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In this study, biomass equations for the above- and below-ground tree components of Scots
pine (Pinus sylvestris) and Norway spruce (Picea abies [L.] Karst.) were developed. The
models were based on 908 pine trees and 613 spruce trees collected in 77 stands located on
mineral soil, and represented a wide range of stand and site conditions in Finland. The whole
data set consisted of three sub data sets: 33 temporary sample plots, five thinning experiments,
and the control plots of 39 fertilization experiments. The biomass equations were estimated
for the individual tree components: stem wood, stem bark, living and dead branches, needles,
stump, and roots. In the data analysis, a multivariate procedure was applied in order to take
into account the statistical dependence among the equations. Three multivariate models for
above-ground biomass and one for below-ground biomass were constructed. The multivariate
model (1) was mainly based on tree diameter and height, and additional commonly measured
tree variables were used in the multivariate models (2) and (3). Despite the unbalanced data
in terms of the response variables, the statistical method generated equations that enable
more flexible application of the equations, and ensure better biomass additivity compared to
the independently estimated equations. The equations provided logical biomass predictions
for a number of tree components, and were comparable with other functions used in Finland
and Sweden even though the study material was not an objective, representative sample of
the tree stands in Finland.
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1 Introduction

There is a current need for reliable biomass esti-
mates for total tree and individual tree compo-
nents such as stem wood, stem bark, living and
dead branches, foliage, stump and roots. Because
direct measurement of the tree biomass, usually
expressed as dry weight, is not feasible in practise,
biomass estimates are commonly obtained with
regression models which, in turn, are based on
easily measurable tree variables. Biomass models
should meet specific requirements before they can
be used in forest management planning systems
and forest biomass inventories at the national
scale (Karkkiinen 2005). First of all, the models
have to produce reliable biomass estimates appli-
cable over the whole country. Secondly, the bio-
mass models should be based on the variables that
are normally measured in forest inventories, or
which can be estimated easily and reliably from
inventory data. Thirdly, the models should be
based on the same sample trees in order to give a
reliable depiction of the interrelationship between
the individual tree components. In addition, one
desirable feature of the tree components equa-
tions is biomass additivity, i.e. that the sum of
the predictions for the tree component equals the
prediction for the whole tree (Kozak 1974, Cunia
and Briggs 1984, Parresol 1999, 2001). Further-
more, the model should be formulated such that
the models can be applied flexibly, for example
they can be calibrated to a new stand with the help
of the biomass measurements (Repola 2008).
Several studies on pine and spruce biomass have
been published in the Nordic countries, but only
a few functions have been published that fulfil
the above requirements. In Sweden, Marklund
(1988) published biomass functions for different
above- and below-ground tree components that
were based on a large and representative material
from the Swedish national forest inventory. These
functions are commonly used in Scandinavia and,
according to Kérkkdinen (2005), they are also
applicable in Finland. In Finland, Hakkila’s (1979,
1991) functions have also often been applied for
predicting stem and crown biomass. However, the
functions for crown biomass are primarily appli-
cable to trees in logging removals, and not to the
whole growing stock. Hakkila’s (1979) dry weight
tables for pine and spruce stems provide estimates
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of stem biomass including bark as a function of
tree diameter, height, and taper class. Repola et
al. (2007) published general biomass equations
in which the biomass of the above-ground and of
the below-ground tree components are modelled
mainly on the basis of the same sample trees.
Functions for the below-ground biomass com-
ponents of pine and spruce have been published
by Hakkila (1972), Finér (1991) and Repola et al.
(2007) in Finland, and by Marklund (1988) and
Petersson (2006) in Sweden. These commonly
used biomass functions are primarily applicable
for trees growing on mineral soil but, according
to Kérkkidinen (2005), both Marklund’s (1988)
and Hakkila’s (1979, 1991) functions can also be
applied for trees growing on peatlands. Biomass
equations for trees growing on peatland sites in
Finland, based on a more limited material, have
been published by Finér (1989, 1991) and Laiho
(1997).

The reliability and applicability of biomass equa-
tions depends on the study material and also on
how efficiently the study material is utilized in the
model estimation. The biomass of the individual
tree components usually varies from stand to stand,
and they are more strongly correlated within stands
than between stands (Repola 2008). In addition, the
biomass components of the tree are not independ-
ent, which means that there is statistical correlation
among the biomass components in the same tree, i.e.
the errors in the different equations are correlated
(contemporaneous correlation). The hierarchically
structured data and contemporaneous correlation
have frequently been ignored in the model esti-
mation, which means a loss of precision of the
parameter estimates (Parresol 1999, 2001, Repola
2008). The hierarchically structured data can be
analysed by the generalized least squares (GLS)
estimation method, which permits analysis of the
between-stand and within-stand variation (Claes-
son et al. 2001, Repola et al. 2007, Repola 2008).
Contemporaneous correlation can be taken into
account by using a multivariate procedure, i.e. by
constructing a set of linear or non-linear models,
the parameters of which are estimated simultane-
ously (linear or non-linear seemingly unrelated
regression) (Zellner 1962, Parresol 1991 and 2001,
Carvalho et al. 2003, Bi et al. 2004, Navar et al.
2004, Repola 2008). The multivariate procedure
has also been used to ensure biomass additivity
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by estimating across-equation correlation at the
tree level, and by setting linear restrictions on the
regression coefficients (across-equation constraints)
(Parresol 1991 and 2001, Carvalho et al. 2003,
Bi et al. 2004, Névar et al. 2004). Repola (2008)
developed multivariate mixed models, in which
the across-equation correlations were estimated at
both the stand and tree levels, thus illustrating the
statistical dependence among the tree components
at both the stand and tree levels. This procedure
enabled information to be effectively transferred
from one equation to another, which allowed flexible
model calibration to a new stand by utilizing the
across-equation covariances of the random stand
parameters (see Lappi 1991, Repola 2008).

The aim of this study is to develop biomass equa-
tions for above- and below-ground tree components
of Scots pine and Norway spruce by applying a
multivariate procedure that effectively utilizes the
information of the biomass data as well as the
information produced by national forest invento-
ries. The purpose is to determine the advantages
of applying the multivariate procedure instead of
estimating the models independently using data
with unbalanced response variables, i.e. in the
case when not all the biomass components have
been measured on all the sample trees.

2 Material and Methods
2.1 Material

The study material consisted of a total of 44 Scots
pine (Pinus sylvestris), and 34 Norway spruce
(Picea abies [L.] Karst.) stands. The stands were
located on mineral soil sites representing a large
part of Finland (Fig. 1). The average annual effec-
tive temperature sum (dd, >5 °C) varied between
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Fig. 1. Location of the study stands.

705 and 1385 dd (Table 1). The stands were
even-aged, and ranged from young to mature
growing stock (Table 1). The spruce stands were
growing on fertile or highly fertile sites, and the
pine stands on dry to fertile sites.

