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FROM YIELD TABLES TO SIMULATION MODELS
FOR PURE AND MIXED STANDS
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ABSTRACT: The objective of the article is a short and instructive introduction to model app roaches for pure and mixed

forest stands from yield tab les to eco-physiological process models. For a deeper understanding of the introduced model types

the literature list offers the mos t important references. A model' s objec tive and the existing kno wledge of the observed system

determine how complex the model approa ch has to be. Single tree models, eco-physiological based gap models and hybrid

models are of particular interest for forest management as they are suitable for pure and mixed stands and a broad range of
climatic zones. Version 2.2 of the SILVA model, developed for pure and mixed stands, belongs to the promising category of

hybrid models and is used to explain the functional principles underlying this model approach. The SILVA stand simulator
provides quantitative growth and yield information as a decision support for forest management.

yield table; mixed stands; single tree simulator; structure generator; decis ion support

ABSTRAKT: Cie fom prispevku je kratky prehfad principov modelovania rastu rovnorodych a zrnicsanych porastov, a to od
rasto vych tabuliek az po ekofyzio logicke proccsne modely. Pre hlbsie poehopenie uvedcnych druhov modelov su v prispevku

uvadzane aj naj vyznarnnejeie citacie . V zavis fosti od eiefa modelovania a cx istujucej urovne poznania skurnaneho systemu jc
sranoveny stupefi komplexnosti uro vne modelovania. Jed notli vo-stromove modety. na ckofyziologickych zakladoch postavcne

,.gap"-modely a tzv. hybridne madely su pre lesnc hospodarstvc zvlas( zauj imave, preroze s6 vhodne nie1en pre rovnorode.

ale aj prc zmtcsane a nerovnoveke porasty. a to v Iiroko m spcktre klimatickych podmienok. Rasto vy simulator SILVA 2.2

pat r! do skupiny perspck tivnych hybridnych modelov a je v tejto praci poufit y na objasnen ie funkcnych principo v tejto
kategorie rastovych modelov. Jednc tlivo-stromovy simulator SILVA poskytuje uzivatelovi kvantit ativne rastovo-produkcne

informacie, podpcrujuce rozhodovaci proces v riadcni lcsneho hospoda rstva.

rasrove tabulk y: zmiesane porasty; jednotlivo-stromovy simulator; generator struktury porastu: podpora rozhodovania

INTRODUCTION

Forest growth models consolidate the knowledge of
single processe s of forest growth to the notion of a co m­
prehe nsive sys tem. Forest ecosystems may be modeled
wit h vary ing degrees of temporal and spatia l resoluti on.
The time scale may range from seconds to millenia
while the spa tial scale may enc omp ass anything from
ce lls and miner al surfaces to continents (Fig. I). The
slow processes on a large spatial scale fix the boundary
to qui cker processes on smalle r scales. The other way
ro und, the qu ick and spatially bounded processes de ter­
mine the processes on higher level s. Model approaches
that take into consideration these feedback loops be­
twee n the differe nt syste m levels can del iver an impor ­
tant co ntrib ution to system understanding as well as to
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management decision support. Th e model ' s objec tive
and the existing know ledge of the obse rved system de ­
termine how complex the mod el approach will need to
be. At the present state of system know ledg e single tree
and stand models, which mode l the processes on a tem ­
poral sca le from yea r to ce ntury and on a spatia l scale
fro m tree to stand level full fill the dema nds of forest
management in the best way . They model the stand
dynami c on the basis of the classical growth and yie ld
var iables like diameter . height, crown length etc. Process
model s ha ve a higher spatial an d temporal resolution
and come to the classical va ria bles by up -sc aling. But
the behavi our of the wh ole sys tem ca n be more than the
sum of the underlying processes. Forest succss ion and
bio me shift models becom e an imp ortan t tool for globa l
cha nge research in fore st ecosys te ms .
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I . Spatia l and tem po ral dimensions of process in fores t
ecosys tems and model s with increasin g aggreg ation fro m
eco-p hysiologicnl mod els to biom e shift mode ls
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The history of forest growt h models is not simply
cha racterized by the developm ent of continuous ly im ­
proved models replacing the form er, inferi or ones. In­
stead, different model type s with diverse object ives and
co ncep tions were developed simultaneously. Objectives
and structure of a model refle ct the state of the ar t of
the respective research area at its time and docum ent
the contemporary approach to forest growth predi ct ion.
The history of growth model ing also docu ment s the
extended knowledge in the sc ience of forest growth.
Beginn ing with yie ld tab les for large regions as H basis
for taxation and pl an nin g - suc h as the tab les by
S e h w a p p a c h (1893) and W i e d e m a n n (1932,
1939a,b, 1942 ) - model developm ent led to regional
yield tab les and site- spec ific yie ld tabl es and culminates
in the construct ion of gro wth simula tors for the eva lu­
ation of stand de velopment under d ifferent mana gem ent
schemes. Van c I a y ( 1994) strives for an o verv iew o f
growth and yield management models and their applica­
tion to mixed trop ical forests. The 19ROs bro ught a new
trend towards development o f cco-ph ysiological models
which give insight int o the co mp lex causal relationships
in forest growth and predi ct growth processes under
various ecolog ica l cond itions. The emphasis in mod el
research shifts towards cco-physio logi cul mode ls and
awa y from models which aim onl y at providi ng growth
and yie ld informa tio n for fore st managemen t. These
models strive to simulate forest growth on the basis o f
fundamental eco-phys io logical processes. The sc ientific
value of cco-physiolog ical models cannot be overrated :
however , they will not be applie d in forest management
for the next few years as they are not yet suffi c iently
validated in man y way s. Also , input and output vari­
ables do not yet meet the demand of forest management
practice .

i\ major change has taken place in model co ncep­
tion, Le . the unde rstandi ng of forest growth on which
the mode ! is based : the tables by W e i s e ( IHXO),

Schwuppach and Wicde mann still resul t from a pure ly
descript ive analys is of sa mple area data in for m of total
and mean va lues about the observed processes of stand
development. These descriptions were later co mbined
with theoretical model co nce pts which also cons idered
natural growth relati on ship s and causal re lat ions as far
as they were known at the time, Yie ld tabl es for mixed
stands of pine and beec h crea ted by B 0 n n e m ann
( 1939) for example characterise grow th of beech in the
middle and lower storey by mean val ues. T he FOREST ·
model by E k and M o n s c r u d (19 74) controls incre­
ment beha viour of lower -store y tree s by geome trical
competition indi ces, and the cco-p hysiolog ica l growth
model s hy B o s s el (1994 ), M a k e l a . Ha r i (1986)
and M oh r e n ( 1987) derive increm en t behaviour of
lowe r-storey trees from light a vailabi lity and perform­
ance in term s of photosy nthesis.

The change of model obj ec tives and conce ptio ns is
closely related to a chan ge of quality in the information
generated . Pure management mode ls aim at reliable pre­
d iction of fore st yie ld values applica ble to planning and
co ntro lling in forest managem ent. e.g. height and di­
ameter increment and associated econ omic value of the
assortment. Eco-physiol og ically mod els aim at bio mass
deve lopm ent . nutrient input and loss etc . Variables re le­
vant to fore st management are anci llar y information in
those models. For future planning in modern fo restry .
models meet ing the inform ation demands of eco logy as
we ll as of eco nom y will gain in imp ort ance.

On the way from a start ing po int of a forest s tand to
an objec tive sta ge eco-physio log ica l models and man ­
age ment models can give a spec ific deci sion support
(Fig. 2 ). Eco logi ca l and soc io-econom ic frame co ndi­
tions defin e the leading planks and thu s the cor ridor for
man agemen t decision s. Eco- physiologi cu l models ca n
suppor t the eco log ica l e lemen ts o f the leadin g plan ks.
e.g. the effec t o f site cond itions, spec ies m ixture and
thinning variants o n critica l loads , water q uality or
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ac idification. Stand treatments of interest can be judged
in this way as ecologically acceptable or unacceptable.
Management models help to optimize the path from
starting point to the objective stand through the given
corridor. they support c . g_the decision between differ­
ent thinning and pruning strategies.

