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The study presents two methods of predicting tree dimensions in a Scots pine
stand if only the locations of trees are known. The first method predicts the tree
diameter from the spatial location of neighbors. In the second method the
diameter distribution of a subarea is estimated from the local stand density. This
distribution is then sampled to obtain diameters. In both methods the tree
height is predicted with a spatial model on the basis of diameters and locations
of trees. The main purpose of the presented models is to generate realistic stands
for simulation studies.

Tutkimuksessa tarkastellaan kahta tapaa ennustaa miannikoén puiden lipimitta
ja pituus, kun ainoastaan puiden tilajirjestys tunnetaan. Ensimmiisessi mene-
telmdssid ennustetaan suoraan puun lipimittaa naapuripuiden lukumiirin ja
aseman perusteella. Toinen menetelméd perustuu pienehkon osa-alueen lipi-
mittajakauman ennustamiseen kyseisen alueen runkoluvun perusteella. Puun
pituus lasketaan kummassakin menetelmissi spatiaalisella pituusmallilla pui-
den lipimitan ja keskindisen aseman perusteella. Esitettyjen mallien péitarkoi-
tus on kyetd generoimaan realistisia mallimetsikditd simulointitutkimuksiin.
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Sum of horizontal angles from the object tree to the stems of
neighbors nearer than 6 m, calculated 1.3 m above the ground

Mean diameter within a circle with radius 6 m, weighted by tree

Unweighted mean diameter within a circle with radius of 6 m

Basal area of trees within 6 m from the object tree, object tree

Sum of inverted distances from the object tree to neighbors which

Number of trees within 6 m from the object tree, object tree

Number of trees whose distance from the object tree is between a

Number of trees whose distance is less than a m from the object

Symbols

A Grouping index of Hopkins
AS

level (radian)
d Breast height diameter (cm)
d(g)

basal area (cm)
d(n)

(cm)
dax Maximum diameter (cm)
(s B, Minimum diameter (cm)
dy(g) Mean diameter of the stand weighted by basal area (cm)
D Mean distance of neighbors nearer than 6 m (m)
GC

included (m2/ha)
G, Stand basal area (m2/ha)
h Tree height (m)
I Grouping index of Fisher
ID

are nearer than 6 m (1/m)
NC

included (trees/ha)
N, Mean stocking of the stand (trees/ha)
Na-b

m and b m, a included (trees/ha)
N,

tree, object tree included (trees/ha)
R Grouping index of Clark and Evans
Sq Standard deviation of diameter (cm)
S

Distance from the object tree to the mean x- and y- coordinate of
neighbors that are nearer than 6 m (m)

1. Introduction

In an even-aged stand composed of one
tree species the stand structure is defined by
the size distribution and the spatial distri-
bution of trees. The size distribution is
usually described in terms of diameter dis-
tribution. The description and estimation
of diameter distribution (Pdivinen 1980,
Kilkki and Piivinen 1986) and spatial dis-
tribution (Matérn 1960, Tomppo 1986) and
how they affect growth (Mielikdinen 1978,
Nyyssonen and Mielikdinen 1978, Pukkala
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and Kolstrom 1987, Pukkala 1988, 1989) are
basic problems of forest mensuration and
forest yield studies.

The dependence of growth on diameter
distribution is described by non-spatial
growth models and the joint effect of the
size and spatial distribution by spatial
growth models. Although there are many
spatial growth models (Ek and Monserud
1974, Adlard 1974, Eriksson 1976, Saramiki
1977, Mielikiinen 1978, 1980, Pukkala
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1989), the interdependence between diame-
ter distribution and spatial distribution has
only seldom been the object of research
(Valiaho 1971, Tomppo 1986). It is reaso-
nable to assume, however, that this interde-
pendence is strong and can be used to
characterize the stand (Klier 1969). In a
fully stocked stand the average size of trees
must be smaller in a dense spot than in a
sparse one if the carrying capacity of the
site 1s uniform.

The relationship between spatial distri-
bution and diameter distribution is impor-
tant in both directions: the prediction of
the spatial distribution from the size distri-
bution and from other stand characteristics
is relevant e.g. in such a forest inventory
which measures the diameter distribution
only (Tomppo 1986). The opposite direc-
tion, i.e. the estimation of the diameter
distribution from the spatial pattern of tree
locations, is important in simulation stu-
dies that examine the dependence of stand
productivity on the spatial properties of the
stand (Lundell 1973, Eriksson 1977, Pukka-
la 1988, 1989); the diameter distribution
must be related to the spatial one in a rea-
listic manner. Otherwise the growth mo-
dels used in the simulation may give un-
reliable estimates for some subareas or the
simulated stands may be unrealistic.

It is important that the relation between
the tree size and number of trees is realistic
everywhere in the stand, not only at the
level of the whole stand. It is probable that
not only the diameter but also the shape of
the stem depends on stand density in the
vicinity of the tree. It is therefore necessary
to study the effect of the variation in stand
density on tree height as well (Perry 1985).