The whole data set consisted of three sub data
sets: 33 temporary sample plots, five thinning
experiments, and the control plots of 39 fertili-
zation experiments. The temporary plots were
established in five of the Finnish Research Insti-
tute’s research areas, located in different parts
of Finland. Four temporary plots, selected from
young to mature stands, were established in each
research area. The temporary plots were located
subjectively in representative parts of the stands.

Table 1. Range of stand characteristics by tree species.

Number of stands Temp. sum, dd T, year G, m2ha! D, cm H m
Scots pine 44 705-1314 13-145 1.0-32.5 3.7-32.4 3.2-26.4
Norway spruce 34 715-1385 18-161 2.2-48.1 4.2-35.0 3.3-314

dd=cumulative annual temperature sum with a threshold of +5 °C, T=stand age (at stump height), G=stand basal area,
D=mean diameter at breast height (weighted with tree basal area), H=mean height (weighted with tree basal area)
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All the sample plots were circular plots with a
7-meter radius in young stands, and a 15-meter
radius in more advanced stands.

The thinning experiments, which were located
in pure pine or spruce stands, consisted of plots
with different thinning intensities. Unthinned,
moderately and heavily thinned plots were
selected in each experiment. The plots were rec-
tangular or square shaped, ranging in size from
1000-1600 m2, and in a 5-m-wide buzzer zone
(see Mikinen et al. 2004). Trees growing in the
buffer zone of the plots were selected as sample
trees, and the trees located within a 7-meter radius
around the sample trees were mapped.

The control plots in the fertilization experi-
ments used in this study belonged to three differ-
ent series of long-term fertilization experiments.
The oldest experiments, five pine and six spruce
stands varying from the first-thinning to final-
cutting stage, were established during the period
1958-1965. They belong to a large experiment
series, which was established to quantify the
impact of the main nutrients (N, P, K and Ca) on
soil properties and tree growth (see Kukkola et
al. 1983). The second category of experiments
was established between 1977-1986 in first thin-
ning stage to quantify the impact of whole-tree

Table 2. Number of sample trees per experiment.

harvesting on loss of nutrients and growth. The
treatments were conventional and whole-tree har-
vesting with or without fertilization (see Jacobson
et al. 2000). On some of the experiments also a
treatment of double residues was included. Four
pine and six spruce stands were used in this
study. The third series of experiments consisted
of 13 pine and 5 spruce stands. It was established
1990-1993 in middle aged stands to study the
possibilities to prevent or alleviate forest decline
caused by air pollutants or other factors and thus
to promote the health of trees (see Saarsalmi et al.
2004). The experimental design of the fertiliza-
tion experiments was factorial in the case of the
first experiment series and randomized blocks for
the other two. The size of the rectangle or square
shaped plot varied from 625-900 m2. Only the
sample trees from the unfertilized plots were
selected to the study material.

2.2 Sample Trees

The sample trees, in most cases 4-5 trees per
plot, represented the whole growing stock, but
were selected randomly by weighting by tree
size, i.e. the trees were selected with a probability

Total Temporary plot Thinning experiment Fertilization experiment
Scots pine 908 78 36 794
Norway spruce 613 67 24 522
Total 1521 145 60 1316

Table 3. Sample tree characteristics.

Variable Scots pine

Norway spruce

Mean Std Range Mean Std Range
Diameter, cm 13.1 53 1.5-35.8 17.9 7.2 1.7-41.7
Height, m 11.2 4.0 2.0-28.6 15.9 6.0 2.1-35.0
Age? 56 23.7 11-146 52 21.7 15-164
Crown ratio (0-1) 0.55 0.12 0.18-0.90 0.68 0.13 0.21-0.98
Radial growth®, cm 0.54 0.33 0.04-2.03 0.76 0.41 0.07-2.48
Bark thickness®,cm 1.5 1.1 0.1-7.4 1.1 0.63 0.2-4.1

2) Age measured at stump height, ) breast height radial increment during the last five years, ©) double bark thickness at breast

height.
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proportional to d? (d=breast height diameter).
The total number of sample trees was 908 for
pine and 613 for spruce (Table 2). Damaged trees
were not accepted as sample trees. The majority
of the sample trees were from the control plots
of the fertilization experiments (Table 2). The
diameter and age distribution of the sample trees
was broad, the diameter ranging from 1.5 to 35.8
cm and from 1.7 to 41.7 cm for pine and spruce,
respectively (Table 3).

2.3 Biomass Measurements and Estimation
for the Sample Trees

The biomass was estimated by individual tree
components; stem wood, stem bark, living and
dead branches, needles, stump and roots. The
branch biomass included both branch wood and
bark, and the living branch biomass included
cones. Not all the biomass components were
measured on all the sample trees (Table 4). The
biomass measurements and estimation methods
for the tree components have been described in
more detail in previous studies (see Repola et al.
2007, Repola 2008).

The field measurements on the fertilization
experiments were carried out between 1983 and
2003, and on the thinning experiments and tem-
porary sample plots between 2001 and 2003. Tree
age, height, living crown length, stem diameter
and bark thickness at six points along the stem,
and diameter increment during the last five years,
were measured on each sample tree.

The living crown was divided into four sections
of equal length, and one living sample branch
was selected subjectively from each section to
represent the average-sized (diameter and height)
branch of the crown section. One dead sample
branch per tree was taken from the lowest crown
section. The fresh weight of all remaining living
and dead branches in each section was deter-
mined in the field. The moisture content of the
sample branches was measured in the laboratory.
The needle and branch biomass of the tree was
estimated by means of a stratified ratio estimator
(Cochran 1977, Parresol 1999).

Stem wood biomass was calculated by mul-
tiplying the stem volume by the average stem
wood density. Stem volume, both under-bark and

Table 4. Number of measured biomass components by
tree species.

Scots pine Norway spruce

Stem wood 626 366
Stem bark 311 170
Living branch 892 611
Dead branch 847 609
Needles 892 611
Stump 36 31
Roots: >2-5 cm 35 31

>1cm 6 5

over-bark, was calculated by applying Laasasen-
aho’s (1982) taper curve equations calibrated with
the diameter and bark thickness measurements
made at six points along the stem. Wood density
(kg m™3) of the sample tree was measured on two
sample disks taken at breast height and at a height
of 70%. The average wood density was deter-
mined by utilizing, in addition to the basic density
measurement of two sample disks, an equation for
the vertical dependence of wood density (Repola
2006) and the stem taper curve (see Repola et al.
2007 and Repola 2008).

The biomass of the stem bark was obtained
from the average bark density and bark volume of
the tree. Bark volume was calculated as the differ-
ence between the under-bark and over-bark stem
volume. The average bark density was obtained
from the mean of the bark density of the two
sample disks.

