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ABSTRACT 

It is well known that woodlands play a crucial role in stabilizing the natural 
environment. They greatly influence and regulate hydraulic cycles, and thus the flow of 
waters and local humidity conditions. They also filter air pollutants, thus protecting 
vulnerable soils and water bodies within forested watersheds. Therefore, as global belts 
of Boreal, Moderate and Tropical Forests actively take part in different biogeochemical 
and physical cycles in the biosphere, and play an extremely important role in the 
exchange of heat and moisture between the atmosphere and continents, an assessment 
of the forests in different time and spatial scales is of considerable value to the life of the 
human society. 

The systems approach permits us to look at these interrelationships in a 
comprehensive way and to see many negative and positive feedbacks which, together, 
provide a dynamical equilibrium of the waves in the all forest belts mentioned above 
(including others organic and inorganic waves, such as waves of insects, diseases, fires 
etc.). 

In the course of its existence IlASA has constantly been occupied with different 
aspects of the forest life. From time to time international working groups are formed on a 
IlASA base to examine the different aspects of the forest and forestry dynamics. 

The most recent example is a book on systems analysis of the Boreal Forest 
Dynamics, published by Cambridge University Press (Shugart et al., eds., September 
1991). A group of American, European, Canadian and Soviet authors have worked 
together through a collaborative network. The products of the group include a general 
boreal forest model (which is currently being l~sed to evaluate the potential effects of 
global climate change on the North American Boreal Zone); models on fire dynamics, 
seed dispersal, permafrost dynamics, herbivory and CO, flux have been developed, 
providing a general modeling framework for simulating patterns and processes in the 
boreal zone. 

The present paper may be considered as some additional input to the problem, in 
the form of Ecophysiological Models, which were partially missing in the above-mentioned 
book. The paper partially intersects with the contents of the book, but from a different 
angle, especially as many papers considering the Russian view of the problem are added. 

The book on "System Analysis of the Boreal Forest Dynamics" and this outline 
stress the necessity of the development of a collaborative research effort to continue the 
development of computer models of the boreal forest (analogue to the GClM -- see, for 
example, Shugart, Bonan), and the so-called analytical models (analogue to the Global 
Average Models (GAM) -- see for example Antonovsky, Korzukhin) in response to 
environmental change. 

Assessments of anthropogenic stress on forests that show such complex 
dynamics are daunting. There is a clear need for a continuation of process-oriented 
comparative studies in polluted and non-polluted regions of the boreal forests to better 
understand these effects. It is clear from the reviews of actual observations and 
experimental evidence from the boreal forest and from the boreal forest models that the 
landscape response of boreal forests to stress is complex and not easily obtained from 



static measurements. Furthermore, the feedback complexities in the boreal forest 
ecosystem suggest that a multiple research program of experimentation, modeling and 
observation may lead to a better understanding of the forest dynamics under stress or 
novel situations than one-dimensional research programs. 
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The p r e s e n t  s u r v e y  i s  d e d i c a t e d  t o  d e s c r i p t i o n  o f  a  number 

o f  approaches  a l l o w i n g  t o  model  dynamics o f  t r e e ,  f o r e s t  s t a n d ,  

t r e e  o r  f o r e s t  a s s o c i a t i o n  on  t h e  b a s i s  o f  e c o p h y s i o l o g i c a l  

models ,  b o t h  a n a l y t i c a l  and s i m u l a t i v e .  As d i s t i n c t i v e  p e c u l i a -  

r i  t y  o f  such  mode ls ,  one may r e g a r d  a p p l  i c a t i o n  o f  dependences 

and v a r i a b l e s  t h a t  a r e  i n t e r p r e t e d  d i r e c t l y  on  t h e  e c o p h y s i o l o -  

g i c a l  b a s i s .  I t  a l l o w s  t o  v e r i f y  and t o  I d e n t i f y  models  a c c o r -  

d i n g  t o  t h e  d a t a  f r o m  o b s e r v a t i o n s ,  as w e l l  as  t o  t e s t  e c o p h y s i o -  

l o g i c a l  hypo theses  assumed as a  b a s i s  o f  one o r  a n o t h e r  model  

( u n l i k e  phenomeno log i ca l  mode l s ) .  The d e t a i l e d  s i m u l a t i o n  mode ls  

a r e  c h a r a c t e r i z e d  by  t a k i n g  i n t o  a c c o u n t  l a r g e  amount o f  v a r i a b l e s  



and  p a r a m e t e r s  o f  t h e  m o d e l e d  o b j e c t ,  a s  w e l l  a s  b y  s e l e c t i o n  

o f  c o e f f i c i e n t s  f o r  p r e c i s e  ( a s  f a r  a s  p o s s i b l e )  d e s c r i p t i o n  

o f  t h e  c o n c r e t e  o b j e c t  ( t r e e  o f  c e r t a i n  s p e c i e s ,  f o r e s t  w i t h i n  

g i v e n  g e o g r a p h i c a l  a n d  c l i m a t i c  z o n e )  w i t h  t h e  f o l l o w i n g  f o r e -  

c a s t i n g  f o r  c o m p a r a t i v e l y  s h o r t  t i m e s .  S i z e  o f  m o d e l  d o e s n ' t  

u s u a l l y  a l l o w  t o  a n a l y s e  i n f l u e n c e  o f  many p a r a m e t e r s  u p o n  

q u a l i t a t i v e  b e h a v i o u r  o f  sys tem.  F o r  t h i s  p u r p o s e  o n e  a p p l i e s  

a n a l y t i c a l  m o d e l s  d e s c r i b i n g  d y n a m i c s  o f  t h e  e s s e n t i a l  v a r i a b l e s  

and  p a r a m e t e r s .  T h e s e  m o d e l s  d o n ' t  a i m  a t  r e n d e r i n g  p r e c i s e  

d y n a m i c s  o f  t h e  c o n c r e t e  o b j e c t ,  b u t  t h e y  a l l o w  t o  f i n d  o u t  

qua1  i t a t i v e  p e c u l  i a r i  t i e s  o f  b e h a v i o u r ,  i t s  p o s s i b l e  c h a n g e s  

d e p e n d i n g  o n  v a r i a t i o n s  o f  p a r a m e t e r s ,  a s  we1 1 a s  t o  s t u d y  

u t m o s t  c o n d i t i o n s  a n d  c h a n g i n g  o f  s p a t i a l  b o u n d a r i e s .  I t  seems 

p r o m i s i n g  t o  a p p l y  j o i n t l y  b o t h  a n a l y t i c a l  and  s i m u l a t i o n  e c o -  

p h y s i o l o g i c a l  m o d e l s  when a n a l y t i c a l  m o d e l s  a r e  r e g a r d e d  a s  

c e r t a i n  s u b b l o c k s  b e i n g  p a r t s  o f  s i m u l a t i o n  m o d e l s  t h a t  makes 

i t  p o s s i b l e  t o  r e p l a c e  t h e  r e a l  e x p e r i m e n t  b y  t h e  n u m e r i c a l  o n e ,  

t o  a d a p t  m o d e l  t o  t h e  m o d e l e d  o b j e c t ,  a s  w e l l  a s  t o  f o r e c a s t  

f e a s i b l e  s i t u a t i o n s .  

We d w e l l  a t  l e n g t h  o n  t h e  d e s c r i p t i o n  o f  s t r u c t u r e  and  

f e a t u r e s  o f  e c o p h y s i o l o g i c a l  m o d e l s  b e l o n g i n g  t o  a n a l y t i c a l  

t y p e  w h i c h  a r e  g i v e n  m a i n  c o n s i d e r a t i o n  i n  t h e  p r e s e n t  s u r v e y .  

I t  i s  u s u a l l y  a  d y n a m i c a l  e q u a t i o n  w o r k e d  o u t  o n  t h e  b a s i s  o f  

b a l a n c e  r e l a t i o n s .  As o n e  o f  t h e  v a l u e s  ( t h a t  have  p h y s i o l o g i c a l  

i n t e r p r e t a t  i o n  f o r  t r e e  o b j e c t s ) ,  one  c o n s  i d e r e s  o f  t e n  p h o t o -  

s y n t h e t i c  r a t e .  The r e l a t i o n s h i p  w i t h  e c o l o g i c a l  c o n d i t i o n s  i s  

r e a l i z e d  b y  means o f  i n d i c a t i n g  d e p e n d e n c e s  o f  p h y s i o l o g i c a l  

v a l u e s  o n  a c c e s s i b l e  r e s o u r c e s  o f  t h e  p r o d u c t i v e  p r o c e s s  ( i n  

c a s e  o f  p h o t o s y n t h e s i s ,  f o r  e x a m p l e ,  i t  i s  d e p e n d e n c e  o n  amoun t  

o f  a c c e s s i b l e  l i g h t ,  o n  a c c e s s i b l e  m o i s t u r e  o r  m i n e r a l  s u b -  

s t a n c e s ,  e t c . ) ,  a s  w e l l  a s  o n  c o n c e n t r a t i o n s  o f  p o l l u t a n t s  o r  

o t h e r  f a c t o r s  w h i c h  i n f l u e n c e  t h e  p r o d u c t i v e  p r o c e s s .  T r a n s i -  

t i o n  f r o m  t h e  l e v e l  o f  i n d i v i d u a l  p l a n t  t o  t h e  p h y t o c e n o s i s  

l e v e l  i s  r e a l i z e d  w i t h  t h e  a i d  o f  d e p e n d e n c e  ( w h i c h  i s  o b t a i n e d  

i n  a  t h e o r e t i c a l  o r  a  s i m u l a t i o n  way)  f o r  amount  o f  r e s o u r c e  

w h i c h  f a l l s  t o  t h e  s h a r e  o f  o n e  p l a n t  a s  a  r e s u l t  o f  c o m p e t i t i o n  

w i t h  o t h e r  p l b n t s .  The p r o c e s s e s  o f  c o m p e t i t i o n  a r e  d e s c r i b e d  b y  



a  p h y s i o l o g i c a l  l y  i n t e r p r e t a b l e  m a t h e m a t i c a l  m o d e l .  T r a n s i  t i o n  

t o  t h e  l e v e l  o f  t r e e  a s s o c i a t i o n  i s  c h a r a c t e r i z e d  b y  i n d i c a t i n g  

o f  r e l a t i o n s h i p s  b e t w e e n  i n d i v i d u a l  c o m p o n e n t s  o f  t h i s  a s s o c i a -  

t i o n  ( p e r h a p s ,  b e t w e e n  i n d i v i d u a l  l o c i ,  c e n o s e s ,  e t c . ) .  We may 

n o t e  t h a t  r e g i o n a l  m o d e l s  ( d e v e l o p e d  f o r  a c c o m p l i s h m e n t  o f  t h e  

t e r r i t o r i a l  f o r e c a s t i n g )  may ( a s  a  m a t t e r  o f  f a c t )  n o t  be e c o -  

p h y s i o l o g i c a l  o n e s  i n  t h e  n a r r o w  s e n s e  o f  t h i s  word ,  t h o u g h  

t h e s e  m o d e l s  o p e r a t e  w i t h  s u c h  e c o l o g i c a l  c o n c e p t i o n s  a s  l o c u s ,  

s u c c e s s i o n ,  e t c .  

By s u c h  a p p r o a c h ,  s t a t i s t i c a l  m o d e l s ,  a s  w e l l  a s  numerous 

r e g r e s s i o n a l  a n d  e m p i r i c a l  m o d e l s  w h i c h  may be  v e r y  h e l p f u l  f o r  

p r a c t i c a l  t a s k s  p r o v e  t o  be o f  1 i t t l e  u s e  because  t h e y  a r e  n o t ,  

i n  t h e  m a i n ,  " e x p l a i n i n g "  ones.  We may n o t e ,  h o w e v e r ,  t h a t  s u c h  

dependences  a r e  o f t e n  i n c l u d e d  i n t o  e c o p h y s i o l o g i c a l  m o d e l s  i n  

t h e  c a p a c i t y  o f  s u b m o d e l s  o r  some l i m i t i n g  v a l u e s .  One o f  t h e  

r e a s o n s  f o r  s u c h  m e t h o d s  may c o n s i s t  i n  t h e  f o l l o w i n g .  

S p e c i f i c  c h a r a c t e r  o f  s y s t e m s  a t  e a c h  l e v e l  o f  m o d e l i n g  i s  

d e t e r m i n e d  n o t  o n l y  b y  d i f f e r e n c e s  o f  t h e  s t u d i e d  o b j e c t s  and 

b y  d e p t h  o f  m o d e l i n g  ( P o l e t a y e v )  b u t  a l s o  b y  d i f f e r e n c e s  o f  

c h a r a c t e r i s t i c  t i m e s  and  s c a l e s .  H i e r a r c h y  o f  t i m e s  i s  e x p r e s -  

sed  m a t h e m a t i c a l l y  w i t h  t h e  a i d  o f  l t s m a l l l '  p a r a m e t e r  E : t h r e e  
I c h a r a c t e r i s t i c  t i m e s  a r e  s i n g l e d  o u t ,  n a m e l y  s l o w  t i m e  t*-, 

E 
r e a l  t i m e  t - 1  a n d  r a p i d  t i m e  t - E m  E x a m i n a t i o n  o f  p r o c e s s e s  

f o r  t i m e s  o f  t h e  o r d e r  1 c o r r e s p o n d s  t o  l i m i t i n g  t r a n s i t i o n  by  

~4 0.  Then t h e  v a r i a b l e s  o f  s l o w  p r o c e s s e s  a r e  c o n s i d e r e d  a s  

p a r a m e t e r s  ( o n  a  l e v e  1 w i  t h  e n v i  r o n m e n t a l  p a r a m e t e r s ) ,  w h e r e a s  

t h e  v a r i a b l e s  o f  r a p i d  p r o c e s s e s  a r e  c o n s i d e r e d  a s  members o f  

a l g e b r a i c  r e l a t i o n  ( s u s t a i n e d  p r o c e s s )  t h a t ,  p e r h a p s ,  i s  s i . m i -  

l a r  t o  d e p e n d e n c e  g i v e n  b y  t h e  m e n t i o n e d  e m p i r i a l  c o r r e l a t i o n s .  

I t  s h o u l d  be n o t e d  t h a t  by  a n a l y t i c a l  m o d e l i n g  i t  i s  

e s s e n t i a l  t o  s i n g l e  o u t  m a i n  ( l i m i  t i n )  f a c t o r s  t h a t  a l l o w  

t o  go  o v e r  t o  t h e  i n v e s t i g a t i n g  o f  c r i t i c a l ,  c o n d i t i o n s  and t o  

d e t e r m i n e  b o u n d a r i e s  f o r  e x i s t e n c e  a r e a  o f  t h e  o b j e c t .  



 odel ling is playing an ever-increasing role in the develop- 

ment of ecological theory at several scales, from understanding 

the mechanisms of carbon fixation (Farquhar and Sharkey 1982; 

Farquhar and von Craemmer 1982) and plant water balance (Cowan 

1982, 1986); to ecaling of physiological processes to whole plant 

function (Reynolde & al. 1986); to exploring how ecosystem 

procesees of carbon and nitrogen cycling operate at continental 

to global scales (Emanuel et al. 1984, 1985). O f  particular 

importance is the role of modeling in exploring phenomenon which 

occur at spatial and temporal scales at which extensive direct 

observation and experimentation are prohibitive, if not impossi- 

ble, Recent examples include the role of spatial and temporal 

variation in competition on ecosystem functioning (Wu al. 

1985; Sharpe j& & 1985, 1986: Walker and Sharpe 1989), extrapo- 

lation of the proces~es of carbon fixation and water balance to 

the landscape ecale to enable linking ecosystem models with 

remotely sensed data (Running and Coughlan 1988), and exploring 

the implications of the evolution of plant adaptations to varying 

environmental conditions on current patterns of ecosystem 

structure across environmental gradients (Tilman 1988). 

The diversity of extant modeling approaches proscribes the 

designation of model of virtually any ecological system. 

Appropriateness of model structure6 depend strongly on the objec- 

tives of the model users. The scientific challenge in modeling 

tends to lie on the proper selection of the phenomena that attend 

a question's solution and that are appropriate to the time and 

space domain of the problem. 



Thie ie an era of increased interest in the function and 

interaction of the major geophysical, geochemical and ecological 

systems of the earth. The Interest in these large spatial scale 

etudies has had diverse origine: the succesa of the "Internation- 

al Qeophyaical Yeartt of global observations (1957-1958) and a 

shared comprehension of just how much time has passed since this 

effort; the characterization of the surface of the earth from an 

ever increaaing availability of images from space; the realiza- 

tion that humans are altering the composition of the atmosphere; 

a relative warming in international political tensions and the 

increased likelihood of sustained international scientific ex- 

changes; an improved understanding of the past dynamics of the 

earth's surface resulting from radioisotope dating and analysis 

of paleoecological data; and the ramifications of computers with 

the power to eolve complex equations of the fluid motion of the 

atmosphere and oceans. 

The conjunction of these and many other developments have 

turned the interests of many scientists in different disciplines 

to the issue of increasing the level of understanding of the 

earth as an interacting, dynamical mystem. 

The p r e s e n t  s u r v e y  h a s  t h e  f o l l o w i n g  s t r u c t u r e .  S e c t i o n  1 

c o n t a i n s  d e s c r i p t i o n  o f  m o d e l s  u s e d  when s t u d y i n g  d e v e l o p m e n t  

o f  a  t r e e ,  a s  w e l l  a s  i n f o r m a t i o n  a b o u t  i n d i v i d u a l  p r o c e s s e s  

a s s o c i a t e d  w i t h  t h i s  d e v e l o p m e n t .  M o d e l s  o f  e v e n - a g e d  f o r e s t  

s t a n d  i n  c o n j u n c t i o n  w i t h  m e t h o d s  a p p l i e d  b y  c o m p e t i t i o n  mode- 

l i n g  a r e  d e s c r i b e d  i n  S e c t i o n  2. As m o d e l  v a r i a b l e s ,  o n e  c a n  

r e g a r d  b o t h  numbers  o f  f o r e s t  s t a n d  ( o r  d e n s i t y  o f  n u m b e r s )  a n d  

s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  t h e  o b j e c t  (mass,  a r e a  o f  c r o w n  

s u r f a c e ,  e t c , ) .  E x a m p l e s  o f  d e s c r i b e d  m o d e l s  b e i n g  a p p l i e d  a r e  

a l s o  g i v e n .  I n  S e c t i o n  3 p r o c e s s e s  a s s o c i a t e d  w i t h  a g e  s t r u c t u r e  

o f  s t a n d s  a r e  d e s c r i b e d  w i t h  t h e  a i d  o f  s o - c a l l e d  " s t r u c t u r a l  



models" .  T a k i n g  i n t o  a c c o u n t  e x i s t e n c e  o f  " m u l t i s t o r e y e d  and  

mu1 t i s p e c i e s "  o b j e c t s  w i t h i n  t h e s e  mode ls ,  a s  we1 1 a s  e x i s t e n c e  

o f  s p e c i f i c  c o m p e t i t i o n  a r i s i n g  w i t h i n  o b j e c t s  o f  d i f f e r e n t  age 

a l l o w s  t o  g o  o v e r  t o  c o n s t r u c t i n g  o f  s u c c e s s i o n  m o d e l s  ( a n d  

t h e n  m o d e l s  - o f  t r e e  a s s o c i a t i o n  o n  t h e  w h o l e ) .  One o f  s u c h  

a p p r o a c h e s  c o n s i s t s  i n  c o n s i d e r i n g  o f  t r e e  a s s o c i a t i o n  a s  t h e  

s u p e r p o p u l a t l o n  o f .  l o c a  1 a s s o c i a t i o n s  (tenons). S e c t  i o n  4 c o n -  

t a i n s  a  number o f  e x a m p l e s  o f  t h e  s i m u l a t i o n  e c o p h y s i o l o g i c a l  

mode ls .  Among them, "w indow"  m o d e l s  and  gap-mode ls  p l a y  t h e  

l e a d i n g  p a r t .  S e c t i o n  5 c o n t a i n s  d e s c r i p t i o n s  o f  some a p p r o a c h e s  

t o  m o d e l i n g  o f  t h e  s p a t i a l  d y n a m i c s .  



1. G r o w t h  o f  s e p a r a t e  t r e e  

1.1. G r o w t h  o f  s e p a r a t e  f r e e - t o - g r o w  t r e e  i s  d e s c r i b e d  

approximately by t h e  s o - c a l l e d  " S - l i k e  c u r v e "  p r e s e n t e d  a t  t h e  

F i g . l a .  I n  i t s  t u r n ,  g r o w t h  r a t e  i s  d e s c r i b e d  by t h e  c u r v e  

shown a t  t h e  F1g. lb.  

T h e r e  i s  a  v o l u m i n o u s  l i t e r a t u r e  o n  c o n s i d e r i n g  a n d  a n a l y -  

s i n g  o f  s u c h  c u r v e s  w h i c h  a p p r o x i m a t e  d y n a m i c s  o f  d i f f e r e n t  

p a r a m e t e r s  i n t r i n s i c  t o  a  s e p a r a t e  t r e e  ( see ,  f o r  e x a m p l e ,  mono- 

g r a p h s  by Kuzmichev,  1977, T e r s k o v ,  T e r s k o v a ,  1980,  e t c . ) .  F o r  

a n a l y t i c a l  d e s c r i p t i o n  o f  t h e s e  c u r v e s  a  number  o f  w e l l - k n o w n  

f o r m u l a e  i s  used,  n a m e l y :  

T a r a z a k l ' s  f u n c t i o n  

K o l  l e r ' s  f u n c t i o n  

Korsun-Backman 's  f u n c t i o n  

2 
y  = a  e x p ( b  l n x  - C I n  x )  ( 1  - 3 )  

C u r v e  p r e s e n t e d  a t  t h e  F i g . l a  c a n  be  a l s o  a p p r o x i m a t e d  by t h e  

f u n c t i o n  o f  f r a c t i o n a l - r a t i o n a l  t y p e  

C o e f f  l c i e n t s  w h i c h  a p p e a r  i n  t h e  f o r m u l a e  ( 1 1 1  4 )  c a n  

be  c h o s e n  s o  t h a t  c u r v e s  d e f i n e d  by  t h o s e  f u n c t i o n s  w i  11 c o r r e s -  

pond r a t h e r  we1 1 t o  t h e  e x p e r i m e n t a l  d a t a  d o i n g  w i t h o u t  a n y  

p e n e t r a t i o n  I n t o  t h e  l a w s  o f  g r o w t h .  



An a t t e m p t  t o  e x p l a i n  s t a b l e  r e l a t i o n s h i p  b e t w e e n  s i r e s  

o f  d i f f e r e n t  o r g a n s  i n  t h e  c o u r s e  o f  o n t o g e n y  r e s u l t e d  i n  t h e  

l a w  o f  a l l o m e t r y  b e i n g  f o r m u l a t e d .  I n  a c c o r d a n c e  w i t h  t h i s  , l a w ,  

s i m i l a r i t y ,  c o n s i d e r e d  as r e l a t i o n s h i p  b e t w e e n  i n d i v i d u a l  

o r g a n s ,  i s  k e p t  d u r i n g  t h e i r  g r o w t h  and c a n  be e x p r e s s e d  by  

means o f  power  d e p e n d e n c e  

o r  i n  t h e  f o r m  o f  b a s i c  s i m i l a r i t y  e q u a t i o n  

dy=* 
y d t  x d t  

I t  i s  H u x l e y  . (1932) whom t h e  f u n d a m e n t a l  s t u d y  i n  t h i s  

f i e l d  b e l o n g s  t o .  

When mode l  1 i n g  r e l a t i o n s h i p s  b e t w e e n  s i z e s  o f  o r g a n s ,  

many a u t h o r s  u s e  a l l o m e t r i c  dependences.  I n  p a r t i c u l a r ,  Kofman 

(Ko@M~H, 1981)  made an  i n t e r e s t i n g  a t t e m p t  ' t o  g r o u n d  t h e  l a w  

o f  a l l o m e t r y  i n  a  t h e o r e t i c a l  way. 

I n  o u r  o p i n i o n ,  u t i l i z a t i o n  o f  a l l o m e t r i c  a p p r o x i m a t i o n s  

w h i c h  may be  j u s t i f i e d  by  d e s c r i b i n g  o f  s m o o t h  p r o c e s s e s  i s  

a b s o l u t e l y  i n s u f f i c i e n t  f o r  m o d e l l i n g  i n  a  c r i t i c a l  s i t u a t i o n  

t h a t  can  be c h a r a c t e r i z e d  by b o t h  change  o f  e x p o n e n t  i n  f o r m u l a  

(1.5) a n d  a r i s i n g  o f  new dependences.  T h i s  p o i n t  o f  v i e w  i s  

c o n f  i rmed b y  Schmal  hausen 's  s t u d y  ( 1  984)  who s u p p o s e d  t h a t  

d u r i n g  o n t o g e n y  i t  w o u l d  t a k e  p l a c e  t h e  s u c c e s s i v e  c h a n g e  o f  

p e r i o d s  and  f o r  ever ;  o f  them g r o w t h  w o u l d  be d e s c r i b e d  by  own 

s p e c i f i c  e q u a t i o n  o f . t h e  t y p e  (1.5). The m o n o g r a p h  by  T e r s k o v s '  

( 1 9 8 0 )  and many o t h e r  w o r k s  w e r e  d e v o t e d  t o  u t i l i z a t i o n  o f  t h e  

s t e p  p a r a b o l i c  e q u a t i o n  f o r  m o d e l l i n g  o f  g r o w t h  f o r  f o r e s t  

s t a n d s .  

Thus,  b y  c o n s t r u c t i n g  o f  power  d e p e n d e n c e s  i t ' s  i m p o r t a n t  

t o  i n d i c a t e  b o t h  c h a r a c t e r i s t i c  p e r i o d s  when t h e s e  d e p e n d e n c e s  

a r e  v a l  i d  and t h e  t y p e  o f  e x t e r n a l  i n f l u e n c e s .  



L e t ' s  g i v e  some e x a m p l e s  o f  m o d e l s  b e l o n g i n g  t o  t h e  t y p e  

1  
(1 .5  - 1.5 ) .  

D i a m e t e r  i n c r e m e n t  o f  t r e e  i s  g i v e n  by 

where  D i s  t h e  d i a m e t e r  a t  b r e a s t  h e i g h t ,  H i s  t h e  h e i g h t  o f  

t r e e ,  Dm a n d  Hm a r e  c o r r e s p o n d i n g  maximum v a l u e s  ( l i k e  a  a n d  b, 

t h e y  a r e  p a r a m e t e r s  i n t r i n s i c  t o  t h e  g i v e n  s p e c i e s ) ,  G i s  t h e  

maximum r a t e  o f  g r o w t h ;  i t ' s  assumed t h a t  H c V  m. T h i s  f u n c t i o n  

i s  u s e d  w i t h i n  t h e ' f r a m e w o r k  o f  " l a r g e "  s i m u l a t i o n  m o d e l s  

JABOWA ( B o t k i n  e t  a1  ., 1 9 7 2 ) ,  FORET ( S h u g a r t ,  Wes t ,  1 9 7 7 ) ,  

KIAMBRAM ( S h u g a r t  e t  a l . ,  1 9 8 0 ) .  Rachko ( 1 9 7 9 )  u s e d  i t  a s  a  

submodel  t o  d e s c r i b e  b e h a v i o u r  o f  t h e  f o r e s t  s t a n d  as  a  w h o l e .  

F o r  l o n g e r  p e r i o d s  o f  t i m e ,  p h y s i o l o g i c a l  p r o c e s s e s  f o r  f u n c t i o n  

( 1 . 6 )  w e r e  n o t  t a k e n  i n t o  a c c o u n t  i n  d e t a i  1 b e c a u s e  t h i s  f u n c -  

t i o n  may b e  i n t e r p r e t e d  o n l y  i n  a  g e n e r a l  way.  O j a  u s e d  t h i s  

f u n c t i o n  q u i t e  s a t i s f a c t o r i l y  f o r  h i s  t a s k  w i t h  a  v i e w  t o  

d e s c r i b e  g r o w t h  o f  s p r u c e  f i r  (OJa, 1 9 8 4 ) .  

1.2.  One o f  t h e  f i r s t  d y n a m i c a l  and,  a s  a  m a t t e r  o f  f a c t ,  

p h e n o m e n o l o g i c a l  m o d e l s  f o r  f r e e - t o - g r o w  t r e e s  t u r n e d  o u t  t h e  

R o b e r t s o n  e q u a t i o n  ( R o b e r t s o n ,  1923)  

where  M i s  t h e  b i o m a s s  a n d  A  i s  t h e  r e s p e c t i v e  maximum v a l u e ,  

K l c o n s t .  



T h i s  e q u a t i o n  a r o s e  f r o m  d e s c r i b i n g  o f  k i n e t i c s  f o r  t h e  

a u t o c a t a l y s i s  r e a c t i o n .  P e r h a p s ,  t h e  u s e  o f  a n a l o g y  b e t w e e n  t h e  

g r o w t h  o f  p l a n t  and  t h e  c o u r s e  o f  o n l y  o n e  r e a c t i o n  m i g h t  be  

j u s t i f i e d  f o r  t h e  r e a s o n  t h a t  d e s p i t e  o f  v a r i e t y  o f  c h e m i c a l  

and p h y s l c a l  p r o c e s s e s ,  b o t h  c h a r a c t e r  a n d  r a t e  o f  g r o w t h  o f  

p l a n t  a r e  d e t e r m i n e d  b y  one d o m i n a n t  r e a c t i o n  ( ~ i i m i ,  1976,  

K u l l ,  1 9 8 6 ) .  I t  s h o u l d  be n o t e d  t h a t  e q u a t i o n  ( 1 . 7 ) ,  u n d e r  t h e  

name o f  " V e r h U l s t - P i  r l  e q u a t i o n " ,  i s  w i d e l y  a p p l  l e d  t o  d e s c r i b e  

p o p u l a t i o n  numbers  w i t h i n  t h e  f r a m e w o r k  o f  p o p u l a t i o n  d y n a m i c s .  

As a  d e v e l o p i n g  o f  i d e a  a b o u t  b r i n g l n g  t o  l i g h t  d o m i n a n t  

f a c t o r ,  one  may r e g a r d  t h e  p r i n c i p l e  o f  1 l m l t i n g  f a c t o r s  w h l c h  

was f i r s t  a p p l i e d  by  L i e b i g  ( 1 8 8 5 )  t o  c a l c u l a t e  c o n c e n t r a t i o n s  

o f  s u b s t a n c e s  i n  c h e m i c a l  r e a c t i o n s .  1 . A . P o i e t a y e v  u s e d  t h i s  

a p p r o a c h  when c a l c u l a t i n g  r a t e s  o f  p r o c e s s e s .  A c c o r d i n g  t o  t h e  

P o l e t a y e v ' s  p r i n c i p l e  o f  l i m i t i n g  f a c t o r s ,  a t  a n y  moment i n t e n -  

s i t y  o f  t h e  o u t p u t  p r o c e s s  i s  l i m i t e d  by  t h e  l e a s t  i n t e n s i v e  

componen t  o f  t h e  i n p u t  p r o c e s s .  I n  o t h e r  w o r d s ,  i f  y  i s  t h e  r e s -  

ponse  and x i  a r e  t h e  i n p u t  v a l u e s  t h e n  

w h e r e  f i s  a  p o s i t i v e  m o n o t o n o u s  f u n c t i o n  w h i c h  depends  o n  t h e  

i - t h  e n v i r o n m e n t a l  f a c t o r  x i .  As e x t e r n a l  f a c t o r s ,  one  c a n  u s u a l l y  

s i n g l e  o u t  p h y s i o l o g i c a l  a c t i v e  r a d i a t i o n  ( P A R ) ,  C02, h u m i d i t y ,  

t e m p e r a t u r e  o f  a i r ,  n u t r i e n t s  e t c .  We may n o t e  t h a t  i n s t e a d  o f  

e q u a t i o n  ( 1 . 8 )  a  f u n c t i o n  w i t h  s a t u r a t i o n  i s  o f t e n  a p p l i e d  w h l c h  

e x p r e s s e s  l i m i t a t i o n  o f  a s y m p t o t i c  b e h a v i o u r  o f  t h e  r e s p o n s e  y  

by l a r g e  v a l u e s  o f  t h e  f a c t o r  x .  

I n  o r d e r  t o  g a i n  an u n d e r s t a n d i n g  a b o u t  mechan ism o f  g r o w t h  

and  d e v e l o p m e n t  o f  p l a n t  and  i t s  s e p a r a t e  o r g a n s ,  as  w e l l  as  t o  

s t u d y  t h e  e n v i r o n m e n t a l  i n f l u e n c e s ,  f r o m  t h e  b e g i n n i n g  o f  t h e  

1 9 6 0 - t i e s  o n e  h a s  p r o c e e d e d  t o  d e v e l o p  c o m p l i c a t e d  d y n a m i c a l  

m o d e l s  r e f l e c t i n g  i n  d e t a i l  t h e  c o n c e p t s  c o n c e r n i n g  mechan isms  

o f  p r o d u c t i o n a i  p r o c e s s  and  t h e  s t r u c t u r e  o f  p l a n t  o r g a n i s m s .  

One o f  t h e  m a i n  m e t h o d s  i n t e n d e d  f o r  mode l  1 i n g  o f  t r e e  

g r o w t h  i s  w o r k l n g  o u t  o f  b a l a n c e  r e l a t i o n s .  As t h e  f i r s t  b a l a n c e  

e q u a t i o n ,  o n e  may c o n s l d e r  B e r t a i a n f f y l s  m o d e l  w h i c h  p r e s e n t s  t h e  



r a t e  o f  mass change  a s  t h e  d i f f e r e n c e  b e t w e e n  p h o t o s y n t h e s i s  

and  r e s p i r a t i o n  ( 1 9 4 2 ) :  

w h e r e  M i s  t h e  mass o f  p l a n t  ( o r ,  p e r h a p s ,  t h e  mass o f  p h y t o -  

c e n o s i s ) ,  @ I s  t h e  n e t  p h o t o s y n t h e s i s ,  R i s  t h e  l o s s  o f  mass 

o n  a c c o u n t  o f  r e s p i r a t i o n  and f a l l  o f  l e a v e s ,  y i s  t h e  s e t  

o f  e c o l o g i c a l  p a r a m e t e r s .  

U s i n g  power  f u n c t i o n s ,  t h i s  e q u a t i o n  may be  w r i t t e n  as  

= a (  n - b (  rp)Mm (n,m - c o n s t s )  ( 1  . l o )  

On t h e  b a s i s  o f  t h e  b a l a n c e  p r l n c i p l e  a n d  s u p p o s i n g  t h e  

e n e r g y  o f  l i g h t  b e i n g  t h e  m a i n  s o u r c e  o f  t r e e  g r o w t h ,  P o l e t a y e v  

( 1 9 6 6 )  p r o p o s e d  a  m o d e l  d e s c r i b i n g  g r o w t h  a n d  d e v e l o p m e n t  o f  

f r e e - t o - g r o w  t r e e s :  

h  = a - b h  
2 

( 1 . 1 1 )  

H e r e  h  i s  t h e  h e i g h t  o f  t r e e ,  a,b a r e  c o n s t a n t s  i n t r i n s i c  f o r  

t h e  g i v e n  s p e c i e s .  When w o r k i n g  o u t  t h i s  e q u a t i o n ,  a n  assump-  

t i o n  t o o k  p l a c e  a b o u t  s u r f a c e  o f  t r e e  b e i n g  p r o p o r t i o n a l  t o  h  
2 

and  mass o f  t r e e  b e i n g  p r o p o r t i o n a l  t o  h 3 .  T a k i n g  i n t o  a c c o u n t  

t h e  e n e r g y  o b t a i n e d  b y  p l a n t ,  t h e  e q u a t i o n  ( 1 . 1 1 )  may b e  w r i t t e n  

I n  t h e  s t a n d a r d  f o r m  a s  f o l l o w s  

w h e r e  E i s  t h e  e n e r g y ,  a  a n d  b  a r e  c o n s t a n t s ,  S i s  t h e  s u r f a c e  

o f  t r e e .  

Owing t o  d i v i s i o n  o f  p l a n t  i n t o  s e p a r a t e  o r g a n s ,  t h e  i m -  

p r o v e d  m o d e l s  o f  t h e  t y p e  ( 1  . g )  I n c l u d e  a l s o  b o t h  i n p u t  a n d  

o u t p u t  f l o w s .  As a n  e x a m p l e ,  we d e s c r i b e  t h e  m o d e l  f o r  g r o w t h  

o f  p l a n t  (Ross,  1 9 7 5 )  t h a t  became t h e  b a s i s , b y  d e v e l o p i n g  o f  

many o t h e r  m o d e l s  ( ~ u l l ,  1986,  Rachko,  1979,  e t c ) .  The g i v e n  

mode l  i n c l u d e s  f o u r  e q u a t i o n s ,  n a m e l y :  



d e s c r i b i n g  r a t e s  o f  g r o w t h  f o r  l e a v e s ,  s tems ,  r o o t s  a n d  r e p r o -  

d u c t i v e  o r g a n s  r e s p e c t i v e l y .  I n  t h i s  m o d e l  m i s  t h e  mass o f  t h e  
j 

r e s p e c t i v e  o r g a n  , qj a n d  R j  a r e  p h o t o s y n t h e s i s  a n d  r e s p i  r a t i o n  

o f  t h e  J - t h  o r g a n  r e s p e c t i v e l y ,  V j  I s  t h e  d r y  b i o m a s s  f a l l e n  

away f r o m  t h e  J - t h  o r g a n  d u r i n g  t w e n t y - f o u r  h o u r s .  V a l u e s  di 
and Bi f o r m  t h e  m a t r i c e s  o f  v e g e t a t i v e  r e p r o d u c t i v e  g r o w t h ,  

i.e. t h e y  d e t e r m i n e  d i s t r i b u t i o n  a n d  r e d i s t r i b u t i o n  o f  a s s i m i l a t e s  

C o e f f i c i e n t s  KF a n d  KR, m a t r i c e s  {dij3 a n d  { B i j f  , a s  w e l l  

a s  c h a r a c t e r  o f  f u n c t i o n s  e i  R j  , v j  a r e  d e f  i n e d - c o n c r e t e l y  f o r  

s e p a r a t e  s t a g e s  o f  g r o w t h  and d e v e l o p m e n t .  Thus,  m o d e l  ( 1  - 1 3 )  may 

be  c h a r a c t e r i z e d  a s  a  s e m i - e x p e r i m e n t a l  one s i n c e  d e s c r i p t i o n  o f  

s t a g e s ,  c o e f f i c i e n t s  and f u n c t i o n s  i s  a c c o m p l i s h e d  a t  t h e  e x p e r i -  

men t a  1 1 e v e  1. 

We may n o t e  t h e r e  a r e  a n a l o g o u s  m o d e l s  f o r  d e s c r i b i n g  

b a l a n c e  b e t w e e n  c o m p o n e n t s  o f  f o r e s t  s t a n d  a n d  e n v i r o n m e n t  ( O j a ,  

1 9 8 4 ) .  

