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1. De door de EG gehanteerde procedure om vele instellingen 
een projectvoorstel te laten schrijven, waarbij er bij voorbaat 
slechts enkele voorstellen gehonoreerd zullen worden, levert 
een enorme verspilling van tijd en geld. 

2. Een gecompliceerd langdurig proces kan slechts succesvol 
onderzocht worden indien het wordt opgesplitst in deelproces­
sen, waarvan de samenhang duidelijk is weergegeven in een 
lange termijnplan voor onderzoek aan dit proces. 

3. Het uitvoeren van een lange termijn plan als bovengenoemd 
dient zo min mogelijk afhankelijk te zijn van personen. 

4. De kwaliteit van een universitaire vakgroep mag niet afhanke­
lijk gesteld worden van het aantal door de betreffende 
vakgroep afgeleverde afgestudeerden resp. gepromoveerden. 

5. Het komt het onderzoek niet ten goede als ervaren onder­
zoeksmedewerkers te snel worden vervangen door onervaren 
onderzoeksmedewerkers, zoals nu, na het invoeren van het 
AIO-stelsel, de tendens is. 

6. Het creëren van nieuwe begrippen maakt meer stellingen 
mogelijk. 

7. De indeling van groeifactoren in factoren die de groei 
fundamenteel beïnvloeden ("normale groei") en factoren die 
de groei "toevallig" beïnvloeden is van essentieel belang voor 
groeimodellen (dit proefschrift). 

8. De schatting van de hoogte van een boom met behulp van 
slechts de diameter (Loetsch, Zöhrer and Haller, 1973) is in 
zijn algemeenheid zeer onnauwkeurig en in principe onjuist. 

9. Indien de kroonbreedte / boomhoogte verhouding van een 
boom voortvloeit uit de standruimte van deze boom, geeft 
deze verhouding een eenvoudige en doeltreffende maat voor 
de kans op sterfte van deze boom (dit proefschrift). 
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10. De bosbouwinstellingen in Nederland vertonen sterke over­
eenkomsten met bomen groeiend in dichte stand op een arme 
groeiplaats. 

11. Geboortebeperking als middel om luchtvervuiling, broeikasef­
fect en bedreiging van het voortbestaan van soorten en 
natuurgebieden in de toekomst te verminderen, krijgt op het 
niveau van de landelijke politiek vaak te weinig aandacht. 

12. De belangrijkste stelling is de aanstelling. 



Woord vooraf 

De voormalige vakgroep Bosteelt en Bosoecologie, welke nu is opgegaan in de 
vakgroep Bosbouw, stelde zich onder meer ten doel de kennis over groei en 
dynamiek van individuele bomen uit te breiden en toegankelijker te maken. 
Oldeman, Gremmen en Goudzwaard (1985) gaven een voorzet hiertoe in de vorm 
van teeltdiagrammen. Mijn opdracht in 1987 was het ontwikkelen van teeltdia-
grammen afhankelijk van groeiplaats, herkomst en behandeling voor groveden. 

Aangezien er in principe oneindig veel teeltdiagrammen gemaakt konden 
worden, heb ik in eerste instantie gezocht naar de invloed die leeftijd, groeiplaats, 
herkomst en behandelingswijze konden hebben op het boomuiterlijk. Al snel bleek 
dat invloeden van herkomst en groeiplaats op de groei van bomen niet eenvoudig 
uit elkaar te houden waren. Ir. C.P. van Goor heeft mij toen gewezen op een 
oude herkomstproef in Kootwijk (hfdst. 2.3), waarin de invloed van de herkomst 
op de groei van bomen duidelijk was te zien. Van deze herkomstproef waren een 
aantal belangrijke meetgegevens bekend (e.g. van Soest 1952). Deze meetgege­
vens heb ik gebruikt om een indruk te krijgen van de relaties tussen verschillende 
boomdimensies en opstandsdichtheid en de invloed van de herkomst hierop. 
Renaat van Rompaey wees mij op de mogelijkheid het spreadsheet programma 
LOTUS 123 te gebruiken voor deze correlatieberekeningen, wat mijn interesse 
voor het gebruik van computers heeft aangewakkerd. De gevonden correlaties 
moedigden aan om de invloed van de standruimte op een individuele boom nader 
te onderzoeken aan de hand van veldopnames. Bij de veldopnames werd ik vaak 
geholpen door Delà Boeijink, Leo Goudzwaard en Albert Zweers en tijdelijk door 
de stagaires Maria Delia Chiesa, Zoltàn Mihàlyi en Kari Tuomela. 

Na analyse van de verzamelde data bleken er goede correlaties te bestaan 
tussen verschillende boomdimensies, standruimte en leeftijd van de bomen. Om 
de effecten van de standruimte op de boomdimensies zichtbaar te maken besloot 
ik een grafisch simulatiemodel te ontwikkelen. De eerste versie was twee 
dimensionaal (alleen profieldiagram) en werd gemaakt in LOTUS 123. Jan 
Oudkerk heeft mij toen echter attent gemaakt op de mogelijkheden en de snelheid 
van de programmeertaal "C". Bovendien heeft hij me de beginselen van de taal 
bijgebracht en heeft hij mij ook later in raad en daad bijgestaan bij het ontwikke­
len van het programma. 

Bij het schrijven van het proefschrift werd ik vooral bijgestaan door prof. 
R.A.A. Oldeman, Pieter Schmidt, Jelle Hiemstra, Henk Koop, Hans Jansen en 
dr.ir. A.R.P. Janse. Mrs. Burrough-Boenish heeft het proefschrift op engels 
gecorrigeerd. 

Bovengenoemde personen hebben rechtstreeks bijgedragen aan de tot stand 
koming van dit proefschrift en hebben daarvoor mijn hartelijke dank. Mijn beide 
paranimfen Jelle Hiemstra en Luc Koks wil ik vooral bedanken voor hun morele 
steun. Tenslotte bedank ik allen die hebben bijgedragen aan een prettige werksfeer 
en mij steeds hebben gestimuleerd bij het ontwikkelen van het model en het 
schrijven van dit proefschrift. 



