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Abstract

A classic approach to obtain stand height /, in advanced stands in Estonia has to use the regression height at the
quadratic mean diameter Dg. In juvenile stands, where a considerable number of young trees have not reached breast
height, the modelling of the height distribution instead of the breast height diameter dbh distribution is more practical.
Also, the field assessment methodologies differ for juvenile and advanced stands. In younger stands the mean height and
stem number are assessed. In advanced stands (dbh larger than 6 cm) these variables are replaced with the basal area,
quadratic mean diameter and the regression height. This study evaluates the predictive abilities of different mean height
calculation functions in various tree species in naturally regenerated stands. We analyze different young stand height
calculation methods in comparison with the classical stand height H, calculation method. Two independent sets of
empirical materials were employed in our study: 27 plots from Estonian Network of Forest Research Plots (ENFRP)
were used in regression analysis and three forest regeneration study areas (45 plots) at Jarvselja (JS plots) were used for

model validation. In the current study the r-power mean height Hr(H,,=AIZh’ Jn where the exponent r value 3.627

estimated on 27 ENFRP plots) was fitted to the regression height H, . We recommend using the dominant tree selection
method for measuring stand height in juvenile stands. Our results indicate that the ratio of dominant trees k£ and stand
component cluster dominant height H, are adequate for calculating stand height in young stands as follows

- EE I A
H, =a -H" k“.

Dgq
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Introduction

There is a number of univariate growth functions
with asymptote and inflection points that are recommend-
ed for modelling the development of height over age
(Kiviste 1988, Zeide 1993, Shvets and Zeide 1996). In
addition, the fitted model should have biological inter-
pretation (Vanclay and Skovsgaard 1997); however, in
young stand as in this study, where height growth has
not reached the inflection point, the widely used growth
functions may give unrealistic height growth projections
and are not suitable for height growth modelling.

Stand development predictions in time often de-
pend on reliable height-diameter functions requiring
height as the basic input variable (Temesgen and Gad-
ow 2004). Stand height can be described in several
ways: as mean-unweighted, mean-weighted, predomi-
nant, top and dominant height. Stand mean height-
unweighted (or arithmetic average height) is rarely
used, as its estimation requires measuring every tree
height in the stand, which is possible to carry out in
stands with height not more than 2—-3 m (Krigul 1972).
In some cases sample tree heights or tree heights from

subsamples can be used for lowering the field assess-
ment costs. Missing heights are obtained indirectly —
using a suitable height-diameter relationship (e.g.
Larsen and Hann 1987, Temesgen and Gadow 2004).
To describe stand’s growth and yield, usually the
stand dominant height is used, instead of stand aver-
age height. The advantage of dominant height is that
it is relatively unaffected by thinning, when (normal)
thinning operations remove the smaller trees or dying
trees (Vaus 2005).

The development of stand height can be presented
by using a 3- parameter, asymptotic function, such as
the Chapman-Richards function (Pienaar and Turnbull
1973). Studies in Unites States have shown that stand
average dominant height can be accurately predicted
using a percentage of the diameter distribution, when
arranged in decreasing size order (Bailey and Brooks
1994, Bailey and Martin 1996). This technique using
standard inventory data has been successfully applied
to slash pine (Pinus elliottii Engelm.) (Bailey and
Brooks 1994) and loblolly pine (Pinus taeda L.) (Bai-
ley and Martin 1996) plantations. Brooks (2004) test-
ed this methodology and estimated the stand domi-
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nant height for young longleaf pine (Pinus palustris
P. Mill.) plantations.

In Europe, generalized height-diameter functions
have been used since the 1930’s. The generalized
height diameter function includes both single tree level
variables as individual tree heights and diameters,
together with stand level variables like basal area and
quadratic mean diameter (Gadow and Hui 1999, Temes-
gen and Gadow 2004). To calculate Lorey’s mean height
the stand height is weighted by the stand basal area
to avoiding being affected by both natural and anthro-
pogenic disturbances (Laar and Ak&a 2007).

Describing young stand development is a chal-
lenge, as growing conditions in young stands are
changing rapidly. Still, it is the most crucial period for
modelling or for management planning since in this
period the stand properties will be set for the entire
rotation period. Forest growth modelling in the Nor-
dic and Baltic countries has focused on advanced or
mature stands. Very often the growth in early stands
is predicted by using the same models as for mature
stands. The evaluation of young stand height thus
usually leads to over- or underestimation (Huuskonen
and Miina 2007).

