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ABSTRACT

There is an increasing need to compare the results obtained with different methods of
estimation of tree biomass in order to reduce the uncertainty in the assessment of forest
biomass carbon. In this study, tree biomass was investigated in a young 30-year-old Scots
pine (Pinus sylvestris) and a mature 130-year-old mixed Norway spruce (Picea abies)-Scots
pine stand located in southern Finland (61°50' N, 24°22' E). In particular, a comparison of
the results of different estimation methods was conducted to assess the reliability and
suitability of their applications.

For the trees in the studied mature stand, the annual stem biomass increment increased
following a sigmoid equation. The fitted curves reached the maximum level (from about 1
kg yr'' for understorey to 7 kg yr' for dominant tree) in the studied stand when the trees
were 100 years old.

The results revealed a substantial difference in tree stand biomass among estimations
made by different methods. For instance, at stand level, on the basis of the above-ground
tree biomass (170.8 Mg ha") estimated by partial harvesting method, it had a higher
estimate (+10%) based on the dry mass of selected understorey, medium and dominant trees
as the sample trees, but a lower estimate (—18%) by the means of the allometric functions
which were established based on the tree data in Sweden.

In the studied mature stand, lichen biomass on the trees was estimated at 1.63 Mg ha™
with more than half of the biomass being on dead branches, and litter lichen biomass on the
ground was about 0.09 Mg ha™'.

Based on a data set compiled from the studies previously published, a meta-analysis
was conducted to compare the tree biomass accumulation in southern Finland with that in
the boreal region (58.00-62.13 °N, 14-34 °E, < 300 m a.s.l.). The results showed that in this
region the average total tree biomass was about 180 Mg ha™ with the range of 100 to 250
Mg ha” at the age of 140 years in Norway spruce and Scots pine stands. The total tree
biomass of two stands in the present study was at the average level at corresponding stages
of age in this region.

Key words: Tree biomass, boreal forests, estimate methods, lichen
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ACRONYMS AND ABBREVIATIONS

Symbol Description

ABH Stem cross-sectional area at breast height, cm’
AGB Above-ground biomass, Mg ha™

Altit Altitude, m

ANPP Above-ground net primary productivity, g m? yr’'
APP Annual precipitation, mm

AP Average dominant pine

BEFs Biomass expansion factors

BGB Below-ground biomass, Mg ha™'

C Carbon

DBH Diameter at breast height, cm

DS Dominant spruce

FAO Food and Agriculture Organization

HPDB Height position of first dead branch, m

HPLB Height position of first living branch, m

IBP International Biological Program

Latit Latitude, °

Longit Longitude, °

MAT Mean annual temperature, °C

Mature-Stand 130-year-old Norway spruce and Scots pine stand
MS Medium spruce

NLB Number of living branches

NPP Net primary productivity, g m~ yr’'

SS Understorey spruce

SW Specific weight of stem wood, kg m™

TBNA Total basal neck area of living branches

TTB Total tree biomass, Mg ha™

Young-Stand

30-year-old Scots pine stand




10



11

1 INTRODUCTION

1.1 Estimation of forest biomass

According to Satoo (1982), the earliest measurement of tree biomass was made by the
German scientist Ebermeyer E. in 1876. He measured only the amount of leaves and
branches in forests. During the first half of the 20th century, thorough investigations of the
various components of forest biomass (foliage, branches, stem, and roots) were started in
some countries, e.g. Germany, Switzerland, Japan (see Satoo 1982). These early studies
aimed mainly at the utilization of biomass as a forest resource. In the 1960s, with the
implementation of International Biological Program (IBP), forest biomass and net primary
productivity (NPP) were, for the first time, systematically studied worldwide (except e.g. in
China), resulting in accumulation of biomass data and the development of new methods to
estimate biomass (DeAngelis et al. 1981, Satoo 1982, Madgwick 1982, Cannell 1982). At
that time, in the shadow of the oil crisis of the early 1960s, the importance of biomass
energy was realized, and scientists started to point out how much dry matter was stored in
forest ecosystems and how biomass and NPP were controlled by various environmental
factors at the stand, regional and global scales (Lieth 1975, Waring & Franklin 1979). In
the early 1980s, Chinese scientists started a nationwide investigation on forest biomass and
productivity in China, and since then large quantities of forest biomass data have been
published (see Feng et al. 1999, Fang & Wang 2001). Since the 1980s, the quantity of
forest biomass, the factors influencing it and the estimation methods regained their
significance on a global scale due to carbon storage and its potential in mitigating
atmospheric CO, (Brown et al. 1989, Kauppi ef al. 1992, Brown 1997, Brown et al. 1999).