The stump and root biomass were measured
on a sub-sample of the trees on the temporary
plots. Stump biomass included both above- and
belowground portions, and stump height was on
average 1% of tree height. The minimum deter-
mined coarse root diameter varied from 2-5 cm
depending on tree diameter. In addition, the root
biomass was also determined on roots with a
diameter larger than 1 cm on some of the trees
(Table 4). The fresh weight of the stump and
roots were determined in the field. One sample
(stump sector) was taken from the stump and two
root discs for moisture content determination.
The stump and root biomasses of the tree were
estimated by applying ratio estimation methods.
First, simple regression equations (1) and (2)
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were constructed for the dependence of >1 cm
root biomass on the biomass of coarse roots
(2-5 cm). The >1 cm root biomass was then
predicted for the whole root material by applying
Egs. (1) and (2).

Scots pine
y=0.103+1.525x  R?=0.99, 6=1.471 kg 1)
Norway spruce
y=0.842+1.306x R2=0.99, 6=2.332 kg (2)
where y is the >1 cm root biomass and x the
coarse root biomass.

2.4 Statistical Method

The basic assumption in the model approach
was that the biomasses of tree components on
the same stand and in the same tree are depend-
ent. This meant statistical dependence among
the equations, i.e. the errors of the individual
equations are correlated. Multivariate procedures
with random parameters were applied to take into
account the across-equation correlation at both
the stand and tree level. Equations for stem wood,
stem bark, needles, living and dead branches and
total above-ground tree biomass were compiled.
Equations for below-ground biomass components
were estimated for stump and roots (> 1 cm). The
equations for individual tree components and total
above-ground biomass were first fitted independ-
ently (single models), and a set of linear models
was then constructed to form a multivariate linear
model. The parameters of the multivariate models
were estimated simultaneously. The compiled
multivariate model was written as:

Yiki =biXy Tu ey

Yaki =DoXoy +uny + ey 3)
Ynki = bnxnki + Unk + Cnki

where

Yiki, Y2ki--- Ynki = dependent variables of biomass
component 1, 2, ... n for tree i in
stand k

n = number of biomass components
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X1kis X2ki--- Xnki = vectors of independent variables
for tree i in stand k

= vectors of fixed effects parameters

=random effects for stand k

=random effects for tree 7 in stand k
(residual error)

by, ba... b,
Ulk U2k-.. Unk
€1kis €2ki---€nki

The covariance components, cov(u;k,ujr1x) and
cov(ejri-ej+1ki), Which depicted the dependence
among the random effects of biomass components
J, were estimated for both the stand and tree level.
All the random parameters (i1, U2... Uyg) of the
same stand are correlated with each other, and
the residuals errors (e, €...enri) of the same
tree are correlated. The random parameters and
residuals errors are assumed to be uncorrelated,
and also assumed to be identically distributed
Gaussian random variables with a expected value
of 0. In addition, the random parameters are also
assumed to have different variances.

The material had a hierarchical, 2-level (tem-
porary plots) and 3-level (thinning and fertiliza-
tion experiments), structure. To define the model
we treat the study site as a 2-level unit (between
sites) and the tree (within site) as a 1-level unit.
In order to simplify the structure of the data the
plot level was ignored in the fertilization experi-
ments. In the thinning experiments, the plots
were assumed to be independent, i.e. treated as
if they were from the different stands. LME pro-
cedures of R software were used to estimate the
multivariate models. The LME procedure was a
suitable tool for multivariate analysis in our case
because it uses observations that have incomplete
responses.

The biomass equations have a multiplicative
model form. Logarithmic transformation was
used to obtain homoscedasticity of the variance,
and to transform the equation to a linear form.
When applying the fixed part of the equations,
a variance correction term, (o2 +02)/2 (where
o2=var(uy) and o2=var(ey;)), should be added to
the intercept in order to correct for the bias due
to the logarithmic transformation. This correction
factor tended to lead to overestimation of the
biomass of dead branches due to the large value
of the variance, (03 +02 ) More robust correction
term (c) was calculated from the data using the
formula c=Yy/Y e, where y is the measured
biomass of the dead branches and y is the fixed
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prediction for dead branches. The prediction can
then be retransforrr}ed with the correction term as
follows: y = c- e (Snowdon 1991).

3 Results
3.1 Multivariate Models

Multivariate models were constructed separately
for the above-ground and below-ground biomass.
Owing to the different number of observations of
the above- and below-ground components, the
model parameters of these components could
not be estimated simultaneously. The multivari-
ate model for above-ground biomass contained
the equations for stem wood, stem bark, needles,
living and dead branches and total tree biomass.
The multivariate model for below-ground biomass
included stump and roots with diameter > 1 cm.

Three multivariate models for above-ground
biomass and one for below-ground biomass were
constructed for both pine and spruce. Multivariate
models (1) were mainly based on tree diameter at
breast height (d) and tree height (k) (Egs. 4-19).
Multivariate models (2) contained, in addition to
diameter and height, tree age at breast height (#;3)
and crown variables as independent variables (see
Appendix, Eqs. A1-A12). Multivariate models
(3) were based, in addition to the previously
mentioned variables, on bark thickness (bf) and
radial increment during the last five years (is) (see
Appendix, Eqs. A13-A24).

Only variables measured in the national forest
inventory were used in model formulation. The
most significant independent variable, diameter at
breast height, was expressed as an approximation
of the stump diameter, ds=2+ 1.25d (Laasasenaho
1982), which can be interpreted as a transforma-
tion rather than an estimate of stump diameter.
This was done in order to obtain a model that is
also valid for trees with a height under 1.3 m. The
best transformation of ds was ds / (ds+n), where
n is a constant determined by the grid search
method (See Marklund 1988, Repola 2008). A
similar transformation, in addition to In(#), also
proved to be a usable expression of tree height.

Multivariate Model 1a

Scots pine
Above-ground biomass equations for pine (Table 5):

Stem wood:
dgii i
In(y;) = by + by S 4, K
+uk + eki
Stem bark:

dSk'
In(y,))=by+b,—=>—+b,In(h,.)+u, +e,;. (5
ki) =bo Vg +12) T2 () +up+e (5

Living branches:

dgyi Iy
In(y;) = by + by Sk y —
(dsyi +12) (I +12) (6)
+Mk + eki
Needles:
d; hy;
In(yp)=by+b —K 4 py—HK Ly te. (7
ki) =Dy g +6) 2y 41y T T (N
Dead branches:
In(yy;) = by +b1%+uk+eki 8)

(dgy; +16)

Total (above-ground):

dSki +b hki
2
(dgy; +12) (hy; +20) )
+Mk + €

ln(yki) = bO + bl

Multivariate Model 1b

Below-ground biomass equations for pine (Table 6):

Stump:
1n(yki)=b0+b1&+uk+eki (10)
(dg; +12)
Roots >1 cm:
der:
In(yy;) = by + b ——K—tuy +ey; 11
ki) =bo ' g +15) ug +ey an
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Table 5. The parameter estimates of multivariate model 1a. For the fixed parameters the standard error
is given in parentheses. Variances and correlations of random stand parameters (i) and residual
errors (e,;), and the empirical correction factor (c) for dead branches models, are given.

