o 1

1988 - Vol. 22 N




SILVA FENNICA

A quarterly journal of forest science

PUBLISHER - JULKAISIJA

The Society of Forestry in Finland
Suomen Metséatieteellinen Seura r.y.

EDITORS - TOIMITUS

Editor-in-chief — Vastaava toimittaja
Editor — Toimittaja

Markku Kanninen
Tommi Salonen

Unioninkatu 40 B, SF-00170 Helsinki, Finland
tel. +358 0 658 707, telex 125 181 HYFOR SF

EDITORIAL BOARD - TOIMITUSKUNTA

Rihko Haarlaa (University of Helsinki), Kari Mielikainen (Finnish Forest Research
Institute), Juhani Paivanen (University of Helsinki), Risto Seppala (Finnish Forest
Research Institute) and Tuija Sievanen (Finnish Forest Research Institute).

AIM AND SCOPE - TAVOITTEET JA TARKOITUS

Silva Fennica publishes papers rele-
vant to Finnish forestry and forest re-
search. The journal aims to cover all
aspects of forest research, ranging
from basic to applied subjects. Be-
sides research articles, the journal ac-
cepts research notes, scientific cor-
respondence, and reviews.

SUBSCRIPTIONS - TILAUKSET

Subscriptions and orders for back is-
sues should be addressed to
Academic Bookstore, P.O. Box 128,
SF-00101 Helsinki, Finland. Annual
subscription price is FIM 220. Ex-
change inquiries can be addressed to
the editorial office.

Silva Fennicassa julkaistaan artikke-
leita, joilla on merkitystd Suomen met-
satalouden ja metsantutkimuksen
kannalta. Sarja kattaa metsatalouden
kaikki osa-alueet ja julkaisee seka
metséatieteen perusteita kasittelevia
ettd sovellutuksiin tahtaavia kirjoituk-
sia. Tutkimusraporttien lisaksi julkais-
taan tiedonantoja, keskusteluartikke-
leita ja katsauksia.

Tilaukset ja tiedustelut pyydetaan
osoittamaan toimitukselle. Silva Fen-
nican tilaushinta kotimaahan on 160
mk, ulkomaille 220 mk.

Silva Fennica

1988, vol. 22 n:o 1: 1-17

Effect of spatial distribution of trees on the
volume increment of a young Scots pine stand

Timo Pukkala

THVISTELMA: PUIDEN TILAJARJESTYKSEN VAIKUTUS NUOREN MANNIKON TILAVUUSKASVUUN

Silva Fennica 22 (1)

Pukkala, T. 1988. Effect of spatial distribution of trees on the volume increment of a
young Scots pine stand. Tiivistelma: Puiden tilajarjestyksen vaikutus nuoren min-
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The effect of grouping on 5-year volume increment was studied by a simulation
technique using spatial growth models estimated in pine stands in the phase of the
first commercial thinning. A total of 24 model stands were generated by applying 12
spatial processes for two different diameter distributions. In addition to model
stands, 6 different thinnings were simulated in two real stands. The clustering of
trees was described with Fisher’s grouping index and by estimating the relative
interception of diffuse radiation. In model stands with constant diameter distribu-
tion the correlation between the grouping index and volume increment ranged from
—0.81 to —0.91. The correlation between volume increment and interception was
0.81...0.83 with one diameter distribution and 0.70 if both distributions were
combined. In one thinned stand the correlation between the growth estimate and
grouping index varied between —0.33 and —0.76. The correlation between intercep-
tion and growth was about 0.30 in one stand and 0.72 if both stands were combined.
Small irregularities do not decrease the volume production of a young Scots pine
stand, but if the clustering is considerable or there are reasonably wide harvest
strips, growth will be reduced by 10. .. 20 %.

Ryhmittaisyyden vaikutusta nuorehkon méannikén 5-vuotiskauden tilavuuskasvuun
tutkittiin spatiaalisten kasvumallien avulla, jotka perustuivat ensiharvennusvai-
heessa olevissa mannikoissa tehtyihin mittauksiin. Tutkimuksessa generoitiin 24
mallimetsikkod soveltamalla 12 erilaista spatiaalista prosessia kahteen lapimittaja-
kaumaan. Toinen osa tutkimuksesta perustuu kahteen todelliseen mannikkoon
joihin kumpaankin simuloitiin 6 erilaista harvennusta. Puuston ryhmittiisyytta
kuvattiin Fisherin ryhmittymisindeksilla seka laskemalla ennuste hajasiteilyn pida-
tysosuudelle. Mallimetsikoiden tilavuuskasvuennusteen ja ryhmittymisindeksin vi-
linen korrelaatiokerroin vaihteli valilla —0,81 . . . —0,91, kun lipimittajakauma oli
vakio. Interseption ja kasvun vilinen korrelaatio oli 0,81 . .. 0,83, jos ainoastaan
puiden tilajarjestys vaihteli, ja 0,70, jos myds lapimittajakauma vaihteli. Eri
harvennustavoissa kasvuennusteen ja ryhmittymisindeksin vilinen korrelaatio
vaihteli vililla —0,33 ...-0,76. Hajasiteilyn pidatysosuuden ja kasvuennusteen
vilinen korrelaatio oli yhdessa metsikossa n. 0,30, ja 0,72, jos kumpaakin metsikkoa
tarkasteltiin yhdessa. Simulointien mukaan pieni tilajarjestyksen epasaannéllisyys
ei vaikuta nuoren mannikén tilavuuskasvuun, mutta jos ryhmittiisyys on huomat-
tavaa tai metsikossa on levedhkdja ajouria, kasvuennuste on 10 . . . 20 % pienempi
kuin saannollisessa tilajarjestyksessa.
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1. Introduction

There is much research on the effect of tree
species and diameter distribution on the
growth of the stand. Most of this knowledge
can be found in yield tables (Koivisto 1954)
and growth models (Nyyssonen and
Mielikdinen 1978, Vuokila and Viliaho
1980). Those few models in which the spatial
pattern of tree locations affects the growth
estimate (Vuokila 1965, Mielikdinen 1978,
1980) have not been'used in practical fore-
stry. There are, however, many instances
where the information about the effect of
spatial pattern is essential. In regeneration,
for example, it would be useful to know how
great irregularities can be allowed in the spa-
tial distribution of seedlings without decreas-
ing the stand productivity too much (Pohtila
1980).