The PINOGRAM computer program is available on diskette at the Depart­
ment of Forestry, WAU, the Netherlands. The price is $ 25.-. 
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mean 'normal growth area vector (m) 
mean distance between stems (m) 
distance between 'sample tree and neighbouring tree (m) 
"actual growth area vector in one of sixteen directions (m) 
'maximum growth area vector in the direction of neighbour i, also a_max[nr][i] 
'maximum growth area vector in one of sixteen directions (m) 
'potential growth area vector in the direction of neighbour i, also a_pot[nr][i] 
'potential growth area vector in one of sixteen directions (m) 
angle between the vector in direction of neighbour J' and the 'North'(rad) 
'normal growth area (m2) 
'normal growth area vector in the direction of neighbour i (m) 
competition constant () 
coefficient of variation (%) 
sum of crown projection areas divided by the 'transect area (%) 
crown length (m) 
mean crown length of observed trees (m) 
predicted mean crown length (m) 
mean crown width (m) 
crown width in one direction (m) 
mean stem diameter on breast height (cm) 
stem diameter on breast height (cm) 
mean branch diameter in the lower part of the crown of a tree (cm) 
diameter derived from mean basal area per tree (cm) 
predicted diameter dg (cm) 
distance from 'sample tree to "transect border in direction k*w/S (m) 
mean form factor () 
form factor of a tree v/(g*h) () 
form factor derived from V/(G*h ) () 
predicted form factor^ () 
basal area of a tree (m2) 
basal area (m2.ha') 
mean height of trees (m/ha) 
'dominant height of trees (m) 
height of a tree of which dbh = dg (m) 
range number of a neighbouring tree () 
fixed direction number (1-16; 17 is equal to one) () 
tree length (m) 
number of "sample trees () 
number of stems per ha (ha1) 
range number of "sample tree () 
"maximum distance of influence of a tree (m) 
correlation () 
a random value () 
distance between "sample tree and S[i] (m) 
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*S value for a tree (m) 
maximum given *S value (m) 
minimum given *S value (m) 
intersection of perpendiculars of vector a[i] and vector a[i+l] () 
age (year) 
x coordinate of stem of tree (m) 
y coordinate of stem of tree (m) 
eccentricity in a normal distribution () 
stem volume of a tree (m3) 
volume of stems per ha (m'.ha1) 
predicted volume V (m3) 
x coordinate of crown projection limit in direction /fc*ir/8 (m) 
angle between vector a[nr][i] and vector r[i] (rad) 
y coordinate of crown projection limit in direction k*w/S (m) 
angle between vector afnr][i+l] and vector r[i] (rad) 
angle between vector a[nr][i] and vector a[nr][i+l] (rad) 



1 INTRODUCTION 

1.1 Problem analysis 

Views on forest and forestry have changed in recent years in the Netherlands as 
a result of an increasing demand for nature and recreation, and because of 
growing environmental problems (air pollution, global warming) and the declining 
forest area in the world. This has led to a change in the government's forest 
policy (Anonymus 1985, 1986, 1990). This new policy is intended to achieve a 
more natural-looking forest (uneven aged, mixed, native species), and forest 
management that is linked to natural processes and which, while cheaper, has 
more benefits. The long-term National Forest Plan (Anonymus 1986) intends to 
classify Dutch forest into forest domains, each of which will have a specific 
'target type of forest1. The target type of forest that is assigned to a forest 
domain depends upon the site's suitability for tree species, the present-day 
composition of the forest domain, and silvicultural and financial constraints. 

As described in the long-term National Forest Plan (Anonymus 1986) the 
concept of a "target type of forest" suggests that a more or less static tree species 
composition and 'forest architecture can be realized and maintained. Since forest, 
site and society change over time, a forest can never maintain all characteristics 
of its target type. 

After a target type of forest has been chosen (Firet et al. 1985, Anonymus 
1986, Paasman 1988), the question arises how and within what period it can be 
realized. In other words: how, by means of human interference, can natural 
processes be manipulated to help to achieve the target type of forest (see also 
Buiting 1989). This manipulation demands sound knowledge about the 
'autoecology and 'synecology of trees; that is, knowledge about prerequisites for 
establishment and growth potential of a tree under influence of different abiotic 
and biotic factors such as soil, climate, forest architecture, community and 
disturbances. 

In mixed forests an infinite number of 'forest situations are possible. A forest 
situation is defined here as a snapshot of an area of forest with all its properties, 
comparable with the 'phenotype of an individual (see section 2.2). Each forest 
situation has its own effects on the growth potential of trees. It is impossible to 
predict 'growth of trees exactly for all these forest situations. So we need to 
restrict our investigations to those species, sites and site factors that are the most 
important for forestry. The long term National Forest Plan does give species 
combinations in the target types of forest and relates these target types of forest 
to site history. This is a first restriction to the number of potential combinations 

*A term preceded by an asterisk indicates that it can be found in the glossary. 



of species and sites that could be investigated, but there are still many potential 
combinations left. 

Nowadays computers can be used to calculate relations found between tree 
characteristics and factors influencing tree growth. Sometimes the relations found 
are similar for different tree species or different sites, but the order of magnitude 
may vary. Using interactive 'models to simulate these relations may help to 
reduce the numbers of combinations of tree compositions and sites that have to 
be investigated to predict 'growth for a wide range of possible combinations (cf. 
the model PINOGRAM; see section 1.3). 

Since 1985 the Department of Silviculture and Forest Ecology at Wageningen 
Agricultural University has been studying the 'growth and development of 
individual trees of three species: Douglas fir (Pseudotsuga menziesii Mirbel), 
beech (Fagus sylvatica spp.) and Scots pine (Pinus sylvestris L.). The research 
described in this book aimed to develop silvicultural information diagrams ( = 
"teeltdiagram" cf. Oldeman et al. 1985a) for Scots pine, for different sites, 
provenances and treatments (tree history). These diagrams give information on 
characteristics such as tree architecture, crown form and crown dimensions, stem 
form, stem diameter and stem volume, and the likelihood and consequences of 
flowering and fructification, disease and damage at different developmental stages 
of a tree representative for a stand. 

In principle, an infinite number of silvicultural information diagrams is possible 
(Oldeman 1985b p. 199). Therefore the influence of age, site, provenance and 
treatment on the 'phenotype of a tree has to be determined in order to be able to 
develop silvicultural information diagrams. If these relations are known, a 
silvicultural information diagram can be obtained by developing an interactive 
'model, in which data on age, site, provenance and treatment can be entered by 
the user. The model should depend on tree history and age, and therefore it was 
decided to develop a 'growth model. 

