diversity and eco logical sta bility.

The objective of the present investigati on is to elabo
rate methodologica l prin ciples for J sys tematic analysis
of relationships between stand treatmen t and spatial
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stand struc ture . As the fi rst essenti al basis indices can
be used wh ich give a quantitat ive id ea of hor izontal tree
dis tr ibution pattern, vert ica l spec ies profile and inter
ming li ng intensity of tree spe cies and hen ce serve as
va luable indicators of habitat and species diversity. The
second importa nt basis is the stand growth simu lator
SILVA 2.0, wh ich is capable of reprod ucing spatial
stand dyna mics for a wide range of si te conditions, in
itial s ta nd structures and treatmen t va ria nts
(P re t z s c h , 1992). For the pur pose of this investiga
tion SILVA 2.0 was extended to inc1ade a program rou
tin e for struc tura l analysis and st ruc ture diagnosis .
A research instrument has thus been developed with
whi ch the infl uence of si ivicul tura l operatio ns on spa 
tial st and structure ma y be analysed by simulation . In
a series of test runs with SILV A 2.0 the long-term effec t
of slight , mode rate and heavy th inning from below and
selective thinn ing as well as the effect of different mix
ture types on the spatial stand structure were investi
ga ted.

MATER IAL AND METHODS

MATER IAL

The da ta for the study co mes from 82 long-term
experimental plots in mixed stands of spruce and beech
in Bavaria (Tab. I) . The single tre e simu lator SILVA
2.0 was ca librat ed and va lida ted with the growth and
yie ld da ta from this network of survey plo ts. The oldest
plo ts have bee n under survey since 1928, the you ngest
we re es tab lished in 1995 . The plots cover a broad ran ge
of di ffe rent ages, pro portio ns and structures of m ixture,
thinning regimes and site co nditions. The model func
tio ns are fitted wi th the wh ole data set of the ne twork.
However the foll owing sim ulation ru ns represen t the

stan d struc ture dy na mic on a recen tly established age
ser ies nea r Freis ing on fresh sandy loams in the Upper
Bavaria n tert iary montane area (growth district 12 .8
.Dberb ayerisches Tertiarhugelland") , Spruce has a pro
ductivity index of 40 according to the spruce yie ld ta
bles by Assma nn , Franz (1963), whi le that for
beech is class I according to the bee ch-yield table by
S c h o b c r (1975) , which implies exce lle nt growth
conditions for both tree species. On the model led test
plots of 0.25 hec tare s beech has 10 years' growth ad
vantage over spruce . At the start of the prognosis runs
(age of spru ce and beec h 30 and 40 years, respectively),
the ste m number was 2196 trees per ha, wi th a basal
area of 45.2 square met res per ha . Spruce and beech
occupy equal portions of the basal area.

METHODS

To deter mi ne and identify spatial stand stru ctures we
can make use of a reper toire of rel iable quadra t coun t
and distance me thod s, as compiled by P i e I () u ( 1975,
1977) , R ip ley (1977 ,198 1) and Up ton , Fing
le ton ( 1985 , 1989). Th e indi ces R by Clark ,
E v Cln s ( 1954 ) and S by P ie I o u ( 1977) identify the
horizon tal tree di st ribution pattern and the intermin
gling of species , resp ect ively, and thus quan tify diffe r
ent aspects of spatial heteroge neity. Index A for the
vertical species profile, developed in analogy to the
index by S h an n 0 n ( 1948) se rves to quantify the spa
tial distribution of tree species.

Aggre~ation index R by C I ark, E v a n s

The agg rega tion index by C I ark , E van s (1954)
describes the hor izontal tree dist ribut ion pattern by re-

1. Da ta base of the study is 15 long- term experime ntal plots in mixed stands of spruce and beech in Bavaria (x = data available)

Species Location
Number of To tal area Begin ning Num ber of Ste m Cro wn You ng grow th

plots (ha) of survey surveys chart dimens ion inventory

sp/be Zwies el 8 1.86 1954 6 x x

sp/be Zwiesel 10 3.00 1985 2 x ,
sp/be Mi ttcr tei ch 3 0.76 1928

sp/be Frei sin g fi 3.0 1994 I x x x

sp/be Scbcngau 8 4.0 1995 I x x x

sp/be Bodenmais 5 2.5 1995 I x x x

sp/fir/be Kreut h 22 360 1973 2 x x x

sp/fi r/ be Zwiesel 4 1.93 1987 I x x x

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

sp/fi r/be Frey ung 3 1.50 1980 3 x x x

sp/fir/be Boden mais 2 1.00 1981 3 x x x

splfi r/ be Ruhpo lding 2 0.3 1 1953 8 x x x

sp/fir/be Ruhpolding I 0.30 1963 5

sp/fir/be Marquar tste in 2 0.8 1 1953 5 x x

sp/fir/be Wo lfegg I 0.3 I 1952 6 x x x
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This obse rved distanc e to the nearest nei ghb our is
related to the expected average distance for rand om tree
di str ibuti on

lat ing the observed average dis tance to the nea rest
nei ghbour to th e average di stance to be expected when
trees arc ra ndo mly distri bu ted .

where: r i - distances of i = I ..N trees to thei r nearest neighbours
on the test plot,

N - total number of trees on the test plo t,
F ~ area of test plot in squa re metre s.