By w o r k i n g  o u t  o f  t h e  m o d e l  based  u p o n  t h e  p r i n c i p l e  o f  

1 i m i  t i n g  f a c t o r s  ( A - s y s t e m s ) ,  b a l a n c e  e q u a t i o n  o f  t h e  t y p e  

(1.13) i s  a  p i e c e w i s e  l i n e a r  one a n d  c a n  be p r e s e n t e d  a s  ( ~ i l d e r -  

man- e t  a1  ., 1 9 7 0 )  

H e r e  d i j, B i j  'r 0  a r e  c o n s t a n t s  c o r r e s p o n d i n g  t o  r a t e s  o f  t h e  

p r o c e s s e s  w h i c h  p r o c e e d  w i t h  i n t e n s i t i e s  P  r e s p e c t i v e l y .  I n  j 
t h i s  c a s e  P j  = m i n  

E~ 
w h e r e  E a r e  e x t e r n a l  r e s o u r c e s  ( i n  

.T j 
t h e  s e n s e  m e n t i o n e d  a b o v e ) .  

On t h e  b a s i s  o f  t h e  p r i n c i p l e  o f  /\ - p y s t e m s ,  P o l e t a y e v  

( 1 9 6 6 ,  1 9 7 3 )  w o r k e d  o u t  s e v e r a l  m o d e l s  f o r  d e v e l o p m e n t  o f  p l a n t s  

( f r o m  t h e  m o s t  s i m p l e  m o d e l s  t o  t h e  mu1 t i c o m p a r t m e n t  o n e s  t h a t  

t a k e  i n t o  c o n s i d e r a t i o n  i n f l u e n c e s  o f  l i g h t  and  m i n e r a l  s u b -  



s t a n c e s  upon  g r o w t h  o f  p l a n t s ) .  Those mode l s  d e s c r i b e d  v e r i -  

s i m i l a r  b e h a v i o u r  o f  b iomass and o t h e r  subs tances  p a r t i c i p a t i n g  

i n  t h e  p r o c e s s  o f  g r o w t h  and deve lopmen t  o f  p l a n t s .  One can  f i n d  

s i m i l a r  b l o c k s  w i t h i n  t h e  f ramework  o f  many mode l s  d e s c r i b i n g  

g r o w t h  o f  p l a n t s  ( K u l l ,  O ja ,  1984) .  

On th; b a s i s  o f  A - s y s t e m s ,  i t  was worked o u t  K u d r i n a ' s  

model  ( 1973 )  w h i c h  has  n o t  l o s t  i t s  . s i g n i f i c a n c e  up  t o  now. 

W i t h i n  t h e  f ramework  o f  t h i s  mode l ,  t h e  p l a n t  i s  d i v i d e d  i n t o  

two p a r t s :  r o o t s - b o l e  and f o l  i age .  The i n t e r n a l  components  x - j 
( j z1 .12 )  a r e  g l u c o s e ,  oxygen,  w a t e r ,  c a r b o n  d i o x i d e  and m i n e r a l  

s a l t s  i n  o v e r g r o u n d  and u n d e r g r o u n d  p a r t s ,  as  w e l l  as own mass - 
o f  r o o t s  and b o l e .  The re  a r e  e i g h t  e x t e r n a l  components y i  ( i = l  ,8 ) .  

They r e p r e s e n t  v a l u e s  p r o p o r t i o n a l  t o  d e n s i t y  o f  s o l a r  e n e r g y ,  

t o  c o n c e n t r a t i o n s  o f  c a r b o n  d i o x i d e ,  oxygen,  w a t e r  a v a i l a b l e  b o t h  

i n  t h e  a tmosphere  And i n  t h e  s o i l ,  as  w e l l  as t o  c o n c e n t r a t i o n s  

o f  m i n e r a l  s u b s t a n c e s  i n  t h e  s o i l .  C o e f f i c i e n t s  f o r  t h i s  mode l  

were chosen on t h e  b a s i s  o f  g e n e r a l i z e d  c h a r a c t e r i s t i c s  o f  v i t a l  

f u n c t i o n s  o f  p l a n t  o rgan i sms .  S o l u t i o n  o f  t h e  model  was a n a l y s e d  

n u m e r i c a l l y  w i t h  t h e  a i d  o f  compute r .  I t  was shown t h a t  t h e  mode l  

c o u l d  be adap ted  t o  s p e c i f i c  p l a n t  by c o e f f i c i e n t s  b e i n g  p r o -  

p e r l y  chosen. 

An a t t e m p t  was made by I .A.Pole tayev t o  c o n s t r u c t  p h y s i o -  

l o g i c a l l y  g rounded  model  o f  h i g h e r  p l a n t  w h i c h  c o u l d  d e s c r i b e  

t h e  who le  h i s t o r y  o f  p l a n t ' s  deve lopmen t  ( f r o m  seed t o  seed ) .  

T h a t  v e r s i o n  o f  model  i n c l u d e d  a b o u t  5 0 0  e q u a t i o n s  and was 

d i v i d e d  i n t o  s e p a r a t e  b l ocks -submode l s .  The processes t a k i n g  p l a c e  

w i t h i n  each  o f  such  b l o c k s  were d e s c r i b e d  on  t h e  b a s i s  o f  a v a i -  

l a b l e  p h y s i o l o g i c a l  c o n c e p t s ,  and t h e  s p e c i f i c  p e r i o d s  o f  t i m e  

and c o n c e n t r a t  i o n s  were l a 1  i d  w i  t h i n  each  b l o c k .  U n f o r t u n a t e l y ,  

t h e  g i v e n  work  was n o t  c o m p l e t e d  by t h e  a u t h o r .  

1 .3 .Recen t l y ,  many mode l s  have been d e v e l o p e d  w i t h  t h e  p u r p o s e  

o f  e x p l a i n i n g  t h e  g r o w t h  o f  t r e e  on t h e  b a s i s  o f  model  d e s c r i p -  

t i o n  o f  t h e  p r i n c i p a l  p h y s i o l o g i c a l  p r o c e s s e s  o f  i t s  f u n c t i o n i n g .  

The n a t u r e  o f  one o r  a n o t h e r  model  i s  d e t e r m i n e d  i n  many r e s -  

p e c t s  by some i n d i c e s  such  as l e v e l  o f  m o d e l l i n g  ( s e p a r a t e  

p h y s i o l o g i c a l  p r o c e s s e s ,  e n t i r e  o r g a n i s m  o r a  t ree w i t h i n  f o res t  stand), 



respective r a t e  o f  p r o c e s s e s  a t  t h e  g i v e n  l e v e l  a n d  b i o m a s s  

d i v i d i n g .  These i s s u e s  b e i n g  s o l v e d  d e t e r m i n e  p a r t l y  t h e  p r e c i -  

s i o n  o f  t a k i n g  i n t o  a c c o u n t  d i f f e r e n t  p h y s i o l o g i c a l  p r o c e s s e s .  

P h o t o s y n t h e s i s  and  r e s p t r a t i o n  a r e  t a k e n  i n t o  c o n s i d e r a t i o n  p r a c -  

t i c a l l y  w i t h i n  t h e  f r a m e w o r k  o f  e v e r y  e c o p h y s i o l o g i c a l  mode l .  

The d i v i d i n g 6  o f  b i o m a s s  g i v e s  i n e v i t a b l e  r i s e  t o  t a k i n g  

i n t o  c o n s i d e r a t i o n  o f  b o t h  t r a n s p o r t  o f  a s s i m i l a t e s  a n d  t h e i r  

d i s t r i b u t i o n .  B e s i d e s  t h a t ,  m i n e r a l  n u t r i t i o n ,  t r a n s p i r a t i o n  a n d  

i n f l u e n c e  caused  b y  t r e e  c r o w n  may be  t a k e n  i n t o  a c c o u n t  w i  t h i n  

m o d e l s  d e s c r i b i n g  t r e e  d e v e l o p m e n t .  The i n f l u e n c e  o f  c e n o s i s  

u p o n  t r e e  g r o w t h  i s  t o  be  r e g a r d e d  as  a  s e p a r a t e  i s s u e .  The ap-  

p r o a c h  t o  m o d e l l i n g  o f  p l a n t  g r o w t h  w h i c h  b e g i n s  w i t h  mode l  d e s -  

c r i p t i o n  o f  b a s i c  p h y s i o l o g i c a l  p r o c e s s e s  i s  p r e s e n t e d  i n  d e t a i l  

i n  t h e  monograph  by  T h o r n l e y  ( 1 9 8 2 ) .  The s i m i l a r  a p p r o a c h  i s  

d e v e l o p e d  i n  t h e  w o r k s  o f  F r e y ,  M o l d a u ,  Ross, O j a ,  Ku1 1 f r o m  t h e  

E s t o n i a n  r e s e a r c h  s c h o o l  ( s e e  monograph  b y  B i k h e l e  e t  a l . ,  1980,  

r e v i e w  w o r k  by  O j a ,  1985,  t h e s i s  by K u l i ,  1986,  and,  f i n a l l y ,  

e x t e n s i v e  w o r k  by  K u l l ~  1989,  where  t h e r e  i s  d e s c r i p t i o n  o f  b a s i c  

c o n t e m p o r a r y  c o n c e p t s  i n  t h e  f i e l d  b e i n g  s t u d i e d ) .  We a r e  g o i n g  

t o  d w e l l  o n  t h e  r e v i e w  o f  m o d e l s  f o r  some i m p o r t a n t  p h y s i o l o g i c a l  

p r o c e s s e s  w h i c h  d e t e r m i n e  d y n a m i c s  o f  p l a n t  d e v e l o p m e n t .  

One o f  t h e  p r i n c i p a l  o b j e c t s  t o  be  a n a l y s e d  i s  dependence  o f  

p h o t o s - y n t h e s i s  o n  t h e  r a d i a t i o n  i n t e n s i t y ,  o n  t h e  c o n c e n t r a t i o n  

o f  c a r b o n  d i o x i d e ,  o n  t h e  shape o f  c rown ,  e t c .  A t  t h i s  p o i n t ,  

f u n c t i o n s  b e l o n g i n g  t o  t h e  M i c h o e l  i s - M e n t e n  t y p e  a r e  m o s t  w i d e l y  

a d o p t e d .  These  f u n c t i o n s  w e r e  s u b s t a n t i a l l y  s t u d i e d  i n  t h e  m e n t i o -  

n e d  monograph  b y  T h o r n l e y .  Among them, t h e  f o l i o w i n g  f u n c t i o n s  

a r e  a p p l i e d  m o s t  f r e q u e n t l y :  



where  4 i s  t h e  i n i t i a l  p i t c h  o f  p r o d u c t i v i t y  c u r v e  P ,  Pmax  i s  

t h e  a s y m p t o t i c  v a l u e  by I + - .  

An a p p r o x i m a t e  shape o f  t h e  m e n t i o n e d  dependence i s  g i v e n  

a t  t h e  Fig.2. 

When p a s s i n g  t h r o u g h  t h e  p l a n t  c o v e r ,  t h e  d e n s i t y  o f  l i g h t  

f l o w  I may be r e g a r d e d  as v a r i a b l e  c h a n g i n g  a c c o r d i n g  t o  t h e  l a w  

o f  Lamber t -Bare  ( p r o p o r t i o n a l  t o  t h e  d e n s i t y  o f  medium);  t h i s  

l e a d s  t o  t h e  r e l a t i o n  o f  M o n s i - S a e k i  ( ~ o n s i ,  S a e k i ,  1 9 5 3 ) :  

where  I ( Z , t )  i s  t h e  d e n s i t y  o f  l i g h t  f l o w  a t  t h e  l e v e l  Z,  lo  i s  

t h e  r e s p e c t i v e  d e n s i t y  above t h e  t r e e  canopy,  L ( Z , t )  i s  t h e  

t o t a l  s u r f a c e  o f  l e a v e s  f r o m  t h e  t o p  o f  canopy t o  t h e  l e v e l  2 ,  

K i s  a  c o n s t a n t  ( c o e f f i c i e n t  o f  e x t i n c t i o n ) .  

P h o t o s y n t h e t i c  r a t e  depends on  d i f f e r e n t  f a c t o r s ,  such  as 

t e m p e r a t u r e ,  c o n c e n t r a t i o n s  o f  oxygen  and c a r b o n  d i o x i d e ,  e t c .  

To t a k e  them i n t o  c o n s i d e r a t i o n ,  t h e  p a r a m e t e r s  o f  h y p e r b o l a  

P ( I )  may be somet imes c o n s i d e r e d  a s  v a r i a b l e  q u a n t i t i e s  o r ,  

b e s i d e s  t h e s e  two p a r a m e t e r s ,  t h e  t h i  r d  a d d i t i o n a l  p a r a m e t e r  

may be i n t r o d u c e d ,  and so  on. T i l l  now, i t  has n o t  been d e v e l o p e d  

any  t h e o r y  e x p ' l a i  n i n g  i n f l u e n c e  o f  t h e  ment  toned  c h a r a c t e r i s t i c s  



u p o n  p h o t o s y n t h e s i s ,  t h o u g h  t h e r e  a r e  a  g r e a t  number o f  m o d e l s  

d e s c r i b i n g  p h o t o p h y s i c a l ,  p h o t o c h e m i c a l  a n d  b i o c h e m i c a l  mecha- 

n i s m s o f  p h o t o s y n t h e s i s  ( s e e  r e v i e w  i n  t h e  K u l l ' s  book ,  K u l l ,  K u l l ,  

1989) .  

I n  som,e w o r k s  ( R O S S ,  1975,  B u g r o v s k y  e t  a l e ,  1982, 1 9 8 7 ) ,  

dependence o f  p r o d u c t i v i t y  o f  p l a n t  on  a r c h i t e c t o n i c  o f  l e a f  

s u r f a c e  was t a k e n  i n t o  c o n s i d e r a t i o n .  F o r  e x a m p l e ,  i n  t h e  Bug- 

r o v s k y ' s  mode l  i n f l u e n c e  o f  t r e e  c r o w n  u p o n  p r o d u c t i v i t y  was 

c h o s e n  a c c o r d i n g  t o  c o n c e p t i o n s  d e v e l o p e d  b y  T s e l n i k e r  ( 1 9 8 3 ) ,  

n a m e l y :  e v e r y  new l a y e r  o f  c r o w n  i s  f o r m e d  s u c c e s s i v e l y ,  i.e. 

a f t e r  c r o w n  i n  t h e  p r e c e d i n g  l a y e r  b e i n g  c l o s e d ;  w i t h i n  e a c h  

h o r i z o n t a l  l a y e r ,  i l  l u m i n a t  i o n  and p h o t o s y n t h e s i s  a r e  c o n s i d e r e d  t o  

beequa1,and i l l u m i n a t i o n  i s  c a l c u l a t e d  i n  c o n f o r m i t y  w i t h  t h e  

l a w  o f  M o n s i - S a e k i  (1 .16) .  W i t h i n  m e n t i o n e d  m o d e l  dependence  o f  

p r o d u c t i v i t y  o n  mass o f  f o l i a g e  a t  one l a y e r  Ma and on p r o d u c -  

t i v i t y  o f  p h o t o s y n t h e s f s  K P ( I )  i s  c a l c u l a t e d  i n  a c c o r d a n c e  w i t h  

s e m i - e m p i r i c a l  e q u a t i o n  

w h e r e  Pi i s  t h e  p h o t o s y n t h e t i c  p r o d u c t i o n ,  Mnla i s  t h e  mass o f  

f o l i a g e  a t  one  l a y e r  f o r  t r e e s  b e l o n g i n g  t o  f o r e s t  s i t e  l a ,  B 

i s  t h e  f o r e s t  s i t e ,  K C T  i s  a  c e r t a i n  f i t t i n g  f a c t o r .  

H o l d a u  e q u a t i o n  ( 1 9 7 1 )  i s  a l s o  a  s e m i - e m p i r i c a l  o n e ;  i t  

e x p r e s s e s  dependence  o f  t h e  r a t e  o f  b i o m a s s  i n c r e m e n t  f o r  p h o t o -  

s y n t h e s i z i n g  p l a n t  d i v i d e d  i n t o  t h r e e  o r g a n s  ( l e a v e s ,  b o l e  

w i t h  f o l i a g e  and r o o t s )  on  PAR i n t e n s i t y ,  o n  c o n c e n t . r a t i o n  o f  

C02 i n  t h e  a t m o s p h e r e  and  o n  q u a n t i t y  o f  w a t e r .  T h i s  f o r m u l a  

t a k e s  i n t o  a c c o u n t  a l s o  l o s s e s  o f  b i o m a s s  by r e s p i r a t i o n  and 

i s  g i v e n  by  ( O j a ,  1 9 8 4 )  



H e r e  S i  a r e  t h e  s u r f a c e s  o f  l e a v e s ,  b o l e  a n d  r o o t s  r e s p e c t i v e l y ,  

C .  and R o i  a r e  t h e  r e s p i r a t i o n  f a c t o r s  f o r  t h e  m e n t i o n e d  o r g a n s ,  
I 

a,b,  6 a r e  t h e  c o e f f i c i e n t s  e x p r e s s i n g  r e l a t i o n  b e t w e e n  H  0  a n d  
2  

C02, A i s  t h e  c h a r a c t e r i s t i c  o f  PAR i n t e n s i t y .  T h i s  f o r m u l a ,  

w i t h  some a d d i t i o n s ,  was u s e d  w i t h i n  t h e  f r a m e w o r k  o f  m o d e l  f o r  

t r e e  g r o w t h  p r o p o s e d  by  Rachko  ( 1 9 7 9 )  w h i c h  i s  d e s c r i b e d  b e l o w .  

I t  s h o u l d  be n o t e d  s u c h  s e m i - e m p i r i c a l  dependences  a r e  

o f  t e n  submode ls  w i  t h i n  t h e  f r a m e w o r k  o f  l o n g - p e r i o d  m o d e l s  o f  

p l a n t  g r o w t h .  

Many a u t h o r s  e x a m i n e d  r e s p i r a t i o n  o f  p l a n t s  w h i l e  a n a l y s i n g  

t h e i r  g r o w t h .  Among s u b s t a n t i a l  w o r k s ,  we s h o u l d  m e n t i o n  m o d e l s  

d e v e l o p e d  by  Tooming,  M a k r i  a n d  V i t t  ( s e e  T h o r n l e y ,  1982 ,  C h e t -  

v e r i k o v ,  1985,  O j a ,  1984,  K u l l ,  1 9 8 6 ) .  C h e t v e r i k o v  r e a l i z e d  

c o m p a r a t i v e  a n a l y s i s  o f  t h r e e  m e n t i o n e d  m o d e l s  and  c l e a r e d  u p  

a p p r o x i m a t e  l i m i t s  o f  t h e i r  a p p l i c a b i l i t y .  A t  p r e s e n t ,  i t ' s  

g e n e r a l  l y  a c c e p t e d  t h a t  i t  i s  n e c e s s a r y  t o  d i s t i n g u  i s h  b e t w e e n  

r e s p i r a t i o n  o f  g r o w t h ,  r e s p i r a t i o n  o f  m a i n t e n a n c e  and ,  p e r h a p s ,  

r e s p i r a t i o n  o f  t r a n s p o r t .  A c c o r d i n g  t o  T h o r n l e y ' s  ( 1 9 8 2 )  o r  

H a r k i  I s  (1970)  scheme, r e s p i  r a t i o n  o f  m a i n t e n a n c e  i s  a l w a y s  

p r o p o r t i o n a l  t o  t h e  f u n d  o f  a s s i m i l a t e s  w i t h i n  p l a n t  w h e r e a s  

r e s p i r a t i o n  o f  g r o w t h ,  d e p e n d i n g  o n  t h e  a p p l  i e d  scheme, may b e  

p r o p o r t i o n a l  e i t h e r  t o  mass o f  p l a n t  o r  t o  p r o d u c t i v i t y  o r  t o  

mass o f  a s s i m i l a t e s .  

When d i v i d i n g  b i o m a s s  o f  m o d e l e d  o b j e c t  i n t o  s e p a r a t e  

o r g a n s ,  a1 1  t h r e e  t y p e s  o f  r e s p i r a t i o n  c a n  b e  t a k e n  i n t o  a c c o u n t  



f o r  e a c h  o f  them. Such a p p r o a c h  was u s e d  o n l y  i n  a  few  m o d e l s  

known f o r  u s .  

O n l y  w i t h i n  f e w  w e l l - k n o w n  e c o p h y s l o l o g i c a l  m o d e l s  o f  t r e e  

g r o w t h ,  r e s p l  r a t i o n  o f  g r o w t h  and r e s p i  r a t i o n  o f  m a i n t e n a n c e  a r e  

c o n s i d e r e d  s e p a r a t e l y    huga art e t  a1  . , 1974 ,  A g r e e n ,  A x e l s o n ,  

1980,  Rachko,  1978 ,  P o l e t a y e v ,  1973,  K u l l ,  1 9 8 6 ) .  W i t h i n  many m o d e l s  

o f  t r e e  g r o w t h ,  r e s p i r a t i o n  i s  s u p p o s e d  t o  be p r o p o r t i o n a l  t o  t h e  

p h o t o s y n t h e s i z i n g  s u r f a c e  o f  t r e e  ( t o  be  c a l c u l a t e d  o n  t h e  b a s i s  o f  

e l l o m e t r i c  r e l a t i o n s )  t h a t  may l e a d  t o  e s s e n t i a l  d r o p  i n  p r e c i s i o n  

o f  c a l c u l a t i o n s ,  e s p e c i a l l y  f o r  t h e  l o n g e r  p e r i o d s .  

On a  l e v e l  w i t h  p h o t o s y n t h e s i s  a n d  r e s p i r a t i o n ,  one  o f  t h e  

m a j o r  componen ts  w i t h i n  t h e  model  o f  p l a n t  g r o w t h  i s  t h e  submodel  

o f  t r a n s p o r t  a n d  d i s t r i b u t i o n  o f  a s s i m i l a t e s .  

D e s c r i p t i o n  o f  t h e  p r o c e s s  a s s o c i a t e d  w i t h  d i s t r i b u t i o n  o f  

a s s i m i l a t e s  i s  t h e  n e c e s s a r y  c o n s t i t u e n t  when d e s c r i b i n g  p l a n t  

a s  m u l t i o r g a n  s y s t e m .  Hechan isms  d e s c r i b i n g  t r a n s p o r t  and  d i s t r i -  

b u t i o n  o f  a s s i m i l a t e s  a r e  r a t h e r  d e b a t a b l e  ( B i k h e l e  e t  a l . ,  1 9 8 0 ) .  

T h a t  i s  why i n  a  number  o f  m o d e l s  o n l y  e m p i r i c a l  c u r v e s  a r e  u s e d  

a s  f u n c t i o n s  r e p r e s e n t i n g  g r o w t h  o f  i n d i v i d u a l  o r g a n s .  T h e r e  a r e  

s e v e r a l  m e t h o d s  t o  d e s c r i b e  d i s t r i b u t i o n  o f  a s s i m i l a t e s :  

1 .  Use o f  e m p i r i c a l  g r o w t h  f u n c t i o n s  a 1  l o w i n g  t o  r e v e a l  t h e  

r a t e  o f  p h o t o s y n t h e t i c  p r o d u c t s  p a s s i n g  i n t o  c e r t a i n  o r g a n  a t  a n y  

moment o f  g r o w t h ' .  As a  mode l  o f  g r o w t h ,  t h e  b a l a n c e  r e l a t i o n  o f  

Ross ( 1 . 1 3 )  i s  u s e d .  An examp le  o f  s u c h  a p p r o a c h  g i v e s  t h e  Prom- 

n i  t z  mode l  ( P r o m n i t z ,  1975)  t h a t  i s  d e s c r i b e d  b e l o w ;  

2. Use o f  " t h e  p r i n c i p l e  o f  a t t r a c t i n g  c e n t r e s " .  A c c o r d i n g  

t o  i t ,  a s s i m i l a t e s  m o v e ' a t  f i r s t  t o w a r d s  p l a c e s  w h e r e  t h e y  a r e  

consumed m o s t  i n t e n s i v e l y  ( E r i c s s o n ,  1 9 7 9 ) .  

3 .  A s s u m p t i o n  a b o u t  m a i n t a i n i n g  o f  c e r t a i n  a l l o m e t r i c  r e l a -  

t i o n s  b e t w e e n  t r e e  d i m e n s i o n s  ( P o l e t a y e v ,  1966,  Kofman,  Kuzmi - 
chov ,  1 9 8 1 ) .  S i m i l a r  a s s u m p t i o n  was f o r m u l a t e d  by  J a p a n e s e  a u t -  

h o r s  w i t h i n  t h e  f r a m e w o r k  o f  t h e i r  " t u b u l a r  m o d e l "  d e s c r i b i n g  

shape  o f  p l a n t s  ( S h i n o z a k i ,  1979) .  



4. D i s t r i b u t i o n  I n  a c c o r d a n c e  w i t h  t h e  e x t r e m a l  p r l n c l p l e .  

A c c o r d i n g  t o  i t ,  a s s i m i l a t e s  a r e  d i s t r i b u t e d  among o r g a n s  s o  

t h a t  maximum i n c r e m e n t  o f  p l a n t  may be e n s u r e d  d u r i n g  t h e  n e x t  

s t r e t c h  o f  t i m e .  The R a c h k o  mode l  ( 1 9 7 9 )  b e l o n g s  t o  m o d e l s  b a s e d  

u p o n  t h i s  p r i n c i p l e ,  I t  s h o u l d  be n o t e d  t h i s  o p t i m i z a t i o n  p r i n -  
A 

c i p l e  i s  w i d e l y  a p p l i e d  when d e s c r i b i n g  p l a n t  d y n a m i c s .  

5. D i s t r i b u t i o n  i n  a c c o r d a n c e  w i t h  p r i n c i p l e  o f  l i m i t i n g  

f a c t o r s  ( P o l e t a y e v ,  1973,  K u d r i n a ,  1973,  K a r e v ,  1 9 8 8 ) .  The 

m o d e l  d e v e l o p e d  by O j a  may be  i n c l u d e d  i n  t h i s  g r o u p . .  ( 1 9 8 4 ) .  

6. D i s t r i b u t i o n  i s  s u p p o s e d  t o  be  p r o p o r t i o n a l  t o  mass 

r a t i o  o f  i n d i v i d u a l  o r g a n s  ( R u g r o v s k y  e t  a l . ,  1982,  1 9 8 7 ) .  Some 

p r o p e r t i e s  o f  s u c h  m o d e l s  a r e  c o n s i d e r e d  a b o v e  ( s e e  f o r m u l a  

( 1  . 1 8 ) ) .  

7. I f  s e v e r a l  f u n d s  o f  a s s i m i l a t e s  a r e  c o n s i d e r e d  w i t h i n  

a m o d e l ,  a  n a t u r a l  o p p o r t u n i t y  o f f e r s  t o  a c c e p t  movement  b e t w e e n  

f u n d s  t o  be p r o p o r t i o n a l  t o  d i f f e r e n c e  b e t w e e n  t h e i r  v a l u e s .  

Such a p p r o a c h  was u s e d  by  Thornley ( 1 9 8 2 ) ~  a s  w e l l  a s  i n  a  number 

o f  o t h e r  p l a n t  m o d e l s  ( B i k h e l e  e t  a l . ,  1980) .  

We c a n  n o t e  t h a t  p h y s i c o - c h e m i c a l  mechan ism o f  d i s t r i b u t i o n  

i s  n o t  d i s c u s s e d  w i t h i n  m a j o r i t y  o f  m e n t i o n e d  m o d e l s .  One o f  

h y p o t h e s e s  d e s c r i b i n g  s u c h  mechan ism i s  g i v e n  by t h e  m o d e l  PUU-1 

( K u l l ,  1986) .  W i t h i n  t h i s  m o d e l  ( a c c o r d i n g  t o  HUnch p r i n c i p l e ) ,  

t h e  movement o f  a s s i m i l a t e s  a l l  o v e r  p h l o e m  i s  s u p p o s e d  t o  t a k e  

p l a c e  as  a  mass f l o w .  I n  t h e  c a p a c i t y  o f  m o t i v e  f o r c e  f o r  t h i s  

f l o w ,  one may r e g a r d  p o t e n t i a l  d i f f e r e n c e  o f  p r e s s u r e  i n  d i f f e -  

r e n t  p a r t s  o f  p h l o e m  a s s o c i a t e d  w i t h  d i f f e r e n c e  o f  c o m p o n e n t s  

o f  w a t e r  p o t e n t i a l  i n  t h e s e  o r g a n s .  D i s t r i b u t i o n  o f  a s s i m i l a t e s  

b e i n g  e x p l a i n e d  f r o m  t h e  p o i n t s  o f  v i e w  y.-7/. l e a d s  t o  t h e  ana-  

l y s i s  o f  r e l a t i o n s  b e t w e e n  g r o w t h  r a t e s  g n d  r e l a t i v e  d i m e n s i o n s  

o f  p l a n t  o r g a n s .  The g e n e r a l l y  a c c e p t e d  p o i n t  o f  v i e w  c o n s i s t s  

I n  suggestion a b o u t  i n c r e a s e  o f  s i z e s  o f  t h e  o r g a n  " b e i n g  i n  need'. 

OJa ( 1 9 8 6 )  i n v e s t i g a t e d  a  q u e s t i o n  c o n c e r n i n g  r e l a t i o n  b e t w e e n  

g r o w t h  o f  b o t h  o v e r - a n d  u n d e r g r o u n d  p a r t s  o f  p l a n t  a n d  d i s t r l  bu -  

t i o n  o f  a s s i m l  l a t e s ,  a n d  o b t a i n e d  s l m l  l a r  r e s u l t s ,  



i t  s h o u l d  b e  n o t e d  d i v i d i n g  o f  b i o m a s s  a n d  c o m p a r t m e n t a t i o n  

when m o d e l l i n g  may be  c h o s e n  i n  d i f f e r e n t  ways,  d e p e n d i n g  o n  mo- 

d e l l i n g  p u r p o s e s .  T h e r e  a r e  m o d e l s  w i t h  u n d i v i d e d  b i o m a s s  ( o r g a n s ) ,  

f o r  e x a m p l e ,  m o d e l s  b y  P o l e t a y e v  ( 1 9 6 6 ,  1 9 7 9 ) ,  a s  w e l l  a s  many 
, 

m o d e l s  w i t h  d i v i d i n g  i n t o  t w o  p a r t s  ( ~ o l e t a y e v ,  1973,  O j a ,  1985 ,  

e t c . ) ,  and,  f i n a l l y ,  some m o d e l s  i n v o l v i n g  p r o c e s s  o f  d i v i d i n g  

i n t o  t h r e e  o r  f o u r  p a r t s  ( ~ r o m n i t z ,  1975,  T h o r n l e y ,  1976,  K u l  1 ,  

1986,  K a r e v ,  1988 e t c . ) .  

I t  s h o u l d  a l s o  be n o t e d  t h a t  some e s s e n t i a l  p h y s i o l o g i c a l  

p r o c e s s e s ,  s u c h  a s  m o r t a l i t y ,  n i t r o g e n  e x c h a n g e ,  e t c . ,  a r e  t a k e n  

i n t o  c o n s i d e r a t i o n  i n  a  number o f  m o d e l s .  One more f a c t o r  a f f e c -  

t i n g  t h e  p r o c e s s  o f  p l a n t  g r o w t h  ( a n d  t a k e n  s o m e t i m e s  i n t o  a c c o u n t  

w i t h i n  m o d e l s )  i s  t h e  w a t e r  e x c h a n g e  i n  c o n j u n c t i o n  w i t h  p a s s i n g  

o f  m i n e r a l  e l e m e n t s .  

P r o v i s i o n  o f  d i f f e r e n t  o r g a n s  o f  t r e e  w i t h  w a t e r  i s  u s u a l  l y  

c h a r a c t e r i z e d  b y  p o t e n t i a l  , a n d  i t s  g r a d i e n t  i s  r e g a r d e d  a s  

f o r c e  t r a n s f e r i n g  w a t e r  t o  t h e  s e p a r a t e  o r g a n s .  W i t h i n  a  number  

o f  m o d e l s  (Rachko,  1978,  P o l e t a y e v ,  1966,  1 9 7 3 ) .  w a t e r  e x c h a n g e  

d o e s n ' t  a c q u i  r e  c o n c r e t e  e x p r e s s i o n .  W i t h i n  t h e  f r a m e w o r k  o f  

more  d e t a i l e d  m o d e l s  ( ~ h o r n l e y ,  1982,  K u l l ,  1 9 8 6 ) ,  t h e  d e s c r i p -  

t i o n  o f  b l o c k  c o r r e s p o n d i n g  t o  w a t e r  e x c h a n g e  was i n c l u d e d  i n t o  

t h e  r e s p e c t i v e  m o d e l .  

1.4.  And now we, g o  o n  t o  t h e  d e s c r i p t i o n  o f  some m o d e l s  

w h i c h  d i s p l a y  t h e  f o r e g o i n g  p r i n c i p l e s  o f  m o d e l  c o n s t r u c t i o n .  

W i t h i n  t h e  f r a m e w o r k  o f  P r o m n i t z  mode l  ( P r o m n i t z ,  19751 ,  

p l a n t  i s  d i v i d e d  i n t o  t h r e e  p a r t s ,  n a m e l y  l e a v e s ,  r o o t s  a n d  

s t e m s .  As f o r  s tems ,  one d i s t i n g u i s h e s  h e i g h t  i n c r e m e n t  a n d  

t h i c k n e s s  i n c r e m e n t .  R e s p i r a t i o n  i n  t e n s i  t i e s  f o r  e a c h  o r g a n  

~ ~ ( t )  and p h o t o s y n t h e t i c  r a t e  ~ ( t )  a r e  i n c l u d e d  i n t o  t h i s  m o d e l .  



The m o d e l  p r e s e n t s  a  s y s t e m  o f  f o u r  d i f f e r e n t i a l  e q u a t i o n s  

y  i = Li ( t ) P ( t ) y i  ( t ) - R i  ( t )  (1 .19)  

where  L i  i s  t h e  p o r t i o n  o f  a s s i m i l a t e s  s e n t  t o  t h e  r e s p e c t i v e  

o r g a n .  A f t e r  t h e  e x a m p l e  o f  Thornley ( 1 9 7 0 ) ,  .one d i s t i n g u i s h e s  

b e t w e e n  r e s p i  r a t  i o n  o f  g r o w t h  a n d  r e s p i  r a t  i o n  o f  m a i n t e n a n c e  w i t h -  

I n  t h e  f r a m e w o r k  o f  t h e  g i v e n  m o d e l .  D i s t r i b u t i o n  o f  a s s i m i l a t e s  

i s  supposed  t o  c o n f o r m  t o  t h e  e x p e r i m e n t a l  f u n c t i o n .  

W i t h i n  t h e  O j a  m o d e l  (1985 ,  1 9 8 6 ) ,  t h e  i n v e s t i g a t e d  q u e s -  

t i o n  c o n s i s t s  i n  d i s t r i b u t i o n  o f  a s s i m i l a t e s  b e t w e e n  o v e r - a n d  

u n d e r g r o u n d  p a r t s  o f  p l a n t  ( t r e e )  d u r i n g  s u f f i c i e n t l y  l o n g  

p e r i o d  o f  t i m e  ( t h i s  s p e c i f i c  p e r i o d  depends  o n  t h e  p l a n t  

s p e c i e s  i n v o l v e d ) .  The m o d e l  h a s  a  n a t u r a l  f o r m :  

w h e r e  Bs and BR a re  masses o f  o v e r - a n d  u n d e r g r o u n d  p a r t s  o f  p l a n t  

r e s p e c t i v e l y ,  i s  t h e  t o t a l  p h o t o s y n t h e t i c  p r o d u c t i v i t y ,  R o S  

and  R O R  a r e  l o s s e s  c a u s e d  b y  r e s p i r a t i o n  o f  ove1'-and u n d e r g r o u n d  

p a r t s  r e s p e c t i v e l y .  i n  t h i s  m o d e l ,  e=e i s  t h e  p o r t i o n  o f  a s s i -  s  
m i l a t e s  i n  t h e  o v e r g r o u n d  p a r t  o f  p l a n t ,  e R = l - e  i s  t h e  r e s p e c -  s  
t i v e  p o r t i o n  i n  t h e  u n d e r g r o u n d  p a r t .  P h o t o s y n t h e s i s  i s  g i v e n  b y  

I t  i s  c o n s i d e r e d  t h a t  d e p e n d e n c e  o f  p h o t o s y n t h e s i s  a n d  r e s -  

p i r a t i o n  o n  masses o f  o v e r - a n d  u n d e r g r o u n d  p a r t s  o f  p l a n t  c a n  b e  

e x p r e s s e d  b y  means o f  p o w e r  f u n c t i o n .  B e s i d e s  t h a t ,  p h o t o s y n t h e s i s  

i s  p r o p o r t i o n a l  t o  t h e  v a l u e  w h i c h  c o r r e s p o n d s  t o  t h e  p r o v i s i o n  

o f  l e a v e s  w i t h  w a t e r .  A c c o r d i n g  t o  t h e  p r i n c i p l e  o f  l i m i t i n g  

f a c t o r s ,  t h i s  v a l u e  i s  e x p r e s s e d  b y  

w h e r e  R i s  t h e  c o e f f i c i e n t  o f  p r o p o r t i o n a l i t y .  



I n  t h e  wo rks  b y  OJa, t h e  following h y p o t h e s e s  a b o u t  d l s t r i -  

b u t i o n  o f  a s s l m i l a t e s  were  v e r i f i e d :  1 /  p r e v a i l i n g  utilization 

i n  l e a v e s ;  2 /  c o m p e t i t i v e  d i s t r i b u t i o n ;  3 /  d i s t r i b u t i o n  a c c o r -  

d i n g  t o  r e q u i r e m e n t ;  4/ d i s t r i b u t i o n  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  

a c t i v i t y  - o f  r e s p e c t  i v e  o rgan .  Depending on t h e  age o f  p l a n t s ,  

t h e  f i r s t  6 r  t h e  f o u r t h  h y p o t h e s i s  i s  t u r n e d  o u t  t o  be c o r r e c t .  

W i t h i n  t h e  f r amework  o f  Bug rovsky l s  mode l  ( 1 9 8 7 ) ,  t h e  

p h o t o s y n t h e t i c  p r o d u c t i v i t y  was t a k e n  i n t o  a c c o u n t  by  means o f  

f o r m u l a  (1.17),  and  t h e  i n c r e m e n t  o f  b iomass  was g i v e n  by 

He re  M i s  t h e  t o t a l  mass o f  f o r e s t  s t a n d ,  D i s  t h e  l o s s  due t o  

r e s p i r a t i o n ,  Mm i s  t h e  m o r t a l i t y  c o u p l e d  w i t h  f a l l  o f  f o l i a g e ,  

K D  and Km a r e  t h e  c o e f f i c i e n t s  a s s o c i a t e d  w i t h  r a t e s  o f  t h e  

p r o c e s s e s  men t i oned .  

D i s t r i b u t i o n  o f  n e w l y  a r i s i n g  mass i s  assumed as  f o l l o w s :  

He re  M A  i s  t h e  mass o f  l e a v e s ,  Mc+Mb i s  t h e  mass o f  n o n p h o t o -  

s y n t h e t i c  p a r t s ,  I, i s  t h e  P A R  i n t e n s i t y  w h i c h  c o r r e s p o n d s  t o  

t h e  c o m p e n s a t i o n  p o i n t  a t  t h e  p h o t o s y n t h e t i c  c u r v e ,  n  i s  t h e  

number o f  f o l i a g e  l a y e r s .  