In the thinning of an older stand the forest
manager often aims at leaving the best trees
to grow on. If poor-quality trees occur in
groups, he is confronted with the question of
how large gaps may be tolerated after thin-
ning without decreasing the productivity of
the stand. The same question arises in sys-
tematic thinnings or when planning the width
of harvest road strips. Except for purely spa-
tial problems, the knowledge of the effect of
spatial pattern could be used to increase the
accuracy of growth predictions of ordinary
forest management planning.

One way of handling the spatial questions
is to develop spatial or distance-dependent

growth models (Ek and Monserud 1974).
Distance-dependent models usually presup-
pose that the coordinates of all trees are
known. However, this is very seldom the case
in practical forestry because the mapping of
all trees is expensive and time-consuming.
For this reason, ways to evaluate the effect of
spatial distribution with one or a few parame-
ters should be developed as well as methods
to estimate these parameters quickly. The
parameter can be used to generate a spatial
pattern corresponding to that in nature, after
which distance-dependent models can be
utilized. Another approach is to correct the
growth estimate of a non-spatial model.

This work is aimed as one step towards the
use of spatial information in growth predic-
tion. The objectives of the study are (1) to
assess the effect of spatial pattern of trees on
the volume production of a young Scots pine
stand, (2) to find out stand parameters which
could predict the effect of spatial pattern on
growth and (3) as an example to estimate
how much growth is affected by differences in
the thinning practice.

I thank Prof. Seppo Kellomiki, Prof. Paavo Pelkonen,
Dos. Eljas Pohtila, Dr. Kari Mielikdinen, Dr. T. Nilson,
and Mr. Risto Ojansuu (M.Sc) for revising the manus-
cript, Mrs. Leena Kaunisto (M.A.) for correcting the
English and Ms. Eija Mustonen for helping in the com-
putations.

2. Computations

2.1 Outlines of the study

The study is based on model stands with
varying size and spatial distribution of trees
as well as on real stands in which differences
in size and spatial distribution originate from
simulated thinnings. For each stand the vol-
ume increment was estimated by using em-

pirical growth models. The spatial distribu-
tion of trees was assessed by grouping indices
and the estimate on radiation interception;
these measures of clustering were evaluated
by studying their correlation with the growth
estimate. Accordingly, the study consists of
the following computations (cf. Lundell
1973):
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(1) Calculation of spatial growth models.

(2) Creation of different spatial and diameter distribu-
tions by generating model stands or by simulating
thinnings in real stands.

(3) Estimation of the volume increment of each model
stand and thinning method.

(4) Calculation of the grouping index and interception of
each model stand and thinning method.

(5) Assessment of different measures of clustering by
correlation analysis.

2.2 Growth models

The first phase of the study was to prepare
distance-dependent growth models that could
depict the effect of neighbouring trees on
diameter increment. In the study of Pukkala
and Kolstrom (1987) the horizontal angle
sum to the stems of neighbors greater than
the object tree and nearer than five metres
(Fig. 1) proved to predict differences in radial
growth reasonably well in young pine stands,
and was therefore used also in this study. The
angle sum is a rather simplified description of
the competition process. For example, it does
not take into account the direction distribu-
tion of the competitors. The simplified as-
sumptions increase the residual variation of
the growth model. At stand level their effect
can be taken into account by generating ran-
dom variation around the expected value of
growth estimate.

Because in the study of Pukkala and Kol-
strom (1978) the past growth was predicted
by using actual tree dimensions, the growth
models were recalculated for predicting the
future growth, using the same material as
Pukkala and Kolstrom. The data consisted of
three forest stand plots located in about 40-
year-old naturally regenerated Scots pine
stands on a rather poor site. The total
number of trees on the plots was 1192. The
height and diameter of each tree were mea-
sured in field. The 5-year radial growth was
measured from the increment core bored at
breast height of those 764 trees which located
inside the 4-meter isolation strip of the plot.
The diameter 5 years earlier was obtained by
subtracting the doubled radial increment
(without bark) from the present diameter.
For trees on the buffer zone the diameter 5
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AS=5+6:+B;

Fig. 1. The principle in calculating the angle sum (AS)
used for the prediction of diameter increment of the
object tree. Neighbors nearer than 5 metres and
greater than the object tree are included.

Kuva 1. Lapimitan kasoun ennustamiseen kiytetyn kulmasumman
(AS) laskemistapa. Korkeintaan viiden metrin etdisyydelli
olevat kohdepuuta paksummat naapurit sisillytetiin kulma-
summaan.

years earlier was estimated by a regression
model based on trees inside the buffer zone
using the present diameter as a predictor.
For each tree nearer than five metres from
the plot edge (636 trees) the angle sum de-
scribed in Fig. 1 was calculated and used for
predicting the diameter increment during the
next 5-year period. Two different models
were calculated using this data (Fig. 2):

ig = 0.6396-0.80751n(AS+0.3) + ¢, (1)

rg = 143.1-108.9AS + e, (2)

where iy = diameter increment during the next five
years (cm),

rqy = relative diameter increment of the next

5-year period (% of the mean diameter
increment of the plot),

AS = sum of angles to trees bigger than the tree
itself and nearer than 5 m (radian),

€), €9 = error terms.

