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Distance-dependent growth models and crown models, based on extensive material,
were built for Scots pine and Norway spruce growing in a mixed forest. The crown ratio
was also used as a predictor in a diameter growth model to better describe the thinning
reaction. The effect of crown ratio on the growth dynamics was studied in simulation
examples. Monte Carlo simulation was used to correct the bias caused by nonlinear
transformations of predictors and response. After thinnings the crown ratio as a predictor
was found to be a clear growth-retarding factor. The growth retarding effect was
stronger among pines with thinnings from below, whereas the estimated yield of spruces
over rotation was slightly greater when the crown ratio was included than without it.
With each type of thinning the effect of crown ratio on pine growth was almost the same,
but the growth of spruces was clearly delayed when the stand was thinned from above.
Simulation examples also showed that it is profitable to raise the proportion of spruces
during rotation, since spruces maintain the growth more vigorous at older ages. The total
yield during 90 years rotation was about 20 % higher if the stand was transformed into a
pure spruce stand instead of pine.
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1 Introduction tion indices are useful tools for describing the
variation in stand structure so that the develop-
One of the most important aims of forest manment of single trees can be predicted more pre-
agement is to increase economic return. To magisely (e.g. Daniels et al. 1986, Pukkala 1989,
imize utility, the forest owner frequently maxi- Pukkala and Kolstrom 1991, Biging and Dop-
mizes the monetary income. By integrating indipertin 1992, 1995). However, some problems
vidual forest owners’ utilities, maximal total util- arise when the spatial structure of a stand sud-
ity of the forest management can be reachedenly changes in connection with thinning.
This strong supposition assumes e.g. that pricesStand basal area and competition indices are
of timber assortments and interest rate are detethangeable external growth factors that can be
mined correctly. Maximum economic return carused as predictors in tree-level growth models.
be reached by optimizing the treatment of th&®eal growth probably does not increase as rapid-
single stands. Because numerous different tredy+ as growth prediction does in a single-tree
ment schedules cannot be compared in real standspwth model, when external growth factors are
simulation seems to be a reasonable alternatiehanged. Real growth depends partly on the nee-
to study the effects of various treatments. Thdle mass of the tree, which does not change as
optimal treatment denotes proper tree specieapidly as competition after thinnings. Therefore
composition in the initial stand, correct timing ofthinning reaction can be made more natural by
cuttings and correct tree selection in cuttingsncluding the needle mass in the growth model,
The more accurately development of the stane.g. with the assistance of crown ratio (height of
can be predicted, the more reliable are the optike living crown divided by total height of the
mum treatment programmes obtained in simuldree).
tions. Therefore, by increasing the accuracy of Crown size has proved to be a useful indicator
simulation models, the reliability of stand devel-of thinning reaction (e.g. Smith 1986 and Short
opment predictions can be increased; and aloramd Burkhart 1992). In Finnish conditions the
with that, the more profitable forest managemergffect of crown size has been studied by e.g.
decisions can be put into practise. Hynynen (1995a and 1995b) in pure Scots pine
In a few studies it has been shown that on sit¢®inus sylvestrid..) stands and by Mielikdinen
of medium fertility it is profitable to grow mixed (1985) in mixed stands of Norway spru&cga
conifer forests (e.g. Jonsson 1962, Kerr et al. 19%bies(L.) Karst.) and birchBetula pendul&oth.
and Pukkala et al. 1998), and in certain cases thiandBetula pubescershrh.), in which the crown
ning from above is more advantageous than thimatio significantly improved the accuracy of the
ning from below (e.g. Vuokila 1970 and 1977 models. According to the study of Hynynen
Hynynen and Kukkola 1989, Mielikdinen and(1995b), the model with crown ratio as inde-
Valkonen 1991 and Vettenranta 1996). Whependent variable resulted in underestimation of
thinning from above is simulated, some problemthe diameter growth in the first 5-year period
arise. Competition affects small trees more thaafter thinning, when stands were heavily thinned
large trees because a larger tree can use limitgdore than 50 % of the basal area removed); but
growing resources more efficiently than a smallin unthinned and moderately thinned stands the
er tree; therefore, the change in competition aftgaredictions were satisfactory.
thinning will be emphasized if large trees are re- In general, the crown ratio is predicted either by
moved instead of small ones. Thus, predictions @n allometric (e.g. Dyer and Burkhart 1987) or an
growth will be less accurate. incremental model (e.g. Short and Burkhart
Several methods can be used to increase tti692). According to the study of Liu et al. (1995),
accuracy of growth predictions, when either théhe methods do not differ markedly in their abil-
structure of initial stand or applied treatmentsty to predict the crown size. However, allometric
deviate from the common practise. Distance-denodels can be utilized, although the simulation
pendent growth models are generally used timput does notinclude information on crown size.
describe the effect of competition on growth of 8oth non-linear (e.g. Hynynen 1995a and Liu et
single tree. Especially in mixed forests, competial. 1995) and linear (e.g. Mielikdinen 1985) ap-
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proach have been used in modelling crown ratio,
expressed as a variable between 0 and 1.

The aims of this study were (1) to build dis-
tance-dependent models for development of
mixed conifer forests in order to analyze the
effect of crown ratio on growth predictions and
(2) to verify that the development of a mixed
conifer stand can be predicted reliably over the
rotation.

7300 km

2 Material and Methods

2.1 Material
7000 km g

The study material consisted of about 350 study {o
plots measured by The Finnish Forest Research i o
Institute throughout Finland, except for the two -
northernmost districts of the Board of Forestry 7
(Fig. 1). The study plots were permanent study )
plots on mineral soil, located systematically ac-
cording to the sample areas of the National For-
est Inventory: in each sample area one stand was
chosen randomly. Stands with notable damag@'
were not entered to the data. The data on sapling
forests, dominant height lower than five meters
(TINKA-data), were measured two times during
1984-1989 and the data on older forests, domiadius, varied between 0.26 and 8.46 m, with a
nant height over five meters (INKA-data), weremean of 3.68 m. All stand compartments were
measured three times during the years 1976neasured for distance from the equator and mean
1992. The intervals between measurements weage at breast height. The mean age was not de-
five years (Gustavsen et al. 1988). termined as the mean age weighted by the basal

Most of the stands are of natural origin. Aboutirea, but as the average age of the dominant trees
35 % of the trees in the TINKA-data have beemt breast height (increment cores or an estimate).
planted and about 15 % have been seeded. In thbe time from the last thinning was also ob-
INKA-data the origin was not included and it isserved. Forest site types were determined ac-
probable that most of trees are of natural origincording to the instructions of the National Forest

In each stand, three circular study plots wertnventory (Valtakunnan...1977). From the total
established including at least a total of 100 treefiNKA- and TINKA-data were selected those co-
The distance between the study plots was 4tiferous mixtures in which the quantity of mixed
meters. The area of each stand compartmergpecies was at least 10 % of the number of stems
was at least 0.5 hectare. The areas of the stuffyig. 2). After that, the TINKA-data consisted of
plots varied between 0.002 and 0.023 ha in tha&bout 16 000 and the INKA-data about 120 000
TINKA-data and between 0.008 and 0.13 ha imbservations. About 5 % of the observations in
the INKA-data. The mean areas were 0.006 arttie diameter growth modelling were birchBstt
0.011 ha, respectively. Sample plots (area onda sp.) and they were treated as pines when
third of the study plot) were located and centeredompetition indices were calculated.
within each study plot. A buffer zone, the differ- All trees on the study plots were measured for
ence between a study plot and a sample plspecies, location and diameter at breast height

W e . “,:.E'
6650 km “‘\?Q 2ry:

= 55

1. Location of the study plots and distance from
the equator.
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Fig. 2. Distribution of tree species in the study plots used in the
study material. Proportion of spruces refers the relative stand
basal area of spruces in the INKA-data and the relative number
of spruces in the TINKA-data.