\Vith the shift from tree and stand management models
with low reso lution to more complex eco-physiological
models, different source data are needed for model con­
struction and for the determination of model parame­
ters: standard data sets derived from research sample
plots (diameter, height etc.) were used for the develop­
ment of stand growth mode ls for applied forest ry. For
the const ruction of single-tree oriented models, addi­
tional data is required (crow n dimension, tree positio n
etc.). The transit ion to eco-physio logical models re­
quires an additional data base which can only be pro­
vided by broadened experiment concepts and co -opera­
tion with neighbouring disciplines .

Model s are always an abstraction of reality . They are
greatly influen ced by the model developer' s knowledge
and his perception of nature. This applies to the con­
structio n of y ield tables as well as to building eco­
physiolog ica l models.

STAND GROWTH MODELS BASED ON MEAN
STAND VARIABLES

With a histor y of over 250 years yield tables for pure
stands may be co nsidered the oldest models in forestry
science and forest management. They are representa­
tions of stand growth within defined rotation periods
and are based on a series of measurements of diameter.
height, biomass etc. reaching far back into the past.
From the late 18th to the middle of the 19th century
German scientis ts such as P a u Is e n ( 1795), von
Cotta (182 1), H a rt i g R. (1868), Harti g Th .
(1847), H a rt i g G. L. (1795), H e y er (1852), H un ­
de s h age n (1825) and Iu d e i c h ( 187 1) created the
first generat ion of yield tables based on a limited data
set. These origina l yield tables soon revealed great gaps
in scientific knowledge. A series of longterm data col­
lection campaig ns on experimental areas was therefore
started. That was the birth period of a unique network
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2. Stand management models and eco-physi­
ological models for decision support in forest
ecosystem management

Objective

of long term experimental plots in Europe which has
been under survey and permanently has grown until
present.

The second generation of yield tables , tackled to­
wards the end of the 19th ce ntury and continued into
the I950s. follows uniform construction principles pro­
posed by the As socia tion of Forestry Research Stations .
the predecessor orga nization of IUFRO, in 1874 and
1888 and has a solid empiri cal data basis. The list of
protagonists involved in this work includes names such
as Weise (1880), van Gut t e nbe r g (1915), Zim­
merle (1952), V a n s e l o w (1951), Kr e n n ( 1946),
Gru nd ner (1913) and, in particular, S e h w ap p ac h
(1893), W iede mann (1932) and Sc hober
(1967), who designed yield tables that were conceptu­
ally related and are still heing used to today. A brilliant
example of their work are the yield tables for European
heech. In the 1930, and 1940s first model s of mixed
stands were constructed under the direction of Wied e­
mann. Data material from some 200 experimental areas
establi shed by the Prussian Research Station led to the
widely used yie ld tables for even-aged mixed stands of
pine and beech (B 0 n n e m a nn, 1939), spruce and
beech (W i e d c m a n n , 194 2), pi ne and spruce
(C h r i s t m an n, 1939), and oak and heech (W i e d e ­
m an n, 1939a). World War 11 prevented Wiedemann
from bringing the development of yield tabl es for un­
even-aged pure and mixed stands to an end, but his
studies initiated sys tematic research on mixed stands.
Yie ld tables for mixed stands of this generation were
never consistently used in forestry practice as they were
restricted to speci fic si te conditions. intermingling pat­
terns and age structures.

Yield tables developed by Gehrhardt (1909, 1923)
affected a transition from purely empirical model s to
models based on theoretical principles and biomctric
formul as and led to the third generation of yield tables.
The core of these mode ls designed by, inter alia, A s s ­
rn a n n , F ra nz (196 3), Ham i lto n , Chri s ti e
(1973, 1974), V u o k i l a (1966) , Sc h m i dt ( 1971),
L e m b c k e et al. ( 1975) is a flexible system of func­
tional equations. These functional equations are based
as far as possible on natural growth relationships and
are generally parameterized by means of statist ical
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Sco t s Pine
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3. Norma l yield table of Scots pine fro m H r a dlc y et al. (1966) in ext rac ts. Normal yield tables model the deve lopm ent o f fully -stoc ked
stands on the basis of mean stand variables c.g . number of trees per acre, mean diamete r at breast height or basal area per acre

met hods . The hiom ctr ic models are usua lly transferred
into computer programmes and pred ict ex pected stand
deve lopment for different spectra of yield and site classes.
A weal th of da ta was avai lable for the co nstruction of
these models and the y were processed by mod ern sta­
tist ica l method s.

Since the 1960s the fourt h generation of yie ld tab le
models has been created. i.e. the stand growth simulators
by Fr a nz (196 8). H o y e r (1975 ). H r a d e t z k y
(\972). Br u c e et al. ( 1977), C u r t i s et al. ( 198 1.
1982) and W en k (1994) wbicb simulate expected stand
deve lopment under give n growth co nditions for different
ste m numbers at stand es ta blishment and for di fferen t
ten din g regim es. Expected stand developme nt under
given growth conditions is simulated hy mea ns o f co m­
puter program s and co ntro lled hy systems of sui tab le
functions for m ing the core of the gro wth simulator. A ll
infor ma tion avai lable on fo rest growth is synthes ised
into a complex hiorn ctric mod el whic h s imulates stand
deve lopment for a wide ran ge of possible managem ent
alternatives and summa rizes the result s in tabular form
similar to yie ld tab les. Thus created yie ld tab les refl ect
the s tand dynam ic for a wide range of imaginable man ­
age me nt scenarios. Whi le tab le and mod e l we re idcnti ­
ca l for y ield tables of ea rl ier ge neratio ns. s imula tor-e re­
a tc d yie ld tah le s no w descr ibe j us t one o f man y
po ten tia lly com putable sta nd de ve lopme nt courses.

Desp ite .1 number of drawbacks yield tables still form
the hack -hone of sustainable fore st manage me nt pla n.
nin g . W hen computing capaciti es a nd avail ab le data for
mod e l c onstruc tion incre ased and w ith the risi ng de­
mand fo r Infor mation in forest ry, mean va lue and S lI lll­

or iented grow th mod e ls and yield ta hles wer e in;:rcas-

11111

ing ly replaced by stand -oriented growth models predicting
ste m number freq uen cie s and by sing le-tree growth
models. P r o d a n ( 1965. p. 605) commented on the
sig nificance of yield tab le s in the contex t of silv iculture
and forest sciences as follows: ..Undoubtedly, yield tables
arc still the most co loss al positive advance ac hieved in
fores t sc ience research . The rea liz atio n that y ield tabl es
may no lon ger be used in the future e xce pt fo r more or
less comparative purposes in no way det racts fro m this
ac hievement."

STAND-ORIENTE D M ANAGEMENT MODELS
PREDICTING STEM NUMBER FREQUENCY

W ith the transition towards ne w inte nsi ve treatment
co ncepts . the dem and for informa tion in fo res try has
changed in e mphas is fro m mean stand values towards
single-tree dimen sion s of se lected parts of a sta nd. T his
changed demand for info rmat io n resu lted in the 1960s
in the creatio n of the first gro wth mod els e nabling pre­
d iction of mean stand va lues as we ll as frequencies of
sing le-tree di me nsions. Until thc n, a sta nd served as the
usual informa tion unit on whic h all pred ictions were
based ; th ese pred icti ons were now stre ng the ned by
sta te me nts a bo ut stern nurnher fre qu e nc ies in d iam e­
ter classes (F ig . 4 ) w hich arc for ex a mple need ed for
pr ecise predi c tion o f assortm en t yie ld and va lue o f a
sta nd . Depend ing o n the ir con ce pt a nd co ns truc tion.
stand-or iented grow th mod el s pred icti ng s te rn num­
her frequency arc class ified into d ifferent ia l equatio n
model s. d ist rihu tion pr cdidion mode ls and s toc has tic
ev o lutio n mod e ls .
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4. Princip le of mana gement models predicting the shift of the diame­
ter or height distribution alo ng the .r-axis (accord ing 10 Slo b 0 d a .
1976)

Ma ny natu ral proces ses in various disciplines of the
natural sciences can be descr ibed by di fferential eq ua­
tions. An example is differential equations formul ating
changes of yield descript ors for diameter classes of
a stand - i.c. change of stem number , basal area and
grow ing stock - depending on current yield state values.
Stand development of the yield descrip tors then result s
from numerical solution of the different ial equation sys­
tem s. In the 1960s and 1970s , B u e k m a n (1962) ,
Cl u tter ( 1963), Le a r y (1970), M o s e r (1972 ,
1974) and Pi e n a a r , T u r n b u l l ( 1973) developed
stand-oriented growth models based on differential equa­
tion systems .

