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Individual-tree growth models for diameter and height, and a model for the cylindrical
stem form factor are presented. The aims of the study were to examine modelling
methods in predicting growth response to thinning, and to develop individual-tree,
distance-independent growth models for predicting the development of thinned and
unthinned stands of Scots pine (Pinus sylvestris L.). The models were constructed to be
applicable in simulation systems used in practical forest management planning. The
models were based on data obtained from eleven permanent thinning experiments
located in even-aged Scots pine stands in southern and central Finland.

Two alternative models were developed to predict tree diameter growth in thinned and
unthinned stands. In the first model, the effect of stand density was described using stand
basal area. In the alternative model, an explicit variable was incorporated referring to the
relative growth response due to thinning. The magnitude of the growth response was
expressed as a function of thinning intensity. The Weibull function was employed to
describe the temporal distribution of the thinning response. Both models resulted in
unbiased predictions in unthinned and in moderately thinned stands. An explicit thin-
ning variable was needed for unbiased growth prediction in heavily thinned stands, and
in order to correctly predict the dynamics of the growth response.

In the height growth model, no explicit thinning variable referring thinning was
necessary for growth prediction in thinned stands. The stem form factor was predicted
using the model that included tree diameter and tree height as regressor variables.
According to the results obtained, the information on the changes in the diameter/height
ratio following thinning is sufficient to predict the change in stem form.
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List of Symbols and Definitions

Stand variables

Hjom = Stand dominant height defined as: average height of the 100 thick-
est trees per hectare, m

TH 355 = Five-year increment of dominant height, m

Hipo = Site index, m (base age 100 years, calculated using models devel-
oped by Vuokila and Viliaho 1980)

Hg = Mean height, weighted with basal area, m

D, = Mean diameter, weighted with basal area, cm

D o = Stand dominant diameter defined as: average diameter of 100 thick-
est trees per hectare, cm

G = Stand basal area over bark, m? ha!

I = Thinning intensity, defined as:
(G, pre-thinning — G, post-thinning) / G, post-thinning

T = Time elapsed from thinning, years

Dsy... Dssg = Categorical variables referring to experimental stands

Tree variables

d = Diameter at breast height, over bark, cm

deo = Diameter at 6 m height, over bark, cm

igs = Five-year increment in tree diameter, cm

g = Tree basal area at breast height, m?

h = Height, m

ins = Five-year increment in tree height, m

v = Tree volume, m?

GL = Basal area of trees (over bark) larger than subject tree, m” ha™!

cr = Tree crown ratio, defined as: length of live crown/total tree height

fi3 =v/gh = Cylindrical stem form factor

Other definitions

ap,ay...as, b, ¢ = Parameters

e = Error term

Vi = Observed value of i:th observation
9i = Predicted value of i:th observation
n = Number of observations

0.5

RMSE = [ 3 (yi =9 )3 /,,} (Root mean square error)
i=1
" 0.5
RMSE, = |:z[(y, -y,)/y,]‘ /n} (Relative root mean square error)
i=1
Absolute bias = i(y,- -9i)/n
i=1
Relative bias = ¥ [(y,—5)/9:]/n
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1 Introduction

In Finnish forestry, thinning from below is the
most widespread treatment applied in silviculture.
The regulation of stand density with the help of
intermediate thinnings has been based on both
silvicultural and economical aspects. During the
recent years, thinning costs have increased. Espe-
cially the first commercial thinning of young
stands has become less profitable, and this has
resulted in changes in thinning schedules. There-
fore, it has become increasingly important to be
able to forecast the impacts of alternative thinning
schedules on the future development of forests.
The simulation systems applied in forest manage-
ment planning should be capable of reliably pre-
dicting stand development regardless of the thin-
ning treatment applied.

Tree diameter growth is known to be affected
by stand density. Thinning decreases stand den-
sity abruptly, and this has a strong impact on tree
growth. Growth response following thinning is
the result of (i) increased growing space, (ii) the
fertilization effect provided by the non-harvest-
ed parts of felled trees, and (iii) the selection
effect (Hiagglund 1981). The latter effect means
that trees retained in stands subjected to thinning
from below have grown better before thinning
compared to those removed in thinning.

In many growth simulators used in forest man-
agement planning, tree growth is predicted using
models that do not include any explicit thinning
effect (e.g. Belcher et al. 1982, Wykoff et al.
1982, Burkhart et al. 1987, Ojansuu et al. 1991).
Such models are based on the assumption that
the thinning response can be described through
stand characteristics, which are affected by stand
density and will change due to thinning.

An alternative method for predicting the effect
of thinning is to incorporate an explicit thinning
variable in the growth model. This approach has
been justified by a hypothesis, according to which
an abrupt change in stand density, caused by
thinning, changes the effect of stand density on
tree growth. Consequently, the effect of stand
density in two stands of equal stand density is
different in the stand that has been recently
thinned compared to the stand where the trees
have initially been more widely spaced. There is
a group of models in which the thinning re-

sponse is expressed explicitly in terms of cate-
gorical variables (Harrison et al. 1986, Soder-
berg 1986, Shafii et al. 1990). These models are
capable of predicting the magnitude of the total
growth response to thinning over the predicted
growth period. This approach is not, however,
flexible enough to give any information about
the temporal distribution of the response. Jons-
son (1974) has developed a model for the rela-
tive thinning response in tree diameter growth
that is capable of predicting both the magnitude
and the temporal distribution of the response.
Jonsson used information about diameter incre-
ment in unthinned and thinned stands during the
growth period prior and subsequent to thinning
in modelling the thinning response. In addition
to growth models, the magnitude and duration of
the thinning response has been incorporated in
models predicting the crown ratio of trees (Short
and Burkhart 1992, Hynynen 1995).

Increment in dominant height is known to be
fairly insensitive to stand density and intermedi-
ate thinnings as long as stands are thinned from
below (e.g. Assmann 1970, Hagglund 1974, Clut-
ter et al. 1983, Vuokila and Viliaho 1980). In in-
dividual-tree growth models, height growth is
generally expressed as a function of the increment
in the stand dominant height and the relative, or
absolute, tree size, without any explicit thinning
response variable (e.g. Wykoff et al. 1982, Arney
1985, Burkhart et al. 1987, Ojansuu et al. 1991).