(referred to here as diameter). Trees on sampifferential growth, height growth and crown
plots were also measured for height, and sonteight were measured were used as data sources
sample trees were measured to determine tfier the estimated model in question. The differ-
height of the lower edge of the crown. Lonelyential growth in diameter and height was com-
living branches were not considered as a part dined with earlier measurements, so the future
the crown if two or more dead whorls of branchfive-year growth could be used in modelling.
es were found above them. The plot measurd&he maximum number of observations in mod-
ments were used to prepare the model for tresling was about 10 000 pines and 11 000 spruc-
height. Naslund’s (1936) curve € 1.3 +d%(a+ es, and the number of trees was slightly more
bd)?, in which h is tree height (m) and is than half the number of observations.

diameter) was fitted to the data: thus the height About half of the pines were located in a forest
of the non-sample trees could be predicted. Theith fresh mineral soil or on better sites (e.qg.
dominant height of a stand was determined adyrtillus site type (Cajander 1909)), while 87 %
the mean height of 100 of the thickest samplef the spruces were situated on sites that were
trees per hectare. Only those trees for whichqually good. Spruces were located in stands
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Table 1. Mean, standard deviation, range and number of observations (N) of some variables used in nabdelling.
= diameterh = height,cr = crown ratiojq = future 5-year diameter growtiy = future 5-year height growth,
Ty = age of a stand at the breast height measured from the dominanGtrebasal area of a startdy =
dominant height of a stan&c= distance from certain meridian aht = distance from the equator.
Numbers in the brackets denote the values related to a tree instead of a stand.

Variable Mean Standard deviation Min Max N
Pine Spruce Pine Spruce Pine Spruce Pine Spruce Pine Spruce
ig (mm) 148 122 10.3 94 1 1 76 66 8897 11226
in(cm) 132 121 78 81 5 1 500 450 7851 7329
d(cm) 129 125 8.2 8.0 0.3 0.2 441 499 18101 21914
h(m) 111 112 6.1 6.2 1.3 1.3 316 34.2 17947 21115
cr 0.59 0.78 0.17 0.13 0.10 0.06 0.98 1.00 10706 9181
Tg(a) 52 55 31 31 1 1 143 151 891 953
(47)  (62) (31) (30) (17953) (21835)
G (m?4ha) 19.6 205 9.4 9.4 0.04 0.04 41.3 413 922 986
(17.7) (23.2) (9.1) (8.5) (18780) (22259)
Hq(m) 147 154 6.0 6.2 15 15 28.6 28.6 923 986
(13.3) (17.2) (5.8) (5.3) (18812) (22259)
Ec (km) 478 472 122 124 204 204 716 708 923 986
(481) (460)  (124) (124) (18812) (22259)
Nc (km) 7010 6998 161 163 6652 6652 7292 7292 923 986
(7023) (6983) (160) (162) (18812) (22259)

that were, on average, older and more heaviljon. The residual variation can be divided into
stocked than the pine stands were. Spruces waremponents described by random parameters
also more numerous in the southern and westeftbappi 1986, Lappi and Bailey 1988). The ran-
parts of the country (Table 1). dom parameters are assumed to have zero mean,
fixed variance and they are assumed to be uncor-
related with each other (Searle 1987). However,
2.2 Modelling tree dimensions within a stand can be spatially
correlated (Penttinen et al. 1992), due to, e.g.
The ordinary least-squares (OLS) method focompetition between trees. Thus competition in-
fitting the regression model presupposes that allices between nearby trees also are correlated.
observations used in modelling are independen&LS estimation, in the way it has been used in
The data in forest research do not always me#tis study, does not take this correlation into
this requirement. If, for example, several treesonsideration. However, it was expected to give
are measured in the same stand or there are mamgtter estimates than OLS estimation, because
observations for the same tree at different timeghe correlation between competition indices was
this intra-unit correlation and hierarcical dataassumed to be relatively small. In this study
structure can be taken into consideration by ushree random variables were used: stand variable
ing the generalized least-squares (GLS) methddbservations in the same stand are correlated),
for fitting the model (Goldstein 1995). Bettertree variable (observations from the same tree at
estimates than OLS estimates can be obtained different times are correlated) and error variable.
GLS estimation if the covariance structure of th&o the model will be in the following form:
data is considered. The covariance matrix can be
estimated iteratively by starting with OLS esti- i = f(X;,...,Xm, X(m + L),..., Xnj, C(Pijk,
mates for the parameters of the function in ques- C(Sijk» ik, hi, Crig) + Py + i + & (1)
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in whichyjy is 5-year diameter or height growth __—-=-=-=7"777777777" ===~ ___
or crown ratio of treé in plotj in measurement {\_ »
time k, X1;,...Xm are stand characteristics of \\ ————————————————————————
plot j, which are not expected to change when
the moment of time changes(m + 1),... Xy
are stand characteristics of pjptvhich change
during the measurement tirkeC(p)ij,C()i are
competition indices computed for pines and
spruces, respectivelgh, hj andcr are diame-
ter, height and crown ratio of tréén plotj and
measurement tirme respectivelyp; is a random
plot factor,t; is a random between-tree factor
andey is a random within-tree factor.

2.3 Competition Indices NC C S.

The structure and the growth dynamics of mixeg; 3 The principle of computing the competition
forests are more complex than those of pure jygices. Competition index is sum of exceeding
stands, due to different ecological properties of a5 (E) of trees. Pis distance between trees
species (growth rhythm, demand of light, use of () ph is the starting level of the paraboloid
nutrients etc.). Therefore, a spatial arrangement ¢ face (see Eq. 2). S is subject tree, C is compet-
of species and individual trees must be known so jior and NC is non-competitor.

that between-trees interaction can be taken into

consideration when single-tree growth models

are used for the detailed description of a stand

structure development. The knowledge of spaas o specified limit to the distance at which
tial distribution of trees is crucial specially When'[hfe cgrgpehtltlon V\(/jOUId stop, gut thlzlwas deterl-l
the structure of a stand or applied treatments afined by the stand structure. Secondly, the small-

exceptional. One way to take the spatial arrangts"-r the trees were, the more quickly the effect of

ment into consideration is to use competitiorff®MPetition decreased along the distance, for

indices to describe the interaction between tree xgmple, due t(_)_the_ W'.dth of the root system_s.
Competition indices based on vertical angled Nifdly, competition indices had to be appropri-

defined by a horizontal plane to the tree to;.‘ﬂilte for _t_he _mo_rtality_ model. The be_st a_p_plied
JePmpetition indices, in respect to their ability to

inside a certain radius (Pukkala et al. 1994) ha lain th idual variati ith oth lied
proved quite useful in coniferous forests, althougﬁxp ain the residual variation with other applie

some problems arise. There is no implicit (natu\-/ar'?bles’f V\r/]ere the sum of the prg_portlﬁn of
ral) reason why competition would suddenly stoﬁ]e'g ts of those competitors exceeding the pa-
at a certain distance. but it is more realistic th20loid surface centered on the subject tree from

assume that the competition decreases as tﬁé:ertain relative height (Tables 2 and 3, Fig. 3),

distance from a subject tree increases. Secondfy> follows:

in mixed coniferous forests the dominated tree n 0 D2 0

storey often consists of spruce, due to its better Cl; = 3 h; _Ea_HO”% +bhE,
j=1 d

adaptation to low light conditions. If there is a = 2)
marked difference between tree heights, the hor- _ 0 Dijz o
izontal angle does not increase with the competi- if hj > an +bh HJ Z1

tion. Then only the number of competitors af-
fects the competition.

In this study several competition indices, baseth whichn is number of treedy is height of the
on the same type of idea, were tested. First, thecempetitorj; h; is height of the subject treB; is
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Table 2. Competition indices used in models, parameter@nd b in formula 1 and mean and
maximum values of indices in each data set. Subscrgfers to the species of competitors.

pgmpetition Parameter Spruce data Pine data

neex Spruce competition Pine competition Spruce competition Pine competition
a b Mean Max Mean Max Mean Max Mean Max

C5 1 0.4 13.25 126.6 8.61 83.2

C\6 2 0.4 575 844 1.01 94.4

Cy7 05 0.8 6.85 169.2

C.8 1 0.8 559 106.9 3.27 98.4 195 514

C9 2 0.8 245 66.9

Table 3. Distance (m) at which the paraboloid surface reaches the altitude of the dominant height and
the number of stems per hectare in a stand where the spatial distribution is regular and the effect
of competition stops. Calculated with Equation 1. Parameter ais 1, b is 0.4.

