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*  Needle biomass was the greatest tree component of young spruce trees, and its proportion of
whole biomass was 40-50%.

»  The proportion of foliage biomass showed a decreasing tendency with tree height for all tree
species.

*  The existing models (Repola 2008, 2009) were not suitable for predicting spruce and birch
biomass growing in young planted stands allocating too much biomass to roots and too little
to crown.

We developed tree level biomass (dry weight) models for Norway spruce (Picea abies [L.] H.
Karst.), silver birch (Betula pendula Roth), rowan (Sorbus aucuparia L.) and aspen (Populus
tremula L.) growing in young spruce dominated seedling stands with high mixture of broad-
leaves. The study material was collected from three planted Norway spruce seedling stands
located on mineral soil in southern Finland. Biomass models were estimated by individual tree
component (stem, living branches, foliage, stump, and roots with diameter of 2 mm) by using a
multi-response approach (seemingly unrelated regression), which estimated the parameters of the
sub-models (tree component) simultaneously. Even though the application and generalization of
the developed models can be restricted by the limited material, they provide new information of
seedling biomass allocation and more reliable biomass predictions for spruce and birch growing
in young seedling stand compared with those of the commonly applied biomass models (Repola
2008, 2009) in Finland. Repola’s models (2008, 2009) tended to produce biased predictions for
crown and below-ground biomasses of seedlings by allocating too much biomass to roots and
too little to needle and branches. In addition, this study provides biomass models for aspen and
rowan, which were not previously available.
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1 Introduction

Nowadays, information about stand biomass is needed for many purposes e.g., for estimating
forest carbon storage, energy wood resources and nutrient cycling and fluxes. The forest carbon
sinks have played an important role when assessing greenhouse gas balance. The assessment of
the forest carbon stock is mostly based on estimates of stand biomass expressed as dry mass. Dry
mass is appropriate variable for determining of forest carbon stock because 50% of tree dry mass is
carbon. In practise, stand biomass is not direct measurable but biomass estimates have been com-
monly obtained by utilizing tree or stand characteristics and regression models, biomass tables or
expansion factors (Baskerville 1965; Satoo and Madgwick 1982; Marklund 1989; Hakkila 1991;
Lehtonen et al. 2004; Aguirre et al. 2021)

Biomass estimates of a stand are commonly obtained with stand or tree level regression
models. Stand level models based on stand level characteristics such as volume (m3ha') (Caste-
do-Dorado et al. 2012; Aguirre et al. 2021; Xin et al. 2023). Tree level models predict biomasses
as a function of easily measurable tree dimensions such as diameter and height, and stand biomass
are obtained by summing tree biomass predictions.

Prerequisite for the widely applicable (general) tree level biomass models is that they
should base on tree variables which are commonly gathered in forest inventory, or which is avail-
able or derivable from forest database (Kérkkdinen 2005). The most commonly used independent
variables are tree breast height diameter and height. For the crown components also crown length
and ratio have been used as regressors (Marklund 1989; Mékeld and Valentine 2006; Repola
2008, 2009).

In addition to regressors selection, the model specification needs to be correct to have
reliable biomass predictions. Therefore, it is important to address the correlation structure of the
data in the model specification. Different correlations (spatial, temporal, contemporaneous) are
common in biomass data. Modelling these correlations provide considerable gains in the efficiency
of estimation (Parresol 1999; Gregoire et al. 1995). When biomass models are developed by
individual tree components, contemporaneous correlation i.e., inherent correlations between tree
components in the same tree or stand should not be ignored (Parresol 1999, 2001). This inherent
correlation can be addressed with multi-response approaches, in which models for individual tree
component are estimated simultaneously by using e.g., seemingly unrelated regression (SUR).
Contemporaneous correlation at tree level has been utilized in model estimation of many studies
(Zellner 1962; Parresol 2001; Carvalho et al. 2003; Bi et al. 2004; Navar et al. 2004; Zhao et al.
2015, 2019; Zhang et al. 2016; Xie et al. 2020). Utilization of contemporaneous correlation both
at tree and stand level in model specification was applied more sparsely (Repola 2008, 2009;
Bronisz and Mehtétalo 2020). This approach enables across-equation model calibration at stand
level if observations of dependent variables are available (Lappi 1991; Repola 2008). In practice
biomass observations of tree component are seldom available. Instead Bronisz and Mehtitalo
(2020) compiled the multi-response model including in addition tree components also tree height
as a dependent variable. Their model produced fixed prediction as function of tree diameter only,
but measurements of tree height were able to also calibrate biomass prediction of tree components
with correlation of random stand effects.