Stem form is strongly affected by stand densi-
ty. Differences in the thinning response in tree
diameter and height growth result in changes in
the stem form; this is well documented in many
growth and yield studies (Vuokila 1960, Ass-
mann 1970, Soderberg 1986, Valinger 1990).
Most growth simulators based on individual-tree
models predict tree growth either by means of
tree diameter/basal area growth models (Belcher
et al. 1982) or diameter/basal area and height
growth models (Wykoff et al. 1982, Arney 1985,
Burkhart et al. 1987, Ojansuu et al. 1991). In all
these simulators, tree volume is predicted with
static volume equations. This kind of simulation
procedure implies two assumptions concerning
the prediction of stem form and stem volume.
First, volume equations are assumed to be appli-
cable in volume prediction for all trees regard-
less of the thinning treatment applied. Second,
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the change in stem form due to thinning, and in
more general due to change in stand density, can
be explained by the change in the d/h ratio.

The aims of this study were to examine the
modelling methods used in predicting the growth
response to thinning, and to develop individual-
tree, distance-independent growth models for pre-
dicting the development of thinned and unthinned
stands of Scots pine. The models were construct-
ed to be applicable in the simulation systems
used in practical forest management planning.
The input of the models were determined to be
consistent and compatible with the information
available in practical forest inventory data.

In modelling the growth response to thinning,
there were three specific areas of interest. First, in
modelling diameter growth, the goal was to deter-
mine whether an explicit thinning variable needs
to be incorporated in the model for unbiased
growth prediction in thinned stands. Second, the
effects of thinning on the development of domi-
nant height increment as well as on the growth of
individual tree were examined. Third, a further
aim was to analyse whether the effect of thinning
on tree stem form development can be explained
by changes in the diameter/height ratio.

2 Study Material
2.1 Modelling Data

Data were obtained from permanent sample plots
established in experimental stands of Scots pine
(Pinus sylvestris L.). The study material consist-
ed of eleven even-aged stands growing on min-
eral soils and located in southern and central
Finland (Fig. 1). The experiments were estab-
lished by the Finnish Forest Research Institute in
the early 1970s with the purpose of studying the
effects of varying thinning intensities and nitro-
gen fertilization on the growth and yield of stands
of Scots pine.

Prior to the establishment of the experimental
plots, each stand had been thinned to an average
density of 2355 trees/ha at the seedling stage. At
the time the experiments were established, all
the stands had reached the stage of the first com-
mercial thinning. Stand age in the study material
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Fig. 1. Location of the experimental stands.

varied between 29 and 56 years, and the mean
stand height varied between 10.0 m and 15.2 m
(Table 1).

The effects of three levels of thinning intensi-
ties and three levels of nitrogen fertilization were
studied using a factorial experimental design. In
the experimental stands, each treatment was ap-
plied on one rectangular sample plot 1000 m? in
size except for one stand, in which two control
plots were established.

Only the unfertilized sample plots were in-
cluded in the analyses conducted in the course of
this study. Once the initial measurements had
been carried out, one third of the sample plots
was left unthinned, one third was thinned mod-
erately (30 % of the stem number were removed)
and one third was thinned heavily (60 % of the
stem number were removed). In moderately
thinned plots, the second thinning was carried
out ten years after the first thinning by again
removing 30 % of the initial stem number. On
these sample plots, only the data from the meas-
urement instances prior to the second thinning
were included in the analyses.
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Table 1. Mensurational characteristics of the study material.

Exp.no  Age, Site Higg, m Hg,m Dg, cm

years  type ") m

501 40 EVT 234 10.0 10.4
502 55 EVT 20.5 10.9 12.4
503 41  VMT 242 11.8 14.3
504 45 VMT 21.5 11.9 14.1
506 56 VT 22.1 14.7 17.6
507 38 VT 25.6 10.7 11.3
508 39 VT 249 10.7 11.0
509 29 MT 28.8 10.7 13.3
512 48 VT 21.0 10.6 11.8
556 40 EVT 23.8 10.3 10.8
558 44 EVT 26.5 15.2 15.9

G, Stem No. of No. of sample trees /
Zha!  number, sample plots sample plot

no ha™! Mean (Min.— Max. )
182 3003 3 42.7 (40-46)
17.9 2084 3 48.7 (47-51)
239 1858 3 45.7 (44-48)
21.7 1800 3 39.3 (2949)
21.7 1118 4 43.2(3249)
22.8 3070 3 39.0 (21-51)
229 3148 3 39.0 (22-52)
25.6 3081 3 42.3 (32-50)
20.1 2423 3 35.0(2942)
18.7 2762 3 47.3 (4649)
259 1560 3 37.3 (29-45)

1 According to Cajander (1909)

The stands were measured at five-year inter-
vals over a study period of 15 years. All the trees
on the sample plots were measured for their breast
height diameter. In the first measurement in-
stance, an average of 42 sample trees were se-
lected from each sample plot and used through-
out the study period. During the stage of select-
ing the sample trees, the probability of a tree to
be selected was proportional to its diameter and
independent of its location on the sample plot.
Two thirds of the sample trees were thicker than
the stand’s average diameter. The height and
crown height were measured for every sample
tree. Crown height was defined as the height
above ground of the lowest live contiguous
branch whorl. In addition to breast height diame-
ter, also diameter at six metres and diameters at
the relative heights of 2.5 %, 10 %, 30 % and 50
% along the stem were measured.

The stand-level characteristics of the growing
stock were calculated using a software package
for computing stand and tree characteristics
(KPL), developed at the Finnish Forest Research
Institute (Heinonen 1994). Height information
obtained for sample trees was generalised with
help of Nislund’s (1937) height curve to apply
to the tallied trees. Sample tree volumes were
calculated using the simultaneous equations de-
veloped by Laasasenaho (1982). By using these
functions, all the available tree diameter obser-

vations at absolute and relative heights along the
stem could be used in the stem volume calcula-
tions. Volumes for the tallied trees were comput-
ed from the sample tree volumes by using smooth-
ing functions. Increments for the tree and stand
variables were calculated as differences between
the values of the variables at the end and the
beginning of the five-year growth periods.