Height of Dominant height of a stand
a subject tree
2 4 8 16 32

2 1.2/6940 2.1/2270 3.5/820 5.5/330 8.6 /140
4 1.8/3090 3.2/980 5.4 /340 8.5/140
8 2.8/1280 5.1/380 8.3/150
16 4.4/520 7.8/160
32 6.7 /220

distance from competitgrHg is dominant height 3 Results

of the standais 0.5, 1 or 2; antlis 0.4 or 0.8
3.1 Diameter Growth Models

2.4 Mortality Models The range of variation of the tree size along with
the stand age was so broad in the material used
In order to simulate forest stand dynamics, & prepare the models that most of the independ-
mortality model is usually needed. Mortalityent variables had to be modified to linearize the
models are often based on stand variables adépendence. The models were not only modified
the relative size of a subject tree (e.g. Ojansuu @fith the assistance of statistical criteria, but also
al. 1991). That kind of model does not consideby studying how diameter and height growth
the spatial distribution of trees. In particularmodels function together. The relative size of a
thinning from above may change the spatial dissubject tree (or some modification) is one of the
tribution of trees, making it unfavorable. In thismost significant predictors in each model. A cer-
study the mortality models were based on th&in modification was chosen not only because
competition indices so that if the competitionof the ability to predict the growth, but also
compared to height of a tree exceeded a certaatcording to the stem fornd/fi) development
level, the tree was removed as a mortality. Thiduring the rotation. Therefore predictors are not
approach allows that in regular stands the growiecessarily the best ones from a statistical point
ing-stock density may become higher than thaif view. The square-root transformation was used
in clustered stands. in most models to decrease the heteroscedastici-
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ty and to make the residuals normally distribut- The following diameter growth models were
ed. All following growth models were estimatedestimated for pine,
by using the generalized least-squares method.

idj 5= 14.808 + 0.552 I/ Tg?) — 5. 285/(1,Jk +2) = 0.257 In(L €,8%) — 0.0317 In(1 €6y

(11.9)  (16.08) (-7 (16.8) 1.7)
— 7.263E-Mg — 10.957/Tg + 5) — 1. 355 Gy + 1) — 0.213 dummy4- pj + t; + ej ©)
(-4.4) (-3.9) (-2 (-4.2) (8.4) (17 4) (42.7)

and the following for spruce,

idij 05 = 12.935 + 4.308(x /Tgi)°5— 1. 462E-8IG — 0.0568;. — 0.030C.6i

(9.8) (53.7) (-7.8) (-24.5) (=23.7)
- O.296dummy14+ P+t + e (4)
(~4.0) (10.2) (25.8) (48.5)

in which id is future 5-year diameter growth tween-stand and between-tree components of the
(mm); d is diameter (mm)h is height (m),C,8, total residual variance were 0.124 and 0.189,
C6 are competition indices calculated from pineespectively, for the pine model and 0.226 and
competitors and from spruce, respectively (se@.214, respectively, for the spruce model. The
Formula 1 and Table 2)Ncis distance from the estimated pure error at tree levgl) accounted
equator (km)Tgis stand age at breast height (a)for about 57 % of the total residual variation in
G is stand basal area fnal); dummy4 is 1, if the pine model and 42 % in the spruce model.
the stand was located on a worse than the freSime degree of determination of the mixed model
mineral soil forest site (e.yacciniumsite type), part was 0.58 for the pine model and 0.57 for the
otherwise O;p is a random stand factadrjis a spruce model. Relative RMSE'’s (RMSE divided
random between-tree factor aads a random by mean value of the predicted variable, Eq. 5)
within-tree factor. Subscriptefers to atregto  were 0.223 and 0.249, respectively (Table 4).
a plot andk to a time of measurement. The t-
value of parameter estimates (the parameter esti-
mate divided by the standard error of the esti- B \/;Z(yl -%) (5)
mate) and the z-value of random parameters (the RMSE =
variance estimate divided by the standard error
of the variance estimate) are presented in bracR-2 Diameter Growth Models with Crown
ets below the parameters. Ratio

The within-tree residual mean square error was
estimated to 0.427 for the pine model and 0.318iameter growth models with the crown ratio
for the spruce model. The corresponding bewere as follows for pine,

idijk 05=10.606 + 0.327 |Iﬂ{|k/ngjk) 8 619/(1”1( + 2) 0. 223 In(1 {:pgllk) +1. 841:I’2|Jk
(17.5)

(74)  (12.1) (-11.
—4.163E-Ng — 1.057 InG + 1) — 0.271dummy4- p; +t;j + e (6)
(-2.1) (-13.6) (-4.6) (8.5) (4.4) (14.6)

and for spruce,

idij 05 = 9.182 + 3957/ Tg)°5 +1. 079:r3”k — 0.028Tix — 1.048E-Blg — 0.034 G,
(65) (27.7) (13.1) (-12.2) (-5.3) (-10.0)

— 0.303dummyé+ p; + tj + ek (7
(-3.7) (8.8) (8.0) (14.5)
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Table 4. Residual mean square errors divided into between-stand, between-tree and within-tree components,
relative RMSE and degree of determination in fixed part of each model.

Dependent variable MSE Relative Degree of determination
RMSE in fixed part
Between Between Within Total
stands trees trees
i0-5 pine 0.1235 0.1893 0.4274 0.7405 0.223 0.58
i3 spruce 0.2257 0.2136 0.3184 0.7577 0.249 0.57
i42-5 pine withcr 0.1451 0.1226 0.4085 0.6762 0.214 0.61
i3 spruce wittcr 0.1780 0.1741 0.2997 0.6519 0.231 0.56
in pine 657.7 1732.4 2390.1 0.370 0.63
in?5 spruce 2.081 0.4775 6.597 9.156 0.276 0.37
cr pine 0.002535 0.003873 0.003020 0.009428 0.165 0.69
crd spruce 0.007896 0.01188 0.004931 0.02471 0.331 0.53

in which cr is crown ratio (height of the living 1
crown divided by total height of the tree). Other 05 \xx +10%

predictors are as in Equations 3 and 4. S spruce
By including the crown ratio in the models,£ ;¢ | N \;\N\\\§ -10%
the total residual mean square error decreased | ~~__ "~ — _TIT-~ 00
about 10 % for each model. The between-treg 0.4 | \\\\\\_ T pine
component of the total residual variance of the i T~ 0%

pine model decreased about 35 %. In the pine %2 |
model the crown ratio is the most significant | . . . . . . . .
predictor, in the spruce model it is the second 0 20 40 60 80 100
most significant. In the pine model the competi-
tion of spruce and stand age alone are no more
significant predictors. The number of observarig. 4. Crown ratio when diameter growth models
tion decreased from 8 900 to 4600 in the pine without and with crown ratios gives an the same
model and from 11 000 to 4200 in the spruce diameter growth (solid line) and crown ratio when
model, when crown ratio was included. diameter growth with crown ratios gives 10 %

Both the growth model without and with the  smaller and greater diameter growth (dashed line).
crown model gives the same results if the crown If crown ratio is greater the diameter growth is
ratio is at a certain level. That certain crown ratio greater and vica versa. Spatially the stand is regu-
decreases with the age of the stand and is higher larly distributed and all trees have the same mean
with the model of spruce than with the model of dimensions according to the stand age according
pines (Fig. 4). to Koivisto 1959.