(5)
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where : S - number of species occ urring in the stand,
Pi - po rtion of species in re lati on to tota l populat io n

" i
Pi"' fj

!/ ; ~ frequency of species i.
N - total number of individuals.

I. Ident ificat ion of fo ur horizontal tree distribution patterns by the
aggregation index of C I ark . E v Do n s (1954) . The symbol size is
prop ortio nal to the stem diameter at a height of 1.30 metres. R-vulues
of more than 1.0 indicate a trend to regular dis tribution. values below
1.0 indica te a trend to clustered distribution. Random distribution is
indicated by values of R '" 1.0

s z

A==- I LPi;· ln pU

i '" t l » I

Index H for species diversity is deri ved fro m the
product of speci es portion P; and logarithmic species
por tion In Pi for the sum of a total of S species occ ur
ring in the stand. By introd ucing the logarithmically
transformed species por tion as a multiplying factor, the
index is dispropo rtio nately rai sed by rar e spec ies, while
do minant spec ies lead to a disproporti onatel y low in
crease. The index A for the vertical spec ies profile de
veloped in the course of this study co nsiders spec ies
portions separately for three height zon c::s rang ing from
oto 50%, 50 to 80% and 80 to 100% of maximum stand
height.

(I )

(2)

(3)

R ::::: r observed
r expect ed

N

L>i
- 1", 1
r observed = N

- 1
r expected = _rN

T"~F

Theoreticall y, R lies between 0 (greatest clu sterin g)
and 2. 1491 (re gular hexagonal patte rn) . Aggreg ation
values be low 1.0 sho w a tende ncy towards cluster for 
mati on, while those arou nd 1.0 are ind icative of random
di stribution and those ab ove 1.0 re veal a tendency to
wards regula r dist r ibut io n. Ag gregati on index R is
he nce a measure to what extent the observed spatial
patt ern d ive rges from a random or POIS SON distribu
tion . It can be used for the overall stand as well as for
individua l tree species in the stand (F ig . 9) .

Th e ca lculat ion of the aggregat ion index R for the
tree dist ribution patte rns sho wn in F ig . 1 (above) gives
va lues for R which lie betwee n 1.4** and 1.2*, revealing
rathe r more reg ular distribution patte rn s as are usuall y
found in ag e class forest s thinned from belo w. When
R ~ 1.0 (Fig. I , be low, left hand side) this is indi cati ve
of a random di stri buti on typi cal o f selecti on fo res t
stands and virg in fore sts, while an aggregation index of
R ~ 0.9 (F ig. I, below, right hand side) shows a ten
dency to clustering . The sy mbols * and ** designate
re gul arity with an error pr ob ability of 5 and 1%,
respecti vely .

R is ob taine d by calc ulating the d istances r i,i = I.. .N

to the nearest neighbour for each of N trees on a test
plot of size F, and the n proceedi ng to calc ulate the
average dist ance .,

Index A for the vertical species profile

The ind ex A for the species profile is based on the
index H by S h ann 0 n , W e a v e r, origi na lly devel 
oped in the con text of information theory and later ap
plied to the descrip tion of spec ies diversity in biological
sys tems (S h ann 0 n, 1948).

5

H~ -I l'i .ln Pi (4)

i", 1

where : S - number of spec ies in the stand,
Z - number of heig ht zones (three in this case).

n ·
Pij - species portions in the zones Pij::::: 1f

flij - freque ncy of species j in zone j,
N - total numbe r of individua ls .

Index A summarizes and quantifies spec ies diversity
and distribut ion of species in the stand. While the index
is lowest in stands with one-storied pure stands, it rise s
for pure stands wi th two or more layers. A mixture of
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2. For the diagnosis of the species profil e index A. the stand is
subdivided into three height w oes. The zones ' l to 3 represent 100
80% . 80-50 % and 5Q-.-O% of the maximum he ight of the stand. For
the co mputation of index A. the proportio ns of the different species
are counted out separately according [0 the different heig ht zones

Segrega tion in dex by P ie I o u for th e inte rm ingling

or species

The seg re ga tion index S by P ie Io u ( 1977) deter
mines the inter ming ling of two tree species according
to the nearest neighb our method. For its calculatio n
a search run serves to de termi ne the species of the near
es t neighbour for each of N trees on the test plot. giving
the numbe r of trees of spec ies I and 2 (m, Il) , the num
ber of trees with neighbours of their own spec ies (a, cl)
and with neighbours of the other species (e, b). The
segregation index is thus derived fro m