W i t h i n  t h i s  mode l ,  t h e  dependence o f  f o r e s t  s t a n d  p r o d u c -  

t i v i t y  on c l i m a t i c  c o n d i t i o n s  i s  r e t r a c e d .  ( I t  s h o u l d  be n o t e d  

t h a t  d i f f e r e n c e  be tween  s i n g l e - g r o w i n g  t r e e  and f o r e s t  s t a n d  i s  



n o t  mani fested w i t h i n  t h e  f r a m e w o r k  o f  t h i s  m o d e l ) .  Thus,  t h e  a n -  

n u a l  p r o d u c t i v i t y  i s  g i v e n  b y  t h e  f o l l o w i n g  p r o d u c t :  

w h e r e  Pmax i s  t h e  maximum a n n u a l  p r o d u c t i v i t y  u n d e r  t r o p i c a l  

c o n d i t i o n s ,  Ka,K , K  a r e  t h e  c o e f f i c i e n t s  d e t e r m i n e d  b y  d u r a -  T w  
t i o n  o f  v e g e t a t i o n  p e r i o d ,  b y  t e m p e r a t u r e  c o n d i t i o n s  a n d  by 

w a t e r  c o n d i t i o n s  r e s p e c t i v e l y .  T a k i n g  i n t o  a c c o u n t  d e p e n d e n c e  

o f  m e n t i o n e d  c o e f f i c i e n t s  o n  d u r a t i o n  o f  v e g e t a t i o n  p e r i o d  G ,  

o n  mean t e m p e r a t u r e  T, o n  t h e  t e m p e r a t u r e  Ton w h i c h  i s  o p t i m a l  

f o r  p h o t o s y n t h e s i s ,  a s  w e l l  as  o n  p r e c i p i t a t i o n  a m o u n t  W, o n  

r e q u i r e d  p r e c i p i t a t i o n  amoun t  Wn, o n  maximum W m a x  a n d  m i n i m u m  

Wm i n  (when p h o t o s y n t h e s i s  i s  c o n s i d e r e d  t o  b e  e q u a l  t o  z e r o )  
p r e c i p i t a t i o n  amoun t ,  t h e  d e p e n d e n c e  o f  p r o d u c t i v i t y  P  o n  a l l  

t h e  m e n t i o n e d  f a c t o r s  i s  o b t a i n e d :  

T  ( W - w  
s i n  --&% 

W W m ~ n  

T h i s  m o d e l  h a s  b e e n  i d e n t i f i e d  f o r  d i f f e r e n t  r e g i o n s  o f  

Ubsu -Nur  v a l l e y  and  p r e p a r e d  f o r  c o m p u t e r  c a l c u l a t i o n s .  As f o r  

t a k i n g  i n t o  c o n s i d e r a t i o n  c l i m a t i c  i n f l u e n c e s ,  i t ' s  o b v i o u s  

t h a t  t h i s  m o d e l  may be r e g a r d e d  a s  s i m u l a t e d  ( o r  " f i t t i n g " )  one. 

C o n s i d e r a t i o n s  c o n c e r n i n g  t r e e  d e v e l o p m e n t . ( t h a t  a r e  i n c l u d e d  

i n t o  t h e  m o d e l )  seem t o  be  r a t h e r  s u b s t a n t i a l .  

H a v i n g  deve1,oped P o l e t a y e v ' s  mode 1 ( 1  9 7 3 ) ,  K a r e v  p r e s e n t e d  

f o u r - c o m p a r t m e q t  m o d e l  (1  9 8 8 )  w h i c h  r e p r e s e n t e d  m a t h e m a t i c a l  



s y n t h e s i s  o f  two  b l o c k s ,  n a m e l y :  p h y s i o l o g i c a l  c o n c e p t s  a b o u t  

mechan ism o f  t r e e  g r o w t h  ( p r e s e n t e d  w i t h  t h e  a i d  o f  mode l  d e v e -  

l o p e d  o n  t h e  b a s i s  o f  p r i n c i p l e  o f  l i m i t i n g  f a c t o r s )  and  e q u a t i o n  

o f  t r e e  g r o w t h  t h a t  was w o r k e d  o u t  p r o c e e d i n g  f r o m  a l l o m e t r i c  

dependence  b e t w e e n  i n c r e m e n t  o f  t r e e  b i o m a s s  a n d  h e i g h t  o f  t r e e .  

The m o d e l  c o n t a i n s  s u c h  v a r i a b l e s :  cambium ml, a c t i v e  b i o m a s s  m 2 ,  

c a r b o h y d r a t e s  m3 ,  wood ( n o n - a c t i v e  b i o m a s s )  .m4 ,  h e i g h t  o f  t r e e  H. 

I t  i s  g i v e n  by 

H e r e  A i  ,ai,B. a r e  t h e  i n t e n s i t i e s  f o r  
I 

t r a n s i t i o n  o f  one k i n d  o f  b i o m a s s  i n t o  a n o t h e r  one. W i t h i n  t h i s  

m o d e l ,  i.t i s  supposed  t h a t  a s s i m i l a t e s  a r e  m a i n l y  consumed f o r  

p r i n c i p a l  exchange  a n d  t r a n s p o r t ,  whereas  t h e i r  c o n s u m p t i o n  f o r  

t r e e  g r o w t h  i s  p r o p o r t i o n a l  t o  t h e  demands o f  t h i s  p r o c e s s  a n d  

t o  t h e  r e l a t i v e  p r o v i s i o n  o f  a s s i m i l a t i o n  w h i c h  amounts  t o  

Z=m3/S, where  S i s  t h e  r a t e  o f  t h e  m e n t i o n e d  c o n s u m p t i o n  n e c e s -  

s a r y  f o r  r e a c t i o n  t o  p r o c e e d  w i t h o u t  any  l i m i t a t i o n s :  S = Elml  + 
+ B 2 m 2  + B3(m1+m2). Sys tem (1.23) may be c l o s e d  p r o c e e d i n g  f r o m  

a l l o m e t r i c  c o n s i d e r a t i o n s ,  name ly  H = m1/3, o r  by means o f  o b -  

t a i n i n g  a n  e q u a t i o n  f o r  H w h i c h  i s  s i m i l a r  t o  e q u a t i o n  (1.11) .  

I n  t h e  m o s t  s i m p l e  c a s e  

E q u a t i o n s  (1 .23 ) - (1 .24  ) make u p  a  c l o s e d  sys tem.  The p h o t o -  

s y n t h e t i c  r a t e  P w h i c h  a p p e a r s  i n  t h i s  s y s t e m  c a n  be e x p r e s s e d  

t h r o u g h  t h e  speed  o f  1 i g h t  e n e r g y  o b t a i n e d  by  t r e e  a c c o r d i n g  t o  

f o r m u l a e  (1.15) o r  t h r o u g h  a n o t h e r  way known f r o m  t h e  l i t e r a t u r e .  



Among m o d e l s  b y  w h i c h  a n  a t t e m p t  was made t o  r e t r a c e  

g r o w t h  and d e v e l o p m e n t  o f  t r e e  o n  t h e  b a s i s  o f  e c o p h y s i o l o g i c a l  

c o n s i d e r a t i o n s ,  we may m e n t i o n  two  s o - c a l  l e d  " l a r g e  m o d e l s "  

i n t e n d e d  f o r  d e s c r i p t i o n  o f  b o t h  s h o r t - p e r i o d i c a l  a n d  l o n g  

p r o c e s s e s .  The q u e s t i o n  i s  a b o u t  Rachko ls  m o d e l  ( 1 9 7 9 )  a n d  

~ u l l ' s  mode l  (1986).  B o t h  m o d e l s  a r e  d e t a i l e d  a n d  c o n s i s t  

o f  s e p a r a t e  b l o c k s .  I n  some c a s e s ,  t h e s e  m o d e l s  d e s c r i b e  one  o r  

a n o t h e r  p r o c e s s  i n f l u e n c i n g  t h e  g r o w t h  i n  a  s i m i l a r  way. However ,  

i t  s h o u l d  be  n o t e d  t h e r e  i s  a  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  them 

W h i l e  Rachko 's  mode l  b e l o n g s  t o  o p t i m i z a t i o n  m o d e l s  ( i .e .  d i s -  

t r i b u t i o n  o f  v i t a l  a c t i v i t y  p r o d u c t s  i s  assumed t o  m a x i m i z e  

p r o c e s s  o f  b i o m a s s  i n c r e m e n t ) ,  K u l  1 ' s  m o d e l  i n t e r p r e t s  t h i s  

p r o b l e m  f r o m  t h e  p o i n t  o f  v i e w  o f  MUnchls p r i n c i p l e  ( d i s t r i b u -  

t i o n  i s  a c t u a l l y  d e t e r m i n e d  b y  p o t e n t i a l  d i f f e r e n c e  o f  w a t e r  

a l o n g  t h e  c o n d u c t i n g  t r a c t s ) .  I t  s h o u l d  be  n o t e d  t h a t ,  u n f o r t u -  

n a t e l y ,  t h e  d e t a i l e d  c o m p a r i s o n  o f  r e s u l t s  o b t a i n e d  i n  b o t h  

m o d e l s  ( ' I g r o w t h  t r a j e c t o r i e s " )  has  n o t  b e e n  a c c o m p l  i shed.  

A f t e r  t h e  e x a m p l e  o f  G J h o r n l e y  a n d  H.Moldau, w i t h i n  R a c h k o ' s  

m o d e l  one d i s c e r n s  t h r e e  o r g a n s ,  n a m e l y  l e a v e s ,  b o l e  and  r o o t s .  

Mechan ism o f  b i o m a s s  g r o w t h  w h i c h  i s  i n c l u d e d  i n t o  t h i s  mode l  

c o n s i s t s  o f  t h e  f o l l o w i n g .  New b i o m a s s  i s  g e n e r a t e d  i n  t h e  p r o -  

c e s s  o f  p h o t o s y n t h e s i s ,  a n d  t h e  p h o t o s y n t h e t i c  r a t e  d e p e n d s  on 

t h e  f o l l o w i n g  p a r a m e t e r s :  PAR, s u p p l i e s  o f  a c c e s s i b l e  w a t e r ,  

c o n c e n t r a t i o n  o f  c a r b o n  d i o x i d e ,  a i r  t e m p e r a t u r e .  G r o w t h  depends  

a l s o  o n  t h e  l e v e l  o f  n i t r o g e n ,  p h o s p h o r u s ,  c a l c i u m  a n d  s o d i u m  

w h i c h  a r e  a c c e s s i b l e  f o r  t r e e .  

D i s t r i b u t i o n  o f  assimilates c o r r e s p o n d s  t o  t h e  p r i n c i p l e  o f  maximum 

productivity ( o n  c o n d i t i o n  t h a t  e n v i r o n m e n t  r e m a i n s  u n c h a n g e d ) .  

B i o m a s s  i n c r e m e n t  i s  o n l y  a f f e c t e d  by  m i n e r a l  e l e m e n t  w i t h  m i n i -  

mum c o n t e n t .  S u p p l y  o f  m i n e r a l  e l e m e n t s  i s  a f f e c t e d  b y  b o t h  

r e p r o d u c t i o n  and  f o l i a g e  f a l l  d u r i n g  v e g e t a t i o n  p e r i o d .  From t h e  

m a t h e m a t i c a l  p o i n t  o f  v i e w ,  t h i s  m o d e l  r e p r e s e n t s  t h e  s y s t e m  o f  

b a l a n c e  e q u a t i o n s  ( d e s c r i b i n g  c i r c u l a t i o n  o f  n u t r i e n t  e l e m e n t s )  

s u p p l e m e n t e d  by e q u a t i o n  o f  p r o d u c t i v i t y  r a t e  and b y  e q u a t i o n  

e x p r e s s i n g  r e l a t i o n s h i p  b e t w e e n  v a l l e s  o f  b i o m a s s  f o r  d i f f e r e n t  

p a r t s  o f  t r e e  an'd t h e i r  g e o m e t r i c a l  s t r u c t u r e .  Thus ,  t h e  t o t a l  

s y s t e m  i s  e x p k e s s e d  b y  



H e r e  X i  i s  t h e  b i o m a s s  o f  l e a v e s ,  b o l e  a n d  r o o t s  r e s p e c t i v e l y ;  

Z 1  
i s  t h e  b i o m a s s  o f  e l e m e n t s  N,P,Ca,Na r e s p e c t i v e l y ;  

C i s  t h e  t i m e  d e l a y  c o n c e r n i n g  emergence  o f  t h e  r e s p e c t i v e  
s u b s t a n c e ;  

& ( t )  a r e  t h e  p a r a m e t e r s  o f  e n v i r o n m e n t ,  n a m e l y :  PAR, HZO, 
C02, t e m p e r a t u r e ;  

k l i , S  , E  a r e  t h e  p a r a m e t e r s  c o n c e r n i n g  c i r c u l a t i o n  o f  
n u t r i e n t s ,  n a m e l y :  p o r t i o n  o f  m o r t a l i t y  f o r  t h e  
i - t h  o r g a n  d u r i n g  v e g e t a t i o n  p e r i o d ,  t lme needed  
f o r  1 - t h  m i n e r a l  e l e m e n t  t o  r e t u r n  i n t o  t h e  c i r c u -  
l a t i o n  p r o c e s s ,  p o r t i o n  o f  s u b s t a n c e s  w h i c h  abandoned  
t h e  c i r c u l a t i o n  p r o c e s s  ( t h e s e  p a r a m e t e r s  a r e  c o n s i d e  
r e d  t o  be g i v e n  b e f o r e h a n d ) ;  

1 
i s  t h e  c o n t e n t  o f  1 - t h  n u t r i e n t  i n  i - t h  o r g a n ;  

q 1  i s  t h e  c o n t e n t  o f  1 - t h  n u t r i e n t  i n  t h e  new b i o m a s s ;  

w h e r e  n l  l i s  t h e  d u r a t i o n  o f  v e g e t a t i o n  p e r i o d ;  

p o r t i o n s  o f  b i o m a s s  d i s t r i b u t e d  b e t w e e n  o r g a n s  o f  p l a n t  a r e  

d e t e r m i n e d  a c c o r d i n g  t o  t h e  l a w  o f  maximum p r o d u c t i v i t y :  

w h e r e  ( i n  a c c o r d a n c e  w i t h  L i e b i g ' s  ~ r i n c i ~ l e )  y  = m i n  $ y ( t ) ,  i 
Z l ( t ) /  ql] , a n d  f u n c t i o n  y ( t )  i s  t h e  l a w  f o r  g e n e r a t i n g  o f  



new b i o m a s s  ( i t  i s  d e f i n e d  b y  f o r m u l a  (1.18))~ a n d ,  p r a c t i c a l l y  

s p e a k i n g ,  i s  c a l c u l a t e d  a s  d i f f e r e n c e  b e t w e e n  p h o t o s y n t h e s i s  a n d  

r e s p i r a t i o n .  W i t h i n  t h i s  m o d e l ,  d e p e n d e n c e s  o n  a m o u n t  o f  w a t e r  

i n  r o o t  s y s t e m ,  o n  c o n c e n t r a t i o n  o f  c a r b o n  d i o x i d e  i n  a t m o s p h e r e ,  

a s  w e l l  a s  o n  t e m p e r a t u r e  (van- off's l a w )  a r e  i n t r o d u c e d  i n t o  

p h o t o s y n t h e s i s .  V a l u e s  S i  w h i c h  a p p e a r  i n  t h e  f o r m u l a  (1 .18)  a n d  

a r e  e q u a l  t o  s u r f a c e s  o f  r e s p e c t i v e  o r g a n s  c a n  be e x p r e s s e d  

t h r o u g h  b i o m a s s  a s  f o l l o w s  

w h e r e  D! ,6,d a r e  t h e  a v e r a g e  c o n s t a n t s  o f  t h e  t r e e  b e l n g  m o d e l e d  

( t h e y  d e p e n d  o n  t h e  s u r r o u n d i n g  f o r e s t  s t a n d ) ;  J,, J2 a r e  t h e  

s p e c i f i c  g r a v i t i e s  o f  b o l e  a n d  r o o t s  r e s p e c t i v e l y .  And, f i n a l l y ,  

i f  t h e  i n i t i a l  c o n d i t i o n s  

a r e  g i v e n ,  t h e  w h o l e  c o m p l e x  o f  e q u a t i o n s  ( l . 1 8 ) s ( l . 2 5 ) s ( l . 2 6 )  

p e r m i t s  t o  d e s c r i b e  R a c h k o ' s  m o d e l  c o m p l e t e l y .  

The m o d e l  b e i n g  c o n s i d e r e d  p e r m i t s  t o  c a r r y  o u t  a n a l y s i s  

o f  g r o w t h  ( f o r e c a s t )  f o r  t h e  p e r i o d  o f  s e v e r a l  y e a r s .  An a t t e m p t  

t o  t a k e  i n t o  a c c o u n t  p r o c e s s e s  o f  d i f f e r e n t  s c a l e  w i t h i n  t h e  

f r a m e w o r k  o f  o n l y  o n e  m o d e l  makes  i t  v e r y  c o m p l i c a t e d .  S o l u t i o n  

may b e  f o u n d  o n l y  w i t h  t h e  a i d  o f  c o m p u t e r  c a l c u l a t i o n s ,  a n d  

t h e  a p p l i e d  o p t i m i z a t i o n  p r o c e d u r e  makes  t h i s  s e a r c h  v e r y  t i m e -  

- c o n s u m i n g .  The g i v e n  m o d e l  i s  a l m o s t  b e y o n d  a n a l y t i c a l  a n a l y s i s  

( i t  i s  p o s s i b l e  o n l y  t o  a n a l y s e  p r e - c o n d i t i o n s  p u t  i n t o  t h i s  

m o d e l ) ,  a n d  i t  i s  n o t  s u f f i c i e n t l y  i d e n t i f i e d .  



A t  p r e s e n t ,  K u l l ' s  mode l  PUU-1 ( 1 9 8 6 )  I s  o n e  o f  t h e  m o s t  

c o m p l e t e  e c o p h y s i o l o g i c a l  m o d e l s  o f  t r e e .  I t  d e s o r i b e s  s a t i s -  

f a c t o r i l y  t h e  d y n a m i c s  o f  g r o w t h  a n d  d e v e l o p m e n t  f o r  s h o r t  a n d  

l o n g  p e r i o d s  o f  t i m e  w i t h o u t  i n t r o d u c i n g  a n y  a d d i t i o n a l  h y p o -  

t h e s e s  ( s u c h  as  o p t i m i z i n g  o n e )  b u t  p r o c e e d i n g  o n l y  f r o m  t h e  

a u t h o r ' s  c o n c e p t  i o n s  a b o u t  b i o c h e m i c a l  m e c h a n i  sm o f  t h e  p r o -  

c e s s e s  i n v o l v e d .  W i t h i n  t h i s  m o d e l ,  a l l  p r o c e s s e s  a r e  d e s c r i b e d  b y  

b a l a n c e  e q u a t i o n s  ( t h e  way i t  i s  done  i n  t h e  m o d e l  o f  R o s s )  b y  

w h i c h ,  h o w e v e r ,  f u n c t i o n s  a r e  g i v e n  n o t  e m p i r i c a l l y  b u t  t h r o u g h  

mechan isms ,  i.e. o n  t h e  b a s i s  o f  e q u a t i o n s  i n c l u d e d  i n t o  t h e  

mode l o  

F o u r  o r g a n s  a r e  d i s c e r n e d  w i t h i n  t h i s  m o d e l ,  n a m e l y  l e a v e s ,  

b o l e  and  b r a n c h e s ,  t h i c k  r o o t s  and  t h i n  r o o t s ,  w i t h  t h e  r e s p e c -  

t i v e  masses W L ,  Ws ,  WK,  WR. I t ' s  c o n s i d e r e d  t h e r e  a r e  t h r e e  

f u n d s  o f  a s s i m i l a t e s  l o c a t e d  i n  l e a v e s ,  b o l e  and  r o o t s  r e s p e c -  

t i v e l y  ( w i t h  t h e  c o r r e s p o n d i n g  masses C L, C S  and  C R ) -  On a  l e v e l  

w i t h  W a n d  C, f u n d  o f  n i t r o g e n  compounds N and h e i g h t  o f  t r e e  H 

a r e  r e g a r d e d  a s  m o d e l  v a r i a b l e s .  The b a s i c  b a l a n c e  e q u a t i o n  i s  

g i v e n  b y  

w h e r e  P i s  t h e  p h o t o s y n t h e s i s ,  Q i s  t h e  n u t r i t i o n ,  R i s  t h e  r e s -  

p i r a t i o n  and ,  f i n a l l y ,  V i s  t h e  f a l l  o f  f o l i a g e .  By means o f  w r i -  

t i n g  o u t  o f  e q u a t i o n  (1 .31)  f o r  s e p a r a t e  o r g a n s ,  t h e  s y s t e m  o f  

d i f f e r e n t i a l  e q u a t i o n s  may be w o r k e d  o u t  w h i c h  c o n t a i n s  b l o c k s  

r e f e r r i n g  t o  p h o t o s y n t h e s i s ,  t r a n s p o r t  a n d  d i s t r i b u t i o n  o f  a s -  

s i m i l a t e s ,  w a t e r  e x c h a n g e ,  n i t r o g e n  e x c h a n g e ,  r e s p i r a t i o n ,  f a l l  

o f  f o l i a g e ,  g r o w t h  r e s p e c t i v e l y .  

W i t h i n  t h i s  m o d e l ,  p h o t o s y n t h e s i s  i s  c o n s i d e r e d  t o  b e  p r o -  

p o r t i o n a l  t o  i l l u m i n a t i o n  f ( l )  a n d  t o  m o i s t u r e  s u p p l y  1+b Y' 
P  L 

( v L  i s  t h e  w a t e r  p o t e n t i a l  i n  l e a v e s ) ,  a s  w e l l  a s  t o  be  d e p e n -  

d e n t  o n  t e m p e r a t u r e  ( t h e  l a t t e r  d e p e n d e n c e  i s  assumed t o  b e  

d e s c r i b e d  a s  s t e p  f u n c t i o n  b e c a u s e  i t ' s  c o n s i d e r e d  t h a t  p h o t o -  

s y n t h e s i s ,  a s  i t  i s  s u p p o s e d  i n  R a c h k o ' s  m o d e l ,  p r o c e e d s  e q u a l l y  

w i t h i n  a  c e r t a i n  t e m p e r a t u r e  r a n g e  w h e r e a s  t h e  g i v e n  p r o c e s s  



d o e s n ' t  t a k e  p l a c e  beyond t h i s  r a n g e ) .  W i t h i n  K u l l l s  mode l ,  t h e  

b l o c k  o f  p h o t o s y n t h e s i s  i s  s i m i l a r  t o  t h e  c o r r e s p o n d i n g  b l o c k  

d e s c r i b e d  w i t h i n  Rachkols model ,  The dependence o f  p h o t o s y n t h e s i s  

o n  i 1 l u m i n a t i o n  i s  a c c e p t e d  t o  be h y p e r b o l i c  one ( I n  a c c o r d a n c e  

w i t h  f o r m u l a  (1 .15b) )  w h i l e  t h e  i l l u m i n a t i o n  may be e x p r e s s e d  

i n  comp l i ance  w i t h  t h e  r e l a t i o n  o f  H o n s i - S a e k i  (1.16).  ~ h u s ' ,  

where  P i s  t h e  s p e c i f i c  p h o t o s y n t h e s i s  u n d e r  op t imum c o n d i -  
0 

t i o n s ,  

W i t h i n  t h e  g i v e n  mode l ,  m i n e r a l  n u t r i t i o n  i s  r e d u c e d  t o  

n i t r o g e n  one. A s s i m i l a t i o n  i s  c o n s i d e r e d  t o  be p r o p o r t i o n a l  b o t h  

t o  q u a n t i t y  o f  n i t r o g e n  i n  s o i l  and t o  c o n c e n t r a t i o n  o f  c a r b o h y d -  

r a t e  a s s i m i l a t e s  w h i c h  accompany n i t r o g e n  w h i l e  i t  moves, 

R e s p i r a t i o n  o f  o r g a n ,  a s  w e l l  a s  o f  t h e  w h o l e  p l a n t ,  i s  

d  i v l d e d  i n t o  t h r e e  components  = o r r e s p o n d  i ng t o  g r o w t h ,  t r a n s p o r t  

and ma in tenance .  The f i r s t  component  i s  p r o p o r t i o n a l  t o  g r o w t h  

r a t e  whereas two  l a s t  components  a r e  supposed t o  be p r o p o r t i o n a l  

t o  amount o f  a s s i m i l a t e s .  By t h i s  app roach ,  t h e  m a i n t e n a n c e  

depends e s s e n t i a l  l y  on  t e m p e r a t u r e  ( h e r e  t h i s  dependence i s  

r e g a r d e d  as 1  i n e a r  one) .  F o r  e a c h  o r g a n  r e s p i r a t i o n  i s  c o n s i d e -  

r e d  s e p a r a t e l y .  

F a l l  o f  f o l i a g e , a n d  r o o t s  i s  supposed t o  be p r o p o r t i o n a l  

' t o  t h e i r  mass. W i t h i n  K u l l ' s  mode l ,  t r a n s p o r t  o f  a s s i m i l a t e s  i s  

c o n s i d e r e d  t o  c o n f o r m  t o  t h e  l a w  o f  HOnch, namely  i t  i s  d i r e c t l y  

p r o p o r t i o n a l  t o  t h e  m o t i v e  f o r c e  ( w h i c h  i s  t h e  sum o f  p o t e n t i a l  

d i f f e r e n c e s  o f  w a t e r  and c a r b o h y d r a t e s  b o t h  w i t h i n  c o n d u c t i n g  

W 
I t ' s  o b v i o u s  t h a t  i t  w o u l d  be more c o r r e c t  t o  c o n s i d e r  
P = m in (d f ( l (C ) ) ,  l+b  qL ) .  O t h e r w i s e ,  i t  m i g h t  o c c u r  d e f i c i e n c y  
o f  i 1 l um i  n a t  i o n  couvd  be compensa ted  o w i n g  t o  w a t e r  p o t e n t i a l  . 



t r a c t  and beyond  i t )  and i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  r e s i s -  

t a n c e  m e t  a l o n g  t h e  movement t r a c t  ( i t  c a n  be e x p r e s s e d  t h r o u g h  

t h e  s u r f a c e s  o f  r e s p e c t i v e  o r g a n s  a n d  t h r o u g h  t h e  s p e c i f i c  , 

v a l u e s ) .  I t  t u r n e d  o u t  t h i s  mode l  a l l o w e d  t o  d e s c r i b e  mechan isms 

o f  a s c e n d i n g  a n d  d e s c e n d i n g  f l o w s .  D i r e c t i o n  o f  movement o f  a s s i -  

m i  l a t e s  b e i n g  changed  i s  o f  g r e a t  i m p o r t a n c e  f o r  b r o a d  - 
- l e a v e d  t r e e s  . , whereas  i n  c a s e  o f  e v e r g r e e n  p l a n t s  d i  r e c -  

t i o n  o f  t r a n s p o r t  o f  a s s i m i l a t e s  i s  p r a c t i c a l l y  a l w a y s  d e s c e n -  

d i n g  one. 

T h i s  mode l  c o n t a i n s  9  e q u a t i o n s  and  4 0  dependences  ( u s e d  

f o r  d e t e r m i n i n g  o f  e q u a t i o n s ) .  I t  i s  p e r f e c t l y  w e l l  i d e n t i f i e d  

f o r  s p r u c e  and,  p r o b a b l y ,  may be f i t  t o  s i m u l a t e  p r o c e s s  o f  

g r o w t h  f o r  o t h e r  s p e c i e s .  

Such a  d e t a i l e d  mode l  may be u s e d  t o  a n a l y s e  i n f l u e n c e  o f  

v a r i o u s  o u t s i d e  r e a g e n t s  upon  g r o w t h  and d e v e l o p m e n t  o f  t r e e s .  

1.5. To sum u p  t h e  r e s u l t s  c o n c e r n i n g  c o n s i d e r a t i o n  o f  

p r i n c i p l e s  u s e d  f o r  m o d e l l i n g  o f  s e p a r a t e  t r e e ,  we may n o t e  t h e  

f o l l o w i n g  ( K u l l ,  K u l l ,  1 9 8 9 ) .  

The h i s t o r y  o f  e c o p h y s i o l o g l c a l  m o d e l l i n g  o f  p r o c e s s e s  

t a k i n g  p l a c e  i n  t r e e s  may be d i v i d e d  i n t o  t h r e e  s t a g e s .  To t h e  

m o d e l s  d e v e l o p e d  a t  t h e  f i r s t  s t a g e  and  o r i g i n a t e d  f r o m  t h e  

l o g i s t i c a l  m o d e l  (1.8) one s h o u l d  r e f e r  B e r t a l a n f f y  e q u a t i o n ,  a s  

w e l l  a s  I t s  v a r i o u s  m o d i f i c a t i o n s ,  f o r  i n s t a n c e  R o b e r t s o n  e q u a t i o n  

To t h i s  g r o u p  one  s h o u l d  a l s o  r e f e r  m o r e  i m p r o v e d  m o d e l s  by  

w h i c h  t h e  s y s t e m  o f  f l o w s  becomes c o m p l i c a t e d  o w i n g  t o  d i v i d i n g  

o f  p l a n t  i n t o  s e p a r a t e  o r g a n s .  To s u c h  m o d e l s  one  may r e f e r ,  f o r  

e x a m p l e ,  m o d e l  o f  Ross, (1.13) w h i c h  r e p r e s e n t s  b a l a n c e  r e l a t i o n  

b y  e m p i r i c a l  s e l e c t i o n  o f  f u n c t i o n s .  A r i s i n g  o f  c l a s s i c a l  w o r k s  

o n  m o d e l l i n g  o f  p r o d u c t i v i t y  p r o c e s s  ( l a w  o f  M o n s i - S a e k i  (1 .16 ) )  

was a s s o c i a t e d  w i t h  t h i s  s t a g e .  

M o d e l s  o f  t h e  s e c o n d  g e n e r a t i o n  a r e  c h a r a c t e r i z e d  b y  d e t a i -  

l e d  d e s c r i p t i o n  o f  p h o t o s y n t h e t i c  b l o c k  a n d ' t h e  p r o c e s s e s  t a k i n g  

p l a c e  w i t h i n  p l a n t  c o v e r .  Owing t o  t h i s  p e c u l i a r i t y ,  s u c h  m o d e l s  

a r e  o f t e n  v e r y  b u l k y .  W h i l e  d e s c r i b i n g  s u b b l o c k s ,  e m p i r i c a l  

f u n c t i o n s  a r e  q u i t e  o f t e n  a p p l i e d .  I t  s h o u l d  be  n o t e d  a t  t h i s  

s t a g e  t h e  m o d e l s  o f  p l a n t  a r e  c o n s i d e r e d  w i  t h o u t  c o n c r e t e  d e f  i n i -  



t l o n  o f  s p e c i e s  ( P o l e t a y e v ,  1973,  K u d r l n a ,  1973)  r a t h e r  o f t e n .  

As a n  i m p o r t a n t  s t e p  t a k e n  w i t h i n  t h i s  s t a g e ,  one  may m e n t i o n  

i n t r o d u c i n g  o f  c o m p a r t m e n t s ( ~ h o r n l e y ,  1 9 8 0 ) ,  a s  we1 1 a s  t a k i . n g  

i n t o  a c c o u n t  t h e  m e a n i n g  o f  m i n e r a l  s u b s t a n c e s  and w a t e r  e x -  

change .  A r i s i n g  o f  c l a s s i c a l  p r i n c i p l e s  o f  m o d e l l i n g  ( P o l e t a y e v ,  

1970)  r e f e r ;  a l s o  t o  t h e  g i v e n  s t a g e .  R a c h k o ' s  mode l  may b e  a l s o  

r e f e r r e d  t o  m o d e l s  o f  t h e  s e c o n d  g e n e r a t i o n .  

W l t h i n  m o d e l s  o f  t h e  t h i r d  g e n e r a t i o n  ( m o d e l s  o f  K u l l  ( 1 9 8 6 )  

a n d  K a r e v  ( 1 9 8 8 )  b e l o n g  t o  i t ) ,  p r o c e s s  o f  g r o w t h  i s  o f  g r e a t  

i m p o r t a n c e  because  i t ' s  c o n s i d e r e d  a s  r e g u l a t o r  o f  p r o c e s s  c o n -  

c e r n i n g  d i s t r i b u t i o n  o f  v i a b i l i t y  p r o d u c t s .  G i v i n g  u p  g r o w t h ,  

a s  w e l l  a s  mode l  d e s c r i p t i o n  o f  p r o c e s s  a s s o c i a t e d  w i t h  d i s t r i -  

b u t i o n  o f  v i a b i l i t y  p r o d u c t s  a r e  v e r y  e s s e n t i a l .  W i t h i n  t h e s e  

m o d e l s ,  t h e  o p t i m i z a t i o n  p r i n c i p l e  i s  a p p l i e d  t o  a  l e s s  d e g r e e ,  

b u t  f u n c t i o n i n g  t u r n s  o u t  s i m i l a r  t o  t h e  o p t i m a l  one  ( ~ u l l ,  

1986) .  I t  i s  n o t  u n l i k e l y  t o  s u p p o s e  t h a t  u n f i n i s h e d  P o l e t a y e v ' s  

mode l  was g u i d e d  by  t h e  p r i n c i p l e s  d e v e l o p e d  w i t h i n  t h e  g i v e n  

c l a s s  o f  m o d e l s .  

The c l a s s i f i c a t i o n  b e i n g  p r e s e n t e d  i s ,  o f  c o u r s e ,  v e r y  

r e l a t i v e .  When m o d e l l i n g  t r e e  w i t h i n  f o r e s t  s t a n d  o r  b y  m o d e l -  

1 i ng age  dynam i cs  o f  t r e e  popu  1.a t i o n ,  an  a p p r o a c h  comb i n  i ng  

s i m p l e  m o d e l s  o f  g r o w t h  f o r  o n e  t r e e  w i t h  m o d e l  d e s c r i p t i o n  o f  

c h a n g e  i n  numbers  o f  f o r e s t  s t a n d  t r e e s  a n d  change  o f  c o m p e t i -  

t i o n  mechan ism p r o v e s  t o  be v e r y  p r o m i s i n g .  I t  s h o u l d  b e  a l s o .  

men t  i o n e d  a b o u t  p a r t i c u l a r  m o d e l s  o f  s e p a r a t e  p r o c e s s e s  w h i c h  

c a n  be u s e f u l  f o r  s o l v i n g  some p r o b l e m s  a s s o c i a t e d  w i t h  g r o w t h  

and  d e v e l o p m e n t  o f  p l a n t s .  

2. Mode ls  o f  d y n a m i c s  f o r  f o r e s t  s t a n d s  

2.1. P r o c e s s e s  d e s c r i b e d  b y  t h e  m o d e l s  e x a m i n e d  above  a r e  t h e  

s e p a r a t e  componen ts  w i t h i n  d e v e l o p m e n t  o f  f o r e s t  s t a n d  a s  a  

w h o l e .  As o n e  more  componen t ,  t h e  m o d e l  o f  , i n f l u e n c e  o f  t h e  

a s s o c i a t i o n  u p o n  g r o w t h  a n d  d e v e l o p m e n t  o f  t h e  l n d  i v i d u a l  

s h o u l d  b e  c o n s i d e r e d .  P r i m a r i l y ,  m o d e l l i n g  o f  f o r e s t  s t a n d ,  a s  

w e l l  a s  m o d e l l i n g a o f  s e p a r a t e  i n d i v i d u a l ,  was b a s e d  u p o n  e m p i r i -  

c a l  m o d e l s  d e s c r i b i n g  d e p e n d e n c e  o f  s t a n d  c h a r a c t e r i s t i c s  (num- 



b e r  o f  t r e e s ,  t o t a l  mass o f  f o r e s t  s t a n d ,  t o t a l  a r e a  o f  b o l e s ,  

e t c . )  o n  t i m e .  Such  dependences  have  been  w i d e l y  a p p l i e d  i n  

f o r e s t r y  t o  d e s c r i b e  a p p r o x i m a t e l y  d y n a m i c s  o f  e v e n - a g e d  s t a n d s  

composed o f  t r e e s  b e l o n g i n g  t o  o n l y  one s p e c i e s .  I n  t h i s  c a s e ,  

s e l f - t h i n n i n g  i s  r e g a r d e d  a s  a  p r i n c i p a l  p r o c e s s .  T h e r e f o r e ,  

many f o r m u l a e  h a v e  been  s u g g e s t e d  t o  d e s c r l  be t h i s  p r o c e s s  ( s e e  

r e v i e w s ,  as  w e l l  a s  O j a ,  1985,  S h o l o k h o v  e t  a l . ,  1 9 9 0 ) .  Numbers 

o f  t r e e s  i n  f o r e s t  s t a n d  may b e  a s s o c i a t e d  w i t h  s t a n d  age ,  d i a -  

m e t e r  and  h e i g h t  o f  t r e e s ,  a s  w e l l  a s  w i t h  some p h y s i o l o g i c a l  

i n d i c e s .  Rev iew  o f  s u c h  m o d e l s  i s  p r e s e n t e d  i n  t h e  monograph  b y  

T e r s k o v  and  T e r s k o v a  ( 1 9 8 0 )  who a l s o  p r o p o s e  own d i f f e r e n t  f o r -  

m u l a e  t o  d e s c r i b e  s e l  f - t h i n n i n g  a t  s e p a r a t e  s t a g e s  o f  s t a n d  

d e v e l o p m e n t .  T h e r e  i s  a  w i d e s p r e a d  f o r m u l a  o f  s e l f - t h i n n i n g  i n  

a c c o r d a n c e  w i t h  t h e  s o - c a l l e d  l a w  o f  "3/2", n a m e l y  

a n d  i t  r e p r e s e n t s  a l l o m e t r i c  r e l a t i o n  b e t w e e n  t h e  t o t a l  b i o m a s s  

o f  f o r e s t  s t a n s  b  a n d  t h e  number o f  b o l e s  N  ( a  i s  t h e  c o n s t a n t  
s  

d e p e n d e n t  o n  t h e  g i v e n  t r e e  s p a c i e s ) .  A p p l i c a b i l i t y  o f  a  a l l o m e t r y  

b y  d e s c r i b i n g  o f  f o r e s t  s t a n d s  ( a s  w e l l  a s  b y  d e s c r i b i n g  o f  one  

s e p a r a t e  t r e e )  i s  i n v e s t i g a t e d  i n  d e t a i l  i n  w o r k s  b y  Kofman ( 1 9 8 1 1 ,  

a s  we1 1 a s  b y  Kofman,  .Kuzmichev,  K h l e b o p r o s  ( 1 9 7 9 ) .  