The residual variation of the growth model
was simulated by adding an error term to the
expected value of the model. The error term
was a normally distributed random number
with a zero mean and standard deviation
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Fig. 2. Dependence of diameter increment on the angle
sum (AS) on three Scots pine sample plots according
to Eqn (1).

Kuva 2. Lapimitan kasvun riippuvuus kulmasummasta (AS)
kolmella mannikkokoealalla yhtalon (1) mukaan.

equal to the standard error of the estimate
(se)-

The use of tree diameter, stand age or
stand basal area as a predictor did not im-
prove the above models. This was because
the diameter was closely correlated with the
angle sum (r=-0.8) and the stand age and
basal area did not vary very much. In addi-
tion, the angle sum is highly dependent on
the stand basal area in the surroundings of
the tree.

The latter equation (Eqn 2) was used in
the model stands for which the mean diame-
ter increment was estimated as a mean of the
growth estimates of the following distance-
independent model  (Nyyssonen  and
Mielikainen 1978):

In(pg) = 5.463-0.66751n(T)—0.47581n(G)+0.17731n(D)—

0.94421n(Hgom) —0.36311n(d) +0.77621n(h) +e; (3)
where p; = annual diameter increment during the
next five years (compound interest per-
centage),
T = age of the stand (a),
G = stand basal area (m?%ha),
D = basal area median diameter (cm),

Hyom = dominant height (m),

d = diameter (cm),
h = height (m),
e; = error term.

The main statistical parameters of the growth
equations are

Equation F-value (d.f.) R, % S, Unit N
1 526 (1,634) 45.3 0.3483 cm 636
2 406 (1, 634) 39.0 36.53 % 636
3 (not given) 71.9  0.3822 In(%) 1404

2.3 Simulated model stands
Tree dimensions

Altogether 24 model stands were created
for studying the effect of the spatial distribu-
tion of trees on the productivity of the stand.
Firstly, two different tree populations were
generated, and secondly, 12 different spatial
processes were applied to both populations to
obtain the x- and y-coordinates of trees. The
diameter distributions of the two tree popula-
tions were defined by using the beta function
as a theoretical distribution:

Population 1

0 if d<10
fld) =9 (d-10)"%(12-d)"* if 10=d=<12 (4)
0 if d>12
Polulation 2
0 if d<9
f(d) =19 (d-9)"3'(11-d)"*" if9=d=<11 (5)
0 if d>11

where f(d) = relative frequency of diameter d,
d

diameter (cm).

The stand density in population 1 was 1000
trees/ha and 2000 trees/ha in population 2.
The stand basal area with diameter distribu-
tion (4) and 1000 trees/ha was 10 m*/ha, and
with distribution (5) and 2000 trees/ha 16
m?/ha. The corresponding stemwood vol-
umes were 57 and 87 m°/ha, respectively.
The stand age was taken as 45 years. With
these parameters the model stands had such a
diameter distribution that the models derived
from the study material could be assumed to
apply to them.

Trees for a forest stand plot of 60 m by 60
m were generated by sampling the above

Timo Pukkala

distributions. The height of each tree was
calculated by

h = ¢,(1.3+d%/(1.933+0.09073d)?) (6)
N = 278 F=534 (1, 276) R’=65.8 % 5.=0.3102 m

where h = height (m),
¢, = correction factor to obtain a specified height
estimate for average tree,

d = diameter (cm).

The correction factor (c,) was 1.122 for
population 1 (1000 trees/ha) and 1.117 for
population 2 (2000 trees/ha). The model is
based on diameter and height measurements
on plots used for growth models (1) and (2)
and on sample tree measurements on three
other plots in young Scots pine stands.

Spatial distributions

The spatial processes used for producing
the tree locations were as follows (Fig. 3):

(1) Grid of squares. The location of the first point is
selected randomly. If there are more points than
needed, the surplus is removed randomly.

(2) Grid of triangles of equal sides. Otherwise as pro-
cess (1)!

(3) As process (1) but a normally distributed random
number is added to x- and y-coordinates. The
standard deviation of the random number was 25
% of the average distance between the points in the
direction of x- or y-axis.

(4) As process (1) but 33 % more points are produced
than the number of trees, after which the surplus is
removed randomly.

(5) Poisson process.

(6) Poisson process with the restriction that the dis-
tance between any two points must be at least 1 m
(so-called hard cord is 1 m).

(7) Clustered process. Process (1) is used for producing
the cluster midpoints. The distance of a point from
the cluster midpoint is distributed uniformly bet-
ween 0 and 6 m and the direction from cluster
midpoint uniformly between 0 and 360°. The aver-
age number of points in a cluster is 10.

(8) Clustered process. Otherwise as process (7) but the
maximum distance from the cluster midpoint is 5 m
and there are 15 points per cluster on the average.

(9) Clustered process. The cluster midpoints are Pois-
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son distributed. The distribution of the distance
from the cluster midpoint is negatively exponential
with parameter 3 m (average distance also 3 m).
The direction from the cluster midpoint is distri-
buted uniformly between 0 and 360°. The average
number of trees per cluster is 15.

(10) Poisson process with the restriction that 2-m-wide
empty strips must remain at 4-m intervals.

(11) Poisson process with the restriction that 4-m-wide
empty strips must remain at 20-m intervals.

(12) Poisson process with the restrictions that 4-m-wide
empty strips must remain at 20 m intervals and the
distance between any two points must be at least 1
m.