Only sample trees were used in the model
development. The study material included 4634
measurements of tree characteristics involving
1579 sample trees located on 34 sample plots.
The number of tree diameter growth observa-
tions (five-year growth periods) was 3479, and
the number of tree height growth observations
was 3406.

The effect of annual climatic variation on tree
growth was taken into account with the help of
annual growth indices provided by Mielikiinen
and Timonen (1995). For every five-year growth
period, an average index was calculated from the
annual growth indices, with which the observed
diameter and height growth was divided.

2.2 Test Data
Data from permanent thinning experiments es-

tablished by the Finnish Forest Research Insti-
tute (Vuokila 1987) were used as the independ-
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Table 2. Mensurational characteristics of the test material.

Exp. no Age, Site Hjpo, m Hg, m Dy, cm G, Stem number
years type D mZha”!  noha”

6 77 vT 20.3 17.9 20.3 23.0 795

42 35 vT 27.5 13.0 16.1 19.6 1075

63 24 MT 26.6 79 12.2 16.7 1703

65 36 VT 30.7 14.5 16.0 30.0 1919

541 52 VT 26.0 17.7 219 18.6 527

542 62 VT 24.0 17:2 20.3 16.5 531

1 According to Cajander (1909)

ent test material in model validation. The test
data included 3551 trees with 5-year growth ob-
servations covering 24 sample plots located in
six stands in southern Finland (Table 2). Nine of
the sample plots were unthinned. The thinning
intensity among the thinned sample plots varied
between 15-55 % (of the stand basal area re-
moved). The average thinning intensity was 27
%. The study period covered 5-13 years after
thinning.

The sample plots providing the test data were
measured, and the sample trees on these plots
were selected in the same manner as with the
modelling data. Also, the calculation of tree and
stand variables was done in a similar manner,
except for the calculation of sample tree vol-
umes. These were calculated using the volume
equations provided by Laasasenaho (1982), based
on tree diameters at breast height and at 6 m
height, and on tree height, because the sample
trees were not measured for their diameters at
relative heights.

3 Diameter Growth Model
3.1 Modelling Approach

Tree diameter growth was assumed to be affect-
ed by site fertility, the amount of the growing
biomass, and the net-assimilation efficiency of
the biomass (Jonsson 1969, Hiagglund et al. 1979).
It was further assumed that the effects of the
different growth factors interact multiplicatively
(Baule 1917).
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Site fertility was expressed using the site in-
dex (H ) calculated with the equations provid-
ed by Vuokila and Viliaho (1980). The amount
of the growing biomass was described in terms
of tree diameter and the crown ratio. The net
assimilation efficiency of the growing biomass
was assumed to be affected by stand density,
described in terms of the stand basal area, rela-
tive positions of trees in the stand, described in
terms of the basal area of trees larger than the
subject tree, and the phase of stand develop-
ment, described in terms of the stand dominant
height.

Two separate diameter growth models were
developed. In the first model, the effect of thin-
ning on tree growth was assumed to be taken
into account by including the basal area of the
growing stock as a regressor variable referring
to the actual stand density. In the second model,
the effect of thinning on tree growth was incor-
porated explicitly in the model by using a varia-
ble accounting for the thinning intensity and time
interval since thinning. In both models, five-year
diameter growth, over bark, was used as a de-
pendent variable.

Because of the hierarchical data structure, there
was temporal autocorrelation between succes-
sive observations made of a single tree, and there
was spatial autocorrelation between observations
made of trees on the same sample plot. The
effect of autocorrelation was not taken into ac-
count in the parameter estimation of the models,
because autocorrelation does not generally af-
fect the unbiasedness of models. Ordinary Least
Squares (OLS) estimation was applied in the
parameter estimation of all the models. Parame-
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ters of the nonlinear regression models were es-
timated using the NLIN program of the SAS
software package (SAS Institute Inc., 1989) and
applying Marquardt’s method with the conver-
gence criterion set to 1075,

3.2 Model without Explicit Thinning
Response Variable

In the first diameter growth model, it was as-
sumed that the thinning effect would be reflect-
ed in tree growth through the actual stand basal
area and through the variables affected by stand
density. Therefore, no explicit thinning variable
was included in the model. The analysis of the
data resulted in the following model

iys = apd™ cr® exp(asd? +asGL* )H jon™ Hi00“ G + e

(1]

where

ias = Five-year increment of tree diameter,
cm

d = Tree diameter at breast height, over
bark, cm

cr = Tree crown ratio, defined as:
length of live crown/total tree height

GL = Basal area, over bark, of trees larger
than the subject tree, m? ha™!

Hiom = Stand dominant height defined as: av-
erage height of 100 thickest trees per
hectare, m

Hioo = Site index, m (base age 100 years, cal-
culated using models provided by
Vuokila and Viliaho 1980)

G = Stand basal area, over bark, m? ha!

ap,a)...a; = Parameters

e = Error term

The formulation of the effect of the stand basal
area (G“7) was chosen, although it leads to illog-
ical model behaviour when the stand basal area
is close to 0 m? ha™!. Despite this structural weak-
ness, the applied expression proved to describe
the effect of the stand basal area in the modelling
data better than the other examined transforma-
tions of the stand basal area. Model behaviour is
logical within the range of basal area variation of
the modelling data (G > 9.5 m? ha™!).

Table 3. Parameter estimates of diameter growth model

[].

Parameter Estimate Asymptotic Std. Dev.
a, 0.0504 0.0137
a, 0.7917 0.0733
a, 0.5557 0.0439
as -0.0010 0.0001
a, —0.00075 0.00008
as —0.6470 0.0654
ag 1.4995 0.0606
a, —0.4349 0.0256
is 1.1479

RMSE 0.4046

Observations 3479

The parameter estimates of model [1] were
obtained with the OLS estimation (Table 3). The
autocorrelation between the observations of the
modelling data does not affect the parameter
estimates. However, the standard error of the
estimates obtained with OLS are likely to be too
small.