Tree level biomass models are generally applied in Nordic countries (Marklund 1989;
Repola 2008, 2009). These models provide biomass estimates of spruce, pine and birch for total
tree and individual tree components (stem, stem bark, branches, foliage, stump, and roots) over
wide range of site conditions. Nevertheless, there have been set some restrictions to the model
application. The feasibility of the Repola’s models (2008, 2009) to seedling stand especially trees
with a height<1.3 m is uncertain. In Finland there are no biomass models which are primarily
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intended to young seedling stands, and biomass predictions are commonly obtained by extrapo-
lating Repola’s models (2008, 2009). Reliable biomass estimates of young stand are needed when
e.g., assessing the effect of stand management on stand carbon sink of whole rotation period or
assessing national level forest carbon budget. In Finland the proportion of seedlings stand of total
forest area (available for wood production) is significant, 17% (of which 37% is young seedlings
stand). Also, planting of Norway spruce (Picea abies [L.] H. Karst.) plays an important role in
regeneration, and at national level the total area of clear cuttings is about 140000 ha per year of
which notable part, 51 000 ha were planted with spruce (Luke Statistics database, Forests Statistics).

The objectives of the study were I) to compile tree level biomass models for above- and
below-ground tree components of trees growing in planted Norway spruce seedling stand with
admixture of naturally regenerated silver birch (Betula pendula Roth), aspen (Populus tremula L.)
and rowan (Sorbus aucuparia L.), and II) to test the feasibility of Repola’s models (2008, 2009)
in the seedling stand.

2 Material and methods
2.1 Material

The study material consisted of three Norway spruce seedling stands with varying mixtures of
naturally regenerated silver birch, aspen and rowan. The stands were located on mesic heath
forest site on mineral soil Nastola, Karkkila and Tammela in Southern Finland (Fig. 1). Sites were
clearcut in 2014-2015, and after soil preparation (spot mounding) two-year-old Norway spruce
container seedlings were planted in 2016-2017. At the time of the establishment in 2021, the total
stem number of the stands ranged from 21335 to 43793 ha™! of which 1893-2384 was planted
spruce. The proportion of birch was 70—-80 %. The mean height was 0.95-1.35 mand 1.41-1.87 m
for planted spruce and broadleaves trees (Table 1).

There were established 8—12 rectangular shaped sample plots with size of 500 or 625 m? to
each stand (Table 1). All the planted spruce were mapped, and tree height and diameters at breast
height (1.3 m) and stump height (0.1 m), and crown base height and diameter were measured.
Broadleaves trees were inventoried from five circular plots with sized of 50 m?, one located in
middle and four in the corners of the rectangular plot. Number of trees by tree species and the
previously mentioned tree characteristics were measured on every fifth deciduous tree.

2.2 Sample tree selection for biomass determination

For biomass measurement there were selected totally 152 sample trees of which 44, 54, 20 and 34
were spruce, birch, aspen and rowan, respectively. Above-ground biomass by tree components
(stem, living branches, foliage) were measured on all sample trees, and belowground biomass
(stump, roots) was determined every second sample tree (Table 1). Spruce and birch sample trees
were gathered from each stand, but aspen was only found from Nastola and rowan from Karkkila
and Tammela (Table 1). The sample trees were selected through the height distribution so that they
represented the whole growing stock. Different size of trees in each tree species were subjectively
selected to representing certain height-classes in each site. Root system of rowan could contain also
more than one stem when the highest stem was measured as a sample tree. Damaged trees were
not accepted as sample trees. The height of the spruce sample trees was on average 1.3 m ranging
between 0.5 m and 2.6 m (Table 2). The mean height of birch, aspen and rowan was 2.2 m, 2.6 m
and 1.4 m, respectively (Table 2).


https://statdb.luke.fi/PXWeb/pxweb/en/LUKE/
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Fig. 1. Location of the experiments for modelling tree biomass for spruce and deciduous trees in Finland.
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Table 1. Stand characteristics at the establishment of the experiments in 2021, and numbers of
sampled biomass trees. For height, mean is presented with standard deviation in parentheses. For
number of sampled biomass trees by tree species, the number of above-ground tree components is
presented with the number of root samples in the parentheses.