Generally, forest biomass in a stand is defined as the amount of dry matter or carbon
contained in woody plants (trees and shrubs), grasses, ferns and bryophytes per unit area (g
m?, Mg ha™). In a forest stand, tree biomass is usually the major fraction of standing
biomass. Tree biomass is frequently divided into different components according to
physiological functions, e.g. foliage, branches, stem, stump and roots. In this study, the
main emphasis is on the estimation of biomass at tree and stand scales.

Traditionally, stand biomass estimates are based on harvesting and measuring the dry
mass of sample trees (Zhai 1982, Rana et al. 1988, Parresol 1999) and use of allometric
functions (e.g. Whittaker & Woodwell 1968, Satoo 1982, Muukkonen 2007, Pajtika et al.
2008). Allometric functions established in one area are often expected to be applicable to
reas with a similar climate and other conditions, e.g. site conditions, silvicultural measures
(Kérkkiinen 2005). The forest biomass data obtained by different methods at site level are
cited when large-scale (e.g. national and global) forest biomass is estimated (e.g. Feng et al.
1999, Gower et al. 2001). In this context, it is essential to compare and assess the methods
that have previously been used in biomass investigations; so that the uncertainties in
estimating the carbon stored in forest biomass can be reduced. As early as the 1960s, when
many biomass investigations started, the necessity of comparing results obtained by
different methods was indicated on the basis of field investigations (Ovington et al. 1967).
Since then, however, only a few such field-based comparisons have been carried out,
perhaps because they require heavy and destructive field work.

Recently, new approaches and methodologies have been developed to estimate forest
biomass, e.g. inventory data (Fang et al. 1998, Fang & Wang 2001, Fournier et al. 2003,
Somogyi et al. 2007), radar (Rignot et al. 1994, Neset 2002), and the remote sensing
technique (Luther et al. 2002, Drake et al. 2003, Tackenberg 2007, Zheng et al. 2007).
However, many uncertainties in forest biomass estimation based on these new approaches
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remain. Thus there is a need for validating biomass estimates obtained with these
approaches using the data compiled by conventional methods as a base line (Houghton et al.
2001, Hiura 2005).

1.2 Annual stem biomass increment

Forest biomass is in a dynamic process in a stand with annual increase (net primary
production, NPP) and loss (e.g. herbivores) in dry matter (IGBP 1998). Generally a larger
fraction of NPP is allocated to tree stem biomass in a stand, e.g. ¢. 25-38% of NPP in 28-47
years old Scots pine stands in southern Finland (Mailkonen 1974). In this sense, it is
essential to investigate the pattern of variation in annual stem biomass increment in
individual trees during the period of growth for understanding the dynamic of tree biomass
at the stand level.

With regard to calculating the annual stem biomass increment in a tree, two factors need
to be taken into account: width of tree ring and wood density. The width of a tree ring
formed in one year varies along the stem of a tree, while the width of consecutive rings at a
given stem position fluctuate in radial direction (e.g. Brookhouse & Brack 2008). Such
stem-vertical and radial variations in ring width are due either to the allometric nature of
tree growth (Niklas 1994) or the effects of variation in environmental factors (Fritts 1976,
Cook and Kairiukstis 1989, Eronen and Zetterberg 1996, Schweingruber 1996), in
particular, climate (e.g. Jacoby et al. 1996, Barber et al. 2000). The wood density of a stem
for a tree species varies geographically across its distribution area due to differences in
climatic factors, site conditions, the origin of stand and silvicultural measures (Baker et al.
2004). At a specific site, the wood density of a stem is affected by the position of the tree in
the stand, tree age and size, growth rate and genetic factors (Hakkila 1979). The wood
density of a tree also varies in the radial and vertical directions of the stem according to a
species-specific pattern (Hakkila 1979, Repola 2006). For instance, the wood density of
Scots pine, Norway spruce and birch (Betula pendula) stems decreases from the butt to the
top, but the gradient of variation in wood density varied among the tree species (Repola
2000).