The diameter growth models (Egs. 3, 4 and 6,
7) give the same results when the crown ratio is
1 for spruces and slightly less than 0.7 for pines
at the stand age of 5 years at breast height. At the
stand age of 80 years, the crown ratios are abaBit3 Models for Crown Ratio
0.75 and 0.45, respectively. When the crown
ratio was decreased about 10 percentage units,order for crown ratios to be predicted for the
the diameter growth also decreased about 10 %iameter growth model, static crown ratio mod-
and vice versa. els were built for pine,

Stand age at breast height (a)
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Crix = —0.712 + 0.0485 ldf/Tg?) + 4.768E—dj + 0. 1551,Jk/(1 + (4 — 1. B8BE—E;5
(52  (295) (a7.1) (26 (-13.5)
~9.897E-3 In(1 €6x) + 1.736E—-Mg — 1.787E—G; + j + tj + ek 8)
(-5.1) (8.8) (-22.9) (9.7) (31.3) (47.7)

and for spruce,

crigd= —0.403 + 6.698E-6H + 0.0566 I/ Tg?) + O. 1331,Jk/(1 + (ii/5)?)
(-1.6)  (15.5) (17.0) (19

— 3.489E-B5 + 1.245E—AG — 1.401E—G2 + pj + tj + &) 9)
(-17.8) (3.4) (-15.2) (9.3)(35.9) (45.1)

The crown ratio for pine can be predicted mucklevelopment of pines, as in the diameter growth
better than that for spruce. The relative RMSE'snodels. On the other hand, in both models the
were 0.17 in the pine model and 0.33 in thetand basal area is one of the most significant
spruce model. In both models the stand basptedictors, and in the pine model the competi-
area and the competition are the only factors théibn described by the stand basal area affects the
decrease the crown ratio. The competition ofrown ratio more than the competition of each
pine is not a significant predictor for the crownspecies separately (Fig. 5).

ratio of spruces, but for pines the competition of

each species decreases the crown ratio. This as-

pect indicates that pine is not as harmful a con8.4 Height Growth Models

petitor for spruces as spruce itself, but the com-

petition of each species significantly affects thédeight growth models were as follows for pine,

ihijk = 104.570 + 60.755 |dﬁk/Tgk) +9. 6901|]k/(1 + (h.lk/4)2) 0. 3691“;( + 3. 422(’|d]k—h”k)

(12.7) (22.7) (2.3) (-14.9) (7.5
- 2.46&:p8ijk - 0.284!'gk + P+t + e (10)
(-8.9) (-3.3) ©.7)  (60.5)

and for spruce,

ihijkO.S 4.388 + 6. 8lajk/Tgk -0. 23@59”1( +0. 565—91(/(1 + (Tgk/15)2)
(15.1) (16.7) (-13.4) (9.6

+ 1. 0131|Jk/(1 + (huk/5)2)+ pj * Gt ejk (11)
(7.9) (9.2) (3.6) (39 8)

in whichih = future 5-year height growth (cm).

The between-tree component of the total residspruce stand is about 27 years. According to the
al variance was 5 % in the spruce model, whileompetition indices only competition by its own
in the pine model it was about 70 %, because #ipecies decreases the height growth of each spe-
was not possible to determine the within-treeies; on the other hand, in the pine model the
component; but the between-tree component idifference between tree height and dominant
cludes also the within-tree variation. Pines reacheight promotes the height growth. The degree
maximum height growth at a height of 4 meterspf determination of the fixed part of the model
while the height growth of spruces reaches ita&sas 0.63 for the pine model and 0.37 for the
maximum at a height of 5 meters. According tepruce model, even though the relative RMSE’s
Koivisto (1959), the biological age of a pinewere 0.37 and 0.27, respectively.

stand is then about 20 years and the age of a
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Fig. 5. Effect of the stand basal area and the relative number of surrounding spruces
on the crown ratio of pines and spruces. The spatial distribution is regular and all
trees were presumed to have equal dimensiong,3 m,d = 13 cm,Nc= 6900
km and site type is fresh mineral soil.

3.5 Mortality Models in which

The idea of the crown model is to describe the CIM = Cx/ (Hg—h;+ 3) 13)
vitality of a tree. Unfortunately, the crown ratio

models are not flexible enough to be used asSrecies  Cx a b c
mortality models. The height or diameter growth;

calculated with their respective models, breaks pine C,5 —0.030 0.98 0
off before the crown model diminishes the crown CS 0 0.18 2
of a tree minor. The tree crown withers away C5+CS5 0 0.70 2
rather than diminishes little by little to non-ex-  spruce C9 0 0.17 2.7
istence. As growth models built for pure stands CS 0 0.13 6
do not give reliable growth predictions in mixed C5+C5 0 0.17 5

forests, it was probable that existing mortality

models would not give reliable predictions inin which Cxx is the corresponding competition
mixed forests. Therefore, new mortality modelsndex in Table 2Hyis the dominant height of a
were built in order to remove single trees undestand andh; is the height of a subject tree.

heavy competition and thus avoid unrealistically

high stand density. The mortality was determined

with the aid of envelope in the present data3.6 Model Validation

Certain competition indices were compared with

the difference between a tree height and a donibiameter growth models were tested with inde-
nant height and a limit was observed. It wapendent data sets collected in mixed coniferous
assumed that trees which have exceeded the lifierests in North Karelia. One data set consisted
it were dead, and therefore no observation wad a one-storey conifer mixture (Pukkala et al.
made. The total number of observations was aboli994) and another consisted of a two-storey mix-
18 000 in pine models and abour 21 000 in sprudere (Pukkala et al. 1998) in which pines were
models. The mortality models were formed ashe dominant trees and spruces the under-storey.

functions of the limits as follows: All diameter growth models functioned quite well
in the one-storey data set, except that the growth
if CIM > ah2+bh +c, tree is removed (12) model for pines with the crown ratio (crown
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ratio in test-data were estimated) gave an avelkarelia, Finland. The area of the study plot was
age 0.3 cm underestimation of the 5-year diameabout 0.11 ha and was located on the site of
ter growth and the high predictions in each spruaaedium fertility (MT, Myrtillus site type (Ca-
growth model were overestimated. Converselyjander 1909)). Spruces were, on average, smaller
in two-storey stands the small predictions of pinéhan pines (Table 5).
models were underestimated and the high pre-The simulation followed a pattern. First, a tem-
dictions were overestimated. The predictions gborary buffer zone was generated around the
the spruce models were slightly underestimatedtudy plot by assuming that the plot was sur-
All models were also tested with a partitionedounded by similar plots on all sides. After that
data set. Every fifth observation was separatetbmpetition indices could be calculated. Then
into a different data set and all models werg¢he crown ratios were generated with the crown
rebuilt with the remaining 80 % of the observartatio models if they did not exist and they were
tions. The parameter estimates did not signifineeded. Diameter and height growths for five
cantly change with the subset and the predigrears were calculated. The trees with inadequate
tions were very good. vitality were removed with the mortality model,
The geographical distribution of prediction er-which removes trees according to the surround-
rors was also studied by viewing the random pldhg competition. Next, the stand characteristics
factors, which indicate the growth level of eactwere calculated with the new tree dimensions.
stand compartment. The diameter growth modéihe buffer zone was generated and competition
for spruce underestimates the growth in Ostrandices were calculated again with the new tree
bothnia and in southeastern Finland and overedimensions. The new crown ratios were calcu-
timates the growth in North Karelia. The pinelated with the new tree dimensions and the stand
model overestimates the growth in the area fromharacteristics. The lower edges of the crowns
Nurmes to Vaasa. were determined with the crown ratio. If the
earlier lower edge of the crown was higher than
the new one, the crown ratio was corrected with
the earlier one. The volume of trees and the

4 Simulations proportion of timber assortments were calculat-
ed with the functions of Laasasenaho (1982).
4.1 Simulation system Finally, the buffer zone was removed.

Thinnings were simulated by setting the number
To test the function of the growth models anaf thinnings and a certain basal area limit for each
the effect of the crown ratio model, two simula-thinning. If this limit was exceeded during the
tion models were built. Both simulation modelspresent 5-year growing period, the growth was
contained the same height-growth models (Eqggredicted by interpolating, so that the basal area
10 and 11) and mortality models (Egs. 12 antimit was attained. The trees of each species were
13). One model also contained the diametedivided into three diameter classes by the number
growth models without a crown ratio (Egs. 3 anaf the stems. The different types of thinnings were
4), and another simulation model contained diimplemented by giving a wanted proportion of
ameter growth models with crown ratio (Egs. Gemoving trees for each diameter classes. The tree-
and 7) and the crown ratio models (Egs. 8 and Qelection method for harvesting is described in

The structure of a stand is a crucial factodetail in the study of Pukkala et al. (1998).

when the development of a stand is simulated Two different harvesting methods were ap-
with these models. In order for the growth modplied, so that the function of the models could be
els to give reliable predictions, the tree dimeneompared in different situations. For studying
sions and spatial distribution of the trees within ghe development of the mean diameter and the
stand must be correct. Therefore, in the followheight of species, the stand was thinned from
ing simulation examples, one real stand was usdxtlow, so that 80 % of the trees in the lowest
as the initial stand. This stand was naturally rediameter classes of each species were removed,
generated and nearly even-aged, located in Nort® % from the second class, and also 10 % from
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Table 5. Stand variables in the stand used in the simulations, where SP = Scots pine, NS
= Norway spruce@ = stand basal arell, = number of stem3/ = volume,Tg =
stand age at breast heigHy = basal area weighted mean heidgtd,= dominant
height of the stand aridg = basal area weighted mean diameter. Standard devia-
tion is in the brackets.