A classic approach to obtain stand height an in
advanced stands in Estonia has to use regression
height prediction at the quadratic mean diameter Dq.
Accordingly, all tree heights are calculated using the
height regression function. Depending on differences
in height growth and tree ingrowth in juvenile stands,
the time during which a considerable number of seed-
lings have not reached breast height can be very long
(especially in naturally regenerated stands). Therefore,
modelling of the height distribution instead of the
breast height diameter (dbh) distribution is technical-
ly more advisable. Another important aspect is that the
field assessment methodologies are different for juve-
nile and advanced stands (Siipilehto 2009). In young-
er stands mean height and stem number are assessed.
In advanced stands (dbh larger than 6 cm) these var-
iables are replaced with basal area, quadratic mean
diameter and regression height.

More functional and realistic height projections
are needed for the early stand development phase in
Estonia. Height growth has only been studied for the
fast-growing tree species (Betula pendula Roh., Al-
nus incana L. Moench., Alnus Hybrida A. Br., Popu-
lus x wettsteinii Himet-Ahti) planted on former agri-
cultural lands (Jogiste et al. 2003, Vares et al. 2003).
The evaluation of stand height in young stands is
needed to assign to the changing requirements of
forest management planning.

The aim of this paper is to evaluate the predic-
tive abilities of different mean height calculation func-

tions in various tree species in naturally regenerated
stands. In our study, we analyze the different young
stand height calculation methods in comparison with
the classical stand height an calculation method.

Material and methods

Estonian Network of Forest Research Plots

The Network of Estonian Forest Research Plots
(ENFRP) was established in 1995 (Kiviste et al. 2003)
to provide empirical data for developing forest growth
and yield models (Kiviste and Hordo 2003). The net-
work establishment is based on the experience of Finn-
ish studies (Gustavsen et al. 1988). Following the grid
of ICP Forest level I monitoring plots (Karoles et al.
2000), the ENFRP contains 730 in 5-year interval re-
measured sample plots, distributed with random plac-
ing in two- to ten-plot clusters over the entire land
surface of Estonia (Figure 1). Most plots are in heath,
mesotrophic, meso-eutrophic, and nemoral forest site

types.

Figure 1. Spatial distribution of all ENFRP plot clusters (one
cluster includes 2 to 10 plots group) across Estonia (empty
circles) together with the locations of the 27 plots (filled cir-
cles) in this study. The filled triangle indicates the location of
Jarvselja Training and Experimental Forest Centre

The plots are circular with varying radii (15, 20, 25
or 30 metres) and each plot includes at least 100 main
storey trees. Second-storey and undergrowth trees are
measured in an inner circle with a radius of 8 or 10 metres
depending on the main plot radius. In each plot for all
trees the tree coordinates are fixed and breast height
diameters are measured. In addition, the total tree height
and crown length of selected sample trees (every fifth
tree) are also measured (Kiviste and Hordo 2003). In
Estonia, the concept of stand component is used to
describe different tree species forming a certain stand
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layer (e.g. second layer spruce). The age for different
stand components is determined by the date of estab-
lishment of the stand component, which is during the
first plot measurement by counting tree rings from core
samples extracted from sample trees. The plots are re-
measured in five-year intervals.

axes. Each sector was numbered, starting from the
northeast quarter.

From the center of the middle plot in the cluster,
at a distance of 5, 10 and 15 metres to north, south,
east and west, the depth of soil organic matter exclud-
ing moss and lichen layer was defined. Data describ-

Table 1. Stand

Number  Min Max Number  Single tree height,
component data . of stand ) Max Number of m
from the ENFRpP  ree species compo- Hog  Hop  Mink = oftrees  sample ]
plots nents m rees  Min mean  max
all 42 4.31 13.11 0.125 0.833 1759 859 14 7.9 184
all conifers 20 4.31 1159 0.125 0.833 722 444 14 6.5 16.6
all broadleaves 22 440 13.11 0.222 0.763 1037 415 2.9 8.9 18.4
pine 6 4.31 1159 0.372 0.730 317 170 1.4 57 16.6
spruce 14 458 10.94 0.125 0.833 405 274 2.1 7.2 134
birch 15 440 1126 0.282 0.763 875 356 3.0 8.9 15.8
broadleaves 7 743 1311 0222 0667 162 59 29 85 184

(birch excluded)

In single tree and stand level height calculations,
data from 27 ENFRP plots were used which correspond-
ed with the set criteria: 1) plot radius is greater than
or equal to 14 metres; 2) maximum height of dominant
trees in the main storey is less or equal to 15 metres;
3) the mean age of the main storey is less than or equal
to 20 years. In the 27 selected plots, 5,125 single tree
measurements (with 1,308 height measures) were dis-
tributed between 88 different stand components. The
stand characteristics of the simulated plot clusters are
presented in Table 1. These include 1,759 single tree
measurements for 42 stand components.

Regeneration study plots at Jirvselja

A series of nine study arecas (JS plots) was es-
tablished in 2005 in south-eastern Estonia at the
Jarvselja Training and Experimental Forest Center
(58°25°N, 27°46°E) for study of the growth dynamics
in young naturally regenerated forests.