Residual analysis of model [1] showed a slight
increase in the error variance with increasing
predicted growth (Fig. 2a). However, there were
no trends in the residuals with respect to the
predicted diameter growth (Fig. 2a) or with re-
spect to the regressor variables of the model.
Residuals plotted against thinning intensity
showed that model behaviour in general was
satisfactory in unthinned and moderately thinned
stands (Fig. 2b). However, in heavily thinned
stands, with more than 50 % of stand basal area
removed, significant biases were observed. In
these stands, the mean growth was underpredict-
ed on average by 17.1 % over the entire 15-year
study period.

During the first five-year growth period fol-
lowing thinning, model [1] overpredicted growth,
except in the case of the heavily thinned stands,
in which the model resulted in a small underpre-
diction (Fig. 2b). During the second and third
growth periods, the model resulted in a noticea-
ble underprediction in heavily thinned stands,
but also in a slight underprediction in unthinned
and moderately thinned stands. In heavily thinned
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T

Thinned basal area, %

Fo—o-s - e 5-10 —5—10-15“

Fig. 2. Mean residuals (+ standard deviation of the residuals) of the diameter growth model [1] with respect to
predicted diameter growth (a), and mean residuals during the five-year growth periods with respect to

thinning intensity (b).

stands, the bias was at its highest during the
second growth period, 5-10 years after thinning.

The predictive capability of the tree crown
ratio was examined by fitting a model similar to
[1], but from which the crown ratio (cr) had been
excluded. The root mean square error (RMSE)
of the model after excluding cr was 0.4140, i.e.
2.3 % greater than the RMSE of model [1], which
was 0.4046. Removing the crown ratio from mod-
el [1] did not change the model behaviour in
regard to thinning intensity.

3.3 Model with Thinning Response Vari-
able

An alternative diameter growth model was de-
veloped with the effect of thinning explicitly
incorporated in it. Tree diameter growth in a
thinned stand can be expressed as a product of a
reference growth and thinning response function

igs = F](ref) s Fz(thin) [2]

Reference growth (F)(ref)) accounts for the fac-
tors affecting tree growth in unthinned stands.
The thinning response function (F(thin)) pre-
dicts the relative growth response following thin-
ning, and the reference growth is multiplied with
this. The model structure is similar to that of the
growth model for fertilized Scots pine stands
developed by Hynynen (1993).
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The Weibull function was applied in model-
ling the temporal distribution of the thinning
response. It was assumed that tree growth re-
sponds to thinning without any delay. Thus, a
two-parameter Weibull function was applied in
the model. The integral of the Weibull function
equals one. In order to get varying magnitudes
of response as the results of different thinning
intensities, the Weibull function was scaled by
multiplying it with a variable expressed as a
function of the thinning intensity.

Table 4. Parameter estimates of diameter growth model

3.

Parameter Estimate Asymptotic Std. Dev.
a 0.1769 0.0454
a, 0.5693 0.0659
a, 0.4737 0.04242
a, —0.00070 0.00014
a, —0.00094 0.00008
as —0.9694 0.0661
a, 1.0796 0.0539
a, 7.7395 0.5512
b 13.4054 0.5314
c 2.4828 0.1385
ias 1.1473

RMSE 0.3842

Observations 3479
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As the result of analysis, the following model
was developed

igs = apd“ cro2 exp(a;dl +asGL? )Hdu,,,“sHux)%

-F>(thin) +e
in which
(c-1) c
=\ T T

Fa(thin) =1+ l(i)(—J —(—) 3

in) a 5\ exp)| b []
where
I = Thinning intensity, defined as:

(G, pre-thinning — G, post-thin-
ning) / G, post-thinning
T = Time elapsed from thinning, years
ay, ay,..,as,b,c = Parameters

In model [3], the regressor variables used in
predicting reference growth are the same as in
model [1] except for the stand basal area. The
effect of the stand basal area is reflected in growth
through the size of the tree crown ratio, and in
thinned stands also through the thinning response
function. According to the model, the relative
response to thinning is not affected by site, and
neither by any stand or tree variables.

Because model [3] predicts the five-year tree
diameter growth, also the temporal distribution
of thinning response is predicted by five-year
periods. Thus, Fa(thin) refers to the average rela-

a)

Residuals, cm
1.0

05

04 0.6 0.8 1.0 1.2 1.4 1.6

igs, predicted, cm

Relative growth
response, %
40
3!
301
254
20
15
10
5

0
0-5 5-10 1015 15-20 20-25 25-30 30-35 35-40

Time period after thinning, years

Fig. 3. Temporal distribution of the relative diameter
growth response according to thinning response
function, F>(thin), of the model [3].

tive growth response during the S-year growth
period in question. Consequently, variable T in
model [3] refers to the last year of the 5-year
growth period. According to model [3], thinning
increases the relative diameter growth without
any delay. The response reaches its maximum
within a period of 5-10 years after thinning, and
levels off by 30 years after thinning (Fig. 3).

Including the effect of thinning in the diameter
growth model improved the accuracy of the mod-
el compared to model [1], in which the thinning
effect is implicitly included through the actual
stand basal. The root mean square error in model
[1] was reduced from 0.4046 (Table 3) to 0.3841
(Table 4), i.e. by 5.1 %.

An improvement of the model was also ob-
served in residual analysis (Fig. 4). No bias was

b)

Residuals, cm

10+ r r — .
0 0.1 0.2 0.3 0.4 0.5 0.6
Thinned basal area, %

Fe—o-s - e 5-10 —a—10-15 |

Fig. 4. Mean residuals (+ standard deviation of the residuals) of the diameter growth model [3] with respect to
predicted diameter growth (a), and mean residuals during the five-year growth periods with respect to

thinning intensity (b).
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observed with respect to any of the regressor
variables. There were no trends in the residuals
as regards thinning intensity during any of the
successive growth periods (Fig. 4b). Therefore,
the model’s performance was improved com-
pared to model [1].

The tree crown ratio (cr) was a significant
regressor variable in model [3] as well as in
model [1]. Removing the tree crown ratio from
model [3] increased the RMSE from 0.3841 to
0.3910, i.e. by 1.8 %.