The i n v e s t i g a t i o n  o f  i n t e r a c t i o n  b e t w e e n  n e i g h b o u r i n g  t r e e s  i s  

v e r y  e s s e n t i a l  f o r  u n d e r s t a n d i n g  o f  s t a n d  d y n a m i c s .  One d e s c r i b e s  

u s u a l l y  i n f l u e n c e  o f  c o m p e t i t i o n  u p o n  g r o w t h  o f  t r e e s  i n  s t a n d  a n d  

upon  t h e  i r number .  ( T h e r e  a r e  a l s o  some o b s e r v a t i o n s  c o n c e r n i n g  

a l l e l o p a t h i c  r e l a t i o n  b e t w e e n  i n d i v i d u a l s  b e i n g  members o f  f o r e s t  

s t a n d .  However ,  t h e  r e s p e c t i v e  m o d e l s  w e r e  n o t  d i s c o v e r e d  ( ~ j a ,  

1 9 8 4 ) ) .  P l e n t y  o f  m o d e l s  h a v e  been  p r o p o s e d  t o  t a k e  i n t o  a c c o u n t  

t h e  e x i s t i n g  c o m p e t i t i o n .  W i t h i n  t h e  m o s t  s i m p l e  m o d e l s ,  t h e  m u t u a l  

c o m p e t i t i v e  i n f l u e n c e  i s  t a k e n  i n t o  c o n s i d e r a t i o n  m a i n l y  w i t h  t h e  

a i d  o f  t h e  s o - c a l l e d  c o m p e t i t i o n  i n d i c e s .  M o s t  o f  s u c h  i n d i c e s  a r e  

b a s e d ' u p o n  t a k i n g  i n t o  a c c o u n t  t h e  l i m i t a t i o n  o f  l e a f  a r e a  w i t h i n  

t h e  f o r e s t  s t a n d .  M e a s u r e  o f  d e f i c i e n c y  i s  e x p r e s s e d  t h r o u g h  t h e  

r e l a t i o n  b e t w e e n  a c c e s s i b l e  a n d  r e q u i r e d  a r e a s  ( o r ,  i n  a  t h r e e - d i m e n  

s i o n a l  c a s e ,  s p a c e s )  o f  g r o w t h .  



, The l a t t e r  a r e a  I s  u s u a l l y  c a l l e d  "nutrition a r e a "  a n d  

d e f i n e d  a s  c o n v e x  p o l y g o n  w i t h  d i m e n s i o n s  w h i c h  a r e  f u n c t i o n s  

o f  l i n e a r  p a r a m e t e r s  o f  t h e  c o n s i d e r e d  t r e e  a n d  i t s  n e i g h b o u r s  

( f o r  e x a m p l e ,  d i a m e t e r  o r  h e i g h t )  o r  f u n c t i o n s  o f  c r o w n  d i m e n -  

s i o n s .  The a c c e s s i b l e  a r e a  i s  f o u n d  b y  means o f  d i v i d i n g  o f  

f o r e s t  c a n o p y  i n t o  " n u t r i t i o n  a r e a s "  o f  t r e e s .  The p o l y g o n a l  

m o d e l s  w e r e  a n a l y s e d  by  P l o t n i k o v  ( 1 9 7 9 ) .  S y s t e m  f o r  m o d e l l i n g  

o f  " n u t r i t i o n  a r e a s "  a n d  s e l e c t i o n  o f  o p t i m u m  a r e a s  w e r e  d e v e -  

l o p e d  b y  S h v i d e n k o  and  Y u d i t s k y  ( S h v i d e n k o ,  1 9 8 1 ) .  

The s e c o n d  t y p e  o f  c o m p e t i t i o n  i n d i c e s  i s  b a s e d  u p o n  t a k i n g  

i n t o  a c c o u n t  t h e  o v e r l a p p i n g  g r o w t h  z o n e s  ( i n f l u e n c e  z o n e s )  o f  

t r e e  w i t h i n  a  f o r e s t  s t a n d .  The m o r e  i s  t h e  o v e r l a p p i n g  o f  

g r o w t h  z o n e s  a t  t h e  map o f  f o r e s t  s t a n d ,  t h e  m o r e  i s  t h e  compe- 

t i t i o n .  Such c o m p e t i t i o n  m o d e l s  w e r e  a n a l y s e d  b y  M c M u r t r i e  ( 1 9 8 1 ) .  

F u r t h e r m o r e ,  t h e r e  a r e  i n d i c e s  c a l c u l a t e d  a c c o r d i n g  t o  

d i s t a n c e s  f r o m  n e i g h b o u r i n g  t r e e s  by  t a k i n g  i n t o  a c c o u n t  t h e i r  

d i a m e t e r s .  O t h e r  i n d i c e s  a r e  b a s e d  u p o n  c a l c u l a t i o n  o f  t h e  a n g l e  

f o r m e d  b y  b o l e  o f  t h e  c o m p e t i n g  t r e e  ( t h e  i d e a  a b o u t  r e l a s c o p i c  

f o r e s t  e s t i m a t i o n  i s  u s e d ,  e t c . ) .  The m e n t i o n e d  m e t h o d s  d o n ' t  

s p e c i f y  m o r e  e x a c t l y  w h i c h  o f  r e s o u r c e s  d e f i n e s  c o m p e t i t i o n .  

I t ' s  o b v i o u s  t h e  a b o v e - s t a t e d  m o d e l s  a r e  n o t  e c o p h y s i o l o -  

g i c a l  ( o r ,  more  p r e c i s e l y ,  e x p l a i n i n g )  ones .  They  e s t a b l i s h  o n l y  

c e r t a i n  d e p e n d e n c e s a n d  may be u s e f u l  i n  f o r e s t r y  s i n c e  t h e y  t a k e  

i n t o  a c c o u n t  b i o m e t r i c  i n d i c e s  w h i c h  a r e  d e t e r m i n e d  e a s i l y  b y  

o b s e r v a t i o n s .  

2 . 2 .  As m o r e  p r o m i s i n g ,  o n e  may r e g a r d  d e s c r i p t i o n  o f  t e m p o r a l  

d y n a m i c s  c o n c e r n i n g  number  o f  t r e e s ,  a s  w e l l  a s  m u t u a l  i n f l u e n c e  

o f  number  o f  t r e e s  a n d  v a r i a b l e s  d e f i n i n g  s t r u c t u r e  o f  t r e e s  

(mass,  h e i g h t ,  e t c . ) .  Mode l  o f  a s s o c i a t i o n  d y n a m i c s  i s  t o  i n -  

c l u d e  a n a l y s i s  o f  c o m p e t i t i v e  i n t e r a c t i o n s  r e g a r d e d  a s  m o s t  

e s s e n t i a l  w i t h i n  a s s o c i a t i o n .  

G e n e r a l l y ,  m o d e l  o f  d y n a m i c s  o f  e v e n - a g e d  a s s o c i a t i o n  may 

b e  p r e s e n t e d  by 



H e r e  X ( x l ,  ..., X ) i s  t h e  s e t  o f  v a r i a b l e s  d e s c r i b i n g  a n  i n d i v i -  n  
d u a l  p l a n t ,  I ( t , x )  i s  t h e  p o p u l a t i o n  d e n s i t y ,  V ( x )  i s  t h e  

i n i t i a l  d i s t r i b u t i o n  o f  d e n s i t i e s  o f  i n d i v i d u a l s  w i t h i n  a s s o c i a -  

t i o n ,  p i s  t h e  m o r t a l i t y  r a t e ,  g ( t )  i s  u s e d  f o r  c a l c u l a t i o n  o f  

t h e  e x t e r n a l  r e s o u r c e  c o r r e s p o n d i n g  t o  i n d i v i d u a l  p l a n t  ( f o r  

examp le ,  b y  u ( x ) = l  t h e  g i v e n  f u n c t i o n  i s  e q u a l  t o  t o t a l  p o p u l a -  

t i o n  numbers )  and ,  t h u s ,  d e s c r i b e s  t h e  p r o c e s s  o f  c o m p e t i t i o n .  

Note.  W i t h i n  many m o d e l s  ( f o r  e x a m p l e ,  G u r t i n - M a k C a m y ,  - 
1 9 7 7 ) ,  i t ' s  s u p p o s e d  t h e  m o r t a l i t y  r a t e p  may depend  o n  t h e  

t o t a l  p o p u l a t i o n  v o l u m e  ( o n  v a l u e s  w h i c h  a r e  s i m i l a r  t o  g ( t ) )  

i n  n o n l i n e a r  way. T h i s  p e r m i t s  t o  t a k e  i n t o  a c c o u n t ,  a t  t h e  

p h e n o m e n o l o g i c a l  l e v e l ,  i n c r e a s e  o f  m o r t a  1 i t y  r e s u l  t e d  f r o m ,  

r e s o u r c e  s h o r t a g e  w h i l e  e x c e s s i v e  g r o w i n g  o f  t h e  p o p u l a t i o n  

d e n s  i t y .  

'Thus, t h e  f i r s t  e q u a t i o n  d e t e r m i n e s  t h e  g r o w t h  l a w  f o r  a n  

i n d i v i d u a l  p l a n t  b y  t a k i n g  i n t o  a c c o u n t  c o m p e t i t i o n  a s  e x t e r n a l  

r e s o u r c e ,  w h i l e  t h e  s e c o n d  o n e  i s  t h e  b a l a n c e  e q u a t i o n .  

W i t h i n  many m o d e l s ,  b a l a n c e  r e l a t i o n s  b e i n g  s i m i l a r  t o  

B e r t a l a n f f y ' s  e q u a t i o n  ;(I .9 ) ( p e r h a p s ,  i n  t h e  i n c r e m e n t a l  f o r m )  

a r e  u s e d  a s  t h e  f i r s t  e q u a t i o n  o f  t h e  s y s t e m  (2.2) .  As e x a m p l e s  

o f  s u c h  m o d e l s ,  we c a n  m e n t i o n  e q u a t i o n s  a , s s o c i a t e d  w i t h  d i a -  

m e t e r  o f  p l a n t  o r  w i t h  i t s  h e i g h t  ( ~ o l e t a ~ e v ' s  e q u a t i o n  (1 .11 ) ) .  

The s e c o n d  e q u a t i o n  o f  t h e  scheme (2.2) may be p r e s e n t e d ,  

i n  t h e  m o s t  s i m p l e  c a s e ,  b y  



w h e r e  G(E, t )  i s  t h e  m o r t a l i t y  r a t e ,  N i s  t h e  number o f  t r e e s ,  

E I s  t h e  e x t e r n a l  r e s o u r c e .  

A t  p r e s e n t ,  i t  i s  a c c e p t e d  t o  d i s t i n g u i s h  d e n s i t y - d e p e n d e n t p  

and dens  i t y - i n d e p e n d e n t  d components o f  the f u n c t i o n  G(E, t )  

(Semevsky,  Semenov, 1981,  K o r z u k h i n ,  1 9 8 6 ) .  Then t h e  e q u a t i o n  

(2.3) may be p r e s e n t e d  a s  

M o d e l s  w h i c h  a r e  s i m i l a r  t o  (2 .3) - (2 .5)  a r e  u s e d  by many 

a u t h o r s .  We may n o t e ,  i n  p a r t i c u l a r ,  one o f  t h e  S h u g a r t l s  

m o d e l s  ( ~ h u ~ a r t ,  1 9 8 4 ) ,  n a m e l y  

w h e r e  D i  i s  t h e  d i a m e t e r ,  N i  i s  t h e  numbers  o f  t h e  i - t h  

c o h o r t  ( g r o u p  o f  e v e n - a g e d  p l a n t s ) ,  9 a r e  t h e  e c o l o g i c a l  p a r a -  

m e t e r s ,  i n  p a r t i c u l a r ,  r e s o u r c e s  consumed by p h o t o s y n t h e s i s  

(among them, l i g h t  and  w a t e r  depend  o n  numbers  o f  t h e  w h o l e  

s y s t e m ) ,  A i s  t h e  m o r t a l  i t y  c o e f f i c i e n t .  T h i s  m o d e l  was a p p l i e d  

by  t h e  a u t h o r  t o  c o n s t r u c t  l a r g e - s c a l e  s  i m u l a t  i o n  m o d e l  f o r  

i n v e s t i g a t i o n  o f  f o r e s t ' d y n a m i c s .  W i t h i n  t h i s  m o d e l ,  a , f , g  a r e  

empi  r i c a l  f u n c t i o n s  d e s c r i b i n g  a c c u m u l a t i o n  and e x p e n d i  t u r e  o f  

o r g a n i c  m a t t e r ,  m o r t a l  i t y  d e p e n d s  o n  d e n s i t y  ( t h r o u g h  D l  i n  a n  

i n d i r e c t  way) ,  n a r n e l y : ~  = p l  i f  D . 3  Dlmin,  and / u = y 2  i f  
I 

D i  c D m i n  ( t h r e s h h o l d  d e p e n d e n c e )  ,pl dJ2; n i s  t h e  number  o f  
1 

s p e c i e s  w i t h i n  p o p u l a t i o n .  

D e s c r i p t i o n  o f  c o m p e t i t i v e  i n t e r d e p e n d e n c e s  w i t h i n  t h e  

p o p u l a t i o n  p r o v e s  ' t o  be m o s t  compl  i c a t e d .  To be m o r e  p r e c i s e ,  

t h i s  p r o b l e m  c o n s i s t s  i n  t h e  c a l c u l a t i o n  o f  amoun ts  o f  l i m i t e d  



r e s o u r c e  c o r r e s p o n d i n g  t o  o n e  I n d i v i d u a l .  D e p e n d i n g  o n  t h i s  r e -  

s o u r c e ,  t h e  p o p u l a t i o n  p r o d u c t i v i t y  i s  u s u a l l y  d e s c r i b e d  by h y -  

p e r b o l i c  f u n c t i o n  b o t h  i n  a n a l y t i c a l  a n d  s i m u l a t i o n  m o d e l s  ( ~ o l -  

dau ,  1934,  B i k h e l e  e t  a l . ,  1980,  Tooming ,  1977 ,  S h u g a r t ,  1 9 8 4 ,  

e t c )  . 
And now we dwe l  1 o n  t h e  q u e s t i o n s  o f  c o m p e t i  t i o n  a t  g r e a t e r  

l e n g t h .  I n  o p i n i o n  o f  t h e  m o s t  r e s e a r c h e r s ,  c o m p e t i n g  f o r  l i g h t  

p r o v e s  t o  b e  t h e  m o s t  e s s e n t i a l  c o m p o n e n t .  We d i s t i n g u i s h  t h r e e  

m o d e l s  w h i c h  r e f e r  t o  t h i s  t y p e  c o m p e t i t i o n .  

1. Mode l  o f  c o m p e t i n g  f o r  l i g h t  ( " t u r b i d  l a y e r " ) .  

I n  t h i s  c a s e ,  d e n s i t y  o f  t h e  l i g h t  f l o w  a t  t h e  l e v e l  Z  i s  

s u p p o s e d  t o  be  c a l c u l a t e d  a c c o r d i n g  t o  t h e  l a w  o f  M o n s i - S a e k i  

( 1  - 1 6 ) .  

F u n c t i o n  L ( Z , t )  depends e s s e n t i a l l y  o n  t h e  c o n d i t i o n a l  

shape  o f  c r o w n  and may be p r e s e n t e d  a s  f o l l o w s :  

z 

H e r e  N ( H , ~ )  i s  t h e  d e n s i t y  o f  t r e e s  i n  t h e  p o p u l a t i o n  w h i c h  a r e  

c h a r a c t e r i z e d  by h e i g h t  v a l u e  H a t  t h e  moment  t ,  S ( H , Z )  i s  t h e  

v a l u e  o f  l e a f  a r e a  f r o m  t h e  t o p  H  t o  t h e  l e v e l  Z  w h l c h  c a n  be 

e x p r e s s e d  t h r o u g h  t h e  d e n s i t y  o f  l e a f  a r e a  d i s t r i b u t i o n  f o r  t h e  

t r e e  w i t h  h e i g h t  H a t  t h e  l e v e l  Z: S(H,Z)  = ~ ~ ~ ( H , u ) d u .  I t l s  

f u n c t i o n  s ( H , Z )  t h a t  c a n  be u s e d  t o  m o d e l  d i f f e r e n t  f o r m s  o f  l e a f  

a r e a .  F o r  e x a m p l e ,  b y  S(H,Z)  - 6 H  t h e  t r e e  may be m o d e l e d  w i t h  

t h e  a i d  o f  r e c t a n g l e ,  w h e r e a s  t r i a n g l e  w i t h  i t s  b a s e  s i t u a t e d  

a b o v e  o r  b e l o w  may be a  (mode l  when S (M,Z) = 2 6 2  o r  s ( H , z )  = 2 6 ( H - Z )  

r e s p e c t i v e l y  (d = c o n s t ) .  

P h o t o s y n t h e t i c  p r o d u c t i v i t y  P ( t , N , H )  may be c a l c u l a t e d  

t h r o u g h  t h e  d e n s i t y  o f  l i g h t  f l o w :  P = f ( l ) , - w h e r e  f u n c t i o n  f i s  

t a k e n  f r o m  t h e  f o r m u l a e  ( 1 . 1 5 ) .  L e t  Po (H)  be  t h e  p h o t o s y n t h e t i c  

r a t e  f o r  f r e e - t o - g r o w  s i n g l e  t r e e .  Then  t h e  r e l a t i v e  p h o t o s y n t h e -  

s i s  i s  g i v e n  b y  



Thus ,  t h e  e q u a t i o n  d e s c r i b i n g  d y n a m i c s  o f  t h e  s t r u c t u r a l  v a r i a b l e  

( h e i g h f H )  f o r  a  t r e e  g r o w i n g  w i t h i n  e v e n - a g e d  f o r e s t  s t a n d  may be 

e x p r e s s e d  b y  

;I = a + ( t , N , ~ )  - bH 
2  

( 2 . 9 )  

F o r  i n s t a n c e ,  by  a n y  d i s t r i b u t i o n  o f  c r o w n  by  h e i g h t ,  t h e  

p h o t o s y n t h e t i c  r a t e  f o r  " p o p u l a t i o n  o f  i d e n t i c a l  t r e e s "  i s  g i v e n  

by  

o n  c o n d i t i o n  t h a t  f u n c t i o n  f i s  c h o s e n  i n  a c c o r d a n c e  w i t h  ( 1  - 1 5 a ) .  

I f  N+O ( f r e e - t o - g r o w  t r e e ) ,  * ( t , N , H ) + d l  a n d  e q u a t i o n  ( 2 . 9 )  
0 ' 

c o i n c i d e s  w i t h  P o l e t a y e v ' s  e q u a t i o n  ( 1  . 1 2 ) .  

To d e s c r i b e  a  m u l t i s t o r i e d  s t a n d ,  f o r m u l a  ( 2 . 7 )  i s  t o  be  

g e n e r a l  i z e d ,  n a m e l y  

w h e r e  N i  (H i  , t )  a n d  S ( H ~  $ 2 )  a r e  r e p s e c t i v e l y  t h e  d e n s i t y  o f  t r e e  

number and t h e  l e a f  a r e a  t r e e s  w i t h i n  t h e  i - t h  s t o r e y .  The m o d e l  

o f  m u l t i s t o r i e d  s t a n d  may be p r e s e n t e d  a s  

H e r e  ( ~ , w , H )  i s  t h e  r e l a t i v e  p h o t o s y n t h e t i c  r a t e  f o r  t r e e s  o f  

t h e  h e i g h t  H i .  

S i m i l a r  t o  t h e  s t a t e d  a b o v e ,  

w h e r e  



H e r e  H i ,  N i ,  S . ( H , Z )  a r e  t h e  r e s p e c t i v e  c h a r a c t e r i s t i c s  o f  t r e e s  
I 

w i t h i n  t h e  i - t h  l a y e r .  

The m o d e l  s i m i l a r  t o  ( 2 . 1 2 )  may b e  a l s o  w o r k e d  o u t  f o r  s t a n d s  

c o n s i s t i n g  o f  many s p e c i e s .  H o w e v e r ,  t h e  d i f f e r e n c e  i s  t h a t  c o e f -  

f i c i e n t s  a , , b ,  a s  w e l l  a s  f u n c t i o n s  S ( H ~ , Z )  ( w h i c h  d e s c r i b e s  c r o w n  

s h a p e )  a n d  f ( d e s c r i b i n g  r e l a t i o n  b e t w e e n  p r o d u c t i v i t y  a n d  d e n -  

s i  t y  o f  1  i g h t  f l o w )  may d e p e n d  o n  number  o f  o n e  o r  a n o t h e r  s p e c i e s  

a n d  o n  number  o f  s t o r e y .  

I t  s h o u l d  be  n o t e d  now t h a t  a s  f u n c t i o n s  d e s c r i b i n g  d e p e n -  

d e n c e  o f  t r e e  n u m b e r s  o n  t i m e  o r  o n  h e i g h t  o f  t r e e s  t h e  f o l l o w i n g  

r e l a t i o n s  h a v e  b e e n  c o n s i d e r e d :  L l i d k o v s k y l s  f o r m u l a  N = N ~ x P ( - K H ) ,  
9 

H i  l m i l s  f o r m u l a  N = K / H ~ ,  KaJanusl  f o r m u l a  N = ( K 1 + K 2 t ) / t  , e t c .  

The m o d e l s  w e r e  i d e n t i f i e d  i n  a c c o r d a n c e  w i t h  y i e l d  t a b l e s  f o r  

a 1  1  v e r s i o n s .  

To  s p e c i $ y  r e l a t i o n s  b e t w e e n  g e t t i n g  s t a n d s  t h i n  a n d  g r o w t h  

o f  t r e e s ,  i t  was s u g g e s t e d  t o  c o n s i d e r  m o d e l s  c o m b i n i n g  e q u a t i o n s  

o f  t h e  t y p e  ( 2 . 9 )  o r  ( 2 . 1 2 )  w i t h  d y n a r n i c a l  e q u a t i o n  o f  t h e  t y p e  

( 2 . 3 )  w h i c h  c o n c e r n s  n u m b e r  o f  t r e e s .  

I n  c a s e  o f  f o r e s t  s t a n d  composed  o f  n  s p e c i e s ,  t h e  m o d e l  

w i l l  i n c l u d e  2 n  e q u a t i o n s  

w h e r e ,  s i m i l a r  t o  a b o v e - s t a t e d ,  f u n c t i o n s  @ i  a n d  P i  a r e  e x p r e s -  

s e d  a c c o r d i n g  t o  f o r m u l a e  ( 2 . 1 3 )  a n d  ( 2 . 1 4 ) .  

T h i s  m o d e l  may b e  a p p l i e d  t o  d e s c r i b e  i n  d e t a i l  m u l t i s t o r i e d  

f o r e s t  s t a n d  w i t h  d i f f e r e n t  s p e c i e s ,  a n d  i t  may be a l s o  a  b a s i s  

o f  w e l l  g r o u n d e d  a n a l y t i c a l  s i m u l a t i o n  m o d e l  o f  t h e  t y p e  ( 2 . 6 )  

w i t h  r e s u l t s  t o  be  c o m p a r e d  w i t h  o b s e r v a t i o n s  o f  s t a n d  a n d  t o  b e  

i n v e s t i g a t e d  i n  a n a l y t i c a l  a n d  n u m e r i c a l  w a y s .  



K a r e v  ( 1 9 8 5 )  s u g g e s t e d  o n e  m o r e  v i e w  o n  t h e  m o d e l s  o f  t h e  

t y p e  (2 .12 ) .  H a v i n g  t a k e n  i n t o  a c c o u n t  t h a t ,  t h r o u g h  t r a n s i  t i o n  

t o  n-.OP i n  f o r m u l a  ( 2 . 1 4 ) ,  t h e  g r o w t h  e q u a t i o n  (2 .12)  m i g h t  

be w r i t t e n  f o r  e v e r y  s e p a r a t e  t r e e ,  t h e  a u t h o r ,  o n  t h e  b a s i s  

o f  m a t h e m a t i c a l  m e t h o d s  w h i c h  a r e  n o t  t y p i c a l  f o r  t h e  g i v e n  

f i e l d  ( t h e o ' r e m  o f  K h i n c h i n - M o l c h a n o v ) ,  c o u l d  r e p l a c e  t h e  s y s t e m  

(2 .12 )  - (2.14)  b y  t h e  s y s t e m  o f  t w o  e q u a t i o n s .  

( g  i s  t h e  a v e r a g e  h e i g h t ,  N i s  t h e  numbers  o f  f o r e s t  s t a n d )  

w h i c h  made i t  p o s s i b l e  t o  c a l c u l a t e  g r o w t h  o f  i n d i v i d u a l  t r e e s  

d e p e n d i n g  o n  t h e i r  i n i t i a l  h e i g h t ,  a s  w e l l  a s  o n  d y n a m i c s  o f  

a v e r a g e  h e i g h t s  o n l y  a n d  o n  number  o f  t r e e s  w i t h i n  f o r e s t  s t a n d  

( t h i s  p e c u l i a r i t y  f a c i l i t a t e d  a l s o  c o m p a r i n g  o f  t h e  o b t a i n e d  

r e s u  l t s  w i  t h  t h e  o b s e r v a t  i o n  d a t a ) .  

2. M o d e l  o f  " s c r e e n s "  

I n  t h e  w o r k  b y  K o r z u k h i n  a n d  T e r - M i k h a e l y a n  ( 1 9 8 2 ) ,  a s  w e l l  

as  i n  a  number  o f  s i m u l a t i o n  m o d e l s  (JABOWA, FOREST, e t c . ) ,  

f o r e s t  s t a n d  i s  s i m u l a t e d  b y  means o f  t h e  s y s t e m  o f  s c r e e n s  

( w h i c h  may be  h o r i z o n t a l  o f  a n y  s h a p e  o r  r i g h t - a n g l e d  i n  s h a p e  

l o c a t e d  v e r t i c a l l y  a n d  d i s t r i b u t e d  b y  h e i g h t  i n  a n  a r b i t r a r y  w a y )  

n e c e s s a r y  t o  c a l c u l a t e  amoun t  o f  l i g h t  r a d i a t i o n  a c c e s s i b l e  t o  

a  s e p a r a t e  t r e e  w i t h i n  f o r e s t  s t a n d .  These  s c r e e n s  a r e  s u p p o s e d  t o  

be i n f i n i t e l y  t h i n ,  f l a t ,  n o t  r e f l e c t i n g  l i g h t  and l o c a t e d  p a r a l -  

l e d  t o  e a c h  o t h e r .  The number  o f  s c r e e n s  w i t h i n  t h e  g i v e n  s u r f a c e  

i s  d i s t r i b u t e d  i n  a c c o r d a n c e  w i t h  P o i s s o n . . l a w  w i t h  t h e  mean v a l u e  

/U . Then,  i n  c a s e  o f  s y s t e m  o f  h o r i z o n t a l  s c r e e n s  o f  t h e  same 

a r e a  l o c a t e d  w i t h i n  t h e  u n i t  s e c t i o n ,  i n t e n s i t y  o f  e n e r g y  b r o u g h t  

t o  a  s c r e e n  a t  t h e  h e i g h t  h  i s  g i v e n  b y  

I ( h )  = lo s i n p  e x p ( - p f n ( h ) )  



where  n ( h )  i s  t h e  number  o f  s c r e e n s  l o c a t e d  a t  h i g h e r  l e v e l s  

t h a n  t h e  h e i g h t  h ,  8 i s  t h e  c o e f f i c i e n t  o f  l i g h t  a b s o r p t i o n ,  
n 

(p i s  t h e  a n g l e  o f  l i g h t  i n c i d e n c e  . 
I n  c a s e  o f  s y s t e m  o f  v e r t i c a l  s c r e e n s ,  l e t  t h e  h e i g h t  h  

be a  s t o c h a s t i c  v a l u e  w i t h  t h e  p r o b a b i  l i t y  d e n s i t y  ~ ( h ) ,  a n d  

~ ( h )  be t h e  w i d t h  o f  s c r e e n  o f  t h e  W e i g h t  h. Then 

R C v  

I ( h )  = lo  6 ( h )  c o s  4 J exp( - -  
o (2 .17)  

6 ( z ) ~ ( Z ) d Z ) d U  

I n  p a r t i c u l a r ,  f o r  p o p u l a t i o n  o f  i d e n t i c a l  s c r e e n s  c h a r a c -  

t e r i z e d  b y  t h e  a r e a  s X X  we h a v e  

W h i l e  c a l c u l a t i n g  p h o t o s y n t h e t i c  p r o d u c t i v i t y ,  t h e  depen-  

d e n c e  o f  t h e  t y p e  (1 .15)  o r  a  h y p e r b o l i c  f u n c t i o n  may be  chosen .  

The l a t t e r  i s  g i v e n  by  

Such dependence was u s e d  w i t h i n  a number o f  m o d e l s  d e v e l o p e d  

b y  K o r z u k h i n  e t  a l .  H e r e  we d w e l l  a t  l e n g t h  on o n e  o f  t h e s e  

mode I s  ( K o r z u k h  i n, 1 9 8 6 ) .  I n  c a s e  o f  e v e n - a g e d  popu la t ion  c o m ~ e t i n g  fo r  

o n l y  one r e s o u r c e ,  t h i s  m o d e l  may be  e x p r e s s e d  as  

n 
T h i s  f o r m u l a  c o i n c i d e s  ( t o  w i t h i n  d e s i g n a t i o n s )  w i t h  e n e r g y  
c a l c u l a t e d  i n  a c c o r d a n c e  w i t h  t h e  l a w  o f  M o n s i - S a e k i .  

X X  F o r m u l a  (2.18)  d i f f e r s  o n l y  f o r  i t s  d e s i g n a t i o n s  f r o m  t h e  
f o r m u l a  o b t a i n e d  o n  t h e  b a s i s  o f  t h e  m o d e l  o f  " t u r b i d  l a y e r "  
d e s p i t e  t h e  c a r d i n a l  d i f f e r e n c e  o f  m o d e l s .  



H e r e  P I s  p r e s e n t e d  by  f o r m u l a  (2 .19)  w i t h  c o e f f i c i e n t  

r l =  r I ( J ( S L ) )  b e i n g  d e p e n d e n t  o n  s p e c i f i c  p h o t o s y n t h e t i c  e f f i -  

c i e n c y  9 ( S L ) ,  . 

E = E(SL,N)  i s  t h e  a v e r a g e  l i m i t e d  r e s o u r c e  c o r r e s p o n d i n g  t o  one  

i n d i v i d u a l  ( i t  i s  c a l c u l a t e d  by  means o f  (2.16)  o r  (2.18)  and  

d e p e n d e n t  o n  SF@, SF@ i s  t h e  l e a f  a r e a  p a r t i c i p a t i n g  a c t i v e l y  i n  

p h o t o s y n t h e t i c  p r o c e s s :  =  S L ( Y ( S L )  w h e r e  S L  i s  t h e  t o t a l  l e a f  

a r e a  o f  o n e  t r e e ,  ( Y ( S L )  i s  t h e  c o e f f i c i e n t  t a k i n g  i n t o  a c c o u n t  

e f f i c i e n c y  o f  i n t e r a c t i o n  b e t w e e n  l e a v e s ,  N  i s  t h e  d e n s i t y  o f  

t r e e s  w i t h i n  g i v e n  p l o t .  F u n c t i o n s  a  a n d  Z a r e  d e n s i t y - i n d e p e n d e n t  

and  d e n s i t y - d e p e n d e n t  componen ts  o f  s u r v i v a l  r e s p e c t i v e l y ;  t h e i r  

a r g u m e n t s  a r e  W a n d  Z ,  i .e. n o r m a l i z e d  p h o t o s y n t h e s i s  o f  a n  i n -  

d i v i d u a l  b e y o n d  p o p u l a t i o n  a n d  w i t h i n  i t .  

A s s u m i n g ,  f o r  a l l o m e t r i c  r e a s o n s ,  t h a t  

a  s y s t e m  may b e  o b t a i n e d  w h i c h  a l l o w s  t o  d e s c r i b e  d y n a m i c s  o f  

e v e n - a g e d  a s s o c i a t i o n  i n  t h e  p r e s e n c e  o f  compe t  i t i o n  f o r  o n e  

r e s o u r c e .  W i t h i n  t h e  m e n t i o n e d  w o r k ,  a  p a r t i c u l a r  c a s e  o f  t h e  

m o d e l  (2 .20)  i s  i n v e s t i g a t e d  i n  d e t a i l .  I n  t h i s  c a s e ,  we h a v e  

1 i n e a r  d e p e n d e n c e  $ ( E ) ,  d e n s i  t y - i  n d e p e n d e n t  m o r t a l  i t y  b e i n g  c o n -  

s t a n t ,  p o w e r  d e p e n d e n c e  o f  d e n s i t y - d e p e n d e n t  m o r t a l i t y  o n  i t s  

a r g u m e n t  Z,  a s  w e l l  a s  s i m i l a r  d e p e n d e n c e s  o f  e x p e n d i t u r e  q (m)  

o n  mass m, mass m  o n  d i a m e t e r  d, l e a f  a r e a  S L  ( a s  w e l l  a s  s p e c i -  

f i c  p h o t o s y n t h e s i s  $ ( S L )  and  r e s o u r c e  V ( S L ) )  o n  a r e a  o f  

l e a v e s  Sfa. As a  r e s u l t ,  t h e  f o l l o w i n g  s y s t e m  i s  o b t a i n e d :  

C o e f f i c i e n t s  o f  t h i s  s y s t e m  a r e  s e l e c t e d  p r o c e e d i n g  f r o m  s i l v i -  

c u l t u r a l  d a t a .  T h i s  mode l  p e r m i t s  t o  d e s c r i b e  s a t i s f a c t o r i l y  t h e  

q u a l i t y  d y n a m i c s  o f  b a s i c  v a r i a b l e s  o f  e v e n - a g e d  t r e e  p o p u l a t i o n .  

Owing t o  t h i s  m o d e l ,  i t  t u r n e d  o u t  w e l l  t o  o b t a i n  e f f e c t  o f  t i g h -  

t e n i n g  o f  p o p u l a t i o n  numbers  f o r  l o n g  p e r i o d s  o f  t i m e  ( i r r e s p e c -  

t i v e  o f  t h e  i n i t i a l  d e n s i t y ) .  



S i m i l a r  a p p r o a c h  was r e a l i z e d  b y  K o r z u k h i n  ( 1 9 8 5 ,  1 9 8 7 )  f o r  

many o t h e r  m o d e l s .  

3. C o m p e t i n g  f o r  a r e a  o f  q r o w t h  

E c o p h y s i o l o g i c a l  a p p r o a c h  t o  a n a l y s i n g  o f  t h i s  t y p e  o f  

c o m p e t i t i o n -  w h i c h  g e n e r a l i z e s  c o n c e p t i o n s  d e v e l o p e d  i n  numerous  

i n d e x  m o d e l s  i s  p r e s e n t e d  b y  a n a l y t i c a l  s i m u l a t i o n  m o d e l  b y  Ga-  

l i t s k y  and  Komarov  (1978), Ga l i t s&y 1990. As p r i n c i p a l  e q u a t i o n  

w i t h i n  t h i s  m o d e l ,  o n e  c o n s i d e r s  e q u a t i o n  f o r  g r o w t h  o f  t r e e  

b i o m a s s  

H e r e  m i s  t h e  maximum v a l u e  o f  t r e e  b i o m a s s  
max 7 

m f  
i s  t h e  r a t e  o f  b i o m a s s  g r o w t h  o f  f r e e - t o - g r o w  t r e e  

o f  t h e  age t ( n u t r i t i o n  a r e a  o f  s u c h  t r e e  i s  c o n s i d e r e d  t o  b e  

u n l i m i t e d ) ,  e i s  t h e  t i m e  c o n s t a n t  w h i c h  d e p e n d s  o n  i n t e r n a l  

p r o p e r t i e s  o f  t r e e  a n d  i s  e q u a l  t o  s p e c i f i c  t i m e  o f  t r e e  

d y i n g - o f f  ( p r o v i d e d  t h e  a r e a  o f  g r o w t h  i s  a b s e n t ) ,  Z i s  t h e  

c o e f f i c i e n t  d e f i n i n g  a r e a  o c c u p i e d  b y  t r e e :  x = ~ ( m ) / ~ ~ ( m ) ,  

w h e r e  A  and Af a r e  t h e  a r e a s  o c c u p i e d  b y  t h e  m o d e l e d  t r e e  a n d  

b y  t h e  f r e e - t o - g r o w  t r e e  r e s p e c t i v e l y .  S u p p o s i n g  t h e  a r e a  o f  

p l o t  i s  d i s t r i b u t e d  among p l a n t s  a c c o r d i n g  t o  t h e i r  "demands", 

we c a n  o b t a i n  

w h e r e  l ( m , t )  i s  t h e  t r e e  d e n s i t y  w i t h i n  t h e  u n i t  p l o t .  

A n a l y s i s  o f  t h i s  m o d e l  ( p e r f o r m e d ,  n a t u r a l l y ,  b y  n u m e r i c  

m e t h o d s )  made i t  p o s s i b l e  t o  e x p l a i n  a  number  o f  i n t e r e s t i n g  

e f f e c t s .  I n  p a r t i c u l a r ,  i t  was shown b y  t h e  a u t h o r s  t h a t  r e a l  

even -aged  f o r e s t  s t a n d  s h o u l d  be composed o f  t r e e s  p r o v i d e d  

w i t h  d i f f e r e n t  a r e a s  o f  g r o w t h .  As f o r  t r e e s  w h i c h  a r e  d y i n g - o f f ,  

t h e i r  a r e a  o f  g r o w t h  i s  bound  t o  be  f e d i s t r i b u t e d  among t h e  m o s t  

s t r o n g  and w e l l  p r o v i d e d  t r e e s  w i t h i n  s t a n d .  I n  t h a t  way,  t h e  

a u t h o r s  a c c o u n t  f o r  o c c u r r e n c e s  o f  d i s a s t r o u s  e x t i n c t  i o n  f o r  

some a r t i f i c i a l  s t a n d s .  



S u b s e q u e n t  a n a l y s i s  o f  t h i s  m o d e l  p e r m i t t e d  t o  i n v e s t i g a t e  

d y n a m i c s  o f  d i s t r i b u t i o n  o f  a r e a s  a c c e s s i b l e  f o r  a  t r e e  i n  t h e  

c o u r s e  o f  g r o w t h  ( V o r o n o v ' s  a r e a s ) ,  a s  w e l l  a s  t o  d e s c r i b e  some 

s p e c i f i c  f e a t u r e s  o f  t h e  s p a t i a l  d i s t r i b u t i o n  o f  t r e e s  ( ~ a l i t s k ~ ,  

K r y l o v ,  1 9 8 5 ,  G a l i t s k y ,  T u z i n k e v i c h ,  1 9 8 7 ) .  

4. R o o t  c o m p e t i t i o n  - 
When m o d e l l i n g  t h i s  t y p e  o f  c o m p e t i t i o n ,  o n e  c a n  d i s c e r n  

t w o  a p p r o a c h e s .  

W i t h i n  t h e  f i r s t  a p p r o a c h ,  t o  c a l c u l a t e  s o i l  r e s o u r c e s  

f a 1  1 i n g  t o  t h e  s h a r e  o f  s e p a r a t e  p l a n t  a s  a  r e s u l t  o f  r o o t  com- 

p e t i t i o n ,  K o r z u k h i n  ( 1 9 8 6 )  a p p l i e d  t h e  same p r o c e d u r e  t h a t  was 

u s e d  i n  t h e  t a s k  c o n c e r n i n g  c o m p e t i n g  f o r  l i g h t  w i t h i n  t h e  p o p u -  

l a t i o n  o f  h o r i z o n t a l  s c r e e n s .  R o o t  s y s t e m s  o f  p l a n t s  a r e  s u p p o s e d  

t o  be  t w o - d i m e n s i o n a l ,  a n d  a r e a s  o f  t h e s e  s y s t e m s  a r e  e q u a l  to<.  