Sample areas were divided into three different
young stands and are located together in stands de-
pending on stand size in one, three and five study
groups. Nine sample areas were distributed within
stands at even intervals of 50 metres. The sample plots
inside the study areas were located using cluster ar-
rangement as shown in Figure 2. Every cluster included
five circular 50 m? size plots (radii = 4 m).

The center of the middle plot in a cluster was set
in the center of a study area. The other four plots were
located 10 metres away to the north, south, east and
west. The plot centre was marked with a metal pole.
Furthermore, all plots were divided into four sectors
(each 12.5 m?) following the north-south and west-east

4m

10m

%

CIN N v
NIZANIVANIT

Figure 2. A design of five cir-
cular plots cluster within the
study areas

AAVARVER

ing site characteristics were recorded according to
Ldhmus’s (2004) classification.

During the first four measurement occasions we
measured height for all trees higher than 0.8 metres
from the ground level. Beginning in 2008 all tree
heights were measured starting from the ground lev-
el. The tree records at each re-measurement included
sector number, tree layer, tree species and total tree
height. Within each sample plot sector, three highest
sample trees were selected from the dominant tree
species. In addition, one sample tree was selected for
every other tree species found in the sector. For each
sample tree higher than 1.3 metres, dbh in two direc-
tions (to plot center direction and perpendicular), to-
tal height, the height of living crown base and height
of lowest dead branch (thickness = 2 cm, length = 10
cm) were measured. Damages, classified according to
cause and severity, on the sample trees were record-
ed. In addition, tree coordinates were assessed from
the center of cluster for all sample trees.
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Table 2. Stand component data from Jérvselja plots

. Number of Tree Number
Tree species stand _height m . o

components Min Max

all 146 0.05 13.90 10086
all conifers 43 0.80 10.90 1819
all broadleaves 103 0.05 13.90 8267
pine 7 0.80 2.87 38
spruce 36 0.80 10.90 1781
birch 36 0.79 12.80 3973
aspen 18 0.41 13.90 2425
linden 15 0.05 7.70 912
other 34 0.80 6.80 957

broadleaves

The stands were measured in July and August in
2005, and re-measured at the end of the vegetation
period (September or October) in 2006, 2007 and 2008.
The four different measurement periods were consid-
ered in data analyzed independently, including in to-
tal 10,086 single tree measurements distributed between
146 stand components. The general stand component
data are presented in Table. 2.

Modelling

Simulation of single tree heights on the ENFRP
plots

On the ENFRP plots a tree height is measured for
every Sth tree; however, for simulating the JS plot
establishment on ENFRP data, tree heights must be
predicted for all trees. For simulation of tree height,
an equation (Eq. 1) consisting of fixed and random
components was applied (Padari 1999):

a[ dbh ) te (1)
dbh+b

where 4_is simulated tree height (m), dbh is diameter
at breast height (cm), @ and ¢ are model parameters
estimated from sample tree data for each of 42 stand
components, b is a tree species dependent constant
(1.1 for pine, 1.3 for spruce, 8.0 for birch, 1.6 for ash
and 4.3 for other broadleaves), d is random variable
with normal distribution £ = N(0;SE) , SE is residual
standard error.

For estimation of parameters a and ¢, Eq. 1 was
transformed into a linear regression equation as follows:

dbh

dbh +bj @

The simulated tree heights 4 were used in fol-
lowing calculations as real tree height.

ho=13+

s

In(h—1.3)=1In(a)+c- ln(

Sample trees selection and sample trees mean
height calculations on ENFRP plots

The cluster selection system similar to the one
used in JS plots was simulated for the plots from
ENFRP. From each simulated sector (Figure 2) the two
highest trees (regardless of species) were selected.
Thus each sample plot cluster included up to 40 sin-
gle tree heights. Obtained heights were grouped by
stand components and for every group six different
means (Eq. 3 ... Eq. 8) were calculated as cluster dom-
inant heights for juvenile stands.

For testing the effect of using different methods
in calculating cluster dominant height, the following
six equations were used:

o = |22 @)
i, (2 A ] @
=2 )
o =22 ©)
H,p = ex Tm] (7)
Hop =2 ®)

2 1
hi
where qud is quadratic mean height, qun is square
root mean height, H_ is arithmetic mean height, H_,
is cubic mean height, ngum is geometric mean height,
H, . 1is harmonic mean height, 4, is measured tree height

harm

and n is number of trees.

Combining simulation combinations

To assess the relationship between the classical
regression height (HDq) calculation method for ad-
vanced stands in Estonia and cluster dominant height
in juvenile stands, we begain by predicting regression
height (HDq) for simulated plot clusters as follows:

Da ] ©)
Dg+b

where H,, is regression height of the tree with the
quadratic mean diameter for stand component (m), Dg
is stand component quadratic mean diameter (cm), a
and c are regression coefficients (Eq. 2) and b is a tree
species dependent constant (Eq. 1). The estimates of
parameters @ and ¢ were re-estimated for the simulat-
ed data.