In the mid I960s, C l u tt e r , B en n e tt (1965)
came to a completely new approach to stand development
modeling. The y characterized the co ndition of a tree
pop ulation by its d iamete r and height distribution and
descr ibed stand development by extrapolation of these
frequency distribut ions. The precision of such models
is dec isive ly determ ined by the flexibility of the distr i­
bution type on which it is based. The suitability of
different dist ribu tion types - e.g. BETA-, GAMMA-,
LOGNORMAL-, WEIBULL- or JOHNSON-distribu ­
tion - has to be assessed individually. In these models
otherwise than in those reviewed earlier, stand develop­
ment is not controlled by the age function of the individual
yield descriprors. but by the parameters of the underlying
frequency distribution. Models of this type were initially
constructed by Clutter and Bcnnett for North American
spruce stands and furt her developed by Mc Gc e ,
D e l ' a- B i a n e a (1967), B u r k h art , S t ru b (1974),
B aile y (1973) and by F edu e ei a et al. (1979).

The term "e volution mod els" for stochastic grow th
models is derived from the fact that in these models
stand development evolves from an initi al frequency
distri butio n, e.g. from a diameter distribution known
from forest inventory. Thu s, these models - similar to
distribution pred iction models - predict frequencies of
single-stem dim ensions (Fig . 4). The mechanism ac­
counting for the extrapolation, however, is based on
a Mark ov-process, giving the transiti on probability for
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the shift between the diameter classes. Stochastic growth
models were introduced to forest ry scie nce with the
pioneering investigati ons by S u z u k i ( 197 1, 1983),
and they continue to be linked to the name of Suzuki
until today. His grow th models, e . g . for Japanese
Chamaecyparis pure stands. have been consistently de­
veloped by S l ob 0 d a (1976) and his team since the
mid 1970s ; they arc mainly interested in adapt ing the
models, which are or iented at Japan ese conditions, to
the issues of German forestry and in model validation
based on permanent test pint data. Stand-oriented growth
models based on stochastic processes have been devel­
oped by Br uner , M o s er (1973) and S t e p h e n s ,
W a g g 0 n e r (1970) also for mixed stands.

SINGLE-TREE ORt ENTED MANAGE MENT MODELS

Single-tree models take the stand as a mosaic of sin­
gle trees and model individual growth and interactions
with or without co nsideration of tree position. This has
paved the way for the design of models of pure and
mixed stands of all age structures and intermingling
patterns. An equation system which contro ls gro wth be­
haviour of sing le trees depending on their constellati on
within the stand IS the central modu le of all single-tree
models. Position -ind ependent or position-depend ent
co mpetition indi ces arc used to quant ify the spatial
growth constellation of each tree and to pred ict its in­
crement of height, diameter etc. in the fo llowing period.
Compared to stand-oriented gro wth mode ls based on
mean stand descriptors and those predicting stem number
frequencies, single-tree models work on higher resolu­
tion. The informat ion unit in single- tree models is the
individual tree . However, results of lower reso lution
models, e.g. mean tree development or d iameter fre­
quency distributions, can also be deri ved from single­
tree model results by integration. Inform ation about
stand gro wth then result s from summarising and aggre­
gating changes . AJl single-tree models that are trans­
ferred into computer programs are simulatin g, Le. re­
producin g by computer , stand dynamics based on
single-tree development for a given growth period. Re­
cent single-tree models are programm ed in order to e n­
able the user to interactively influence a simulation run.
They allow to follo w stand developm ent step by step
duri ng the simulation at the computer and to speci fy
e.g. thinning or influe nces of disturba nce factors at any
time during the simu lation processes, thus influen cing
or diverting the current course of stand developm ent.

After parameters for the co ntro l of the single-tree
model have been set, tree characteristics at the begin­
ning of the predi ction phase for the test area to be in­
vestigated are fed into the computer as initial values for
the simulation (Fig. 5). Th is tree list can contain data
on tree species, stem dimensions, crown morph ology,
stem posit ion and other data about the stand individu­
als. These data usually originate from single-tree based
inventories of indicator plots. Starting with these initial
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INITIALIZE MODEL

Enter: Parameters
Run Directives
Initial Stand (Plot) Condhon s
Tree List Including Speci es and Size Meas ures

1
rASSESS COMPETIT IO N AND ENV IRONM ENT (ind uding c limate) r

T
PROJECT 10 END OF GROWTH P ERIOD

Updae Tree U &: Diameters
Heights
Surv i val {o rStaars)
Ge nerat e Ingrowth or Reproduction Sterns

i
OPTION S C

Harvest
Disturbance
Environ mental Ch an ge

Yes
Furth er
Growth ?

No

I End of Run I

5. Flow char t o f single tree models (according to
Ek . D u de " . 1980)

values. a change (e .g. mortality or deve lopment of di ­
ameter, height or crowns) for all stand members de­
pendi ng 0 11 indi vidual gro wth co nditions is predi cted
usin g an appropriate co ntro l functi on : this is done for
the first growth per iod of e .g. five yea rs . O nce the tree
list has been processed, a change o f gro wth condi tions ­
fo r exa mp le due to th inn ing or di sturbing influences ­
can be specified prior to continui ng 10 the nex t incre ­
ment period. Th is will now infl uen ce sing le tree growth
in the following period. The refined state values o f all
trees resu lting at the end of the first growth period rep­
rese nt also the initial va lues for the second grow th pe ­
riod . T hese values are repeatedly e xtrapo lated in every
simulation cycle and interim result s are given. The simu­
lation continues until the envisaged predi cti on period
has been worked off ste p hy step. In most model s. tim e
steps are five yea rs. so metimes only onc or two yea rs .
By re mo ving sing le trees dur ing a simulation run. the
growth conste llation and growth behavi our of the re­
mai ning indiv idua ls change in the ne xt gro wth peri od .
Growth react ion of the stand is thu s ex pla ined hy the
reactions of all single trees to this intervention. By relating
stand dev elopm ent hack to growth beh a viour of single
trees and by modc ling sing le-tree dynamics dependin g
on gro wth cons te llation within the sta nd. s iuglc -trce
model s. after bein g in iualizcd acco rdingly. enable [ 0

ev aluate a wide range o f trcutmcnt programs.
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Th e fir st sing le- tree mode l was dev e loped for pure
douglas fir stands by Ne w n h a m ( 1964 ). It was 1'01·
lo wed by the devel opm ent o f mod els for pu re stands hy
A rn ey ( 1972). B e l l a (1970). Mi t e h e I1 ( 1969.
1975) and othe rs. In the mid 1970s. Ek and Mon serud
applied the construction principl es for sing le-tree orie nted
growth mod els fo r pure sta nds to uneven -aged pure and
mixed stands (E k . M n n s c r u d , 1974 ; M on s erud,
1975). Wc ca n distingu ish d istance -depende nt and d is­
ta nce-i nde pe nde nt s ing le-tree models; the former be ing
able to refer to dat a abo ut stem positi on a nd stern dis­
ta nce for the contro l of sing le- tree growth. T he wo rld ­
wide bibli ogr aph y of sing le-tree grow th mo dels com­
pil ed by E k , Dud e k ( 1980) lists more than
40 different single-tree mod els whic h group into ab out
20 distance-depe ndent and dista nce -independe nt mod els
eac h. Si ngle -tree mode ls de veloped since the J980s ­
amo ng others by van Dc u s e n , Bi g j " g ( 1985),
Ha se na u e r (1994), N a ge l ( 1996). Pr e t z s eh
( 1992. 1998. 1999). S t c r b a e t a l. ( 1995). W e n s e I .
K o e h i e r ( 19X5) and W y k 0 ff et a l. ( 19R2 ) - refer
to the methodologica l ba ses of their pred ecessors in
many part s: how ever , owing to the rapidl y impro ving
user inter faces or modern co mputers they arc far more
user -fri endl y than olde r s ing le-tree mod e ls.
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ECO-PHYSIOLOGICAL GROWTH MODELS

All models mentio ned above rely on grow th and yield
data from lo ng-term observation plots and hen ce hav e
the advantage of being empirically verifiable. However,
there is a drawback to historically deduced data inas­
much as growth co nditio ns undergo changes and reac­
tion patte rns fro m the past cannot - without further
ado - be projected into the fu ture. In the 1970s model
researc h was pointed in a new direc tion with the crea­
lion of high-resoluti on , so call ed eco-phys io logica l
process mod els which account for metabolism, organ
for mation, assim ilat ion and respiration as we ll as bio ­
chemica l and soil chemistry reactions. Pioneers of the
eca-physiological p ro ce ss model co ncept fo r fo res t
stands are Bos s el ( 1994), Ma k e l a , H ar i (19 86)
and Moh r e n ( 1987). The term process mod el is
slightly misleadi ng in the sense that of co urse all forest
growth mod els de scribe processes. Merely the temporal
and spatial scale of modeled proce sses becomes more
detailed in the transition from yield tab le models via
single-tree managemen t models and success ion mode ls
to growth models ba sed on eco -physi ologica l data
(Fig . I ) .

