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1o INTRODUCTION

The development of dynamic growth simulation models ond cybernetic
sensitivity models is port of the interdisciplinary Amazon
ecosystem reseorch project at San Carlos de Rio Negro, Venezuela
which is an multinotionol contribution to the Unesco program

"Man and the Biosphere". The development of these models is a
first step in the demonstrotion of the complex interactions withip
forest ecosystems by using dynamic and cross-linked multiy&riable
biocybernetic sensitivity modelé. One of the objectives is to
quantify the consequences of the divers humunrimpucts on the
functional system of forests. Based on these models, silvicultural
ond agrosilvicultural systems ond production schedules could be
designed which aim at simultoneously high ecological stability,
environmental suitability, technologicaol and economical flexibility
ond'productivity, and gemerally ot optimum benefits to mon ond the
biosphere. -

The development of o medel hierarchy of models which simgldte

tree and stand structure, growth ond functioﬁs,und which ot highg:
level involve cybermetic models for sensitivity analysis ond”
p:edicfion in the fields ofrecology, economics ond- sociology is
part of a cooperative progrom of the Department of Forestry,
University of Oxford, the Chair of World Forestry, University of
Hemburg, the Cemputing Céntre of Hambirg University;‘the institqte

* Unit of Tropical Silvicﬁlture, Commeonweal th Foreéfry Institute,
Department of Forestry, University of Oxford : :
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for World Forestry, Federal Research Centre for Forestry and

Forest Products, Hamburg-Reinbek, the"Planungsgemeinschoft Unter-
main} Frankfurt ond the "Studiengruppe Biologie und Umwelt ", Munich.
The stand structure and growth modelling is supported by the
Associotion of German Forest Owners Unions end in the tropical
scosystems port of the project by the German Research Foundotion
(DFG).

The general methodology of forest growth modelling is now quite
well developed. It is not intended to review the literature in
this report but refer to ADLARD (1977/78), ALDER (1977; 1977/78)},
FRIES (1974), FRIES et al, (1978) which provide a generaol
introduction to the field and to the paopers by GROSSMANN, SCHWARZ,
v HESLER and VESTER elsewhere in this volume, DevelOPMQnt of

the model described below-has progressed to an intermediate stage.
Consequently this report is preliminary and modifications will be

introduced during further.development.

The mathematical principle of the model is applicable to any
tree species which grows in pure stands or in mixed stands. The
model, however, requires that informotion on onnuol growth rotes
is ovoiloble, The first model which has been developed in the
first phose of the modelling project is referred by the acronym
KIM, which stand for Kiefer (Germon nome of pine = Pinus 7
sylvestris L.) and Modell, It is designed to be used as a tool
in studying the monagement options which may be feosible for ihe'
large oreas of over=stocked P, sylvestris plontotions, which are-
to be found in Northefn Germany, and which urgently require

ameliorative treatment.
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2.  THE PROBLEMS

Substential areas 6f Pinus sylvesiris pleontation have been
established over the last 50 yeors in Northern Germany,
Yield tables for these stends have been published by SCHOBER
(1975), based on work by WIEDEMANN (1948), However, as o
result of the economic conditions that hove. developed in
post-war years, especially high- lobour costs, the frequent
light thinnings implied by the yield tables have not been

possible in mony of these plontotions,

This has led to two distinct manogement problems. The first
concerns the ameliorative treatment of the very large- areas
of forest thot ore overstocked as a result of laock of
thinning, The second relates to the sfudy of alternative,
more feasible treatment regimes thaot can be applied through
the use of a systems simulation model of the growth of
even-aged, rionspecific stands. This model is on adaption of
previously published work which hos been extended to include
estimates of branch size and wind throw frequency, Both these

are relotively critical factors in the sllviculture of

P._sylvestris in Germany.

3. GENERAL MODEL STRUCTURE

The mode, colled KIM (Kiefer Modell), is ah adaption of the
VYTL model described in ALDER (1977). It is, in the terminology
-of MUNRO {1975), o distonce~independent tree model. As with
most sysfems models, its operotien con be divided into twe

main phases: initialization, and dynamic iteration over time,
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Iﬁ the initialization phase starting values are set for the
main variables in the model. In the dynamic phase, new values
are calculated in each S—year time period for all the variables
baged upon the values of certain key 'state’ variables at

the end of the previous time period.