In principle, it is possible to generate a
sensible joint distribution for the tree loca-
tion and tree size by using models on stand
dynamics only. The initial stand is first
generated by a spatial birth model (Kello-
maki et al. 1987), after which tree dimen-
sions are increased by spatial growth mod-
els and death predicted by spatial mortality
models. Such models are not, however,
available at the moment, and their con-
struction is not easy. In addition, the spa-
tial questions often arise at a later stage of
stand development, e.g. when the changing
of the stand structure becomes topical
through thinnings (Eriksson 1977, Bucht
1981).

This study examined the effect of the
pattern of the tree location on tree size in
Scots pine stands. The aim was to prepare
spatial models for predicting diameter and
height. A method for generating model
stands with a given spatial pattern is pres-
ented as an example of the use of the
models.

The study includes references to such
concepts as stand density, local density and
local diameter distribution. In this paper,
stand density is the number of trees per unit
area. Local density is the number of trees
(trees/ha) in a small subarea of the stand
and local diameter distribution the fre-
quency distribution of diameter in a small
subarea.

I thank Prof. Seppo Kellomiki, Prof. Juha
Lappi, Mr. Risto Ojansuu (M.Sc.) and Mr.
Taneli Kolstrom (M.Sc.) for reading the manus-
cript and Mrs. Leena Kaunisto (M.A.) for revis-
ing the English.

2. Material

The dependence of the tree size on the
spatial distribution of trees was studied
within one thoroughly measured Scots
pine stand and with 50 sample plots mea-
sured 1n different stands. Within the indi-
vidual stand the aim was to examine the
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nature of the dependencies between the
spatial pattern and tree size, and to find out
the best predictors for the spatial diameter
and height model. A 170 m x 155 m area
(2.685 ha) in a 70-year-old Scots pine stand
(63°40’N, 31°5’E) was measured tree by tree
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by species, diameter and coordinates (the
material is the same as in Pukkala (1989)
except that an additional 5-m-wide buffer
zone was measured around the area). The
tree height was measured from all trees
further than 5 m from the plot edge. The
measured area included 2199 trees (834
trees/ha). The mean diameter of the stand
was about 21 cm, mean height 18 m, stand
basal area 18 m2/ha and stand volume 140
m3/ha. Only trees whose dbh was at least 3
cm were measured in the field.

The fertility of the site is reasonably
uniform over the whole area. The degree
and type of aggregation of trees varies con-
siderably (see Pukkala 1989), as well as the
tree size (Fig. 1). These properties render
the area suitable for the present study.

In the second phase of the study the aim
was to prepare more general spatial models
for Scots pine for estimating tree diameter
and height. The material consisted of 50
sample plots measured in pure Scots pine
stands in North Karelia (63°40’N, 31°5’E),
Finland. The size of the sample plot varied
between 800 m? and 3000 m? depending on
the stand density and size of trees. Each tree
was measured by coordinates and diameter
and at least 20 trees/plot by height. Only
trees with dbh at least 3 cm were included
in the computations.

The plots varied in the stage of develop-
ment from rather young stands still in the
sapling phase to old stands where the mean
diameter was over 35 cm (Appendix 1). The
stands were even-aged and the site was
uniform within each plot. The stand densi-
ty and the spatial distribution of trees var-

100

0

S 10 15 20 25 30

Fig. 1. Diameter distribution of the sample plot used
in the within-stand analyses.

ied considerably from plot to plot. All the
stands were naturally regenerated. For this
reason, there were no strictly regular stands
in the study material.

The variation in the size of trees and in
their aggregation was partly due to natural
reasons and partly due to human interven-
tion. Some of the sample plots were situat-
ed beside a road or a telecommunication
line, some even crossed narrow treeless cor-
ridors. The stands had been managed nor-
mally, which means that thinnings had
been carried out according to a normal
timetable. In all the thinned plots at least
five years had elapsed since the last thin-
ning treatment. The irregularities due to
other reasons than thinning usually had a
still older origin.

3. Methods

31. Estimation of breast height diameter

The models for tree diameter and height
were computed in two stages. First, a di-
ameter model was calculated with the help
of the spatial pattern of trees. Secondly, a
height model was constructed on the basis
of tree locations and diameters. Two differ-
ent approaches were utilized to predict the
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tree diameter. In the first method the di-
ameter was predicted directly from the posi-
tion of neighbors in the vicinity of the
object tree (referred to as Method 1). With
this method the individual diameters are
simulated as the sum of the model predic-
tion and a stochastic component corres-
ponding to the residual variation of the
model.