The devel opmen t of modern process models begins
with a system analysis and the selection of characteristic
system compo nents . Res ults of this description can be
transferre d into a system diagram (Fig . 6). The sys tem

description breaks the sys tem do wn into sys tem com­
ponent s which are charac teristic of all biol ogical sys­
tem s. By syste m parameters we understand parameters
remaining con stant during the lifetime of the system.
Exogenous parameters are variables which co ntro l the
sys tem but cannot be influenced by the syste m. e.g.
s tress by a ir pollu tants. State varia bles are the actual
outpu t val ue of the model: their curre nt values reflect the
system' s state. Imp ort ant state variab les in stand models
are acc umulated carb on quantities in needles, branches,
ste m and roots. The initi a l values of the sta te variables
give the startin g values of a system and thu s decis ive ly
influence its further dev e lop me nt. In a growth model
for examp le. s tem number and init ia l s tand structure
hav e to be specified as initial values . The change rate
of the state variables contro ls the change. i.e . input and
output o f state variables. Examples are mortality rates
or respiration rates wh ich control the change of the
ca rbon qu antities accumulated in the d ifferent compart­
ments. Intermedi ary variab les change s imultaneo usly
with the state variables and feed bac k in to the sys tem.
The system co mponents arc indicated in the system dia­
gram with differin g grap hical sy mbo ls and thei r inter­
relat ions are ide ntified by line s and arrows.

The model thus out lined is transfe rred into a mat he­
matical model and subseque ntly into a compu te r pro­
gr am. For thi s purpose , the sys tem components and
links arc described by mathem atical or lo gical rel ation-

c c ,
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6. Ca rbo n flow (heavy arrows) in the
TREEDYN3 forest simulation model with
the most important state variables, proc­
esses and flows, indicated by boxes, ovals
and arrows resp . (according to B 0 s s e l ,
t 994)
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ships. Once the complete model is constructed. the causal
relations implemented are pnrameter ized . The system
behaviour can he simulated by the dev eloped computer
programs. All information known abou t the system is
therefore conso lidated in the system components and the
system structure. Th e process of sys tem analysis and
model deve lopment concludes with the validat ion of the
final model. For validation. i.e. for testing if the causal
relations assumed in the model realistically reflect the
growth of stands or single trees, empirical yie ld data
can he used among other data. If necessary , ind ividual
model assumptions arc corrected or model parls revised.

A vast ly improved unde rstanding of cco-phys iolog i­
cal processes in forest eco-systems paved the way to ­
wards this model approach and it was the actual mod ­
cling of these processes which provided an idea of the
functioning of the ove rall system. Another impetus to
process model development was the need to understand
and pred ict the reactions of forest eco-systems to an
increasing number of adverse effects such as industr ial
immissions. rise in atmospheric CO2 and climate change.
In the co ntext of environmental instability high-resolu ­
tion and detailed process models are certai nly the ideal
approach towards understandi ng and predicti ng forest
eco-syste m behavi our. However. there are definite co n­
straints in developing and applying process model s due
to considerable gaps in the know ledge of sub-processes
in assimilatio n organs and in the soil. A lso, the up-scal­
ing of sub-proces ses to the behav iour of the overall
system is still largely unresolved . Moreover. the intro­
duction of process mode ls still requires intensive re­
search and extremely high-powered computers that are
only rarely ava ilable in practice. To date process mod­
els are. therefore, primarily research instruments rather
than forest management planning tools.

GAP MODELS AND BIOM E SH IFr MODELS

In view of modern theoretical ecology, a spatia lly
extensive system is composed of mosaic-like sub-units
and can he studied hy analysing these sub-units. Wa l t
( 1947), ll orma n o , L ik en s ( 1979) and o the rs
transferred this view of extensive eco systems to the
study and model representati on of growth dynami cs of
pure and mixed stands. This laid the fo undations for the
concept of gap models sui table to pred ict success ion.
According to this co nception. a fores t stand is an aggre­
gation of gaps. The size of these gaps corres ponds to
the extent of a potential crown area of a domi nan t tree
or tree group (areas of 0.04 to 0.08 ha). The actual
information unit is the tree group in the gap; stand de­
vclopmcnt results as the sum of the total spec trum of
contributing gaps. Gap model s imp ly that forest dcvc l­
oprncnt ill a gap occurs in a fixed cycle : a gap results
from exp loitation or death of a dominant tree . Thus,
growth con ditions 0 1" so far under-storey trees and 1l.Il U­

rat regeneration improve. Grow ing trees successively
close the gap and a new upper storey develops. Th e

III~

cycle is repeated with further losses of dominant trees
(Fig. 7) . Growth mode ls with thi s approach were pre­
dominantly used for investigations of competition and
succession in semi-natural stands .

Gap mode ls such as designed hy S h u g a rt ( 1984),
P a st o r , P o s t ( 1985 ), A b er , M e li ll o (1982),
L e e m a n s , Pr e n li e e (1989) are primarily aimed
at mixed stands. \Vhile in the models described above
increment-determining factors have e ffects on stands or
individuals respectively, gap models describe tree growth
dependin g on growth co nditions in the ind ividua l gap.
Gap models simulate growt h dy namics for sing le trees
or tree classes in a gap; it is therefore possible to gen­
erate inform ation about the development of diameter ,
height and volume of sing le trees as well as stands.
However. regarding input and output variables they are
less fixed on informa tion available from or required by
forestry practice; rather, they aim at predicting long­
term succession in natural forest stands and the effec ts
o f altered grow th conditions. However the FORMI X2
model (B osse l , K r i e g e r , 1994) for virgin and
managed Malaysian lowland d ipterocarp fores ts is an
example for an cco-physiologic ally based gap model
with output variables, useful as a decision support in
forest managemen t.

Biomc shift models developed by researchers such
as B ox, M e e n t c m e y e r (199 1)and Pr enti c e et
al. ( 1992) establish statistic relationships between regional
climate and vegetatio n type. Based on relevant climatic
conditions the nature of potential biome s, i.e. comm u­
nities. may be predicted on a regional and eve n global
scale. Of all the mode ls under discussion these are the
ones that provide the highest aggregation of data on
vegetation development and forest growth. They have

7. Gap mod els imply that stand dynamic occ urs in a chara cte ristic
cycle : A gap resuus fro m exploita tion or death of a dominant tree.
Gro wth co nditions in the gap impro ve . Young trees close the gap an d
fo rm a new upper laye r (ucco nh ng 10 S h u g c r t • 19H4)
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therefore gained increasing imp ortance in global cha nge
resea rch .

HYBRID MODELS FOR FOREST MANAGEME NT

The transfer of speci fic com ponent s of eco-p hysi­
ological models - based on the solid process knowledge
- into stand or sing le-tree management model s - based
on long-term experimental plots and increment series ­
leads to what Kim mins called hybrid gro wth models.
Models of this type we re con structed , inter alia, by
B ot kin et al. (1972 ) and K i m m in s ( 1993). The ir
objective is to make the best possibl e use of new ly
acquired know ledge of eco-physio log ica l processes
combined with historical increment observations to as­
sist in forest plann ing and ma nagement. On account of
the implemented relati onship between site cond ition s
and spec ies speci fic gro wth they ca n be used for pure
and mixed stands . In the pas t 100 years mixed stands
have graduall y become the foc us of forest research, in
particul ar o n accou nt of studies by Gayer (1886) ,
Wi edemann ( 1939 b) and A s sman n ( 196 1). but
until today growth models for mixed stands are missing
as a quantitative planni ng tool. In Europ e none of the
above model con ce pts is of any practi cal relevance as
tools to be used in the management of mixed stands.