(6)
5 ::::: I _ observed number of mixed pairs

expected number of mixed pairs

A = 1.65A= I.00

3. Species pro file index A for mono-layered and multi.l ayered pun:
and mixed stands of spruce and beech

If the observed number of mix ed pa irs is higher than
the expected one. this will lead to S < 0, ind ica ting

11. Four-fiel d table wi th the basic variables for the comp utation of
the se gregation index S according [0 formula (7 ). Explanat ion of (he
variables in (he te xt

(7)
N. (b+c)

(v . n + w.lIl)
5 = 1

Nea rest neig hbour

I tree speci es I tree spec ies 2 total

Base tree species I " b m

Base tree species 2 c d "
Total , w N

and will lie betwe en - 1.0 and + l.0. From the basic
values in the 2 x 2 tab le (Tab . Il ) it is ca lcula ted as
follows :

A = 1.05

A::: 1.74

A = 0.69

+. Identifi cation of the mixture type of beech (black) and larch (light
grey) by the segreg ation index of P ie l o u ( 1977). 5-vahles of more
than 0 indicate a trend {O segrega tion. values below 0 indicate a trend
to association. Independent distribution of spec ies is indicated by
values near 0

a close cou pling or associa tion of spec ies. Con versely.
if the obse rved number of mixed pa irs is lower than
expected, then S > 0 and is evi dence of segregation, i.e.
the spatia l separation of species. W here S ::; O. i.e . the
number of observed and expected mixed pa irs is equal.
then specie s are distr ibu ted independently of each other.

T he mixed stands of beech and lar ch from the
Sel ling in lower Saxony in Fig. 4 reveal a wide range
o f int er mi ng ling int ensit ies. W hile big c luster and
grou p m ixtures (F ig. 4, abov e) have segregation ind ices
o f S ~ 0.43tt and S ~ 0.11, respectively. small clusters
and sing le tree mi xtures (F ig . 4. be low) tend to lower
them to 5 = - 0.25x . High segregation indices are indi ca
tive of pro nounce d intra-species co mpe tition. whereas
low va lues imply spec ies association and the dom inan ce
o f compe titive cond itions between spec ies; The symbo l
tt show s significant segregation with I% error prob
ab ility, x ind icates sign ificant associat ion wit h 5% error
pro bability .

several species effec tive ly raises the index and pea k
values are reached in m ixed stands wit h he teroge neous
structures (Fig. 3). Every de viat ion from the one-storied
pure stand is retlec ted in a dist inct r ise in spec ies pro
file index A.

Stand growth simulator SILVA 2.0 with program
rou tine for str ucture diagnosis

Th e pos itio n- d epe nde nt ind iv idua l tree model
SILVA 2.0 breaks down forest stands into a mosa ic of
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individual trees and reprod uces their interactions as
a space-time system. It can there fore be used for pure
and mixed stands of all age comb ina tions . Primaril y it
is designed to assist in the dec ision making processes
in forest management. Based on sce nario calcu lations
SILVA 2.0 is able to predict the effects of site condi 
tions, si lvic ultura l treatments and stand struct ure on
stand development , and therefore also serves as a re
se arch instru ment. To explain the inc?rporation of
a program routine which permits structural ana lyses ,
a representation of the essential elementsof SIL VA 2.0
is provided in Fig. 5. For de tails on the mode l see
Pretzsc h (1992), Ka h n , P r e t z s ch (1997) and
K a h n (1995) .

Th e first model element reflects the rela tionship be
tween site conditions and growth potential and aims at
adapting the increment functions in the model to actual,
observed site condi tions . Wit h the aid of nine site fac
tors reflect ing nutritional, water and temperature condi
tions the paramete rs of the growth functions are deter
mined in a two-stage process (K a h n , 1994). The stand
structure generator STRUGEN facili tates the large-scale
use for position-dependent individual tree growth models.
Th e generator converts verbal charac terizations as com
mon ly used in fores try prac tice (e .g. mixture in small
cluste rs, single tree mixture, row mix ture) into a con
crete in itial stand structure with wh ich the growth
mode l can subsequently commence its forecasting run
(P r e t z s ch , 1997). The three -dime nsiona l structure