1.2 Growth models 

Many 'growth models have been developed at different spatial and temporal 
scales. The factors steering growth models also differ. A distinction is made 
between mathematical models (cf. Carvalho Oliveira 1980, Faber. 1983, 
McFadden and Oliver 1988, Barreto 1988abc, Koop 1989, Delisle 1989), 
physiological models (cf. De Wit 1978, Bormann and Likens 1979, Goudriaan 
1979, Hari et al. 1985, Mohren 1987) and architectural models (cf. Edelin 1977, 
Kellomäki and Oker-Blom 1983, Aono and Kunii 1984, Ross et al. 1986, 
Kuuluvainen et al. 1988, De Reffye et al. 1989, Roloff 1989, Oldeman 1990). 
The distinction between a physiological model, a mathematical model or an 
architectural model is not always very clear in the case of "growth and 



development models". However, a certain model may mainly deal with 
physiology or 'architecture or a mathematical artefact such as density or 'growing 
space. 

Physiological models 
Physiological models are often called 'explanatory models, because a process is 
defined by its underlying subprocesses. One of the important parameters for 
'growth in these models is the primary production (De Wit 1978, Bormann and 
Likens 1979, Goudriaan 1982, Hari et al. 1985, Mohren 1987). "Primary 
production in plant canopies is defined as the accumulation of dry matter resulting 
from assimilation of carbon dioxide by green plants, in which solar radiation is 
used as the basic source of energy to drive the biochemical processes" (Newbould 
ex Mohren 1987 p. 10). Mohren (1987 p. 11) postulates that "ecophysiological 
aspects of primary production in plant canopies can be grouped into: 
- absorption of photosynthetically active radiation by the foliage; 
- uptake of carbon dioxide by assimilation through the stomata; 
- loss of water vapour to the atmosphere through the open stomata, compensated 

for by root uptake of soil moisture, and subsequent transport to the foliage; 
- maintenance of the living biological structure, thereby consuming assimilation 

products; 
- distribution of the assimilates available for growth over the plant organs, and 

conversion of assimilation products into structural dry matter, together with 
incorporation of nutrients in the organic matter; 

- nutrient uptake by roots." 
Each of the above aspects has been shown to control or influence primary 
production (Mohren 1987). 

If all the underlying processes that influence the primary production are known 
and can be calculated in a model, this model will be very important for making 
'growth predictions. But probably not all the underlying processes and their 
'interactions, that define the primary production of a section of forest can be 
expressed in numbers. Nevertheless it is often possible to explain a large part of 
the main process by some of the underlying processes (Mohren 1987). 

The more complex a process becomes (the more explanatory variables are 
involved), the more underlying processes must be computed; these are usually 
difficult to measure, to calculate and to keep constant. 

Many variables are in fact estimates with a mean and a standard deviation, such 
as the mean day temperature, or the water supply per ha, etc. (cf. Kellomäki and 
Hari 1980, Kellomäki and Kanninen 1980). A major process is thus explained by 
its underlying subprocesses, but these are not always very exactly determined. 
This means a large risk of error accumulation. 



The profit of models depends upon their aim. If we wish to ascertain changes 
in the growth potential of an area of forest as influenced by nitrogen immission, 
physiological models may be quite useful. 

One example of a physiological model is the one developed by Bormann and 
Likens (1979). This model gives the expected development over a period of 
several centuries of the northern hardwood ecosystem in the U.S. after clear 
cutting on the basis of changes in total ecosystem biomass and using a "nutrient 
flux and cycling model" and the "small watershed technique". 

A disadvantage of physiological models is that primary production per hectare 
cannot very easily be measured by a forest manager; The resources of a research 
institute are generally needed to do this. Another disadvantage is that 'growth 
predictions by means of pure physiological models reveal little about forest-
and/or 'tree architecture. 

Architectural models 
Oldeman (1990) defines architecture as a spatio-temporal 'structure linked to a 
well-defined hierarchical level. Architectural models are principally useful because 
they describe the structure and relationship of a 'forest situation. 

Architectural models are not growth models in a strict sense (see section 2.2). 
Oldeman (1990 p.22) writes: "Architectural models are represented graphically. 
The great lines can be seen by the trained eye, and a few selected measurements 
go a long way in establishing or denying the truth of such models. For the same 
reason they also provide an easy way of communication with practical users, such 
as silviculturists or forest officers, a communication that depends on the blending 
and reciprocal translation of empirical and theoretical knowledge". 

As the architectural model attains a higher hierarchical level (s il vatic-mosaic 
> eco-unit > organism > organ) computations of all used data become more 
and more difficult. Separation into hierarchical levels and modelling within these 
levels is therefore very important (Oldeman 1990, Leersnijder and Boeijink 1990). 
Research and models, however, do not always move on one level. One step in 
modelling on a level between "organ" and "organism" has been made by De 
Reffye et al. (1989), who developed a model to simulate all tree architectural 
models (Halle and Oldeman 1970, Edelin 1977, Halle et al. 1978, Oldeman 1990) 
and their 'reiterations. This model moves between the levels "organ" and 
"organism", because its output relates to whole tree architecture (level: organism) 
as well as to the architecture of different organs (level: organ). Differences in 
branch development are defined by random choices: - whether an internodium 
will grow; - the angle with the preceding axis, etc. De Reffye et al. (1989) used 
a probability function for the functioning of the meristems within an imitated 
environment and within the limits of the architectural model. So the growth of an 
internodium is not determined by real environmental factors, but at random within 
the range of possible values, based on many observations. 



Aono and Kunii (1984) developed a similar model, using the Lindenmayer 
system. Important parameters in this model are left and right branching angle, 
contraction ratios of branch lengths and diameters, divergence angle and growth 
rate. By using attraction and inhibition points certain environmental factors (level: 
*eco-unit) influencing tree growth can be simulated. This brings us to a level 
between "organism" and "eco-unit". Computers are still too weak (not enough 
memory or too slow) or too expensive for the forestry sector to build in 
'interactions between all meristems (level: organ) and environment (level: 
eco-unit). Besides, it is questionable whether such complex models give the 
information that justifies their expense. 

Transect analysis has been improved in order to clarify the development of 
forest architecture (level "eco-unit") (Van Dort et al. 1979, Koop 1981, Oldeman 
et al. 1983, Leersnijder and Boeijink 1990). To date, a transect has been 
represented by a crown map, a profile diagram and some added numerical data. 
These transects are often very suitable for reconstructing previous forest 
development, but they still have little value for predicting future developments. 