Finland, Finland, Finland, Tammela
Nastola Karkkila
Coordinates 60°55.417°N, 60°33.783°N, 60°51.140°N,
25°53.208’E 24°15.693’E 23°46.211’E
Number of sample plots 8 12 12
Sample plot size, m? 625 500 500
Number of stems, ha™!
Planted spruce 2384 2235 1893
Broadleaves trees 27900 19100 41900
Height, m
Planted spruce 0.95 (0.44) 1.34 (0.46) 1.02 (0.29)
Deciduous trees 1.87 (0.78) 1.79 (0.77) 1.41 (0.68)
Number of sampled biomass trees:
Norway spruce 16 (8) 8(8) 20 (10)
Silver birch 20 (10) 10 (10) 24 (12)
Aspen 20 (10) - -
Rowan - 10 (10) 24 (12)

The sample trees were cut in July 2022, and stump diameter, tree height, crown length and
annual height increment during last four years were measured. Roots with diameter > 2 mm were
dug up in Nastola in summer 2022, and in other sites (Karkkila, Tammela) in May 2023. Due to the
big stones, stumps or planted seedlings, whole root systems of all sample trees were not possible
to dig up. The half of root systems were tried to dig up in Nastola. In other site, the proportion of
roots left to the soil were visually estimated, assuming even distribution of roots. This proportion
was accounted in the determination of total root biomass.

Whole above-ground part of tree and roots were packed in plastic bags in the field and
transferred to laboratory for the biomass (dry weight) determination. In the laboratory, foliage,
branches and stem of each sample trees were separated. Some tallest silver birch trees had catkins
and they were measured as own plant part. Root systems were carefully cleaned from the soil and
washed and roots with diameter < 2 mm were cut off. Whole tree was dried by the tree components
in oven in 60 °C at least a week. The real drying time was determined by weighing some sample
of different plant parts and different size of samples regularly, and when the weight remained
unchanged samples were taken out. All samples were weighed with the accuracy of 0.001 g. Root
system of rowan contained mostly one stem, but also more stems could be originated from the
same root system. In that case only one stem was selected for measurement of tree dimensions
and biomass modelling.

Table 2. Characteristics of biomass sample trees gathered from the experiments.

N Stem diameter at stump height*, cm Tree height, m
Mean Range Mean Range
Norway spruce 44 2.4 0.7-4.2 1.3 0.5-2.6
Silver birch 54 2.5 0.6-5.3 2.2 0.64.3
Aspen 20 2.2 0.5-4.6 2.6 0.6-4.8
Rowan 34 1.4 0.6-2.7 1.4 0.6-2.3

* Measured at 0.1 m height.



Silva Fennica vol. 58 no. 5 article id 24031 - Repola et al. - Biomass models for young planted Norway spruce. ..

2.3 Statistical methods

Regression models were estimated for biomasses of individual tree components (stem including
bark, branches, foliage, stump, and roots with diameter > 2 mm) by tree species. The component
biomasses on the same site and in the same tree were assumed to be dependent on each other. This
means that there exists also a statistical dependency among the models of biomass components,
i.e., the errors of the individual models are correlated. Multi-response procedure was applied to
address this across-equation correlation and to obtain more reliable parameter estimates compared
to models estimated independently (Parresol 1999).

Statistical analysis was carried out in two phases. First biomass models of the individual
tree components were specified by fitting the models independently. Then, a set of linear models
was constructed to form a multi-response linear model, and its parameters were estimated simul-
taneously. The independently estimated biomass models for the tree component addressed random
stand and tree effects could be written as follows:

Yij ZﬂXij +u,~+el~j, (1)

where i and j refer to stand and tree, ¥j; is the response variable (biomass of tree component), f is
a vector of fixed effects parameters, Xj; is the vector of independent variables, u; is random stand
effect, and ¢;; is the model residual.

The independently estimated models showed, partly due to low number of the study stand
(N=3), random stand effect was insignificant, and it was omitted from the final multi-response
models. Thus, in multi-response approach the across-equation correlations were addressed only
at tree level. The final multi-response model was presented as follows:

STEMU :ﬂle tep,
BRANCH,; = BX;; +e2;,
FOLIAGE3; = B X3 +e3, , (2)
STUMPy; = BXa, +es;,
ROOTSs; = BXs; +es;

where STEM, BRANCH, FOLIAGE, STUMP and ROOTS are response variables (biomass of
tree components), description of the parameters is as in MODEL 1. Residuals errors (ey;;, ey,
esjj, esj, es;;) of the same tree were assumed to be correlated, and to be identically distributed
Gaussian random variables with an expected value of 0. In addition, the residual errors were
also assumed to have different variances. To obtain homoscedasticity of the variance, and to
transform the models to a linear form logarithmic transformation of the response variables were
used. When applying the models, a variance correction term, var(e;)/2 should be added to the
intercept to correct for bias due to the logarithmic transformation of the response variable. The
maximum likelihood (ML) method in the MIXED procedure of SAS (SAS Institute Inc. 1999)
was used in the estimation of the models.