site conditions Module reflecting Site /

sta rting values
GrowthRelationships

~
Stand
Structuremtsstng
Generator,

'1
'0

~ 3D Structure Module I

I Thinning Model I,
I Competition Model I,

y Allocation Model I

it.itJ~ ·
output

1_0 , 20 1-40

t 0 .. n

Stem Quality,Assortment,
FinancialYield output

, 0 .. 1I

StructureAnalysis:
I Indices for Diversity output

t 0 .. n

5. Scheme of the stand growth mode l SILVA 2.0 with the program
module for structural analysis
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mode l uses tree attributes such as stem pos ition , tree
height, diame ter, crown length , crown diame ter and
species-related crown from models to construct a three
-di me nsi ona l stand structure model. The generated
three-dimensio nal mode l of the observed stand supplies
the basis for the derivation of structura l ind ices R, A
and S. The thinning model is also indiv idual tree based
and can mode l a wide spectrum of trea tmen t programs
(K a h n , 1995) . T he core of the thi nning model is
a fuzzy logic con troller. In the simulation studies de
scri bed below the thinning mod el simu lates var ious
thinning methods (thinning from below and selective
thinning) and thinning intensities (slight, moderate and
heavy). The com petition mode l employs the light-co ne
method (K a h n , Pr e t z s c h , 1997) and ca lculates
a competit ion index for every tree on the basis of the
three-dimensional stand mode l. The allocation model
controls the development of indiv idual stand elements.
Tree diameter at height 1.30 m, tree height, crown di
ameter, heigh t of crown base , crown shape and surviva l
status are contro lled , at five year in tervals, in relation
to site condit ions, interspe cific and intraspecific com
petition. Finally class ica l yield info rmation on stand
and single tree level for the prognos is period are com
piled in listings and grap hs. Addi tional information on
stem quali ty, assortmen t yie ld and financial aspects
completes the grow th and yie ld characteristic.

At every stage of the simulation run a program rou
tine for structural analysis calcu lates a vector of struc
tural ind ices which serve as indicators for habi tat and
spec ies diversity . Based on the three -dimensio nal struc
tural model the indices desc ribed above can be calcu 
lated, i.e. the horizonta l tree distribution pattern index
R, the vertical species profi le index A and the intermin
gling index S, which form a link with the ecolog ical
assess ment of forest stands .

The algori thmic sequence for pred icting forest de
velopment compr ises the following steps: The first step
is the input of data on the init ial structure and site con
ditio ns of the mon itored stand. Secondly, the para me
ters of the growth functions are adapted to actua l site
conditions. Once the starting values for the prognostic
run are com plete moni toring ca n begi n. If there are no
initial values , e.g. ste m pos itions are unknown, the
miss ing data can be rea listica lly complemented with the
help of the stand struct ure generator. Once the spatial
model has been constructed (step 4) the silvicu ltura l
treatment program is spec ified in the fifth step. The
competition index calculated for each tree through the
three -dimensiona l mode l in step 6 is used in step 7, to
contro l individual tree deve lopment. Steps 4 to 7 are
repeated until the entire prog nostication period has been
run through in 5-yea r steps.

RESULTS

The use of structu ral ana lys is in conjunction with
a stand growth simulator is explained now on the basis
of a series of simulation test runs. Spec ific examp les
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will serve to dem onstrate the effe c ts of d iffe ren t s tand
establi sh ment struc tures (s ingle or g ro up mixtures ), dif
ferent thinning met hods (thinning fro m be low and se
le ctiv e th in nin g) and di ffer en t thi n ning i nten si tic s
(s lig h t. modera te and heavy ) On the spatial s tand.

The input co mprise s tw o di fferent var iants of mix
ture struc ture (F ig . 6). T he first is a s ing le tree mixture
with a rando m hori zont al d istrib ut ion patt ern of the to
tal stand as well as for spruce and beech separate ly (R ;

1.03 , R,pcuce = 1.0 I , Rbeech = 0 .99)..;In thi s case the
seg regatio n index by Pie Iou shows an ·independent di s
tributio n of the two spec ies (S = 0 .034 ). Fo r the second
variant a group mixture of beech wi th sp ruce was se
lected as the initia l struc ture. In th is case the hor izontal
di stribution pa tte rn of beech shows signifi cant cluste r
ing (R beech = 0.68**) a nd the se grega tio n index by
Piel uu revea ls a high ly significa nt segrega tio n of
spru ce and beech (S = 0.572t t i"l. Both stands hav e
similar vert ica l spec ies pro files; A = 1.55 is ind icative
of great structura l di versity in species representat ion .
Th e thi nning reg imes simulated in the 100 years las ting
pro gnostication per iod are characteri zed in Fi g. 7 in
term s of the correspond ing number of stems and the
basal area de velopment of the remaini ng sta nd. T hin
ning from a bo ve was carr ied out in the fo rm of stcpwise
selective thinning according [Q the "S chw eiz er Ausle
sedurchfo rstung", Wh en considering two bas ic struc
tures (single tree and group mix tures), two thi nning
methods (th inning from be low and from above) and
three th inning intensities (s light, moderate, heavy) the
re sul t is 12 de vel opment wh ose sp at ial s tru ctura l dive r
si ty is di scussed be lo w.