Species G (m?ha) N(sttha) V(mdha) Tg(a) Hg (m) Hd (m) Dg (cm)

SP 111 1000 72 175 12.1(2.04) 15.6 (4.89)
13.2

NS 6.8 900 37 18.3 10.6 (3.16) 11.9 (4.16)

the highest diameter class were removed to dénear transformated growth models, the predic-
scribe to a removal of trees with a heavy compdions can be biased (e.g. Gertner 1991). If the
tition against them and a bad quality. growth is to be predicted over long periods, e.qg.
The first thinning from below was conductedover a rotation, so that earlier predictions will be
when the stand basal area reached3@m The used as the predictors in the growth models, the
post- thinning basal area was about Zhartand  bias will be accumulated. The longer the simula-
the age of the stand was then about 50 years. Ttien period is the more uncertainty will appear in
second thinning was conducted when the baspiedictions. Therefore, several corrections of bias
area reached 35%ma! and the age of the standwere used in the simulation models. The bias
was about 75 years. The post-thinning basal areaused by the transformation of the response and
was about 22 fha® and the final density of the the bias caused by non-linear transformated pre-
stand was about 400 stems per hectare, while in thietors were corrected by using the Monte Carlo
initial stand the density was about 1500 stems pseimulation, in which a normally distributed ran-
hectare. dom factor was added to the predictors before
In most of the examples the thinnings fronthe prediction was calculated (Kangas 1996 and
above were conducted by removing all trees frorh997). This was repeated 1000 times and the
the highest diameter class of each species. Thigal prediction was the mean value of these
first thinning was conducted when the stand basalmulations as follows:
area reached 30%a!. The post-thinning basal
area was about 11%he?, and the age of the stand  f(yi-(1)jx) = g(X1(1),..., Xm(L);, X(M + 1)(L)x,...,

was then about 50 years. The second thinning was XN(L)js C(P)(Lijkr SS)(Lijkr % (L)i)
conducted when the basal area reached?8@m + efyin (14)
1and the age of the stand was about 80 years. The

post-thinning basal area was about Part and in which

the final density of the stand was 550 and 520
stems per hectare depending on the simulationx (ijx =1/1000 Z(X. (O)iji + f7L(F(yr (0)) +er(yiyn ))

model. The spatial distribution became unfavora- =1

ble by reason of the thinning from above, and over (15)

the rotation the mortality model removed abouand finally

160 stems with the model without the crown ratio 1000

and about 190 stems with another model. yr @ik =1/2000 S (2 f (yr (D)) (16)
n=1

4.2 Correction of Bias in whichf(y; (1)) is some transformation of the

response function at the present timés some
When growth predictions are calculated with nonlinear function of the predictors;(1);x is predic-
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tor that is predicted with a model and corrected 40
with the Monte Carlo simulatiosy is normally €
distributed random factor whose expectation val- < %0
ue is 0 and variance is the variance estimate of thez
prediction model of the predictor in question (sum |
of variances ofy, t; andey in Equation 1)f1is
inverse function of the transformation, number 1 2 _
in brackets refers to the present time and number — N
0 refers to the previous growing period. Other 0 20 40 60 80 100
symbols are as in Equation 1.

Because the structure of the models is hierar-g
chical, all simulated corrections in Equations 14 ¢ | ,,
and 15 can be made at once, so that all the§ 20
independent random factors are added, the rec S
sponse is calculated, the inverse transformationg i
of the response is made and this was repeatecg 10 .
several times and then the final prediction will ¢ I .
be calculated as an average of the single predic-‘g‘7
tions (Eq. 16). 0

an diam
R

30

0 20 40 60 80 100
Stand age (a)

4.3 Development of Dimensions Fig. 6. Mean diameter and mean height of pine (solid

line) and spruce (dashed line) in pure pikkyi¢
tillus site) and sprucé&xalis-Myrtillussite) stands
according to Koivisto (1959) and in the mixed
stand Myrtillus site) in accordance with the present
study material (fine lines, respectively). Heavy
line refers to stand dominant height. Stand was
thinned from below and diameter growth was cal-
culated by growth models with crown ratio.

The development of the dominant height in the
mixed forest and in a pure pine forest (treated
with thinnings) on theMyrtillus site type, ac-
cording to Koivisto (1959), are almost the same
until the age of 80 years when the large spruces
start to determine the development of the domi-
nant height (Fig. 6). In the present simulation
models the height growth of spruces does not
slow down as soon as in a pure spruce stand; and
the growth rhythms of species in the mixed for-
est are much more alike than in a pure standsimulation model without the crown ratios
Growth of the mean height of spruces is mor€SCRN) was used.
vigorous than that of pines, and also the thin- The effect of crown ratio on the growth dynam-
nings affect the mean height of spruces morégs after thinnings and the division of growth into
even though both species were thinned with thihe diameter classes was studied by applying two
same removal percentages. different treatment alternatives: the aforemen-
The mean diameter of each species in the infioned thinning from below and a pure selection
tial stand is slightly bigger than the correspondirom above, in which all the trees in the highest
ing mean diameters in pure stands (treated witliameter class of each species were removed.
thinnings) (Koivisto 1959) (Fig. 6). According- Before the first thinning from below, over a
ly, the simulated development of the mean dianperiod of 15 years, the mean diameter of pines
eter in the mixed forest is slightly more rapidwith SCRN had become about 1 mm larger and
than that in the pure stands. When the simulatidhe mean diameter of spruces about 2 mm small-
model with the crown ratios (SCRY) is used, ther than in the other model. After the thinning
development of the mean diameter of spruces feom below, the difference in mean diameters
slightly faster in proportion to the diameter(Dg withoutcr — Dg with cr) of pines between
growth of pines than in those cases where thbe simulation models decreased to 0 mm and
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Stand age (a) Fig. 8. Total yield in pure pineMyrtillus site) and
spruce Oxalis-Myrtillus site) stands (fine lines)
according to Koivisto (1959) and in the mixed
stand Myrtillus site) in accordance with the present
study material (heavy line). Stands were thinned
from below and diameter growth was calculated
by the growth models with the crown ratio. Solid
line refers to pine and dashed line refers to spruce.
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Fig. 7. Difference in the mean diameters received with
the different simulation models (Dg without crown
ratio — Dg with crown ratio) when the stand was
thinned from below (fine lines) and from above
(heavy lines), so that all trees were removed from
the largest diameter class. Solid lines refer to pine
and dashed lines refer to spruce.

the difference in the mean diameters of sprucesThe final difference between the models was
decreased about 4 mm, being 6 mm after thEL mm with pine and 13 mm with spruce for the
thinning (Fig. 7). benefit of SCRN. When different types of thin-
During the first growing period after the first nings are compared, the effect of a crown ratio
thinning, the growth of each species was retaran the diameter growth of pines is slightly less
ed about 4 mm when SCRY was used, as comhen thinning from below; but after the thinning
pared to SCRN. In the beginning of the periodrom above for spruce, the retarding effect of the
between thinnings, the crown ratio is clearly arown ratio is clear. The effect of the crown ratio
retarding factor. The retarding effect decreasesn growth is obvious after the thinnings regard-
during the time when the crowns become longeless of tree species or type of thinning.
and the growth is more vigorous with SCRY in The simulated volume yield of the stand is
the end of the period between the thinningsslightly faster than the yield of a pure pine stand
After the second thinning, the difference betweenn aMyrtillus site type, but slightly slower than
the growths followed the same pattern as aftehe yield of a pure spruce stand orOaalis-
the first thinning. At the age of 90 years, the finaMyrtillus site type (Koivisto 1959). The volume
difference between the mean diameters obtained the initial stand was clearly lower than the
with the simulation models was 8 mm with pinevolume of stands in the standard of comparison
and —4 mm with spruce. When the thinninggFig. 8).
were performed from above instead of from be-
low, the change in mean diameters of spruce
after thinning was the opposite (Fig. 7). After thet.4 Effect of Species Composition
first thinning, the difference in the mean diame-
ters obtained from simulation models was th&he effect of species composition on the volume
same. During the following 15-year period, theyield during rotation was studied by adjusting
crown ratio can be seen as a clear growth-retarthie removal ratio on each of six diameter classes
ing factor for each species. With thinning fromin two thinnings from below and above. The pre-
above, the effect among pines and spruces fisinning basal areas were 3Gha! before the
almost the same. first thinning and 35 @ha?! before the second
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Fig. 9. Total yield (n?ha(90a)?) of the stand with different species composi-
tion, thinning method and each simulation model. Thinnings are conducted
at the ages of 50 and 70 years with corresponding the pre-thinning basal
areas at about 30%ma? and 35 rfhal and the post-thinning basal areas
about 20 rfha? and 22 rdhal. Spruce-% refers to the relative stand basal
area of spruces at the age of 90 years.
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Fig. 10. Mortality during rotation (stems h¥90a)1) with different species
composition, thinning method and each simulation model. For other expla-
nations, see Fig. 9.