The aim of using different spatial processes
was to mimic the different spatial distribu-
tions occurring in real stands as well as to get
extreme cases. For example, processes (1),
(2) and (4) correspond to a very careful
planting, process (4) with considerable mor-
tality. Process (3) could be a less careful
planting or planting on a difficult terrain.
Processes (5) ... (9) apply to naturally re-
generated stands. Process (6) shows the situa-
tion after thinning, because of the minimum
distance of 1 m between trees. Processes
(10) . .. (12) produce spatial patterns corres-
ponding to the situation after thinnings which
rely on harvest strips.

Most of the generated spatial patterns have
the angle sum distribution (AS of Eqns 1 and
2) within the range of variation of the empiri-
cal study material (Appendix 1). Only in very
clustered processes part of the trees have the
angle sum greater than the maximum value
of the study material.

Volume increment

The 5-year diameter increment of the trees
of model stands was predicted by using mod-
els (1) ... (3). The height corresponding to
the new diameter was estimated by Eqn (6).
The present volume and that five years later
were estimated by the equation of Laasasen-
aho (1982, his Eqn 61.3). The estimate of the
volume increment was the difference in stand
volume at two time points. Although the area
of the model stand was 60 m by 60 m, the
growth estimates were calculated only for the
central part of 50 m by 50 m, because it was
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Fig. 3. Maps showing the horizontal crown projections of the 12 different spatial patterns of the model
stands. The area of the map is 0.16 ha (in simulations it was 0.36 ha) and the stem number 1000
trees/ha. The diameter of the circle is directly proportional to the stem diameter at breast height.
The numbers above the maps refer to the explanation of the spatial process in the text. The vertical
bars show the locations of corridors.

Kuva 3. Mallimetsikoissi sovellettujen 12 erilaisen tilajdrjestyksen latvuskartat. Kartalla on esitetty 0,16 ha:n
kokoinen alue metsikkoa, jonka runkoluku on 1000 puuta/ha (simuloinneissa alueen koko oli 0,36 ha). Ympyrin
halkaisija on suoraan verrannollinen puun rinnankorkeuslapimittaan. Pienet pystyviivat osoittavat ajourien ym.
kdytdvien sijainnin.
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impossible to calculate the angle sum of Eqns
(1) and (2) for trees nearer than 5 m from the
plot edge.

Because the above spatial processes are
mostly highly stochastic, three different reali-
zations of each process were produced to get
an idea of the sensitivity of the results to the
realization of the spatial process.

One realization of each process was used to
estimate the permanence of growth differ-
ences between spatial patterns. In these com-
putations, the mean diameter increment was
first calculated by using the estimates of Eqn
(3), after which the deviation from the mean
was estimated by Eqn (2). The estimated
diameter increment was added to the present
diameter, and the same calculations were
repeated two more times. The results are the
growth estimates for three successive 5-year
periods. Because the growth estimate could
not be calculated for trees on a 5 m wide
buffer zone, the results for the first 5-year
period are based on 50X50 m subarea, and
on subareas of 40X40 m and 30X 30 m for the
two following periods.

2.4 Simulated thinnings

After regeneration the forest manager has
very limited possibilities to affect stand pro-
ductivity via spatial distribution of trees be-
cause he cannot very easily change the place
of a tree. To study the effects of an individual
thinning, two real stands were thinned (in
computer memory only) using different rules
concerning the location and size of the har-
vested trees. i

The stands to which these rules were ap-
plied were two of the three plots of the study
material used for growth models (1) and (2)
(Fig. 4). In all thinnings about 33 % of the
stand basal area was cropped (the exact re-
moval percentage was found by applying the
thinning rule (5) below). The remaining bas-
al area was 11.9 m%*ha in stand 1 and 16.2
m?/ha in stand 2.

Six different thinnings were simulated ac-
cording to the following rules, in addition to
the rule of 33 % decrease in basal area (Fig.
5):

(1) Removed trees are selected randomly.
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Stand 1 Stand 2
10 \>
5 OOCO

00|

Fig. 4. Crown maps before thinning of two Scots pine
plots in which different thinnings were simulated.
The plot size in stand 1 is 38 m X 38 m and in stand 2
38 X 40 m.

Kuva 4. Kahden mannikkoalan latouskartat ennen simuloituja
harvennuksia. Metsikissa 1 koealan koko on 38 m X 38 m ja
metsikossd 2 38 X 40 m.

(2) The trees are ordered into ascending order according
to diameter and the required basal area is removed
starting from the smallest tree.

(3) From any pair of trees with distance less than 1 m
the smaller one is removed, after which rule (2) is
applied.

(4) Such a minimum distance between the remaining
trees is sought that no other rules are needed for the
required removal (1.44 m in stand 1 and 1.15 in
stand 2).

(5) All trees are removed from parallel harvest strips of

2-m width located at 6-m intervals. This thinning

determined the exact remaining basal area in all

other thinnings.

All trees are removed from 4 m wide harvest strips 20

m apart. Rule (4) is used between the harvest strips.

(6

-

From Appendix 1 it is apparent that the
spatial growth models derived from the study
material apply to the thinned stands.

The thinning reaction depends on the man-
ner in which the size distribution and spatial
distribution of trees are affected by the treat-
ment. To evaluate the effect of change in size
distribution the growth after treatment was
estimated by a non-spatial method using Eqn
(3). The result is an estimate for such hy-
pothetical situation that the spatial distribu-
tion of trees is affected similarly in all thin-
nings and only the size distribution is affected
differently. Eqn (1) was used to estimate the
combined effect of differences in spatial and
size distributions.

The volume increment was estimated in



Fig. 5. Crown maps of the plots presented in Fig. 4 after 6 different simulated thinnings. In each
simulation applied to one stand the basal area of the remaining trees is the same. The numbers
refer to the explanation of the thinning method in the text. The vertical bars show the locations of
corridors.