For transect studies Koop (1989) developed a computer model (SILVI-STAR) 
that shows these actual transects in a three-dimensional, but more abstract, form. 
On the basis of stand architecture and the stumps still present, this model can 
reconstruct the past to some extent by means of regression. Because 'competition 
between trees is derived from diameter increment, no information can be given 
about crowns that have been grown asymmetrically. Therefore, competition 
between trees is not taken into account sufficiently in the reconstruction. Because 
of the enormous quantity of information it supplies, this model is especially useful 
for 'monitoring forest systems. It can also compute irradiation intensity at 
different places within a stand and can thereby link up with the more 
physiological models. 

Combined physiological and architectural models 
In Finland models using 'architecture and physiological processes have been 
developed (Kellomäki et al. 1980, Kellomäki and Hari 1980, Hari et al. 1985, 
Kellomäki 1986). This was preceded by many tree measurements at different 
levels ("organ", "organism" and "eco-unit"). Yet these models too are not able 
to predict changes of individual tree forms under influence of environmental 
factors at '"eco-unit" level. 

Mathematical models 
Mathematical 'growth models describe the variation in time of a phenomenon in 
a 'system (or some derivation from it) at an established hierarchical level and 
dependent upon certain factors. To do this, measured and weighted variables are 
compared and subjected to regression analysis (which assumes that the variable 
of interest is dependent upon one or more mutual independent variables). Then 
the best fitting statistical regression line is chosen. An equation can be derived 



from this line: its validity is restricted to the range in which the variables are 
measured. 

Examples of mathematical growth models ("eco-unit" level) include 'yield 
tables, which reveal the mean wood production, mean diameter and mean height 
of a closed even-aged 'pure stand at certain age. Yield tables generally do not 
explain competitive relations between trees. Also they do not give any information 
on 'forest architecture and they do not give yield data of open stands. However, 
the 'growth area model developed by Faber (Faber 1983, 1986) enables 'social 
position and the increment of height, diameter and volume to be calculated (see 
also section 3.2.2). 

Hara (1988) gives an overview of models that describe "dynamics of size 
structure in plant populations" ("organism" and "eco-unit" level). He distinguishes 
"spatial models that require information about the position of each plant in a 
space, and non spatial models that do not require such information. The spatial 
models are further divided into distance models and domain models. Directly or 
indirectly, these dynamic models take into account 'interactions between 
neighbouring plants (neighbourhood effects). In distance models, the 'growth of 
the subject plant is determined as a function of the distances from the neighbours, 
the sizes, number and angular dispersion of the neighbouring plants" (Hara 1988 
p. 130). 

In domain models each plant in a space has a circular domain, called the "zone 
of influence (ZOI)", correlated with its size. A plant whose ZOI overlaps with 
those of its neighbours has a growth rate derived from the potential growth rate 
according to the overlapped area of ZOIs. In nonspatial models plant sizes are 
assumed to be randomly distributed over a space at each growing stage, and any 
sub-space has the same size distribution pattern. Thus the averaged neighbourhood 
effects are considered (Hara 1988). 

Combined physiological and mathematical models 
Examples of combined physiological and mathematical 'growth models are those 
of the JABOWA family (Botkin in West et al. 1981 p.39): "Briefly the 
assumptions used in the JABOWA model include the following. An individual tree 
of each species has an optimal or maximal growth curve, specific to that species 
and relating growth rate to size. This rate of growth is directly proportional to the 
amount of photosynthates that can be produced by the leaf tissue of the tree, and 
is inversely proportional to the amount of photosynthates required for the 
sustenance of existing nonphotosynthetic tissue. The rest of the photosynthate, 
according to simple algebraic formulation, goes into the production of new 
vegetative tissue. 

"This optimal growth is decreased by suboptimal conditions of light, 
temperature, water, or any factor that a user of the model might want to add. The 
response to light is a monotonie curve, with an additional influence from 
temperature. Leaf weight is calculated from diameter. 



"Each species has certain intrinsic population or life history characteristics, 
including rates of birth, growth, and death. 'Pioneer species produce abundant 
and widely scattered seeds, grow quickly, and live a short time. Species of old-
age forests are characterized by the production of fewer seeds, which germinate 
in less abundance, and which grow more slowly but live a longer time. With 
regard to inter- and intraspecific 'competition, the primary assumption is that trees 
compete primarily for light, although some species grow much better in bright 
light than others, and the ones that grow well in bright light grow poorly in dim 
light." 

The JABOWA models give a general insight into the potential development of 
an 'eco-unit, but certainly are not yet able to predict proportions of individual 
trees with enough precision. 'Growth predictions are the best here on a level 
between eco-unit and 'silvatic-mosaic. 

Clearly much work has been done trying to predict growth at different 
hierarchical levels responding to a different problem. It seems to be a good idea 
to develop hierarchical models that will fill in the gaps in the models discussed 
above and will connect the various 'growth models with their different 
hierarchical levels. 

1.3 The PINOGRAM growth model 

Because a silvicultural information diagram should give the changes in time of the 
'phenotype of a tree, the model should link the levels of "organism" and 
*"eco-unit". The phenotype of a tree depends upon its '"normal growth" and also 
upon favourable and stress factors. "Normal growth" is defined by the genetic 
characteristics of a tree, by a more or less constant site quality and climate during 
its lifetime and by 'competition for light, water and nutrients. Stress factors may 
be diseases and plagues, environmental pollution and damage by, for example, 
temporary climate extremes. Favourable factors may be fertilization, improved 
soil water supply, immigration of mycorrhizal fungi, etc. 

The models present in the current literature are either related to another 
hierarchical level, or do not deal with crown growth or with the 'growing space 
of individual trees and the 'structure of the 'eco-unit. Therefore none of them are 
really appropriate for creating a silvicultural information diagram for the different 
circumstances required. This is why a new model is needed. 

Because crown proportions and stem proportions of individual trees are essential 
in silvicultural information diagrams the model needs information about 'stand 
architecture more than physiological information. This does not mean that 
physiological information is less important. Changes in the height growth of trees 



can probably be better explained with the help of physiological models. In the 
model presented here the height growth is a black box and other tree 
characteristics are more or less derived from this height growth. If a physiological 
mathematical model can be developed in future to predict height growth better in 
relation to site, genetic traits, micro-climate and atmospheric conditions, that 
model could probably easily be combined with the PINOGRAM model presented 
here. 

PINOGRAM stands for PINe GRowth Area Model. Its growth predictions are 
restricted to the "'normal growth". 'Competition is understood as competition for 
qualified space and constraints are not defined (e.g. available light, water or 
nutrients). One of the most important ways of influencing the growth of a tree is 
to give it more space by felling neighbouring trees. The model does indeed show 
large similarities with the "spatial" models and, according to Hara's overview 
(Hara 1988), can be classified as a "distance model". 