In KIM, the main features of the dynamic phase are as shown in
figure 1. The main independent variables, exXogenous to the
simulation, are stand age {derived directly from the iteration
number), yield class, and the intensity of thinnings. There
are two key state variables, which are carried over from one
iteration to the next and from which all the other ﬂependenf
variables are derived. These are. stocking (numbers of trees
per hectare) and the array of diameter deciles. Other vori-
ables ore +then calculated from these to serve as intermediary
components of feedback loops to determine end of period
diameter deciles and stocking. These intermediary variables
are mean diameter, the array of tree heights corresponding to
each diameter decile, crown competition factor, mean height,
and mesn sienderness ratio. Finzlly, there are a number of
variables important to the menager, such as volume, branch
diameter, losses from windfall and suppression, and thinning
removals, as well as some not shown on the diagram, such as
basal area, mean annual increment, and so on, which are )
calculated for output from the model tmt do not themselves
effect any other variable,

Figure 1 is intended to illustrate these interactions and
highlight the functioms involved. Thus for example, it can be
seen that mean height is derived from age and yield class via -
function 3; and that the diameter increment fungtion-(T)
depends on age, yield eclass, crown compebition faetor; and

the internel relationships in the array of diameter deciles.
The figure is slightly simpiified in order to render it
presentable; some small discrepancies will be pointed out in
the sections describing the model in detail.

_ The initialization phase of the model is not shown in'fignre'l.
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Simulation commences at age 15, when functions 1 and 2, as
shown on the diagram, are invoked to set starting values for
the array of diameter deciles and for stocking. The full list
of all the function numbers on the figure is as follows:

Fanction

10

Deseription

Sets the initial diameter distribution as a
function of yield class and planted stocking.

Sets the initial stocking, as either the planted
stocking or a value reduced by early mortality.

Gives mean height as determined by age and yield

class.

Gives crown competition factor as determined by
the diameter array and stocking.

Sets the array of heights corresponding to
diameter deciles. ’

Computes stand volume from individual class
diameters, heights, form factor and stocking.

Calculates diameter increment. This is a complex
function mainly determined by age, yield cliass,
relative tree size, and crown competition factor.

Calculates losses from suppression and removes
them using the standard thimming simalation
routine of the model.

Calculates mean slenderness ratio as the average
of individual class slendernesses.

Determines the likely propdrtion of the stand
windthrown, as a function of mean slenderness
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Function Deseription
{conte.s..) and simulates its removal.
11 Simulates thinning in accordance with management

12

~directives supplied to the model by the user.

Computes mean branch diameter aé a function of
class diameters and heights.

The model as a whole has the following main parameters which

_are

(1)

(2)

(3)

(4)

controlled by the user:

Windthrow protection factor. This is a subjectively
determined factor which has extreme values of zero,

for completely protected sites, and one, for an exposed
gite with shallow rooting soil.

Yield class. These are the relative yield classes given
in SCHOBER {1975). The model is calibrated for claases
1 to 4. I% has not been tested for the yieid classes
lower than 4. '

Initisl stocking after planting.

The age and residual-stpckiﬁg for each thinning treatment.
There is no 1imit on. the number of thinnings or their
severity or timing, except: that they may not take placé
before age 15.. ’

Given these specificetions, the model then produces a yield

tabl

e for output. An example, for :SCHOBER's moderate thinning

on yield clase 2, is shown in teble 1 .. The cemputer time

required is sbout 1 second.
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4, CALIBRATION DATA

In order to fit the specific funcitions listed above, some
additional calibration data was required over and above
previcusly published work on Pinmus sylvestris. This was
obtained by sampling individual tree plots in a number of
carefully selected stands in several forest districts

in northwestern Germcny during the winter 1977-1978. The
sampling was sfratified to cover a range of competition from
‘golitary trees to the densest stands, and of ages from 5-10
years upto'120-130 years. In each of the denser stands,
dominant, co-dominant, sub-dcominant and suppressed trees were

sampled.

Por each single tree plet, the diameter at breast height,
,tbtal height, and crown radii on itwo axes were taken from the
subject tree and frem neighbouring trees judged to be competing
with the subject tree. The distance and bearing of each
neighbour was also recorded. In cases where it was permitted
to fell the subject tree, dises were taken at breast height

and at gtump height for increment and age analysis. Branches
were measured at approximately 2m intervals up the bole for
diameter and orientation, and whether alive or dead. Internode
-diameters were a2lso measured at 2m intervals for estimates of
form. In cases where felling was not possible, +the height'tc
the base of the live crown was estimated, and increment borings
taken to assess growth over the past 5 years. ;

Approximately 90 subject trees were sampled altOgether,' The
main wse of this data in the present study has been to derive
relationships between:

-  diameter and crown radius for solitary trees;
- diameter and crown length; -

- branch size and upper stem diameter;

- dominance end tree form; _

- height and diameter for solitary trees.
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The analysis of increment is not yet completed and will be
the subject of future publications. Instead, the model was
calibrated to respond as far as possibie in the same way &5
published yield tables to variations in yield class and stand

density.
§. SPECIFIC FUNCTIONS IN THE MODEL

In this secticn, the various specific funetions developed for
P. sylvestris and utilized in the model are described in detail.

5.1 Initialization of the diameter deciles and stocking

The conventional representation of diameter distribution in a
forest stand is by a stand table, or frequency distritution,
which shows the rmumber of trees in different size classes.