Kuva 5. Kuvassa 4 esitettyjen metsikkikoealojen latouskartat kuuden erilaisen simuloidun harvennuksen jilkeen.
Samalla koealalla jidvien puiden pohjapinta-ala on aina sama. Pienet pystyviivat osoittavat ajourien ym. kiytivien
sijainnin.
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the same way as in model stands described in
the previous Section, except that the height
after 5 years was obtained by adding to the
present height the difference of height esti-
mates (Egn (6), c,=1) corresponding to the
new and old diameter.

2.5 Measures of clustering
Grouping index

To describe the spatial distribution with
one parameter the grouping index (GI) prop-
osed by Fisher et al. (1922) was calculated for
each distribution. This grouping index is the
ratio between the variance of the stem
number in a subarea of a certain size (a) and
the average number of stems in that subarea:

GI(a) = s¥/m (7)
where s’ = variance of the number of trees,
m = average number of trees in the subarea.

For Poisson process the expected value of
Gl is 1, irrespective of the size of the subarea
(Tomppo 1986). In other processes it de-
pends on the size of the subarea (Cox 1971).
Processes with GI less than 1 are often label-
led as regular or repulsive and processes with
GI greater than 1 as aggregated, grouped or
clustered (Pohtila 1980, Tomppo 1986, Piivi-
nen 1987).

The grouping index was calculated by us-
ing quadrates of two different sizes. In the
first case the side of the square was 2.5 m and
in the second case 5 m.

Interception

A more biological measure of grouping was
obtained by estimating the interception of
diffuse radiation for each stand. For this pur-
pose, the model of Nilson (Hari et al. 1985)
was used. According to his model, the penet-
ration coefficient of diffuse radiation under
standard overcast sky, when calculated at
ground level, is

l/27!
pp = 6/7 g g(®) (1+2cos@)cospsinpdp (8)

(Pp=1ifg=1)
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where pp = proportion of penetrated diffuse radia-
tion,
g(p) = proportion of gaps in the canopy in di-
rection @,
@ = zenith angle.

The expression (1+2cos@) gives the de-
pendence of the brightness of the sky on the
zenith angle (Anderson 1966). The propor-
tion of gaps is

8(@) = exp (-2 (sKV,C)/cos®) ©)
where n = number of tree classes (here also number
of trees on the plot),

s; = number density of class i (trees/m?),

W = extinction coefficient per unit length
which the radiation passes inside tree
crowns,

V; = crown volume of a tree in class i (ms),

C = correction factor due to the grouping of

trees.

Parameter u was taken as 0.3 (Koppel and
Oja 1984). This may not be quite the correct
guess, but it does not affect the relative differ-
ences between spatial distributions.

The correction factor (C) is inversely prop-
ortional to the number of contacts between
crowns, and is given by (Nilson, personal
communication)

C = In(GI)/(GI-1) (10)

where GI is Fisher’s grouping index calcu-
lated by using the average crown projection
area of the tree crown on the horizontal plane
at sun elevation 45° as the size of the subarea.
When calculating the crown volume (Eqn 9)
and average projection area of the crown
(Eqn 10), the crown was assumed as a cone
determined by tree height, the height of the
crown base and maximal width of the crown.
The height of the crown base and the crown
width were estimated by models of Pukkala
and Kolstrom (1987, their Eqns 2 and 3).

Though the previous method gives only an
estimate of the interception of diffuse radia-
tion, it can be supposed to express relative
differences in total interception as well, be-
cause the interception of direct and diffuse
radiation are closely correlated (Pukkala and
Kuuluvainen 1986).



3. Results

3.1 Growth effect of spatial pattern of
trees

The 5-year growth estimate based on Eqn
(1) is about 25 m*/ha for model stands with
1000 trees/ha and 35 m®/ha with 2000 trees/
ha (Fig. 6). There is considerable variation
between spatial distributions (Fig. 6). Proces-
ses (1)...(6) have the estimated volume
increment near to each other. For Poisson
forest (Process 5) and for systematic process
with 33 % mortality (process 3) the growth
estimate is only a few percent or not at all
lower than for strictly regular processes. Pois-
son process with one meter hard cord (pro-
cess 6) appears to be as good as the systema-
tic processes.

The clustered processes (7) ... (9) have
clearly lower growth predictions than proces-
ses (1) ...(6), especially the highly aggre-
gated process (9) where there are large ‘areas
without any trees (Fig. 3, Fig. 6). The esti-
mated volume increment is about 20 % lower
than the highest estimates. The harvest strips
in Poisson forest decrease the growth predic-
tion approximately by 10 %. Fig. 6 shows
that the decrease in growth is the smaller the
more regular the distribution between the
corridors. Also it is clear that wide corridors
cause greater growth reduction than narrow
ones, although the model stands do not reveal
it. The results seem to be rather insensitive to
the realization of the process: different reali-
zations give almost the same result.

It could be argued that differences between
spatial distributions tend to disappear with
time, because trees having most growing
space will enlarge so that at last the growth
resources become fully used in all spatial
patterns. According to simulations made for
three successive 5-year periods using Eqns
(2) and (3), growth differences between spa-
tial distributions seem, however, rather per-
manent (Fig. 7). Only with 1000 trees/ha
there is in some patterns (4, 5, 10, 11, 12) a
tendency for the differences to disappear. The
constance of the growth estimates may partly
be due to the fact that while the growth of
some trees of a irregular stand is good, the
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1000 trees/ha - 1000 runkoaha

30!:m\.nh - Kasvu (m3/ha/S a)
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- ] real.
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Spatial pattern - Tilajarjestys
2000 trees/ha - 2000 runkoa‘ha
50[3routh - Kasvu (m3/ha/S a)

BRIl real.
- | real.