Stem wood Stem bark Living branches Needles Dead branches Total
Eq. 4 Eq.5 Eq. 6 Eq.7 Eq. 8 Eq.9
Fixed N=626 N=311 N=892 N=892 N=847 N=285
by -3.721 —4.548 —-6.162 -6.303 -5.201 -3.198
(0.032) (0.111) (0.090) (0.524) (0.172) (0.038)
by 8.103 7.997 15.075 14.472 10.574 9.547
(0.106) (0.402) (0.260) (0.350) (0.293) (0.107)
by 5.066 0.357 -2.618 -3.976 - 3.241
(0.107) (0.086) (0.284) (0.789) (0.116)
Random
var(u) 0.002 0.015 0.041 0.109 0.253 0.009
var(eg;) 0.009 0.061 0.089 0.118 0.362 0.010
Uk 17533 Ugk Usj, Uek
Uk 0.187
U3k —-0.082 -0.051
Uak -0.213 —0.465 0.767
Usk -0.513 0.341 —-0.082 -0.410
Uek 0.394 0.233 0.830 0.498 -0.193
€1ki €2ki €4ki €5ki €6ki
eki 0.261
€3k 0.171 0.244
eaki 0.078 0.011 0.295
eski 0.039 0.119 0.152 ~0.110
ek 0.747 0.476 0.655 0.322 0.241
[ 0.911
Table 6. The parameter estimates of multivariate model  Multivariate Model 1¢

1b. For the fixed parameters the standard error is
given in parentheses. Variances and correlations of
random stand parameters (u,) and residual errors
(enki) are given.

Stump Roots >1 cm
Eq. 10 Eq. 11
Fixed N=36 N=36
by -6.753 -5.550
(0.190) (0.178)
by 12.681 13.408
(0.312) (0.315)
Random
var(uy) 0.010 0.000
var(ey;) 0.044 0.079
corr(uy, uak) -
corr(eki, e2xi) -0.296
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Norway spruce
Above-ground biomass equations for spruce (Table
7):

Stem wood:

dey:
In(yg) = bo +by ——K—
)=k b (12)

+b2 ln(hki) + b3hki + +Mk + ek,»
Stem bark:

dep:
In(y;;) = by + by ——K— 4 by In(hy;) + uy +¢;; (13
n(yy;) = by ' gy +19) 2 In(hy;) +uy +ey; (13)
Living branches:

dgyi i
+b,
(dgi +13) " (b +5) (14)
+uk + ekl-

In(yy;) = by + by
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Needles: the within-stand variance, and the addition of
dg Iy independent variables to the equation reduced

In(yz;) = by +b, gy +10) +by (s +1) s the between-stand variance more than the within-
1 1

+uy + ey

Dead branches:

deo:
ln(ykl') = bo + bl — Sk + ln(hki)

(dSki + 18) (16)
+Mk + eki
Total (aboveground):
dsyi
In(y,;) = by + by ——=>"—+b, In(hy;)
ki 0 1 (dSki +20) 2 ki (17)
+uk + eki
Multivariate Model 1d

Below-ground biomass equations for spruce (Table
8):

Stump:

ln(yki)=b0 +b1%+uk+eki (18)
(dgy; +26)

Roots >1 cm:

1n(yki)=b0+b1%+uk+eki (19)
(dgi; +24)

where

Vki = biomass of the tree component or total biomass
for tree i in stand k, kg

dski=2+1.25 di; (dyi=tree diameter at breast height
for tree i in stand k), cm

hy; = tree height for tree i in stand k, m

3.2 Comparison among Multivariate Models
(1), (2) and (3)

Multivariate models (1) (2) and (3) were not
directly comparable because they were based on
a different number of observations as a conse-
quence of missing measurements of independ-
ent variables. In general, in all the equations the
between-stand variance was clearly lower than

stand variance (Tables 5-8, A1-A4).

The addition of tree age (#13) to Egs. (A1) and
(A7) for stem biomass based on diameter and
height reduced the total error variance by 17%
and 34% for pine and spruce, respectively. Adding
radial growth (i,5) decreased the total error vari-
ance by a further 6% and 10% for pine and spruce,
respectively. The equation for stem bark biomass
had a similar form in multivariate models (1) and
(2). Adding bark thickness (bf) as an independ-
ent variable improved bark equations (A14) and
(A20) by decreasing the total error variance by
10% for both pine and spruce.

Crown variables significantly improved the
equations for crown components. Crown length
(cl) in needle equations (A4) and (A10) decreased
the total error variance by 41% and 45%, and
between-stand variance even by 71% and 74% for
pine and spruce, respectively. Similarly, the addi-
tion of crown length to the equations for living
branches (A3) and (A9) decreased the total error
variance by 36% and 29% for pine and spruce,
respectively. The total error variance deceased
by about 7-22% more when variables depicting
tree growth rate (is and d/t;3) were added to the
equations for living branches and needles (A15),
(A16), (A21) and (A22). The total error variance
was considerable in the dead branch equations
based on tree diameter or diameter and height
(Egs. 8, 16, A5, All). The total error variance
decreased by 21-23% after adding more inde-
pendent variables (13, c/, cr; is) to Egs. (A17) and
(A23). The equation for the total above-ground
biomass for spruce, based on tree height and
diameter, was only slightly improved by adding
crown ratio (cr) to Eq. (A12). Similarly, using
crown ratio as an independent variable improved
the equation for total biomass of pine (A6) by
reducing the total error variance only by 11%. The
total error variance for pine was further decreased
by 32% when tree age (#13), radial growth (is),
and bark thickness (bf) were used as independent
variables, in addition to tree diameter and height,
in Eq. (A18).
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Table 7. The parameter estimates of multivariate model 1c. For the fixed parameters the standard error
is given in parentheses. Variances and correlations of random stand parameters (u,;) and residual
errors (e,;), and the empirical correction factor (c¢) for dead branches models, are given.

Stem wood Stem bark Living branches Needles Dead branches Total
Eq. 12 Eq. 13 Eq. 14 Eq. 15 Eq. 16 Eq. 17
Fixed N=366 N=170 N=611 N=611 N=609 N=166
by -3.555 —4.548 —4.214 -2.994 -4.850 -1.808
(0.067) (0.103) (0.128) (0.634) (0.261) (0.050)
by 8.042 9.448 14.508 12.251 7.702 9.482
(0.183) (0.589) 0.417) (0.400) (0.924) (0.243)
by 0.869 0.436 -3.277 -3.415 0.513 0.469
(0.056) (0.123) (0.425) (0.929) (0.220) (0.052)
b3 0.015 - - - -
(0.003)
Random
var(uy) 0.009 0.023 0.039 0.107 0.367 0.006
var(eg;) 0.009 0.041 0.081 0.089 0.352 0.013
Ulk Uk Uk Usk Uek
g -0.191
U3k —0.454 0.483
Uak —0.736 0.604 0.864
Usk 0.416 -0.161 —0.745 -0.753
Uek 0.158 0.270 0.566 0.406 -0.476
€1ki €2ki €4ki €5ki €6ki
e 0.267
e3ki 0.101 0.285
ey 0.060 -0.003 0.284
eski 0.055 0.055 —0.093 -0.054
eeki 0.574 0.458 0.683 0.431 0.031
c 1.343

Table 8. The parameter estimates of multivariate model
1d. For the fixed parameters the standard error is
given in parentheses. Variances and correlations of
random stand parameters (u,x) and residual errors
(enxi) are given.