4 Height Growth Model

The tree height growth model was developed on
the basis of an assumption according to which
tree height growth can be represented as the
product of potential height growth times a modi-
fier function. This kind of a model structure has
been widely applied in growth and yield model-
ling (e.g. Daniels and Burkhart 1975, Leary 1979,
Arney 1985).

Increment in the stand dominant height was
regarded as the potential height growth. With
reference to earlier studies, it is generally as-
sumed that dominant height increment is not
affected by thinning from below (Burkhart et al.
1987, Vuokila and Viliaho 1980). To verify this
assumption within the context of the modelling
data, a simple regression model for dominant
height increment was developed. In the model,
dominant height increment was assumed to be

Table 5. Parameter estimates of height growth model

[4].

affected by site quality, stand age and thinning
intensity. The effects of site quality and stand
age were taken into account by using categorical
variables referring to the experimental stand. The
effect of thinning was studied by incorporating a
variable referring thinning intensity into the mod-
el. The mean annual increment in the stand dom-
inant height over the 15-year study period was
employed as the dependent variable of model [4]
below.

In(1H 4om ) = ag + ayl + a2 Dspy + a3Dsp3 +... +ay 1 Dssg + e

(4]

where

IH 4o = Mean annual increment of stand
dominant height over 15-year study
period, m

Dspp... Dssg = Dummy variables referring to exper-
imental stands
ap,aj...a;; = Parameters

Model [4] was fitted to the data including obser-
vations of the dominant height increments from
every sample plot in the data. The effect of thin-
ning intensity did not prove to be a significant
regressor (Table 5). Therefore, it was concluded
that thinning intensity does not have any signifi-
cant effect on the increment of the stand domi-
nant height, which was employed as the
height growth potential of an individual tree in a
stand.

In developing the height growth model for
individual trees, it was supposed that tree growth

Table 6. Parameter estimates of tree height growth
model [5].

Parameter Estimate Std. Error  t-value  Prob. > [T| Parameter Estimate Asymptotic Std. Dev.
Intercept -1.194 a, 0.2445 0.0151

a -0.103 0.129 -0.802 0.431 a, —0.4710 0.0558
J— a 0.8045 0.1804
In(IHom) -1.215 —

R? 0.901 ins 1.4794

RMSE 0.129 RMSE 0.4495

Observations 32 Observations 3406

Note: Intercept = parameter ag + mean of the parameters ay,...,a11.
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Fig. 5. Mean residuals (+ standard deviation of the residuals) of tree height growth model [5]
with respect to predicted height growth (a), stand dominant height increment (b), relative

tree size (c), and thinning intensity (d).

can be faster or slower than potential growth
depending on the relative size of the tree. Rela-
tive tree size was described by the ratio between
tree diameter at breast height and the stand dom-
inant diameter (d/ D 4n), the latter being defined
as the average diameter of the 100 thickest trees
per hectare. Thus, the stand dominant diameter
is the arithmetic mean diameter of the trees in-
cluded in the calculation of the stand dominant
height (H jom)-

It was further assumed that thinning from be-
low does not directly affect tree height growth,
and that stand basal area affects only the growth
of suppressed trees. The crown ratio (cr) can be
considered as an expression of the tree’s photo-
synthetic potential. Therefore, it can be assumed
to have an effect on the realization of potential
tree growth.

The parameters were estimated using the same
method as when estimating the parameters of
diameter growth models [1] and [3]. The analy-

sis resulted in the following model for tree height
growth (Table 6):

ins = IH.tom|d / Ditom ](a,md,,,,,w:u Daom) ™) e (5]

where

ins = Five-year increment in tree height, m

IHgom = Five-year increment in dominant height,
m

Dgom = Stand dominant diameter defined as: av-

erage diameter of 100 thickest trees per
hectare, cm
ay,axaz = Parameters

The effects of the tree crown ratio and the stand
basal area on height growth proved to lack statis-
tical significance as regressors. Thus, they were
not included in the final model. Residual analy-
sis showed satisfactory model behaviour in re-
gard to predicted height growth, regressor varia-
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bles and thinning intensity (Fig. 5). Although the
effect of thinning was not incorporated in the
model, there were no trends in the residuals with
respect to thinning intensity during any of the
growth periods.

In fitting the model, the measured increment
in the stand dominant height (/H,,,) was used as
the potential height growth. When applying the
model, /H 4, can be obtained from the site index
equation.

Model [5] is restricted so that trees with diam-
eters equal to the average diameter of the domi-
nant trees will have height growths equal to the
increment of the dominant trees. The relation-
ship between tree height growth and relative tree
size is of curvilinear form. Starting from the
most suppressed trees in a stand, height growth
increases with increasing relative tree size, until
it reaches its maximum (Fig. 6). After that, growth
starts to decrease with increasing relative size.
The position of maximum height growth de-
pends on the rate of the dominant height incre-
ment.

According to the model, growth of individual
trees in stands with rapid dominant height incre-
ment (IH,,) is more affected by relative tree
size than in stands with slow dominant height
increment (Fig. 6). In other words, differentia-
tion in height growth among trees is greatest in
stands with rapid height growth. With respect to
stand growth dynamics, height growth differen-
tiation is at its highest in young stands.

5 Model for Predicting Stem
Form Factor

A measure of tree stem form is needed in addi-
tion to the tree diameter and height growth pre-
diction in order to simulate the development of
stand and tree volumes. The ratio between tree
diameter and total height (d/h) is an indicator of
the stem form. Thinning is known to change this
ratio, which can be predicted with the help of
diameter and height growth models ([3] and [5]).

In this study, the development of a model for
predicting the stem form factor was of interest as
the aim was to examine whether thinning affects
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Fig. 6. The relationship between relative height growth
of a tree and relative tree size in stands with dif-
ferent rate of dominant height increment.

stem form in a way not explained by the change
in the d/h ratio. In order to be able to quantify
these kinds of possible effects in the present
study material, a model for the stem form was
developed.