thinning. Post-thinning basal areas were abowvery species composition. In all cases SCRN
20 nthat and 22 rfhal, respectively. In the gave a higher volume yield than SCRY. In the
following comparisons the rotation was 90 yearscases in which all the trees are spruce in the end
With each simulation model and type of thin-of the rotation, the volume yield is about 1090 m
ning, the total volume yield over the rotationgreater than in a stand occupied only by pines in
was the greater the greater the proportion dhe end of the rotation.
spruce in the end of the rotation (Fig. 9). This In addition to the expected mixed forest effect,
indicates the fact that the volume growth of spruamortality causes less productivity in the pine-
es is not delayed as soon as the growth of pi®minant stand. In almost every case, the pro-
when the stand approaches the final cutting. Oportion of pines indicates the number of stems
the other hand, the volume yield does not inremoved by mortality (Fig. 10). Thinning from
crease linearly along with the proportion ofabove also promoted mortality, from 125 to 325
spruce, but a mixed forest effect on the volumstems hd. By thinning from below, the mortali-
growth can be seen. ty varied between 75 and 225 stemsthHé&/hen
SCRN and the alternative with the thinningSCRY was used, the mortality was lower in all
from below gave the greatest volume yield wittcases with the thinning from below and greater
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1600 45 . Salminen 1983). Development of a mixed forest
1400 | {140 '@  cannot be predicted reliably enough with models
g 1200 | {35 “g built for pure stands. This paper presents growth
< 1000 | {130 g  models that allow us to predict the development
% 800 | o5 «  Of the pine-spruce mixture over rotation through-
3 600 | 1 o0 & out southern Finland. The form of the models
e 200 | 15 8  also allows research on the interaction between
200 | 1 10 ‘é trees and the effect of thlnnmg_methods. The

0 o 5 & main purpose of these models is to determine

whether, by including crown ratio into the growth
models, the development of mixed coniferous
Stand age (a) forests can be predicted precisely enough, in

Fio. 11. Devel  the densi d db crrder to determine the optimal treatment sched-
ig. 11. Development of the density and stand basg) o j, gpite of thinning type or structure of the

area during rotation without treatments. The heav itial stand.
I!ne .|nd.|cates the total den.5|ty of Fhe stand, soli The material used to prepare the models is so
I!ne indicates to_the proportion of pines and daShegomprehensive that it allows in this sense an
I!ne the proportion of spruces. The heavy dasheg, ;o sjye use of the models: on all natural forest
line denotes the total stand basal area. site types of a conifer mixture, fairly varied in
terms of tree age and size distributions, from
stand age at a breast height of about 5 to over
when thinning was from above. The mortalityl00 years and anywhere in southern Finland.
among spruce after the thinnings from abov®evelopment of clearly uneven-aged and two-
also indicates that the growth of small sprucstorey forests cannot be predicted as reliably as
suffers from competition. that of more uniform forests. Although, the data
The function of the mortality models was alscas a whole does not represent mixed coniferous
studied by growing the stand without thinningsforests in a stand level, in a single tree level there
The density started to decrease from about 15@0e observations enough to describe the varia-
stems hd at the age of 45 years when the stanton in competition of each species reliably
basal area was about 28ha!(Fig. 11). During (Pukkala et al. 1994). In the pine data 23 % and
the period between 45 and 60 years more sprugethe spruce data 37 % of observations include
were dying and thereafter the mortality amongon-zero competition caused by other species
each species was almost the same until the staaccording to the used competition indices.
age of 100 years. Older pines were still dying, The sensivitity of the models to inputs was
but the number of spruce no longer decreasedudied by changing the mean value of the pre-
markedly. The growth of the stand basal aredictors one at a time 10% of the range greater
was delayed when it approached the level aind smaller and then by examining the change in
40 ntha! at the age of 70 years. The standhe results. Diameter growth was affected most
basal area remained steady about the level efther by the stand basal area (7—8 %) or by the
40 ntha? for 50 years; then at the age of 12@rown ratio (7—11 %), if it was included. The
years, it again started to grow slowly. effect of the stand basal area decreased about
25 % in the pine model and about 40 % in the
spruce model when the crown ratio was includ-
ed. Thus the post-thinning diameter growth is

20 40 60 80 100 120 140 160

5 Discussion retarded in two ways. First, the effect of the
suddenly decreasing stand basal area diminishes
5.1 Model Evaluation and secondly, the growth is also retarded by the

reduced crown ratio, as it's becoming larger de-
Mixed coniferous forests are very common (aboytends on the height growth.
20 % of the forest area) in Finland (Kuusela and The growth models are affected most by crown
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ratios and less by diameter (only pine), heighthan that of a pure pine culture on a correspond-
stand age and stand basal area. Although tiveg site class (ko= 30).
crown ratios are also affected by the aforemen- By including the crown ratio into the models,
tioned variables and they affect in the same dihe estimation of the diameter growth is affected
rection as in the diameter growth models, excepioticeably after the thinnings. The thinning reac-
for tree height. The crown ratios are not veryion (an increase in growth after thinning) of
sensitive to any variable, and the competitiomach species is delayed when the crown ratio is
indices have the least effect. When the maxincluded. The retarding effect lasts 10-20 years
mum competition is added, the crown ratio ofand after that, before the next thinning, the crown
pine decreases from 56 to 34 % and that of sprucatio starts to increase the growth compared with
from 78 to 44 %. the model without the crown ratio, specially when
Stand age has become emphasized in the sprigg@uces are dealed with thinning from below. By
height growth model, and it is a very significantincluding the crown ratio into the growth models
predictor in the other models, too. In all thethe reliability of growth predictions after thin-
models either the diameter or the height of a treging from above was expected to increase. How-
is related to the stand age as a predictor. So, byer, the data is mainly consisted of stands
determining stand age wrongly compared witlthinned from below (common practise in Finn-
tree dimensions in the initial stand, unreliablésh forests). Although, the data includes small
results will be obtained. single trees which have been released from com-
Most stands are of natural origin. About 35 %petition and thed or h)/Tg ratio and the crown
of trees in the TINKA-data have been plantedatio describe the vitality of those trees, the be-
and about 15 % have been seeded. In the INKA&aviour of the earlier suppressed trees after the
data the origin was not included and it is probathinning from above is still uncertain. Thus, em-
ble that most of the trees are of natural origirpirical studies about the thinning reaction after
So, the possible different development of théhinning from above is needed.
cultivated sapling forests is also taken into ac- The difference in results between the simula-
count to some extent. As long as the structure ¢ibn models (SCRY and SCRN) is expected when
a initial stand is determined correctly and ther¢he development of the spruce diameter is ob-
is no special factor that would bias the futureserved. Thinning from above increases the dif-
development of a stand, there is no particulderence between the models more than thinning
reason why in most circumstances these moddi®m below does, as the crown ratios have be-
would not give reliable enough predictions tocome smaller and big spruces in the young stand
determine the optimal treatment schedules.  grow better in the simulations with the crown
ratio. The better growth before the first thinning
below compensates the delayed development af-
5.2 Analysis of Results ter thinning, so in the end the simulation models
produce almost the same mean diameter for
The results of simulation examples agree mainlgpruce. Whereas, by thinning from above the
with the development of pure pine and sprucebtained mean diameter is finally clearly greater
stands according to Koivisto (1959). Howevemithout the influence of the crown ratio.
the development of spruces with the present mod-The effect of crown ratio on pines is not as
els follow the development of a pure stand owlear when the difference between the thinning
the better forest site typ®xalis-Myrtillus site  types is compared. However, the crown ratio
type)(Fig. 6). This may be caused by difficultiedecreases the development of mean diameter
to determine the forest site type and by the mixedlightly more when the stand is thinned from
forest effect. The development of the stand basabove. All aforementioned aspects indicate the
area also follows mainly the development of dact that crown ratio is a profitable indicator of
pure spruce culture on the good site claggsfH  the thinning reaction and that thinning from above
30) according to Vuokila and Valiaho (1980).is more suitable treatment method for pine than
But the development is markedly more vigoroud is for spruce (e.g. Mielikdinen and Valkonen
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1991). By using the simulation model with themine the stand age. Different species reach breast
crown ratio, the development of the stand afteneight at different ages (Gustavsen 1980), so
the thinning from above can be predicted mordetermination of a site index is uncertain. Even
precisely and the results will be more reliablen planted stands the difficulties occur; and the
than the predictions without the crown ratioproblem is more complicated in naturally regen-
However, not even the present models will necerated stands where the structure of the previous
essarily provide reliable predictions in extremestand affects the sapling forest. For aforemen-
conditions, because the growth models give pré¢ioned reasons both site classifications in an one-
dictions of both non-zero height growth and didimensional form based on dominant height or
ameter growth, even if the crown ratio would ben soil vegetation seem to be inappropriate for
zero (a dead tree). mixed forests.