Stump Roots >1 cm
Eq. 18 Eq. 19
Fixed N=31 N=31
bo -3.964 -2.294
(0.248) (0.336)
by 11.730 10.646
(0.575) (0.575)
Random
var(ug) 0.065 0.105
var(ey;) 0.058 0.114
corr(uyy, k) 0.130
corr(elki, ezki) 0.155
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3.3 Correlation between the Equations

The equations for biomass components were not
independent, i.e. correlation (across-equation
correlation) was detected between the random
parameters at both the stand and tree levels (resid-
ual error). In general, the across-equation correla-
tion at the stand level was higher than that at the
tree level. The stand level random parameter of
needles and dead branches showed negative cor-
relation in all the multivariate models of pine and
spruce (Tables 5, 7, A1-A4). This means that, in
the stands where the needle biomass was tended
to be overestimated, the dead branch biomass was,
in turn, underestimated.

The highest correlations between the above-
ground biomass components of spruce occurred
between the needles and living branches as well
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as with stem bark, for which the random param-
eters at the stand level had positive correlation
in all the multivariate models: they varied from
0.501 to 0.864. The random stand parameter of
living and dead branches showed negative cor-
relation, which varied from -0.403 to -0.745
(Tables 7, A2, A4). In the pine models the cor-
relation between the random stand parameter of
the biomass components was lower than that in
the spruce models. The highest correlation, from
—0.428 to —0.683, occurred between stem wood
and dead branches (Table 5, A1, A3). The tree
level errors were not systematically correlated
among the tree components, and no correlations
over 0.400 were detected. The random error of the
total tree biomass was highly correlated with the
other tree components, especially with the stem
wood biomass of living branches. The random
parameters of the stump and roots equations were
poorly correlated at both the stand and tree level
(Table 6, 7).

3.4 Biomass Additivity

A desirable feature of tree components equations
is that the sum of predictions for the individual
tree components equals the prediction for the
whole tree (Parresol 1999). The sum of predic-
tions for the tree components equalled the pre-
diction for the total tree biomass relatively well,
especially for pine. When applying multivariate
models for pine (1a) and (3a), the sum of the tree
components resulted in an average of 0.2% and
1.1% lower tree biomass compared to the predic-
tion for the total tree equations (9) and (A18). In
multivariate model (2a) the tree component equa-
tions produced, on the average, 1.2% higher tree
biomass compared to the prediction for the total
tree equation (A6). The tree component equations
for spruce produced, on the average, 2.3%, 3.7%
and 4.5% lower tree biomass compare to the
predictions for total tree equations in multivariate
models (1c), (2b) and (3b), respectively. Although
biomass additivity was not totally ensured in the
multivariate models, the multivariate procedure
gave better results compared to the independently
(single models) estimated equations. When the
equations in multivariate models (1), (2) and (3)
were estimated independently the tree component

equations produced, on the average, 0.1%, 2.2%
and 4.7% higher tree biomass prediction for pine,
and 4.6%, 5.4% and 6.7% lower tree biomass
predictions for spruce compared to the predictions
of the total tree equations.

3.5 Comparison with Other Functions

The predictions given by multivariate models
(1a), (1b), (1c) and (1d) were compared with the
results obtained with other functions commonly
used in Finland (Hakkila 1979, 1991, Marklund
1988, Petersson 2006). The reference functions
for the above-ground tree components were based
on tree diameter and height, and the functions for
the below-ground tree components on tree diam-
eter. Sample trees from the 9th Finnish National
Forest Inventory (NFI9, 1996-2003) data were
used as the test material.

Stem biomass estimates, including stem wood
and bark, given by the different equations were
relatively similar for trees with a diameter >30
cm. For larger trees multivariate models (1a) and
(1c) yielded lower stem biomass values for both
pine and spruce than those given by Marklund’s
(1988) and Hakkila’s (1979) functions (Figs. 2
and 3). The comparisons were made for functions
in which only the variation in stem form, caused
by varying breast height diameter and height, was
taken into account.

All the equations yielded relatively similar
predictions of the living crown biomass for trees
with a diameter under 30 cm, but for larger trees
Hakkila’s (1991) functions clearly gave the larg-
est living crown biomass for both pine and spruce
(Figs. 2 and 3). Multivariate models (1a) and (1c)
and Marklund’s (1988) functions gave a relatively
similar prediction, especially for spruce through-
out the diameter range.

The stump and root biomass obtained with the
different equations were relatively similar and
logical when the minimum root diameter was
taken into account. Multivariate models (1b) and
(1d) mainly followed a logical pattern through-
out the diameter range, especially for spruce,
compared to Swedish (Marklund 1998, Petersson
2006) functions (Figs. 2 and 3). Hakkila’s (1972)
functions produced the lowest stump and root
biomass for both pine and spruce. The estimates
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Fig. 2. The expected pine biomass in the Finnish NFI
data predicted using different biomass functions.
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Fig. 3. The expected spruce biomass in the Finnish NFI
data predicted using different biomass functions.
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for below-ground biomass are not directly compa-
rable because the minimum root diameter varies
among the studies. In our study, root biomass
was determined up to a diameter of 1 cm, and in
Hakkila’s (1972) and Marklund’s (1988) study up
to a diameter of over 5 cm. Petersson’s functions
included roots down to a diameter of 0.5 cm.

4 Discussion

In this study biomass equations were developed
for the above- and below-ground tree components
of Scots pine and Norway spruce. The equations
were based on the same material, and mainly
also on the same model formulation, which was
used in a previous study (See Repola et al. 2007).
Furthermore, multivariate models (2a) and (2b)
included the equations for stem wood and total
above-ground biomass, based on the combination
of the independent variables, which were not pre-
sented in a previous study (Repola et al. 2007).
In this study the equations were estimated by
applying the multivariate procedure instead of
estimating the equations independently, while
ignoring the dependence among the biomass of
the tree components of the same stand or tree.
The multivariate procedure proved to be an effi-
cient method for the model estimation despite
the unbalanced data in terms of the response
variables, i.e. in the case when not all the biomass
components were measured on all the sample
trees. Based on the verified statistical dependence
among the biomass equations (across-equation
correlations), especially at the stand level, the
multivariate procedure had a number of advan-
tages compared to the independently estimated
equations. First, the across-equation correlations
of the random parameters enable information
to be transferred from one equation to another,
which is especially useful in calibrating the model
for a new stand (Lappi 1991, Repola 2008). The
biomass prediction can be calibrated to a given
stand by utilizing the across-equation correlations
of random stand parameters and measurements of
other biomass components (Lappi 1991, Repola
2008). Second, the covariance matrix of the fixed
parameters in the multivariate models also pro-
duced across-equation covariance of the fixed

parameters. It is possible, using these covariances,
to calculate the prediction reliability, for example
the confidence interval for any combination of
the biomass components. This information is not
available for independently estimated equations.
Third, the multivariate model usually produces
more reliable parameter estimates when con-
temporaneous correlations occur (Parresol 1999
and 2001, Repola 2008). This advantage was,
however, of only minor importance in this study
because the multivariate procedure only slightly
changed the parameter estimates and produced
slightly more reliable parameter estimates (not
presented) (Repola 2008). In addition, although
biomass additivity was not totally ensured in
the multivariate models, they gave better results
compared to the independently (single models)
estimated equations.