The annual volume increment of stems can be calculated by means of stem analysis
based on ring width measurements (Husch et al. 1982) and the annual biomass increment
can be established by including measurements of dry density of stem wood. For a tree, the
patterns of inter-annual variation in stem mass increment can be illustrated by calculating
the dry mass produced each year. The total stem mass of a tree can be obtained by summing
annual increments. Thus, stem analysis provides a method to study the pattern of variation
in the annual stem biomass increment and to estimate stem biomass (Bouriaud et al. 2005).

1.3 Biomass of individual trees

Several approaches have been applied to determine the dry mass of branches and foliage of
trees. The most accurate method is to separate all the leaves from all the branches and
directly determine the dry mass of both components. However, this method is laborious and
is rarely used. An alternative method is to select several representative branches from a tree
and measure the dry mass of the branches and foliage. Based on the total number of
branches and the dry mass of the two components of the representative branches, the
corresponding dry mass of the components of the whole tree can be obtained by up scaling
(Satoo 1982). This method has been widely applied in the earlier studies (Cummings 1941,
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Attiwill 1962, 1966), including Chinese and Indian studies (Zhai 1982, Bhartari 1986, Liu
1987, Rawat and Singh 1988). Since the stem of a sample tree is usually divided into
sections for stem analysis, one improved way is to select the representative branches and to
measure the dry mass by stem section, and then obtain the biomass of the two components
by the summing of their dry mass by sections. A more popular method is to systematically
collect sample branches from a sample tree, and establish the regression models to describe
the relationship between branch cross-sectional area and branch (or foliage) mass (Satoo
1982).

To obtain the root mass of a tree, a direct way would be to dig out all roots of the tree in
question. Because of the time consuming and extensive work involved, data on tree root
biomass are lacking in published data of forest biomass estimation compared to the amount
of data available on above-ground biomass (Cannell 1982, Gower et al. 2001). As a result,
more uncertainties exist for root than for above-ground biomass estimations.

The easiest way to estimate the stem biomass of individual trees is to cut the stem into
sections and simply weigh them. This is usually done, along with stem analysis, to obtain
more detailed information about stem biomass accumulation (Husch et al. 1982, Bouriaud
et al. 2005). For species whose allometric functions of biomass have already been obtained,
the dry mass of various components (branches, foliage, roots, stem) can be estimated in
similar sites with these available functions. During the last few decades, many biomass
functions have been established for European boreal tree species (see Zianis et al. 2005,
Muukkonen & Mikipad 2006). However, uncertainties should be taken into account when
such functions are employed.

1.4 Tree stand biomass

Forest biomass is the dry mass per unit area of the above- and below-ground parts of live
trees and other plants, e.g. shrubs, grasses, mosses, epiphytes in a stand (Cannell 1982,
Parresol 1999). Usually tree biomass accounts for most of the total plant biomass in a stand,
varying with tree species, age of the trees, site conditions, and management measures. In
this study, tree stand biomass is referred to the biomass of all trees in a stand for the sake of
convenience.

The most reliable method determining tree stand biomass is harvesting and weighing all
trees in a sample plot. A clear-cutting harvest is, however, a destructive, laborious and
expensive measure. Thus, tree stand biomass data are usually estimates based on data of
sample trees and on the application of regression models using diameter at breast height
(DBH) solely or together with height (H) (Crow 1971, DeAngelis et al. 1981, Satoo 1982,
Cannell 1982, Parresol 1999).

The diameter and height, crown of trees in a stand varies even for even-aged and pure
stand because of competition among trees, genetic differences, and the damage resulting
from disease and pests. Trees in a stand are frequently categorized into dominant,
co-dominant and understory trees according to their growth status (Bohn & Nyland 2003).
For a tree, DBH, height, crown width, stem height under the crown, volume and biomass
are important parameters describing the growth status. Thus, it is important to measure the
mass of the components of individual trees in the different growth classes for the estimation
of the tree biomass in a stand and for the understanding of the allometric relation among
biomass components.

The average tree method is also used to estimate the tree biomass in a stand with the
assumption that one tree in a growth class (or in a stand) could be selected to approximate
the average of total and component dry weight of all trees (Ovington et al. 1967). In this
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approach, the tree biomass in a stand is simply calculated by multiplying the dry mass of
the different components of the average tree in a class by the number of trees in the class
and by summing over the stand (e.g. Ovington et al. 1967, Zhai 1982, Rana et al. 1988).