PINOGRAM predicts the proportions of each individual tree within an even aged 
stand at a continuously changing degree of 'interaction with neighbours at any 
given age. Tree coordinates, tree height and crown length and crown width in 
several directions are calculated and drawn. The prediction of proportions of 
individual trees in even aged stands may offer a helpful framework for similar 
predictions for trees in uneven aged- and mixed stands, as described in several 
'target types of forest (Anonymus 1986). 

PINOGRAM does not use data on tree architecture as used in the models of Aono 
and Kunii (1984), De Reffye et al. (1989), Roloff (1989) or Kunii and Enomoto 
(1991) and it also does not use data on 'silvatic-mosaic (see for example Kessell 
1979, who uses the concept, not the term, however). In PINOGRAM the 
attainable height of a tree is randomly determined within a range entered by the 
user and can be considered as a result of 'interaction between genetic tree 
characteristics and site properties (see sections 2.2.2, 2.2.3 and 4.6), whereas 
height growth is calculated with the help of a function that describes the mean 
height growth of Scots pine in the Netherlands (see section 4.7). 

Beneath some architectural data the model also computes classical yield data 
per ha and per tree, and in this way it is closely related to the many models 
dealing with these yield data (see section 4.17 and 4.20). 

To cope with the multitude of 'forest situations already appearing in very 
simple ecosystems, the model has been made interactive; the user can choose and 
input site, treatment, age, etc. can be chosen and entered by the user (see sections 
4.5, 4.21, 4.23). Chapter 6 describes examples of treatments and the results 
obtained when using PINOGRAM on Scots pine (Pinus sylvestris L.) in pure 
even-aged stands in the Veluwe area in the Netherlands. 
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2 BASIC CONCEPTS USED IN THE PINOGRAM MODEL 

2.1 Introduction 

Section 2.2 gives some background information on 'growth of Scots pine and the 
main factors that influence this growth. In section 2.3 data of an old provenance 
trial in Kootwijk (Province of Gelderland, the Netherlands) were used in order to 
test the predictability of the influence of provenance and stem density on mean 
tree dimensions. 

2.2 Growth of Scots pine 

2.2.1 Introduction 

'Growth may be understood as a process which is steered by growth factors 
inherent in a certain starting 'situation and driving it towards a new situation after 
some time. The starting situation may be understood as a 'system at a certain 
hierarchical level, built up from subsystems at a lower hierarchical level. 

Growth factors such as light, water, chemicals and warmth (Fanta 1985) may 
affect systems of any hierarchical level more or less directly. In order to explain 
the correspondence between a system and its steering growth factors, it is often 
more practical to classify growth factors according to hierarchical levels too, e.g. 
the factor light at "cell level" could be expressed in Joules per mm2 per minute 
and at "organ level" it could be expressed in Joules per cm2 per day, etc. 
Oldeman's Rules of Scale (1990 p.560) show that: "If, within a pair of interacting 
living systems, one system has n times the size or mass of the other, 'interaction 
will occur most probably between the smallest living system and that subsystem 
of the largest one which is closest to n'1 of the size or mass of that largest 
system". In the same way one could classify growth factors according to the area 
on which they bring to bear direct influence and according to the duration of that 
influence. So, determining the influence of light on tree height increment per 
second is spurious, as is determining the influence of global warming on the 
growth of a single tree branch. 

The higher the hierarchical level of the system, the less exactly the influence 
of different growth factors can be determined. One may use averages for larger 
areas or time intervals, adapted to the system's hierarchical level as explained 
above. One may also use a combination of growth factors as one new aggregated 
growth factor (super growth factor). 
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The PINOGRAM model acts on a level between organism and *eco-unit, because 
the output is expressed in dimensions compatible with eco-units as well as with 
organisms. The corresponding super growth factors used at this level are: 
- 'genotype (potential within-tree growth factor) (see section 2.2.2); 
- site (potential outside-tree growth factor) (see section 2.2.3); 
- 'growing space (growth-limiting factor) (see section 2.2.4); 
Each of these factors is principally built from a set of underlying factors or 
subfactors and their 'interactions. The subfactors were not relevant in the research 
described here and they have therefore been left as if they were a black box. 

The starting situation is explained by: 
- age (years) (see section 2.2.5); 
- 'phenotype of the trees (architecture) (see section 2.2.6); 
These are dimensions (time, space), not biological factors, for the description of 
the starting situation. However, as seen from a mathematical viewpoint these 
variables define a certain growth, so they indeed are 'mathematical factors. 

2.2.2 The genetic traits of a tree. 

In the science of genetics two definitions, describing traits of a tree, are 
important: 'genotype and 'phenotype. The genotype of an individual describes the 
complete set of inherited genes, whereas the phenotype represents all aspects of 
morphology, physiology, behaviour and ecological relations (Suzuki et al. 1989). 
Trees with identical characteristics do not necessarily belong to the same genotype 
and trees with different characteristics may in principle belong to the same 
genotype. 

In natural populations a phenotypically continuous distribution is found for 
many characteristics (e.g. height growth, seed production). This is partly caused 
by genetic differences within the population and partly by different environmental 
factors. However, what part of the phenotypical variation is genetically defined 
and what part is caused by the environment is very difficult to compute and can 
only be computed when the genotype is known and the mean phenotypical 
variation between genotypes is smaller than the variation between individuals 
within that genotype. 

The exact genotype of Scots pine in the Netherlands is almost never known at 
a level below "species". However, sometimes the origin of the seed, the 
provenance, is known. Here, a provenance is defined as a population of trees 
within one species, sharing some similar traits, resulting from a lasting selection 
of that species within one geographic zone. Suzuki et al.(1989) mention 
"familiality" in this context: traits are "familial" if all members of one family 
share them (note: this is not a taxonomie family). The same more or less applies 
to a provenance: traits are provenance traits if all the trees of a species of one 
defined climatic zone share them. Hence, provenance traits are not by definition 
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heritable. It is possible that trees of different provenances will show similar 
characteristics, if they are in the same environment. 

Within one population the quantitative frequency of specific genotypes can be 
changed by recombination, immigration of genes and new mutations (Suzuki et 
al., 1989). Thus a provenance is not static. 

In the Netherlands Scots pine shows a large variation of provenances. As early 
as the 16th century Scots pine seed was imported from abroad (Buis 1985, Tutein 
Nolthenius 1891, Fanta 1983, Wolterson 1972, Huisman 1983). At the end of the 
last century and at the beginning of this century large-scale afforestation with 
Scots pine began, mainly to anchor drifting sand, to use degraded sites, to create 
employment and to satisfy demand for pit props. 