In the multivariate procedure, biomass additivity
can be ensured by setting across-equation con-
straints and by constructing a total tree equation
such that it is a function of all the independent
variables used in the tree component equations
(Briggs 1984, Parresol 1999, Carvalho et al. 2003,
Bi et al. 2004, Navar et. al. 2004). Due to prob-
lems in the model estimation for unbalanced data
(unbalanced response variables) the structure of
the models had to be simplified, and the additivity
procedure was not applied. In addition, the additiv-
ity procedure would have resulted in a complex
total tree equation with several transformations
of breast height diameter and height. Because of
additivity restriction, the inherent equations for
total tree biomass (log transformed) could not be
linearized and thus it could not be estimated by
the linear estimation method. Despite this, the
summed predictions of the individual tree com-
ponents corresponded, on the average, relatively
well to the prediction for the whole tree by apply-
ing the constructed multivariate models for pine
especially. Because all the biomass components
were not measured on all the sample trees, the
equations for the total tree biomass were clearly
based on a lower number of observations compared
to the equations for the biomass of individual tree
components, and this partly caused shortcomings
in terms of biomass additivity.

When assessing the reliability of the predicted
biomass value, statistical errors in the dependent
variable caused by the measurements and sub-
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sampling should not be ignored (Paressol 1999).
Determination of the dependent variables (bio-
mass of tree components or total tree biomass)
was not based on direct measurements, but on
sub-sampling. Small samples were selected from
the tree components by a specific procedure and
information about the samples was then used to
estimate the biomass of the entire tree component.
This process of determining the biomass produces
an error in the biomass estimates of the tree com-
ponents (Paressol 1999, 2001). This source of
statistical error was not analyzed nor taken into
account in the model estimation, because the error
of the biomass estimates was difficult to determine
confidently. For example, estimates of the vari-
ance of branch biomass could not be calculated
because the branch biomass of the sample tree
was based on the subjectively selected branches
and small sample size (one branch per stratum).
In any case, this type of error is not a problem in
the linear model if the error is uncorrelated with
the independent variables (Paressol 2001).

In order to obtain reliable biomass estimates at
the national scale (large scale), the biomass models
should be based on a representative sample of
the stands in which the results are to be applied
(Paressol 1999). The equations developed in our
study were based on subjectively selected plots and
experiments, which may restrict the applicability
of the equations. Due to the lack of representa-
tive material, the equations based only on tree
diameter, are not presented here (except for some
tree components), and some notations and recom-
mendations for suitable applications of the models
need to be set. In general, the biomass equations
are applicable to all growing stock over a large
part of Finland. The equations are valid over a
wide diameter range up to 35 and 42 cm, and
also produce logical predictions for larger trees
when the equations are extrapolated. The validity
of the equations is uncertain in the northernmost
parts of Finland and on peatlands. There is a risk
of biased predictions if multivariate models (1a)
and (1c) are applied to stands where the distribu-
tion of the tree characteristics deviates from that
of the study material. This risk can be decreased
by applying multivariate models (2a), (2b), (3a) or
(3b) to stands on mineral soil and peatlands.

For crown components, i.e. living branches
and needles, the most applicable and stable pre-
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diction was obtained by applying multivariate
models (2a) and (2b) based on diameter, height
and crown length. The crown length significantly
diminished the between-stand error variance for
both pine and spruce, which implies significantly
reliable predictions for the stand-level crown bio-
mass. This will also improve the prediction for
energy wood stocks, which was the most unreli-
able when Marklund’s (1988) equation based on
diameter and height was applied (Kirkkédinen
2005). Multivariate models (3a) and (3b) pro-
duced the most reliable prediction in the study
material, but adding variables depicting the tree
growth rate as independent variables increased
the multicollinearity of the independent variables
which, in turn, subsequently increased the risk of
a biased prediction in the combination of inde-
pendent variables that were poorly represented
in the study material. Application of multivariate
models (1a) and (1c) based only on tree diameter
and height can lead to biased predictions for the
crown components in northern Finland and on
peatlands, especially on undrained mires, where
the diameter-height relationship deviates from
that of the study material. In these cases a low
height to diameter ratio obviously produces over-
estimates for living branches and needles due to
the negative parameter estimates of tree height.

The tree needle biomass varies between seasons
and it is at its highest, especially for pine, at the
end of the growing season before dead needles are
shed (Jalkanen 1986). For spruce the dynamics of
needle fall is more irregular (Gruber 1990). In this
study the biomass samples were collected during
autumn, when a part of dead needles have already
been shed. In addition, the number of needle sets
varies from year to year in both pine and spruce
(Jalkanen et al. 1995, Levanic et al. 2006). In this
study, the field measurements were carried out
between 1983 and 2003, when the risk of biased
predictions caused by the between-year varia-
tion is minor compared to the situation when the
needle equation is based only on field measure-
ments conducted in one year only.

Stem wood biomass consisted of two compo-
nents: stem volume and average wood density of
the stem. The usability of the models depended
on how these components were depicted in the
models. Growth rate is highly (negatively) cor-
related with wood density in conifers (Mergen et
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al. 1964, Hakkila 1979, Saranpéa 1983, MacPeak
et al. 1990, Mikinen and Uusvaara 1992), and
stem volume with the tree dimensions: diameter,
height and stem taper (Laasasenaho 1982). The
variation in wood density caused by the variation
in growth rate was taken into account in multivari-
ate models (2a), (2b), (3a) and (3b) by using the
interaction between tree diameter and the age-
depicting growth rate as independents variables.
Because this variation was ignored in multivariate
models (1a) and (1c¢), multivariate models (2a),
(2b), (3a) and (3b) are more applicable. In turn,
only the variation in stem form caused by tree
height was taken into account in the multivari-
ate models. Also the variation in diameter- and
height-independent stem form (stem tapering)
has a strong influence on stem biomass (Hakkila
1979). The upper stem diameter (diameter at a
height of 6 meters) was not used as an independ-
ent variable, because otherwise the equations
would have been valid only for trees with a height
over 6 m. The equations for stem wood biomass
are now valid for trees of all sizes, as well as for
trees with a height under 6 m. When the upper
diameter, such as the diameter at a height of 6
meters is measured, the stem biomass can be
calculated more reliably by applying an appli-
cable volume function (Laasasenaho 1982) and
the models for average wood density (Repola
et. al 2007). Stem volume can be converted into
biomass by multiplying the predicted stem density
by the volume.