Timo Pukkala

The location of neighbors was described
by their average distance, density (trees/ha)
at different distances and their directional
distribution. Only neighbors nearer than 6
m were used for predicting the diameter,
because it has been found that trees further
than that affect very little diameter growth
(Eriksson 1977, Bucht 1981, Pukkala and
Kolstrom 1987, Pukkala 1988, 1989). The
predictors of the diameter model were com-
puted for each tree whose distance from the
nearest plot edge was at least 6 m.

32. Estimation of local diameter distribu-
tion

The second method of predicting the tree
size was to estimate the local diameter dis-
tribution in a subarea around the object
tree (object tree included) and sample that
distribution to obtain diameters (Method
2). The subarea was again a circle with a
radius of 6 m, the object tree locating in the
center. The beta function was selected as a
theoretical distribution because of its flexi-
bility which allows many types of distribu-

. tions to be described. For each tree further

than 6 m from the plot edge the following
stand characteristics needed for predicting
the beta distribution were computed:
number of trees per hectare, minimum,
mean, maximum and standard deviation of
diameter. This data were used for con-
structing models that facilitated the predic-
tion of the mean, range and variance of the
local diameter distribution from the local
stand density.

33. Measures of aggregation

When predicting the tree diameter and
height with spatial models, some stand
characteristics besides tree coordinates are
usually known. In the present study it was
assumed that the mean stocking (trees/ha)
and the stand basal area are known and
they can thus be used for predicting the tree
size. Additional predictors, which describe
the aggregation pattern and grouping of
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trees at the stand level, can be computed
from the coordinates of trees. In this study
the following three grouping indices were
calculated for each of the 50 sample plots
and used as potential predictors of the
diameter, diameter distribution and height.

The index R of Clark and Evans (1954) is

R=vvy 1)

where v is the observed mean distance be-
tween neighboring trees, and u is the stand
density (trees/m?2).

The index A of Hopkins (1954) is defined
by

A= a2/b? @)

where a; is a random point-to-tree distance
and b; random tree-to-neighbor distance.
An equal number of each kind of distances
is supposed.

The grouping index of Fisher (1922) is
given by

I=s2/m 3)

where s, ? is the variance of the stem number
in a subarea of certain size and m the
average number of trees in the subarea. In
this study the subarea was a square with an
area equal to the mean growing space of
one tree (plot area divided by number of
trees). The squares were laid over the plot
in a systematic manner so that the edges of
the square were parallel to the plot edges.
In a Poisson forest the expected value of
all the three indices is one. Also many other
distributions than Poisson produce values
near to one. In a completely regular stand
(square lattice) the index R equals two and
decreases down to zero with increasing ag-
gregation (Leps and Kindlmann 1987). A
and I greater than one indicate an aggregat-
ed pattern and values less than one some
degree of regularity (I also depends on the
size of the subarea). Each of the indices
depends on the spatial pattern in a different
way so that it can be supposed that they
describe different aspects of the spatial dis-
tribution of trees (see Appendix 1).
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4, Results

41. Within-stand models
Diameter model

The mapped area of 2.635 ha in the 70-
year-old pine stand provided a large mate-
rial to study the nature of the joint distribu-
tion of the tree size and tree location. In this
stand the density around dominant trees is
clearly different from that around the dom-
inated trees (Fig. 2). The smallest trees
usually occur in the densest spots of the
stand and the biggest ones in the sparse
areas. The number of trees per unit area
increases towards small trees and decreases
towards big trees. For dominant and aver-
age trees there is a dense zone at a distance
of 2. . .4 meters from the tree after which the
stand density remains constant or decreases
a little. Inside this zone there is a sparsely
populated area, which presumably is a con-
sequence of competition. The fact that the
dominated smallest trees can not suppress
their neighbors to death is seen as a tenden-
cy of small trees gathering neighbors in
their surroundings.

< §‘
I
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w o
14 § \
=
193 SMALLEST
& .
] \
322 AVERAGE by
N
8 N
-] ~Q
149 BIGGEST =3
o
T T T T T T
1 2 3 4 5 6

1
7
DISTANCE FROM TREE, M

Fig. 2. Stand density (trees/ha) in one-meter-wide
zones at different distances from biggest trees, trees
of average size and small trees.
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The dependencies depicted in Fig. 2 can
be used as a basis for predicting the tree
diameter. If the number of trees per hectare
increases towards a tree, it is probably a
small individual. If the stocking is very low
in the immediate vicinity of the tree and
then increases, the tree tends to be a domi-
nating individual.

The first model for predicting diameter
relies on this rationale; the stand densities
(trees/ha) at different 1-m-wide zones
around the object tree were used as poten-
tial predictors of diameter in addition to
parameters that described the average dis-
tance and directional distribution of neigh-
bors. The regression analyses resulted in
the following spatial diameter model:

Coefficient t-value
do4 = 3.603 11.6
+0.1024 D 3.0
-0.04500 S 2.5
-0.4893 In(ID+0.001) 14.3
+0.00009885 Ng_4 4.3
-0.08962 N, 2.6 (4)
R2=0.316 s. = 0.518

The strongest predictor of diameter is the
sum of inverted distances from the object
tree to neighbors nearer than 6 m (ID); it
combines the effect of the number and
distance of neighbors in a realistic manner.
According to the model, diameter is the
greater the smaller the number of neigh-
bors within 2 m. The positive regression
coefficient of N, , is a consequence of the
dense zone at a distance of 3 -4 m from big
and average trees (see Fig. 2). This is prob-
ably the distance where the competitive
effect of a tree sharply decreases and can
thus be occupied by competitors.