Any frequency distritution can be converted to a sumilative
distribution by summation of the frequencies so that each size
class contains its own frequency plus the sum of all
fregquencies in the smaller classes. The cumnlative classes can
then be converted to percentage cumullative frequencies by
division of each cumulative class by the total stocking.-
Figure 2 shows this process graphically for an imaginary
frequency distribution.

Once the cumulative distribution has been obtained, a new set
of diameters may be interpolated which)cerrespond to some
convenient percentage points on the cumulative frequency scale.
Figure ? shows the interpolation of the diameters corresponding
to the 5%, 15%, 25% and so on at 10% intervals upto the 95%
curmulative freguency. This is the afray of 10 diameters that
is used in the KIK model as a basis for stand description.

This approach is not entirely new, and can be traced back to
the work of JEDLINSKI in 1932 {c.f. DAGNELIE ef al., 1971).

The use of the cumulative distribution instead of the freduency
digtribution results in greater computational efficiency in the
medel.
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Method of representing a_stand tsble by a distribution.

of cumulative frequency percent, together with interpolation

‘Figure 2

of the array of diameter deciles.
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A4t the commencement of the simulation, initial values of the
diameter deciles must be assigned. This initial stend is
generated at 15 years of age. The first step is derivation of
mean height at this age, 25 a function of age and yield class.
This is done using the equation described in section 5.2 below.
From this beight is derived a possible upper limit of stocking,
using the equation : -

(1) Ny 39472.H 0-946
For definition of symbols, see appendix A. This equation
represents the logarithmic 'Reineke 1ine' relationship between
height end stocking, and was derived from the assumption that
the moderate thimning schedulez of the yield tables for
different sites would, at their early stages, be just below the
1imiting stocking line. The parameters of equation (1) may

of course be dgensitive to site factors, and = more accurate
relationship for the dependence of limiting stocking on
dominant height can probably be derived for a particular locale
by sampling the live stocking of dense stands (i.e. those with
visible mortality from suppression) over a rgnge of gite and
age classes,

¥When the planted stocking is greater than Nmax’ then the actual
stocking is set equal to Nmax; that is to say, planted stocking
is reduced by density dependent mortality.

Another function, derived from the yield tables in o similar way,

ig used to relate the basal area development of young 'fully

atocked' stands to their dominant height. Pull stocking in this

context is defined by a logarithmic height stocking line of

the form: - ' '
-0.95

(2} Nmin = 6000.H

When a stand has a stocking exceeding Nmin’ its basal area at

age 15 is assumed to be independent of stocking, and derivable
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from the relationship:

(3) ¢¥ = ~152 + 148.10-07787
When—the stocking is less than Nmin, then the prediected basal
area at age 15 is reduced in proportion to sitocking:

*

(4) G o= . NN

From this predicted basal area, mean diameterl is derived. The
array of diameter deciles is then generated using the Weibull
function (c.f. BAILEY et sl., 1973) with the originm, or
minjmpum diameter at.zerc; the scale parameter (approximately
the 63rd percentile) set to the mean diasmeter; and the shape
parameter as 2, giving_a moderately ieft-skéwed'distfibution.
The equation for predicting the i'th decile of the imitial
distribution then becomes: '

(5) I, a = 'n.(—ln(i;pi)%)

which will be recognised as the inverted form of the Weibull
distribution, with the appropriate parameter values substituted.

These equations (1) to (5), used to establish the initial value
of the array of diameter deciles have been derived from a
consideration of the-yield tables, together with some simple
assumptions. For greater accurady in the model, it would be
desirable to establish these functions instead from an empirical
sampling program; but the effectrof the initial values of the
diameter deciles on overall modelrperformance is slight. It
has proved possible to construct a sufficiently accurate model
for the purpose in hand using the ahove relationships.

1. Throughout this paper, 'mean diameter' implies the diametef
at breest height (1.3 m) of the tree of mean basal srea., 'Mean
height! is the height of the mean basal area tree.
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5.2 Mean height

Mean height is modelled as a simple function of age and yield
c¢lass, using an equation fitted to the values published in
the ¥ield tables. The equation is :

(8) H = exp(4.0893-14.145t 0 7-0.13423v-1,1742¥t~C*7)

where t is the age of the stand in years, and Y is relative
¥yield class. This function is similar to that publiished in
ALDER (1977) in form, although an exponent of -0.7 wag added
to the age factor to give a better fit than the linear form
of this model {which has t~ ) The equation g:l.ves an almost
exact fit of the mean height data publlshed in Schober's yield
tables for yleld class 1-4,

5.3 Crown competition factor

The treatment of competition is an imﬁortant component of all
tree and stend growth models. Various indices have been used

by different awthors, including stocking, basal area, and
spacing relative to height for stand models; and for tree models,
overlap areas of adjacent crowns, and crown space derived from
consideration of competing tree dimensions.