Model validation was based on visually inspection of residuals, and transformation of
independent variables was applied to remove bias trends related of explanatory variables when
needed. The aim was to specify the models so that the predictions would be logically throughout
the range and outside of the material.
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2.4 Comparison with other biomass models

For the model performance, the observed biomass values of spruce and birch were compared with
the predictions of the developed multi-response models and with the predictions obtained with the
reference models of Repola (2008, 2009), which are commonly used in Finland. Repola’s models
based on tree breast height diameter (&) and/or height (#) were used for all tree components. In addi-
tion, for the crown components (foliage, branches) also the Repola’s models with the independent
variable of crown length (¢/) or crown ratio (cr) were also tested. The comparisons were carried
out by the tree components: stem (bark included), branches, foliage, and below-ground biomass
(stump and roots). Repola (2008, 2009) used an approximation of stump diameter derived from
breast height diameter (2+1.25d) as regressor (Laasasenaho 1982). Instead of this approximation
we replaced it with the measured stump diameter (d;). Reliability of the predictions in relation to
data was assessed by calculating BIAS (Eq. 3):

BIAS = —Z"‘l(ij i) 3)
where y; is the observed biomass value of a tree component, y; is the corresponding predicted
value obtained by the models, and 7 is the number of observations.

3 Results
3.1 Biomass models

The multi-response biomass models for stem, branches, foliage, stump, and roots with diam-
eter>2 mm were developed by the tree species (spruce, birch, aspen and rowan). Stump diam-
eter (dy) and heigh (%) or only stump diameter were used as independent variables (Tables 3—6).
Commonly used regressor breast height diameter could not be used because part of the sample
trees were < 1.3 m in height. Stump diameter was expressed as logarithmic scale or expression of
ds/ (ds+ k), where k is a constant determined by the grid search method (Marklund 1988; Repola
2008, 2009). Tree height was expressed as arithmetic or logarithmic scale. Residual analysis of

Table 3. The parameter estimates of multi-response model for biomass of Norway spruce (kg). For the fixed
parameters the standard error is given in parentheses. Variances and correlations of residual errors (e,;) are
given. The response variables are in logarithmic scale.

Stem Branches Foliage Stump Roots

Intercept  —5.676 (0.405)  —4.163 (0.092)  ~7.003 (0.194)  -8.570 (0.479) —10.183 (0.775)

d
— 5.260 (0.874) 9.038 (0.323) 6.618 (0.677) 9.874 (1.219)
(ds + k)
k 2 1.5 1 1
In(dy) 2.285(0.103)
In(h) 1.288 (0.216) 0.795 (0.264)
var(e,) 0.062 0.067 0.037 0.096 0.083
elj € esj €4 esj
ey -0.37
es; 0.04 0.59
ey 0.26 0.50 0.34
es; 0.20 0.42 0.65 0.71
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Table 4. The parameter estimates of multi-response model for biomass of birch (kg). For the fixed param-
eters the standard error is given in parentheses. Variances and correlations of residual errors (e,;) are given.
The response variables are in logarithmic scale.

Stem Branches Foliage Stump Roots

Intercept ~ —6.471(0.320)  -5.937(0.084)  -7.104 (0.118)  —6.209 (0.120)  —6.679 (0.286)

d
5110911 9.123 (0.248) 8.476 (1.933)
(ds + k)
k 2 3 6
In(dy) 2.293 (0.226) 2.157 (0.103)
In(h) 1.599 (0.260)  0.655 (0.267) 1.418 (0.486)
var(e,) 0.071 0.104 0.058 0.096 0.076
21]' er 63]' €4j 65]'
ey 030
ey 0.41 0.67
ey —0.56 —0.24 -0.25
es; 0.15 0.18 0.21 -0.21

Table 5. The parameter estimates of multi-response model for biomass of aspen (kg). For the fixed param-
eters the standard error is given in parentheses. Variances and correlations of residual errors (e,) are given.
The response variables are in logarithmic scale.