HDq :1.3+a(
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On a stand level four different regression equa-
tions (Eq. 10 ... Eq. 13) were used to analyze an pre-
dictions in case of six different means for cluster dom-
inant mean height (Eq. 3 ... Eq. 8)

Hp, =a,+a, H +a, k (10)
H, =a +a,-H +a,-k+a,-H -k (an
Hp, =a - H" k® (12)
Hp,=a,-H k“ +a, -H, -k (13)

where H,, is stand component regression height (m),
H, stand component cluster dominant height (arithme-
tic, quadratic, cubic, harmonic, square root or geomet-
ric), k is ratio of number of sample trees to total number
of trees, and a, b, ¢, d are model parameters.

The first two regression equations (Eq. 10 ... Eq.
11) are linear whereas the two last (Eq. 12 ... Eq. 13)
are nonlinear. According to these functions /m and nls
were used for parameter estimations with R software
(Crawley 2007).

The simulation was carried out by combining the
four different model forms (Eq. 10 ... Eq. 13) with six
different transformations of cluster dominant height
calculations (Eq. 3 ... Eq. 8) for seven different tree
species or tree species groups. Descriptive statistics
of 42 stand components from the 27 ENFRP plots are
presented in Table 1.

For each regression equation (Eq. 10 ... Eq. 13)
and tree species or tree species group, the best per-
forming cluster dominant height calculation combina-
tion were selected.

Model validation on Jirvselja data

The selected 28 equations were used in validation
of JS plots and were used in the mean height calcula-
tions for each stand component on JS data (see
Table 2).

The obtained stand component’s mean height
calculated from cluster dominant height /,_and ratio
k were intended for comparison with the correspond-
ing regression height H, on JS data. On the Jarvselja
plots, the tree heights are measured for all the trees,
but the diameters are measured only for selected sam-
ple trees; therefore, it is not possible to compute mean
height H, directly. For this study, mean height H,
was considered equivalent to r-power mean of tree
heights H (Eq. 14)

n
where H is r-power mean height (m), » is exponent
term, n is number of measured tree heights, 4, is sin-
gle tree height (m).

H, = (14)

The relationship between r-power mean height
and regression height was studied on the basis of
ENFRP plots. Optimal exponent term » was estimated
for each tree species or tree species group.

The r values estimated on ENFRP plots were used
for calculating r-power mean height as a substitute for
the missing regression height for JS data. For evalu-
ating simulation combinations, their predictions were
compared with the corresponding r-power mean heights
(H ) using the paired t-test. Three criteria were set to
better distinguish between simulation combinations:
1) the quadratic mean difference (SE) is less than 0.8
m, 2) the mean difference is less than 0.10 m and 3) p-
value from t-test of differences exceeds 0.05.

In addition, a test was carried out on JS data to
clarify the sample tree selection preferences for select-
ed stand mean height models. Five different sample
trees selection methods were used, where:

* from each plot sector the two tallest trees were
selected (N_.);

+ from each plot sector the three tallest trees were
selected (N_,);

* from each plot sector the four tallest trees were
selected (N_);

* from each plot sector the six tallest trees were
selected (N );

* the sample trees were selected as in JS field

measuring (N ).

Results and discussion

This study presents the stand height prediction
functions which show the closest relation to the com-
monly used regression height H _for naturally regen-
erated young stands employing the cluster dominant
stand component height H,  and the ratio k£ between
number of selected dominant trees and total tree
number as predictor variables. Regression height HDq
is not directly applicable to stands where the trees
have not reached breast height (Siipilehto 2009). An
alternative approach based on single tree height dis-
tribution is offered for obtaining the r-power mean
height (H)) as a stand height in young stands being
the closest to classically used stand height (HDq).

Tree selecting simulation on ENFRP plots accord-
ing to the cluster selection method used in field sam-
pling in JS plots resulted in a total of 1,759 single tree
samples divided among 42 different stand components.
These selected trees were used for model selection for
three main tree species (Scots pine, Norway spruce and
silver birch) and four tree species groups (all trees
together, all conifers together, all broadleaves togeth-
er, and all broadleaves together excluding birch (Ta-
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ble 1)). The dataset covered a range of tree heights
from 1.4 m to 18.4 m.

Model selection and parameter estimation

All combinations of four regression equations (Eq.
10 ... Eq. 13), six mean height equations (Eq. 3 ... Eq.
8) and seven tree species or tree species groups were
used for modelling regression height an with predic-
tor variables H, and k on ENFRP data. For the 28 best
calculation combinations (CN), fit statistics including
adjusted determination coefficient (R?), residual stand-
ard error (SE) value and parameter estimates on EN-
FRP data are presented in Table 3.

can assume their near reality prediction even in case
of very small trees (H, less than breast height 1.3 m).