Equation (4) explains only 32 % of the
variation in d°4 The rest of the variation
could not be accounted for by the variation
in the number density of the stand. When
predicting the diameter distribution by
Equation (4) the greatest share of variation
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is in the stochastic residual component. Its
distribution is therefore of particular im-
portance. The variance of the residual was
found to be most constant and its distribu-
tion nearest to normal when the predicted
variable was the diameter raised to power
0.3...0.5, which means that the local fre-
quency distribution of diameter is between
normal and log-normal.

Models for local diameter distribution

The models for estimating the parame-
ters of the diameter distribution in a 113 m2
subarea (a circle with radius 6 m) are as
follows:

Coefficient t-value
In(d/(n)) = 5.782 97.9
- 0.4460 In(N,) 52.8 (5)
R2=0.607 s. = 0.194
Coefficient t-value
In(d;,) = 0.7216 2.8
- 0.2084 In(N,) 8.8
+ 0.9252 In(d(n)) 22.4 (6)
R2=0.555 s. = 0.340
Coefficient t-value
In(d,,,) = 0.9492 9.0
+ 0.09202 In(N,) 9.4
- 0.1179 In(d,p;y) 12.3
+ 0.6760 In(d,(n)) 35.7 (7)
R2=0.500 s, =0.138
Coefficient t-value
In(sy) = 0.2370 5.6
- 0.1723 In(N,) 29.5
+ 0.9480 In(d,,,-dnin) 110.4 (8)
R2=0.871 s.=0.131

The models were estimated in such an
order as gave the best average degree of
determination; because the mean diameter
correlated best with the stand density, it
was estimated first and so on. The level of
significance is high for all the models,
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Fig. 3. Estimated diameter distribution in a circle
whose radius is 6 m. The figures beside the curves
show the number of trees within the circle. Num-
bers 5, 10, 20, 30 and 50 correspond to stand
densities 442, 884, 1768, 2653 and 4421 trees/ha,
respectively.

because of a great number of observations,
although the degree of determination is not
particularly high.

By using Equations (5). . .(8) the parame-
ters of the beta distribution can be calculat-
ed by the method of Loetsch et al. (1973).
According to the models the diameter dis-
tribution shifts towards smaller diameters
as the stand density increases (Fig. 3). With
a low local density the distribution is bim-
odal: the trees within a subarea are either
dominant trees or suppressed small indi-
viduals. By increasing the stand density the
distribution approaches log-normal, i.e the
additional trees are small individuals. The
number of big trees does not increase with
increasing stand density. These results are
fairly logical in the light of the diameter
distribution of the whole studied area (Fig.
1).

Validity of the models
The two methods were tested within two
50 m x 40 m subareas selected from different

parts of the studied stand. By using the
coordinates of the trees only, the diameters
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of trees further than 6 m from the plot edge
were generated by both methods presented
above. In the first method a normally dis-
tributed stochastic term was added to the
prediction to simulate the residual varia-
tion of the model. In the second method the
local diameter distribution was predicted,
each tree in turn being in the center of a
circle of 311 m? (radius 6 m). One diameter
was then randomly sampled from this dis-
tribution to obtain a diameter for the cen-
tral tree. The term s.2/2 was always added
to the expected value of Equations (5)...(8)
due to the logarithmic transformation of
the predicted variable.

The resulting spatial distributions of dif-
ferent diameters have the same appearance
and outlook as in the real stand in both
subareas and for both methods (Fig. 4). It is
difficult to say, by inspecting the crown
maps of the stands, which of them is real
and which is simulated. Because both of the
applied ways to obtain diameters are highly
stochastic, the stands should not be com-

Subarea 1 Subarea 2

Measured Measured

Fig. 4. Real and estimated sizes of trees in two sub-
areas of the studied stand. The radius of the circle
indicates the greatest diameter of the crown and is
linearly dependent on stem diameter (Crown
width (m) = 0.5182+0.5183 d (cm)).
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pared at the tree level but at the level of
small subareas only.

The diameter distribution of the generat-
ed stands is always significantly different
(according to X2-test) from the real distri-
bution (Fig. 5). However, the mean diame-
ter and the total basal area are fairly near to
their correct values. It seems that both
methods have difficulties in producing
similar bimodal distributions as in the real
stand, which is like a combination of two
normal distributions. Method 1, which
adds stochastic variation to the predicted
diameter, can not at all produce bimodal
local distribution, which according to Figs.
1 and 3 is a serious shortcoming in this
particular stand. At the stand level, howev-
er, the distribution can be bimodal also
with Method 1 provided that the dense and
sparse subareas are large enough. Method 1
has also a tendency to increase the range of
variation in diameter because the normal
distribution of the stochastic term has no
lower or upper limit.