A great number of biomass and stem functions have been obtained for the main tree
species in Europe (Zianis 2005, Muukkonen & Mékipad 2006). Some of the functions have
the potential of being applied to a broader area than that where they were established. This
type of application would save time and labour, but there would be the problem of
uncertainty in the estimates due to a variation in the population properties. Marklund’s
(1988) functions, which were applied in boreal European forests, are a typical example of
this approach. These functions (Marklund 1988) were developed based on a comprehensive
data set consisting of 493 Scots pine and 551 Norway spruce trees collected in the forests
over Sweden. In the allometric functions of Marklund (1988), DBH solely or together with
H are used as independent variables, providing possibility of selecting suitable functions
based on users’ requirement. These allometric functions (Marklund 1988) have been used to
estimate biomass in Norway (Hoen & Solberg 1994) and Finland (e.g. Liski & Westman
1995, Lehtonen et al. 2004) with the assumption that both Finland and Norway have a
similar boreal climate with Sweden.

Based on the data of sample trees collected throughout Finland, Kéarkkéinen (2005)
concluded that Marklund’s (1988) functions performed better than those by Hakkila (1979),
Issakainen (1988), Finér (1989), Hakkila (1991), Korhonen & Maltamo (1990) and Laiho
(1997). This is because the allometric functions of Marklund (1989) were established on the
basis of sample trees collected throughout Sweden while the functions of the other studies
cited above were based on local sample tree data.

In comparison to above-ground biomass, the estimation of below-ground biomass is
more complicated and laborious. Consequently fewer case studies have been conducted to
investigate tree root biomass on stand level, and more uncertainties exist in below-ground
biomass estimation on large-scale (Cannell 1982, Gower et al. 2001). Usually, in order to
measure the below-ground biomass of trees, the stumps and all roots of the sample trees
have to be excavated and weighed by size class. The data of these sample trees are then
used to estimate at the stand (e.g. Zhai 1982, Bhartari 1986, Liu 1987). Based on the data of
sample trees, regression equations between the root mass and DBH are used to estimate the
dry mass of different root size fractions in the stands (Satoo 1982, Bao et al. 1984). The dry
weight of fine roots (< 2 or < 5 mm in diameter, depending on the definition) can be
estimated systematically by core sampling and by determining the biomass of all roots in a

given soil layer (e.g. Zhai 1982, Persson 1983, Liu et al. 1985, Pietikédinen et al. 1999 ,
Helmisaari et al. 2007).

1.5 Biomass of epiphytic lichens and ground vegetation

In boreal forests, both epiphytic lichens and ground vegetation form minor fractions of the
total biomass, but they play important functions in such ecosystems (Muukkonen et al.
2006). For instance, epiphytic lichens are important as a winter food source for reindeer and
caribou (Andreev 1954, Ahti 1959, Edwards et al. 1960, Scotter 1963, Scotter 1964) and as
food and shelter for some small animals (Ahti 1977, Gerson & Seaward 1977). Epiphytic
lichens also influence nutrient cycling (Knops et al. 1991, 1996) as they absorb nutrients
from the substrata and intercept dry and wet deposits from the air. They also modify the
quantity and quality of throughfall and stem flow. Investigations of lichen biomass not only
focused on the total amount but also on the relative proportion of lichens in a stand and the



15

vertical distribution along the crowns of trees.

In Finnish boreal forests, the ground vegetation layer consists of shrubs, such as
Vaccinium vitis-idaea, V. myrtillus and Calluna vulgaris, grasses and sedges, e.g. Carex
spp., and mosses, such as Sphagnum spp., Dicranum spp. and Pleurozium spp. Mosses
frequently form a thick mat-like layer mixed with fresh litter and semi-decomposed litter.
This is naturally being used as shelter by small animals. This loose structured organic layer
also impacts on the cycling of water and nutrients in the ecosystems due to its water storage
capacity and effect on litter decomposition. In this study, however, the biomass of ground
vegetation was not addressed due to our focus on tree biomass.

1.6 Biomass estimate in Finnish forests

Finland is located in the western part of the European boreal zone. The forests are
dominated by Norway spruce and Scots pine. Due to long-term human disturbance, there
are no longer untouched and pristine forests left except in some protected areas in Lapland
and Eastern Finland (Kouki et al. 2001, Lilja & Kuuluvainen 2005, Rouvinen et al. 2005,
Huuskonen et al. 2008). Plantations, semi-natural or natural secondary forests at varied
stages of age dominate in southern Finland (Finnish Statistical Yearbook of Forestry 2007).