Stem Branches Foliage Stump Roots*

Intercept —4.489 (0.107)  —15.326 (0.571)  —4.809 (0.056) - —6.579 (0.260)
dy
- 18.844 (1.211) 10.700 (0.647)
(ds + k)
k 1 4
In(dy) 1.873 (0.119) 2.169 (0.058)
h 0.345 (0.063) —0.314 (0.136)
var(e,) 0.022 0.204 0.026 0.116
€lj €2j €3j C4j sj

ey 0.05
€3 0.01 0.52
ey - - -
es; 0.05 0.74 0.65 -

* Stump included

Table 6. The parameter estimates of multi-response model for biomass of rowan (kg). For the fixed param-
eters the standard error is given in parentheses. Variances and correlations of residual errors (e,;) are given.
The response variables are in logarithmic scale.

Stem Branches Foliage Stump Roots

Intercept ~ —4.443 (0.054) —14.193(0.928) -7.809 (0.338)  -8.292 (0.442)  —7.586 (0.636)

d

—t 14.980 (1.524)  8.700(0.772)  8.054(0.991)  9.690 (1.434)

(ds+k)

k 1 2 2 2

In(d,) 1.260 (0.145)

In(h) 1.420 (0.160)

var(e,;) 0.060 0.784 0.227 0.302 0.657
elj ezj e3j €4j e5j

ey 0.55

es 0.74 0.48

ey 0.56 —0.11 0.41

es; 0.76 0.48 0.52 0.68
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the developed multi-response models were presented in Supplementary files S1-S4, available at
https://doi.org/10.14214/s£.24031.

The biomasses of tree components estimated with the multi-response model were not
independent, i.e., correlations of residuals errors were detected between the biomass sub-models.
Regardless of tree species, high across-equation correlations (>0.5) between the biomass com-
ponents occurred mainly between the foliage and roots as well as between foliage and branches
(Tables 3-6). The detected positive correlations showed that, in the trees where foliage biomass
was overestimated, the root and branch biomass tended to be also overestimated and vice versa.
The variance-covariance matrix of the fixed effects of the developed multi-response models was
presented in Suppl. files S5-S8, available at https://doi.org/10.14214/sf.24031.

3.2 Biomass allocation to the tree components

Allometric relationships among biomass of the tree components and total biomass varied by the
tree species. Spruce showed the highest and aspen lowest total biomass with the equal tree height
(at the given height) (Fig. 2). For spruce needle biomass was the greatest tree component, and its
proportion of whole biomass was 40—50% although it showed a decreasing tendency with tree
height (Fig. 3). Branches and stem of spruce showed almost equal biomass with 20% proportion
of total biomass. Proportion of stump and roots was about 15%. For birch total biomass shared
almost equally, about 1/3 with crown, stem, and below-ground biomass. Proportion of birch foli-
age biomass seemed to have decreasing tendency with tree size. For aspen proportion of foliage
and below-ground biomass decreased with tree height, and of 65-75% of total biomass consisted
of stem, stump and roots. Similar tendency was detected in below-ground biomass of rowan but
biomass allocation to stump and roots was noteworthy high 45-50% (Fig. 3).

Root-to-shoot ratio, root biomass divided by above-ground biomass (stump, stem, branches,
foliage), varied by the tree species: Root-to-shoot ratio was on average 0.12, 0.27, 0.38 and 0.67
for spruce, birch, aspen and rowan, respectively. For spruce and birch root-to-shoot ratio showed
increasing tendency and aspen slightly decreasing with tree height (Fig. 4). Rowan had high tree-to
tree variation in root-to-shoot ratio and no clear tendency was detected (Fig. 4).
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Fig. 2. Predictions of the compiled biomass models for tree components as a function of tree height. Stump
and roots are included to below-ground biomass.
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Table 7. Bias (kg) of the predicted biomass of spruce and birch obtained by the devel-
oped (MODEL) and Repola (2008, 2009) models. Bias of the model based also on the
crown variable are presented in parenthesis.