Method 2, which is based on the local
diameter distribution as described by the
beta function, tends to cut away the smal-
lest and biggest diameters if Equations
(5)...(7) are used in a deterministic manner.
It has no difficulties in producing bimodal
distributions, although in the studied sub-
areas they differ considerably from the real
ones.

Height model

If diameter is predicted before height, as
assumed in the present study, tree diameters
can be used as predictors of the spatial
height model, in addition to the tree coor-
dinates. The model for predicting tree
height in the studied stand is as follows:

Coefficient t-value
In(h-1.3) = 4.097 114.6

- 0.4048 d/d(g) 16.2

+ 0.1787 AS 19.2

- 22.92 (1/(d+4)) 78.0 9)

R2=0.929 s. = 0.181

Timo Pukkala

Subarea 1
MEASURED

D(g> = 18.7 cm G = 21.6 m2/ha
NUMBER OF TREES

60
SOE
a0f
20

20F
10F
of

1 S 9 13 17 21 25 29 33

DIAMETER, CM

METHOD 1
D(g> = 18.4 cm G = 19.3 m2/ha

60

NUMBER OF TREES

S0
40
30
20
10
0 |
1 S 9 13 17 21 25 29 33
DIAMETER, CM
METHOD 2

D(g) = 17.9 cm G = 20.5 m2/ha

6OP:UP‘BER’ OF TREES

1 S 9 13 17 21 25 29 33

DIAMETER, CM

Subarea 2
MEASURED

D(g> = 22.1 cm G = 19.6 m2/ha

ZSW_ R OF TREES

1 S 9 13 17 21 25 29 33

DIAMETER, CM

METHOD 1
D(g) = 22.0 cm G = 19.3 m2/ha

NUMBER OF TREES

1 S 9 13 17 21 25 29 33

DIAMETER, CM

METHOD 2
D(g> = 20.9 cm G = 17.1 m27ha

NUMBER OF TREES

25
2F

1 S 9 13 17 21 25 29 33
DIAMETER, CM

Fig. 5. Diameter distribution, mean diameter (weighted by tree basal area) and basal area of stands

shown in Fig. 4.

The most important predictor is of
course diameter (1/(d+4)), but the depend-
ence of height on diameter is modified by
the relative size of the tree with respect to its
neighbors and the amount of competition.
According to Equation (9), increasing rela-
tive size decreases and increasing competi-
tion increases height. Trees which have
much competition are thus slenderer than
solitary trees (Fig. 6).
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42. General spatial models for diameter
and height

Spatial diameter model

'In this chapter it is assumed that the
stand basal area and the mean stocking
(trees/ha) are known besides tree coordi-
nates when predicting diameter and height.
Because there are now several stands in the
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Fig. 6. Dependence of the height of a tree whose
diameter equals the local mean diameter on diame-
ter and angle sum.

analyses, variables that describe the spatial
pattern of the stand can be used in addition
to the local stand density to predict tree
dimensions.

The model that predicts the diameter
directly has now the following form when
the stand parameters are in the analysis:

Coefficient t-value
do5 = 9.42¢ 18.4
- 0.3835 In(N,) 10.4
+ 0.7399 In(G,) 15.0
- 0.1633 In(ID +0.001) 5.5
+ 0.0002134 N, 6.6
- 0.2116 In(N,) 6.5
- 0.5310 In(N,) 9.1 (10)
R2=(.486 s. =0.734

Logically, increasing the stand density
decreases the predicted diameter and in-
creasing the stand basal area increases it.
Parameters R, A and I that describe the
degree of aggregation were not significant
predictors. Predictors calculated from the
coordinates of the neighbors within 6 m
from the object tree are partly the same as
in the within-stand model (Eqn 4). The
regression coefficients indicate that the
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general features depicted in Fig. 2 are also
valid when several stands are concerned.

The degree of determination is higher
than for the withinstand model (Eqn 4),
because of additional variables and greater
variation in observations, but more than 50
% of the variation in d% remained still
unexplained.