In the present case, it was decided to use the crown competition
factor (CCF) deseribed by STRUB et a1.(1975). This relies upon
egtablishing a reiationship beitween the crown diameter and tree
diameter of solitary (i.e. open-grown} ireee. From this a
'maximum crown area' is computed from the stand table which is
then expressed as a percentage of the ground area. The CCF is
not the same as the crown projection area of the actual crowns
except in stands which have been estiablished and grown at wide
spacings, but it is a better measure of staed density than
crown projection area, in ag much as the latier is modified by
the allometric response of crown dimensions in close competition,

The tree diameter/crown diameter relationship was computed in




- 142 -

the present case from the sample tree data collected for the
model, using only crown radius data for solitary treea and
dominants in open stands. The fitted regression was:

(7 = 0.793 + 0.0773d

where 4 is diameter in centimetres, and r is root mean square
crown radius; in metres. There were 22 p01nts in the regresslon,
and & coefflcient of multlple determination (R2) of 0.93 was
obtained,

The crown competition factor is then computed from the array
of diameter deciles as:

(8) K =#.1073.8. 3}(0.793 + 0.0773 4,)?

K is the crown competition facteor % . It is an—impdrtant
component in the function for inmcrement estlmatlon, descrlbed
in section 4.6 -

4.4 Tree heights corresponding tc the diameter deciles

'In order to estimate volume and branch sizes, it was necessary .
to predict, not omly the stand mean height and the individusal
diameter deciles, but alse the tree heights corresponding to
each decile. The fellowing apprbximation was used:

(%) _- By = 1.3 +'((a-1.3}/n). d

Ffhis ig & linear function which has the property that height is
: 1;3 metres when diameter is zero, and mean height corresjonds to
mean dismeter. The latter must be true by definition; In
actual stands, the relatlon is sl1ght1y quadratlc, but the .
error invoelved is small.
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5,5 Form factor and volume

Form factoer is defined in the usual way as:
(10) f = v / (aa’n)

where v is tree volume and & is the constant 8.754 x 10-5
when diameter is in centimetres, height in metres, and

volume in cubic metres. In the sample data, it was found that
the relationships between form factor and various stand
parameters was weak., The best simple relationship was with
'slenderness, or height/diameter ratio, with an R® of 0.42 :

{(11) f; = 0.40429 + 0.0746 hi/di
The h/d ratios in this case ranged from 0.3 to 1.6, and the
form factors from 0.38 to 0.52.

In the model, stand volume is calculated as the sum of the
class volumes, computed using the form factor from equation (11}
and the transformation of equation (10) in terms of volume.

5.6 Diameter growth

The starting point for diameter growth is the prediction of
increment on a solitary tree of the same age and yield class
as the simulated stand. This is given in the model by:

(12) a4, = 2.64h,

where Aho is the predicted height increment for an open grown
tree. Ah, is derived directly from equation (6) for mean
height, except that the yield class is raised to the power 0.75.

Thig in effeet suggests that diemeter inbrement in solitary trees
is somewhat less adversely effected by site than height
increment. The coefficient of 2.6 in équatioh (12) is the

slope of the linear relationship between diameter and height
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for solitary irees, as determined from the calibration data,
Hence it represents the diameter increment per metre of height
increment for a solitary tree. '

Ati is then reduced by a series of multipliers which account
for the various factors actlng on trees that are or have been

grow1ng in closed stands.

The flrst of these miltipliers, o, , CcOnNCcerns the effec¢ of the
crown competltlon factor X, as previously defineé, on increment.
This is :

provided that oy is less than 1; that is, that K is greater
than 80 %. Otherwise the competition multlpller is taken to
be 1. This may be taken to imply that crown competition
factors over 80% will begin to reduce the growth beiow the
level of solitary trees of the same height; :

The second maltiplier, m,, concerns the éffect of'grbwth
retardation arising from past competition, and is defined in
terms of the ratio of the trees present dismeter 4o the
diameter of a solitary tree of the same height :

(1a) m, = 4;/ (2.6(hy Q'i.3))

The factor (2.6(h; - 1.3)) is the relationship between height
and diameter for solitary trees, as determined from the
calibration data.

-The third multiplier, m3, introduées the effeet of the

dominance class upon digmeter increment. This multiplier is
defined as the simple ratio of the class diameter decile to the
Jargest decile diameter in the'distribution, raised to the power .
of a factor from the brbwn cbmpetition.factor, via the
mnltiplier m . The actgal expreésion'is :
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(1%) my = (di/dlol(l/ml_l)

This expression has the effect that when m, isg 1 (i.e. a stand
of such low density that inter-tree competition is negligible)
then the power (1/m; - 1) will be zero, and the multiplier m3
will always be 1 regardless of relative tree size. This is

as it should be, ginee in an open siand, assuming homogeneous
spacing, there are no suppressed or subdominant trees. At the
other extreme, a very dense stand with CCF of 320%, then my
will be 0.5, and the growth reduction associated with dominance
class will be linearly proportional to the ratio d&;/d 5. 4
more normal case, with CCF of 140% (approximately the wvalue
for P. sylvestris wmoderately thinmed" standa 40-60 years
01d) will give & power of 0.32 for the ratio di/dlo.