All the above-ground tree components were rela-
tively well represented in the material. In contrast,
the below-ground biomass equations were based
on a relatively deficient material. In addition, the
biomass of >1 cm roots was measured on six pine
and five spruce trees, and for the rest of the root
material it was estimated using simple regression.
These facts should be kept in mind when applying
the model for root biomass, especially for trees
with a diameter of >25 cm, and for trees grow-
ing on peatlands where the root biomass is usual
higher than that on mineral soil (Hakkila 1972,
Marklund 1988). Despite the deficient material,
the equations produced logical predictions for the
below-ground biomass compare with the functions
of Marklund (1988) and Petersson (2006).

The biomass equations are applicable over a wide
range of stand and site conditions in Finland. Due

to the applied statistical method the multivariate
models enable more flexible application of the
equations, and ensure biomass additivity better
than the equations presented earlier (Repola et al.
2007). Furthermore, multivariate models (2a) and
(2b) included the equations for stem wood and total
above-ground biomass, based on a combination of
the independent variables, which were not earlier
presented (see Repola et al. 2007).
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Appendix
Multivariate Model 2a

Scots pine
Above-ground biomass equations for pine (Table Al):

Stem wood:
ln(yki) = bO + bl dSki + b2 hSki + b3 hl(tl3ki) + Uy + €ri (Al)
(dgi +14)  ~ (hgy; +10)
Stem bark:
- s
ln(ykl)—bo +b +b2 ]n(l’lki)+l/tk +eki (A2)

Ndg; +12)

Living branches:

dew: N
In(y,;) = by +b Ski__ by —K b In(ely) +uy + ey A3
ki) =bo Vg +12) 2 s D (clg) +uy + ey (A3)
Needles:
In(y;;) = by + b, dsii +by g +byIn(cly;) +uy + ey (A4)
(dg; +4) (hy; +1)
Dead branches:
dew:
In(yy;) = by +b——5— iy + ey, A5
n(yy;) = by +b (g +16) Up+ey (AS)
Total:
ln(ykl-) = bO + bl dSki +b2 hki +b3crki + Mk + eki (A6)
(dg; +12) (hy; +24)
Multivariate Model 2b

Norway spruce
Above-ground biomass equations for spruce (Table A2):

Stem wood:

ln(yki) = bo + bl % + bz ln(hki) + b3hki + b4 @ + +Mk + €L (A7)
(dgyi +12) f3

Stem bark:

Jn(yk,.)=b0+bl%+b2 In(hy,) +uy + ey (A8)
(dg; +18)

Living branches:

den: "
ll'l(y ) =bo+b Ski ki
KT (g +14) 2 (hy +5)

+b3 ln(Clki)+Mk +eki (Ag)
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Needles:

dSki +b hki

In(yy;) = by +b
Km0 g +4) 2 (g +1)

+b3 ln(clki)+ Uy +eki

Dead branches:

der
In(yy) = by +b —K— 4+ In(hy,) +u; +ey;
n(yy;) = by ' g +18) (hyi) +ug + ey

Total (above-ground):

deoy:
ln(yki) = bo +b1 m*—bz ln(hki)+b3crkl' +u, t+ey

Multivariate Model 3a

Scots pine
Above-ground biomass equations for pine (Table A3):

Stem wood:

dsii b, Ty
(dg; +9) (hy; +16)

In(yy;) = by +b + b3ty + bylgsy +ug + e

Stem bark:

dSk' dk'
In )=by+b L +b L+ bibty; tu, +ey;
(ykl) 0 1( YSki 8) 2 faki 3% ki k ki

Living branches:

dgii Ty
(dg,; +10) > (h, +4)

ln(yki):bo +b1 +b3 ln(igSki)+b4 ln(Clki)+Mk +eki
Needles:

dgi Iy .
In(yy;) = by + b @ S’:_ 5 +b, n k+1) +bs ln(lgSki)+b4 In(cly;) +uy +ey;
Ski i

Dead branches:

dg;i ,
ln(yki) = bO +b1 (ds‘kfﬁ +b2 ln(Clki) +b3 ln(lg5ki) +b4’13ki + Mk + eki
Total (above-ground):

dSki ) hki
(dg; +12) 7~ (g +18)

k) =by+b +bsisy; +baty3y; +bsbty +uy + ey

(A10)

(A1)

(A12)

(A13)

(A14)

(A15)

(A16)

(A17)

(A18)
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Multivariate Model 3b

Norway spruce
Above-ground biomass equations for spruce (Table A4)

Stem wood:
]n()’ki) = bO + bl % +b2 ln(hki) + b3hkl +b4[13ki +b5i5ki + Uy + eki (Al9)
(dg; +12)
Stem bark:
der:
In(yg;) = by + by ﬁfm) +by In(hy;) + Dbty +uy + ey (A20)

Living branches:

dg.; hy; dy;
In(yy) =by+b S py —HK 4 bycny + by~ + bsisy; +uy + ey A21
i) =bo Vg +18) 2 g +2) 3CTk 4t13ki siski T Ukt €y (A2])
Needles:
dg.; .
In(yi) =by +b (515%-]:12) +bycng +byIn(isy) +uy + ey (A22)
Dead branches:
ln(ykl-) = bo +b1 &‘l’bz ln(crki)+b3crki +b4 ln(iSki)+uk +ekl- (A23)
(dgy; +14)
Total (above-ground):
dew:
In(yy;) = by + b ——K—— 4 by In(hy; ) + bycry; + 1y, + e (A24)

(dgy; +20)

where

Yki = biomass component or total biomass for tree 7 in stand k, kg

dski =2+1.25 dy; (di=tree diameter at breast height for tree i in stand k), cm

hi; = tree height for tree i in stand k, m

cly; =length of living crown for tree 7 in stand k, m

113k = tree age at breast height for tree i in stand k

bty; =double bark thickness at breast height for tree i in stand k, cm

isi;i = breast height radial increment during the last five years for tree i in stand k, cm

igski = cross-sectional area increment at breast height during the last five years for tree i
in stand k, cm?
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Table A1. The parameter estimates of multivariate model 2a. For the fixed parameters the standard error
is given in parentheses. Variances and correlations of random stand parameters (i) and residual

errors (e,i), and the empirical correction factor (c¢) for dead branches models, are given.