1'2.% 4 7 B8 9 10 11 12

Spatial pattern - Tilajarjestys

Fig. 6. The predicted volume increment in 24 different
model stands. For each stocking and spatial process
the results of two realizations of the spatial process
are shown (I real. and II real.). The results are based
on estimates of diameter increment calculated by
Eqgn (1).

Kuva 6. Ennustettu tilavuuskasvu 24 erilaisessa mallimetsikissa.
Tulokset on esitetty kahdelle eri realisaatiolle jokaisesta spati-
aalisesta prosessista (I real. ja II real.). Kasvuennusteet
perustuvat yhtalolla (1) laskettuihin lapimitan kasvun esti-
maatteihin.

competition due to the growth of trees in-
creases most in dense groups, and this com-
pensates for the better growth of some trees.

When comparing the results presented in
Figs. 6 and 7, it is apparent that relative
differences in volume increment are not sensi-
tive to the manner in which the growth esti-
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1000 treessha - 1000 runkoa’ha

Relative grouth -
Suhteellinen kasvu (%)

2 1 4 3 6 S5 12 11 10 7 8 9

Spatial pattern - Tilajarjestys

2000 trees/ha - 2000 runkoa’ha

Relative grouth -
Suhteellinen kasvu (%)

2 1 3 6 122 4 5 7 11 10 B8 9

Spatial pattern - Tilajarjestys

Fig. 7. The permanence of growth differences between
spatial processes. In each stand the processes are
ordered into ascending order according to Fisher’s
grouping index based on 2.5 m X 2.5 m quadrates.
The growth of the most regular process (2) is taken as
100 %. The estimates on volume increment are based
on Eqn (2).

Kuva 7. Tilajarjestysten vilisten kasvuerojen pysyvyys. Spatiaali-
set prosessit on jdrjestetty Fisherin ryhmittymisindeksin perus-
teella nousevaan jarjestykseen. Ryhmittymisindeksi perustuu
2,5 X 2,5 m’:n osa-alueisiin. Sadnnollisimmin tilajarjestyk-
sen (prosessi 2) kasvua on merkitty luvulla 100. Kasvuennus-
teet perustuvat yhtaloon (2).

mate is obtained. In both methods (Eqn 1
versus Eqns 2 and 3) the same spatial pat-
terns have the lowest growth prediction.
Surprisingly, the effect of spatial distribution
is as great for 1000 trees/ha as for 2000 trees/
ha. This is because the average competition is
higher in denser stands and the dependence
of the basal area increment on competition as
described by the angle sum is of a convex
type. It is clear, however, that if the stocking
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Fig. 8. The correlation between the grouping index and
volume increment of model stands with two different
sizes of the quadrate used for calculating the grou-
ping index (side length 2.5 or 5 m).

Kuva 8. Ryhmittymisindeksin ja kasvun valinen korrelaatio malli-
metsikoissa. Ryhmittymisindeksi on laskettu kahta erilaista
osa-aluetta kdyttien (nelion sivun pituus 2,5 tai 5 m).

is sufficiently low, growth differences between
the spatial processes will disappear.

The growth estimate of Eqn 2 correlates
rather well with the grouping index when
different stockings are surveyed separately
(Fig. 8). There are no clear differences bet-
ween the two sizes of subareas used in the
calculation of competition index:
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Stocking (trees/ha)  All stands
Measure of grouping 1000 2000 combined

Correlation coefficient
Grouping index
-0.907 -0.864 -0.434
— side of square 5 m -0.893 -0.823 -0.328
Interception 0.807 0.826  0.698

— side of square 2.5 m

The estimated interception predicts differ-
ences in volume increment better than the
grouping index when both stands are com-
bined (Fig. 9, setup above). The main differ-
ence between grouping indices and intercep-
tion is that the latter predicts the joint effect
of spatial and size distribution, while the
grouping index describes only the effect of
spatial pattern.

9 +

N + T+
e
g +
© +
§ y
E &7 +
A
2 L8 “
®
] A 3 STOCKING - TIHEYS
| A 1000/ha

'R A 2000/ha
c
o)
x
o
£
(]

o

= T T T T 1

0 20 40 80 80 100

Interception - Interseptio (%)

Fig. 9. The correlation between estimated interception
and estimated volume increment of model stands.

Kuva 9. Mallimetsikiille ennustetun hajasiteilyn interseption ja
kasvun valinen korrelaatio.

3.2 Growth effect of thinning method

The estimates on volume increment calcu-
lated by the spatial growth model (Eqn 1) are
of the same magnitude for all thinning
methods except for the method which uses
4-m-wide harvest strips (Fig. 10). In this
spatial pattern of the remaining trees the
estimate is 10 ...20 % lower than in other
patterns.

According to the simulations, a systematic
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Spatial grouth model -
Spatiaalinen kasvumalli
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Thinning method - Harvennustapa
Nonspatial grouth model -
Ei-spatiaalinen kasvumalli
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S0
EStand 2 -
Metsikko 2
EmStand 1 -
Metsikko 1

Thinning method - Harvennustapa

Fig. 10. The predicted volume increment of two forest
stands after 6 different simulated thinnings. The
results are based on estimates of diameter increment
calculated by distance-dependent growth model
(above) and distance-independent growth model (be-
low) (Egns 1 and 3).