Spruce Birch
MODEL Repola 2009 MODEL Repola 2008
Stem —0.001 —0.029 0.001 0.003
Branches —0.001 0.059 (0.012) —0.001 —0.009 (0.010)
Foliage 0.006 0.185 (0.164) 0.000 0.101 (0.067)
Below-ground 0.005 -0.290 —0.008 —0.196

3.3 Comparison with Repola’s models

The developed models produced lower bias for all tree components compared with that of Repola’s
models for birch and spruce (2008, 2009) (Table 7). The biomass predictions of stem, including
stem wood and bark, given by the compiled and Repola’s (2008, 2009) models showed quite simi-
lar trend thorough the range of stump diameter especially for spruce (Fig. 5). Of above-ground

Spruce stem Birch stem
1.0 1.0
0.8 08
2 w
@ 0.6 5 06
£ £
o 04
a =
0.2 0.2
0.0 0.0
0 HE 2 3 4 5 [ 0 1 2 3 4 5 6
d, cm J em
Spruce branches Birch branches
1.0 10
08 | 08
w k-
= 06 | = 06
i i
g 04 g
B m; 04
0.2 | 02
0.0 00
0 1 2 3 4 5 6 00 6.0
d, cm
& d, cm
Spruce foliage Birch foliage
1.0
1.0
08
0.8
oo oo
>~ 0f =00
w o
e &
04
§oa 5
o o

o
v

\
3

=
B
|
|
|
|
|
|
|
|
|
|

0.0 10 20 30 4.0 50 6.0
d, cm d, cm

Repola 2009 - - - Repola2009*

Repola 2008 - Repola 2008*

Fig. 5. The observed (Obs.) and predicted spruce and birch above-ground biomass in the modelling data predicted by
the developed models (Model) and models of Repola (2008, 2009). * Predictions of the model with the independent
variables of diameter, height, crown length or crown ratio.
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Fig. 6. The observed (Obs.) and expected spruce and birch below-ground biomass in the modelling data predicted by
the developed models (Model) and models of Repola (2008, 2009).

tree components Repola’s models underestimated most foliage biomass with bias of 0.185 kg and
0.101 kg for spruce and birch (Table 7, Fig. 5). Reliability of foliage predictions improved by using
Repola’s models in which also crown variable (c/ or cr) was as regressor, but bias was sill notable
through the whole tree size range (Fig. 5). For branch biomass, similar but lower tendency of bias
was detected also for spruce but not for birch (Table 7, Fig. 5). The models showed systematically
different behaviour of biomass predictions for belowground biomass (Fig. 6). Repola’s models
(2008, 2009) predicted systematically too high stump and roots biomass and bias of whole below-
ground biomass was —0.290 kg and —0.196 kg for spruce and birch (Table 7). Correspondingly, the
overestimates of root biomass resulted in too high root-to-shoot ratios for both spruce and birch
(Fig. 4).

4 Discussion

In this study, we developed tree level biomass models for spruce, silver birch, aspen and rowan
growing in young seedlings spruce stands with high mixture of broadleaves. The models extended
the existing biomass models (Repola 2008, 2009) to seedlings and smaller trees (<2.5 m and <4.5 m
for spruce/rowan, and aspen/birch, respectively), new tree species (aspen and rowan), and mixed
species growing environments, thus providing new and missing information about seedling bio-
mass allocation. However, the developed biomass models were based on the limited material, on
the three young spruce stands with the narrow range of geographical location and site conditions,
which may restrict the application and generalization of the models for larger area.

The model validations showed that the developed models provide more reliable biomass
estimates for spruce and birch growing in young stands than those of Repola’s models (2008,
2009). The model validations further revealed that Repola’s (2008, 2009) models were unreliable
for predicting crown and below-ground biomasses, thus emphasizing the need to apply the new
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models in future. Generally, the existing models allocated too much biomass to roots and too little
to needle and branches. Biases were highest for spruce, and especially when applying the simplest
version of Repola’s models based on diameter and height, only.