Stem wood Stem bark Living branches Needles Dead branches Total
Eq. Al Eq. A2 Eq. A3 Eq. A4 Eq. AS Eq. A6
Fixed N=59%4 N=311 N=856 N=856 N=847 N=249
by —4.018 —4.695 -5.166 -1.748 -5.318 -3.416
(0.030) (0.108) (0.084) (0.476) (0.173) (0.039)
by 8.358 8.727 13.085 14.824 10.771 9.555
(0.099) (0.395) (0.246) (0.431) (0.295) (0.098)
b 4.646 0.228 -5.189 -12.684 3.592
(0.008) (0.084) (0.259) (0.723) (0.116)
b3 0.041 - 1.110 1.209 0.395
(0.008) (0.050) (0.062) (0.030)
Random
var(uy) 0.001 0.014 0.020 0.032 0.265 0.008
var(e;) 0.008 0.057 0.063 0.093 0.347 0.009
Ulk Uk Usg Uak Usk Uek
Uk -0.278
U3k 0.246 0.338
Uak 0.167 -0.284 0.284
Usk —0.683 0.433 0.171 -0.405
Uek 0.495 0.314 0.842 0.472 -0.036
€1ki €2ki €3ki €dki €5ki €6ki
e 0.207
e3ki 0.178 0.199
edfi 0.105 0.163 0.269
eski 0.029 0.128 0.216 0.136
e6ki 0.766 0.439 0.613 0.401 0.276
c 0.913
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Table A2. The parameter estimates of multivariate model 2b. For the fixed parameters the standard error
is given in parentheses. Variances and correlations of random stand parameters (u,) and residual
errors (e,x;), and the empirical correction factor (c) for dead branches models, are given.

Stem wood Stem bark Living branches Needles Dead branches Total
Eq. A7 Eq. A8 Eq. A9 Eq. A10 Eq. All Eq. A12
Fixed N=366 N=170 N=603 N=603 N=609 N=166
by —4.000 —4.437 -3.023 —0.085 -5.317 -2.141
(0.060) (0.101) (0.121) (0.570) (0.235) (0.073)
by 8.881 10.071 12.017 15.222 6.384 9.074
(0.203) (0.588) (0.403) (0.753) (0.886) (0.250)
by 0.728 0.261 -5.722 —14.446 0.982 0.570
(0.056) (0.123) (0.401) (1.020) (0.207) (0.056)
b3 0.022 - 1.033 1.273 - 0.403
(0.003) 0.071) (0.076) (0.059)
by -0.273 - - - - -
(0.040)
Random
var(uy) 0.003 0.019 0.017 0.028 0.263 0.006
var(eg;) 0.008 0.039 0.068 0.087 0.356 0.013
Ulk Uk Usg Uak Usk Uek
Uk -0.149
Usg -0.055 0.059
Uak -0.313 0.501 0.531
Usk 0.087 0.088 -0.412 -0.461
Uek 0.595 0.064 0.500 0.229 -0.141
€1ki €2ki €3ki Cdki €5ki €6ki
€ki 0.231
e3gi 0.210 0.286
ek 0.091 0.084 0.361
eski 0.052 0.048 -0.015 0.058
e6ki 0.576 0.434 0.757 0.391 0.086
c 1.208
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Table A3. The parameter estimates of multivariate model 3a. For the fixed parameters the standard error
is given in parentheses. Variances and correlations of random stand parameters (i) and residual
errors (e,;), and the empirical correction factor (c) for dead branches models, are given.

Stem wood Stem bark Living branches Needles Dead branches Total
Eq. A13 Eq. Al4 Eq. A15 Eq. Al6 Eq. A17 Eq. A18
Fixed N =589 N=274 N=791 N=791 N=665 N=251
by —4.590 -5.565 —4.833 -2.209 -5.798 -3.259
(0.046) (0.165) (0.122) (0.512) (0.199) (0.040)
by 8.520 9.691 13.126 9.347 17.820 9.337
(0.119) (0.252) (0.297) (0.425) (0.739) (0.110)
by 5.013 —0.444 —4.808 -6.364 -0.738 3.265
(0.110) (0.103) (0.304) (0.784) (0.139) (0.122)
b3 0.002 0.068 0.098 0.309 -0.461 0.124
(0.000) 0.014) (0.019) (0.023) (0.056) 0.011)
by 0.002 - 0.727 0.611 -0.017 0.001
(0.000) (0.048) (0.065) (0.002) (0.000)
bs - - - - - —0.006
(0.003)
Random
var(ug) 0.001 0.008 0.018 0.027 0.140 0.003
var(eg;) 0.008 0.058 0.059 0.082 0.345 0.009
Ulk Uj Usg Usk Usk Uek
Uk -0.075
U3k 0.550 0.452
Uak 0.441 -0.223 0.351
Usk —0.428 0.472 0.104 -0.519
Uek 0.852 0.307 0.882 0.520 -0.202
Clki €2ki €3ki Caki €5ki €6ki
eki 0.155
€3ki 0.183 0.256
ek 0.091 0.171 0.395
eski 0.136 0.154 0.237 0.192
eeki 0.712 0.435 0.669 0.425 0.343
c 0.918
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Table A4. The parameter estimates of multivariate model 3b. For the fixed parameters the standard error
is given in parentheses. Variances and correlations of random stand parameters (u,) and residual
errors (e,x;), and the empirical correction factor (c) for dead branches models, are given.

Stem wood Stem bark Living branches Needles Dead branches Total
Eq. A19 Eq. A20 Eq. A21 Eq. A22 Eq. A23 Eq. A24
Fixed N=365 N=164 N=567 N=584 N=580 N=166
bo -3.950 -4.626 -3.950 -4.258 —-0.140 -2.037
(0.060) (0.100) (0.301) (0.154) (1.429) (0.072)
by 8.534 9.638 12.014 9.200 11.293 9.146
(0.203) (0.591) (0.315) (0.163) (0.374) (0.227)
by 0.743 0.266 -1.296 0.967 3.058 0.543
(0.055) (0.117) (0.464) (0.118) (0.960) (0.050)
b3 0.022 0.084 1.528 0.287 -7.014 0.296
(0.003) (0.027) (0.116) (0.024) (1.492) (0.059)
by 0.001 - -0.461 - -0.189 -
(0.000) (0.121) (0.058)
bs -0.071 - 0.112 - - -
(0.017) (0.046)
Random
var(uy) 0.003 0.013 0.011 0.022 0.196 0.007
var(eg;) 0.008 0.042 0.067 0.068 0.278 0.013
Uik Uzk Usk Usk Usk Uok
Uk -0.284
Usg -0.007 -0.003
Uak -0.115 0.558 0.753
Usk -0.124 0.190 -0.403 -0.415
Uek 0.521 -0.029 0.628 0.611 -0.259
Clki €2ki €3ki Cdki €5ki €o6ki
eki 0.243
€3k 0.223 0.395
e4ki 0.079 0.171 0.294
esk; 0.035 0.090 0.031 0.066
e6ki 0.587 0.502 0.743 0.467 0.094
c 1.091
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