A static model for the cylindrical form factor
was chosen to describe the stem form. The cylin-
drical form factor is a widely used expression for
tree stem form. It is defined as the ratio of the
total stem volume to the volume of a cylinder
with diameter equal to tree diameter at breast
height and height equal to the total height of the
tree. The stem volume can be expressed as

v =fisgh [6]

where

v = Tree volume, m?

fi.3 = Cylindrical form factor

g = Tree basal area at breast height, m?
h = Tree height, m

The absolute value of the form factor is restrict-
ed to between 0 and 1, but excluding small trees
with heights close to 1.3 m. In the present mod-
elling data, the smallest measured tree height
was 4.5 m. Thus, the model for the stem form
factor should inherently result in values between
0 and 1 to facilitate logical model behaviour.
The following model structure was employed as
the basic structure in model development.

fia=1-exp(—P(x)), where O(x) > 0 [7]
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Table 7. Parameter estimates of model for form factor

8].

Parameter Estimate Asymptotic Std. Dev.
ay 0.6390 0.0159

a, —0.0263 0.0040

a, 3.0028 0.2742

as 3.7094 0.6233

a, -1.2138 0.1010

fis 0.5341

RMSE 0.0251

Observations 4634

Table 8. Parameter estimates of model for form factor

[9].

Parameter Estimate Asymptotic Std. Dev.
a 0.8217 0.0252
a, —-0.0381 0.0065
a, 2.4243 0.2733
a, 6.5014 1.4381
a, -1.6114 0.1299
as —0.0638 0.0111
a, -0.0021 0.0007
a, —0.0020 0.0002
Fus 0.5341

RMSE 0.0248

Observations 4634

In model [7], ®(x) is a function of measured tree
and stand variables. A similar structure has been
used earlier in numerous models for the tree
crown ratio, which is also a variable restricted to
values between 0 and 1 (e.g. Ek and Monserud
1975, Dell et al. 1979, Dyer and Burkhart 1987,
and Hynynen 1995).

A simple model for stem form factor was de-
veloped based only on the information about
tree diameter and height. After fitting the model,
its behaviour was studied with respect to other
stand and tree variables, including thinning in-
tensity.

As the result of analysis, the following model

for the stem form factor was constructed (Table
7):

fiz :l—exp{—(au +ai(d/h)™ +azhe )]+e (8]

According to model [8], trees with more taper
have smaller stem form factors. Furthermore,
the form factor decreases with increasing tree
size, and this is expressed with total tree height.

The residuals showed no trends with respect to
the predictor variables (Fig. 7). Plotted residuals
against stand basal area, stand dominant height,
as well as against tree crown ratio showed slight
trends, but the model resulted in unbiased pre-
diction concerning thinning intensity (Fig. 7f).

In order to improve the model, the effects of
the other measured stand and tree variables, in
addition to d and h, was examined. Tree crown
ratio, stand dominant height, and stand basal
area proved to be significant regressors, result-
ing in the following model:

fiz= l—exp|:_[a0 +ai(d/h)® +ash® ﬂ"’e [9]

+ascr + agH jom + a7BA

The inclusion of new variables in model [8] re-
moved the biased behaviour with respect to these
variables, but improved the precision of the model
only slightly by reducing the RMSE by 1.2 %
(Table 8).

According to model [9], increases in the tree
crown ratio and the stand dominant height im-
pair the stem form; this is consistent with the
previous knowledge on these relationships. The
slightly negative effect of the basal area (a; < 0)
on the form factor is more difficult to interpret.
However, the effect of the stand basal area will
also be reflected in the tree crown ratio and the
ratio d/h. As the basal area increases, the crown
ratio and d/h decrease, and these in turn increase
the form factor, and thus improve the stem form.
Therefore, the effect of the stand basal area is
also implicitly included in the other regressor
variables.

On the basis of the stem form factor models
[8] and [9], it can be concluded that in the case of
both unthinned and thinned stands, the develop-
ment of the stem form can be predicted without
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Fig. 7. Mean residuals (+ standard deviation of the residuals) of stem form factor model [8] with
respect to predicted form factor (a), d/h ratio (b), tree diameter (c), tree height (d), stand

basal area (e), and thinning intensity (f).

bias by using those tree and stand variables that
are used as regressors in models [8] and [9]. No
additional information concerning thinning it-
self is needed. The results of this analysis sug-
gest that the effect of thinning on tree stem form
can be explained with adequate accuracy by the
change in the d/h ratio.
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6 Model Validation

6.1 Reliability of Models in Predicting
Tree Diameter Growth, Height
Growth, and Stem Volume

All the models were tested against independent
data as described in section 2.2. Validation was
first carried out separately for each model to test
their predictive capability. Then, the models were
applied together in predicting the stand basal
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Table 9. Behavior of the models against the independent test data.

Diameter growth 1)

Height growth 1) Tree volume
(form factor)

Model [1] Model [3] Model [5] Model [8]
Observed, mean 1.302cm  1.302 cm 1.949 m 150.09 dm?
Predicted, mean 1274 cm  1.221 cm 1.939 m 158.38 dm?
Absolute bias 0.028 cm  0.081 cm 0.011m -8.296 dm*
Relative bias 0.0387 0.0878 0.0426 -0.0577
RMSE 0.639 0.647 0.383 13.039
RMSE, 0.716 0.761 0.307 0.067
Observations 3551 3551 3523 8583

1) Five-year growth period

area and volume increment. The following char-
acteristics were calculated to describe the relia-
bility of the model prediction:

Absolute bias = 3 (y, ;) /n

i=1

Relative bias = i[(y, —ﬁ',)/_,\“,]/n
i=1

0.5
RMSE = [z(y, -5) /n:|
i=1
= root mean square error
- 0.5
RMSE, = {2[(_\', =5i) /5] /n}
i=l
= relative root mean square error
where

y; = Observed value of i:th observation
v, = Predicted value of i:th observation
n = Number of observations

In general, the tree growth models resulted in a
slight underprediction when applied to the test
material (Table 9, Fig. 8). Diameter growth model
[1] resulted in a smaller average bias than model
[3], which included an explicit thinning response
variable. Both models showed no biased behav-
iour as regards thinning intensity (Fig. 8b). How-
ever, among the test material, there were only a
small number of heavily thinned sample plots;
only on three of the sample plots was more than
35 % of the basal area removed in thinning, and

only on one plot more than 50 %. Therefore,
with the test material as the basis, it could not be
reliably confirmed how necessary it would be to
incorporate an explicit thinning response varia-
ble in the diameter growth model when predict-
ing the development of heavily thinned stands.