Models for local diameter distribution

The models for predicting the parame-
ters of the local diameter distribution,
when some stand parameters are available,
are as follows:

Coefficient t-value
In(d(n))= 4.567 96.0
- 0.2331 In(N,) 29.4
- 0.2538 In(N;) 30.1
+ 0.4771 In(Gy) 41.8
+ 0.1881 In(R) 5.3
+ 0.03535 A 7.8
- 0.1330 In(I) 8.0 (11)
R2 = (.852 se = 0.153
Coefficient t-value
In(d;,) = - 0.8144 4.1
- 0.1390 In(N,) 8.7
+ 0.02971 d (n) 7.3
+ 0.8956 In(d(n)) 12.6
+ 0.0001465 N, 14.1
+ 0.7507 R 12.9
+ 0.09104 A 11.4
- 0.2297 1 7.9 (12)
R%2=0.777 s. = 0.287
Coefficient t-value
In(d,,,,)= 1.986 22.2
+ 0.06579 In(N,) 8.4
- 0.2043 In(d,,;,,) 27.4
+ 0.8179 In(d(n)) 45.7
- 0.1334 In(N,) 15.9
+ 0.01204 G, 20.0
- 0.3560 R 15.2
+ 0.1040 In(I) 7.3 (13)
R2=0.821 s. =0.135
Timo Pukkala

Coefficient t-value
In(sy) = 1.789 27.5
- 0.4222 In(N,) 47.9
+ 0.00008663 N_ 16.1
- 0.1028 In(d ;) 18.3
+ 1.048 In(d, 5, -d1nin) 123.2
- 0.06224 In((d, 55 -dynin)?) 9.2
+ 0.1106 In(G,) 12.9
- 0.1412 In(R) 85  (14)
R2 =(.989 s, = 0.107

The degree of determination of these
models as well as the level of significance is
considerably higher than for the within-
stand models. In this case also the grouping
indices are significant predictors. Although
the individual coefficients must be inter-
preted with caution, because the predictors
correlate with each other, it seems that by
increasing the grouping of trees the mean
and minimum diameters of a subarea de-
crease and the maximum diameter in-
creases, all of which are very logical results
(Tomppo 1986). The same phenomena can
be seen in Fig. 7 which shows the estimated
diameter distribution for different subareas

" in a regular and irregular stand. According

to Equations (11)...(14) the increase in the
local stand density (trees/ha) is mainly due
to the increase in the number of small trees
(Fig. 7), as it was in the within-stand anal-
ysis (Fig. 3).

Validity of the models

To test the validity of the two methods to
predict diameter, four plots, all of which
were different from each other in some
respects, were removed from the study
material (plots 25, 33, 37, 48) and Equa-
tions (10)...(14) were recomputed without
them. The test material was thus independ-
ent of the study material. The coefficients
of these new equations were near to those of
Equations (10)...(14) and are not presented
here. The models were used for generating
tree diameters for the four test plots in the
same way as explained in the within-stand
analysis except that the mean stocking,
stand basal area and the grouping indices
were used as additional predictors.
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Fig. 7. Estimated diameter distribution of a sub-area
(circle with radius 6 m) of a stand whose mean
stocking is 1500 trees/ha and basal area 20 m2/ha

_ with regular (above) and aggregated (below) distri-
bution of tree locations. The figures beside the
curves show the number of trees in the sub-area.
Numbers 5, 14, 15, 17, 20 and 30 correspond to 442,
1238, 1326, 1503, 1768 and 2625 trees/ha respective-

ly.
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Table 1. Correlation coefficient of measured or pre-
dicted diameter with the sum of inverted distances
of neighbors nearer than 6 m (ID) in the 50 study
plots.

Measured Predicted diameter
diameter Method 1 Method 2

=)
70
@

Fig. 8. Measured and estimated sizes of trees on four
forest stand sample plots. The radius of the circle
indicates the greatest diameter of the crown and is
linearly dependent on stem diameter.

The generated diameters correspond
again to the measured ones when viewed at
the plot level (Fig. 8). The most striking
discrepancy can be found in plot 33 where
both methods generate more variation in
diameter than can be found in the real
stand. Especially Method 1, which predicts
directly the diameter, has produced too
many small trees.

The distributions of the measured diame-
ters and the generated ones do not always
differ significantly from each other (Fig. 9).
The means of the simulated diameters and
their total basal areas are nearer to the
correct values in Method 2 (sampling from
the predicted beta distribution). Also the
diameter distribution of the plot matches
better with the measured one in Method 2
than in Method 1. In some cases, however,
Method 2 gives too narrow a range of
variation (plots 25 and 48).

The methods were further compared by
calculating the correlation coefficient of
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correlation coefficient with ID
Average coefficient

of 50 study plots -0.27 -0.27 -0.18
Correlation over
all plots -0.56 -0.55 -0.55

correlation coefficientwith In(ID)
Average coefficient

of 50 study plots -0.27 -0.28 -0.20
Correlation over
all plots -0.63 -0.63 -0.61

the measured or predicted diameter with
the variable ID (the sum of inverted distan-
ces of neighbors nearer than 6 meters). The
diameter was predicted and the value of ID
calculated for all trees of the 50 study plots
which were further than 6 meters from the
plot edge (3521 trees). Method 1 gave al-
most exactly the same correlation between
the predicted diameter and the sum of in-
verted distances of neighbors than was
found in the measured stands (Table 1).
This means that Method 1 produces similar
joint distributions of tree diameter and the
number and distance of neighbors as en-
countered in real stands. With Method 2 the
correlations were somewhat poorer. In the
present study material the correlation be-
tween diameter and variable ID was better
than in Piivinen’s (1987) material (-0.27
versus -0.20)

Height model
The height model with the mean stock-

ing and stand basal area as additional pre-
dictors is as follows:
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Fig. 9. Diameter distribution, mean diameter (weighted by tree basal area) and stand basal area of stands shown

in Fig. 8.