I n  c a s e  o f  P o i s s o n  d i s t r i b u t i o n  o f  number  o f  p l a n t s  a t  t h e  p l a n e ,  

t h e  a v e r a g e  q u a n t i t y  o f  t h e  r e s o u r c e  a c c e s s i b l e  f o r  o n e  p l a n t  i s  

e q u a  1 t o  

w h e r e  I i s  t h e  t o t a l  q u a n t i t y  o f  t h e  r e s o u r c e  m e n t i o n e d ,  N i s  
0 

t h e  number  o f  r o o t  s y s t e m s  p e r  u n i t  o f  a r e a .  

S y s t e m  ( 2 . 2 0 ) - ( 2 . 2 4 )  may be r e g a r d e d  a s  t h e  m o d e l  o f  s t a n d  

b y  w h i c h  t h e  m a i n  c o m p e t i n g  i n t e r a c t i o n  b e t w e e n  t r e e s  i s  a  s o i l  

o n e .  

The s e c o n d  a p p r o a c h  ( ~ a r e v ,  T r e s k o v ,  1 9 8 8 )  b y  m o d e l l i n g  o f  

t h e  s p a t i a l  c o m p e t i t i o n  t a k e s  i n t o  c o n s i d e r a t i o n  e x c h a n g e a b i l i t y  

o f  r o o t  s y s t e m .  I t ' s  s u p p o s e d  t h a t  p l a n t s  c r e a t e  "common r o o t  

s y s t e m "  and  e a c h  p l a n t  r e c e i v e s  p o r t i o n  o f  m i n e r a l  n u t r i t i o n  p r o -  

p o r t i o n a l  t o  t h e  r e l a t i v e  p o r t i o n  o f  i t s  b i o m a s s .  L e t ' s  c o n s i d e r  

t h i s  a p p r o a c h  m o r e  p r e c i s e l y .  L e t  t h e  p l a n t  b e  c h a r a c t e r i z e d  b y  

mass  m. D e n o t i n g  d e n s i t y  o f  r o o t  s y s t e m  o f  t h i s  p l a n t  a t  t h e  d i s -  

t a n c e  Z f r o m  i t  t h r o u g h  W ( m , z ) ,  we c a n  e x p r e s s  d e n s i  t y  o f  r o o t  

s y s t e m  o f  t h e  w h o l e  p o p u l a t i o n  i n  t h e  p o i n t  Z a s  f o l l o w s :  



w h e r e  ~ ( t , m , z )  i s  t h e  d e n s i t y  o f  number  o f  r o o t  s y s t e m s  o f  

p l a n t  i n  t h e  p o i n t  Z. A b s o r p t i o n  r a t e  o f  f o o d  r e s o u r c e  i s  g i v e n  

b y  v ( Z , t )  = m i n ( E o , A / n  (Z,t)), w h e r e  Eo i s  t h e  c o n s t a n t  o f  

r e s o u r c e  c o n c e n t r a t i o n  i n  t h e  s o i l  a n d  A i s  t h e  maximum v a l u e  

o f  a b s o r p t i o n  r a t e .  As a  r e s u l t ,  a b s o r p t i o n  r a t e  o f  r e s o u r c e  b y  t h e  

w h o l e  r o o t  s y s t e m  o f  p l a n t  w h i c h  h a s  a  b i o m a s s  m c a n  b e  e x p r e s s e d  

i n  t h e  p o i n t  Z  a s  

When c a l c u l a t i n g  d e n s i t i e s  o f  r o o t  s y s t e m  i n  t h e  p o i n t  Z, 

f u n c t i o n  z ( m , z )  i s  assumed t o  b e  a  h y p e r b o l i c  o n e :  

To o b t a i n  t h i s  d e p e n d e n c e ,  t h e  f o l l o w i n g  c o n s i d e r a t i o n s  

a r e  used.  I t ' s  s u p p o s e d  t h a t  b i o m a s s  o f  r o o t  s y s t e m  d e c r e a s e s  

p r o p o r t i o n a l  t o  t h e  c u b e  o f  d i s t a n c e  f r o m  p l a n t .  W i t h i n  mode l  

d e s c r i b i n g  " v e r t i c a l  s e c t i o n "  o f  c e n o s i s  l o c a t e d  a t  t h e  p l a n e ,  

t h e  m e n t i o n e d  d e c r e a s e  s h o u l d  be  c o n s i d e r e d  p r o p o r t i o n a l  t o  t h e  

s q u a r e  o f  d i s t a n c e  f r o m  p l a n t .  Hence t h e  f o r m u l a  (2 .27)  a r i s e s .  

I n  t h e  w o r k  by  K a r e v  a n d  T r e s k o v  ( 1 9 8 2 ) ,  t h e  d e s c r i b e d  

c o m p e t i t i o n  was i n t r o d u c e d  t o  m o d e l  t h e  s o - c a l l e d  b o u n d a r y  

e f f e c t  i n  p h y t o c e n o s i s  ( s i z e s  o f  p l a n t s  a t  t h e  b o u n d a r y  o f  

t h e i r  n a t u r a l  h a b i t a t  d i f f e r  f r o m  r e s p e c t i v e  s i z e s  w i t h i n  t h i s  

h a b i t a t ) .  The l a w  o f  p l a n t  d e v e l o p m e n t  was s e l e c t e d  i n  t h e  f o r m  o f  

e q u a t i o n  r e f e r r i n g  t o  B e r t a l a n f f y ' s  t y p e :  

w h e r e  C i s  e x p r e s s e d  b y  means o f  f o r m u l a  ( 2 . 2 6 ) ,  b = c o n s t .  

I t  s h o u l d  be  n o t e d  t h a t  d e s c r i p t i o n  o f  d i s t r i b u t e d  c e n o s i s  

p r o p o s e d  by  t h e  a u t h o r s  was t h e n  g e n e r a l i z e d  i n  t h e  w o r k s  b y  T u z i n -  

k e v i c h  (1987 ,  19 ,d8)  when d e s c r i b i n g  s p a t i o - t e m p o r a l  d y n a m i c s .  



T h e r e  a r e  some w o r k s  w i t h  a t t e m p t s  t o  m o d e l  s e v e r a l  compe-  

t i n g  i n f l u e n c e s  u p o n  g r o w t h  a n d  d e v e l o p m e n t  o f  f o r e s t  s t a n d .  

M o d e l s  d e v e l o p e d  b y  G u r t s e v  a n d  K o r z u k h i n  ( 1 9 6 8 )  b e l o n g  t o . s u c h  

w o r k s .  

Equa t . i on  f o r  g r o w t h  o f  i n d i v i d u a l  i s  b a s e d  u p o n  t h e  m o d e l  

( K u l l ,  K u l  1 ,  1 9 8 9 )  d e s c r i b i n g  g r o w t h  o f  mass m  f o r  p i n e  a n d  

d i s t r i b u t i o n  o f  assimilates' y  w i t h  t h e  a i d  o f  b a l a n c e  s y s t e m  

H e r e  +(m) i s  t h e  n e t  p h o t o s y n t h e s i s ,  R(m) i s  t h e  l o s s  o w i n g  

t o  r e s p i r a t i o n ,  V(m)  i s  t h e  mass l o s s  o n  a c c o u n t  o f  d y i n g - o f f ,  

C i s  t h e  s p e c i f i c  r a t e  o f  t r a n s i t i o n  o f  a s s i m i l a t e s  i n t o  b i o m a s s .  

S u p p o s i n g  d i s t r i b u t i n g  o f  a s s i m i l a t e s  o c c u r s  e s s e n t i a l l y  

f a s t e r  i n  c o m p a r i s o n  w i t h  c h a n g e  o f  t r e e  mass  ( y  = o ) ,  t h e  e q u a -  

t i o n  f o r  d y n a m i c s  o f  t r e e  mass  was o b t a i n e d  w h i c h ,  t a k i n g  i n t o  a c -  

c o u n t  a 1  l o m e t r i c  r e l a t i o n  b e t w e e n  t r e e  d i a m e t e r  a n d  t r e e  mass  

D=Km, e x p r e s s e d  b y  u s i n g  o f  d i s c r e t e  t i m e ,  c o u l d  b e  w r i t t e n  a s  

H e r e  f u n c t i o n  F ( D , Z , q )  e x p r e s s e s  c b a n g e  o f  s i z e  i n c r e m e n t  d e p e n -  

d i n g  o n  c o m p e t i n g  f o r  1  i g h t  a n d  f o r  a r e a  o f  g r o w t h .  T h i s  d e p e n -  

d e n c e  h a s  a  h y p e r b o l i c  f o r m .  When d e d u c i n g  t h e  l a w  c o n c e r n i n g  

c o m p e t i n g  f o r  1 i g h t ,  t r e e  c r o w n s  w e r e  m o d e l l e d  b y  means  o f  

i s o s c e l e s  t r i a n g l e s ,  a n d  t h e  i n f l u e n c e  o f  b o t h  d i r e c t  a n d  d i f -  

f u s e d  l i g h t  f l o w s  was c o n s i d e r e d .  R o o t  s y s t e m  was m o d e l l e d  b y  

means  o f  i n t e r s e c t i n g  r e c t a n g l e s .  T h i s  m o d e l  was f i t t e d  o n  t h e  

b a s i s  o f  o b s e r v a t i o n  d a t a  o b t a i n e d  when p i n e  p l a n t i n g  i n  t h e  

Moscow r e g i o n .  T h u s ,  some o f  p a r a m e t e r  v a l u e s  w e r e  t a k e n  f r o m  

o b s e r v a t i o n  d a t a ,  o t h e r  v a l u e s  w e r e  b o r r o w e d  f r o m  1 i t e r a t u r e  a n d ,  

f i n a l l y ,  c e r t a i n  p a r t  o f  n e c e s s a r y  p a r a m e t e r  v a l u e s  was  s e l e c t e d  

w i t h  t h e  a i d  o f  c o m p u t e r  c a l c u l a t i o n s  p r o c e e d i n g  f r o m  c o n d i t i o n  



t h a t  s o l u t i o n  o f  e q u a t i o n  (2.20) s h o u l d  b e  a p p r o x i m a t e  t o  t h e  

g r o w t h  t r a j e c t o r y  o b t a i n e d  o n  t h e  b a s i s  o f  e x p e r i m e n t a l  d a t a .  

Such a p p r o a c h  p e r m i t t e d  t o  v e r i f y  s t a b i  1 i t y  o f  m o d e l  s o l u t i o n s  

r e l a t i v e  t o  v a r i a t i o n  o f  some p a r a m e t e r s .  

2.3. B e s i d e s  a n a l y s i s  o f  dependences  a s s o c i a t e d  w i t h  c h a r a c -  

t e r i s t i c s  o f  t r e e s  w i t h i n  f o r e s t  s t a n d ,  m o d e l s  o f  s t a n d  d y n a m i c s  

a r e  a p p l i e d  t o  a n a l y s e  s t r a t e g i e s  o f  g r o w t h  a n d  d e v e l o p m e n t  o f  

p l a n t s  d e p e n d i n g  o n  e n v i r o n m e n t a l  c o n d i t i o n s .  One o f  t h e  p r i n -  

c i p l e s  used  b y  m o d e l l i n g  o f  b i o l o g i c a l  o b j e c t s  ( i n  p a r t i c u l a r ,  

b y  m o d e l l i n g  o n t o g e n y  o f  p l a n t  g r o w i n g  w i t h i n  a s s o c i a t i o n )  i s  

t h e  p r i n c i p l e  l y i n g  i n  t h e  f a c t  t h a t  o r g a n i s m  i t s e l f  o p t i m i z e s  

i t s  f u n c t i o n s  f r o m  t h e  s t a n d p o i n t  o f  n a t u r a l  s e l e c t i o n .  I t ' s  

c o n s i d e r e d  t h i s  p r i n c i p l e  a l l o w s  t o  a c c o u n t  f o r  a d a p t a t i o n  p r o -  

p e r t i e s  o f  b i o l o g i c a l  o b j e c t s .  P l a n t  i s  a b l e  t o  d i s t r i b u t e  i t s  

r e s o u r c e  b o t h  f o r  g r o w t h  ( d e v e l o p m e n t )  and  f o r  p r o d u c t i o n  o f  

p r o g e n i e s  ( s e e d s ) .  The o p t i m i z a t i o n  s t r a t e g y  may be r e d u c e d  t o  

t w o  f e a s i b l e  o p t i o n s ,  n a m e l y  m a x i m i z a t i o n  o f  p r o d u c t i v i t y  ( b i o -  

mass i n c r e m e n t )  a n d  m a x i m i z a t i o n  o f  number o f  p r o g e n i e s  ( r a t e  o f  

p o p u l a t i o n  g r o w t h ) .  I t ' i s  c l e a r  t h a t  b o t h  o p t i o n s  may b e  r e a l i z e d  

i n  p r a c t i c e .  

The f i r s t  o f  m e n t i o n e d  s t r a t e g i e s  was a p p l i e d  w i t h i n  m o d e l s  

d e v e l o p e d  by  R a c h k o  ( 1 9 7 9 ) ,  O j a  (1985 ,  1 9 8 6 )  t o  d e s c r i b e  d i s t r i b u -  

t i o n  o f  a s s i m i l a t e s  among p l a n t  o r g a n s ,  a s  w e l l  a s  w i t h i n  a  number 

o f  o t h e r  m o d e l s ,  f o r  e x a m p l e ,  N i l s s o n ' s  m o d e l  ( 1 9 7 7 ) .  The s e c o n d  

s t r a t e g y  c o r r e s p o n d s  t o  t h e  p r i n c i p l e  o f  d i f f e r e n t i a l  s u r v i v a l  

o f  i n d i v i d u a l s  i n  t h e  f o r m  o f  Ho ldane-Semevsky  (Semevsky ,  Semenov, 

1 9 8 2 ) .  This s t r a t e g y  was a p p l i e d  w i t h i n  m o d e l s  b y  V o r o t y n t s e v  

( 1 9 8 5 ) ,  l n s a r o v  ( 1 9 7 5 )  a n d  some o t h e r  S o v i e t  a n d  f o r e i g n  a u t h o r s .  

A p p l y i n g  o f  t h e  f i r s t  s t r a t e g y  b y  m o d e l l i n g  i s  d e s c r i b e d  

i n  d e t a i l  i n  t h e  p r e c e d i n g  s e c t i o n  o f  t h i s  a r t i c l e .  Now we c o n -  

s i d e r  t h e  s e c o n d  s t r a t e g y  b e i n g  a p p l i e d  w i t h i n  t h e  f r a m e w o r k  o f  

w o r k s  b y  K o r z u k h i n  ( 1 9 8 5 )  a n d  b y  K o r z u k h i n  a n d  T e r - M i k h a e l y a n  

( 1 9 8 7 ) .  

The f i r s t  m o d e l  d e s c r i b e s  c h a n g e s  o f  t r e e  b i o m a s s  o n  c o n d i -  

t i o n  t h a t  among t h e  i n d i v i d u a l s  w i t h i n  f o r e s t  s t a n d  t h e r e  i s  

c o m p e t i n g  f o r  , r e s o u r c e ,  n a m e l y ,  f o r  l i g h t  f a l l i n g  u p o n  i n d i v i d u a l  



s i m u l a t e d  by  means o f  " h o r i z o n t a l  s c r e e n " ,  o r  f o r  m i n e r a l  n u t r i -  

t i o n .  T h i s  m o d e l  r e p r e s e n t s  s u b s e q u e n t  d e v e l o p m e n t  o f  I n s a r o v ' s  

m o d e l  w h i c h  d e s c r i b e d  g r o w t h  o f  t h e  mass o f  o b j e c t  by  means o f  

s y s  tem 

H e r e  a  i s  t h e  q u a n t i t y  o f  r e s o u r c e ,  Ofdi 41 i s  i t s  s h a r e  u s e d  

f o r  g r o w t h , j o  i s  t h e  c o e f f i c i e n t  o f  r e p r o d u c t i o n .  

S t r a t e g y  r e a l i z e d  w i t h i n  I n s a r o v ' s  m o d e l  i n c l u d e d  t h e  f o l -  

l o w i n g :  g r o w t h  u p  t o  a  c e r t a i n  age,  a n d  t h e n  r e p r o d u c t i o n  p r o -  

c e s s .  The s w i t c h i n g  p o i n t  was d e t e r m i n e d  o n  t h e  b a s i s  o f  depen- .  

d e n c e  o f  r e s o u r c e  on  age. 

W i t h i n  d e s c r i b e d  m o d e l  b y  K o r z u k h i n ,  mass i s  c o n s i d e r e d  t o  

b e  p r o p o r t i o n a l  t o  t h e  s u r f a c e  o f  i n d i v i d u a l x ,  a n d  t h e  q u a n t i t y  

o f  a c c e s s i b l e  r e s o u r c e  i s  e x p r e s s e d  ( a c c o r d i n g  t o  t h e  c o m p e t i -  

t i o n  m o d e l )  as  a  =a e x p ( - j N m i ) .  The g i v e n  m o d e l  may be p r e s e n t e d  i 
b y  

w h e r e  C i s  t h e  number o f  s e e d s  p r o d u c e d  i n  t h e  p r e s e n c e  o f  t h e  

u n i t  r e s o u r c e , j  i s  t h e  v a l u e  d e s c r i b i n g  t h e  c o m p e t i t i o n  i n t e n -  

s i  t y .  The numbers  o f  p o p u l a t i o n  N  a re  c o n s i d e r e d  c o n s t a n t  ( m o d e l  

parame t e r )  . 
The s t r a t e g y  o f  o n t o g e n y  i s  s e a r c h e d  ' (  i . e m  t h e  d e p e n d e n c e  

o f  t h e  r e s o u r c e  s h a r e  d i  o n  t h e  t o t a l  r e s o u r c e  v a l u e  N, o n  t h e  

i n i t i a l  a r e a  S and o n  t h e  l o n g e v i t y  a ) .  T h i s  s t r a t e g y  s h o u l d  
0 

x 
T h i s  s u g g e s t i o n  i s  j u s t i f i e d  f o r  t r e e s  w i t h  l e a v e s  o f  " z e r o  
t h i c k n e s s "  ( i n f i n i t e l y  t h i n  s c r e e n s ) ;  i n  c a s e  o f c o n i f e r s ,  i t  
s h o u l d  be a c c e p t e d  S i b m  2 / 3 .  



p r o v i d e  maximum amoun t  o f  seeds  p r o d u c e d  b y  t h e  i n d i v i d u a l  f o r  

t h e  w h o l e  l i f e t i m e :  d i =  d ( ~ , S ~ , a ) .  Such s t r a t e g i e s  w e r e  f o u n d  

i n  t h e  m e n t i o n e d  work .  I n  t h i s  c o n n e c t i o n ,  t h e  s p a c e  o f  p a r a -  

m e t e r s  N,S ,a i s  d i v i d e d  i n t o  a r e a s  b y  w h i c h  own o p t i -  
0 

mum s t r a t e g y  may be r e a l i z e d  t o  p r o v i d e  maximum amoun t  o f  seeds.  

T h i s  m o d e l  was n o t  i d e n t i f i e d .  A  p o s s i b i l i t y  t o  f e a l i z e  t h e  

o b t a i n e d  s t r a t e g i e s  was e x a m i n e d  i n d i r e c t l y  b y  means o f  i n t r o -  

d u c i n g  o f  e q u a t i o n  f o r  p o p u l a t i o n  numbers  i n t o  t h e  m o d e l ,  a s  

w e l l  a s  t h r o u g h  i n v e s t i g a t i o n  o f  p r o p e r t i e s  o f  t h e  m e n t i o n e d  

numbers  when a p p l y i n g  d i f f e r e n t  s t r a t e g i e s .  I n  p a r t i c u l a r ,  i t  

t u r n e d  o u t  w e l l  t o  o b t a i n  e f f e c t  o f  t h e  o b s e r v e d  s t a b i l i z a t i o n  

o f  numbers  o w i n g  t o  a d a p t i v e  change o f  f e r t i  1 i t y  o f  t h e  i n d i v i -  

d u a l .  As g e n e r a l i z a t i o n  o f  mode l  (2 .31) ,  m o d e l  d e v e l o p e d  by  K o r -  

z u k h i n  a n d  T e r - M i k h a e l y a n  (1987)  may b e  r e g a r d e d .  W i t h i n  t h i s  

M o d e l ,  a n  a p p r o a c h ' i s  f o r m u l a t e d  t o  d e s c r i b e  o p t i m u m  o n t o g e n y  

o f  p l a n t  b y  t a k i n g  i n t o  a c c o u n t  b o t h  s u r v i v a l  and c o m p e t i t i o n .  

I n  t h i s  g e n e r a l  c a s e ,  mode l  i s  g i v e n  b y  

H e r e  a=a(m n .  i s  t h e  r e s o u r c e  amount  a c c e s s i b l e  f o r  a n  i n d i v i -  
i I 

d u a l  w i t h i n  p o p u l a t i o n  composed o f  i n d i v i d u a l s  w i t h  b i o m a s s  m . ;  
I 

S(mi )  i s  t h e  a b s o r p t i o n  s u r f a c e  o f  i n d i v i d u a l ;  f ( a )  and  f m a x ( a )  

a r e  t h e  s p e c i f i c  a n d  t h e  maximum s p e c i f i c  p h o t o s y n t h e s i s  o f  i n -  

d i v i d u a l  r e s p e c t i v e l y ; d i , D i , $ .  a r e  p h o t o s y n t h e s i s  s h a r e s  d i s -  
I 

t r i b u t e d  among p r o t e c t i o n ,  g r o w t h  and  r e p r o d u c t i o n  o f  i n d i v i d u a l  

r e s p e c t i v e l y ;  b ( m . )  i s  t h e  l o s s  o w i n g  t o  r e s p i r a t i o n  o f  i n d i v i -  
I 

d u a l .  W i t h i n  t h i s  m o d e l ,  r e p r o d u c t i o n  i s  d e s c r i b e d  b y  means o f  



f u n c t i o n  ~ ( 8 ,  , f , m . )  w h i c h  r e p r e s e n t s  t h e  a m o u n t  o f  s e e d s  p r o -  
I 

d u c e d  a t  t h e  i - t h  s t e p  b y  t h e  i n d i v i d u a l  w i t h  b i o m a s s  mi when 

t h e  r e p r o d u c t i o n  r e s o u r c e  i s  J' 

The f i r s t  e q u a t i o n  o f  t h e  m o d e l  d e s c r i b e s  d y n a m i c s  o f  num- 

b e r s  d e p e n d i n g  o n  s u r v i v a l  V w h i c h  i s  s u p p o s e d  t o  be  a  c o n v e x  

f u n c t i o n .  The  s e c o n d  e q u a t i o n  r e p r e s e n t s  e q u a t i o n  o f  mass  b a l a n c e  

w r i t t e n  i n  t h e  d i f f e r e n c e  f o r m .  

i n  t h e  m e n t i o n e d  w o r k ,  a  s p e c i a l  c a s e  i s  m e n t i o n e d  when 

s p e c i f i c  p h o t o s y n t h e s i s  d o e s n ' t  d e p e n d  o n  a b s o r p t i o n  s u r f a c e  

( e f f e c t  o f  s e l f - d a r k e n i n g  d o e s n ' t  t a k e  p l a c e )  a n d  i s  p r o p o r -  

t i o n a l  t o  t h e  mass o f  i n d i v i d u a l  m o d e l l e d  b y  a  h o r i z o n t a l  s c r e e n :  
-Am in i  

S (m) ~ m ,  E= f  ( a ) = a e  ; i n  t h i s  c a s e ,  s u r v i v a l  V i s  l i n e a r  

( c o n c e r n i n g  i t s  a r g u m e n t ) ,  a n d  i n d i v i d u a l  i s  a b l e  t o  p r o t e c t  

i t s e  l f a g a  i n s  t e n v  i r o n m e n  t a  l i n f  1 u e n c e s :  V=u . ( 1  - u ) d  . . L o s s  
I 

a r i s e n  o w i n g  t o  p h o t o s y n t h e t i c  p r o c e s s  i s  p r o p o r t i o n a l  t o  

p h o t o s y n t h e s i s  i t s e l f .  

And, f i n a l l y ,  t h e  g i v e n  w o r k  e x a m i n e s  a l s o  m o r e  s p e c i a l  

c a s e  c o n c e r n i n g  g r o w t h  o f  i n d i v i d u a l  w i t h o u t  a n y  c o m p e t i t i o n ;  

A =  0 .  

A n a l y s i s  o f  t h e s e  m o d e l s  b r o u g h t  t o  l i g h t  a  n u m b e r  o f  

i n t e r e s t i n g  s t r a t e g i e s  o f  t r e e  d e v e l o p m e n t .  C h a n c e s  o f  r e a l  i - 
z i n g  t h e s e  s t r a t e g i e s  a r e  a l s o  d i s c u s s e d  i n  t h e  g i v e n  w o r k .  

I n  p a r t i c u l a r ,  t h e  f o l l o w i n g  e f f e c t  i s  r e v e a l e d :  o n e  o f  t h e  

r e a s o n s  l e a d i n g  t o  g r o w t h  o f  t r e e  b e i n g  c e a s e d  ( b e s i d e s  t h e  

r e a s o n  w h i c h  h a s  b e e n  k n o w n  b e f o r e  a n d  c o n s i s t e d  i n  r e s p i r a t i o n  

a n d  p h o t o s y n t h e s i s  l o s s e s  b e i n g  e q u a l )  i s  t h e  s w i t c h i n g  o f  

t h e  p h o t o s y n t h e t ; i c  p r o d u c t  i v i  t y  t o  t h e  s e e d  p r o d u c t  i o n .  



I t  I s  o b v i o u s  t h a t  s e l e c t i o n  o f  t h e  o p t i m i z i n g  f u n c t i o n a l  

s h o u l d  be  r e a l i z e d  w i t h  t a k i n g  i n t o  a c c o u n t  b i o l o g i c a l  p r o p e r -  

t i e s  o f  t h e  o b j e c t  i n v e s t i g a t e d  w i t h i n  t h e  f r a m e w o r k  o f  s p e c i -  

f i c  t a s k .  

I t  s h o u l d  be n o t e d  t h a t  m o d e l s  o f  t h e  t y p e  ( 2 . 1 4 ) ,  ( 2 . 2 0 ) ,  

( 2 . 3 3 )  w e r e  a p p l  i e d  ( K a r e v ,  1 9 8 4 ,  A n t o n o v s k y ,  K o r z u k h i n ,  1 9 8 6 ,  

e t c . )  b o t h  f o r  i n v e s t i g a t i o n  o f  q u a l i t y  e f f e c t s  i n t r i n s i c  t o  

b e h a v i o u r  o f  s t a n d  u n d e r  c e r t a i n  c o n d i t i o n s  a n d  f o r  w o r k i n g  o u t  

o f  f o r e c a s t i n g s .  I n  p a r t i c u l a r ,  i n  c a s e  o f  t w o - s p e c i e s  a s s o c i a -  

t i o n  t h e  s y n e c o l o g i c a l  ( c o m p e t  i t i  v e )  e f f e c t  o f  c o m p e n s a t  i o n  was 

o b t a i n e d  w h i c h  c o n s i s t e d  i n  t h e  f o l l o w i n g :  t h e  c h a n g e  o f  b i o m a s s  

o r  o t h e r  s t r u c t u r a l  c h a r a c t e r i s t i c s  w o u l d  be  s t r o n g e r  w i t h o u t  

c o m p e t i t i o n .  The a s s e s s m e n t  o f  m o d e l  p a r a m e t e r s  ( o r  t h e  a s s e s s -  

m e n t  o f  e x t e r n a l  f a c t o r s  w h i c h  i n f l u e n c e  t hem)  p e r m i t s  t o  d i s -  

c e r n  o p t i o n s  o f  t h e  b e h a v i o r a l  s t r a t e g i e s  when c h a n g i n g  o f  e n -  

v i  r o n m e n t a l  c h a r a c t e r i s t i c s .  

2 .5 .  We d e s c r i b e  t h e  a p p r o a c h  t o  m o d e l l i n g  o f  f o r e s t  s t a n d  

w i t h  t h e  a i d  o f  b a l a n c e  r e l a t i o n s  o f  t h e  t y p e  ( 1 . 1 3 )  ( m o d e l  

d e v e l o p e d  b y  Ross )  w h i c h  i n c l u d e  f u n c t i o n s  s e l e c t e d  phenomeno-  

l o g i c a l l y  i n  c o n j u n c t i , o n  w i t h  c o e f f i c i e n t s  t a k e n  p a r t l y  f r o m  

e x p e r i m e n t a l  d a t a .  As a n  e x a m p l e  o f  s u c h  a p p r o a c h ,  we may men-  

t i o n  t h e  m o d e l  b y  B o g a t y r e v  ( 1 9 8 0 )  i n t e n d e d  f o r  d e s c r i p t i o n  

o f  b e h a v i o u r  o f  t h r e e - s p e c i e s  p l a n t  a s s o c i a t i o n  n e a r  t h e  b o u n -  

d a r y  w h i c h  s e p a r a t e s  t a i g a  a n d  t u n d r a .  The  m o d e l  v a r i a b l e s  a r e  

t h e  v a l u e s  o f  b i o m a s s  o f  c o n i f e r s  ( X  ) ,  o f  moss ( x , ) ,  o f  h e r b  
3  

a n d  s h r u b  l a y e r  ( X 2 ) ,  o f  l i t t e r  ( x 4 ) ,  a s  w e l l  a s  o f  d e a d  o r g a -  

n i c  m a t t e r  (X  ) .  T h i s  m o d e l  may b e  p r e s e n t e d  a s  
5  



Each  e q u a t i o n  o f  t h e  mode l  r e p r e s e n t s  d e t a i l e d  e q u a t i o n  o f  

B e r t a l a n f f y ' s  t y p e  b y  w h i c h  p r o d u c t i v i t y  a n d  f o l  1 i a g e  f a 1  1 a r e  

d e s c r i b e d  by  members p r o p o r t i o n a l  t o  t h e  e x p o n e n t  o f  one o f  t h e  

v a r i a b l e s  m u l t i p l i e d  b y  c o e f f i c i e n t  w h i c h  e x p r e s s e s  dependence  

o n  e x t e r n a l  p a r a m e t e r s ,  s u c h  as t e m p e r a t u r e ,  w a t e r  c o n d i  t i o n s ,  

n u t r i t i o n  c o n d i t i o n s ,  v e g e t a t i o n  t y p e .  F o r  e x a m p l e :  

w h e r e  F i  i s  t h e  c o e f f i c i e n t  i n t r i n s i c  f o r  v e g e t a t i o n  t y p e ;  

Gi(X3) and f .  ( X  ) a r e  t h e  f u n c t i o n s  s i m u l a t i n g  dependence  o f  
1 5  

a n n u a l  i n c r e m e n t  o n  t h e  d e f i c i e n c y  o f  PAR u n d e r  c a n o p y  G.(X ) = 
1 3  

= e x p ( - 4  X ) a n d  o n  t h e  d e f i c i e n c y  o f  m i n e r a l  s u b s t a n c e s  i n  
i 3  

s o i l  f i ( x 5 )  = e x p ( - a i / X 5 ) .  The a n n u a l  i n c r e m e n t  i s  g i v e n  b y  
\ 

T i  ( X 3 )  = 1  f o r  i = 1 , 2 ,  X ( X  ) = K g  ( 0  C 8 4  1 ) .  Dependence 
3  3  X 

o f  b i o m a s s  i n c r e m e n t  o n  w a t e r  c o n d i t i o n s  may be e x p r e s s e d  by  

n 2  
f u n c t i o n  H i ( w )  = e x p ( - b i ( w i - W  ) , w h e r e  p r e c i p i t a t i o n  a m o u n t s  

W ,  b i ,  wX= c o n s t  a n d  w ~ = w " ( P ~ ) .  



I n  a c c o r d a n c e  w i t h  c o n c e p t i o n  o f  z o n a l  c l i m a x  d e v e l o p e d  b y  

P h . C l e m e n t s ,  t h e  m a i n  f a c t o r s  i n f l u e n c i n g  s t a n d  d e v e l o p m e n t  a r e  

t e m p e r a t u r e  T  a n d  p r e c i p i t a t i o n  a m o u n t  P .  W i t h i n  t h i s  m o d e l ,  i t  

i s  s u p p o s e d  t h a t  i n f l u e n c e  o f  c l  i m a t e  p a r a m e t e r s  u p o n  s t a t e  o f  

e c o s y s t e m  i s  m e d i a t e d  b y  c r e a t i o n  o f  m i c r o c l  i m a t e  u n d e r  t h e  t r e e  

c a n o p y  w i t h  r e s p e c t i v e  p a r a m e t e r s  T  a n d  P,, And ,  f i n a l  l y ,  t h e  M 
m a i n  f a c t o r  l n f  l u e n c i n g  f o r e s t  s t a n d  a n d  b e i n g  i n v e s t i g a t e d  

w i t h i n  t h i s  m o d e l  i s  t h e  t e m p e r a t u r e  r a t e  d e s c r i b e d  b y  l i k e l i -  

h o o d  f u n c t i o n  c h o s e n  o n  t h e  p h e n o m e n o l o g i c a l  b a s i s ,  n a m e l y  

w h e r e  f ( ~  ) i s  t h e  q u a d r a t i c  p o l y n o m i a l  w h i c h  r e a c h s  max imum b y  
3  

f i n i t e  v a l u e s  o f  X F u n c t i o n s  Pi ( T  ) w h i c h  a p p e a r  i n  e q u a t i o n s  
3  ' M 

( 2 . 3 4 )  a n d  ( 2 . 3 5 )  c a n  b e  e x p r e s s e d  t h r o u g h  c l i m a t e  p a r a m e t e r s  

TA a n d  T  , w h e r e  TA i s  e q u a l  t o  " t e m p e r a t u r e  o f  t u n d r a "  a n d  T  
Y Y 

c o r r e s p o n d s  t o  " t e m p e r a t u r e  o f  t a i g a " .  

I t  was shown i n  t h i s  w o r k  t h a t ,  d e p e n d i n g  o n  v a l u e s  o f  p a r a -  

m e t e r  T  ( a s  w e l l  a s  o n  " s t e e p n e s s  d e g r e e "  o f  f u n c t i o n  f ) ,  b o t h  

one  s t a t e  o f  s t a b l e  e q u i  1 i b r i u m  c o u p l e d  w i t h  t w o  s t a t e s  o f  u n -  

s t a b l e  o n e  a n d  t w o  s t a t e s  o f  s t a b l e  e q u i l i b r i u m  s e p a r a t e d  b y  o n e  

s t a t e  o f  u n s t a b l e  e q u i l  i b r i u m  may e x i s t  w i t h i n  t h e  g i v e n  m o d e l .  

A r e a s  w h i c h  c o r r e s p o n d  t o  t h o s e  s t a t e s  a r e  i n t e r p r e t e d  r e s p e c -  

t i v e l y  a s  a r e a s  w h e r e  h y s t e r e s i s  d o e s n ' t  t a k e  p l a c e  o r , .  o n  t h e  

c o n t r a r y ,  e x i s t s  w h i  l e  c h a n g i n g  o f  t h e  t u n d r a  v e g e t a t i o n  b y  t h e  

t a i g a  o n e .  The e f f e c t  o f  h y s t e r e s i s  c o n s i s t s  i n  s y s t e m  b e i n g  i n  

d i f f e r e n t  s t a t e s  ( t u n d r a  o r  t a i g a  s t a t e s ) ' a t  t h e  same t e m p e r a t u r e  

d e p e n d i n g  o n  t h e  p r e c e d i n g  h i s t o r y .  T h u s ,  a c c o r d i n g  t o  t h e  m o d e l  

( 2 . 3 4 ) ,  o n e  c a n  j u d g e  b y  t h e  v a l u e  o f  v a r i a b l e  X ( b i o m a s s  o f  
3  

c o n i f e r s )  a n d  b y  t h e  v a l u e  o f  t e m p e r a t u r e  w h e t h e r  t r a n s i  t i o n  

f r o m  " t a i g a "  t o  " t u n d r a "  w o u l d  be r e a l  i z e d  u n i n t e r r u p t e d l y  a n d  

s m o o t h l y  b y  t e m p e r a t u r e  i n c r e a s e .  ( W i t h i n  h y s t e r e s i s  a r e a ,  s u c h  

t r a n s i t i o n  i s '  b o u n d  t o  h a p p e n  i n  s h a r p  a n d  u n e v e n  w a y ) .  



The m o d e l  h a s  b e e n  i d e n t i f i e d  o n  t h e  b a s i s  o f  g r e a t  number  

o f  o b s e r v a t i o n  d a t a  c o n c e r n i n g  v e g e t a t i o n  a n d  c l i m a t e  o f  b o r e a l  

f o r e s t .  Some o f  m o d e l  c o e f f i c i e n t s  h a v e  b e e n  s e l e c t e d  when .  

i d e n t i f y i n g M .  

3. Aqe d y n a m i c s  

3.1. D e t a i l e d  d e s c r i p t i o n  o f  f o r e s t  a s s o c i a t i o n s  i n c l u d e s  

a n a l y s i s  o f  t h e i r  a g e  s t r u c t u r e .  F o r  some p o p u l a t i o n s ,  i t  i s  

I m p o s s i b l e  t o  c o n s t r u c t  a n y  a d e q u a t e  m o d e l s  l e a v i n g  o u t  o f  a c -  

c o u n t  age s t r u c t u r e .  Such a n a l y s i s  f o r  p o p u l a t i o n s  o f  v a r i o u s  

k i n d s  has  been c a r r i e d  o u t  f r o m  t h e  b e g i n n i n g  o f  t h i s  c e n t u r y  

s t a r t i n g  w i t h  t h e  w o r k s  b y  L o t k a  ( 1 9 2 5 ) ,  V o l t e r r a  ( t r a n s l a t e d  

i n t o  R u s s i a n  i n  1 9 3 1 )  o n  t h e  b a s i s  o f  l i n e a r  m o d e l s  o f  t h r e e  

t y p e s ,  name ly :  b o t h  t e m p o r a l  a n d  age d i s c r e t e  m o d e l s ,  t e m p o r a l  

d i s c r e t e  and  a g e  c o n t i n u o u s  m o d e l s ,  b o t h  t e m p o r a l  a n d  age c o n -  

t i n u o u s  m o d e l s .  L e t  u s  d e n o t e  l a ( t )  t h e  d e n s i t y  o f  number  o f  

i n d i v i d u a l s  w h i c h  h a v e  r e a c h e d  age a  t o  t h e  moment t ,  C, t h e  

i n t e n s i t y  o f  t r a n s i t i o n  f r o m  one  age  g r o u p  i n t o  a n o t h e r  g r o u p ,  

Ja t h e  d e n s i t y  o f  b i r t h  r a t e  o f  t h e  r e s p e c t i v e  age g r o u p  ' -)(Ca 
t h e  

m o r t a l i t y  r a t e ,  q a (  q ( a ) )  t h e  i n i t i a l  age  d i s t r i b u t i o n .  W i t h i n  

m o d e l s  o f  t h e  f i r s t  and  t h e  s e c o n d  t y p e ,  n  a g e  g r o u p s  may be 

s i n g l e d  o u t .  D e n s i t y  l ( a , t )  i s  a  v e c t o r  f u n c t i o n :  { I ( - f s t ) , m m o ,  

1 ( n , t ) f .  