The residual mean square errors of diameter
growth models [1] and [3] in the test data were
notably greater compared to those in the model-
ling data. This was probably due to larger over-
all variation in the test data compared to the
modelling data. In the test data, the average five-
year diameter growth was 1.278 cm with a stand-
ard deviation of 0.809 cm. In the modelling data,
the corresponding values were 1.147 and 0.546
cm, respectively.

The validation of the height growth model
confirmed that the applied model structure is
feasible in height growth prediction in both
thinned and unthinned stands (Fig. 9b). The mod-
el seemed to underpredict the height growth of
trees with slow predicted height growth (Fig 9a).
However, further data analysis showed that all
the observations of trees with predicted height
growths of less than 1.2 m were obtained from
the one experimental stand only.

For validation of form factor model [8], the
form factors for all the trees in the test material
were first predicted using model [8], separately
for every measurement instance. Thereafter, the
stem volumes were calculated using formula [6].
Finally, the predicted stem volumes were com-
pared with the stem volumes calculated on the
basis of field measurements.
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Fig. 8. Average bias (+ standard deviation of the residuals) of the diameter growth models [1]
and [3] in the test data plotted against predicted tree diameter growth (a), and thinning

intensity (b).
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Fig. 9. Average bias (+ standard deviation of the residuals) of the height growth model [5] in the
test data plotted against predicted tree height growth (a), and thinning intensity (b).

In general, tree volume prediction resulted in a
5.8 % overprediction (Table 9), but there were
no trends to be seen in the model prediction
regarding thinning intensity (Fig 10b). Never-
theless, there was a slight trend as regards tree
diameter; overprediction was at its maximum
among the smallest trees (Fig. 10a).

In assessing the results concerning the reliabil-
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ity of stem volume prediction, it must be ob-
served that stem volumes in the modelling data
were calculated using simultancous equations
based on tree diameter observations at absolute
and relative heights along the stem. In the
test data, a three-parameter volume equation
(v = f(d, de, h)) was applied.

The effect of the applied equation on volume
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Fig. 10. Average relative bias (+ standard deviation of the residuals) of the predicted stem volume calculated with
models [6] and [8] in the test data plotted against predicted stem volume (a), and thinning intensity (b).

calculation was tested using the modelling data,
in which tree volumes were also calculated us-
ing the three-parameter volume equation, i.e. with
the same equation as was used in the test data. It
was observed that the simultaneous equation re-
sulted, on average, in a 3.5 % greater stem vol-
ume compared to the volume estimate calculated
using the three-parameter volume equation. Be-
cause form factor model [8] is based on the data
in which volumes were calculated using the si-
multaneous equations, it can be said that most of
the bias (Table 9, Fig. 10) can be explained by
the differences in the volume estimates obtained
using these two different volume equations.

6.2 Model Reliability in Predicting Stand
Basal Area and Volume Increment

The reliability of the models in predicting stand-
level characteristics was examined by simulat-
ing the stand basal area and volume increment.
Mortality was taken into account in the simula-
tions by removing from the list the trees that had
died during the simulation period, before any
comparisons were made. The tree volumes at the
beginning of the study period were estimated for
all trees in the test data using formula [6], in
which the tree form factor was calculated using
model [8]. Tree diameter increment was simulat-
ed using models [1] or [3]. and tree height growth
using model [5]. In the height growth prediction,
the observed dominant height increments

(IH 4,,,) on the sample plots were employed as
the height growth potential. At the end of the
five-year simulation period, the tree volumes were
recalculated. Volume growth was calculated as
the difference between tree volume at the end
and at the beginning of the simulation period.
Total volumes of the growing stock and of the
stand basal areas of the sample plots were ob-
tained by summing up the tree volumes and tree
basal areas, respectively.

Underprediction of the stand basal area incre-
ment was obtained with both diameter growth
models (Table 10). The model behaviour was
similar to that of the tree diameter growth model
(Table 9). In stand volume prediction the bias
was smaller, mainly because the underestima-
tion of the basal area increment was offset by the
overprediction of tree volumes. No dependence
between bias and thinning intensity could be
observed in basal area or in volume increments
(Figs. 11 and 12).
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Table 10. Statistics describing the reliability of the model in the prediction of stand
basal area and volume increment of the test data during the 5-year growth

period.
Basal area increment Volume increment
Model [1] Model [3] Model [1] Model [3]

Observed 3.495 m* ha! 3.495cm 4240 m*ha' 42.40 m* ha'!
Predicted 3.347 m? ha! 3.174 cm 4338 m*ha' 42.08 m* ha'
Absolute bias  0.148 m? ha! 0.320 cm —0.985 m* ha' 0.315 m® ha™!
Relative bias 0.068 0.143 —0.009 0.038
RMSE 0.733 0.796 6.297 6.355
RMSE, 0.303 0.351 0.154 0.178
Observations 28 28 28 28

e, Observed, Model [1]

Thinning intensity
0 Unthinned
@ Moderate thinning
A Heavy thinning

0 2 4 6 8 0
o, predicted, m*ha”

2 4 6 8
ls, predicted, mha’

Fig. 11. Observed and predicted stand basal area increments with varying thinning intensity in
the sample plots of the test data. In moderate thinning < 30 %, and in heavy thinning > 30 %

of stand basal area was removed.

7 Discussion

The main purposes of this study were to examine
modelling methods used in predicting the growth
response of Scots pine to thinning, and to devel-
op a model structure that can be applied in growth
simulations to thinned, as well as unthinned
stands. Both the modelling data and the test data
were obtained from intensively managed experi-
mental stands. Therefore, the models are not di-
rectly applicable to the average commercial Scots
pine stands in Finland. Nevertheless, the descrip-
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tion of the interactions between growth factors,
as well as the basic model structures developed
in this study, are likely to be valid also when
applied to more comprehensive and more repre-
sentative data.