It is important to note that of the six different
mean height calculations, only the arithmetic mean
height (H ) seems to work with all equations and tree
species. The cubic mean height (H_,) gave the poor-
est fit results in mean height calculation combinations.
On the other hand, using H_ as the sample trees
height distribution has to the least effect on stand
mean height H, calculations versus other mean
heights.

According to the results presented in Table 3, the
residual standard errors (SE) are as follows: Eq. 10:

Table 3. Best performing models by tree species and model shape. CN — combination number

t')\l:rn;-f Regression constants
CN Eg Tree species stand m;g& R Snlf’
’ com- ai a as a4
ponents
1 (10) all 42 Harit 0.943 0573 -0.2613 0.9100 1.4112 -
2 (10)  all conifers 20 Harit 0.934 0.618 0.2441 1.0048 —0.3801 -
3 (10) all broadleaves 22 Harit 0.978 0.340 -1.2748 0.9264 3.0596 -
4 (10) pine 6 Harit 0999 0.122 -0.8980 0.9952 1.3909 -
5 (10)  spruce 14 Harit 0.887 0.725 0.6870 0.9657 -0.4930 -
6 (10)  birch 15 Harit 0985 0293 -0.9602 0.9128 2.5027 -
other
7 (10)  broadleaves 7 Harit 0979 0.368 -0.9169 0.8269 4.8750 -
except birch
8 (11) all 42 Harit 0.962 0.475 3.6449 0.4268 -5.9945 0.9130
9 (11) all conifers 20 Harit 0.938 0.618 3.6089 0.4777 -5.6548 0.8019
10 (11)  all broadleaves 22 Harit 0.983 0.304 1.5968 0.6166 —2.7526 0.6234
11 (11) pine 6 Harit 1.000 0.039 3.5549 0.1745 -5.7712 1.2925
12 (11)  spruce 14 Harit 0915 0.660 9.5843 -0.4068 —-13.6933 1.9932
13 (11)  birch 15 Harit 0.988 0.281 0.8598 0.7149 -1.2718 0.4119
other
14 (11)  broadleaves 7 Harit 0.990 0.297 3.9534 0.2991 —4.2968 0.9769
except birch
15 (12) all 42 Harit 0.968 0559 1.1917 0.9339 0.0933 -
16 (12)  all conifers 20 Harit 0.996 0.611 0.9861 1.0005 —-0.0369 -
17 (12) all broadleaves 22 Harit 0.897 0.320 1.1549 0.9670 0.1609 -
18 (12) pine 6 Harit 0.990 0.108 1.0536 1.0023 0.1429 -
19 (12)  spruce 14 Harit 0.985 0.722 1.0920 0.9557 —0.0354 -
20 (12)  birch 15 Harit 0.896 0.284 1.1262 0.9672 0.1396 -
other
21 (12)  broadleaves 7 Harit 0.841 0.373 1.5938 0.8562 0.2204 -
except birch
22 (13) all 42 Harit 0.957 0511 0.6094 0.9250 —-0.2921 0.6176
23 (13) all conifers 20 Harit 0.980 0.586 0.6293 0.9782 -0.2904 0.4744
24 (13) all broadleaves 22 Harit 0.888 0.315 0.7905 0.9657 —0.0376 0.4020
25 (13) pine 6 Harit 0.984 0.115 0.5683 1.0054 -0.2302 0.5526
26 (13) spruce 14 Harit 0.963 0.721 0.7635 0.9179 -0.2512 0.4270
27 (13)  birch 15 Harit 0.884 0.286 0.7821 0.9664 —-0.0602 0.3738
other
28 (13) broadleaves 7 Harit 0.800 0.315 1.0127 0.7152 -0.1574 0.7653

except birch

The first two linear regression equations (Eq. 10
and Eq. 11) might not give realistic predictions for
stand early development (#, less than four meter tree
height); however, nonlinear regression equations (Eq.
12 and Eq. 13) start always from zero and therefore we

0.12-0.73 m, Eq. 11: 0.04-0.66 m, Eq. 12: 0.11-0.72 m
and Eq. 13: 0.12—-0.72 m. Norway spruce showed sig-
nificantly higher residual standard errors (ranging from
0.66—0.73 m) than SE values for other tree species (the
highest SE value is 0.37 m). The poor fit of spruce can
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be explained by the irregular height distribution in
young stands caused by new spruce regeneration
coexisting with advanced regeneration.

Calculation of r-power mean height for juvenile
stands

Based on the data from ENFRP plots, the regres-
sion height an and r-power mean height H_for r
values from 3.0 to 4.0 by 0.1 were calculated accord-
ing to Eq. 14 for all stand components. Relationships
between average difference of (Hr_an) and exponent
r for different tree species and tree species groups are
presented in Figure 3.