As a n  e x a m p l e  o f  t h e  f i r s t  g r o u p  o f  m o d e l s ,  t h e  f o l l o w i n g  

s y s t e m  may s e r v e :  

X 
I n  o u r  o p i n i o n ,  m a t h e m a t i c a l  s t r u c t u r e  o f  m o d e l  a n d  number o f  
I t s  p a r a m e t e r s  a 1  l o w  t o  d e s c r i b e  e v e n  m o r e  c o m p l  i c a t e d  h a n g e s  
o f  b e h a v i o r a l  c o n d i t i o n s ,  s u c h  as  p e r i o d i c a l  c o n d i t i o n s .  T h i s  
w o r k  r e q u i r e s  c a r r y i n g  o u t  o f  s u b s e q u e n t  i n v e s t i g a t i o n s ( s e e  
B a z y k i n ,  K u z h e t s o v ,  K h i  b n i K ,  1 9 8 5 ) .  



M o d e l s  o f  t h e  second  t y p e  a r e  d e s c r i b e d  b y  d i f f e r e n t i a l  

e q u a t i o n s  

w h e r e  t r a n s i t i o n  m a t r i x  L  may be p r e s e n t e d  i n  t h e  m o s t  s i m p l e  

c a s e  b y  

a n d  i t  i s  c a l l e d  L e s l i e  m a t r i x .  ( T o  d e s c r i b e  p o p u l a t i o n s  o f  

more  c o m p l e x  o r g a n i z a t i o n ,  o t h e r  f o r m s  o f  m a t r i x  L  may b e  u s e d ) .  

C h a r a c t e r i s t i c s  o f  s o l u t i o n  l a ( t )  = f l a ( t ) ,  a=l,...,n j o f  

t h e  m o d e l s  (3.1) - (3.2) a r e  c o m p l e t e l y  d e t e r m i n e d  b y  t h e  p r o -  

p e r t i e s  o f  t r a n s i t i o n  m a t r i x .  D e p e n d i n g  o n  t h e  d i s t r i b u t i o n  o f  

b i r t h  r a t e  among age g r o u p s ,  s o l u t i o n s  may c o n v e r g e  e i  t h e r  t o  

t h e  s t a t i o n a r y  d i s t r i b u t i o n  o r  t o  t h e  p e r i o d i c a l  b a l a n c e d  o n e  

( i n  t h e  s e c o n d  c a s e ,  i t  i s  u s u a l  t o  s a y  t h a t  p o p u l a t i o n  waves 

o s c i l l a t e  a r o u n d  L e s l i e  d i s t r i b u t i o n ) .  C o n v e r g i n g  t o  t h e  b a l a n c e d  

d i s t r i b u t i o n  p r o c e e d s  f a s t  i n  a n  e x p o n e n t i a l  manner .  

These r e s u l t s  w e r e  o b t a i n e d  i n  t h e  i n i t i a l  f o r m  b y  L e s l i e  

h i m s e l f  ( 1 9 4 5 )  and t h e n  g e n e r a l  i z e d  a n d  s u p p l e m e n t e d  b y  many 

a u t h o r s  who i n v e s t i g a t e d  c a s e s  o f  m o r e  c o m p l i c a t e d  o r g a n i z a t i o n  

o f  t r a n s i t i o n  m a t r i x ,  i n  p a r t i c u l a r ,  i n f l u e n c e  o f  m o r t a l  i t y  

w i t h i n  age g r o u p  ( c o h o r t )  u p o n  t h e  s t a b l e  d i s t r i b u t i o n  ( r e v i e w  

o f  w o r k s  and o r i g i n a l  r e s u l t s  a re  g i v e n  i n  t h e  m o n o g r a p h s  b y  

H i m m e l f a r b  e t  a l . ,  1974  a n d  b y  P o l u e k t o v  e t ' a l . ,  1 9 8 0 ) .  

A c c o r d i n g  t o  t h e  w o r k s  b y  L o t k a  and  S h a r p  ( P o l u e k t o v  e t  a l . ,  

1 9 8 0 ) ,  m o d e l s  c o n t . i n u o u s  b y  t i m e  a n d  age ( m o d e l s  o f  t h e  t h i r d  

t y p e )  a r e  w r i t t e n  a s  



The l a s t  e q u a t i o n  o f  t h i s  s y s t e m  d e f i n e s  t h e  l a w  o f  b i r t h  r a t e  

w i t h i n  a  p o p u l a t i o n .  From t h e  m a t h e m a t i c a l  p o i n t  o f  v i e w ,  i t  

r e p r e s e n t s  t h e  i n t e g r a  1 b o u n d a r y  c o n d i  t i o n  ' and  t r a n s f o r m s  t h e  

s y s t e m  ( 3 . 3 )  i n t o  i n d e p e n d e n t  m a t h e m a t i c a l  o b j e c t .  The m a i n  

r e s u l t  c o n c e r n i n g  t h e  mode l  ( 3 . 3 )  i s  t h e  t h e o r e m  o f  L o t k a - S h a r p :  

t h e r e  e x i s t s  a n  " i n t e r n a l  r a t e  o f  p o p u l a t i o n  g r o w t h 1 ' ,  i .e .  

c o n s t a n t  A d e t e r m i n e d  b y  m o r t a l i t y  r a t e  /cr a n d  b y  b i r t h  r a t e p ,  

s u c h  t h a t  i f  A L 0  t h e n  1 ( a , t ) + O  b y  ta@; i f  /I% 0  t h e n  n o r -  

m a l  i z e d  d e n s i t y  e x p ( -  A t )  1 ( a ,  t )  c o n v e r g e s  t o  t h e  " s t a b l e "  

n 
l i m i t  d i s t r i b u t i o n  1 ( a , t )  = ~ ( a ) ~ ( t )  c h a r a c t e r i z e d  b y  t h e  r e -  

l a t i v e  v a l u e  o f  e a c h  age g r o u p  n o t  b e i n g  a l t e r e d  i n  t i m e .  The 

modern  f o r m u l a t i o n  o f  t h e  L o t k a - S h a r p  t h e o r e m  i s  g i v e n  b y  Webb 

( 1 9 8 4 ) .  



L e t  u s  g i v e  a n  e x a m p l e  o f  t h e  model  (3.1) b e i n g  a p p l i e d  t o  

a n a l y s e  age d y n a m i c s  o f  t h e  f o r e s t  a s s o c i a t i o n .  I n  t h e  w o r k  by 

K o r z u k h i n  and T e r - M i k h a e l y a n  ( 1 9 8 2 ) ,  s u c h  mode l  i s  u s e d  f o r *  

r e s e a r c h  o f  b e h a v i o u r  o f  p o p u l a t i o n  c o m p e t i n g  f o r  1 i g h t  by  

w h i c h  i n d i v i d u a l s  a r e  s i m u l a t e d  by means o f  t h e  " h o r i z o n t a l  

s c r e e n s "  ( s e e  s e c t i o n  2 ) .  S u r v i v a l  o f  t h e  K - t h  age  c l a s s  X K  = - 1 -/UK and seed  p r o d u c t i v i t y  ( f r u i t f u l n e s s )  BK a r e  f u n c t i o n s  o f  

t h e  a v e r a g e  amount  o f  r e s o u r c e s  r e c e i v e d  by o n e  i n d i v i d u a l  ( t o  

be more p r e c i s e ,  t h e y  a r e  f u n c t i o n s  o f  t h e  s p e c i f i c  amoun t  o f  

r e s o u r c e s  p e r  u n i  t o f  s u r f a c e :  K = R K / S K ,  where  R K  i s  t h e  t o t a l  

r e s o u r c e ,  S K  i s  t h e  a r e a  o f  s u r f a c e ) .  I n  t h e  w o r k  m e n t i o n e d ,  t h e  

c a s e  o f  mono tonous  c o m p e t i t i o n  i s  c o n s i d e r e d ,  name ly  i f  XK 
d o e s n ' t  depend o n  r K  and f r u i t f u l n e s s  i s  p r o p o r t i o n a l  t o  r 

K '  
S u r v i v a l  o f  t h e  K - t h  c l a s s  i s  e x p r e s s e d  by 

w h e r e  t h e  f i r s t  i tern o f  t h e  e x p o n e n t  d e s c r i b e s  i n t r a - a g e  c o m p e t i -  

t i o n ,  aK i s  t h e  d e n s i t y - i n d e p e n d e n t  component  o f  s u r v i v a l ,  &' i s  

t h e  c o e f f i c i e n t  o f  1 i g h t  a b s o r p t i o n  by t h e  i n d i v i d u a l .  Examp le  

c o n c e r n i n g  t h r e e - a g e  p o p u l a t i o n  o f  " h o r i z o n t a l  s c r e e n s "  i s  c o n s i -  

d e r e d  i n  d e t a i  1 i n  t h e  m e n t i o n e d  w o r k  t o o .  

I t ' s  o b v i o u s  v a r i a t i n g  o f  c o m p e t i t i o n  t y p e  l e a d s  t o  

c o n s t r u c t i n g  o f  a n a l o g o u s  i n t e r e s t i n g  mode ls .  

3.2. I n f l u e n c e  o f  r e s o u r c e  l i m i t i n g  upon  p o p u l a t i o n  d y n a -  

m i c s  b e i n g  t a k e n  i n t o  a c c o u n t  r e s u l t s  i n  n e c e s s i t y  t o  g e n e r a l i z e  

m o d e l s  (3 .1) - (3 .3) .  As a n  i m p o r t a n t  examp le ,  s u c h  m o d e l  may be 

c o n s i d e r e d :  

w h e r e  t h e  b i r t h  r a t e  J3 and  s u r v i v a l  C a r e  d e p e n d e n t  o n  t h e  

p o p u l a t i o n  d e n s i t y  N. M o d e l  (3.4) i s  a  g e n e r a l i z a t i o n  o f  m o d e l  



3 . 1 )  I n  a s i m i l a r  way, m o d e l s  (3.2) a n d  (3.3) w e r e  g e n e r a l i z e d  

t o o ;  i n  t h i s  c o n n e c t i o n ,  a  c a s e  was i n v e s t i g a t e d  when m o r t a l i t y  

yc depended o n  p o p u l a t i o n  d e n s i t y .  The m o d e l  (3 .4)  was f i r s t  

r e s e a r c h e d  b y  L e s l  l e a  L a t e r  many w o r k s  h a v e  b e e n  d e v o t e d  t o  t h e  

s i m i l a r  i n v e s t i g a t i o n s  ( P o l u e k t o v  e t  a l . ,  1980) .  

I n  t h e  w o r k  b y  A n t o n o v s k y  and  K o r z u k h i n  ( 1 9 8 3 ) ,  mode l  

a p p r o a c h  was a p p l i e d  t o  s i m u l a t e  t h e  w e l l - k n o w n  phenomenon o f  

f o r e s t  d y n a m i c s ,  n a m e l y  v a r i a t i o n s  o f  a g e  s t r u c t u r e  f o r  p o p u l a -  

t i o n  o f  t r e e s  r e g a r d e d  a s  s t r o n g  e d i f i c a t o r s .  F o r  t h e  p u r p o s e  

o f  m o d e l l i n g ,  t h e  a u t h o r s  a p p l i e d  h y p o t h e s i s  a b o u t  e x i s t e n c e  o f  

o p t i m u m  d e v e l o p m e n t  f o r  t h e  young  g r o w t h  b y  c e r t a i n  d e n s i t y  o f  

a d u l t s .  From m a t h e m a t i c a l  p o i n t  o f  v i e w ,  t h i s  s u p p o s i t i o n  came 

t o  t h e  i n t r o d u c i n g  o f  n o n - l i n e a r i t y  i n t o  t h e  mode l  (3 .2) .  To b e  

m o r e  p r e c i s e ,  w i t h i n  t h e  m o s t  s i m p l e  t w o - c o h o r t  s y s t e m  

( w h e r e  X i s  t h e  d e n s i t y  o f  young  g r o w t h ,  y  i s  t h e  d e n s i t y  o f  
2 

a d u l  t s ) ;  i t i s  s u p p o s e d  & ( y ) = ( y - a )  +be I t was shown t h a t ,  d e p e n -  

d i n g  o n  r e l a t i o n s  b e t w e e n  p a r a m e t e r s  P ,h , f ,  t h e  s y s t e m  m i g h t  

be c h a r a c t e r i z e d  b y  one,  two  o r  t h r e e  s t a t e s  o f  e q u i  1 i b r i u m ,  

i .em b y  c e r t a i n  r e l a t i o n s h i p s  b e t w e e n  b i r t h  r a t e  and  m o r t a l i t y  

t h i s  m o d e l  a l l o w e d  t h e  s t a t i o n a r y  c o n d i t i o n s  t o  be  r e a l i z e d  w i t h  

n o n z e r o  numbers  o f  c o h o r t s .  A p o s s i b i l i t y  t o  r e a c h  s u c h  c o n d i -  

t i o n s  depends  e s s e n t i a l l y  o n  t h e  i n i t i a l  c o n c e n t r a t i o n s  o f  c o -  

h o r t s .  I t  s h o u l d  be n o t e d  t h a t  e x i s t e n c e  o f  t h e  m e n t i o n e d  c o n d i -  

t i o n s  i s  i m p o s s i b l e  w i t h i n  t h e  f r a m e w o r k  o f  l i n e a r  mode l .  

K o r z u k h i  n  ( 1  9 8 0 )  e x a m i n e d  t h e  t h r e e - c o h o r t  m o d e l  o f  s i m i  1 a r  

s t r u c t u r e :  



I t  was shown t h a t  w i t h i n  t h i s  mode l  t h e r e  m i g h t  be  r e a l i z e d  n o t  

o n l y  n o n z e r o  s t a t i o n a r y  numbers ,  b u t  a l s o  s t a t i o n a r y  p e r i o d i c a l  

c o n d i t i o n s  i f  t h e  young  g r o w t h  was m a i n l y  suppressed by  t r e e s  o f  

t h e  t h i r d  c o h o r t  ( b y  q ( y , z ) = c o n s t  a n d  & ( x , y , z ) =  b / ( z ) ) .  V a l i d i t y  

o f  t h e s e  a s s u m p t i o n s  was d i s c u s s e d  i n  t h e  w o r k  by G a v r i k o v  
4 

(1985)  w h e r e  i t  was shown t h a t  s t a b l e  o s c i  l l a t i o n s  were  i m p o s -  

s i b l e  w i t h i n  t h e  f r a m e w o r k  o f  g i v e n  model  i n  t h e  p r e s e n c e  o f  

s u f f i c i e n t l y  r e a l i s t i c  s u p p o s i t i o n s  c o n c e r n i n g  p r o p e r t i e s  o f  

c o e f f i c i e n t s  o f  t h e  s y s t e m  (3.6).  E x i s t e n c e  o f  p e r i o d i c a l  c o n d i -  

t i o n s  p r o v e d  t o  be f e a s i b l e  w i t h i n  t h e  g e n e r a l i z a t i o n  o f  m o d e l  

(3.6) p r o p o s e d  by  K o r z u k h i  n ,  Mat .S 'k iav ichus,  A n t o n o v s k y  ( 1 9 8 9 )  : 

i : Y = x - y  

z = y - z  

W i t h i n  t h i s  m o d e l ,  i n f l u e n c e  o f  seed  i n f l u x  f r o m  t h e  a d j a c e n t  

a r e a s  i s  t a k e n  i n t o  c o n s i d e r a t i o n .  T h i s  i n f l u x  i s  s i m u l a t e d  b y  

means o f  n o n l i n e a r  f u n c t i o n  f ~ ( u )  w i t h  a r g u m e n t  u  d e p e n d e n t  o n  

t h e  t o t a l  l e a f  a r e a  o f  t r e e s  b e l o n g i n g  t o  a l l  t h r e e  c o h o r t s :  

u =  g(Slx+S2y+S3z). Sys tem (3.7) was i n v e s t i g a t e d  f o r  d i f f e r e n t  

f u n c t i o n s  V  and f o r  d i f f e r e n t  v a l u e s  o f  p a r a m e t e r s  f and  8 . 
I n  t h e  same w o r k ,  a u t h o r s  g a v e  much a t t e n t i o n  t o  d i s c o v e -  

r i n g  o f  t h e  p e r i o d i c a l  c o n d i t i o n s  w i t h i n  d i s c r e t e  m o d e l s  o f  t h e  

t y p e  (3.4). Mode l  (3.4) was g e n e r a l  i z e d  b y  means o f  t h e  c o n s e c u -  

t i v e  i n t r o d u c i n g  o f  d e n s i t y - d e p e n d e n t  componen t  o f  s u r v i v a l  a n d  

d e n s i t y - i n d e p e n d e n t  ;component  o f  m o r t a l i t y  i n t o  e a c h  e q u a t i o n  

b e a r i n g  a  r e l a t i o n  t o  c o h o r t  numbers.  F u n c t i o n s  o f  g r o w t h  and  

s u r v i v a l  were  v a r i a t e d  w i t h i n  t h e  mode ls .  P a r a m e t e r  s p a c e  (com- 

p o s e d  o f  v a l u e s  w h i c h  d e s c r i b e  g r o w t h ,  s u r v i v a l  and  m o r t a l i t y )  

was d i v i d e d  i n t o  t h r e e  a r e a s  c o r r e s p o n d i n g  t o  s p e c i f i c  t y p e s  o f  

t h e  d y n a m i c a l  b e h a v i o u r .  The p r e r e q u i s i t e s  n e c e s s a r y  f o r  e x i  s -  

t e n c e  o f  p e r i o d i c a l  c o n d i t i o n s  w e r e  f o u n d .  I t  was a l s o  shown a  

p o s s i b i l i t y  t o  d e s c r i b e  age  waves o b s e r v e d  i n  r e a l i t y .  



M o d e l s  o f  t h e  t y p e  (3 .1) - (3 .3)  s e r v e d  a s  a  b a s i s  f o r  m o d e l -  

l i n g  o f  I n f l u e n c e  o f  i n s e c t s  u p o n  numbers  o f  p o p u l a t i o n  w i t h  

age  s t r u c t u r e  ( ~ n t o n o v s k y  e t  a1  ., 1987,  Samarskaya,  1989,  . 

B o u l a n g e ,  1989) .  W i t h i n  t h e  f r a m e w o r k  o f  t h e s e  approaches,  i n -  

t e r e s t i n g  m a t h e m a t i c a l  r e s u l t s  w e r e  o b t a i n e d  w h i c h  c o u l d  be 

b r o u g h t  i n t o  c o r r e l a t i o n  w i t h  t h e  r e a l  d y n a m i c s  o f  p o p u l a t i o n  

numbers.  

3.3. A c c o r d i n g  t o  modern  c o n c e p t i o n s ,  d y n a m i c s  o f  p o p u l a -  

t i o n s  i s  d e s c r i b e d  i n  t h e  m o s t  d e t a l l e d  and  a d e q u a t e  way w i t h i n  

t h e  f r a m e w o r k  o f  t h e o r y  o f  s t r u c t u r e d  p o p u l a t i o n  mode ls .  W i t h i n  

s u c h  m o d e l s ,  e v e r y  i n d i v i d u a l  i s  d e s c r i b e d  by i t s  age  a, as  w e l l  

a s  by  a  c e r t a i n  s e t  o f  d y n a m i c a l  v a r i a b l e s  r e f l e c t i n g  t h e  i n n e r  

s t r u c t u r e  ( s u c h  a s  b iomass ,  s i z e s ,  e t c . ) .  G e n e r a l  p o p u l a t i o n  

p r o c e s s e s  a r e  g r o w t h ,  r e p r o d u c t  i o n  and d e a t h .  T h e i r  i n t e n s i t y  

depends  o n  age o f  i n d i v i d u a l  and o n  i t s  s t a t e ,  as  w e l l  a s ,  

p r o b a b l y ,  o n  g e n e r a l  p o p u l a t i o n  c h a r a c t e r i s t i c s  ( f o r  e x a m p l e ,  

o n  t h e  t o t a l  p o p u l a t i o n  s i z e ) .  E q u a t i o n  r e l a t e d  w i t h  d y n a m i c s  

o f  numbers  w i t h i n  a g e  g r o u p s  i s  a l s o  i n c l u d e d  i n t o  m o d e l s  m e n t i o -  

ned. 

An e x a m p l e  o f  s t r u c t u r e  m o d e l  o f  f o r e s t  s t a n d  when t i m e  and  

age a r e  s u p p o s e d  t o  be d i s c r e t e  was g i v e n  by  K o r z u k h i n  ( 1 9 8 9 ) .  

I n  t h i s  w o r k  t h e  scheme f o r  s e a s o n a l  r e p r o d u c t i o n  o f  two-age  

p o p u l a t i o n  was c o n s t r u c t e d ,  name ly  

w h e r e  n ( a , t )  i s  t h e  number o f  t r e e s  p e r  h e c t a r e ,  m ( a , t )  i s  t h e  

mass o f  t r e e s  o f  age  a  a t  t h e  moment t ,  A  I S  t h e  s p e c i f i c  a s s i -  

m i l a t i o n  a t  t h e  moment t, f i s  t h e  i n f l u x  o f  seeds ,  w ( a )  a n d  

V ( f m , n I )  a r e  r e s p e c t i v e l y  d e n s i  t y - i  n d e p e n d e n t  and  d e n s i  t y - d e p e n -  

d e n t  c o m p o n e n t s  o f  s u r v i v a l  ( a r g u m e n ~ o f  f u n c t i o n s  V a n d  cp 
d e s c r i b e  c o m p e t i n g  f o r  l i g h t  o r  f o r  n u t r i t i o n  g i v e n  by t h e  m o d e l  



o f  s c r e e n s :  Cm,n] = e x p ( - & Z S L n ( a , t ) ,  where  S L  i s  t h e  a r e a  o f  

t r e e  s u r f a c e ) .  W i t h i n  t h e  f r a m e w o r k  o f  t h i s  m o d e l ,  t h e  a u t h o r  

a p p l i e d  n u m e r i c a l  m e t h o d s  t o  f i n d  p e r i o d i c a l  s o l u t i o n  n (a , t+O) -  

- n ( a , t )  o b s e r v e d  i n  o n e -  o r  t w o - s p e c i e s  s t a n d s  j u s t  w h e r e  t h e  

g i v e n  model  was b e i n g  i d e n t i f i e d .  
& 

i n  t h e  w o r k  b y  K o r z u k h i n ,  M a t s k i a v i c h u s  a n d  A n t o n o v s k y  

( 1 9 8 9 )  t h e  mode l  (3.8)  was g e n e r a l i z e d  i n  t h r e e  d i r e c t i o n s :  

I / .  s p e c i f i c a t i o n  o f  dependence  o f  young  g r o w t h  mass o n  f r u i t -  

f u l n e s s  o f  t h e  r e s t  o f  c o h o r t s  J3(R,A) a n d  o n  t h e  t o t a l  s u r v i v a l  u :  

2 / .  s p e c i f i c a t i o n  o f  c o m p e t i t i o n  mode l  w i t h  t a k i n g  i n t o  a c c o u n t  

s h a d i n g  o f  t h e  p a r t  o f  c r o w n :  
h 

( c o e f f i c i e n t  I s i n y  g i v e s  t h e  v a l u e  o f  i l l u m i n a t i o n  u n d e r  t h e  
0 

c r o w n  canopy )  ; 

3/. s p e c i f i c a t i o n  o f  p r o p e r t i e s  o f  d e n s i t y - d e p e n d e n t  componen t  

o f  s u  r v  i va  1 

~ ( a ,  t )  = I - K ( I - A ( R ) / A ~ ~ ~ )  
d 

The o b t a i n e d  mode l d e s c r i  bed b e h a v i o u r  o f  a g e - d  i s t  r i b u t e d  popu  l a -  

t i o n  w h i c h  s e r v e d  a s  a  b a s i s  f o r  v e r i f i c a t i o n  o f  t h i s  m o d e l  

w i t h  u t i l i z a t i o n  o f  g r e a t  number o f  d a t a  ( s e e ,  f o r  e x a m p l e ,  

K a t a y e v a ,  K o r z u k h i n ,  1 9 8 7 ) .  I n  t h i s  c o n n e c t i o n ,  some o f  c o e f f i -  

c i e n t s  were  t a k e n  f r o m  l i t e r a t u r e  and  a n o t h e r  p a r t  o f  them was 

v a r i a t e d  by means o f  c o m p u t e r  c a l c u l a t i o n s .  W i t h i n  s p a c e  o f  

mode l  c o e f f i c i e n t s ,  o n  t h e  b a s i s  o f  n u m e r i c  m e t h o d s  t h e  a r e a s  

w e r e  f o u n d  w h i c h  c o r r e s p o n d  b o t h  t o  s t a b l e  d i s t r i b u t i o n  a n d  t o  

s t a b l e  o s c i l l a t o r y  c o n d i t i o n s  ( i n  a  number o f  c a s e s ,  w i t h  t w o  

o r  t h r e e  f r e q u e n c i e s ) .  W i t h i n  t h i s  m o d e l ,  t w o  i n v a r i a n t s  came 

i n t o  b e i n g ,  n a m e l y  amoun t  o f  l i g h t  a b s o r b e d  by t h e  u n i t  s u r f a c e  

o f  p h y t o c e n o s i s  and  o s c i l l a t i o n  p e r i o d .  i t  s h o u l d  be  n o t e d  t h a t  

s u f f i c i e n t  s t e e p n e s s  o f  f u n c t i o n  V  was n e c e s s a r y  f o r  a r i s i n g  o f  

o s c i l l a t i o n s  m e n t i o n e d .  



A t  p r e s e n t ,  s t r u c t u r e  m o d e l s  a r e  w i d e l y  u s e d  ( i n c l u d i n g  

m o d e l s  o f  age  s t r u c t u r e )  when age  and t i m e  a r e  supposed  t o  be 

c o n t i n u o u s  ( s e e  s p e c i a l  i s s u e  'Compute r  & ~ a t h ' ,  1983,  O s t e r ,  

1977,  P o l u e k t o v  e t  a l . ,  1 9 8 0 ) .  I n  i t s  s u f f i c i e n t l y  g e n e r a l  f o r m ,  

d y n a m i c a l  m o d e l  o f  s t r u c t u r e  p o p u l a t i o n  i s  g i v e n  by t h e  f o l l o -  

w i n g  syste;n 

H e r e  t h e  f i r s t ,  second  a n d  t h  i r d  e q u a t i o n s  . o f  s y s t e m  d e t e r m i n e  

d y n a m i c s  o f  s t r u c t u r e  v a r i a b l e s  a n d  numbers  o f  p o p u l a t i o n .  The 

t h i r d  e q u a t i o n  g i v e s  t h e  r a t e  o f  a r i s i n g  o f  newborns ,  w h e r e a s  

t h e  f o u r t h  e q u a t i o n  d e t e r m i n e s  t h e  i n i t i a l  age  d i s t r i b u t i o n .  

F u n c t i o n s  P i  have  d i f f e r e n t  s e n s e  f o r  c o n c r e t e  a p p l i c a t i o n s .  

F o r  e x a m p l e ,  t h e y  a r e  u s e d ,  w i t h i n  s t a n d  m o d e l s ,  t o  c a l c u l a t e  

amount  o f  e x t e r n a l  r e s o u r c e  ( l i g h t ,  m o i s t u r e )  r e c e i v e d  by a  

t r e e  as  a  r e s u l t  o f  c o m p e t i t i o n .  

As f o r  t h e  g e n e r a l  mode l  (3 .9 ) ,  c o m p a r a t i v e l y  f e w  r e s u l t s  

a r e  known. The u n i q u e  e x i s t e n c e  t h e o r e m  ( w h i c h  i s  t h e  d i r e c t  g e -  
l 

n e r a l  i z a t i o n  o f  G u r t l  n-MacKamey t h e o r e m )  was p r o v e d  ( ~ u c k e r ,  Z i m -  

merman, 1 9 8 8 ) ,  a s  we1 1 a s  t h e  q u e s t  i o n s  . c o n c e r n i . n g  e x i s t e n c e  a n d  

s t a b i l i t y  o f  s t a t i o n a r y  s o l u t i o n s  w e r e  i n v e s t i g a t e d .  M e t h o d s  f o r  

a n a l y s i s  o f  n o n l i n e a r  m o d e l s  o f  s p e c i a l  t y p e  ( s o c c a l l e d  " s e p a r a b l e  

m o d e l s )  w e r e  o b t a i n e d  ( B o u l a n g 8 ,  1988,  K a r e v ,  1989) .  

As r e g a r d s  l i n e a r  s t r u c t u r a l  m o d e l s ,  t h e i r  a s y m p t o t i c  

b e h a v i o u r  i s  known a t  p r e s e n t .  The f i r s t  r e s u l t s  c o n c e r n i n g  

s p e c i a l  c a s e  q f  t h e  m o d e l  w i t h  one s t r u c t u r a l  v a r i a b l e  w e r e  o b -  

t a i n e d  by Webb ( 1  9 8 5 ) ,  a n d  t h e  g e n e r a l  c a s e  was analysed ' l n  ( t h e  works 



by  Karev  (1987 ,  1990)  who succeeded  I n  g e n e r a l  l z l n g  O f  L o t k a -  

- S h a r p ' s  t h e o r e m  and p r e s e n t e d  m a n i f e s t  f o r m  o f  s t a b l e  d i s t r i b u -  

t i o n  t h r o u g h  t h e  i n i t i a l l y  g i v e n  v a l u e s .  

N o t  g o i n g  i n t o  d e t a i l s  o f  t h e  g e n e r a l  t h e o r y  o f  s t r u c t u r a l  

p o p u l a t i o n  m o d e l s ,  we g i v e  a n  i m p o r t a n t  e x a m p l e  o f  i t s  a p p l  i c a -  

t i o n  when m o d e l  l i n g  f o r e s t  s t a n d  d y n a m i c s  ( B e r e z o v s k a y a ,  K a r e v ,  

1990)  o n  t h e  b a s i s  o f  c o n c e p t i o n  a b o u t  l a y e r - m o s a i c  c h a r a c t e -  

r i s t i c  o f  s p a t i a l - t e m p o r a l  s t r u c t u r e  o f  s t a n d s  ( T h i s  c o n c e p t i o n  

i s  d e v e l o p e d  i n  w o r k s  o f  U r a n o v ' s  s c h o o l  ( ~ m i r n o v  e t  a l e ,  1990,  

B u z y k i n ,  S e k r e t e n k o ,  C h l e b o p r o s ,  1 9 8 9 ) ,  a s  w e l l  as ,  i n  t h e  

m o s t  s i m p l e  f o r m ,  i n  t h e  numerous s i m u l a t i o n  "gap-mode ls1 ' ) .  

When c o n s i d e r i n g  t h e  m e n t i o n e d  c o n c e p t i o n  w i t h  some s i m p l i f i c a -  

t i o n s ,  a  t r e e  p o p u l a t i o n  c a n  be p r e s e n t e d  a t  a n y  moment a s  t h e  ., 

a g g r e g a t e  o f  l o c i  ( s e c t i o n s )  d e s c r i b e d  b y  d i f f e r e n t  age,  d e n s i t y  

o f  t r e e  number,  s i z e  and ( i n  c a s e  o f  a s s o c i a t i o n )  s p e c i e s  compo- 

s i t i o n .  The l o c i  u n d e r g o  changes  and  d e v e l o p  a s y n c h r o n o u s l y  i n  

t i m e .  H a v i n g  f o r m a l i z e d  t h e  d e s c r i b e d  s u p p o s i t i o n s ,  a s y m p t o t i c  

( c l i m a x )  b e h a v i o u r  o f  mode l  was e x a m i n e d  when c o n s i d e r i n g  f o r e s t  

s t a n d  as  a  p o p u l a t i o n  o f  cenons ,  o r  o n e - s p e c i e s  l o c i ,  w h i c h  a r e  

c h a r a c t e r i z e d  by  t h e  f o l  l o w i n g  f e a t u r e s :  a  c e n o n  o c c u p i e s  f i x e d  

a r e a ;  a t  a n y  moment, c e n o n  c a n  be d e s c r i b e d  b y  s e t  o f  s t r u c t u r a l  

v a r i a b l e s ,  a s  w e l l  a s  by d e n s i t y  o f  t r e e  number and by  a g e  d i s -  

t r i b u t i o n ;  t h e  b i r t h  o f  a  new cenon  o c c u r s  a f t e r  t h e  d e a t h  o f  a n  

o l d  one a t  t h e  same p l a c e  and w i t h  t h e  same p r o b a b i l i t y  depen-  

d i n g  o n l y  o n  t h e  s t a t e  o f  a n  o l d  c e n o n ;  d y n a m i c s  o f  a n  i n d i v i d u a l  

t r e e  b e i n g  a  p a r t  o f  c e n o n  depends e s s e n t i a l l y  o n  t h e  i n t e r a c t i o n  

w i t h  n e i g h b o u r i n g  t r e e s  w i t h i n  g i v e n  c e n o n  and  d o e s n ' t  depend o n  

t h e  s t a t e  o f  t r e e s  i n  o t h e r  cenons.  I t  i s  p r o v e d  t h a t  b y  v e r y  

s w e e p i n g  a s s u m p t i o n s  c o n c e r n i n g  c o n c r e t e  d e s c r i p t i o n  o f  d y n a m i c s  

f o r  a  s e p a r a t e  cenon ,  t h e  d i s t r i b u t i o n  o f .  p o p u l a t i o n  c o n v e r g e s ,  

o n  t h e  w h o l e ,  f a s t  t o  a  s t a b l e  d i s t r i b u t i o n .  Form o f  t h i s  d i s t r i -  

b u t i o n  c a n  be f o u n d  f o r  g e n e r a l  c a s e  and e x p r e s s e d  t h r o u g h  t h e  

i n i t i a l  v a l u e s  and r a t e s  o f  change o f  t h e  m o d e l  d y n a m i c  v a r i a b l e s .  

As mode ls  f o r  d e s c r i b i n g  o f  s e p a r a t e  cenon ,  a n y  m o d e l s  o f  e v e n -  

-aged f o r e s t  s t a n d s  may be  u s e d  ( i n c l u d i n g  m o d e l s  e x a m i n e d  i n  

s e c t i o n  2 o f  t 3 e  g i v e n  r e v i e w ) .  Thus, q u a l i t a t i v e  i n f e r e n c e s  



f r o m  t h e  a b o v e - m e n t i o n e d  e c o l o g i c a l  w o r k s  c o n c e r n i n g  e x i s t e n c e  

o f  t h e  s t a b l e  d i s t r i b u t i o n  w i t h i n  t h e  f r a m e w o r k  o f  l a y e r - m o s a i c  

c o n c e p t i o n  o f  s t r u c t u r e  and d y n a m i c s  o f  f o r e s t  s t a n d s  assume a  

c h a r a c t e r  o f  p r e c i s e  m a t h e m a t i c a l  s t a t e m e n t  f o r  t h e  e x a m i n e d  

c l a s s  o f  mode ls .  

4. S i m u l a t i o n  m o d e l s  

4.1. A t  p r e s e n t ,  m o d e l s  d e s c r i b i n g  d y n a m i c s  o f  f o r e s t  a s s o -  

c i a t i o n  as  t h e  a g g r e g a t e  o f  s u c c e s s i o n s  w i t h i n  i t s  n a t u r a l  h a b i -  

t a t  a r e  w i d e l y  p r a c t i s e d .  The e c o l o g i c a l  c o n s i d e r a t i o n s  b e i n g  

t h e  b a s i s  o f  t h e s e  m o d e l s  a r e  s i m i l a r  t o  l a y e r - m o s a i c  c o n c e p t i o n  

d e s c r i b e d  i n  s e c t i o n  3. To be more  p r e c i s e ,  a t  d i f f e r e n t  s i t e s  

i n  t h e  f o r e s t ,  i n  c o n s e q u e n c e  o f  d y i n g  o f f ,  f i r e s ,  e t c . ,  i t  t a k e s  

p l a c e  t h e  p e r m a n e n t  p r o c e s s  o f  a r i s i n g  o f  g a p s  i n  a  f o r t u i t o u s  

way. W i t h i n  t h e s e  gaps ,  i t  t a k e s  p l a c e  f o r m i n g  o f  s u c c e s s i o n s  

w h i c h  a r e  d e f i n e d  as  changes  o f  v e g e t a t i o n  t y p e s  o c c u r r i n g  a t  

t h e  a p p o i n t e d  t i m e  ( s u c h  changes  depend o n  c h a r a c t e r i s t i c s  o f  

t h e  l o c a l i t y ) .  S p a t i o - t e m p o r a l  d y n a m i c s  i s  g i v e n  by  t h e  m o s a i c  

a c c u m u l a t i o n  o f  p o p u l a t i o n  l o c i  o f  t r e e  a n d ' h e r b  p l a n t s  c h a n g i n g  

e a c h  o t h e r .  

Among t h e s e  m o d e l s ,  we m e n t i o n  t h e  b r o a d  c l a s s  o f  s o - c a l l e d  

gap-mode ls  u s e d  t o  s i m u l a t e  b e h a v i o u r  o f  f o r e s t  a s s o c i a t i o n  b y  

means o f  c o m p u t e r  c a l c u l a t i o n s .  The f i r s t  o f  g a p - m o d e l s  i s  t h e  

m o d e l  d e v e l o p e d  by  L e a k  ( L e a k ,  1970)  w h i c h  s i m u l a t e s  s u c c e s s i o n  

w i t h  t h e  a i d  o f  s i m u l t a n e o u s  p r o b a b i l i s t i c  t a k i n g  i n t o  a c c o u n t  

o f  two  p r o c e s s e s ,  n a m e l y  r e p r o d u c t i o n  a n d  e x t i n c t i o n  ( O j a ,  1985) .  