Kuva 10. Kahden mannikkokoealan ennustettu tilavuuskasvu kuu-
den erilaisen simuloidun harvennuksen jilkeen. Ennusteet
perustuvat spatiaalisella (ylikuva) ja ei-spatiaalisella (ala-
kuva) kasvumallilla laskettuihin lapimitan kasvuihin (yhtdlot
1ja 3).

harvest from 2 m wide corridors (method 2)
does not decrease the volume production of a
young pine stand when compared to selective
thinnings, which e.g. method 3 mimics. In a
fully-stocked stand, where the diameter of
trees is around 10 cm and which grows on a
rather poor site, the critical width of the
harvest strip appears to be less than 4 m. The
effect of harvest strips would obviously be
smaller if the stocking were lower or the trees
bigger.

The fact that the spatial patterns resulting
from thinnings (1)...(5) lead to almost
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Fig. 11. The correlation between estimated interception
and estimated volume increment of two forest stand
plots thinned by using 6 different methods.

Kuva 11. Eri tavoin harvennettujen koealojen ennustetun hajasi-
teilyn interseption ja kasvun vilinen korrelaatio.

equal growth estimates indicates that the on-
ly thing that should be avoided in the thin-
ning of a reasonably even young pine stand is
big gaps. The cropped trees can be chosen
randomly, systematically according to loca-
tion or diameter, or by putting weight on the
distance between trees. This can, of course,
be realized only if also the smallest trees are
healthy and have good crowns, as was the
situation in the study material. Different thin-
ning methods create, however, differences in
the proportions of timber assortments, in the
quality of trees and in the future differentia-
tion of tree size.

As expected, the effect of harvesting all
trees from 4-m-wide corridors cannot be seen
in the growth estimates of a distance-inde-
pendent growth model (Fig. 10). It is
noteworthy that in stand 1 the predicted vol-
ume increment based on Eqn 3 is clearly the
best for the thinning method where the smal-
lest trees were removed irrespective of their
location (method 2). In stand 1 the variation
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in diameter is considerable (Fig. 4) although
the age of all trees is the same. Because in the
model of Nyyssénen and Mielikdinen (1978)
the site affects growth only via age and tree
dimensions, higher growth estimates are
automatically obtained by leaving the best-
growing (i.e. biggest) trees on the site.

In stand I, however, big and small trees
tend to occur in separate groups (Fig. 4),
which means that the strict thinning from
below leads to a more grouped spatial pattern
than if also the location of tree affects the
selection (the grouping index increases most
in method 2, from 0.62 to 0.86). Because the
distance-dependent growth model takes the
clustering of trees into account, the predicted
volume increment based on Eqn 1 is not
higher for thinning method 2 than for
methods 1, 3, 4, and 5 (Fig. 10).

The correlations between the different me-
asures of grouping and the predicted volume
increment are not gs good as in the model
stands discussed in the previous section:

Both stands
Measure of grouping Stand 1 Stand 2 combined

Correlation coefficieut
Grouping index
-0.334 -0.470 -0.413
— side of square 5 m -0.522 -0.763 -0.624
Interception 0.302 0310 0.718

— side of square 2.5 m

The grouping index calculated in subareas
of 5X5 m predicts the volume increment best.
The rather low correlation between the
grouping index and growth is due to a small
variation in the spatial pattern of trees. The
correlation between interception and the
growth estimate is far from complete (Fig.
11). The reason may be that the dependence
of growth on interception is nonlinear or that
the dependence of crown volume on tree size
was not estimated correctly.



4. Discussion

The computations showed that small irre-
gularities do not decrease the volume produc-
tion of a young Scots pine stand. In irregular
stands the decrease in production is typically
10...20 %. About the same loss due to a
remarkable clustering of trees have been
found in Norway spruce and birch stands
(Braathe 1952, Lundell 1973).

Apparently there is some limit which the
size of a gap must exceed to make trees
unable to utilize all the recources of the site.
Presumably there also exists a limit for the
size of a dense area before the grouping be-
gins to decrease growth. If there are only a
few trees in the group, each of them has a
growing space at least on one side. The limit
of the size of an effective gap or cluster de-
pends on the size of the trees: the smaller the
trees the sooner the gaps begin to decrease
growth. The opposite is probably true with
clusters: their effect is greatest if the trees are
big. It can be concluded that the shortest
dimension of a cluster or gap is decisive: a
narrow and long shape is less dangerous than
circular.

Fisher’s grouping index predicted growth
differences between the spatial distributions
reasonably well. The selection of the size of
the quadrate is a problem connected with the
use of Fisher’s grouping index, because it is
obvious that the optimal size of a subarea
depends on stand density, diameter distribu-
tion, tree species, site fertility, etc. Fisher’s
grouping index, as most other indices, has the
property that the expected value of the index
depends on the size of the quadrate. This
means that a particular spatial process may
appear as regular with one quadrate size and
clustered with another size (Cox 1971, Pohti-
la 1980).

Ficher’s grouping index indicates the vari-
ation in stand density and in the use of
growth resources between quadrates. The in-
dex does not take into account the surround-
ings of the quadrate, although it is clear that
there are more unused resources in a qua-
drate of a given density when it occurs in a
sparely stocked region rather than in dense
surroundings.
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It is apparent that the more there are
sparse and dense regions, the more clustering
reduces growth. The problem is how to define
sparse and dense areas so that the definition
reflects the availability of growth resources.
Owing to the shortcomings of the grouping
index and the probable mechanisms of the
effect of spatial distribution on growth, the
method of Cox (1978) for finding and map-
ping the dense and sparse areas of a tree
stand seems interesting. The method applies
to all stand densities and has the property
that a certain subarea alone does not deter-
mine whether a point lies in a sparse, average
or dense area.