Onl y very recent ly have models created by Ko I .
s t r o m ( 1993). N a g el (1996). Pr e t z s ch ( 1992) .
Pukkal a ( 1987) and St erba et al. (1995 ) found
use in fore stry practice for planning work in pure and
mixed stands. These are more or less site -sens itive sin­
gle tree models co nstr ucted from a broad basi s of eco­
phy siological and growth and yield data. Version 2.2 of
the SILV A model, developed in Ger many for pure and
mixed sta nds , belongs to this category of hyh rid models
(Pr e t z s c h , 1992; P re t z se h . K a h n , 1996;
Kahn . Pr etzsch, 1997) and may be used as an ex-

ample to exp lain the functional pri nciple s underlying
this mode l approach. In this book the SILVA stand
simulator is used by Kahn and Biber. The introduced
meth ods of data collection on exp eri mental plots, mod­
e1 ing and sce nario analysis in tea k, d ry dip terocarp and
mixed dipteroc arp stands based on SIL VA 2.2. were
developed at the Chair of Forest Yield Science. Univcr­
sity of Mun ich .

MANAGEMENT MODEL SILVA 2.2 FOR PURE

AND MIXED STAN DS

SIL VA reflects the spatial and dyn amic character of
mixed stand systems inasmuch as it models spatial stand
struc tures at 5 year interva ls. Thi s allows to record the
indi vidual growth constellat ion of every tree and the
control of tree increment in relation to growth co nstel­
lation and the or iginal dim ensions of the tree (Fig . 8).
Th e external variables determining tree increme nt and
stand struc ture arc treatment, risk and site factors. T he
model simulates the effect s that tend ing , thinning , re­
generation and natural hazards such as storms have on
the stand dynamic. The feedba ck loop stand stru cture
---7 tree growth -t state of tree -t stand structure forms
the backho ne of the model. The step by step mode ling
of the growth of all ind ividual trees via differential
eq uatio n systems informs about the develop ment of as­
sortment yield and financial yield, stand structure, sta­
bilit y and diversity of the stand by mean s of the data .
required in yie ld ca lculations, on he ight , dhb, number
of stems etc. Input and output data used in the model
correspond to the data available from or required in
forestry practi ce . Only site va riables availab le on
a large scale are considered. With mode ls of this type
a weigh ting bet ween yie ld-re lated, socio-economic and
eco logica l effe cts and the timber production and finan­
cial yield in pure and mixed stands becomes possible.

Interference in
Stand Structure

Site
Variables

··,·' .., \ VGrowthr r: / 1\
" . . . .~ Stand

I~
Structure

t Tree
dimension

Stand Tree
8. Simplified system diagram of the growth
model SILVA 2.2 with the levels stand and
free. the external variables interference in stand
structure and site conditions and the feedb ack
loop stand structure -+ growth -) tree dimen-

Output sion -+ stand structure
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9, SILVA 2.2 breaks down fores t stand s into a mosaic
of ind ivid ual trees and reproduces their intera ctions as
a space -time syste m. Exce rpt of n simulation run for
a mixed stand with ( WO species (slight thinning from
below)

age 70

age 140

age 90

./
L.._ _ L, /

age 150

age 110

age 160

Parametrization relies on yie ld and site characteristics
of pu re and mixed sta nds that have been under obse r­
vation for up to hundred yea rs.

T he positi on-depende nt ind ividu al tre e model
S ILVA 2.2 breaks down forest stands into a mosaic of
indi vidua l tree s and re produces their inte ractions a s
a space- time system (P ig. 9) . It can therefore he used
for pure and mixed sta nds of all age co mbinations. Pri ­
maril y it is designed to ass ist in the de cisio n ma king
proce sse s in fore st management. Based on sce nario cal ­
c ulatio ns SILVA 2.2 is able to predict the effect s of site
cond itions , s ilvic uhura l treatment a nd stand structure
on stand development, a nd the refo re also serves as a re ­
search instrument.

T he first model cleme nt refl ects the relati on ship be ­
twee n s ite conditions and growt h po tentia l and aims at
adapting the increm ent fun cti on s in the model to actu al,
obse rve d s ite co nditio ns (F ig. 10 ). Wit h the aid of nin c
s ite fact ors reflecting nutritional, water a nd tempera ture
cond itions the parameters o f the growth fun cti ons arc
determined in a two-stagc process (K ah 11 , 19( 4). The
stand structure generator ST RUGEN faci litates the large­
scale use of positi on -dependent indi vidu al tree growth
models. Th e ge ne rator co nverts ve rbal charac terizations
as co mmonty used in fores try practi ce (c.g. mixture in
small c lusters. single tre e mi xtur e . row mi xture ) int o
a concre te initial stand struc ture wi th which the gro wth
model can subseq uently commence its foreca stin g run

(P r c I z s c h , 1997). The three-dimensional struc ture
model uses tree att ributes such as stern position, tree
height, di amet er. crown len gth , crown diameter and
spec ies-rel ated c rown form model s to co nst ru ct a th ree­
dimensional stand stru cture . The thinning mo de l is also
an individual tree based one and ean model a wide spec­
tru m of treatment programs (K a h n . 1995). Th e core
of the th inning mo del is a fuzzy log ic co ntro lle r. In the
s imulation s tud ies descr ibed below the thinn ing model
simulates variou s thinning methods (thinning from bel ow
and selec tive thinning) and thinning intensifies (slight.
moderate and heavy ). Th e compe tition model employs
the ligh t-con e method (P r et z s c h , 1992 ) and calcu­
lates a co mpetition ind ex for every tree on the basi s of
the thre e-d im e nsional s ta nd model. The a llocation
model contro ls the development o f ind ividu al sta nd e le­
ments. Tree diameter at height 1.30 m, tree height, crown
diame ter. he ight of cro wn base , cro wn shape and sur­
vival status are contro lled, at five year intervals, in re­
lati on 10 s ite co nditions, int er specific and intrasp ecific
competition. Finally c lassical yield information on the
stand and sing le tree level for the prognosis period arc
compiled in listings and gra phs. Additional informat ion
on ste m quality , assor tme nt and fina ncial yield com­
plete the gro wth and yield characteris tics .

At every s tage of the simulation run a program rou­
tine for struct ura l a na lysi s ca lculates a vec tor of struc­
tural ind ices wh ich se rve as indi cators for ha bitat a nd
,
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10. Essential elements of the SILVA 2,2 simulator
for pure and mixed stands
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species di versity and form a link to the ecological as­
sess ment of forest sta nds .

The algori thmic sequence for predicting forest de­
velopment comprises the following steps (Fig. 10): the
first step is the input of data on the initial structure and
site co ndition s of the moni tored stand . Secondly, the
parameters of the grow th funct ions arc adapted to actua l
site condi tions. Once the starting va lues for the prog­
nostic run are complete, mo nitoring can begin . If there
are no initial values, c.g. stem positi ons arc unknown,
the missing da ta can be realis tically complemented with
the help of the stand structure generator. Once the spa­
tial model has been constructed (step 4), the silviculru­
ral treatment program is spec ified in the fifth step. The
competitio n index calc ulated for eac h tree in step 6 is
used in step 7 to control indi vidual tree developmen t.
Steps 4 to 7 are repeated until the entire prognostication
period has been run throu gh in 5-year steps.