0,1 =
all — —all conifers .~
= = = . all broadleaves —— —- pine g
£ —-—--spruce = ------- birch J
#0.05 4 ~ - otherbroadl i ” ;/',
c . - 4‘/"/ ~
8 e "
i > 7
E s R -~
“6 ~ v /'/ /|
8 0 T T T T T ;/, _/—r T //I
2 B8 37 38739 4
=0,05 g
[a]
- P
-0,1 =

Exponent component r

Figure 3. The average difference between regression height
of the tree with the quadratic mean diameter and r-power mean
height on the data of ENFRP plots depending on exponent r

Estimations of exponent term r for different tree
species or tree species groups were chosen where the
difference between regression height # and r-pow-
er mean height was zero (Figure 3) and are presented
in Table 4. The exponent » estimations vary depend-
ing on tree species. For Scots pine and silver birch
the estimated r values are higher than for Norway
spruce. This can be explained by different tree spe-
cies dependent height distribution and height-diame-
ter relationships. At the same time the difference be-
tween regression height Hp and r-power mean height
is the lowest for Scots pine.

Evaluation of selected model combinations with
dominant tree selection on JS data

For evaluation of 28 selected model combinations
(see Table 3) an independent JS dataset was employed.
The total number of individual tree heights used for
the height prediction comparison with 7-power mean
height was 10,086 divided among 146 stand compo-
nents. The JS dataset covered a range of tree heights
from 0.05 m to 13.90 m (Table 2).

Table 4. Comparison results for mean heights (regression
height of the tree with the quadratic mean diameter and ex-
ponent mean height) with paired t-test

- 5 -
Exponent Quadratic Mean of 95 /o confidence

. mean intervals

Tree species component . the

difference, " .
r m differences  lower  higher
all 3.627 0.153 -0.000024 -0.048 0.048
all conifers 3.706 0.183 0.000050 —0.088  0.088
all broadleaves 3.558 0.120 —0.000045 -0.054 0.054
pine 3.949 0.078 0.000000 —0.089  0.089
spruce 3.608 0.210 -0.000071 -0.126  0.126
birch 3712 0.118 —0.000067 -0.068 0.068
other broadleaves 3.343 0.124 0.000143 -0.124 0.124

For all 146 JS stand components H, was predicted
using different simulation combinations (CN from Ta-
ble 3) according to: 1) tree species specific parameter
combinations CN (Eq. 10) =4, 5, 6, 7; CN (Eq. 11) =
11,12, 13, 14; CN (Eq. 12) = 18, 19, 20, 21 and CN (Eq.
13) = 25, 26, 27, 28, 2) broadleaves and conifers group
specific parameter combinations CN (Eq. 10) =2, 3; CN
(Eq. 11) =9, 10; CN (Eq. 12) = 16, 17 and CN (Eq. 13)
=23, 24 and 3) generalized parameter combinations CN
(Eq. 10) =1; CN (Eq.11) = 8; CN (Eq. 12) = 15 and CN
(Eq. 13) = 22. The r-power mean height (Eq. 14) was
calculated following the model combinations for eve-
ry obtained stand component H, asa reference height
for t-test comparison. Five different dominant height
sample tree selection methods (see Table 5) were ap-
plied to all simulation combinations and are present-
ed in Tables 6, 7 and 8).

The comparison results (Tables 6, 7 and 8) be-
tween r-power mean height and predicted H, values
showed better performance with model combinations
where the third (Eq. 12) equation was used. The tree
species or species group vise analysis indicated that
there are no considerable differences in predictions
when using species specific or general model combi-

Table 5. Sample tree totals by selection method

Number Number of sample trees
oftrees Ng  Nsz  Nsu

Tree species
Nsts Nstreal

all 10086 1351 1956 2494 3393 2494
all conifers 1819 330 492 621 798 663
all broadleaves 8267 1021 1464 1873 2595 1831
pine 38 2 6 23
spruce 1781 330 492 619 792 640
birch 3973 625 881 1090 1461 989
aspen 2425 322 468 601 810 560
linden 912 20 31 55 103 77
other 957 54 84 127 221 205

broadleaves
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Table 6. Standard errors between r-power mean height (H)
and estimated mean height. CN indicates the model combi-
nation according to Table 4. Bold indicates the differences
that are less than 0.8 m