A t  p r e s e n t ,  a  g r e a t  number o f  s u c h  m o d e l s  h a v e  b e e n  p r o p o s e d ,  

f o r  example ,  JABOWA ( ~ o t k i n  e t  a l . ,  1972 a , b ) ,  TEEM  hugar art e t  

a l . ,  1 9 7 4 ) ,  SDF ( S o l  1 , i ns  e t  a l . ,  1 9 7 6 ) .  e t c .  The m a i n  t a s k  t o  be 

s o l v e d  w i t h  t h e  a i d  o f  them c o n s i s t s  i n  t h e  s t a t e  o f  homogeneous 

f o r e s t  t r a c t  t o  be c l e a r e d  u p  i n  a  g i v e n  number  o f  s t e p s .  W i t h  

t h a t  end i n  v i e w ,  s e v e r a l  s i t e s  o f  t h e  f i x e d  a r e a  ( g a p s )  a r e  

c h o s e n  w l  t h i n  f o r e s t  t r a c t .  T h e r e  a r e  some t r e e s  a t  e a c h  s i t e ,  

b u t  i n i t i a l l y  t h e s e  s i t e s  may b e  empty .  A t  e v e r y  moment, e a c h  

t r e e  i s  d e s c r i b e d  by  a  c e r t a i n  s e t  o f  t y p i c a l  p a r a m e t e r s ,  n a m e l y :  

s p e c i e s ,  h e i g h t ,  t o t a l  l e a f  a r e a .  F o r  each  t r e e  t h e  g r o w t h  equa-  

t i o n  i s  a l s o  g \ v e n  w h i c h  depends  o n  e x t e r n a l  e n v i r o n m e n t a l  p a r a -  



m e t e r s ,  a s  w e l l  a s  o n  t h e  c h o s e n  t y p e  o f  t r e e  model .  R e p r o d u c -  

t i o n  and  m o r t a l i t y  o f  t r e e s  w i t h i n  a  s i t e  a r e  g i v e n  by  means o f  

some k i n d  o f  random p r o c e s s .  W i t h i n  m o d e l s  JABOWA, FORET, FORSKA 

( 1 9 8 9 ) ,  t h e  m a i n  b l o c k  i s  g r o w t h  e q u a t i o n  c o n t a i n i n g  a  member 

t h a t  t a k e s  i n t o  a c c o u n t  s t a n d  d e n s i t y .  W i t h i n  m o d e l  JABOWA 

( w h i c h  m a r i e d ,  v i r t u a l l y ,  t h e  b e g i n n i n g  o f  t h i s  t y p e  o f  m o d e l s ) ,  

t h e  g r o w t h  e q u a t i o n  i s  s i m i l a r  t o  e q u a t i o n  (1.6) s u p p l e m e n t e d  

w i t h  c o e f f i c i e n t s  w h i c h  c o n v e y  dependence o n  t h e  l o c a l  t e m p e r a -  

t u r e  c o n d i t i o n s ,  a s  w e l l  a s  i n f l u e n c e  o f  l i g h t  c o n d i t i o n s  a c c o r -  

d i n g  t o  t h e  l a w  o f  M o n s i - S a e k i  ( c r o w n  o f  mode l  l e d  t r e e  i s  p r e s e n -  

t e d  a s  a  h o r i z o n t a l  o r  v e r t i c a l  s c r e e n ,  and s u b s e q u e n t l y  a s  a  

c y l i n d e r ) .  

I n  t h a t  way age s t r u c t u r e  (even-aged  s t a n d s  a r e  c o n s i d e r e d  

m o r e  o f t e n )  and s t a n d  v a l u a t i o n  c h a r a c t e r i s t i c s  a r e  c a l c u l a t e d  

f o r  t h e  moment t.  he b e h a v i o u r  o f  f o r e s t  i s  o b t a i n e d  by  means 

o f  c a l c u l a t i o n  and f i n d i n g  a v e r a g e  d y n a m i c s  o f  many gaps.  The 

a d v a n t a g e s  o f  t h e s e  m o d e l s  c o n s i s t  r a t h e r  n o t  i n  t h e  way o f  

t h e i r  c o n s t r u c t i n g  b u t  i n  t h e  l a r g e - s c a l e  d i r e c t i o n  o f  a t t e n t i o n  

( f u l f i l l e d  by t h e  a d h e r e n t s  o f  t h i s  a p p r o a c h )  t o w a r d s  f o r e s t s  

g r o w i n g  u n d e r  d i v e r s e  e c o l o g i c a l  c o n d i t i o n s  ( K o r z u k h i n ,  

1 9 8 9 ) .  So, mode l  FORET ( S h u g a r t ,  West,  1977)  was u s e d  t o  s t u d y  

c h a n g e s  i n  t h e  n o r m a l  p r o c e s s  o f  s u c c e s s i o n  u n d e r  t h e  i n f l u e n c e  

o f  f u n g u s  d i s e a s e  w h i c h  c a u s e d  d e a t h  o f  one  o f  A m e r i c a n  c h e s t n u t  

s p e c i e s .  Mode l  KIAMBRAM ( S h u g a r t  e t  a l . ,  1980 a,b) s i m u l a t e s  

s u c c e s s i o n s  i n  s u b t r o p i c a l  f o r e s t s o f  A u s t r a l i a ,  w h e r e a s  m o d e l  

FORSKA i s  i n t e n d e d  f o r  d e s c r i b i n g  s u c c e s s i o n s  i n  t h e  b o r e a l  

f o r e s t s  o f  West Europe .  Gap-models  a r e  u s e d  t o  s t u d y  i n f l u e n c e  

o f  f i r e s  u p o n  f o r e s t  s u c c e s s i o n s  ( S h u g a r t ,  Nob le ,  1981) .  

We may n o t e  t h a t  g a p - m o d e l s  a r e  v e r y  v i s u a l  i n  b i o l o g i c a l  

r e s p e c t  and  d o n ' t  r e q u i r e  c o m p l i c a t e d  t h e o r y  and m a t h e m a t i c a l  

means f o r  a p p l y i n g  them. C o i n c i d e n c e  w i t h  . r e a l  i t y  h a s  u s u a l  l y  

s e m i - q u a n t i t a t i v e  c h a r a c t e r .  Ow ing  t o  b e i n g  t o o  b u l k y ,  t h e s e  
b 

m o d e l s  d o n ' t  p e r m i t  any  a n a l y t i c a l  i n v e s t i g a t i o n  and,  t h e r e f o r e ,  

a r e  good  o n l y  f o r  s i m u l a t i o n  p u r p o s e s .  F u r t h e r m o r e ,  f r o m  t h e  

moment o f  t h e i r  q r i s i n g  t h e s e  m o d e l s  h a v e  k e p t  p r a c t i c a l l y  u n -  

c h a n g e d  t h e  b l ~ c k  f o r  d e s c r i b i n g  o f  t r e e  g r o w t h  ( i t  d o e s n ' t  



c o r r e s p o n d  a n y  m o r e  t o  m o d e r n  s t a n d a r d s ) ,  a s  w e l l  as  d e s c r i p t i o n  

o f  r e p r o d u c t i o n  w h i c h  d o e s n ' t  t a k e  % i n t o  consideration age  

d i s t r i b u t i o n  o f  r e p r o d u c t i v e  i n d i v i d u a l s  w i t h i n  a  p o p u l a t i o n .  

I n  o u r  o p i n i o n ,  i t  w o u l d  be  h i g h l y  p r o m i s i n g  t o  c o m b i n e  compu- 

t a t i o n a l  a l g o r i t h m s  d e v e l o p e d  b y  g a p - m o d e l l i n g ,  a s  w e l l  a s  m e t -  

h o d s  o f  a d a p t i n g  f o r  d i v e r s e  t r e e  a s s o c i a t i o n s  t o  be  m o d e l l e d ,  

w i  t h  t h o r o u g h  t h e o r e t i c a l  p r o p o s  i t i o n s  o f  t h e  l a y e r - m o s a i c  

c o n c e p t  i o n .  

To d e t e r m i n e  t h e  s t a t e  o f  f o r e s t  a s s o c i a t i o n  a n d  t o  f o r e -  

c a s t  d i r e c t i o n s  o f  i t s  d e v e l o p m e n t ,  i t  may be u s e f u l  t o  compare  

t h e  o b s e r v e d  d i s t r i b u t i o n  o f  p o p u l a t i o n  c h a r a c t e r i s t i c s  w i t h  t h e  

c l i m a x  d i s t r i b u t i o n  c o n c l u d e d  o n  t h e  b a s i s  o f  m o d e l .  

These developments 

also provide a focus for the development of the BOFORS model, a 

computer simulation model capable of reproducing the structural 

and floristic dynamics of boreal forests throughout its range in 

Eurasia and North America (Shugart et al. 1991). The BOFORS 

model i~ one of a eet of models designed to emphasize the growth, 

birth, and death of individual trees on small elements of the 

landscape (m 1 ha), The minimum time resolution of this model 

is 1 year (the model computational step) and the maximal time 

resolution ie limited by the degree to which phenomena not 

included in the model become important longer and longer time 

mcales. Earlier models of the same aenre' have been used to 

eimulate prehistoric changes in vegetation in response to 

climatic change over the past 20,000 years.At a minimum, the 

spatial resolution of the BOFORS model is the computational 

element ecale (>I ha), Most of the applications of this class of 

models have been at the m a l e  that ie represented by 50 to 100 



computational elements -- on the order of a few hundred ha or 
less, Using modern computers it is possible to run the madel for 

selected sample locations throughout the boreal zone to predict 

current forest conditions over succeseional time and to produce 

expected responses of foresta to environmental changee. 

The BOFORS model was a shared development of forest 

ecologiets from several nations (including the USA and USSR), and 

is the first global scale model of the dynamical change of a 

biorne. There are l@community models1@ developed by scientists in 

the atmospheric sciences and there is a long tradition of 

coordinated collection and sharing of data by several of the 

subdisciplines in the geophysical sciences. In general 

ecological scientists have been less able to develop such closely 

coordinated modeling and experimental projects. 

There were several reasons why the boreal forest zone of the 

northern hemisphere was a logical ecosyetem upon which to focus 

an initial attempt. These uniting feature8 associated with the 

boreal forests arise both from the nature of the ecological 

systems themselves, the interests of ecologists working in this 

region and the proximity of the foresta to industrial nations. 

The boreal forests in eome senses are floristically rather simple 

forests (compared to many tropical rain forests, for example). 

In most boreal forest stands, one or two species dominate. Most 

of the dominant trees over a region in the boreal zone can be 

described in a list of fewer than ten tree species. In 

comparisons across disjunct continents, one finds the same 

limited number of genera (Pic-, mies, Be-, m u l u s ,  m, 



pinu) to be repeated elements. The temporal pattern of replace- 

ment following a dieturbance among the species that repreeent 

these genera is similar. Even though the species names (but not 

the genus names) may change among boreal scenes in Europe, Asia, 

and North America, the ecological ~ l o o k M  of the landscape reads 

eimilarly. Further, the boreal forests of the world are well 

studied forests. They are the holdings of developed nations and 

are a repository of valuable timber reserves already well 

incorporated into national and international economies, It is 

likely that we know more about these forests than any others at 

the global level. 

The relationship between form and function, or pattern and 

process, is a classic ecological theme (Lindeman 1942, Watt 1947, 

Whittaker and Levin 1977). Often the pattern-process interaction 

ie discussed in terms of processes causing pattern in such famil- 

iar examples as understanding how ecological energetics and the 

thermodynamic constraints shape food-webs (Elton 1927, Lindeman 

1942, Odum 1968), or interpreting the processes that cause a 

landscape vegetation pattern to have a given appearance (Watt 

1947, Whittaker and Levin 1977). It is also clear that patterns 

can influence ecological processes to a great degree. For exam- 

ple, Bomann and ~ i k e n s  (1979) pointed out the effects of changes 

in forest pattern on processes effecting productivity and nutri- 

ent cycling. Many ecologists recognize that pattern and process 

are mutually causal, with changes in ecosyetem processes causing 

change in pattern, and modifications in ecosystem pattern chang- 

ing processes. In considering the patterns in the boreal 

forests, one finds a richness of response that belies the seeming 



constancy of procmsses, and taxonomic similarities across the 

boreal forests. While the landscape patterns in the boreal 

forests of the world may be similar in their grass appearance, 

the generation of theae eirnilar patterns may be the consequences 

of complex, nonlinear reactions among processes and patterns. 

4.2. The r e l a t i o n s h i p  b e t w e e n  d y n a m i c s  o f  s u c c e s s i o n s  and  

a r e a s  o c c u p i e d  b y  , c e r t a i n  s t a g e s  o f  s u c c e s s i o n a l  d e v e l o p m e n t  i s  

r e t r a c e d  i n  t h e  w o r k  by  K o r z u k h i n  a n d  S e d y k h  ( 1 9 8 3 )  w h i c h  o r i g i -  

n a t e s  f r o m  t h e  w o r k  b y  S h u g a r t  e t  a l .  ( S h u g a r t ,  Crow, H e t t ,  1 9 7 3 ) .  

L e t  u s  d e n o t e  P t h e  p a r t  o f  t e r r i t o r y  o c c u p i e d  by  p h y t o -  
j n  

c e n o s i s  b e i n g  a t  t h e  s t a g e  n  (n=l , . .  .,Q) a n d  R t h e  t o t a l  number 

o f  s u c h  p a r t s  ( j=l , . . . ,R).  Then  d y n a m i c s  o f  m e n t i o n e d  p a r t s  o f  

a r e a  may b e  d e s c r i b e d  by  means o f  t h e  l i n e a r  M a r k o v i a n  s y s t e m  

w h e r e  a  ( f )  a r e  t h e  p r o b a b i l i t i e s  o f  t r a n s i t i o n  f r o m  t h e  
i n s  

s u c c e s s i o n a l  s t a g e  n  t o  t h e  s t a g e  s ;  t h e s e  v a l u e s  d e s c r i b e  b o t h  

e n d o g e n e s i s  and  c h a n g e  o f  s t a g e s  b e c a u s e  o f  t h e  e x o g e n o u s  d i s -  

t u r b a n c e s ;  f a r e  t h e  p a r a m e t e r s  o f  c l  i m a t e  a n d  p h y s i  co -chemi  c a l  

s t a t e  o f  t h e  a t m o s p h e r e ,  t i s  t i m e .  I n  w o r k s  by K o r z u k h i n  and  

Sedykh ( s e e ,  f o r  e x a m p l e ,  1 9 8 3 ) ,  t h i s  m o d e l  was i m p r o v e d  and  

u s e d  t o  d e s c r i b e  s p a t i a l - t e m p o r a l  d y n a m i c s  o f  f a c i e s ,  i.e. p a r t s  

o f  t e r r i t o r y  o c c u p i e d  by i d e n t i c a l  e l e m e n t s  o f  p l a n t  c o v e r  b e i n g  

a t  t h e  same s u c c e s s i o n a l  s t a g e .  I n  t h a t  c a s e ,  m o d i f i c a t i o n  o f  

t h e  m o d e l  (4.1)  w i t h  t a k i n g  i n t o  a c c o u n t  s u c h  i n f l u e n c e s  a s  f i r e  

o r  i n v a s i o n  o f  p h y t o p h a g a n s  may be e x p r e s s e d  b y  



w h e r e  r ( t )  I s  t h e  p a r t  o f  t e r r i t o r y  o c c u p i e d  b y  f a c i e s  b e i n g  i 
a t  t h e  g i v e n  s t a g e  i o f  s u c c e s s i o n a l  s y s t e m  w i t h i n  t h e  f r a m e -  

w o r k  o f  c o n s i d e r e d  t e r r i  t o r y ,  P i  hT i s  t h e  p r o b a b i l i t y  f o r  f a c i e s  

t o  t r a n s i t  f r o m  t h e  s t a t e  i t o  t h e  s t a t e  K p e r  t i m e  u n i t  u n d e r  

t h e  l n f  l u e n c e  o f  t h e  i n d i c a t e d  f a c t o r  J , PiK j= tk j  ( f ) .  ( V a l u e  

7 = I  co r res 'ponds  t o  t h e  n a t u r a l  c o u r s e  o f  e v e n t s ,  n a m e l y  t o  t h e  

e n d o g e n i  c  s u c c e s s i o n a l  1 i nes ,  s o  t h a t  P i ,  i+l , , = l / z i ,  w h e r e  

I s  t h e  d u r a t i o n  o f  s t a g e  i). The same mode l  s e r v e d  a s  a  b a s i s  

when a n a l y s i n g  s p a t i o - t e m p o r a l  d y n a m i c s  u n d e r  t h e  i n f l u e n c e  o f  

f i r e s  ( s e e  T e r - M i k h a e l y a n  and  F u r i a y e v ,  1 9 ~ 8 ) ~ .  The d e s c r i p t i o n  o f  

d y n a m i c s  i s  r e a l i z e d  h e r e  o n  t h e  l a n d s c a p e  b a s i s :  w i t h i n  t h e  

c o n s i d e r e d  t e r r i t o r y ,  t h e  s o - c a l  l e d  w i  l d e r n e s s e s  a r e  m a r k e d  o u t ,  

a n d  t h e  w h o l e  t e r r i  t o r y  may be  p r e s e n t e d  a s  " m o s a i c "  o f  w i  l d e r -  

n e s s e s  w h i l e  e a c h  o f  them c o r r e s p o n d s  t o  own s u c c e s s i o n a l  s e r i e s '  

a n d  t o  own number o f  s u c c e s s i o n a l  s t a g e .  W i  l d e r n e s s e s  a r e  c o n s i -  

d e r e d  t o  be c l o s e l y  c o n n e c t e d  w i t h  e a c h  o t h e r .  O n l y  t h o s e  f i r e s  

a r e  t a k e n  i n t o  c o n s i d e r a t i o n  w h i c h  " t h r o w  b a c k "  t h e  p r o c e s s  o f  

f o r e s t  f o r m i n g  t o  t h e  z e r o  s t a t e  ( b u r n t  o u t  p l a c e  i n  t h e  f o r e s t ) ,  

whereas  i n f l u e n c e  o f  f a i n t  f i r e s  s h o u l d  be  i g n o r e d .  As e s s e n t i a l  

f a c t o r s  o f  f i r e  s p r e a d i n g ,  one  s h o u l d  c o n s i d e r  t h e  d e g r e e  o f  f i r e  

r i p e n e s s  o f  s t a n d s  w i t h i n  t h e  g i v e n  w i l d e r n e s s  a n d  w i t h i n  a d j a c e n t  

o n e s ,  as  w e l l  a s  t h e  f r e q u e n c y  o f  f i r e  a r i s i n g  w i t h i n  t h e  g i v e n  

w i l d e r n e s s .  These v a l u e s  ( p r e s e n t e d  a s  p r o b a b i l i t i e s  o f  t r a n s f e r -  

r i n g  o f  f i r e  f r o m  one p l a c e  t o  a n o t h e r  a n d  p r o b a b i  1 i t y  o f  f i r e  

a r i s i n g  r e s p e c t i v e l y )  depend  o n l y  o n  t h e  t y p e  o f  w i l d e r n e s s  a n d  

d o n ' t  depend o n  i t s  l o c a t i o n  w i t h i n  m o d e l l e d  t e r r i t o r y .  W i t h i n  

m o d e l  i t s e l f ,  w i l d e r n e s s e s  a r e  s i m u l a t e d  by  means o f  v e r t i c e s  o f  

s q u a r e  l a t t i c e  o f  s i z e  lxm. A t  t h e  moment t ,  v e r t e x  ( i , j )  i s  i n  

t h e  s t a t e  % ; w i t h  p r o b a b i l i t y  q, a  f i r e  may a r i s e  a t  t h i s  v e r t e x  

o r  be  t r a n s f e r r e d  f r o m  t h e  a d j a c e n t  v e r t e x  ( i i l , ~ ) ,  ( i , l ;  t h e  

g i v e n  v e r t e x  may be b u r n t  down w i t h  p r o b a b i  1 i t y  Pr t r a n s f e r r i n g ,  

a t  t h e  same t i m e ,  i n t o  t h e  s t a t e  0 ( " b u r n t  o u t  p l a c e " )  a n d  t u r -  

n i n g  i n t o  t h e  s o u r c e  o f  f i r e  f o r  o t h e r  v e r t i c e s .  I n  c a s e  t h e  f i r e  

d o e s n ' t  a r i s e  u p  t o  t h e  moment t+l, age o f  v e r t e x  s h o u l d  be i n -  

x 
T h i s  w o r k  l n c l u d k s  a l s o  r e v i e w  o f  m o d e l l i n g  s u c h  t y p e  o f  
I n f l u e n c e s .  



c r e a s e d  b y  1. T h u s ,  I n  t h e  c o u r s e  o f  d y n a m i c s  t h e  s p a t i a l  i n t e r -  

a c t i o n  i s  r e a l i z e d  b y  means o f  t a k i n g  i n t o  a c c o u n t  p r o b a b i l i t i e s  

o f  f i r e  a r i s i n g  w i t h i n  e a c h  w i l d e r n e s s ,  f i r e  t r a n s f e r  f r o m  o n e  

w i  l d e r n e s s  t o  t h e  a d j a c e n t  o n e  and  t r a n s f e r  o f  seeds  ( b e i n g  a t  

t h e  s t a g e s  o f  r e p r o d u c t i v e  a g e )  t o  t h e  b u r n t  a r e a .  T h i s  m o d e l  

was v e r i f i e d  o n  t h e  b a s i s  o f  d a t a  r e f e r r i n g  t o  t h e  f i r e  d y n a m i c s  

o f  f o r e s t s  i n  M i n n e s o t a ,  U S A .  I t  showed good c o i n c i d e n c e  and  

s i m u l a t e d  a  number o f  i n t e r e s t i n g  e f f e c t s  o f  t h i s  d y n a m i c s .  

4 .3 .  C o m b i n a t i o n  o f  m o d e l s  r e f e r r i n g  t o  t h e  t y p e s  ( 3 . 8 )  a n d  

( 4 . 1 )  was a p p l i e d  by  K o r z u k h i n  e t  a l .  ( A n t o n o v s k y ,  K o r z u k h i n ,  

1986,  K o r z u k h i n  e t  a l . ,  1985,  e t c . )  f o r  t h e  p u r p o s e  o f  f o r e c a s -  

t i n g  when c o n s i d e r i n g  j o i n t  b e h a v i o u r  o f  t h e  s e p a r a t e  p h y t o c e n o -  

s i s  ( w h e r e  c o m p e t i n g  f o r  l i g h t ,  m i n e r a l  r e s o u r c e ,  e t c .  t a k e s  

p l a c e )  and  t h e  f a m i l y  o f  p h y t o c e n o s e s  ( i . e .  f o r e s t  a s s o c i a t i o n  

c o n t a i n i n g  t h e  p h y t o c e n o s i s  t o  be m o d e l  l e d ) .  The s  i m u l a t e d  o b -  

j e c t s  a r e  s i t u a t e d  i n  a  c e r t a i n  r e g i o n  and  d i f f e r  i n  s p a t i a l  a n d  

t e m p o r a l  s c a l e s ,  a s  we1 l a s  i n  c h a r a c t e r i s t i c  t i m e s  o f  v i t a l  

a c t i v i t y .  I t  was c o n s e d e r e d  i n f l u e n c e  o f  l o c a l  f a c t o r s  ( s u c h  as  

m i c r o c l i m a t e ,  w i n d f a l l )  and  g l o b a l  o n e s  ( f i r e s ,  swamp ing ,  e t c . )  

upon  t h e  s t a t e  o f  m e n t i o n e d  o b j e c t s .  To f o r e c a s t  f a i n t  i n f l u e n c e s  

u p o n  t h e  c o u r s e  o f  s u c c e s s i o n ,  i t  was assumed t h a t  f a c t o r  a f f e c -  

t i n g  t h e  a s s o c i a t i o n  ( i t  was, b a s i  c a l  l y ,  t e m p e r a t u r e )  c h a n g e d  t h e  

s t r u c t u r a l  c h a r a c t e r i s t i c s  a n d  t h e i r  numbers  ( f o r  e x a m p l e ,  h  i g h t  K i t  
o f  t r e e  o f  t h e  i - t h  s p e c i e s  a c c o r d i n g  t o  t h e  f o r m u l a  h i = h i o e  , 
w h e r e  h  i s  t h e  h e i g h t  o f  " u n d i s t u r b e d "  t r e e ,  A i s  t h e  i n d e x  o f  

i o  
change  r a t e  w h i c h  depends  o n  env  i r o n m e n t a l  p r o p e r t i e s )  . On t h e  

b a s i s  o f  m o d e l  o f  t h e  t y p e  ( 3 . 8 ) ,  i t  i s  p o s s i b l e  t o  r e t r a c e  d y -  

n a m i c s  o f  change  o f  mass a n d  s p e c i e s  numbers .  I t  t u r n e d  o u t  w e l l  

t o  o b t a i n  s y n e c o l o g i c a l  ( c o m p e t i n g )  e f f e c t  o f  c o m p e n s a t i o n ,  n a m e l )  

w i t h o u t  c o m p e t i  t i o n , c h a n g e  o f  b i o m a s s  w o u l d  be more  s i g n i f i c a n t .  

F u r t h e r m o r e ,  o n  t h e  b a s i s  o f  a r e a  m o d e l  o f  t h e  t y p e  ( 4 .  I ) ,  a u t -  

h o r s  c a l c u l a t e d  i n f l u e n c e  o f  d i s t u r b i n g  f a c t o r  u p o n  t h e  a v e r a g e  

p h y t o m a s s  o f  c e n o s e s  a t  t h e  w h o l e  t e r r i t o r y ,  a s  w e l l  as  u p o n  r a t i c  

o f  p a r t s  o f  t e r r i t o r y  o c c u p i e d  by  p h y t o c e n o s e s  a t  c e r t a i n  s t a g e s  

o f  s u c c e s s i o n .  The c o m p e n s a t i o n  e f f e c t  was d i s c o v e r e d ,  n a m e l y :  

b i o m a s s  i n c r e o e n t  a t  t h e  l e v e l  o f  p h y t o c e n o s i s  may be c o m p e n s a t e d  

b y  b i o m a s s  d e c r e a s e  a t  t h e  r e g i o n a l  l e v e l .  M e t h o d s  d e v e l o p e d  by 



t h e  a u t h o r s  o f  t h e s e  m o d e l s  make i t  p o s s i b l e  t o  d i s c e r n  " m l l d "  

a n d  " h a r d "  f a c t o r s  f o r  t h e  d i f f e r e n t  t y p e s  o f  a s s o c l a t i o n s ,  a s  

w e l l  a s  t o  a p p l y  m e t h o d s  d e v e l o p e d  i n  t h e  q u a l i t a t i v e  t h e o r y  

o f  d y n a m i c a l  s y s t e m s  when i n v e s t i g a t i n g  m o d e l s .  We c a n  n o t e  o n e  

m o r e  f e a t u r e  c h a r a c t e r i s t i c  f o r  t h e  g i v e n  r a n g e  o f  w o r k s ,  n a m e l y :  , 
I d e n t i f i c a t i o n  o f  m o d e l s  was c a r r i e d  o u t  o n . t h e  b a s i s  o f  g r e a t  

amoun t  o f  d a t a  o b t a i n e d  f r o m  o b s e r v a t i o n s  w i t h  t h e  s u b s e q u e n t  

a n a l y s i s  ' a n d  c l a s s i  f i c a t i o n  ( s e e ,  f o r  e x a m p l e ,  K a t a y e v a ,  K o r z u -  

k h i n ,  1 9 8 7 ) ;  some c o e f f i c i e n t s  w e r e  s e l e c t e d  n u m e r i c a l l y  w i t h  t h e  

a i d  o f  c o m p u t e r  c a l c u l a t i o n s ;  a t  t h e  same t i m e ,  t h e  s e n s i t i v i t y  

o f  m o d e l  t o  v a r i a t i n g  o f  c o e f f i c i e n t s  was t e s t e d ,  i . e .  t h e  q u e s -  

t i o n s  o f  s t a b i l i t y  w e r e  i n v e s t i g a t e d  o v e r  a g a i n .  We s h o u l d  empha-  

s i z e  s i g n i f i c a n c e  o f  p r o b l e m  a s s o c i a t e d  w i t h  s e l e c t i o n  o f  c o e f f i -  

c i e n t s  a n d  m o d e l  p a r a m e t e r s .  H e r e  we c a n  r e t r a c e  t h e  d i r e c t  c o n n e c -  

t i o n  w i t h  s e n s i  t i v ' i  t y  o f  o b s e r v a t i o n s  wfltch may b e  s e c u r e d  u n d e r  

c o n d i t i o n s  o f  t h e  m o s t  n a t u r a l  t i m e  d i s p e r s i o n  o f  t h e  o b s e r v e d  

v a r i a b l e s  ( ~ o k o l o v ,  P u z a c h e n k o ,  1 9 8 6 ) .  D e v e l o p m e n t  a n d  a n a l y s i s  

o f  m e t h o d  a p p l  i e d  f o r  t h e  p u r p o s e s  o f  i d e n t i f i c a t i o n  r e p r e s e n t  a n  

i n d e p e n d e n t  a n d  c o m p l i c a t e d  t a s k .  

4 .4.  The  m o d e l  d e v e l o p e d  b y  B o g a t y r e v ,  K i r i l e n k o ,  T a r k o  

( 1 9 8 8 )  may s e r v e  a s  a n  e x a m p l e  o f  s i m u l a t i o n  m o d e l  w h i c h  d i r e c t s  

t o w a r d  d e s c r i p t i o n  o f  o n e - s p e c i e s  f o r e s t  s t a n d  g r o w i n g  a t  t h e  

n o r t h e r n  b o u n d a r y  o f  t a i g a  z o n e  a n d  t a k e s  i n t o  a c c o u n t  t h e  a g e  

s t r u c t u r e  o f  t r e e s .  T h i s  m o d e l  i s  w o r k e d  o u t  o n  t h e  b a s i s  o f  

a n a l y t i c a l  m o d e l  ( 2 . 3 4 )  a n d  r e p r e s e n t s  b a l a n c e  r e l a t i o n  o f  B e r -  

t a l a n f f y ' s  t y p e  f o r  e a c h  t r e e  w i t h i n  p o p u l a t i o n  (we o m i t  i n d e x  

h e r e ) :  

H e r e  X i s  t h e  b i o m a s s  ( k i l o g r a m s  o f  d r y  m a t t e r ) ,  C i s  t h e  a g e  

o f  t r e e  ( 1  CZ4 fin = 250  y e a r s ) .  The  d e v e l o p m e n t  o f  s t a n d  i s  

d e t e r m i n e d  b y  t h e  f o l l o w i n g  f a c t o r s :  a v e r a g e  t e m p e r a t u r e  o f  a i r  

i n  J u l y  T(c ' ) ,  a v e r a g e  a n n u a l  v e l o c i t y  o f  w i n d  ~ ( m / s e c ) ,  number  

o f  t h a w s  d u r i n g  a  y e a r  u ,  PAR i n t e n s i t y  I ( p e r c e n t a g e ) ,  a m o u n t  

o f  m i n e r a l  r e s o u r c e  Z a v a i l a b l e  a n d  c r e a t e d  b y  p o p u l a t i o n .  S i m i -  

l a r  t o  t h e  m o d e l  ( 2 . 3 4 ) ,  i t  i s  s u p p o s e d  t h a t  i n f l u e n c e  o f  c l i m a t e  



upon  d e v e l o p m e n t  o f  t r e e s  I s  r e a l l z e d  n o t  d i r e c t l y ,  n a m e l y  

t h r o u g h  c r e a t  I o n  o f  m i c r o c l  i m a t e  c h a r a c t e r !  z e d  b y  parame t e r s  

TM,I,,,VM. P r o d u c t i v i t y  ( x , ~ )  a n d  f o l i a g e  f a l l  R(x,%) a r e  

d e s c r i b e d  b y  f u n c t i o n s  

"Age f u n c t i o n s "  F ( z  ) a n d  K ( z )  a r e  p i e c e  1 i n e a r  f u n c t i o n s  

c o n s t r u c t e d  o n  t h e  b a s i s  o f  e x p e r i m e n t a l  d a t a  t a k e n  f r o m  t h e  

l i t e r a t u r e .  " C o e f f i c i e n t  f u n c t i o n s ' '  ( f  a n d  r )  o f  t h e  mode l  a r e  

p r e s e n t e d ,  s i m l  l a r  t o  r e l a t i o n s  ( 2 . 3 5 ) ,  a s  p r o d u c t s  o f  f e w  

f a c t o r s n :  

Dependences o f  f u n c t i o n s  Q,L a n d  o n  t h e i r  a r g u m e n t s  a r e  

supposed  t o  be h y p e r b o l i c  ones  ( o f  t h e  t y p e  (1 .15  a , b ) ) ,  i . e .  

t h e y  r e f l e c t  e x i s t e n c e  o f  l i m i t  v a l u e  f o r  l a r g e  v a l u e s  o f  t h e  

r e s p e c t i v e  a r g u m e n t s .  On t h e  p a r t  o f  a r g u m e n t s ,  t h e y  a r e  e x p r e s -  

s e d  t h r o u g h  mode l  p a r a m e t e r s  a n d  l i n e a r  c o m b i n a t i o n  o f  masses Z 

f o r  t r e e s  l o c a t e d  w i t h i n  t h e  v i c i n i t y  A o f  t h e  c o n s i d e r e d  t r e e ,  

name 1 y  : 

K 

w h e r e  X K  i s  t h e  mass o f  K - t h  t r e e  l o c a t e d  w i t h i n  t h e  A - v i c i n i t y  

o f  t r e e  3 ; dJK i s  t h e  d i s t a n c e  b e t w e e n  J - t h  and  K - t h  t r e e s ,  

f K = c o n s  t. 

N o t e .  H e r e  t h e  h y p o t h e s i s  i s  u s e d  w h i c h  c o n s i s t s  i n  t h e  - 
f o l l o w i n g :  c o m p e t i n g  f o r  s o i l  r e s o u r c e  w i t h i n  t h e  s i t e  i s  r e d u c e d  

p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  d i s t a n c e  b e t w e e n  p l a n t s  ( c p .  ( 2 . 2 7 ) ) .  

' i t  w o u l d  be  more  n a t u r a l  ( e s p e c i a l l y  i n  c a s e  o f  n u m e r i c a l  m o d e l s )  
t o  e x p r e s s  dependence  o f  " c o e f f i c i e n t "  o n  r e s p e c t i v e  a r g u m e n t s  
i n  a c c o r d a n c e  w i t h  L i e b i g ' s  p r i n c i p l e  by  s e l e c t i n g ,  a t  a n y  mo- 
m e n t  o f  c a l c ~ l a t i o n s ,  t h e  m a i n  f a c t o r  w h i c h  d e t e r m i n e s  k i n e t i c s  
s i m i l a r  t o  e q u a t i o n  ( 1 . 9 ) .  



The r e l a t i o n s h l p  b e t w e e n  i l l u m l n a t l o n  I u n d e r  t h e  c a n o p y ,  
m 

r a d i a t i o n  I a n d  mass Zi o f  t r e e s  w h i c h  f o r m  c a n o p y  i s  d e s c r i b e d  

b y  t h e  f o r m u l a  sim.1 l a r  t o  e q u a t i o n  o f  M o n s i - S a e k i  ( 1  - 1 6 )  ; *tempe- 

r a t u r e  T  i s  e x p r e s s e d  t h r o u g h  T  a n d  ZT a c c o r d i n g  t o  f o r m u l a  o f  
. M 

t h e  t y p e  (2.36)  ( a d v a n t a g e s  o f  t h i s  f o r m u l a  a r e  c o r r o b o r a t e d  by  
? 

t h e  mode l  ( 2 . 3 4 ) ) ;  and ,  f i n a l l y ,  v e l o c i t y  o f  w i n d  u n d e r  t h e  canop!  

Vm i s  e x p r e s s e d  t h r o u g h  t h e  v e l o c i t y  o f  w i n d  V  a n d  mass o f  t r e e s  

w h i c h  r e d u c e  i t s  i n f l u e n c e  a c c o r d i n g  t o  f o r m u l a  V m = V ( l - q Z V )  

( q = c o n s t ) .  The i n f l u e n c e  o f  w i n d  v e l o c i t y  a n d  number  o f  t h a w s  

u p o n  t h e  f o l i a g e  f a l l  i s  d e t e r m i n e d  r e s p e c t i v e l y  by  f u n c t i o n  

S(Vm) and  C ( u )  w h i c h  h a v e  a n  o r d e r  e q u a l  t o  o n e  m i n u s  some p o w e r  

o f  a r g u m e n t ;  i n f l u e n c e  o f  m e n t i o n e d  v a r i a b l e s  u p o n  b e h a v i o u r  o f  

m o d e l  i s  e s s e n t i a l l y  l e s s  t h a n  i n f l u e n c e  o f  t e m p e r a t u r e .  

F i n a l l y ,  d e a t h  o f  t r e e  w i t h i n  t h i s  m o d e l  o c c u r s  when t r e e  

r e a c h s  a g e  l i m i t  i=M, o r  b y  u n f a v o u r a b l e  c o m b i n a t i o n s  o f  c l i m a t i c  

f a c t o r s ,  o r  i n  c a s e  o f  d r y i n g  (x .4  0 ) .  

The c o n s i d e r e d  m o d e l  was i d e n t i f i e d  o n  t h e  b a s i s  o f  d a t a  

c o r r e s p o n d i n g  t o  s p r u c e  s t a n d  a n d  d e s c r i b i n g  c l i m a t e  i n  t h e  

r e g i o n  o f  n o r t h e r n  t a i g a  a n d  s o u t h e r n  t u n d r a .  B e h a v i o u r  o f  

f o r e s t  s t a n d  o b t a i n e d  o n  t h e  b a s i s  o f  m o d e l  r e s e m b l e d  i n  many 

a s p e c t s  t h e  b e h a v i o u r  o b s e r v e d  i n  n a t u r e ,  a s  we1 1 a s  t h e  beha-  

v i o u r  o b t a i n e d  w i t h i n  a n a l y t i c a l  m o d e l  (2 .34 ) ,  n a m e l y :  i t  t u r n e d  

o u t  we1 1 t o  f i n d  a r e a s  o f  p a r a m e t e r  values Z w h e r e  t h e r e  w e r e  

1 L  phenomenon o f  h y s t e r e s i s ,  i . e .  d i f f e r e n t  phase  b e h a v i o u r  a t  

t h e  same t e m p e r a t u r e  d e p e n d i n g  o n  t h e  p r e v i o u s  h i s t o r y ;  2 /  d e v e -  

l o p m e n t  o f  t r e e  v e g e t a t i o n  a s  a  r e s u l t  o f  c l i m a t i c  f l u c t u a t i o n s ,  

f o r m a t i o n  o f  " i s l e t s "  o f  v e g e t a t i o n  o f  t h e  same t y p e  w i t h i n  s i t e s  

c o v e r e d  w i t h  v e g e t a t i o n  o f  a n o t h e r  t y p e  ( f o r  e x a m p l e ,  a f f o r e s t a -  

t i o n  o f  t u n d r a ) ;  t h i s  phenomenon a c c o u n t s  f o r  d r i f t  o f  b o u n d a r y  

b e t w e e n  z o n e s  w h i c h  i s  o b s e r v e d  i n  n a t u r e .  

Thus,  t h e  m o d e l  a l l o w s  t o  c a r r y  o u t ' a  number  o f  i n v e s t i g a -  

t i o n s  o f  s t a n d  d e v e l o p m e n t  b y  d i f f e r e n t  s c e n a r i o s  o f  c l i m a t e .  

4.5. I n  c o n c l u s i o n  o f  t h i s  s e c t i o n , w e m e n t i o n  the h y p o t h e s i s  

d e v e l o p e d  b y  A.M.Mo1chanov . ( 1 9 7 5 )  a b o u t  c o r r e l a t i o n  o f  s u c h  e c o -  

l o g i c a l  c o n c d p t s  a s  s u c c e s s i o n a l  s e r i e s  a n d  c l i m a x - a s s o c i a t i o n .  