During the last decades a lot of work has been done regarding forest biomass
measurement and estimation at the stand level in Finnish forests. As early as the 1970’s,
Mailkonen (1974) determined the annual primary productivity and tree biomass of Scots
pine stands in southern Finland. Havas & Kubin (1983) investigated the organic matter
content in the vegetation cover of an old spruce forest in Northern Finland, and included
epiphytic lichen biomass components. Finér (1989) showed the differences in biomass,
biomass increment and nutrient cycling between fertilized and unfertilized stands of Scots
pine, Norway spruce and mixed birch (Betula pubescens)/ pine on a drained mire in eastern
Finland. Laiho & Laine (1997) investigated the tree stand biomass and carbon content in an
age sequence of drained pine mires in southern Finland. Helmisaari (2002) studied the
below- and above-ground biomass and production in three Scots pine stands at sapling, pole
and mature status in eastern Finland. Lehtonen’s (2005) investigated the foliage biomass in
Scots pine and Norway spruce stands. Of the above studies, three dealt with stands growing
on mineral soil sites (Mélkonen 1974, Havas & Kubin 1983, Helmisaari 2002) and two
with peatland stands (Finér 1989, Laiho & Laine 1997).

In addition to site level investigations, a great effort has been made to get more
generalized models for forest biomass estimation in Finland. For instance, Hakkila (1979)
conducted a systematic study on wood density surveys and dry weight tables for pine,
spruce and birch stems. Lehtonen et al. (2004) analyzed biomass expansion factors (BEFs)
for Scots pine, Norway spruce and birch according to stand age for boreal forests. On the
basis of a survey of literature, Zianis et al. (2005) summarized biomass equations for the
tree species in Europe, including those which were used in Finland. Kérkkéinen (2005)
compared the performance of tree-level biomass models (Hakkila 1979, Marklund 1988,
Issakainen 1988, Finér 1989, Hakkila 1991, Korhonen & Maltamo 1990, Laiho 1997).
Repola et al. (2007) developed biomass equations for above- and below-ground tree
components of Scots pine, Norway spruce and birch using data collected throughout
Finland.

The climate and forest vegetation in Sweden, Norway, European Russia and other
nearby countries are similar to those in Finland. It is useful both ecologically and in
silvivultral practice to compare the forest biomass in these areas and illustrate its pattern in
relation to the influential factors by means of meta-analysis.
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2 AIMS OF STUDY

The overall aim of the dissertation is, 1) to compare different estimation methods based on
investigations into the tree biomass in boreal Finnish stands, and 2) to show the pattern of
the tree biomass accumulation with stand age in southern Finland.

Studies were conducted in a 30-year-old Scots pine stand and a 130-year-old mixed
Norway spruce and Scots pine stand in southern Finland. The pattern of variation in annual
stem biomass increment and the relation to the tree ring width were studied in 130-year-old
trees (Study III). We quantified the vertical distribution of epiphytic lichen biomass on the
Norway spruce and Scots pine trees, measured the amount of lichen litter on the forest floor
and estimated the lichen biomass at stand level (Study I). In Study II, our objective was to
present the distribution of tree biomass separately for needles, branches, stems and roots in
the young Scots pine stand. In the final study (Study IV), the objective was to compare
different approaches for estimating the dry mass of branches and needles at tree and the
stand in the 130-year-old stand.

Based on a data set compiled from the studies previously published (Appendix 1), a
meta-analysis was conducted to compare the potential of tree biomass accumulation in
southern Finland with that in the nearby Sweden and Russia.
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3 METHODOLOGY

3.1 Study forests

The forests studied are located in southern Finland (61°50' N, 24°22' E) in a region with a
mean annual temperature of 2.9 °C and annual precipitation of 709 mm. Two sample stands
were selected, one 130-year-old mixed Norway spruce - Scots pine stand (Mature-Stand),
and a 30-year-old pure Scots pine stand (Young-Stand). There is about a 4-km distance
between the two stands.

Mature-Stand was a naturally established mixed Norway spruce and Scots pine stand.
The site lay on a south-facing slope with an average inclination of 3.4% and a mean
elevation a. s. 1. of 152 m. The forest site type changed along the slope, from dry VT on the
top of the slope, over a mesic MT to moist OMT at the bottom (site type nomenclature
according to Cajander (1949)). Correspondingly, the groundwater table level during
growing seasons ranged between 4 and 10 m. In the middle part of the slope, a plot (30 x
30 m) was set up. Based on the survey of trees in the plot, stand density was 792 stems ha™
(589 spruce and 203 pine trees, respectively), and the overall stem volume was 240 m3 ha™,
of which 63% was Norway spruce and 37% Scots pine. Tree age varied from 100 to 140
years. According to silvicultural record, the stand was almost not disturbed by forestry
management.