The hor izontal tree distribut ion pattern

T he mo re o r less rando m hori zo nta l tree d istribution
pattern of the to ta l sta nd at the beg inning of the pro g
nosti catio n pe riod is conve rted into a ra ther more regu
lar pa ttern on account of thi nnin gs from below , es pe~

cially if thes e were intense (Fig . 8). T his tendency for

regu lar di str ib utio n patterns to be caused by thinning
from be low can be attributed to the systematic remo val
of unders tory and intermediate trees, which ine vitably
lea ds to quali tat ive ly satisfactory, dom inan t trees re
maining in the stand at ra ther more regul ar int er val s.
This res ults in stands with a homoge neou s spatial struc
ture. S tand structures of this type are more and more

rep laced by more inte nse ly structured s tands wh ich are
main ly th inned fro m above. Selec tive thinning as ob 
served in th is study . espec ia lly in its slight and mod er
ate va ria nts , causes random to clu stere d tree di str ibu 
tion patt ern s , s ince vigo rous trees occ as iona lly are left
to grow in groups while undersrory and intermediate
trees are be ing maintai ned . T his leads to tree d istribu 
tio n pattern s, w here part s with den ser stocking ex ist
next to those w ith lesser den sity. \Vhen th inn ing fro m
below and selective thi nning is carr ied out sligh tly to
moderatel y the y pro vide g reate r heterogen e ity than
heav y thinning s. This is due to the fact that heavy thin
ning from above supports the ing row th of unde rsto ry
and intermed iate tree s into the domin an t stand class and
heavy thin ning fro m below remo ves all trees o f the
lower soc ial cl asses. Both me tho ds s trengthe n te nden
cies tow ards regular tree d istr ibut ion patterns.

A look at the spec ies -re lated tree distr ibu tion pat
terns of spruce and bee ch reve al s that spruce tends to
maintain its init ia l distribution pat tern . Th is is agai n an
example of the effect, as ev ide nced in the ov erall stand.
tha t s light and moderate thinn ing fro m be low leads to
rather greater spatia l hom ogen eity, wh ile se lec tive th in 
ning is seen to be the cause of rather greater spatial
hete rogene ity in stand structure. Beech te nds to occur
in cl usters, independent of wheth er it initia lly grew in
gro up mi xtu res o r sing le tree mi xtures. T his is less pro 
nounced when treatme nt con s isted of thinning fro m be
low ra the r than in se lective th inning . In s ing le tree mix
tures and large and small cl uster mixtures th inning from
abov e very o fte n causes co res wi th intrasp ccific com 
pet ition to re main . S ince beech is inferior to spruce at
the observe d site , its in itial d istrib utio n patt ern is be ing

R " 1.03
S " 0.034
A " 1.55

434

R " 0.96
S " 0.572
A " t.55

o \0 :!O m

6. Init ial struc tures 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. Rn = 1.0 1. RHU
=0.99. S =0.034. A = l.55 and for group
mixture : R = 0.96 . Rn = 0.9 3. Rsu =
0.68" , S = O.572ttt, A = 1.55
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grams of this study (Fig. 9). Only when a new stand
genera tion grows in a subseq uent regeneration phase
does index A seem to recover. \Vhile the species profile
shows an almost linear decrease in the course of the
forecas ting period on account of thinn ing from below
(Fig. 9, above). selective thinning, especially if slight
to moderate. mainta ins greater spatial heterogeneity un
til final felling (Fig. 9, below), With both, thinning
from below and above, slight to moderate thinning fa
vours greater struc tural diversity than does heavy thin
ning. The higher spec ies profi le index A in stands

.thinned from above is attributable to understory and
intermed iate stands which can be maintained over the
entire production period through slight and moderate
thinning of (he uppermost layer. The re is no statistically
significant effect of initia l stand structure (Le. single
tree mixtures, large and small clus ter mixtures) on the
vertica l species profil e A. Any differ ences in species
profile between sing le tree and gro up mixtures which
existed at [he start of the prognostication period are
being totally superimposed by both thinning method
and intensity.
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8. Developme nt of the aggregation index R for the whole stand
(spruce and beec h together) duri ng me prognostic period of one hun
dred years. Thinn ings from below support regular distrib ution. 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.

T he ver tical species profile The intermingling of species

Wi th progressive ageing and differentiation all simu
lated stands suffer a loss in vertical struc ture. The par
ticularly severe competition for light in these phases
which leads to the decl ine of structure-contributing but
poorly supplied stand elements at lower height levels is
evide nced by the severe reduction in index A in pole
crops and young timber observed for all thinnin g pro-

Similar res ults, in overall tendency. are obtained
when analyzing species intermin gling S under varying
thinning regimes and in tensities (Fig. 10). Differences
initially evident in interm ingling intensity. with pro
nounced intermingling for single tree and small cluster
mixtures and poor intermingling for large cluster mix
tures are increasing ly 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

10. Effect of initial struc ture (single tree mixture and group mixture)
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

methods in the course of the lOO years lasting forecas t
ing period. Independent of the initial stand structure.
thinning from abo ve leads to a rather more segregated
occurrence of species. i. e. to co res with stronger intras
pecie s com petition. By contras t, thinning from below
led to stand homog enization, also as regards the inter
mingling of species. The more inte nse removal of weak
trees causes stand parts with intraspecies co mpetition to
be increasingly replaced by those whose neighbours be
long to the other species . Similar interspecies neig hbour
relationsh ips at a large scale co ntrast here with hetero
genous stand structures when thin ning is done selec
tively . As in species profile inde x A the segregation
index by Pielou shows a part icu lar reactivity, especially
in the pole cro p and young timber. to subsequent com
petitive proce sses and the thinni ng regi mes then em
ployed . In middle and higher stand ages only slight
shifts undergo in species intermingling. This supports,
quantitatively , the well-known silvicultural ru le that
gro wth regulation in forest mix tures is effective in
young stands only.