Seed of unknown provenance and genetically undesired quality has often been 
used for this afforestation (Huisman 1983, Kriek 1983). Since 1926 more control 
has been exerted on the provenance of seeds and young plants of Scots pine, first 
by the "Vereniging Waarborg Herkomst Groveden" (the Vereniging W.H.G) and 
since 1942 by the "Nederlandse Algemene Keuringsdienst voor 
Boomkwekerijgewassen" (N.A.K.B.). In 1960 a large selection and sampling 
programme was started. The first Dutch seed orchard "Grubbenvorst", was 
established in 1965, the second, "Voorsterbos", in 1972 (Van 't Leven 1979, 
Kriek 1983). 

In the meantime, it was confirmed from separate provenance experiments that 
foreign provenances grow less well in the Netherlands than Dutch provenances 
(van Vloten 1927, Van Soest 1952, Kriek and Bikker 1973, Kriek 1983). 
Moreover, provenances from the North-West of the Netherlands appeared to grow 
better than those from elsewhere in the country, because of their greater resistance 
to Lophodermium seditiosum (Squillace et al. 1975, Van 't Leven 1979). 
However, most Dutch provenances originated from stock introduced one or more 
generations earlier. There was probably a fast selection for resistance to 
Lophodermium seditiosum, because the more humid maritime climate increased 
the chance of injury from this pathogen (Wiersma 1985). 

Generally, provenances from Southern and Eastern Europe are more sensitive 
to Lophodermium seditiosum, and provenances from Northern and Western 
Europe grow more slowly (Van Soest 1952, Kriek 1983). The sensitivity to 
daylength and temperature of provenances of different latitudes is probably 
important here. It is well-known that the further north and the higher the altitude 
at which plants grow, the better they are adapted to low temperatures and long 
days, and the further south plants grow, the better they are selected for strong 
growth, resulting in taller and more branched trees (Wiersma 1985, Mayer 1984). 

At the moment, the Scots pine population in the Netherlands still largely 
consists of poorly to badly adapted provenances. Much seed has been used from 
pines that were sown by wind, or from selected low-branched trees of unknown 
origin (Jansen and Van Broekhuizen 1952, Heybroek 1974). The use of these 
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wind sown pines and border trees was indeed advised by Hesselink (1922). 
Moreover, seeds and plants were imported until the seventies (Van 't Leven 
1979), because these seeds and plants were cheaper (Kriek 1983). Since the 
seventies, natural regeneration has become increasingly common (Fanta 1982). 
According to Fanta (1983), the natural regeneration of maladjusted provenances 
makes it unlikely that the Scots pine domain in the Netherlands will improve 
rapidly. However, most stands of Scots pine in the Netherlands are of unknown 
provenance. Sometimes old stands seem to have a bad provenance according to 
their 'phenotype (very thick branches, many 'reiterations, slow growth, etc.), but 
show a much better phenotype in the second generation (Prins and Kuper 1989). 

Differences in increment between provenances may be crucial. In an experience 
with Scots pine provenances Van Soest (1952) found that some provenances had 
an average height growth 60 to 30% below others, mainly because of provenance 
differences (see section 2.3). 

From the above it can be concluded that the Scots pine population in the 
Netherlands still includes much variation caused by different provenances. A 
given provenance can indicate probable growth characteristics, but we can never 
accurately predict the growth potential of individual trees. In his summary Hagner 
(1970) posits that variation in growth between trees within a stand is generally so 
large that a natural population can never be seen as completely adapted to any 
site, because there will always be some trees that are not adjusted genetically. 
One could also say that a natural population is optimally adapted to its site if there 
is enough genetic variation to ensure that there will always be individuals that 
survive or use temporary extremes in site conditions. 

The provenance concept thus has less relevance for predicting the 'growth of 
individual trees than for predicting the mean growth of a stand. However, it does 
indicate the most likely maximum and minimum growth and perhaps even the 
distribution within these limits. Statistical research on the relation between growth 
and provenance (cf. Hagner 1970) is very time consuming. Furthermore, very 
many combinations of provenances with different climate, site and age are 
possible (Oldeman et al. 1985a). A combined provenance-site classification may 
offer a solution. 

2.2.3 Site 

Researchers have for a long time been trying to find relations between site and 
growth potential (e.g. Cajander 1909, Rubner 1929, Schelling 1960, Van der 
Werf 1968, Schmidt 1969, Jansen 1972, Bannink et al. 1973, Van Goor et al. 
1974, Van Lynden 1977, Kessell 1979, Fanta 1982, Fanta 1985, Firet 1986, 
Paasman 1988, Kapsenberg 1990). In the original conception, site was defined as 
the place where a plant, a tree or a forest grows, and having characteristics like 
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water supply, fertility or surrounding organisms, that make it more or less 
suitable for plant growth. 

The relations between different soil properties and 'growth of Scots pine stands 
are given briefly in Table 1 (after Van den Burg et al. 1983 and Mayer 1984). 

TABLE 1 Soil properties in relation to growth potential of Scots pine 
(compiled from data from Van den Burg et al. (1983) and Mayer (1984)). 

Mean spring 
groundwater 
level 

Soil water 
supply (2) 

N-total (3) 

N-organic (4) 

P-total (5) 

pHkd 

< 25 cm -ground level 
25-50 cm -ground level 
> 50 cm -ground level 

< 50 mm 
50-80 mm 
> 100 mm 

< 0.02 % 
0.02-0.06 % 
> 0.06 % 

< 1.5 % 
1.5-1.9 % 
> 1.9 % 

< 10 mg / 100g 
10-20 mg / 100g 
> 20 mg / 100g 

< 3 
3-4 
4-5 
> 5 

growth 
potential (1) 

— 
+ 

— 
+ 

— 
+ 

— 
+ 

— 
+ 

— 
+ 
+ 

Remarks 

N-total is only important for 
soils poor in organic matter. 

On moist soils Scots pine 
needs less phosphorus. 

At pH > 5 more likelihood 
of crooked stems and thick 
branches, lime-induced 
chlorosis and infection by 
Heterobasidion annosum 

(1) = poor growth (IQ.^ < 4.2 m3 per ha per year) 
— = moderate growth (4.2 < I^^ < 6.6 m3 per ha per year) 
+ = good growth (l^jg > 6.6 m3 per ha per year) 
flo-x ~ mean annual increment per ha from age = Oyear until age = 50 years) 

(2) The soil water supply is the amount of water that can be supplied to plant roots in a 
growth season of 150 days and in a very dry year. 