The crown ratio of pines that produce the same The present simulation models were build for
diameter growth as the model without the crowmise throughout southern Finland. However, the
ratio (Fig. 3) is about the same level as thaimulation examples indicated that the develop-
simulated by Hynynen (1995a) in a thinned pinenent of a stand located on a particular latitude
stand. On average the crown ratio of each speannot be simulated by merely changing the lo-
cies in the present simulations is slightly greateration variable, as the forest site type cannot be
than the crown ratio in the study of Hynynen andescribed only by a dummy variable, but that the
Siipilehto (1996), but is smaller than the growttstructure of a initial stand is crucial for correct
equalizing crown ratio in Fig. 4. predictions.

The development of the height structure of the Competition indices are good tools for de-
stand in simulations supports the findings of Vetscribing the interaction between tree species.
tenranta (1994) and Ojansuu et al. (1991), whicAccording to the competition indices of the
showed spruces growing much more vigorouslpresent models, spruce suffers very little from
than found by Koivisto (1959). Thus, the probthe competition with pine. A finding that agrees
lem is to determine the yield ability of a certainwith that of Pukkala et al. (1994). Pine growth
stand. In Finland the forest site types are tradidecreases along with the competition of each
tionally determined with the aid of soil vegeta-species, but when crown ratio was included in
tion (Cajander 1909). In mixed forests, problemghe diameter growth model, the competition of
arise because each species has a different effsptuce became not significant. Competition is
on soil vegetation. In pure spruce stands, growttaken into account with the aid of the crown
may be delayed by deterioration of the soil. Theatio, which is affected by the competition of
decomposition of litter is delayed, because of aach species. On the other hand, the areas of the
lower temperature in the ground layer and thetudy plots were so small that the stand basal
acid litter of spruces (Mikola 1954). Different area often describes the total competition around
tree species also use nutrients, solar radiatiasubject tree. Competition indices only calibrate
and water differently. The species mixture afthe competition when the species composition,
fects the properties of the humus layer and ththe spatial arrangement or the density around the
nutrient condition of the soil (Sepponen et alsubject tree varies. The effect of the competition
1979), and along with that the development oihdices is emphasized when the spatial arrange-
the dominant height, which is widely used tament of a stand is unfavorable and some trees
describe the yield ability of a stand, is also afare affected by heavy competition (Fig. 12).
fected (Tamminen 1993). The simulation examples support the findings

When the dominant height-age curves are used Pukkala et al. (1994) and Vettenranta (1996),
in determining a site index, there is also a probwhich indicate that in mixed coniferous forests it
lem: the development of dominant height deis profitable to reduce the proportion of pines
pends on the species composition, so the sardaring the rotation. In the present study in which
stand looks like better growing place for spruc¢he data were collected from throughout south-
than for pine (c.f. Nigh 1995). The problem al-ern Finland, the growth of spruces compared
ready arise when an attempt is made to detewith the growth of pines is more vigorous than

69



Silva Fennica 33(1) research articles

T 250 Acknowledgements

w

= 200 ‘\\ 3 | wish to thank Dr. Jari Miina, Dr. Taneli Kol-
< 150 \ sm strom and Dr. Antti Penttinen and two journal
§ 100‘ \\\ * 2m referees for their valuable comments on the man-
g \‘\ - uscript, Dr. Joann von Weissenberg for revising
= 50 the English, The Finnish Forest Research Insti-
= o , % tute for allowing me to use INKA- and TINKA-

T 0 10 20 30 40 50 60 data in this study, Mr. Jouni Hyvérinen for pre-

handling the raw-data and the University of Joen-
suu and Prof. Seppo Kelloméaki for funding this

Fig. 12. Effect of competition (®) and tree height on Study.
the height growth of spruce. Tg is 15 years and
height of the tree is 2, 5 and 8 meters.

Competition (m)

References

Biging, S. & Doppertin, M. 1992. A comparison of
in the previous studies of conifer mixtures in distance-dependent competition measures for
which the data were collected only from North  height and basal area growth of individual conifer
Karelia. Thus, with the present models the opti- trees. Forest Science 38(3): 695—720.
mal proportion of spruce in the end of rotation is— & Doppertin, M. 1995. Evaluation of competition
greater than that in previous studies in which the indices in individual tree growth models. Forest
total volume yield was used as a decision criteri- Science 41(2): 360-377.
on. However, in all these studies the profitabilityCajander, A.K. 1909. Uber Waltdtypen. Acta Foresta-
of mixture is evident, as in the studies of Jonsson lia Fennica 1. 175 p.

(1962) and Kerr et al. (1992). Daniels, R., Burkhart, H. & Clason, T. 1986. A com-
The climatic variation in diameter and height parison of competition measures for predicting
growth was not taken into account, but the wide growth of loblolly pine tree growth. Canadian
temporal range of the study material was sup- Journal of Forest Research 16: 1230-1237.
posed to eliminate the bias caused by the vari@yer, T.R. & Burkhart, H.E. 1987. Compatible crown
tion in growth between different years. Another ratio and crown height models. Canadian Journal
deficiency of the present simulation models is of Forest Research 17: 572-574.
the structure of the height-growth models, whiclraustmann, M. 1849. Berechnung des Wertes, welchen
are not affected by the crown ratio. The vitality ~Waldboden sowie noch nicht haubare Holz-
of a tree, described with the aid of the crown bestande fir die Wald Wirtschaft besitzen. Allge-
ratio, may affect the height growth of the tree as meine Forst und Jagd Zeitung 25: 441-445.
well as it affects the diameter growth. On theSertner, G. 1991. Prediction bias and response sur-
other hand, for the sake of simplicity the number face curvature. Forest Science 37(3): 755-765.
of models was restricted. Goldstein, H. 1995. Multilevel statistical models. Sec-
To find the optimal treatment schedules for ond edition. Arnold, London. 178 p.
each stand with a conifer mixture, the age anGustavsen, H.G. 1980. Talousmetsien kasvupaikka-
the structure of the stand must be determined luokittelu valtapituuden avulla. Summary: Site in-
correctly. It is possible that there is no presuppo- dex curves for conifer stands in Finland. Folia
sition to express common treatment instructions Forestalia 454. 31 p.
for conifer mixtures, but the present models are- , Roiko-Jokela, P. & Varmola, M. 1988. Kiven-
convenient tools when used together with the naismaiden talousmetsien pysyvat (INKA ja TIN-
optimization algorithm to determine the optimal  KA) kokeet. Metsantutkimuslaitoksen tiedonan-
treatment schedule for the particular stand and toja 292. 212 p.
situation. Hynynen, J. 1995a. Predicting tree crown ratio for

70



Vettenranta Distance-dependent Models for Predicting the Development of Mixed Coniferous Forests in Finland

unthinned and thinned Scots pine stands. Canadi- kuusen ja koivun runkokayra- ja tilavuusyhtalot.
an Journal of Forest Research 25: 57-62. Communicationes Instituti Forestalis Fenniae 108.