Thegse three multipliers are then combined in their effect in
the equatien to predict diameter inerement for the i'th
decile :

(16) A = Ad,.ny.my.m

The various powers and terms in the above expressions have
been adjusted on the basis of a theoretical consgideration

of the behaviour of increment and published empirical
information for P. Sylvestris. Adjustment was made using
repeated trials of the model until +the outputs gave goed

- conformance with Schober's yield tables for the range of siteas
and stand densities incorporated.

These tables mainly cover stands at 'normal’ stockings,
corresponding in practice to fairly high compefitive intensities
not far below the level at which density dependent mortality
occurg. A Ffeature of the increment model is that for open
stands, ﬁpe miltipliers oy My m3 will all be unity, and
diameter increment will be as deifermined for the calibration
data for solitary trees. Thus the model is responding
accurately at the two extremes of stand density (open stands
and high stocking levels). It may be concluded with some
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confidence that intermediate values of stand density will
inconsequence also be modelled accurately. This feature

is an important aspect of the model's design.

5,7 Losses from suppression and mortality

The mAXimum number of stems that a stand of given mean height
can maintain as viable, living frees is gi#en in egquation {1},

section 5.1 . When the stocking is found to exceed this limit, -

as will be the case through normel growth with lightly or
unthinned stands, then the excess stocking is removed by the
model, and the array of diameter deciles are adjusted on the
basis of the assumption that this mortality will be very
largely, but not'entirely, concentrﬁted in the smallest size
classes. )

The actual mechanics and assumptions of this adjustment
process are identical to those used in the thinning algorithm
(see section 5.9 ), Mortality is assumed o correspond in its
effect to a very light low thinning.

5.8 Logses from windthrow

The sensitivity of the stand to windthrow is affected by many
factors, including soil type and dépth, tree slendernesgs,

and aerodynamic roughness of the canopy. It is also a function
of the frequency distribution of severe windstorms in s given
locale, and the protection given by locel topography. Of thess
factors, two are internal features of the stand dynamics, and
subject to incorporation in the model., These are slenderness
(height/diameter ratio) and merodynamic roughness. The

other factors (scil type and depth, local protection, and

storm frequency) are external factors of the site. '

Ko information on the sensitivity of stands of P. sylvestris
in North Germany %o windfall was available at the time of
prejaring this model, beyond the general opinion that trees -
with a slqndernessl'greater than 0.9 are subject to high risk

1. BSlenderness is defined as height in metres divided by
diameter in centimetres. ' :
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of windthrow in severe storms. Whilst it appears highly
probable that serodynamic roughness is also a facior, its
contribution to risk is likely +to be of much smaller magnitude
than slenderness, and it has been excluded from the medel for
the present time, In the future, with the acquisition.of

some empirical data on-windthrow, aerpdynamic roughness will
probzbly be included if it proves te be a significant varizble.

The present windthrow model is based or. the mean slenderness
of the stend, tut with an additional risk factox included
paged on height., This allows for the f@et that the turning
moment of the wind, and the pressure upon the crown will both
be greater on taller trees than on shorter ones. Mean
slenderness for the stand, 5, is defined as :

(17 8 =.(§:hi/di)/10

The windthrow risk factor for the stand, W, is computed from
S, and stand mean height H via three maltipliers, Wir Wy

and w3 H
{18) W= W)W, Wy

The multiplier for the slenderness effect is wy. A hypothetical
graphical relationship between Wy and slenderness was
constructed as shown in figure 3(z). This was then expressed
mathematically by the functiom.: ’

(19) w =1 - exp(~{(5-0.65)/0.35)%)
 The muliiplier for the effect of height on windthrow risk is
w,. This was again drawn graphically as a hypothetieal

relationship, and then approximated with a gimple equation, in
the form : '

{20) w, = exp(0.4901 -320.27.3-}-05)

where Wy is subject to the constraint that it may not take
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Figure 3 Postulated graphical relaticmshipé between windthrow risk
multipliers and stand mean slenderness and height.

{a) The effect of slenderness on windthrow risk.
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values greater than 1.

The third multiplier in equation (18) is designed to take
account of the differences in windthrow risk between gites,
It is supplied to the computer model by the user, and appears
on the printeout as 'windthrow factor' (see table 1 ). I%
should take values between O and 1, where zero represents
either a completely protected site, or an idealized stand
with'no windthrow, and one represents a high risk situation
fsudh ag an ekpdsed convex slope .on shallow rooting soil., This
windthrow factor can be varied by the user in order to test
the effect of varying degrees of windthrow risk on particular
silvienltural regimes. ' -

KIN is a deterministic model, whereas it is apperent that
windthrow is a highly stochastic process. This duality is
resolved“byrtreating'the risk, or probability, thqt_aﬁy one
tree ﬁill experience windfall in a given five year fimé period,
W, as the frequency of windfall over,é large area, and hence
the frequeﬁcy per hectare for a mean stand. Thus in the mddel,
windthrow risk W is interpretéd difectly ag a multiplier for
stocking reduction :

(21) AN = -N.W

Windthrow rigk in this sense is assumed to be egually
distributed +through the size classes of the stand, and in
consequence the array of diameter deciles is unaltered by &
windthrow event. Only the total stocking changes.’