(3) N-total is the percentage of nitrogen in the layer 0-25 cm below ground level. 
(4) N-organic is the percentage of nitrogen of the organic matter in the layer 0-25 cm below 

ground level. 
(5) P-total is the amount of phosphorus expressed in mg P205 per 100 gram soil. 



14 

Sites have often been classified by analysing the vegetation (cf. Cajander 1909, 
Clements 1916, Ilvessalo 1920, Du Rietz 1921, Braun Blanquet 1928/1951/1964, 
Tüxen and Diemont 1937, Becking 1951, Whittaker 1953, Kalela 1954, Scamoni 
1954, Doing 1962, Van der Werf 1968, Westhoff and Den Held 1969, Bannink 
et al. 1973, Koop 1981). The main point here is that site characteristics are 
reflected in the species composition of the vegetation. Mapping the vegetation thus 
gives information about the influence of environmental factors in the mapped 
area. This in its turn should reflect growth potential in that area. 

In many site classifications for the Dutch forests only the undergrowth is 
considered. This is because most Dutch forests consist of exotic species and 
provenances, which are considered to be poor indicators of site potentials (Fanta 
1985). The spontaneous undergrowth gives a much better indication, providing 
soil disturbance is minor (Fanta 1985, Kapsenberg 1990). Van der Werf describes 
two detailed "undergrowth classifications" for the Veluwe in the province of 
Gelderland, the Netherlands (Van der Werf 1968, Van der Werf in ten Houte de 
Lange 1977). He found a good correlation between types of undergrowth and tree 
growth (Van der Werf 1968, cf. Jansen 1972) and also between undergrowth 
types and phases of succession and regression (Van der Werf in ten Houte de 
Lange 1977). 

Another detailed "undergrowth classification" for the Netherlands was described 
by Bannink, Leys and Zonneveld (1973). Here, "undergrowth types" are built up 
from a combination of sociological groups of species. A good correlation was 
found between "undergrowth types" and the nutrients available for trees. 
Differences in soil water supply were not always indicated by the undergrowth. 
Therefore, as well as an undergrowth map site classification needs a soil map, in 
which groundwater fluctuation, soil water supply and drainage are included (cf. 
Schütz and Van Tol 1982). 

In addition to site classifications using vegetation, many site classifications in 
the Netherlands have used soil types, form and percentage of humus, groundwater 
fluctuations, pH, parent material and, recently, forest history and previous land 
use (Schelling 1960, Wallesch 1963, Van der Werf 1968, Van Goor et al. 1974, 
Van Lynden 1977, Van den Burg et al. 1983, Anonymus 1986). 

In order to understand site characteristics, all these classification methods 
should be compared. The scheme drawn up by Fanta (1985; our Fig. 1) is a good 
guideline for this. Fanta (1985) describes a forest site as a complex of factors of 
the physical environment, establishing the existence, composition, development 
and growth of a forest. Once-off and occasional influences on the forest 
community (such as windthrow) are not included as site factors; neither is 
'competition between trees in a stand. In this context Fanta (1985) distinguishes 
growth factors and site factors (Fig. 1). He defines them as follows: 
- Primary growth factors for green plants are light, water and chemicals. The 

total amount and the availability in time of growth factors condition the 
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existence, growth and production of green plants and their competition with 
other plants and plant communities. 

The arrows in Fig. 1 indicate how the supply of growth factors to plants and 
forest is regulated by site factors. The feedback gives the influence of the 
vegetation on secondary site factors (stabilizing interaction). 
- Primary site factors are climate, topography and orography, parent material, 

groundwater and surface water. They are the causes of certain ecological 
characteristics of ecosystems. They are more or less constant and unlike 
secondary site factors do not belong to the ecosystem; 

- Secondary site factors are forest climate, micro-relief, soil, humus and water 
management. These factors are not stable and arise from 'interaction between 
biotic and abiotic components of the ecosystem. Secondary site factors are 
almost completely absent from young ecosystems, but have developed well in 
old forest ecosystems. 

According to Fanta (1985) a site class is an assemblage of locations with the same 
combination of site factors, the same constitution of relations between site and 
forest and thus also with the same silvicultural potential. To be able to draw up 
and describe such a site classification requires much knowledge on forest ecology, 
geobotany, plant sociology, 'forest architecture, soil science, climatology, geology 
and geomorphology, and history of forest and forestry. This knowledge is also 
required to be able to interpret the effects of site factors on the forest. 

An almost infinite number of site classes can be distinguished within a 
classification based on so many characteristics. It is also important to know the 
aim of the classification. Thus, a classification that includes one or more (maybe 
sometimes even all) of the following aspects can be drawn up (Koop 1981, Fanta 
1982): 
- growth of tree species; 
- vitality of tree species; 
- likelihood of survival of tree species; 
- production capacity of tree species; 
- regeneration ecology of tree species; 
- 'architecture and development of a given forest community (Kuiper 1988); 
- potential natural forest development related to composition, architecture and 

dynamics of the forest community; 
- the risk of diseases, plagues, storm damage, etc.; 
- carrying capacity of the area and its potential for recreation; 
- the area's dependence on groundwater and surface water. 

A site's suitability for the growth and production potential of tree species is often 
given with the help of the mean stem volume increment per ha at the age that this 
mean annual increment has peaked. For Scots pine this is generally at 50 years 
(Schütz and Van Tol 1982). This mean stem volume increment can be estimated 
from the dominant height and the age of a stand. The dominant height or top 
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height is the average height of the hundred tallest trees per ha (Schütz and van 
Tol 1982). Jansen and Schmidt (1991) define top height as mentioned above and 
dominant height as the stand mean of the tallest tree per are (= 100m2). In this 
book the former definition is used. The growth curve of trees of this dominant 
height appears to roughly reflect the site's suitability for that tree species: the 
more suitable the site is, the faster the growth. The 'yield tables of Bastide and 
Faber (1972) are based on this principle. So, the height growth of trees is an 
important criterion for judging site suitability. 

Old Scots pine trees often show a stagnation of height growth and a flat crown 
form (Mitscherlich 1970, Roloff 1989). This means that either the top of the tree 
bends and length growth continues, or top shoots repeatedly break off, building 
several 'reiteration patterns and showing no clear height growth (Edelin 1977). 