Coefficient t-value

Inth-1.3) = 4.077 38.2
- 0.1018 In(Njy) 7.0
+ 0.1823 In(Gy) 6.6
- 0.83952 d/d(g) 10.1
+ 0.1491 AS 6.0
- 20.21 (1/(d+4)) 38.5
R2=0.861 s. = 0.195
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(15)

The residual variation of this model is
greater than that of Equation (9), presuma-
bly because the site fertility is not included
in the model. The site could be taken into
account by using stand age as a predictor.
Another reason which decreases the degree
of determination is that different stands
have been thinned differently and the time
since last thinning varies from plot to plot.
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43. Procedure for generating model stands

Equation (10) or Equations (11)...(14)
together with the height model (Eqn 15)
can be used in simulation studies for gener-
ating model stands in which the relation
between the spatial variation in stocking
and tree dimensions is realistic. The proce-
dure to obtain tree dimensions has the
following steps:

(1) Define the mean stocking and total basal
area of the stand (N, and G,).

(2) Generate the tree coordinates as a realiza-
tion of a suitable spatial process.

(3) Predict the diameters of the trees either by
Eqn (10) or by Eqgns (11)...(14). If Eqn (10)
is used, add a normally distributed random
number with a zero mean and standard
deviation of 0.7341 to the expected value
before raising it to power two. If Eqns
(11)...(14) are used, calculate parameters o
and 7Y of the beta function by using the
predicted values on d (n), and s, and select
randomly one diameter from the resulting
distribution.

(4) Calculate the heights of the trees by Eqn
(15).

The method described above is most rel-
iable in the eastern parts of Finland on the
typical growing sites of Scots pine. The
procedure assumes that the harvests and
other treatments affecting the spatial patt-
ern of trees are older that five years.

Fig. 10 shows a few model stands gener-
ated by the above procedure. The stocking
is 1500 trees/ha in all the cases and the
desired basal area 20 m2?/ha (the realized
basal area may differ from that). It can be
seen that in regular tree distributions the
two ways to generate diameters produce
clearly different results. Method 1, which
uses Eqn (10), gives much greater variation
in diameter than the use of beta function as
a local diameter distribution.

The study material did not contain very
regular spatial distributions, and the mod-
els may thus be unreliable in such stands

Method 1

|
4

Fig. 10. Examples of stands generated by Eqn (10)
(Method 1) and Eqgns (11)...(14) (Method 2). In all
cases Ng (mean stocking) is 1500 trees/ha and G,
(basal area) is 20 m2?/ha.

with both methods. The beta distribution
may underestimate the size variation in a
regular stand and Method 1 overestimate it.
As Viliaho (1971) pointed out, regular spa-
tial distribution does not necessarily lead to
a uniform tree size. Size differences appear
before the onset of the competition between
trees and are thus partly independent of it.
On the other hand, a grouped spatial distri-
bution does not necessarily create large
variation in the tree size, because the com-
petition can be constant also in aggregated
spatial patterns.
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5. Discussion

The study presents two ways of simulat-
ing tree dimensions so that they are related
in a realistic manner to the spatial pattern
of tree locations. Both methods predict the
local diameter distribution in the spot of
each tree and then select randomly one
diameter from that distribution.

The first method assumes that the local
distribution of the square root of diameter
is normal with a constant variance. This
means that the diameter distribution of a
subarea is between log-normal and normal.
These assumptions are not valid in all
situations: the local diameter distribution
can also be bimodal or clearly log-normal
as well (see Figs. 3 and 7). At the stand level
the result can be bimodal or of any other
type also with Equation (10), depending on
the extent of the subareas with different
densities. The assumption of constant var-
iance with a given prediction of Equation
(10) 1s not, however, valid, because the
variance 1is also affected e.g. by the spatial

-distribution of trees. Because normal distri-

bution does not have lower and upper
limits, Method 1 produces some abnormal-
ly low and high diameters. This shortcom-
ing could be avoided by cutting away part
of the distribution.

Owing to these shortcomings of the me-
thod based on Equation (10) and a stochas-
tic term, the use of the beta function as a
local diameter distribution seems to be a
more realistic alternative to generate di-
ameters. This method usually underesti-
mates the range of variation in diameter, if
stochastic variation is not added to the
predicted minimum and maximum diame-
ter. This does not always happen, but de-
pends on the scale in which the variation in
stand density occurs. If the areas of low and
high density are large and distinct, also the

Silva Fennica 23 (2)

estimated lower and upper limits of the
diameter distribution vary considerably.