DISCUSSIO N

The use of a program routine for structural analysis
in conjunction with the stand simulator SILVA 2.0 led

to the deve lopment of a feas ible model with which the
effect s of diffe rent stand structures, thinning reg imes
and inten s it ies on the structural div ersity of mixe d
spruce-beech stands can be studied. The simulation re
sults ob tained serve as examples and the small num ber
of samp les as yet permits no general izat ion of the de
scribed resul ts. Indices R, A and 5, used to quanti fy
hori zontal distribution patterns, vertical spec ies profile
and inte rmingling of species , respectively, highlight
merely selected aspect s of spatial stand structure. The
implementation of further indices would lead to an even
more accurate descripti on of struc tural stand formation.
In parti cular, 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 diversi ty.

First predi ctive runs give quan titat ive evidence that
stand establishment and stand treatm ent methods pro
vide effective means of control to improve stand struc
ture and diversity . The compariso n between thinning
from above and below emph asizes the poten tial of mod
ern treatmen t programs to improve stand structure.
A vecto r of struc tural para meters gives a quantitative
idea to what extent silvic ultural measures such as mix
ture regul atio n, remo val and thinning can be used as
effective co ntro l instruments in secur ing structural di
versity and ecolog ical stability.
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Ind ividu a l tree models. provided they are bas ed o n

so und para meterisaticn . offer the best possible link with
the ana lysi s of stand structure by reprodu cing stand dy
namics as a time -space system, since. in combination
with the spatial mod el, any amo unt of structural infor
mati on is available for every phase of the simulation
fun. Thus, for a wide range of forest structures, treat
men t regimes and site conditions and apart from basic
natural product ion indices (e.g. deve lopment of stem
numbers , basal area, stoc k, increment), structur al pa
rame ters are obta ina ble whic h ca n be used as ind ica tors
for habitat or species di vers ity. In this manner produc
tion and stabi li ty aspec ts can be coord ina ted and opti
mized in the model.

Due to the lack of methodo log ical pri nciples mode l

validation has to date main ly bee n done using cla ssical
yie ld d at a a nd the val id ity of the si mu la ted spa tia l struc

ture remained untes ted. However , the closene ss with
which the modell ed spatial structure is co mpatible with
reality , parti cul arly in dist ance -dependent individual
tree mode ls, is of ce ntral significance for its predict ive
accuracy . As a by-product of this study, the usefulness
of struc tura l param eters R, A and S was recognized in
the valida tio n of d istance-depend ent ind ivid ual tree
mode ls. A comparison of modelled spatial structures,
wit h those diagn osed on test plots is possible based on
the use of these indices, which permit conclusions to be
draw n as to how real istic the stru ctu ral components of
the growth model actually are . The structura l indices ,
pri mari ly introdu ced to ass ist in struc tural diagnosis
thus also show new. efficien t alterna tives to improve
model parameter isation and validat ion.

A c k now I edg em e n t s

I thank Or. Jan Du r 5 k Y for the trans lation to 510
vakian language and Doe. ln g . Vi lern P o cl r ii. z s ky
for the rev iew and helpful commen ts.
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ROZMANITOST 5TRUKTURY LESNEHO PORAST U AKO VYSLEDOK
PESTOVNYCH OPATRENf

H. P retzsch

Ludwig Muximilianova univerzita Mnichov. Lesnicka fa kulta. Am Hochanger / 3. 85354 Freising

v hospod arskych lesoch je pr iesto rova Strukturn po
rastu dolczitou velic inou hab itatovej (zivot neho prie
storu) a druhovej diverzi ty. C ielo rn prispevku je roz
pracovat me tod icke zak lady pre analyzu vztab ov medzi
ob hos podarova mm pora stu a j eh o strukuirc u a prispiet
tak k prcpojeniu produ kcn ych a ochranarskyc h aspek
toy obhospodarovania lesa.

Prvym d51ezitym zakla dnym nastrojorn pre spornina
nu ana lyzu su indexy, ktore mOlu spolah livo kvantifi
ko va t hori zontal nu I trukturu rozm ies tnenia strornov ,
vertikalny druhovy profil a druhove zmiesan ie drevin
a byr tak indikatoro rn habitatovej a druhovej diverzity.
Druhym d61ezitym nast rojom j e poras tovy simulato r
S ILVA 2.0. ktory urnof nuje progn6zovai dynamiku v'1
voja porastu pre siroke spektrurn stanovistnych pod
mienok, vyc hod iskovych porastovych struk tur a variant
ob hospodarovania porastu.