Due to the hierarchical data structure, there
were both temporal and spatial correlations
among the observations. Applying OLS estima-
tion with this kind of data does not cause bias in
the parameter estimates, but the standard errors
of the parameter estimates are likely to be too
small. The hierarchical data structure with the
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Fig. 12. Observed and predicted stand volume increments with varying thinning intensity in the
sample plots of the test data. In moderate thinning, < 30 %, and in heavy thinning > 30 % of

stand basal area was removed.

correlated observations can be taken into ac-
count in parameter estimation by applying the
Generalized Least Squares (GLS) estimation.
However, the main interest in this study was in
examining the behaviour of and possible biases
in the growth prediction obtained when using
alternative growth models. Since model predic-
tions are unbiased even when applying the OLS
estimation, the main results obtained from the
analyses were not influenced by the applied pa-
rameter estimation method. Furthermore, because
most of the models were intrinsically nonlinear,
fitting nonlinear models with the GLS estima-
tion would have been statistically extremely com-
plicated.

A diameter growth model was developed in
which the effect of thinning was predicted using
an explicit variable referring to the time and
intensity of thinning. The analysis confirmed the
suitability of the Weibull function in predicting
the temporal variation of the growth response. A
similar model structure has been employed pre-
viously in predicting growth response to nitro-
gen fertilization (Hynynen 1993). Model [3]
proved to be capable of predicting the dynamics
of the thinning response, and to perform satis-
factorily in both unthinned and thinned stands.
In accordance with model [3], the relative growth
response to thinning was assumed not to be af-
fected by tree size or by any stand-level varia-

bles. The residuals against the modelling and
test data indicated unbiased model behaviour with
respect to these variables, thus verifying the as-
sumption to be valid in the data sets used in this
study. The results comply with the earlier find-
ings of Moore et al. (1994).

In general, both diameter growth models [1]
and [3] resulted in unbiased prediction when
applying varying thinning intensities. Only in
heavily thinned stands did model [1] result in
underprediction. Further examination of growth
during successive 5-year growth periods revealed
that model [1] failed to predict the dynamics of
post-thinning diameter growth (Fig. 2b). During
the first post-thinning S-year period, model [1]
overpredicted diameter growth, thus indicating
that a reduction in the stand basal area through
thinning did not immediately increase growth as
much as was predicted by model [1]. Corre-
spondingly, during the 5-10 years after thinning,
when the thinning response was at its maximum
(Fig. 3), model [1] resulted in notable underpre-
diction of diameter growth, especially in heavily
thinned stands (Fig. 2b).

The results obtained verified that an explicit
thinning variable in a growth model is needed to
reliably predict the dynamics of post-thinning
diameter growth and to reliably predict tree
growth in heavily thinned stands (with more than
50 % of the basal area removed). However, there

243



Silva Fennica 29(3)

articles

are some disadvantages in incorporating an ex-
plicit thinning variable in the model. First, in-
cluding an explicit thinning variable in a growth
model is likely to result in a rather complicated
model structure. Second, the model will require
detailed information about thinnings in order to
be capable of predicting the growth response.

The diameter growth model [1] without any
explicit thinning variable performed adequately
in unthinned and moderately thinned stands. It is
likely to be sufficient for most practical applica-
tions, because so far in practical forestry in Fin-
land thinning intensities have rarely exceeded 50
% of the stand basal area. Model [1] does not
require any information about thinning, and this
is an important advantage considering the practi-
cal application of the model. Information about
the timing and intensity of thinnings is seldom
available in forest inventory data. In regard to
parameter estimation, model [1] can be linearised
by using logarithmic transformation, following
which the parameters can be estimated with line-
ar regression, and also by applying GLS estima-
tion. In this study, model [1] was not linearised,
because that would have complicated the com-
parisons with intrinsically nonlinear model [3].

Tree crown ratio has been widely applied in
growth and yield models as the major driving
variable (e.g. Belcher et al. 1982, Burkhart et al.
1987). 1t is the only variable measured in forest
inventories that is directly related to the size of
the photosynthetically active biomass. The effi-
ciency of the tree crown ratio as a regressor in
diameter and height growth models for Scots
pine was tested in this study. Although the crown
ratio is known to be correlated with variables
referring to stand density (stand basal area), it
proved to have a great impact on diameter growth
prediction. Including the tree crown ratio in mod-
els [1] and [3] significantly improved their accu-
racy. However, it did not have any major effect
on the behaviour of the model with respect to
thinning intensity. In height growth prediction,
the crown ratio did not prove to be a significant
regressor in the present data.

In the model for tree height growth [5], a widely
applied model structure was employed, and it
proved to be suitable also for Scots pine stands.
Height growth prediction in the case of an indi-
vidual tree was bound to the stand dominant
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height increment, which was used as the poten-
tial height growth. In applying the model, domi-
nant height increment can be obtained from site
index equations (e.g. Vuokila and Viliaho 1980,
Gustavsen 1980). Therefore, the final perform-
ance of the height growth model, when applied
in practice, depends on the performance of the
site index equation employed in the prediction
of dominant height increment. The modelling
data of this study were not comprehensive enough
to be used in the development of new site index
equations.

The dominant height increment was not af-
fected by thinning from below. This is a result
that markedly supported the findings of earlier
studies (e.g. Higglund 1974, Vuokila and Viilia-
ho 1980). According to the results of this study,
the height growth of an individual tree in a thinned
stand can be adequately predicted without any
explicit variable referring to thinning.

The aim of the analysis on tree stem form was
to examine whether the well-known change in
stem form following thinning can be explained
only by the change in the d/h ratio. A relatively
simple model for the cylindrical form factor was
developed (model [8]) based only on the infor-
mation about tree diameter and height. Adding
other tree and stand variables as regressors into
the model improved the model performance only
slightly. The model residuals, as well as the vali-
dation against an independent data, revealed no
biased behaviour with respect to thinning inten-
sity. This being the case, it is reasonable to con-
clude that, at least in these data sets, there was no
change in stem form that could not be explained
by change in the d/h ratio.
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