CN SE

Nsto Nsts Nst4 Nsts  Nstrea
1 0.581 0.541 0.501 0.484 0.481
8 1.856 1.704 1.621 1.446 1.521
15 0.517 0.490 0.452 0.408 0.412
22 1.685 1.387 1.154 0.702 0.630
2,3 0.797 0.768 0.693 0.707 0.770
9,10 1250 1.129 1.055 0.933 0.932
16, 17 0.700 0.598 0.493 0.444 0.482
23,24 0.915 0.764 0.580 0.432 0.453
4.7 0.876 0.856 0.880 1.126 1.087
11...14 2.400 2219 2.021 1.727 1.871
18...21 0.790 0.677 0.557 0.501 0.563
25...28 1.169 1.011 0.874 0.681 0.647

Table 7. Average difference (m) between r-power mean
height (/) and estimated mean height (HDq). CN indicates
the model combination according to Table 3. Bold indicates
the differences that are less than 0.1 m

N Average difference (H—Hpg), m

Nst2 Nst3 Nt Nste Ntreal
1 0.291 0.233 0.264 0.236 0.150
8 1513 1.181 0.921 0.368 0575
15 0.271 0.200 0.200 0.095 0.042
22 1017 0711 0572 0.297 0.288
2,3 -0.054 -0.086 -0.018 0.026 -0.142
9,10 0882 0647 0.494 0.127 0.204
16,17 0.120 0.042 0.037 -0.058 -0.121
23, 24 0395 0245 0.194 0.054 0.009
4.7 0.134  0.145 0.249 0.423 0.240
11...14 1.729 1.466 1218 0.768 0.935
18...21 0.178  0.125 0.137 0.087 0017
25...28 0740 0557 0.503 0.359 0.327

nations in predicting stand mean height. Following the
parsimonious principle (Burkhart 2003) to select the
recommended simulation combination for predicting
stand component mean height closest to regression
height Hl)q in juvenile stands:

0.934 0.093
-k

(16)

where H, is arithmetic mean of cluster selected domi-
nant trees, k is ratio of number of sample trees to total
number of trees

H =1.192-H,

Table 8. T-test p-values between r-power mean height (H)
and estimated mean height. CN indicates the model combi-
nation according to Table 3. Bold indicates p-values more
than 0.05

T-test p-values

CN

Nst Nsts Nsta Nste Nstreal
1 6e-09 6e-07 7e-11 1e-09 0.0001
8 <2e-16 <2e-16 1e-12 0.0027 3e-06
15 1e-09 2e-06 1e-07 0.0060 0.2139
22 4e-13 1e-09 2e-09 2e-07 6e-09

2,3 0.4734 0.2157 0.7612 0.6736 0.0249
9,10 <2e-16 3e-12 2e-08 0.1158 0.0088
16,17 0.0622 0.4338 0.3965 0.1268 0.0021
23,24 1e-06 0.0003 9e-05 0.1449 0.8154
4..7 0.0974 0.0597 0.0010 6e-06 0.0072
11...14 <2e-16 <2e-16 2e-14 1e-07 2e-10
18...21 0.0135 0.0387 0.0043 0.0417 0.7115
25..28 1e-14 3e-11 5e-13 3e-11 7e-11

For all measured tree heights the 3.627-power
mean is preferable:

, 3.627
H =367 Zhi
n

where H is stand component mean height (m), # is
number of measured tree heights, 4, is single tree
height (m).

It is quite evident and expected that with the high-
er number of sampled trees the stand dominant height
predictions are better. However, we must be careful
when comparing the stand mean height predictions
between different sample tree selection methods, be-
cause in r-power mean height calculations the N_,
sampling method was used. The analysis of several
sample tree selection methods revealed positive ten-
dencies in species dependent sampling when compar-
ing species independent tree sampling to dominant
stand mean height prediction. The species dependent
cluster selection method applied in ENFRP plots com-
pared favorably against the real selection on JS plots,
where in addition to the two highest sample trees from
dominating species one tree was sampled from each
co-dominating species in a particular plot sector, re-
sulting in better prediction with lower sample tree
number.

Due to natural regeneration, in stands with high
spatial variation of the trees in each plot the tree sam-
pling must take this variation into account. Other-
wise, the selection might not reflect reality and the
predictions will be biased. An example of such se-
lection is presented on Figure 4 where Norway spruce

(17)
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) Sample tree selection method
Tree species
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and HDq predictions of 1:1
stand mean height calculations based on two tree Conclusions

sampling N, are underestimated versus using high-
er sample tree numbers. This indicates that for stands
where different species are present and their spatial
arrangement varies, the cluster dominant height can
become lower than mean height of the particular stand
component.

Due to missing breast height diameter data in ju-
venile stands, it is reasonable to use tree height dis-
tribution-based stand mean height instead of classi-
cally used regression height (#,,). In this study the
r-power mean height /, (Eq. 14) was fitted to regres-
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sion height an and the exponent r value 3.627 was
estimated on 27 ENFRP plots.

We recommend using the dominant tree selection
method (where the two highest trees are measured per
12.5 m?) for measuring stand height in juvenile stands.
Following the dominant tree selection method and
based on our results Eq. 12 is adequate for calculat-
ing stand height in young stands (estimated model
parameters are presented in Table 3).