This model of windthrow effects is a1m0sf entirely assumed,

and iz certainly capable of improvement with further empirical
study. Nonetheless, it does proéide a means for examining

the interactidn between silviculture,-windthrow, amd subsequent
yield., In this sense, the model provides a mach more realistic
tool fér studyipg_manageﬁent of the P.silvestris stands in
North Germany, which are prone %o this problem, than the
idealizations of conventional yield tables, which ugually
succeed only in ignoering the problem altogether.
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5.9 Thinning

The model incorporates a single type of low thinning, using an
algorithm which has been deseribed in some depth in other

work ( ALDER 1977, 1979). For this reason it will be presented
here only in general terms,

Low thinning, or thinning from below, ig the most usual and
ecologically satisfactory form of thinning in plantation crops
of shade intolerant tree species. It is usually considered
to involfe removal of the smallest frees in the staend, whilst
leaving the dominant stratum,'and'most codominants to contimue
their development. In terms of its effect upon the djameter
distribution, low thinning will remove the smallest trees, but
with a certzin spread, cause& by a variety of factors, into
the larger sizes. The most important factor governing the
distribution of diameter classes in a low thinning, relative
%o the main erop, is the intensity of the thinning. . As a
greater proportion of the total stocking is femoved, so will
the distrivution of thinned stems tend to approach that of the
main crop. ’

The thinning algorithm used in the model produces these effects,

‘and hence results in a realistic pattern of changes in
dismeter distribution in response to thinning. The low
thinning is specified by two parameters only, which are the
age at which it is to take place, and the residual stocking,
in terms of stem numbers, to be left after thinning. When .
the age specified for a thinning in the model is reached, the
total stocking and the array of diasmeter deciles are modified
t0 account for the effects of thinning. At the same time, an
array of diameters and frequencies of thinned stems is
produced, from which the mean diameter of thinned stems is
calculated. The volume of thinnings is calculated in KIM as
ithe difference between the before and after trestment standing

volumesg,
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5,10 3Branch diameter

The estimation of branch dismeter is very important in relation
to silvicultural treatments involving wide spacings or heavy
thinnings. ~The economic evaluation of such treatments requires
either that the wood gquality due %o large =ized knots be

taken into account, or that pruning is necessary, with the -
frequency and cost of pruning appearing as variables dependent
on branch size.

In the preseﬁt_ﬁddel, i{ is assumed that the key parameter is
mean branch size at the base of the green crown. This will,
together withrinfermatien on the height of the crown base,
provide a complete profile of dead branch diameters up the
bole as the stand develops over 2 period of time. In the
output table, as shown in figure 2, the height of the

crown base and-the‘branch diameter estimated at that point are
shown as means fer the whole stand. Working down the table
provides & complete profile for a mean tree,

To predict branch diameter at the crown base, it was necessary
to provide three subsidiary equations :

(1) Predietion of the height of the crown base in a given
stand. : -

{2) Prediction of the bole diameter at ithe erown base,
" knowing its height, and the height and diameter of the

tree.

{3) Predietion of mean live brenck diameter as 2 Ffanction
of bole diameter and the tree's dominance class.

The model for the height of crown bhase was determined by
examining in {urn a number of,correlations'among variables and
ratios in the set of sample data. The best and most reasonable
relationship was between breast height diameter and crown '
length., This was a slightly curviliear function, and was -



- 152 -

fitted with the quadratic equation :
(22} L = 0.9293 + 0.3833 4 - 0.003385 a°

where crown length L is in metres, and tree diameter 4 in
centimetres. This equation had an R° of 0,807 with 52 sample
trees. It is important to remember the very broad base of
growing conditions represented in the sample, from dense stands
to solitary trees, and from 5 to 100 years old. The egquation
predicts a maximum crown length for P. sylvestris of 11 metres
with trees of 56 cm. diameter. ZEquation (22) then suggests
that crown length will decrease with a further increase in
diameter. However, this iz an artefact of the gquadratie
equation used, and in practice, the 11 m. crown length should
be regarded as an asymptotic maximum for all trees over 56 cm.
diameter. ’

The next step is to determine bole diemeter at the crown bage.,
This is performed with +the commonly used taper edquation :

(23) 4/d4 = (h-h)/(h - 1.3)

This equation gives a good approximation to stem form ower the
middle part of the bole, although it underestimates diameter
on the lower part of the bole, and overestimates it near the
tip. Since the crown bage falls in this middle region, it
provides a satisfactory approximation for the present purpose.