To date, model research has had little success in
substituting yield tables for pure stands by an improved
information sys tem for pure and mixed stands. This can
in no way be attributed to a deficit in methodologica l
principles, data or tec hnical equipment. The causes
rather lie in the fact that new models are not prope rly
adapted to practical requirements . The recen t introduc-

tion of the growth model SILVA 2.2 in practical usage.
instruc tion and research furn ishes a distinct profile of
practi cal demands to be co nside red in managem ent
models that wi ll be used in decision-maki ng processes
at stand and fores t enterp rise levels. I. The natural man­
agement of forests is currently making great headwa y.
In the long run only those growth models will therefore
find approval that arc capab le of simulating the grow th
of pure and mixed stands of all age compositions and
structural patterns. 2. Models need to he operable at
stand and forest enterpri se levels and able to simulate
gro wth behaviour under different thinning regimes and
different processes of artificial and natural regeneration.
3. Flexibility of the mode l is essential so as to permit
simulation of gro wth reactions to site alterations and
interference fac tors on a large regional scale. 4. Apart
from tree and stand characteri stics such as volume pro­
duction. assortment yield, wood qualit y and finan cial
yield it should also include structural parameters deter­
mining the recreationa l and protective functions of for­
ests as well as indicators showing the impact of hazard s
or ecological instability. 5. Forestry practice is interested ,
first and foremo st , in calculating scenarios at stand and
forest enterprise levels . Thi s can only be achieved if
input and output data of the model consider what infer-
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moti o n is a vai lab le and w hat d ata are needed in forestry

pr ac tic e . Fu rthermore. ach ie vi ng thi s goal a ls o d epends

o n whether the mod e l forms pa rt o f a comp re hensive
forest ry informati on sys te m and. fi na lly . whether hard­
ware spec ificatio ns are accep table in prac tice .

For de cad e s for es try pr act ice has he e n ho pin g for
im proved gro wt h mode ls to ass is l wi th p lan n in g . o pe ra­
lio ns a nd co n t rol in fore st ma nag e m ent. The genera l
accep tance of new models by practi tioner s calls fo r

a d o se cooperation between fore st sc ience a nd forest

practice, from th e des ig n a nd devel opment o f th c m odel

to its actual in trod uc t io n in forest management.
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01> I~ASTOVYCH TABULlEK K SIMULA CNY M MODELOM ROVNORODYCH
A ZMIESANYCH r ORASTOV

11. Prctzsch

Tectinicka univortita Mnichov. l.e.snicka [aknlta. Am Hochu ngcr /3 . 85354 Freising

Mod cl o van ic ICSIl)'l'h ckosys temov jc 1ll 0 i J1 C ua roz­
diclnych caso vyc h a pr icstoro vych uro vniach . V za vis ­
losr i od cicla m odc lo vania mlli ,c s ia ha t' c asov;i sL i la od

nick o ll )/c h sc h 1Jld ai. p o ti sinocia <\ pri cst o ro v ,i sk;i la

od hu nk o v l.:j vdktlsti al. po kOlllin cn ty . C id lIIod c lo v <\ ­

Ilia a lJrtlVCrl jlll l.lla lk o v n 1I 11 Hlc1 ovanoll1 sYStCllll' llrl:lIj L'

I III

num y. rcsp. lTloiny stupcn komplc xn ost i urovnc mode ­

lo vauin.
S v ia l' uk u 250-roClloll lu suiri ou su ra-aovc tabulky

prc rovnovc kc puru sty najstarc uui modc lm i v k Sllic kcj

\"l'dl: a p ra x i. T it,to I.;\c hy tav ajll ra s t Ics nyc h porasl o v I,a

tlhdo bic d lhsic ako ic: h ruhna do ha a opic raj ll sa () d lho-
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dob c sJedovania na vyskumnych plochach. Od konca
IR. <lZ do po lov ice 19. storocia vypracoval i o. i. Pall I­
s e n ( 1795), von Colt a ( 182 1), R. Hartig ( 1868) ,
Th . Ha rr i g ( 1847) ,G. L. Hartig (1795 ), H eyer
( 1852), Hu n d c s h a ge n ( 1825) a J u de i c h (187 1)
na pomerne ma lej ernpi rickej zakludni prvu gene niciu
rastovych tabulick, ktora je estc poz naccnn zbieranlm
skusc uosti. Ticto pr vc tabulk y ale zodpovcda f na si re­
ke spektrum vedeckych probldmov a ods tarto vali etapu
intcnzivneh o zaklada nia trvalych vys kurnnyc h ploch .

Druhu gc ncraciu rus tovych tabu lie k j c mozne da ta ­
vat' od kon ca 19. do polovicc 20. storocia a charak­
ter izo vaf oricntaci ou na jednotnc pr incipy konstrukc ic.
ktorc v rok u 1874 a 1888 odporuc i! Zvaz nemeckych
lesnlckych vys kurnnych organizac il. Zarovcn je momc
pove daf. le tietc tabu lky lIZ boli postaven e na so lidnej
empiriekej urovni . K promgon istom tcj to generacic ras­
tovych tabulick pat ri a Wc i s e (1880), von Gut ten ­
b e r g ( 19 15 ), Z immer le ( 1952 ), Van se low
( 195 1), Kr enn ( 1946), Grundn er ( 1913), aleprc­
dovsetkym S e hw a p pac h ( 1893 ), W i eueman n
( 1932) a S c h o b c r ( 1967), ktorych tabulky na se ba
koncepcne nadvazuj u a pou zivaju sa aj v sucas nos ti
(napr. hore c itovanc tabufky prc drev inu buk). V tridsia­
tych a styrids iatych rokoch vznik li pod vede nim W ie­
c1 emanna pr vc ras tove tabulky prc zrn iesanc porasty . Na
zaklade crnpir ickebo rnatcria lu z viae aka 200 vyskum­
nych p inch Pruskeh o vyskurnncho ustav u noli konstruo­
vane zname rasto ve tabufky pre rovnovckc. ale aj zm ic­
sane pora'\ty borovicc a buka (B 0 n ne m an n , 1939),
smreka a bu ka (W i c d e rn an n , 1942) a du ba a bu ka
(W i e d e m ann , 1939a) , Da lSie vys kum ne aktiv ity
v tejto oblasti bol vsak Wiedemann kv6li druhej svc lO­
vcj voj ne nuteny prerusiC Tieto pnk e ul ale predstavuju
zac iatok sys lcmatickch o vys kurnu v zmiesanych poras­
toch. Rasto vc tab urky zmiesanych porasta v tejto gene­
nkic vsak prc obmedzen ie pIatnosl i len na definovanc
stana vistia. typ a charakter zmicsania nenasli v Iesnic­
kej prax i ziadnc uplatnenie.

Rasto v,; tahul'ky od G erh aruta ( 1909 , 192 3)
z dvad siatych rokov 20 . storoCia uvadzaju Iretiu gene­
n\c iu ra s(ovych tabuli ek, ktorych l110dc ly nemaj u len
empiricky charaktcr, ale su aj teorcti cky od6voJnene
a biometr icky form ulovane. Jadrom tychto modelov ­
napr. A ss m a n n , F ra n z ( 1963), H a m j I t on ,
C h ristie ( 1973, 1974), V uo ki l a (1966 ), S chmidt
( 197 1), L em b ck e et " I. (1975) - jc tlexibilny sy stem
ra vnic . ktory (pokial' je l1loznc) sa opicra 0 osvedccne
rastove 7.akonitosti a funguje aj aka pacftacov y prog ram.

Yznikom poras tovych simulatorov - F ran z (1968) ,
H o yer ( 1975) , H r a d e t z k y ( 1972 ), Br u ce e t '11.
( 1977 ), Curt i s et '11. ( 198 1, 1982) a W enk ( 1994) ­
na konci scs(desiatych ra kov mol no datova( zaciatok
stvrlej gcnc racie rastovych modclav. Tic umo' .nuju pre
zvo lenc rast ovc podmienk y. vychodi skovy pocet stro­
muv v pora stc a pestovny rczirn prognozo va( vyvoj les­
Bych poraslOv .

Aj naprick vset kym ncdostatkom predstavuju rastovc
tab urky az do dlles zeik lad na principoch vytrvalosti za-
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lozen dho planovan ia v Icsn ictve. K postaveniu ras to­
vych tabul iek v kontcxtc Nauky 0 rastc l esa a lesnfct va
Pro d a n (1965, s. 605) poznnmenava: "Jc nepochyb­
ne, le kon strukcia rastovych tabu liek bo la doposiat' naj ­
vyraznejsim a najpozin vnej stm vykonom Icsnickej ve­
dy. Tdto skutoc nos t neznizuje ani poznar ok , ze rusto ve
tabulky budu v buducnosti sllii i( len na uce ly porovrui ­
vania .'