Praca sa opiera 0 zak ladny empiricky mater ial po
chadzaj uc i z 82 trvalych vyskumnych ploch (tab. 1),

ktore pracovnici Katedry vysk umu rustu lesa (Ludwig
-M aximi lians-Universita t Mti nchc n) dlhodobo sled uj u
v rovnc rodych a zm iesanych po ras toc h v ob lasti Ba
vorska, Na naj starsej z tyc hto intenzivne sledovanyc h
ploch pre bieh aj u rneran ia uz od r. 1928. na najm ladsej
od r. 1995 . Ploch y po kryvaj u si ro kc spektru rn porasto
vyc h podm ienok z hladixka vek u, for iem zmi csa nia. in
tenzi ty zmi esa nia a sposobov obhospodaro vania: pred
s tav uj u j edn u z naj le psfch mo zn ost i pa ramel r izacie
rastoveho simulato ra SILVA 2.0 .

Indexy R od C l a r k a. Evansa (1954) - vziah
1-3 a S od P i e I ou a ( 1977) - vziah 6-7 ide ntifikuju
horizont:il nu stru kttiru rozm iestn en ia s tromov, resp.
druhove zmiesanie v lesn l'ch porastoch, a vySVC{l'uju
tym rc zne aspc kty hori zontii.lnej hcterog eni ty. Pre kvan 
tifik aciu ob sade nia pora slov eho pr iestoru drcvinam i bol
skonstruovan'1 index A - vziah 5, ktoreho pods tata sa
opiera 0 Shannonov index (S h ann 0 n. W c a v er .
1948). Kazdy z tychto indcxov charakterizuje len urci
ty. spec ificky aspekt pr iest or o vej s truktury. S iroka
a pod ro bna d iagn6za struktury porastu je fTIoznii. len su
borom (ve ktorom) indexov strukttlry, ktor y sa v r:imci
tohto vyskurnu skl ada z indexov R, A a S.

l edn otli vo stro movy , poz icne zuvisly, raslovy simu
lator SILVA 2.0 rozklada lesny porast na rnozaiku jed
notli vych s{ro mo v, ponima ich ak o prie sroro vo-casov y
sys tem a j e preto pouz ite fny nie len pre rovnorode , ale
aj prc rozn ovekc a zmiesane por ast y (obr. 5). V prvom
rade j e urceny na POfTIOC pri rozhodo va ni sa 0 sposobe
obhospodarov ania porastu . TYm. l e urnozi'i ujc variantne
pro gn6zovuf vyvoj lesa pri roznych scenaroc h obhospo
darovan ia. r6znych porasto vych strukturac h a stano-

~38

vistnych pod mien kach. je simulator SILVA 2.0 pouf i
te lny aj ako vyskumny n.is troj . Sp6sob prcp ojen ia pro 
gram ovcj rutiny pre anal yz u srruktury porastu na rasto,
vy modu l bude citatel'ovi jasn y po ziskani prehludu
o zak lad nych e lem ent och a fun kcnych principoch ras
tov chc simula to ra . kto re su podrobnej sie popisa ne
v pracach P r et z s c h ( 1992). K a h n, P r e t z s c h
( 1997) a K ah n ( 1995) .

Algori tmu s progn6zy vyvoja lesa sa sklada z tycluo
krokov: na zaciatku sa nactta vychodiskova st ruktu ra
a sta ri ovistne podrni cnk y prog nozovanych porasto v
(zoznam s dirncnziarni jcdnotlivych strornov a stano
vistnym i parame trami ). Druhym kro kom je transforrn a
cia pararne tro v prirastkovych funkc ii S oh fadom na sta
novis te. Ak su star rove ve lici ny korn pletn e . zactna
vlastne prog nozovanie, Ak ale vychod iskova stru knl ra
nie j e ko mpletna. napr, chy baj u koordinaty jcd notlivych
stromov, sri v rarnci kroku 3 chybaj uce data do plnenc
pomocou ge ncratora stru kurry porastu. Po vy tvoreni
priest orove ho pora stove bo mode lu (kro k 4) sa v piato m
kroku stanovi program pesto vnebo obhos poda rov ania
porastu, V sies tom kro ku sa pre kazd y strom stanov i
Z trojdimenzionalneho porastoveho rnodelu kcnkurcncny
index. ktory sluzi v siedmom kroku na odvodenie vyvoja
jcdnotlivych stromov . Kro ky 5 az 7 su opakovane tak
dlho, pok ial' cez patroc ne interva ly neprebe hne ccl y cas
progn6zy . Pa rale lne k stanov eniu v u:l.som slova zm ys
le produkcnych ve licin (taktiez v pafrocn om cykle) su
vo vl'stupe vysl cdkov infor mac ie aj 0 kva litc slro mov.
sort imcnlovej st ru kture a financn om vYnose . Nu z5k la
de trojd ime nzionalneho modclu j e mozne podfa vzrahov
(I ), (5) a (7) urcii aj spo rn;nanc indexy pre posude nie
horizontalncho rozmiestne nia stromov v poraste - R. ver
tikalneh o dru hoveh o profilu - A a dru hovcho zmicSania
- S. Indexy tak vytvaraj u. premos tenie na ekolog icku
taxaciu skumanyc h porastov.