We mﬁy note that the upper stem height, hk, at the crown base,
.is tree height h less the crown length L. Defining diameter
at the cromn base as d,, we then have, from {23} :=

(24) d, = 4.5/(h - 1.3)

The finsl step in predicting branch size is to derive a
relationship between mean branch diameter and the corresponding
diameter on the bole. For this, a number of regression models
were studied relating the ratio of live brench diameter b with
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corresponding bole diameter dk +o various tree and stand
parameters. The best relationship was with dominance class,

as defined in section 4.6. In the sample data, dominance class
was considered to be the ratio of the subject tree diameter

to the diameter of the largest tree on the plot, including

the subject tree itself. The fitted regression equation
between branch dismeter/ bole diameter to dominance was:

(25) ‘b/a, = 0.31554 - 0.74773(di/&max)2

+ 0.59056(di/amax)3

This equation had an R? of 0.38 . In practice, this equatien
has relatively little effect, and it would be almost as
satisfactory to assume a constant ratio ef b/dk of approximately
0.15 to 0.20 . However, at the time of writing, equation (25)
provides the finsl link in the model to estimate branch

diameter at the crown base. '

6. VALIDATION

Validation is an important phase in the development of any
gystems model. It invdlves, quite simply, the evaluation of
the pe;formance of the total system by comparison with selected
independent data in order to ensure that the model is accurate
' within the required limits over the range of performance.

In practice, it is not so easy to achieve a2 fully satisfactory
validation of a model. In some cases,for example, of
simuletion from purely theoretical congiderations, one may
have little objective data about sysiem performance. In such
cases, the validation consists of ensuring that the model -
behaves in a fashion that is conesidered ‘reasonable' by
specialists in the relevant field. This tyﬁé'of validation
is essentially subjective. ' o

In other cases, where the model has been constructed from
empirical data concerning elements of a system, validation
may be possible by comparison of the behaviour of the
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total system with the behaviour of the objective systems from
which the discrete empirical components of the model were
derived. We may call this *objective re-entrant' validation,
beczuse one is essentially using the same data for validation
as that from which the model was constructed.

Finally, one may have assessments of the performance of systems
that are completely independent of theose from which the
relationships in the model were derived. These independent
assessments can then'be compared with overall system performance
for an 'ohjective independent' validation, One may represent
these three cases diagrammatically, as shown below:

model
validation
subjective objective -
re-entrant independent

For KIM, re-entrant objective validation has been used for

the most important aspect of the model, which is the prediction
¢f the main growing crop diameters and heights when subjected
to various thinnings and in various yield classes. Subjective
determination of reasonable performance has been necessary
for branch diameter and windthrow estimetes.

The main stand parameters are validated by comparison with
SCHOBER (1975). In the examples of validation given here,
standing volume predictions are compared for KIM-and the
yield tables.  Standing volume effectively integrates all the
many subcomponents of KIM, including diameter increment,
diameter distribution, tree height, and stem form, and thus
provideés a sensitive test of any cumilative errors in the
system  as a whole.
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Figure 4 compares the performance of the model Tor two yield
classes {1 and 3) with the yield tables for the moderate
thinning schedule. The results show close agreement. Yield
classes 2 and 4 show similar close correlation.

Figure 5 compares model predictions for the two extreme thinnings
given in the tables, which are the moderate or normal échedule)
and the low stocking regime, The two examples shbwn are for
yield class 2. Agein it can be seen that the model shows

close agreement with the yield tables. '

We may conclude this section by stating that the model in its
preéent form appears to respond in a very similar fashion %o
published growth data for P. sylwvestris, and that accordingly
some confidence may he placed in the silvicultural studies
which follow. . B

7. SILVICULTURAL STUDIES BASED ON THE MODEL

In this section, the KIMVmodel is used to examine some questions
regarding optimal spacing and thinning regimes with respect fo
windthrow hazard, and to consider how branch size of unpruned
stems grown under such.regimes will vary compared with current
practice. The problem of ameliorative treatment of existing
overstocked gtands is also studied.

7.1 - Optimal spacing and thinning under windthrow hazard

The effect of windthrow hazard upon the stocking level of
stands grown at various spacings, at yield classrz, is shown in
figure 6. The thick solid line shows the point at which stands
at constant stocking reach 2 slenderness of 0.9, which may be
regarded as the critical stability condition. The fine solid
line shows the stocking/zge relationship for stands. thinned
according to the moderate thinning schedule-in SCHOBER's .yield
tables, assuming a site completely protected from windthrow.