The young stand (Young-Stand) was established by sowing Scots pine after prescribed
burning and scarification in 1962. A sample plot (893 m?) was set up in the early 1990s.
The soil on the site was podzolized glacial till soil (Study II). The density was 2093 stems
ha™' with a mean height of 10.2 m and a stem volume of 119 m® ha” in 1995 when the
investigation was carried out.

3.2 Investigations in Mature-Stand
3.2.1 Selection of sample trees

In Mature-Stand, all trees in the plot were tallied by DBH class (1 cm). Because of highly
varying size, spruce trees were stratified into three size groups: understorey (DBH < 15 cm),
sub-dominant (DBH = 15-21 ¢m), and dominant trees (DBH > 21 cm). For each class, one
sample tree having mean DBH and H of respective class was selected, one dominant (DS),
one sub-dominant (MS) and one understory spruce (SS) (Table 1) (Study I, III and IV).
Among the pine trees, all being dominating crown layer trees and consequently rather
uniformly sized, we selected only one average dominant tree (AP) randomly based on mean
DBH and H of all pines in the stand.

The sample trees were felled onto a large tarpaulin, to enable quantitative harvesting of
the selected tree compartments. After felling, the stem of each tree was partitioned into 2-m
sections starting at the highest point of the root neck of the tree, and the remaining top
section. A 3-cm-thick disc was cut from lower end of each bolt and at the stem height of 1.3
m (Study I and IV).
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Table 1. Age and dimensions of sample trees. Age is measured by counting the rings at the
root neck of each sample tree (Study V).

d
Sample ~ Age DBH Height HPDB® HPLB®  COWn  yige  TBNA
width (cm?)
trees (years) (cm) (m) (m) (m) (m)
SS 106 123 135  3.12 7.6 34 67 434
MS 133 186 199 2.1 3.9 3.9 119 181.8
DS 131 245 234 6.0 13.8 4.1 194 326.4
AP 137 28.8  24.1 6.0 16.0 5.7 84 310.9

@Height position of first dead branch; "Height position of first living branch; *®Number of living
branches; “Total basal neck area of living branches.

3.2.2 Measurement of annual stem biomass increment

In the laboratory, the disks were stored in a cold-room at —4 °C. The width of each tree ring
was measured in four radial directions to an accuracy of 0.01lmm. After the rings of a disc
were measured, the mean width was calculated from the four measurements based on the
values of the four facings. On the basis of tree ring data, annual stem biomass increment for
each tree was calculated. The calculation has been fully described in Study III.

3.2.3 Determination of biomass of individual trees

For each sample tree, the stem dry mass was determined in three ways: i) by direct
weighing (StemW), ii) by applying allometric functions of Marklund (1988) (StemM), and
iii) by applying stem form functions for volume (StemF).(Study IV).

The dry mass of branches and needles were estimated in four ways: i) by direct
weighing (BranchW, NeedleW), ii) by systematic sampling (BranchS, NeedleS), iii) on the
basis of average branch (BranchA, NeedleA), and iv) by applying the allometric functions
of Marklund (1988) (BranchM, NeedleM).

The root and stump dry mass was estimated in two ways: i) by direct weighing (RootW,
StumpW), and ii) by applying the allometric functions of Marklund (1988) with DBH as an
independent variable (RootM, StumpM) (Study IV). Except for the stump (StumpW), the
roots were sorted in three groups, less than 2 mm, 2-20 mm, and over 20 mm, respectively
denoting fine (FRootW), medium (MRootW) and coarse (CRootW) (Study IV).

Each method mentioned above has been fully described in Study I'V.

3.2.4 Determination of tree biomass at stand level

The biomass of the trees was determined in five ways: 1) by partial harvesting (StandW), ii)
on the basis of sample trees (StandS), iii) by applying the allometric functions of Marklund
(1988) (StandM), iv) by applying stem form functions for stem volume (StandF), and v) by
systematic sampling of roots (StandRootS) (Study IV).

Among the five methods, the first one measured only the amount of above-ground
biomass and the last one only estimated the dry mass of root fractions smaller than 2 mm
and those between 2 and 20 mm.