— 1995b. Predicting the growth response to thinning 74 p.
for Scots pine stands using individual-tree growthLappi, J. 1986. Mixed linear models for analyzing and
models. Silva Fennica 29(3): 225-246. predicting stem form variation of Scots pine. Com-

— & Kukkola, M. 1989. Harvennustavan ja lannoituk- ~ municationes Instituti Forestalis Fenniae 134. 69 p.
sen vaikutus mannikon ja kuusikon kasvuun. Sum— & Bailey, R.L. 1988. A height prediction model
mary: Effect of thinning method and nitrogen fer-  with random stand and tree parameters: an alter-
tilization on the growth of Scots pine and Norway  native to traditional site index method. Forest Sci-
spruce stands. Folia Forestalia 731. 20 p. ence 34(4): 907-927.

— & Siipilehto, J. 1996. MELA-mallit kasvatusmet- Liu, J., Burkhart, H.E. & Amateis, R.L. 1995. Project-
sien dynamiikan kuvaajana. In: Hynynen, J. & ing Crown measures for loblolly pine trees using a
Ojansuu, R. (eds.). Puuston kehityksen ennus- generalized thinning response function. Forest Sci-
taminen — MELA ja vaihtoehtoja. Metsantutkimus-  ence 41(1): 43-53.
laitoksen tiedonantoja 612. s. 69—-84. Mielikainen, K. 1985. Koivusekoituksen vaikutus kuu-

Jonsson, B. 1962. Om barrblandskogens volymproduk- sikon rakenteeseen ja kehitykseen. Summary: Ef-
tion. Summary: Yield of mixed coniferous forest.  fect of an admixture of birch on the structure and
Meddelanden fran Statens Skogsforskningsinsti- developement of Norway spruce stands. Commu-
tut 50(8). Stockholm. 143 p. nicationes Instituti Forestalis Fenniae 133. 79 p.

Kangas, A. 1996. On the bias and variance in tree- & Valkonen, P. 1991. Harvennustavan vaikutus
volume predictions due to model and measure- varttuneen metsikdn tuotokseen ja tuottoihin Etela-
ment errors. Scandinavian Journal of Forest Re- Suomessa. Summary: Effect of thinning method
search 11: 281-290. on the yield of middle aged stands in southern

— 1997. On the prediction bias and variance in long-  Finland. Folia Forestalia 776. 22 p.
term growth projections. Forest Ecology and ManMikola, P. 1954. Kokeellisia tutkimuksia metsakarik-
agement 96: 207-216. keen hajaantumisnopeudesta. Summary: Experi-

Kelty, M.J. 1992. Comparative productivity of mono-  ments on the rate of decomposition of forest litter.
cultures and mixed-species stands. In: Kelty, M.J., Communicationes Instituti Forestalis Fenniae
Larson, B.C. & Oliver, C.D. (eds.). The ecology  38(5). 131 p.
and silviculture of mixed-species forests. ForestrNaslund, M. 1936. Skogsforstksanstaltens gall-
Sciences 40. Kluwer Academic Publishers, Dord-  ringforsok i tallskog. Primarbearbetning. Medde-
recht/Boston/London. p. 125-142. landen frAn Statens Skogsforsoksanstalt 29(1).

Kerr, G., Nixon, C.J. & Matthews, R.W. 1992. Silvi- 169 p.
culture and yield of mixed-species stands: the UKigh, G.D. 1995. The geometric mean regression line:
experience. In: Cannel, M.G.R., Malcolm, D.C. & a method for developing site index conversion
Robertson, P.A. (eds.). The ecology of mixed- equations for species in mixed stands. Forest Sci-
species stands of trees. Blackwell Scientific Pub- ence 41(1): 84-98.
lications. p. 35-51. Ojansuu, R., Hynynen, J., Koivunen, J. & Luoma,

Koivisto, P. 1959. Kasvu- ja tuottotaulukoita. Sum-  P. 1991. Luonnonprosessit metsdlaskelmassa
mary: Growth and yield tables. Communicationes (MELA) — Metsa 2000 -versio. Metsantutkimuslai-
Instituti Forestalis Fenniae 51(8). 49 p. toksen tiedonantoja 385. 59 p.

Kuusela, K. & Salminen, P. 1983. Metsévarat EtelaPenttinen, A., Stoyan, D. & Henttonen, H.M. 1992.
Suomen kuuden pohjoisimman piirimetsalautakun-  Marked point process in forests statistics. Forest
nan alueella 1979-1982 seka koko Etela-Suomes- Science 38(4): 806-824.
sa 1977-1982. Summary: Forest resources in tHeukkala, T. 1989. Prediction of tree diameter and
six northernmost forestry board districts of south  height in a Scots pine stand as a function of the
Finland 1979-1982, and in the whole of south spatial pattern of trees. Silva Fennica 23: 83-99.
Finland 1977-1982. Folia Forestalia 568. 79 p. — & Kolstréom, T. 1987. Effect of spatial pattern of

Laasasenaho, J. 1982. Taper curve and volume func- trees on the growth of a Norway spruce stand. A
tions for pine, spruce and birch. Seloste: Mannyn, simulation model. Silva Fennica 25: 117-131.

71



Silva Fennica 33(1) research articles

— Vettenranta, J., Kolstrom, T. & Miina, J. 1994.Valsta, L.T. 1992. A scenario approch to stochastic
Productivity of mixed stands of Pinus sylvestris  anticipatory optimization in stand management.
and Picea abies. Scandinavian Journal of Forest Forest Science 38(2): 430-447.

Research 9: 143-153. Valtakunnan metsien inventoinnin (VMI 7) kentté-
-— Miina, J., Kurttila, M. & Kolstrom, T. 1998. A tydn ohjeet 1977. Yleinen osa. Metséntutkimus-
spatial yield model for optimizing the thinning laitos, metsanarvioimisen tutkimusosasto. 59 p.
regime of mixed stands of Pinus sylvestris and/ettenranta, J. 1996. Effect of species composition on
Picea abies. Scandinavian Journal of Forest Re- economic returnin a mixed stand of Norway spruce

search 13: 31-42. and Scots pine. Silva Fennica 30(1): 47-60.
Searle, S.R. 1987. Linear models for unbalanced datduokila, Y. 1970. Harsintaperiaate kasvatushakkuis-
John Wiley & Sons, New York. 536 p. sa. Summary: Selective thinning from above in

Sepponen, P., Lahde, E. & Roiko-Jokela, P. 1979. intermediate cutting. Acta Forestalia Fennica 232.
Metsékasvillisuuden ja maan fysikaalisten omi- 20 p.
naisuuksien valisesta suhteesta Lapissa. Summa- 1977. Harsintaharvennus puuntuotantoon vaikut-
ry: On the relationship of the forest vegetation and tavana tekijand. Summary: Selective thinnning
soil physical properties in Finnish Lapland. Folia  from above as a factor of growth and yield. Folia
Forestalia 402. 73 p. Forestalia 298. 17 p.

Short, E.A. lll & Burkhart, H.E. 1992. Predicting — & Valiaho, H. 1980. Viljeltyjen havumetsikdiden
crown-height increment for thinned and unthinned  kasvatusmallit. Summary: Growth and yield mod-
loblolly pine plantations. Forest Science 38: 594— els for conifer cultures in Finland. Communica-

610. tiones Instituti Forestalis Fenniae 99(2). 271 p.
Smith, D.M. 1986. The practice of silviculture. Ed. 8.
Wiley, New York. 527 p. Total of 47 references

Tamminen, P. 1993. Pituusboniteetin ennustaminen
kasvupaikan ominaisuuksien avulla Eteld-Suomen
kangasmetsissd. Summary: Estimation of site in-
dex for Scots pine and Norway spruce stands in
South Finland using site properties. Folia Foresta-
lia 819. 24 p.

72