Because the spatial distribution of trees
affects stand productivity through the use of
growth resources, parameters that predict di-
rectly the efficiency of the use of radiation
energy, nutrients and water should be good
measures of grouping. In addition, they do
not, as the methods based on tree coordinates
only, omit the size variation of trees. In this
study the interception of diffuse solar radia-
tion did not account for the effect of spatial
pattern any better than the grouping indices.
One reason for this might be error in the
model. More inportant, however, could be
that the interception does not reflect well
enough the efficiency of the use of other re-
sources than radiation energy.

When a good parameter for predicting the
effect of clustering on growth has been found,
there remains the problem of how to estimate
it without mapping the stand. One possibility
is to predict it with the help of stand and site
characteristics. Another possibility is to use
methods based on the distances from random
points to the nearest tree, second nearest tree,
etc. (Cox 1971, Pohtila 1977, 1980). The
relative interception can be measured directly
in the field, and be compared with some
standard value of the corresponding diameter
distribution.

When estimating the growth of a thinned
stand it was assumed that the remaining trees
can use the additional growing space immedi-
ately. In reality the tree improves its growth
only gradually, at the beginning the effect of
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removing a neighbor could be even negative.
If it were so, the results would overestimate
the effect of thinning on the next five year’s
growth. However, the results of Erikson
(1976) and Mielikdinen (1978) indicate that a
young pine reacts rather quickly to thinning;
the positive effect of a removed neighbor is
equal to the negative effect of a remaining
neighbor of same size during the 5-year
period following thinning. Also Bucht (1981)
found that the competition after thinning pre-
dicted the diameter increment well, though
variables describing the change in competi-
tion were also useful. The height increment
was best explained by the competition before
thinning.

In this study the effect of systematic thin-
ning with 4-m-wide corridors at 6-m intervals
led to 10 ... 20 % smaller estimates on vol-
ume increment for the coming 5-year period
than methods where the removed trees were
distributed evenly over the area. The reduc-
tion due to harvest strips was greater than in
Bucht’s (1981) investigation where it was 8.4
%, but his calculations covered a period of 9
years. Also in Erikson’s (1977) simulations

systematic thinning with corridors gave smal-
ler growth estimates than selective thinning if
the number of remaining trees was the same,
but not if the remaining volume was constant.

The omission of one-sided competition in
the study may be one reason for the poor
growth estimates for thinnings based on
reasonably wide harvest strips. Also the
growth of the edge trees of tree groups may
have been underestimated. In Bucht’s (1981)
study the growth response was better if the
neighbors were removed from one side of the
tree instead of harvesting from all sides. On
the other hand, Erikson (1976) found that
distance-dependent models which did not
take into account one-sided competition gave
as good estimates near the harvest strips as
elsewhere on the plot.

The growth estimates of this study are
based on the central part of the plot which
may not always have the same density,
diameter distribution and spatial properties
as the whole plot. In the results this is re-
flected as stochastic variation or bias which
are greatest in the most irregular spatial pro-
cesses.
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Appendix 1. Grouping index, relative interception and the distribution of angle sum (AS) in the study material and
in some simulated stands and thinnings (see text for explanation for spatial pattern and thinning rule).
Liite 1. Ryhmittymisindeksi, hajasiteilyn pidatysosuus ja kulmasumman (AS) jakauma tutkimusaineistossa sekd erdissi simuloiduissa

metsikiissd ja harvennustavoissa (simuloitujen metsikiiden tilajdrjestys ja harvennusohjeet selostettu tekstiss).

Parameter

Study material

Simulated stands

Simulated thinnings

Tutkimusaineisto Simuloidut metsikot Simuloidut hakkuut
Parametri Trees/ha — Puita/ha Stand - Metsikki
1000 2000 1 2
Stand — Metsikks Pattern — Tilajarj. Rule — Harv. ohje
1 2 3 2 9 2 9 4 6 4 6
Measures of grouping — Ryhmittyneisyyden tunnusluvut
Ficher/2.5 062 0.72 1.09 0.38  2.60 024 2.74 0.50 0.87 048 0.93
Fisher/5 0.58 0.81 1.65 0.3¢ 4.56 0.31 4.98 0.49 0.90 045 1.25
Intercept. 0.52 0.60 0.49 0.55 0.20 0.60 0.28 045 0.35 0.54 0.43
Agle sum (AS, radian) — Kulmasumma (AS, radiaania)
Minimum — Minimi 0 0 0 0 0 -0 0 0 0 0 0
Mean — Keskiarvo 0.39 0.54 0.36 0.10 0.48 0.26 0.71 0.21 0.29 0.27 0.34
Maximum — Maksimi 1.09 1.16 1.49 0.21 2.89 0.53  2.99 0.52 0.65 0.60 0.88
Frequency distribution of AS (%) — AS:n_frekvenssijakauma (%)

AS<0.2 24 17 34 97 41 38 22 46 34 36 27
0.2=AS<0.4 24 18 28 3 15 38 17 50 36 40 25
0.4=AS8<0.6 34 22 16 0 13 24 14 4 28 24 26
0.6=AS<0.8 15 20 13 0 10 0 11 0 2 0 11
0.8=AS<1.0 3 16 5 0 8 0 9 0 0 0 1
1.0=AS<1-2 0 3 0 6 0 6 0 0 0 0

AS<1.2 0 3 1 0 7 0 21 0 0 0 0

Fisher/2.5 = Fisher’s grouping index with 2.5 m X 2.5 m quadrate size
Fisherin ryhmittymisindeksi, kun nelion sivu on 2.5 m

Fisher/5 = Fisher’s grouping index with 5 m X 5 m quadrate size
Fisherin ryhmittymisindeksi, kun nelion sivu on 5 m

Intercept. = Relative interception of diffuse radiation
Hajasateilyn piditysosuus

2 Silva Fennica 22 (1)
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