The most obvious use of the models
presented in this study is to assist in the
generation of artificial stands for simula-
tion studies. One thing that restricts the use
of the generated stands is that treatments
were not taken explicitly into consideration
when constructing the models, although
the relation between the spatial pattern,
tree size and stem form is affected especially
by thinnings. The omission of treatments
also decreases the degree of determination
of the models, because the trees in different
plots of the study material have had a
different time period to respond to the
increase in the growing space by improving
growth.

The fact that cuttings partly destroy the
linkage between spatial distribution and
that of tree dimensions could have been
avoided by using only-unthinned stands in
the analysis. Stands generated by these
models could then be thinned (with harvest
roads if desired) and the dimensions of the
remaining trees increased by spatial growth
models. This way of widening the variety
of the generated model stands is of course
applicable with the presented models as
well. It should be noted, however, that at
least the thinnings from below change the
spatial distribution in a predictable
manner, since they leave the more or less
regularly situating big trees (Terborgh
1984) and remove mainly small individuals
whose spatial distribution is more irregu-
lar. Thinnings affect the spatial distribu-
tion of trees in the same way as competi-
tion: they shift the spatial pattern towards
more regular distributions (Leps and
Kindlmann 1987) and decrease the varia-
tion in diameter.
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Appendix 1. Stand characteristics of the sample plots. Trees with dbh at least 3 cm included. V = stand

volume. Mean diameter (d,) and mean height (hg) are weighted by tree basal area.

No. trees

G A dg hg Grouping indices No. trees G \% dg hg Grouping indices

/ha m?/ha m*’ha cm m R A I /ha m?2/ha m*’ha cm m R A I

1 1097 23 172 20 16 1.11 1.09 1.01 26 553 16 143 22 19 1.14 0.63 1.03

2 756 20 148 21 15 1.07 1.56 1.30 27 871 29 287 31 22 1.08 1.05 1.03

3 1676 22 151 16 14 0.85 4.88 1.81 28 622 16 141 27 18 1.01 1.10 1.19

4 2019 23 157 15 13 0.90 3.64 1.36 29 1182 13 71 14 11 1.06 1.65 1.13

5 1029 22 197 20 20 1.14 1.11 1.24 30 960 22 194 19 18 1.81 0.53 0.76

6 686 21 185 21 19 1.13 1.03 0.98 31 840 22 178 20 16 1.19 0.76 0.97

7 483 21 194 25 20 1.13 0.51 0.79 32 994 16 117 17 15 1.05 0.96 1.12

8 375 25 268 37 24 1.13 0.70 0.90 33 356 26 270 31 23 1.22 0.82 0.69

9 528 32 315 35 22 1.06 1.03 1.24 34 1257 15 104 14 14 1.22 056 0.75

10 792 27 259 23 20 1.30 0.61 1.03 35 906 20 162 18 17 1.29 0.53 0.85
11 584 20 185 22 19 1.27 0.77 0.78 36 584 14 105 20 16 1.23 0.58 0.85
12 509 27 284 32 23 1.14 0.87 1.30 37 1480 9 48 11 10 0.77 5.28 1.49
13 578 29 311 28 23 1.25 0.43 0.88 38 1829 21 112 15 10 1.10 2.11 1.09
14 1509 21 145 15 14 1.27 0.42 0.99 39 3627 13 49 8 6 1.07 292 1.20
15 978 20 175 26 18 1.09 1.37 1.19 40 2533 20 140 14 14 0.90 1.86 1.06
16 2126 22 143 14 13 095 1.37 1.28 41 1051 19 154 17 16 1.29 0.61 1.16
17 844 18 109 18 12 1.16 0.79 0.63 42 2183 23 169 16 15 1.04 1.08 1.60
18 408 25 241 31 21 1.06 1.11 0.78 43 612 13 101 20 16 0.94 3.13 1.26
19 1520 16 104 14 13 1.17 1.28 0.78 44 1269 20 164 20 17 1.02 0.83 1.07
20 2000 16 96 12 11 1.18 1.11 0.91 45 702 20 180 22 19 1.23 0.58 0.91
21 516 27 271 28 22 1.33 0.40 0.74 46 727 21 190 21 19 1.21 0.65 0.83
22 190 11128 30 24 1.02 1.19 0.68 47 571 20 194 24 20 1.20 0.45 0.86
23 1863 12 47 10 7 1.27 097 0.87 48 2957 19 84 10 8 1.32 0.52 0091
24 471 15 127 22 18 1.21 1.04 1.15 49 1157 18 132 18 15094 0.90 1.01
25 853 14 95 17 14 1.16 0.76 1.04 50 3827 23 116 10 9 1.12 0.66 0.91

2 Silva Fennica 23 (2)