Na konstrukciu rasto vych tabuliek, podnietemi pre­
dovserkym v nern ecky hovoriacich kraj ina ch . nadvazuje
od scs tdcsiatych rokov rnode lovanie rastu lesa na prin­
cipoch prognozovani a rozdel en ia pocetnosti s tromov
alebo nu zaklade jcdn otlivo -stromovych modelov. Au­
tor i M o s er ( 1972 , 1974), C l u t te r ( 1963), C l u t­
te r , B e nne t t ( 1965), ale aj S f o b o d a ( 1976)
a S u z u k i ( 197 1) kon struu ju rnodely na pr incipoch
rozdcle nia pocctn osu . ktore vyvoj pomstu popisuju pro­
strednictvorn diterencialnyc h rov nic alebo funkcii rozd e­
lenia pocc tnos ti, resp . zo hladtiuju stochastickc proc esy ,
Jednorlivo-stromove modcly. ktore zavi cd li A r n e y
(1972) , Be l la ( 1970), Ek , Mo n s eruu (19 74 ),
M it s eh ell ( 1969, 1975), M on s er ud (1975),
N c w n h a m ( 1964) a W y k o ff et al. ( 1982), id'; v ea­
so vej a priestorovej urovni modclovania es te (1 jcdc n
krok d'alej . Tu je po vazovan y pora st ako mozaika j cd ­
not livy ch stro rnov, v ktorom je rast a interuk cia kazde­
ha jednotliveho stromu prog nozova na so zohl'adncnlm
alebo bcz zoh ladncnia pozicie stromo v v poraste. Tym
sa otvdra cesta pre mudelovan ie ro vnorodych . ale aj
zmiesanych porastov r6zncj vekovej struktury a typu
zmiesa nia .

Modely na zakl adc roz de lenia po<:c tnosti slromov
a jed notl ivo-stromovc modely . holi vyvijane prevaznc
v an glo-ameri ckych kraji nach, kde aj nasli up latnen ie
v Icsnickcj praxi . V strednej Europe vsak na uplatnenic
es te len cakaj u. Vse tky doteraz spomcnute genenicic
modelov sa opieraj u () dlhodobe sledovania pr irastku na
vys kumnych ploc hiich a cmpiricky su dobre fundovane.
To to moino povazova( 7.3 ich prednosL Na druhej stra·
ne je to a le aj ncvyh ad a, pretolc pri zmene rastovych
podmicnok nie je molne rastove rcak cie z m inulosti
pouz i( na progn6zovan ie rastu do butlucnost i.

S vyvoj orn na vysokej ca sovcj a priestoro vcj uro vni
koncipov anych - tzv. procesnyeh - model ov. ktorc zol1 ­
radnuju pod l'a stupl)a komplexnosti liitkovu vy mcnu.
tvorbu org{mo v. as imilaciu a respiraciu, biachemickc
alebo p6dn o-chemicke rcakc ie . vznikol v sedemdes ia­
tych rokoch no vy smer. Podporcnc to bolD rastom pozna­
nia 0 c iastkovych proccsoc h v Icsnych ekosystcmoc h,
klore bolD pros trednf ctvom made lovania obohatcne aj
o pred stavu spravania sa cel eho syslcmu. Ras to m av ­
plyvno vani a ekosystcmov rusi vymi fakt orm i aka im i·
sie. ras t koncentracie CO 2 v ovzdus i. zmcna klimy. ale
aj rasnkim di ujmom 0 porozum enie rcakcii lesnych eko­
systemov s moinos(ou vedid ich aj progn 6zovat' dostal
lento srner vyraznu podporu. Oznacenie procesne 010 ­

dc ly nie j e ale pre lento druh mode lov najv ystiznej sie ,
pretoze kazdy raslavy model papi suje pwcc sy . Od ev o­
lucn ych aleho sukccsnyc h modclov cez rastoYe tab ul'ky
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ai. po m od ely spoc ivujucc na hiochem ickych rca kcidcb
sa men! len cnsovri a priestorova skfila mod cl ova nych
pn x csov. Za pionic rskc pra ce v oblas ti proccsncho mode­
[o vania mozno o znac if mo dcl y, ktore publi ko val i B 0 s ­
sc l ( 1994), M ti k c l a , H a ri (19H6) a Moh rcn
( 19H7).

Vysoko dcuulnc procesne modcl y prcdstavuju pre
pochopenic a pro gnozu spravania sa lesnych ckosys tc­
1ll 0 V v mcniacom sa zivotnom prostred f idcalnu urovcf
modclovan ia. Vyvoj . ale aj vyuzitic tychto modelov jc
vsuk uzko ohra niccnc. preroze ex istuju cstc znacne ne­
vcdo rnosti o c ias tkovyc h procesocb v asimilncnycb Of­

grinoch a pode a LakLicl. ncvyricscny os tavn LZV. lip-sc a­
lin g cias tko vyc h proccso v vo vz fahu k sprav aniu sa
ce lcho, O krc m w ho procesn e mod cly vyfaduju roz sinh­

le stanovittnc a klimatickc informacie prc vlastnu ini­
cializ.lciu a cxtrcmnc vy kcn nc pocitacc. eo ich prakric­
kc vy ufi t ie Y sucas nosti ob medzujc len na ex ernplar nc
pripady. Prcto su v s uc asn osti proce s ne rnod c ly viae
vyskum nym. ako manazerskym plano vactm nastroj om .

Prepojenim specialnych korn pon en to v proccsnych mo ­
delov s po rastov ym i alebo jcdnot liv o-stro rnovymi run­
d elm i. ktorc spoc ivaj u na dl hod ob ych s ledovaniuch pri ­

ras lku. vzn ikl i tzv. h yhri d ne modely . M od ely to hlo
Iyp ll, klo re pllbl ikova li napr. II 0 I kin el al. ( 1972)
a K i rn m in s (1993), Sll llZ vyu litcrne v lesllk kcj pra ­
x i, a to niclcn v rov no rodych , ale aj v zmi cSan ych po­

ra ~toeh . Vyul.lvajll pr ito m no ve poz na tky 0 ckofyz io lo­
g ic kych pro ccso ch a caso vc rad y prirastkov z trva lyc h
vys ku l1l nyc h pinch .

Su kcesne mol!c ly. ktore VYVij~ljU prcd ovsetkym S h u ­
g a rl ( 1984), P a st or . P o st ( 19H5), Ab er , M c­
l i ll ( 1982), ale aj L c cman s , P rc nli ce ( 1989). su
u lmc ranc predovse tkym na 7.rn iesa nc poras ty. Podobnc
ako h ybridnc ll1od ely . aj ticlO h l'adaju stred nu cest u.
a to mc uz i poraslovym i a proecsnyrni rnou clmi. Svoji­
m i vs tup ny mi. a le aj vystupny m i charaktc ristikam i Sll
vsak pre rraktic kc pOlrc hy !cs nch o hospod arsl va m{tl o
pr isp tlsohene. Vine Sll za meranc na d lhodo he predpo ve­
de su kces nych pro ccsov neobhospodarovan ych por as­
(n v a na zachy lcnie c fcktu zmc nc nych ra slOvych pod­

m icn ok . Suk cesnc moocly vsa k pod nie tili d alSi vy voj
hybrid nych mod cl o v.

Biolll ov c mod ely. ktor c su spojcnc s mc nami B o x .
M c e n lc m c yc r (199 1) a Pr cnti c e et al. ( 1992 ).
s(, po slavcnc na sta l istickyc h vz t'ahoc h Illcd zi rcgio nftl­

nOli kllrn ou a vcg clac ny mi typmi . Na zakladc vslup­
nych kl im aliek ych pod mien o k j c Illozne pod l'a tyclllo
rnodc lov na rcgi on a lnej a7. g loh,lIncj uro vni pred po ve­
cl a i vysky t hiolllov. tj . 7.ivotn ych spo loce ns ticv. Z dOlc­
ra z spome nulyc h mod c lov su progno zy tyehto mod clov
l pohrad u vyvoja veg et:icic <l rasW le sa naj vyss ic ag rc­
f!ovanc. Modcly IOh1O charakteru ziskali na vy lll ame
prcd o vsclkym v r;illlc i vYSkUlllll g lo h.ilnye h zm ien .