Prepoj enie ana lyzy stru kni ry poraslu S rastov '1m si
mulcitorom je nove a v pri spevku j e blizsie prcds tave ne
na zaklade serie si mulacnyc h prieb ehov. Pri tom je ana
Iyzo vany erekt vplyv u r6zncj vychod iskovcj s truktury
porastu UcdnOllivo stro move alebo skupinovc zmiesa 
nie), rozneho dru hu preb ierky (podtirovrlO va a vl'berova)
a roznej sily preb ierk y (slaba, mierna a silna - obr. 7) no.
porastovu vystavbu pomocou indexov R. A a S.

Pnk a konkretne pojed nav<1 0 dynam ike stru ktury
smreko-bukoveho poras tu (obr. 6) na ce rstv'1l:h piesci
to-hlinitych p6dach (s tanov istna jcdno tka 24) z oblast i
Hornobavorskej terciernej hornat iny, kde smrek dosa
huje bon itu 40 (pod fa ras tovych tabulick A s s m a n n ,
F r an z , 1963) a buk 1. bonilu rodr a Sc hohc rov ych ras
tovYl:h tabulick (5 c h ob er . 1975), co mozno vseo bec -
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ne cha rakteri zovat ako ve lrn i dob re ra stove podmienky.
Pri startovej situacii (vek smreka je 40, resp. buka 30
rokov) je pocet strornov zdruzeneho poras tu 2 196 ks.ha- I

a kruhova zakladria 45,2 m2ha- t. Smrek a buk rna pritom
prib lizne rovnaky pod ie l na kru hovej zakladni,

Poro vna ni e podu rovn ovej a vy berovej prebi crky
zvyraz riuje st rukturu fo rrnuj uc i po rencial rnodern ych
vychovnych program ov . S podporou vektora s truktural
nyeh parame trov je kva nritativ ne do kazane, ze pes tovne
opatrenia ako napr. regulacia zast upenia, c is tky a pre
bierky prcdst avuju vyznam nu moznost"zabezpecenia
struktu ralnej pestrosti a ekologickej stabili ty lesnych
porasto v.

Na zac ia tku progn6zy viae menej nahod ne horizon
taln e roz miestnenie stro mov celeho porasru je vp lyvom
poduro vfiovych zas ahov (p redovse tky rn ak su silnc)
zrncnene na typick y pra vidclne. Nami ponimana vybe
rova prcb ierka vedie (predovsetkym v slabej a miernej
varian te) k nahodnej uz hlucikovej struknlre. pretoze
nositelia pr irastk u su v skupinach a podrast s porasto
yOU vyplriou ostava zac hova ny , To ve die k porastovej
strukture. kecf sa vedl'a se ba v poraste striedaj u casti
s vyso kym zakmc ncnim s castami rncdzernatyrni (obr. 8).

Pok ia l dru hovy pro fil (charakterizo vany indexom A )

pri pcduroviiovej prebierke s casom progn6zy skoro Ii-

Conta ct Address:

ncarne klesa, zac hovava vy berova prebi erk a, zvl ;:is( ked
j e slaba a mierna, az do konca prog n6zy ve lku priesto
rovu he terogc nitu. Pri podurov novej a vyberovej pre
bierke zachov avaju slabe a mierne zasahy vscc bec ne
vacsiu pestros t st ruktury ak o silne zasahy (o br. 9).

Nezavis le od zac iatocnej s truktury ved ic urovfiova
prebierka k vyrazne segregovanernu vys ky tu drevin. t.j,
k zosi lncnej medz idruhovej konkure ncii. Presne naopak
vo vztahu k zrnies aniu dr evln posobi pod uroviiova pre
bie rka. t.j. hornogenizujuco . Pros tred nictvorn odstni ne
nia slabsich stro mov sa casti s medzid ruhovou konku
ren ci ou prern ieiiaju na casei s vial: menej dr uhovo
rovnaky rni sused mi (obr. 10).

Ukazovatele hori zont aln eh o rozrniestn eni a. vertikal 
neho druh oveh o pro fi lu a druhoveh o zm iesa nia stro
mov v poraste dokazuju, ze predovsetkyrn slabe a rnier
ne urovn ove prebie rky pred stnvuju vyzna rnnu moznosr
ovplyvnovat fo rmovanie strukrury porast u a tak aj po
rasro vej di verzity . Us kutocnene spoj enie informaci i
o I rrukulre porastu s dorera z vyl ucne produkcne oricn
rovunyrni prognostickyrni modelmi otvar a pre pestova
nie lesa moznos ti optimalizacic mcdzi prod ukcn yrni as~

pektmi a aspektm i porastovej s tabi lity .
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