The fine broken lines illustrate the course of events in stands
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at different spacings subject to & high windthrow risk factor.
Stands planted at 10,000 stems/ha (1 x 1m) or 4444 stems/ha

(1 x 2 m.) show a rapid and catastrophic decline in stocking |
between ages 30 znd 50 years. At lower stockings the windthrow
effect is similar but more gradual. The moderate thinning
schedule is as sensitive as the high stocking 1evels'(10,000
and 4444 stems/ha.) to wind damage,

In arriving at an alternative treatment regime, it is important
to understand what is happeming to the slenderness ratio,
which is the critical factor, in these stands. At close
spacings, the rapid early height growth of the stand is being
combined with very restricted diameter increment. The result
is that the whole stand, by the age of 310 years at yield class
2, has a glendermess gfeater than 0.9, end furthermore, rising
rapidly to values of 1.2 or mére. when part of a stand in
this condition is destroyed by wind, then the condition of

the growing stock is such that the diameter growth response

to increased growing space is unlikely to be sufficient to .
increase the stability of the trees significantly, which in
terms of the model means lowering the slenderness belowro.s;

I+ is clear that for secure managment of stands growing under
conditions of high windthrow risk, the early stocking should
be as low 2s possible, preferably at or below 2500 stems/ha.
(2x2m orl x 3m). First thinning is =n extremely
sénaitive operation for the future stability of the stand. It
should be heaﬁy. in order fo ensure an economic yield, and :
take place no later than age 35 on yield class 2. BSubsequent
thinnings then cease to he critical to wind stability, and
they may be delayed or omitted if economic or social factors
g0 indicate. If a higher stocking then 4444 stems/ha. were to
be used, it would be almost certainly impossible to obtain

a commercial yield from the firsi thinning; hence it is 1ikely
that thinning of such stands would be delayed until they have
entered the critical condition that is characteristic of so’
many of the existing plantations. Once this has happeuned,
then further treatment, as described below, reauires gifficult

and somewhat draconian measures.
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8.  CONCLUSIONS AND INTEGRATION WITH OTHER MODELS

The stond growth model provides a very detailed picture of
stand structure and it's changes. It is capable of being
developed not only to fulfill its primary aims of growth
prediction, but it's information on structure ond change can
be used in studying relotionships between growing-spoce ond
stand structure, and between forest structure, environmental

influences and forest functions,

The growth modél.and the ovailable structural stand models

(see sect. 21 in this report and sect. 53 in the report by
BRUNIG, ALDER ond SMITH) are sub—models of the "interoction
model" (fig. a)rwhich demonstrotes the interoctions between the
forest ond the environment (GROSSMANN, see report eléewhera in
this volume), This "interaction-model” in turn is svb-model of-
the general cybernetic regional simulation model (see reports
by SCHWARZ, v HESLERand VESTER elsewhere in this volume). The
hierarchy ond interdependencies of these models are described
in detail in the reports by GROSSMANN, '
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AFPPENDIX A

Algebraic symbols used in the text

o

e

min

aAN

_ The constant 8.754 x 10~° .

The live branch mean dismeter at a particular reference
point on the stem.

The diameter of the tree of mean basal area, cm.

The diameter of a single tree, cm.

The diameter of the i'th decile of the cumulative
frequency distribution. .

The diameter of the bole at the base of the live crown.
The dimmeter of the bole at any measurement point k.
The largest dismeter on a plos, or dlo in the simulated
distrimtion.

The dismeter increment of a solitary tree, cm/yr.

The form factor of a single tree.

The form factoer of a tree of diameter 4, .

The basal area of a gtand, m 2/ha.

The predicted basal area of a young fullyrstocked stand.
The mean height of the stand, egquivalent to the height

. of the tree of mean basal area, metres.

The height of & single tree, m.

The height of a tree of diameter d,.

The height increment of a solitary tree, m/yr.

The height of a point k on the bole of 2 given tree.
Crown competition factor for the stand, which is the sum
of the crown areas, in are, which the trees in the stand
would have if they were open grown stems of the same
dismeter, are/ha. or %.

The length of the live crown of a single tree, in metres.
¥ultipiier factor to reduce open grown diameter increment
in response to stand density.

As for L but in response to past competition.

Ag for oy but in response to current dominance clgss.'
The number of trees per hectare.

The 1imiting stocking that can be supported wlthout
compensating mortallty.

The minimum stocking on a young stand that can be supported
without loss of basal area increment.

The change in stocking over a 5-year period.



- 165 -

Algebraic symbols (continued....)

The cummlative frequency of the i'th diameter class. For

P-
> a diameter d; in the cumulative d¢istribution, a proportion
By of the stocking will be smaller than dif
r The radius of the crown oi a single tree, m.
5 The mean slenderness (height in m./diameter in em.) of
a stand, ' -
t The age of a tree or stand, in yeérs from planting.
v The wvolume of a single'tree, m3. '
i The volume of a tree of diameter di'and'height hi,_m3.
w The total frequency of windblown stems over & S-year
_period, as a proportion. : o
Wy A maitiplier for windthrow frequency based on mean
slenderness., o ’ ’ 7
W, _VA:multiplier for windthrow frequency based on mean height.
w3 -A windthrow frequency multiplier to zccount for site
differences. ‘It is supplied to the model ag 2 value
7 between 0 and 1 by the user, | ' o
b Relative yield class, on the scele 1-4, supplied for a
given simlated stand by the user. '
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