3.2.5 Measurement of epiphytic lichen biomass

Four lichen species (or genus) were indentified in the stand, namely, Hypogymnia physodes,
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Platismatia glauca, Bryoria spp., and Pseudevernia furfuracea. For each lichen species (or
genus) on the harvested sample tree, the mass was measured on sample branches. these
values were scaled up for each tree and then to the satnd (Study I). The lichen on the litter
branches was estimated based on litter branches collected from 70 quadrates (20 x 20 cm),
which were systematically arranged within the 30 x 30 m plot (Study I).

3.2.6 Comparison among estimates

In order to compare the biomass estimates obtained by different methods, the values
resulting from direct weighing were used as the base line (see Table 2), and a percent
deviation from the observed values was calculated as follows:

Percent deviation (%) = (Mg — My) / My X 100

Where Mg is estimated dry mass and My the corresponding dry mass determined through
direct weighing.

3.3 Investigations in Young-Stand
3.3.1 Selection of sample trees

Based on DBH distribution of all trees in the sample plot, nine sample trees were selected
for estimating the biomass of needles, branches and stem (Table 2). The sample branches
were systematically selected for each sample tree, and the dry mass of the branches and its
needles were measured (Study II). Based on the data from the sample branches, linear
regression models between branch cross-sectional area and the dry mass of branches (and
needles) were established for branch (and needle) mass for each sample tree (see Study II).
For each sample tree, the dry mass of various components (needles, branches, stem) were
measured to obtain the allometric functions in relation to stem cross-section area at breast
height (ABH) (Study II).

In addition, five sample trees were selected for estimating the below-ground biomass
(Table 3). The stump and roots were carefully excavated, and the samples were collected
(Study II). All sample materials were oven-dried at 60 °C for 24 hours. Based on the data
from the sample trees, allometric functions for root biomass were established in relation to
ABH of sample trees.

Table 2. Diameter at breast height (DBH), stem cross-section area at breast height (ABH),
height (m) and stem dry mass (kg) of sample trees in Young-Stand.

DBH ABH Height Stem dry mass

Sample tree (cm) (cm?) (m) (kg)

#37 6.4 32.2 7.57 6.94

#213 7.8 47.8 9.95 12.06
#234 8.5 56.7 7.75 10.33
#36 8.5 56.7 8.37 14.74
#151 8.8 60.8 9.85 15.44
#134 9.3 67.9 9.95 17.25
#4 12.0 113.0 12.45 30.34
#172 14.1 156.1 11.47 42.55
#233 16.9 224.2 11.25 52.98

Mean(z sd) 10.3 ( 3.4) 90.6 (+ 20.9) 9.85 (+ 1.70) 22.51 (+ 15.93)
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Table 3. Diameter at breast height (DBH) and height (m) of sample trees for estimating the
mass of roots and stump in Young-Stand.

DBH Height Stump Roots Below-ground
Sample tree (cm) (m) (kg) (kg) biomass (kg)
R1 8.2 9.0 2.23 2.28 4.52
R2 15.4 1.2 7.88 12.78 20.66
R3 9.7 10.9 6.35 4.23 10.57
R4 1.7 1.3 4.66 2.54 7.20
R5 6.5 8.5 1.67 1.16 2.80
Mean 10.3 10.17 4.56 4.60 9.16
(£ sd) (x3.4) (£1.32) (x2.65) (£4.70) (£ 3.16)

3.3.2 Estimation of tree stand biomass

At the stand level, tree biomass was estimated in three ways. First, the simple linear
regression models for sample tree dry mass of branch, needle, stem and roots based on
ABH were established, respectively, and applied to calculate the biomass of respective
components at the stand level (StandR) (Study II). Second, tree biomass was calculated
using the allometric functions of Marklund (1988) (StandM). Third, the stem volume of
trees was calculated from the DBH of all trees in the plot according to Laasasenaho (1982),
and then was conversed into the stem biomass using a factor of 0.34 kg dm™ (StandF)
(Study II).

3.4 A Meta-analysis of tree stand biomass

In order to compare the biomass values in this study with values of forests growing in a
data set of Norway spruce and Scots pine forest biomass within an area of 58.00 - 62.13 °N,
14 - 34 °E (< 300 m a.s.l.) was compiled from values reported by Cannell (1982) and
Helmisaari et al. (2002) (see Appendix 1). The data set included information about the
geographical coordinates (latitude °; longitude, °; altitude, m), climate factors (mean annual
temperature, MAT, °C, and annual precipitation, APP, mm), above-ground tree biomass
(AGB) and total tree biomass (TTB) (Mg ha™). The information of stand age was provided
in the original papers. The stands included in the data set grew in mineral soils and were not
disturbed by forestry management (e.g. fertilization, thinning etc.).