This crown flattening can be attributed to a defective water supply. When trees 
are healthy and have enough 'growing space, branches can continue to grow 
laterally and diameter growth normally goes on (Van den Burg et al. 1983). 
Under certain circumstances it is possible that after initial flattening of the crown 
height growth is stimulated anew (Pretzsch 1985, 1987), for example by soil 
characteristics changing as a result of immission, fertilization or changing water 
management. Soil stratification can also have a large influence on height growth 
(for example when, as a tree grows older, its roots penetrate a deeper fertile 
layer). The expected course of height growth is thus rather uncertain, especially 
in older trees. 
The maximum height that Scots pine reaches in the Netherlands is about 26 
metres, dependent upon site and at an age of over 120 years. Heights of 23 to 26 
metres occur only on the most fertile sites, but these are usually planted with 
more demanding coniferous and broad-leaved species (cf. Paasman 1984). 

An example of a "combined" site classification, principally developed for 
predicting production potential and vitality of stands, is given by Schütz and Van 
Tol (1982). A very detailed combined site classification was developed (Firet et 
al. 1985) for use on 'target types of forest (Anonymus 1986). A scale of 1:10 000 
was proposed for this site classification. 

At a level below the above-mentioned classification methods, in which a site class 
is seen as a homogeneous unit, come ordination methods for establishing gradients 
(Kessell 1979). In ordination, the sites and species are arranged along axes that 
represent hypothetical variables in such a way that these arrangements optimally 
(from a statistical viewpoint) summarize the species data (Jongman et al. 1987). 

From the above we may conclude that it is not easy to develop site classifications 
in which each site class gives its own indication of the silvicultural prospects in 
connection with aspects as growth, vitality, likelihood of survival, production 
capacity etc. (see previous page). Primary site factors are usually easy to measure 
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and often rather constant over large areas. Secondary site factors, however, can 
vary over very short distances and may be especially important in older forests. 
Moreover, secondary site factors usually change much faster than primary site 
factors. 

Questions about production capacity of an area of forest are mostly related to 
at least several hectares. A site classification per m2 or less for such an area is as 
useless as it is impossible. So secondary site factors will always be measured as 
averages for areas of at least several ares (scale of the stand 1:1000 to 1:5000). 

However, a classification at this scale for the whole of the Netherlands is not 
manageable either. Perhaps in future a classification at a scale of 1:10 000 may 
be possible (cf. Firet et al. 1985). But, clearly, at this scale considerable 
differences in silvicultural potential might be found within each site class. 

Furthermore, not all relations are known between site class as a combination 
of site factors and site potential respectively site constraints. Clearly, a site 
classification for the Netherlands will not fit the "*eco-unit" level very well and 
will certainly not fit the "organism" level. Hence it is impossible to predict the 
course of height growth of individual trees on the basis of a site classification. But 
it might be possible to find a useful distribution function representing mean 
normal height growth and standard deviation of trees of a certain provenance per 
site class. 

2.2.4 Growing space 

Various researchers have studied the 'growing space of a tree; they include 
Wiedeman (1948), Faber (1971, 1983, 1986), Johansson (1986), Kellomäki 
(1986) and Mc Fadden and Oliver (1988). Mc Fadden and Oliver (1988 p.665) 
note that: "trees in even-aged stands first grow without 'competition from 
neighboring trees -"open growth". They expand in size at a rate governed by the 
site and their genetic makeup. As they expand they begin competing with 
neighbors for light, moisture, nutrients or other components of the "growing 
space" or "biological space" (Ross and Harper 1972). They often change their 
shape during competition - a "plastic response" (Harper 1977, Hutchings and 
Budd 1981)- as shade or root competition reduce the ability of certain limbs to 
grow and as the respiring tissue of each tree increases relative to its 
photosynthesizing tissue. The greater respiring tissue reduces the photosynthate 
allocation first to diameter growth, and then to height growth (Assmann 1970, 
Mitchell 1975). If all trees in a stand grow uniformly, they uniformly decline in 
diameter growth and then height growth until all photosynthesis is utilized for 
respiration (and needle and fine root replacement) and growth ceases." 

Kellomäki and Kanninen (1980) found that in shaded conditions the growth of 
crown and stem characteristics was greater than expected on the basis of 
photosynthate supply. In the stem system this was especially apparent for height 



19 

growth. Consequently, height growth was favoured at the expense of 'radial 
growth in shaded conditions. Faber (1986) reports that only extremely low and 
extremely high stem numbers per ha, thus extremely large and extremely small 
growing spaces per tree, influence the height growth of a stand. According to 
Baker (1950 ex Hari et al. 1985) a larger height / diameter ratio arises from poor 
illumination. 

The relation between mean growing space and mortality has also been 
described by several authors (Yoda et al. 1963, Harper 1977, White 1980, 
Carvalho Oliveira 1980, Valentine 1988, Barreto 1988a, McFadden and Oliver 
1988, Harm and Wang 1990). Sometimes, probability of mortality is related to 
initial tree dimensions and mean tree dimensions per area (Miner et al. 1988, 
Hann and Wang 1990), sometimes probability of mortality is directly related to 
stem number per area (Yoda et al. 1963, Harper 1977, White 1980, Carvalho 
Oliveira 1980, Valentine 1988, Barreto 1988, Hann and Wang, 1990). The 
relation between density p and mean maximum biomass of a plant or tree w is 
described by these authors as "3/2 power law": 

w = d * p02 (!) 

in which Cj is a constant dependent upon site and tree species, and in many case 
c2 nears the value 3/2. 

In conclusion it can be said that growing space defines the degree of 
'interaction between a tree and its neighbour. Here, interaction may be understood 
as competition for space. Hence, the size of the growing space can strongly 
influence tree growth: small growing spaces negatively affect diameter growth and 
very small growing spaces negatively influence height growth. A relatively small 
growing space per tree increases the likelihood of mechanical damage from 
branches of neighbouring trees. 

According to Fanta's scheme (Fanta 1985 our Fig. 1) growing space is actually 
a secondary site factor. 

2.2.5 Age 

The height growth of Scots pine varies strongly with age. The mean cumulative 
height growth with age follows the usual S-shaped curve (sigmoid). 

In the 'innovation phase height growth is relatively slow, in the 'aggradation 
phase it is fast, and in the "biostatic phase relative it is slow again (for phase 
definitions see Oldeman 1990). Contrary to Norway spruce (Picea abies L.) and 
giant fir (Abies grandis Lindl.), Scots pine does not tolerate a long-term 
suppression. It will quickly die when 'suppressed, but Norway spruce and giant 