The species dependent cluster selection method
shows better prediction for lower sample tree numbers
when in addition to the two highest sample trees from
dominating species a single tree is sampled from each
co-dominating species on a plot.
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MOJEJHUPOBAHUE CPEJHEHN BBICOTHI MOJIOABIX HACAXKJIEHWI HA IPUMEPE
JJECHUYECTBA APBCEJIbA, 9CTOHUA

A. IMagapu, C. Metcaaiia, A. Kanryp, A. Cumc u A. KuBucre
Pestome

KrnaccuyeckuM moaxomoM IpeAcKa3aHusl pOCTa HACAKACHHH B DCTOHUH SBISIETCS CPEIHSS BHICOTAa (PErpecCHOHHAs
BBICOTA) CO CPSIHIM KBAJPATHIHBIM MaMETPOM [, B 0GOOIICHHOM (YHKIMHI BEICOTHI H ITAMETPA. B MOTOIHSKAX, HMEFOIITHX
€CTECTBEHHOE MPOUCXOXKJICHHE, T€ 3HAUUTEIbHOE KOTHUECTBO CAXKCHIIEB €IE HE JOCTUTIO BBICOTHI TPYAH, BMECTO
MOJICIIUPOBaHHs PACIPEeNICHUs TuaMeTpa Oosiee MPAaKTHYHBIM SIBIISETCS MOJACIHPOBAaHHE BBICOTH. Kpome Toro, MeTomsl
U3MEPEHUs CPEIHEro pocTa HACaXKJCHUU B Jiecy AJIA CaKEHIIEB M MOJIOJABIX HacaxAeHUH ominmdarorcs. B MomogHskax c
JUaMETPOM MeHee 6 CM OLICHUBACTCs CPEIHSA BHICOTA HACAXICHUI U KOIMYECTBO AepeBbeB. B TO BpeMs Kak B MOJIOAHSAKAX €
quaMeTpoM Ooree 6 cM HCTIONB3YIOTCS CyMMa IIOIIAJAeH IMONEpedHbIX CeYeHHH HacaXk[ICHHUS, pETPECCHOHHAs BHICOTA U
CpeIHUH KBaJpaTHYHBIH TuaMeTp AepeBbeB. B Xone mccneqoBaHus OBIIH OLEHEHBI MPOTHOCTHUYECKUE BO3MOXKHOCTH
Pa3INYHBIX METOIOB KAJIBKYJIALUHN CPEIHEH BBICOTHI Ul PAa3HBIX MOPOA JEPEBHEB B HACAKAEHHAX BOCCTaHABIMBAIOIIUXCA
€CTECTBEHHBIM NyTeM. BbulM CpaBHEHBI pa3IUYHbIE METOJbl BBIYMCICHHS CPEAHEN BBICOTBHI HACAKICHHUH KJIaCCUUYECKUM
MeronoM. B Hamrem mccienoBaHuy OBUIN HCIIONIB30BAHEI IBE HE3aBHCHMBIC BEIOOPKH SMITMPHUYECKHUX JAHHBIX: 27 Yy4acTKOB
3CTOHCKOH CETH JIeCHBIX MPOoOHBIX momaaeit (ENFRP) Obutn necnonb30BaHb! 7151 pETPECCHOHHOTO aHAIN3a, a JaHHBIE ¢ TPEX
30H (45 mpoOHBIX 1IOLIaneii) B SIpBcenbs, TIe NPOBOAUTECS HCCIEA0BAHUE JIECOBOCCTAHOBICHHS, OBUIH MCIONB30BAHbI JJIS
NpoBepKU Mojenu. B nanHON pabore, r-cTeneHHas cpenHss BeicoTa H, (ynkius 14) Obuta oneHena ais 27 y4acTKOB
JCTOHCKOH ceTH JecHBIX mpoOHEIX mromaneii (ENFRP) u cpaBHeHa ¢ perpeccnoHHoON BICOTOI H, i Jliis u3MepeHust BEICOThI
MOJIOZBIX HAacaXAEHUH (IuaMeTp MeHee 6 CM) MOXHO PEKOMEHIOBATh JOMHUHUPYIOIINE AEPEBbS M3ydaeMbIX CEKTOPOB,
HaWITydIINe pe3yssTaTsl fana GyHkoms 12.

KiioueBbie ¢j10Ba: pacrupelielieHue BBICOTBI, CPEIHssI BBICOTA, JOMUHHUPYIOIIAS BBICOTA, COCHA OOBIKHOBEHHAs, €JIb
0OBIKHOBEHHasI, Oepé3a moBUcas

I 2009, Vol. 15, No. 2 (29) I (SSN 1392-1355 [
236