The a u t h o r  t u r n e d  h i s  a t t e n t i o n  t o  r e l a t i o n s h i p  b e t w e e n  a r e a s  

o f  b iomes  ( w h i c h  c o n s t i t u t e  a  s u c c e s s i o n a l  s e r i e s )  a n d  t i m e s  

o f  d e v e l o p m e n t  f o r  t h i s  s e r i e s .  H y p o t h e s i s  ( c a l l e d  e r g o d i c  .by 

t h e  a u t h o r )  may be e x p r e s s e d  by  means o f  t h e  f o l l o w i n g  c h a i n  

o f  e q u a l i t i e s :  

I n  o t h e r  w o r d s ,  a r e a s  S ,..., S o c c u p i e d  by  b i o m e s  w i t h i n  a  1 n  
c l i m a x - a s s o c i a t i o n  a r e  p r o p o r t i o n a l  t o  own t i m e s  TI, ..., Tn n e e d e d  

f o r  d e v e l o p m e n t  o f  b i o m e s  w i t h i n  s u c c e s s i o n a l  s e r i e s .  

The a u t h o r  p r o p o s e d  a  p r a c t i c a l  a p p l i c a t i o n  o f  t h i s  h y p o -  

t h e s i s  c o n s i s t i n g  i n  e v a l u a t i o n  o f  s t a n d s  a c c o r d i n g  t o  d a t a  from 

a e r i a l  p h o t o g r a p h s .  One o f  t h e  t h e o r e t i c a l  c o n c l u s i o n s  c o n s i s t s  

i n  r e c o g n i t i o n  o f  m e a n i n g  o f  f a s t  s t a g e s  w i t h i n  s u c c e s s i o n .  

I t  s h o u l d  be n o t e d  t h a t  i t  w o u l d  be i n t e r e s t i n g  t o  v e r i f y  

t h i s  h y p o t h e s i s  w i t h i n  t h e  f r a m e w o r k  o f  a b o u e - m e n t i o n e d  s p a t i a l -  

- t e m p o r a l  mode ls .  

5. Model  i n q  o f  s p a t  i o - t e m p o r a  1 d y n a m i c s  

A l l  a b o v e - m e n t i o n e d  p r o c e s s e s  a r e  l o c a l ,  i.e. a l l  c h a r a c t e -  

r i s t i c s  o f  e c o s y s t e m  a r e  t a k e n  as  a v e r a g e  o n e s  f o r  t h e  w h o l e  

s p a c e  o r ,  i n  o t h e r  w o r d s ,  e c o s y s t e m  i s  c o n s i d e r e d  t o  be s p a t i a l l y  

homogeneous. To a n a l y s e  t h e  s y s t e m  o f  b iomes  b e i n g  a  p a r t  o f  t h e  

t o t a l  f o r e s t  a s s o c i a t i o n  ( i . e .  t o  mode l  s p a t i a l l y  h e t e r o g e n e o u s  

p o p u l a t i o n s ) ,  o t h e r  approaches a r e  t r a d i t i o n a l l y  a p p l i e d ,  name ly :  

d i f f u s i v e  a p p r o a c h ,  i n t e g r o - d i f f e r e n t i a l  d e s c r i p t i o n ,  p r o b a b i l i s -  

t i c  a p p r o a c h ,  a p p r o a c h  a s s o c i a t e d  w i t h  H a r k o v i a n  p r o c e s s e s .  We 
\ 

d w e l l  b r i e f l y  o n  e a c h  a p p r o a c h .  

5..1. D i f f u s i v e  a p p r o a c h  d a t i n g  f r o m  A.N.Kolmogorov 's  w o r k s  

assumes t h a t  v i t a l  a c t i v i t y  o f  a s s o c i a t i o n ' a t  a n y  p o i n t  o f  

h a b i t a t  s p a c e  d e p e n d s  o n l y  o n  t h e  s t a t e  o f  s y s t e m  a t  t h i s  p o i n t ,  

a n d  i n d i v i d u a l s  ( o r  p r o d u c t s  o f  t h e i r  v i t a l  a c t i v i t y )  move o v e r  

t h e  s p a c e  i n  a  s t o c h a s t i c  w a y . S u c h  m o d e l s  a r e  c a l l e d  m o d e l s  o f  

t h e  t y p e  I n r e a c . t i o n - d  i f  f u s i o n " .  They can  be p r e s e n t e d  a s  



w h e r e  u ( t , z )  i s  t h e  s p a t i a l  d e n s i t y  ( a t  t h e  moment t )  o f  some 

c h a r a c t e r i s t i c  o f  e c o s y s t e m ,  D i s  t h e  d i f f u s i o n  c o e f f i c i e n t .  
t 

W i t h i n  t h e  f r a m e w o r k  o f  d i f f u s i v e  a p p r o a c h ,  i t  t u r n e d  o u t  

we1 1 t o  d e s c r i b e  many phenomena i n  s p a t i a l  l y  heterogeneous s y s t e m s ,  

f o r  examp le ,  a r i s i n g  o f  s o l u t i o n s  b e l o n g i n g  t o  t h e  t y p e  o f  

" t r a v e l 1  h g  waves"  ( c o r r e s p o n d i n g  t o  numbers ,  d e n s i  t y  a n d  s o  o n )  

i n  t i m e ,  a s  w e l l  a s  a r i s i n g  o f  s p a t i a l  h e t e r o g e n e i t i e s  . ( " d i s s i p a -  

t i v e  s t r u c t u r e s " )  w h i c h  may be r e g a r d e d  a s  a n a l o g o u s  t o  m.osa i c  

s t r u c t u r e s  o f  b i o g e o c e n o s e s  (Svirezheu e t  a l . ,  1978,  1972,  e t c ,  

R a z z h e v a i k i n ,  1 9 8 1 ) .  

I n  a  number o,f c a s e s ,  e q u a t i o n  (5.1) may be s u f f i c i , e n t l y  

we1 1 approx . \mated b y  t h e  s o - c a l l e d  chamber  m o d e l s .  By means o f  

t h e  me thod  d e v e l o p e d  b y  Bubnov and  G a l e r k i n ,  i t  i s  p o s s i b l e  t o  

g o  o v e r  f r o m  e q u a t i o n  (5.1) t o  t h e  s y s t e m  

w h e r e  u  i s  t h e  b i o m a s s  ( n u m b e r s )  o f  t h e  i - t h  s p e c i e s  a t  t h e  
i K  

K - t h  s i t e ,  f IK  i s  t h e  i n t r a p o p u l a t i o n  i n t e r a c t i o n  o f  t h e  i - t h  

s p e c i e s  a t  t h e  K - t h  s i t e ,  HiK i s  t h e  i n f l u x  o f  m i g r a n t s  o f  t h e  

I - t h  s p e c i e s  t o  t h e  K - t h  s i t e ,  n  i s  t h e  number  o f  s p e c i e s ,  p  i s  

t h e  number o f  s i t e s .  

Dynarn i ca l  c o n d i t i o n s  w i t h i n  t h e  f r a m e w o r k  o f  s y s t e m  (5.2) 

( w h i c h  c o r r e s p o n d  t o  t h e  s t a b l e  o s c i  1 l a t i o n s  o b t a i n e d  f r o m  

e q u a t i o n  (5 .1) )  may b e  i n  l i n e  w i t h  b o t h  s y n c h r o n o u s  o s c i l l a -  

t i o n s  a l l  o v e r  t h e  s p a c e  a n d  s t a t i o n a r y  h e t e r o g e n e o u s  d i s t r i b u t i o n  

o f  numbers  UiK ( s o - c a l l e d  d i s s i p a t i v e  s t r u c t u r e s ) .  C o r r e l a t i o n  

b e t w e e n  s o l u t i o n s  o f  e q u a t i o n  (5.1) and  s y s t e m  (5 .2) ,  w h i l e  

u s i n g  e x a m p l e  o f  t h e  m o d e l  a s s o c i a t i o n  " t w o  v i c t i m s ,  o n e  p r e d a -  

t o r " ,  was r e t r a c e d  b y  B a z y k i n  e t  a l .  ( 1 9 8 5 ) .  A n a l y s i s  o f  t h e  

p r o p e r l y  w o r k e d  o u t  s y s t e m  (5.2)  made i t  p o s s i b l e  t o  f i n d  non -  

- t r i v i a l  d y n a m i c a l  c o n d i t l o n s  a n d  t o  f o r e c a s t  p a r a m e t e r  v a l u e s  



and d y n a m i c a l  b e h a v i o u r  w i t h i n  r e s p e c t i v e  d i s t r i b u t e d  sys tem.  

We may h o t e  t h a t  r e q u i r e m e n t  o f  randomness ( o r  c o m p l e t e  

i n t e r m i x i n g )  assumed as a  b a s i s  o f  e q u a t i o n  (5.1)  and s u f f i c i e n t l y  

j u s t i f i e d , w i t h i n  t h e  t a s k s  o f  c h e m i c a l  k i n e t i c s  p r o v e s  o f t e n  t o  

be t o o  s t r i ~ t  i n  case  o f  b i o l o g i c a l  o b j e c t s .  I t  has been o b s e r v e d  

t h a t  even  m i c r o o r g a n i s m s  t u r n e d  o u t  t o  be a b l e  t o  c o n t r o l  p u r -  

p o s e f u l l y  t h e i r  l o c a t i o n  i n  t h e  space w i t h i n  t h e  f r amework  o f  

sys tems  o f  f l o w i n g  c u l t i v a t i o n  (Gorban ,  Sadovsky,  1988) .  Never -  

t h e l e s s ,  s o l u t i o n s  o f  t h e  e q u a t i o n  (5.1) p r o v e  t o  be s u f f i c i e n t l y  

u s e f u l  f o r  a  number o f  t a s k s .  

L o g o f e t  ( 1 9 7 8 )  showed t h e  i n t r o d u c i n g  o f  m i g r a t i o n  ( f u n c -  

t i o n s  M )  i n t o  t h e  i s o t r o p i c  medium c o u l d n ' t  s t a b i l i z e  ecosys tem 

d e s c r i b e d  by t h e  model  (5.2) .  I n t r o d u c i n g  o f  t h e  a n i s o t r o p i c  me- 

d  ium may be s imu la t . ed  by means o f  a d d i n g  o f  "random d i s t u r b a n c e 1 '  

t o  t h e  r i g h t  p a r t s  o f  sys tem (5.2)  and t h r o u g h  t r a n s i t i o n  t o  equa-  

t i o n  o f  Ko lmogo rov -Foke r -P lanck  by u s i n g  p r o b a b i l i t i e s  o f  p o p u l a -  

t i o n  b e i n g  l o c a t e d  i n  t h e  c e r t a i n  a r e a s  o f  space. T h i s  a p p r o a c h  

f o r  t h e  mode ls  o f  t h e  t y p e  " p r e d a t o r - v i c t i m "  was d e v e l o p e d  i n  t h e  

w o r k s  by S i d o r i n  ( 1 9 8 8 ) .  Sukhanov (1988 ) .  As t o  a s s o c i a t i o n s  

w i t h i n  t h e  uneven-aged f o r e s t  s t a n d ,  a n a l o g o u s  mode ls  a r e  n o t  

known f o r  us. 

5.2. We g i v e  an example  r e f e r r i n g  t o  d e s c r i p t i o n  o f  a s s o c i a -  

t i o n  s t r u c t u r e  w i t h i n  c h a n g e a b l e  e x t e r n a l  e n v i r o n m e n t  w i t h  t h e  

a i d  o f  model  w h i c h  i n c l u d e s  random d i s t u r b a n c e s .  Such model  f o r  

s p e c i e s  s t r u c t u r e  o f  p l a n t  a s s o c i a t i o n  was p roposed  by Sukhanov 

( 1 9 8 8 ) .  As a  b a s i s  sys tem,  V o l t e t r a ' s  model  was a p p l i e d .  I t s  ap- 

p l i c a t i o n ,  a c c o r d i n g  t o  o p i n i o n  o f  M a c - A r t h u r  ( 1 9 7 0 ) .  i s  m o t i v a -  

t e d  by " r i c h n e s s "  o f  p l a n t  a s s o c i a t i o n ,  b a s i c a l l y ,  i n  c o m p e t i n g  

i n t e r d e p e n d e n c e s  be tween s p e c i e s  ( a 1  1  p l a n t s  a r e  r e g a r d e d  as  t h e  

p o t e n t i a l  r i v a l s  c o m p e t i n g  f o r  r e s o u r c e s  o f  v i t a l  i m p o r t a n c e :  

l i g h t ,  m o i s t u r e ,  m i n e r a l  n u t r i t i o n ,  e t c . ) .  



H e r e  Ni I s  t h e  population d e n s l t y  o f  t h e  I - t h  s p e c i e s  (numbers,  

b iomass  o r  a n o t h e r  i n d e x  e x p r e s s l n g  abundance o f  p o p u l a t i o n  p e r  

u n i t  o f  e n v i r o n m e n t ) ,  t i s  t h e  t i m e ,  i s  t h e  M a l t h u s '  p a r a -  

m e t e r  f o r  t h e  I - t h  s p e c i e s  ( s p e c i f i c  g r o w t h  r a t e  a t  t h e  i n i t i a l  

s t a g e  o f  p o p u l a t i n g  o f  b i o t o p e  on c o n d i t i o n  t h a t  no  o t h e r  s p e c i e s  

a r e  a v a i l a b l e ) .  
J'ii 

a r e  t h e  c o e f f i c i e n t s  o.f i n f l u e n c e  e x e r t e d  

b y  t h e  I - t h  s p e c i e s  upon theJ-.th one, S i s  t h e  t o t a l  number o f  

s p e c i e s  w i t h i n  a s s o c i a t i o n .  W i t h i n  Sukhanov 's  mode l ,  t h e  case  

when if i j- I j  i i s  c o n s i d e r e d ,  l e e ,  t h e  i n t e r a c t i o n  m a t r i x  I s  

supposed t o  be s y m m e t r i c a l ,  ( T h i s  mos t  v u l n e r a b l e  a s s u m p t i o n  i s  

s u b s t a n t i a t e d  by t h e  a u t h o r  o n  t h e  b a s i s  o f  a p p r o x i m a t e  c p i n c i -  

dence o f  phytomasses,  l e a f  a r e a s  and o t h e r  c h a r a c t e r i s t i c s  o f  

t h e  a s s o c i a t i o n  w h i c h  a r e  t o  be  t a k e n  i n t o  ' c o n s i d e r a t i o n  when 

c o n s t r u c t i n g  t h e  g i v e n  mode l ) .  

S t o c h a s t i c  e n v i r o n m e n t a l  i n f l u e n c e  i s  modeled by  means o f  

Gauss'  w h i t e  n o i s e  n ( t )  c h a r a c t e r i z e d  by t h e  z e r o  a v e r a g e  and 

t h e  i r i t e n s i  t y  D. Amp1 i t u d e  o f  t h i s  n o i s e  depends on  numbers o f  

t h e  i - t h  s p e c i e s  ( b y  e x c e e d i n g  VNi t i m e s  t h e  a c h i e v e d  numbers Ni). 

T h i s  n o i s e  " s t l  r s  up "  t h e  p o p u l a t i o n  p e r m a n e n t l y  and d o e s n ' t  

a l l o w  i t  t o  be s t a b i l i z e d  i n  t h e  s t a t i o n a r y  s t a t e .  As a  r e s u l t ,  

p o i n t  r e p r e s e n t i n g  t h e  s t a t e  o f  p o p u l a t i o n  sp reads  i n t o  some 

s t o c h a s t i c  d i s t r i b u t i o n  P ( N )  w h i c h  s a t i s f i e s  t h e  e q u a t i o n  o f  

Ko lmogo rov -Foke r -P lanck  

wo rked  o u t  by  assumir lg  t h a t  n o i s e  n ,  has '  t h e  mean ing  g i v e n  b y  

S t r a t o n o v i c h .  W i t h  t h e  a i d  o f  method  deve loped  by  Sv i rezhev  and  
\ 

L o g o f e t  ( 1 9 7 8 1 ,  when a n a l y s i r i g  a n  e q u a t i o n  o f  t h e  t y p e  (5.3) i t  

was f o u n d  g e n e r a l  s t a t i o n a r y  s o l u t i o n  o f  t h e  e q u a t l o n  (5 .4)  w h l c h  

d e s c r i  b e d s t o c h a s t i c  s p e c i e s  s t r u c t u r e  o f  t h e  compet i t i  ve a s s o c i a -  

t l o n ,  namely  S 

where  C i s  t h e  n o r m a l i z i n g  c o n s t a n t  w h i c h  c a n  be f o u n d  f r o m  t h e  
w 

cond i t i o n  

-0p 



I n  t h e  m e n t i o n a d  work , f u n c t l o n  P(N)  I s  s u b j e c t e d  t o  

a n a l y s i s  f o r  S=1 and S-2. I n  t h e  f i r s t  case  (S-1) .  f u n c t i o n  

P (N )  may be r e g a r d e d  a s  b i m o d a l  one  when assuming  e x i s t e n c e  o f  

some r e l a t i o n s  be tween  c o e f f i c i e n t s  o f  i n t r a s p e c l f i c  c o m p e t i t i o n  

and c o e f f i c i e n t s  o f  i n t e n s i t y  o f  t h e  i n f l u e n c i n g  e x t e r n a l  f o r c e s .  
4 

B e i n g  b imoda l  means p o s s i b i l i t y  o f  t h e  s tab . l e  e x i s t e n c e  o f  popu- 

l a t l o n s  c h a r a c t e r i z e d  b o t h  by s m a l l  and l a r g e  numbers, There  i s  

a n  ana logous  r e s u l t  f o r  t w o  c o m p e t i n g  p o p u l a t i o n s  w h i c h  I s  v e r y  

i n t e r e s t i n g .  I n  t h a t  case,  a n a l y s i s  o f  f u n c t i o n  P(N) a l l o w s  t o  

choose such  a r e a s  w i t h i n  p a r a m e t e r  space w h i c h  may be i n  l i n e  

w i t h  s p e c i e s  c o m p e t i n g  w i t h  each  o t h e r  s t r o n g l y  o r  f a i n t 1 . y  r e s -  

p e c t i v e l y ,  as  w e l l  a s  t o  a c c o u n t  f o r  a r i s i n g  o f  " s p o t t y "  d i s t r i b u -  

t i o n  o f  s p e c i e s  w i t h i n  n a t u r a l  h a b i t a t ,  

F o r  cases  S = l  and  S=2, a u t h o r  o f  t h e  m e n t i o n e d  wo rk  r e a l  i r e d  

I d e n t i f i c a t i o n  o f  mode l  w h i c h  i s  based upon  t h e  e r g o d i c  h y p o t h e s i s  

a b o u t  e x i s t e n c e  o f  p o p u l a t i o n s .  

The case o f  h i g h  d i m e n s i o n  o f  c o m p e t i n g  p o p u l a t i o n s  was a l s o  

c o n s i d e r e d .  

5.3. One more  a t t e m p t  o f  a p p l y i n g  e q u a t i o n  (5.1) and i t s  

m o d i f i c a t i o n s  t o  a n a l y s e  f o r e s t  ecosys tems  was made i n  t h e  work  

by J a n s e i  t o v  and Kuzmichev (1981) .  

To d e s c r i b e  m o s a i c  s t r u c t u r e  o f  f o r e s t  s t a n d ,  i t s  a c t i v e  

p a r t  was c o n s i d e r e d  a s  d i s t r i b u t e d  sys tem w i t h  t h e  d i f f u s i v e  

t y p e  o f  r e l a t i o n s .  He re  t h e  d i f f u s i o n  was a p p l i e d  t o  model  d i s -  

p e r s i o n  and g e r m i n a t i o n  o f  seeds,  p e n e t r a t i o n  o f  r o o t  s h o o t s ,  

t r a n s f e r  o f  n u t r i e n t s  and t h e  s i m i l a r  p rocesses .  T h i s  model  i s  

a n a l o g o u s  t o  e q u a t i o n  (5.1) by  w h i c h  u ( t , x )  i s  t h e  d e n s i t y  o f  

p h y s i o l o g i c a l l y  a c t i k e  p a r t  o f  b iomass  a t  t h e  p o i n t  x(x l ,x2) and 

f u n c t i o n  F  c o i n c i d e s  w i t h  t h e  r i g h t  p a r t  o f  c o n c e n t r a t e d  d i f f e -  

r e n t i a l  e q u a t i o n  o f  t h e  l a g g i n g  t y p e  

Here  a,b, )r a r e  t h e  c o e f f i c i e n t s  d e s c r i b i n g  r e s p e c t i v e l y  g r o w t h  

r a t e  w i t h o u t  any  l i m i t i n g ,  d e g r e e  o f  c o m p e t i t i o n  and i n t e n s i t y  

o f  b iomass d e a t h ;  7 i s  t h e  v a l u e  o f  l a g g i n g .  



Y i t h l n  t h i s  n o d e l  t h e r e  e x l s t  o s c i l l a t i n g  s o l u t i o n s  w h i c h  

a r e  b r o u g h t  by t h e  a u t h o r s  i n t o  c o r r e l a t i o n  w i t h  m o s a i c  d i s t r i -  

b u t i o n  o f  i n c r e m e n t s  and w i t h  t h e  mode o f  c h a n g i n g  a n n u a l  r i n g s  

o f  t r e e s  i n  case o f  t h e  r e a l  h i g h - d e n s i t y  and homogeneous f o r e s t  

s t ands ,  

I t  s h o u l d  be n o t e d  t h e  above-ment ioned  'work 'may  be r a t h e r  

r e g a r d e d  as  s t u d y  o f  t a s k  f o r m u l a t i o n s  and d r a w i n g  o f  analogies. 

Tho rough  i n v e s t i g a t l o n s  and i d e n t i f i c a t i o n  o f  e q u a t i o n s  (5 , l )  

and (5.6) were n o t -  c a r r i e d  o u t ,  

The s e m i - e m p i r i c a l  a p p r o a c h  t o  m o d e l i n g  o f  s u c c e s s i o n  

s p r e a d i n g  i n  t h e  space i s  c o n t a i n e d  i n  t h e  wo rk  by H o s k a l e n k o  and  

C h e r k a s h i n  (1981) w h i c h  g e n e r a l i z e s  a  s i m i l a r  app roach  t o  s t u d y i n g  

o f  s u c c e s s i o n s  g i v e n  i n  t h e  work  by C h e r k a s h i n  (1981),  The mode l s  

r e p r e s e n t  systems o f  d i f f e r e n t i a l  e q u a t i o n s  ( i n  t h e  s p a t i a l  

case,  such  e q u a t i o n s  i n c l u d e  a l s o  p a r t i a l  d e r i v a t i v e s )  i n t e n d e d  

f o r  d e s c r i b i n g  dynamics  o f  numbers f o r  uneven-aged t r e e s  o f  

d i f f e r e n t  s p e c i e s  w i t h i n  f o r e s t  s t and ,  W i t h  t h a t  end i n  v i e w ,  

c o e f f i c i e n t s  o f  d y i n g  o f f  a r e  g i v e n  by e m p i r i c a l  f u n c t i o n s  w h i c h  

depend on  age, s p e c i e s ,  c l o s i n g  o f  l e a f  canopy and o t h e r  c h a r a c -  

t e r i s t i c s  o f  t h e  s i m u l a t e d  t r e e s .  Owing t o  t h a t ,  t h e  a u t h o r s  

a c h i e v e d  good c o n f o r m i t y  o f  r e s u l t s  o b t a i n e d  f r o m  mode ls  t o  

a v a i l a b l e  d a t a  a b o u t - t h e  r e a l  o b j e c t  t o  be modeled.  However,  

t h i s  a p p r o a c h  d o e s n ' t  a c c o u n t  f o r  mechanisms o f  dynamics,  and  

t h a t  l e a d s  t o  d i f f i c u l t i e s  w h i l e  a d a p t i n g  mode ls  t o  a n o t h e r  

o b j e c t  and makes more n a r r o w  t h e  s p h e r e  where mode l s  may be  

a p p l i e d ,  

5,4. To o u r  o p i n $ o n ,  one  o f  t h e  mos t  g e n e r a l  a p p r o a c h e s  

when m o d e l l i n g  s p a t i a j  dynamics  o f  s t a n d s  i s  t h e  i n t e g r a l  

approach .  W i  t h i n  t h e  f r amework  o f  t h i s  method, i n t e r a c t i o n s  be tween 

d i f f e r e n t  p a r t s  o f  s p a t i a l l y  d i s t r i b u t e d  sys tems can  be d e s c r i -  

bed i n  a  n a t u r a l  way, W h i l e  m o d e l l i n g ,  t h e . f o l l o w l n g  a s s u m p t i o n  
b 

i s  made: t h e  p l a n t 5  l o c a t e d  i n  t h e  d i f f e r e n t  p o i n t s  o f  space  may 

i n t e r a c t  w i t h  i n t e n s i t y  p r o p o r t i o n a l  both t o  distance betwee.n i n d i v i -  

d u a l s  and t o  t he i , r  s i z e s .  I n  o t h e r  words ,  dynam ics  o f  i n d i v i -  

d u a l s  depends g o t  o n l y  on t h e i r  s t a t e  b u t  a l s o  o n  p a r a m e t e r s  o f  

b i o g e o c e n o s i s  w i t h i n  some v i c i n i t y  o f  i n d i v i d u a l s ,  T h i s  a p p r o a c h  



I s  p r e s e n t e d  I n  t h e  a b o v e - m e n t i o n e d  w o r k  b y  K a r e v  and T r e s k o v  

(1982)  c o n c e r n i n g  a n a l y s i s  o f  b o u n d a r y  e f f e c t s  i n  b iomes  w h i c h  

I n t e r a c t  b y  t a k i n g  i n t o  a c c o u n t  r o o t  c o m p e t i t i o n .  G e n e r a l  

d e v e l o p m e n t  o f  t h i s  a p p r o a c h  was c a r r i e d  o u t  b y  T u z i n k e v i c h  

(1987,  1988) .  On t h e  b a s i s  o f  B e r t a l a n f f q s  e q u a t i o n  ( w h i c h  

s i m u l a t e s  t h e  r a t e  o f  c h a n g i n g o f  dens i ty  o f  p l a n t . b i o m a s s ) ,  he  

p r o p o s e d  t h e  m o d e l  o f  p l a n t  g r o w t h  w i t h i n  n - s p e c i e s  a s s o c i a t i o n :  

w h e r e  d i ( x , y )  i s  t h e  p a r t  o f  b i o m a s s  u  s p r e a d i n g  f r o m  t h e  p o i n t  i 
y  t o  t h e  p o i n t  x  o f  s p a c e  H,  i s  t h e  p a r t  o f  b i o m a s s  u i  d i s -  

s i m i l a t i n g  a s  a  r e s u l t  o f  i n t e r a c t i o n  o f  p l a n t s  w h i c h  h a v e  b i o -  

masses u i  and  u  Q i ( t , x )  i s  t h e  i n f l u e n c e  o f  c o m p e t i t i v e  i n t e r -  J P  
a c t i o n  u p o n  d i s s i m i l a t i o n .  (We may n o t e  t h a t  by  I =  J i n t r a -  

s p e c i f i c  c o m p e t i t i o n  t a k e s  p l a c e ,  whereas  b.y i f 7  i n t e r s p e c i f i c  

c o m p e t i t i o n  a p p e a r s ) .  

The m a i n  r e s u l t  o f  m o d e l i n g  w i t h  t h e  a i d  o f  i n t e g r a l  a p p r o a c h  

c o n s i s t s  i n  o b t a i n i n g  e f f e c t s  o f  h e t e r o g e n e i  t y  ( s p o t t y  a r e a s )  i n  

t h e  s p a t i a l  d i s t r i b u t i o n  o f  p l a n t s  u n d e r  homogeneous a n d  s t a t i o -  

n a r y  e x t e r n a l  c o n d i t i o n s .  When m o d e l l i n g  m i l t i s p e c i e s  a s s o c i a -  

t i o n s ,  i t  t u r n e d  o u t  w e l l  t o  a c c o u n t  f o r  e f f e c t  o f  s p a c e  d i v i d i n g  

i n t o  h a b i t a t s  o f  d i f f e r e n t  s p e c i e s .  To be m o r e  p r e c i s e ,  t h e  

a c h i e v e d  r e s u l t s  may b e  f o r m u l a t e d  a s  f o l l o w s .  I f  i n t r a s p e c i f i c  

c o m p e t i t i o n  e x c e e d s  i n t e r s p e c i f i c  o n e  t h e  s p e c i e s  g e t  m i x e d  u p  

i n  t h e  s p a c e  and c o e x i s t  i n  a  s t a b l e  manner ,  t h e .  L i m i t  d i s t r i b u t i o n  

n o t  d e p e n d i n g  o n  t h e  i n i t i a l  c o n d i t i o n s .  I n i t i a l  c o n d i t i o n s  i n -  

f l u e n c e  t h e  c h a r a c t e r  o f  s p o t t y  a r e a s  ( s h a p e  o f  s p o t s )  ( i n  c a s e  

o f  t h e i r  a v a i l a b i l i t y )  and t h e  s p a t i a l  d i i t r i b u t i o n  o f  b i o m a s s  

f o r  d i f f e r e n t  s p e c i e s .  i f  i n t e r s p e c i f i c  c o m p e t i t i o n  e x c e e d s  i n -  

t r a s p e c i f i c  one  s p e c i e s  s e e k  t o  d i v i d e  t h e  s p a c e  i n t o  h a b i t a t s .  

The c o n s i d e r a b l e  a r e a s  o f  s p a c e  come i n t o  b e i n g  w h e r e  o n e  s p e c i e s  

I s  o u s t e d  b y  t h e  ' o t h e r ,  and  l o c a t i o n  o f  t h e  d i v i d i n g  b o u n d a r i e s  

i s  d e t e r m l n e d  by i n i t i a l  c o n d i t i o n s ,  B o u n d a r y  shapes  a r e  a l s o  



s t u d i e d  w i t h i n  t h i s  model .  I t s  s h o r t c o m i n g s  may b e  r e g a r d e d  as 

t h e  e x t e n s i o n  o f  mode l ' s  advan tages .  I n  v i e w  o f  t h e  b u l k y  s t r u c -  

t u r e  o f  t h i s  model ,  i t ' s  p o s s i b l e  t o  o b t a i n  c o n c r e t e  r e s u l t s  

o n l y  w i t h  t h e  a i d  o f  n u m e r i c a l  methods. 

I n  many wo rks  ( ~ a m a r o v ,  1985, @a1 l t s k y  e t  a1  . , Grabarnlk, .Kpmarov 

1981)  s p a t i o - t e m p o r a l  dynamics  o f  p l a n t  a s s o c i a t i o n s  i s  r e t r a c e d  

n u m e r i c a l l y ,  w i t h  t h e  a i d  o f  mode ls  r e p r e s e n t i n g  p r o p e r l y  

c o n s t r u c t e d  H a r k o v i a n  p rocess .  Though t h e s e  m o d e l s  a r e  v i r t u a l l y  

n o t  e c o p h y s i o l o g i c a l  ones,  t h e y  a l l o w ,  however ,  t o  r e t r a c e  f o r -  

m i n g  o f  t h e  s p a t i a l  images ( p a t t e r n s )  r e f e r r i n g  t o  s i z e s  o f  i n -  

d i v i d u a l  t r e e s  d e p e n d i n g  o n  t y p e s  o f  t h e  i n t r o d u c e d  c o m p e t i t i v e  

i n t e r a c t i o n .  I n  t h i s  c o n n e c t i o n ,  i t  w o u l d  be i n t e r e s t i n g  t o  

d w e l l  on  t h e  wo rk  by 6 . a l i t s k y  and K r y l o v  (1985) .  W i t h i n  t h e  

f r amework  o f  d e v e l o p e d  model ,  b iomass o f  each  p l a n t  l o c a t e d  

w i t h i n  own c e l l  changes,  i n  acco rdance  w i t h  t h e  l a w  d e f i n e d  by  

e q u a t i o n  (2 .22  ) ,  t i l l  e i t h e r  t h e  g i v e n  p l a n t  o r  i t s  n e i g h b o u r  

d i e s  o f f  because. o f  t h e  d e f i c i e n c y  i n  t e r r i t o r y .  A t  t h e  moment 

o f  d y i n g - o f f ,  i t  t a k e s  p l a c e ,  s t r i c t l y  s p e a k i n g ,  i n t e r a c t i o n  o f  

p l a n t s  i n  t h e  f o r m  o f  " s h a r i n g "  o f  a r e a  w h i c h  has become f r e e  

because o f  t h e  d e a t h  o f  the give? p lant .  As t h e  s e p a r a t e  p l a n t s  d i e  

o f f ,  i t  t a k e s  p l a c e  c h a n g i n g  o f  t h e  i n i t i a l  m o s a i c  c o r r e s p o n d i n g  

t o  i n i t i a l  s i z e s  o f  p l a n t s .  Even t a k i n g  i n t o  a c c o u n t  e s s e n t i a l  

s imp1 i c i  t y  o f  t h i s  model ,  t h e r e  a r e  many v e r s i o n s  o f  t h e  geomet-  

r i c a l  s t r u c t u r e  o f  sys tem (composed o f  t h e  i n d i v i d u a l  e l e m e n t s )  

a g a i n s t  t h e  backg round  o f  p o s s i b l e  v a r i a t i o n s  o f  model  pa rame te rs .  

The re  a r e  some v e r s i o n s  o f  s y n t h e s i z i n g  t h i s  a p p r o a c h  and 

t h e  i n t e g r a l  one (Ga l  i t s k y ,  T u z i n k e v i c h ,  1987)  I n  p a r t i -  

c u l a r ,  i t  was shown I n  t h e s e  wo rks  t h a t  s t o c h a s t i c  a p p r o a c h  t o  

t h e  model  d e s c r i b i n g  c o m p e t i t i v e  i n t e r a c t i o n s  o f  p l a n t s  i s  v e r y  

f r u i t f u l  f o r  i n t e r p r e t a t i o n  o f  g r o w t h  dynamics  f o r  p l a n t s  g r o w i n g  

w i t h i n  a s s o c i a t i o n .  F u r t h e r m o r e ,  i t  was p roved ,a t  t h e  model  level ,  

t h a t  t h e  i n i t i a l  a l m o s t  homogeneous s p a t i a l  s t r u c t u r e  o f  a s s o c i a -  

t i o n  becomes a l t e r e d  i n  t h e  c o u r s e  o f  i t s  deve lopmen t  and  g a i n s  

s p o t t y  c h a r a c t e r .  



CONCLUSION 

Within the framework of the present survey, one of the 

directions in modeling of forest stand dynamics is considered, 

namely ecophysiological "explaining" models, both analytical 

and simulative ones. This survey doesn't claim to be a 

complete one since not all works are reviewed and a number of 

significant aspects of modeling are not considered. Among 

them, we can mention the question concerning problems and 

methods of identification of models that is necessary both for 

their practical application in the task of forecasting, 

monitoring, etc., and for the analysis of critical conditions 

of object functioning, as well as for describing of spatial 

boundaries. 

The next logical steps (proposed mainly by the last of 

the co-authors) in improving the simulation capabilities of 

the boreal models are several-fold, but in many cases could be 

attacked simultaneously. In no particular order, these steps 

include : 

1. Improved characterization of soil surface features and 
surface dynamics. The nature of the ground surface can have a 

fairly profound effect on the heat transfer to and from the 

boreal soils and the associated temperature effects are 

important with respect to any number of processes. The 

dynamics of moss, lichen and litter layers in the forests are 

extremely important and an increased knowledge-base is 

important. 

2. Increased understandinq of feedbacks in bioseochemical 
cycles. Several of the chapters have touched upon the 

importance of nutrients in understanding the dynamics 

of boreal forests. Chapter 8 and nutrient-cycling forest 

simulation models (Pastor and Post 1986, 1988) point 

to the possibility of multiple-stable equilibria in 

the southern transition between boreal and temperate 

deciduous forests. The understanding of the effects of 



nutrient availability on tree growth and/or form for a variety of 

species would be an important addition. 

3. ~ouplina of more e x a u  Plant ghvsioloav into && &uI 

b u l a t i p n  ~odels, Using plant physiology (particularly leaf 

level reeponees typically resolved at time scales of minutes) to 

predict the annual growth of trees has been pursued for several 

decades. The linking of canopy models that incorporate a consid- 

erable degree of fundamental plant physiology to stand simulation 

models appears to be an attainable objective at this time. The 

interaction between the two models is in both directions. Canopy 

physiology models attempt to represent fundamental biophysical 

processes (or reasonable proxies thereof) to predict the carbon 

fixation of a layered, horizontally homogeneoue canopy. The 

models can provide an estimate of total carbon fixed by a canopy 

over a period of time but (because they represent the forest as a 

homogeneous, aggregated system) they have no internal features to 

alter canopy etructure over time. Stand simulation models would 

be improved by the addition of total productivity and because 

they grow individual trees based on indices that include competi- 

tion and other factors can deallocate a given degree of produc- 

tivity into tree growth and canopy dynamlce. The assessment of 

the direct effects of increased ambient C 0 2  in the atmosphere 

will probably continue to make the interfacing of plant physio- 

logical models and stand dynamice models an important topic. 

4 ,  Bp increased U i t y  &Q @tern. The 

faedback dynamics that have emerged in many of the preceding 

chapters in many cases imply patterns on the boreal landscape, 

Remote seneing offers an important family of methodologies for 



detecting such pattern -- particularly for ecosystems like the 
boreal forests in which large tracts of the forest are relatively 

inaccessible. 

5, B a s h  studis to ~pnnect surf- feat- - of boreal 

w e s t s  pther w o s ~ w  v s t e m s ,  mr-v - the &mo sphere. 

The annual variation in the C02 concentration by latitude is 

greatest in the higher northern latitudes and appears to be well 

correlated with the uptake of photosynthetically active radiation 

in boreal regions, The role of the worlds boreal forests as 

major terreetrial repositories of carbon, the importance of the 

carbon cycle, and our need to better understand global carbon 

dynamics all point to a need for a better understanding of the 

interaction between the forest surface in boreal zones and the 

atmosphere, The hopeful scenario is for these studies (some of 

which are being drafted currently) to also provide valuable data 

for step 3 (above) , 

6, pestinq -catinn iof models gver mere n e a s  and 

lona j&g scales. The model testing etep hopefully will 

provide some appreciation of the potential applications of the 

models and of the next information needed. It ie our hope that 

by making the models available to our colleagues that this test- 

ing over large areas will take us to a next step in ordering 

research needs. Tests over long time scales with these models 

will likely be retrospective simulations developed in conjunction 

with paleoecological studies. 

7. w r ~ o r a t i o n  pf animal-P- interactions yith veeretation 

W i c g  models. Insects can have a particularly significant 

effect on boreal forest dynamics. Also there are several 



important  interaction^ among foreet composition, element cycles 

and large herbivore grazing. Clearly there are major feedback 

systems involving animals. The animal-involved interactions with 

boreal forest ecosystems appear to be able to change the spatial 

grain, the dynamics and the stability of boreal forests. 

8 gontinuea ufort h c o u ~ m  ef yildfire g v n a m i ~  and urest, 

& boreal mpdels, The importance of wildfire in shaping 

the forests of the boreal zone ha8 been discussed in eeveral 

reviewe, and there hae been a considerable effort in the modeling 

of the vegetation/wildfire interaction. The ecology of the 

boreal forest is so shaped by fire and the fire has such a 

regular presence on the boreal landscape that continued work to 

Improve our knowledge base and the representation of fire in 

models is imperative. From a modeling etand-point, consideration 

of fire has several Important aspects namely the fire initiation 

and spatial propagation, and the coupling of tree-level phenomena 

with landscape-level wildfire behavior, the quantification of 

boreal fires as CO, C02 and other organic compounds sources to 

the atmosphere. 
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