Similarly, the Repola’s (2008, 2009) models were not suitable for predicting birch foliage
biomass in young stands. This is likely due to two reasons. First, biomass allocation changes
with tree ontogeny are large for birch, which means that the models derived for large trees are
not applicable. Second, Repola’s models for foliage biomass were derived from small material,
the sample trees gathered only from one middle-aged stand. It was also remarkable that the root
biomass predictions were not directly comparable when root biomass in our data included roots
with diameter > 2 mm and Repola’s models gave prediction for roots with diameter > 10 mm.
Despite this Repola’s models (2008, 2009) produced too high root biomass, and consequently
also too high, on average 0.35 root to shoot ratios for spruce and birch. In our data spruce root to
shoot ratios was on average 0.12 which is near the previously reported values 0.14-0.16 (Bolte et
al. 2004; Drexhage and Gruber 1999). Konopka et al. (2010) concluded that root to shoot ratio of
spruce stabilized at around 0.2, and DeAngelis et al. (1981) showed root to shoot ratios generally
varying between 0.20-0.33. Hees and Clerkx (2003) reported 0.34—0.45 root-to-shoot ratios for
birch depending on light conditions, which is higher than that in our data (0.27). However, the
results of different studies are not direct comparable because several factors such as site fertility,
climate conditions, between tree competition, and species admixture have shown to have an
impact on root biomass and root to shoot ratios (Axelson and Axelson 1986; Hees and Clerkx
2003; Bolte et al. 2004).

It needs to keep in mind that our data was mostly out of Repola’s models validity range.
Repola’s models are primarily applicable for older stands and trees with height > 2—4 m, so our
test led in the case when these models were extrapolated. In Sweden, Claesson et. al (2001) drew
a similar conclusion when they tested the commonly used biomass models (Marklund 1988) in
young stand with high densities. In most cases Marklund’s models didn’t give sufficiently reliable
biomass predictions of the tree components by producing too high proportion of biomass allocated
to the stem and too small proportion to foliage. This was analogous with our results.

Our data was hierarchically structured consisting of tree stands, which should be addressed
in the model estimation to obtain reliable standard error of parameter estimates (Lappi 1993).
In our data, random stand effect didn’t show to be significant and hierarchically structured data,
between stand correlation was not accounted in the final model. So, this didn’t mean any loss of
reliability of parameter estimates. Non-significant random stand effect indicates similarity of tree
properties between stands which can result from low number of stands (N=3) with low variation
of site conditions. Also, age of planted spruce trees was equal, and mounding was used as soil
preparation in all sites.

Multi-response approach has an advantage of informing about across-equation correlation
if statistical dependencies among sub-models exist (Parresol 1999, 2001; Repola 2008, 2009). In
this study, the across-equation correlation was addressed only at the tree level. For this reason, the
across-equation calibration of the sub-models was not possible to do at the stand level but only
the tree level (Lappi 1991). This mean that biomass measurements of a single tree can be utilized
only in tree level calibration but not in the calibration of other trees of a stand. However, in prac-
tice biomass predictions are commonly based only on fixed effect, and there are rarely available
measured or estimated biomass of an individual tree components (Bronisz and Mehtitalo 2020),
which could be utilized in model calibration to carry information to one sub-model to another. In
our case, the main advantage of the use of multi-response model was to obtain more reliable param-
eter estimates (lower standard error of parameter estimates, result not shown) and information on
correlation of residual errors between the tree components. The multi-response models provided
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also across-equation covariances of the fixed parameters which allow to calculate the prediction
reliability for any combination of the biomass components. This is not possible if biomass models
are estimated independently.

Commonly in biomass studies, dependent variables include statistical errors caused by
the determination of sample tree biomass by sub-sampling (Parresol 1999, 2001). In our study,
however, the biomasses of the sample trees were determined with direct measurement of an entire
tree component, i.e. not by sampling. This meant that biomass (dry weight) of whole tree by tree
components were measured, and biomasses of the sample trees contained only measurement errors
but not the previously mentioned statistical errors caused by sub-sampling. Direct biomass meas-
urement is in practice possible only with small trees as it was in our study (Briggs et al. 1987).

This study provided new information of seedling biomass allocation and supplemented the
existing biomass models applied in Finland (Repola 2008, 2009). The new models also provide
tools to predicted more reliably carbon balance of young stands, which has previously based on
extrapolation of Repola’s models (2008, 2009). The compiled models are applicable for trees with
height up to 2—5 m depending on tree species, and for this bigger tree the validity of the models
is uncertain. For spruce and birch with height > 3—4 m Repola’s models (2008, 2009) are recom-
mended to applied. However, in future, there is a need to collect more comprehensive biomass
data for developing general species-specific models which are valid over the whole country and
represent different development stages of trees with wider range of site conditions. This is import-
ant as previous biomass data have rarely been based on an objective sampling (Marklund 1988),
which can restrict the generalization of the models for larger scales, e.g., for national level. Until
that, it is important that the representativeness of biomass data is carefully assessed, and when
necessary, considered in the model estimation by weighting the observations appropriately with
representative information from larger surveys (e.g., national forest inventory).
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