V Eur t>pc ncd osiahn l ani jedcn 1_0 sp<lI11e nUl)'ch no ­
vyd ) liru hov lllo{k' lo\, pra klickc up latnc nic ako mana ­
i.c rsky n,isl roj prc /.lI1 idanc por asty . Z lllidanc porasly
sa III vsa k l a pos lcd nych lOO ro kov hla vne pri cin enirn
Ga y e ra ( I X~.;(l), \Vi e d elllanna ( 19JtJh) a i\ss -
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m an na ( 1961) 7...acali suile viae dostdvat do strcdo bcd u
lesn ickeho vys kum u, al e af. dodncs c hy baju prc tict o

porasty plano vac ic nastrojc. postavcnc na kvam itativuych
zak lnd och . L CIl v poslcd no m o bd o bf Ko I s i r ii III

( 1993), Nag c I ( 1996). Pr c t 7. S c h ( 1992), P u k k a­
la ( 19H7) , H u xen a u c r ( 1994) a S t e rb a et a l.
(1995 ) vyvinuli rnod cly, ktorc uf. vo v~icscj mi ere boli
vyuzuc v plcnovacom procese lcsncho hospoddrstva.
a to niele n v rov ncrod ych. nlc aj v zrn ics any c h porus­
toch. Tieto mode ly sa vyznacuju s tano vistnou citlivostou.
Sll kon st ru o van c a ko jed no tl iv o -s tro movc m od el y
a opicraj u sa 0 s iro ku c mp ir ick u bazu . Nu pr ikl ade
rnstovcho mod clu SILVA. k torcho vcrziu 2.2 1110Zm) za­
rudit k hyb rid ny rn modc lom (P re t z s c h , 199 2:
Pr e I L S c h , K a h n . 1996: K a h n . P r c t 7. S c b .
19<) 7), ktory bol vyviju ny v SRN prc rovnorodc a zrnie­
sane poras ty, budc v dnls ich cas tiach o bj as nc ny ich
lu nkcn y pr incip .

Pri cst orovy a dynam icky systc movy c hara ktcr zm ie­
sanyc h po rasto v zo h lad fiuje rasto vy mode l S IL VA tym .
l C mod eluj e v patr ocnycb cas ov}'c h interva loch pr ies­
tor ovu gtru kni ru porastu . v kt orcj je k van tifiko van a ras­
to va konste laciu kazde ho stro mu. Prirastok stro mov je

pot o m sra no vc uy na za kladc spo rne nutej ra stovej 1.: 0 0 ­

ste l:ic ic ( konkurcncic ) a vy chod iskov}-ch dilll enzii
(ob r. I ). A ko (I"a lsic cx terne prcI1lcnne, podm ieiiujuce

ras l a stru kturu porastu. vs tupujel: sp6sob ob ho spod aro ­
va nia po rastu. riz iko a stanovistnc podmienky . So vse t­
kym i d osledkami pre dy nam ik u vyv oja poras tu jc m07_ne
mod clo vat vply v cie lcnych zasaho v do stru k tury poras­
tu eCl vycho vnc o patre nia (c istky . preh ierky ) a obnov­
ne za sa hy . ale aj vpl yv ncziaducie h faktoro v (ka lam ity )
a pr irodzenej m ortality stro mov. Sp~i t na va 7.ba Illcdzi
s tru ktlll"oU por astu - prirastkom slro lllo v - novo dosia h­
nu ty m stavo m a strukluro u por astu tVOrl kos trtl madel u.
System navzaj orn prcviazanych rovn ic um o f.nuje pro ­
g n6wvtll' nicle n vyvoj j cd nol livych stro moY a z nic h
a d vodc nyc h d c ndr o m etr ic kych porast o vych c hma k­
terisli k (na pr. poecl stro mo v. za soha. s tredna hruh ka).

a lc aj sort imc ntnu stru klu ru a ce ly rad cko nu m ickyc h
ukazov atefov . ak o s u nap r. vy nosy a nfiklad y. S progn o­
7.mn i charakte ristik naturiilnej a ck on omi ckej po vahy su
(fa lcj spoje ne progn 6zy chara kte r ist ik stru ktu ry porastu
(rDzne inde xy). stahility porastu a d ivcrzity . Progn 6 zo va­
nil" vYnosovych . soc io. eko no m ickyc h a ekologi c kych
charaktcristik mod c lmi to hto typu t!{\va po to lll mOlnnst'
po s lldzovat' prod ukc iu rov no vc kyc h a zmi esan ych po­
ra st nv multi kri tc ri:'dnc na kvantita tivllom za k ladc . Ra s·

to vy mod el S IL VA je or ic ntovany svoj im i vs lupny m i
a vystupny llli cha rak lcrist ika m i na infor lll<lc ny pot en cial
a inforlllacnu potrehu Ies nickcj pr axc . Model napr. vy­
1I 1.iva len lie stano viSlnc char a ktc rist iky . ktore su bcl.nc
zis(ov anc v r;:imci cclopl osn cho s lano vistnc ho pr icsku­
TllU . Na jeho parametrizaciu ho li k di spo zicii produkcn c
a stanovistnc d tarakler isl iky vcfk cho POCIU rov norodyc h
a l lllicstlnyc h por aslo v. 'I. k10rych naj slarsic Sll s lcd o va­
ne a IIlc ranc Vi:lC ako 1Of) rok ov .

VYSkUlIlll v ohlast i lIlodclova nia ras(u lcsa sa v Eur(lpC
I.alial' nep ()(lar il() l1 ah rad il raslt)vc lahlll'ky n w no rnd ych
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porastov lcp sim informacn ym systcmo m pre rovnorode
a zmies ane porasty , To ncvyplyva z dcfi ci tu metodic­
kych zakladov. maleho rozsahu da t prc parametrizaci u
alebo spa tncho technickeho vybavenia, Dovod om je viae­
menej ncdostatocn e prisp osobenie na poziadavky lcs­
nick ej praxc. Skusen osti zo zavad zania rastoveho mo­
de lu S ILVA 2.2 do Icsnickej praxc v SRN prin icsli
j asn y profi l po ziadaviek pra xe na man azerske modcl y
prc podporu ro zhod ovani a na po rastovcj a podnikovcj
uro vn i. Su to pred ovserkym ticto pc f iadav ky :

Prirod c blizke obhos podarovan ie lesa sa stava viae
ako samozrej mostou. Pret o sa v dlh od ob orn mcradle
presadia le n take mod el y, ktorc dokazu pro gn ozovat
rast rovnorod ych a zrnie sanych porastov roznch c ve­
ku a struktury.
Mozno st nasadcnia rnodelov na pora stovej . ale aj pod­
nikovcj uro vni pri zohladnenl rozneho sposo bu zalo­
zcnia a vychovy pornstov .
Mode l by mal byt tak fl cxibiln y. 7.e dokazc reag ovaf
na regionalncj urovni na vyskytujuce sa rastovc reak cie
spo sobe ne zmenou sranovista a rugivym i faktormi.

Contact Address:

- Vcd ln typickych stro rnovych a porasto vych charak ­
teristik - ako jc napr. stromova produkcia, so rtimentrui
struktura. kvalirova Struknl ra a hodnotova produkc ia
- by ma li modcly podava t informacic aj 0 s truk tu ­
ralnych charaktctistikach kvantifikujucich mimopro­
dukcne funkcic lesa a 0 indi kato roc h ekologickej
stability .

- Modcly by ma li um ozriovat v prvorn rade t7.V. va­
rian tnc studie na porastovej . ale aj podn ikovej urov­
ni , a to s vstupnyrni inform ac iami , ktore suprtstup ne
v beznej lcs nickej prax i. V ystup by mal byt pri ­
sposobeny inforrn acn yrn potrebam praxe. Modcl y by
mali by !' implementovatclne do Ics niekyc h infor ­
rnacnych sys temov, pri com hardwerov a narocn osf
a casovy aspekt simulac it by ma l zc dpovedat sta no­
vcnyrn ciel'om.
Lcsnt cka prax caka ui. desatroc ia na lepsie rast ove

modely prc plano van ie, prcvad zku Cl kontro lu v lcsn om
podniku. Sirs ia akce ptancia novych rnod e lov zo strany
praxe predpoklada spoluprac u praxc a vy skum u od
tvorb y koncepcif modelov ccz vyvoj az po ieh zavad zanie.
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