In addition, the data collected in this study (Study II, Study IV) were included in
analysis. The relationship between total tree biomass (or above-ground biomass) and stand
age was modelled by regression technique. Different types of models were tried, but only
one model was listed with higher the value of r* and fewer parameters to be used in the
model.
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4 RESULTS

4.1 Variation in annual stem biomass increment

For all four sample trees from the studied mature stand (Table 1), annual stem-biomass
increment followed a sigmoid curve during the period of observation (from 1870 to 1994)
(Fig. 1). The fitted stem biomass increment curves reached a maximum in the early 1980s
for sub-dominant (MS) and understory (SS) spruce and dominant pine when the trees were
about 100-year-old, but still appeared to increase for DS. In addition, there was condierable
difference in the annual stem biomass increment among DS, MS and SS at the later stages
of tree growth. For instance, the average annual stem-biomass increment for DS in the
1980’s was 6 kg yr', which was six-fold that for SS. DS and AP had a similar annual
biomass increment at the later stages.
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Figure 1. Variation of annual biomass increment (kg yr'1) with age (yr) for dominant (DS),
sub-dominant (MS), understory (SS) spruce, and average dominant pine (AP) in the stand.
The model used is y = a /(1+e*Y): for DS, a = 8.8388, b = 20.1212, xo = 1979.87, * =
0.96; for MS, a = 2.1671, b = 16.3821, xo = 1940.7996, r* = 0.97; for SS, a = 0.8410, b =
10.5421, xo = 1958.2832, r* = 0.94; for AP, a = 7.2792, b = 18.7736, xo = 1943.9614, r’ = 0.97.
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4.2 Forest biomass in Mature-Stand
4.2.1 Dry mass of individual trees
4.2.1.1 Measured biomass of individual trees

The total dry mass of sampled spruce trees in the studied mature stand ranged from 56
(understorey spruce) to 367 kg (dominant spruce). The dry mass of the dominant pine tree
was almost 1.5 times that of the dominant spruce tree. Above-ground compartments
constituted 75 to 87% of total tree biomass. The greatest above-ground fraction was found
for the co-dominant spruce tree, which had the longest living crown (Table 4). The
understory spruce tree had the greatest relative fraction of below-ground biomass. The high
below-ground biomass fraction of the understorey tree was allocated to the coarse (> 20
mm) root compartment and the fractions of medium and fine roots were similar to the other
spruce trees (Table 4).

Table 4. Dry mass (kg) of stem wood and bark (StemW), stump (StumpW), living branches
(BranchW), dead branches, needles (NeedleW), coarse roots (CRootW), medium roots
(MRootW) and fine roots (FRootW) obtained by direct weighing for sample trees in Mature-
Stand (Study 1V).

Sample  Above-ground biomass

trees
StemW StemW (bark) BranchW  Dead NeedleW  Subtotal
(wood) branches
SS 291 3.4 2.8 4.2 24 41.9
MS 114.8 13.9 18.3 7.7 10.5 165.2
DS 202.5 23.6 26.0 20.8 19.2 292.1
AP 333.7 25.1 27.2 22.5 9.7 418.2
Below-ground biomass
StumpW CRootW MRootW  FRootW  Subtotal
SS 3.9 8.7 1.4 0.4 14.4
MS 14.9 5.3 4.4 0.4 25.0
DS 30.5 37.2 7.6 0.5 75.78
AP 46.1 62.2 7.2 0.3 115.8

4.2.1.2 Biomass estimated by different methods

The accuracy of the estimated sample tree needle biomass differed between the methods.
The least accurate estimate (NeedleM) was more than twice the measured needle biomass
in the case of the understorey spruce (Fig. 2 A). The estimates of branch material biomass
varied even more: from less than a fifth of that measured, to more than two and a half times
the measured mass (Fig. 2 B). The best estimates for branch biomass waere obtained by
BranchS-1 and Stand-2. However, the variation among trees was substantial. Both single
spruce tree models and the models for all spruces together overestimated the biomass of the
medium spruce (see Table 4). On the other hand, estimates for the small spruce and
particularly for the large spruce produced needle and branch biomass values reasonably
close to the measured values. In the estimated results of three sample trees, no consistent
variation was discerned between the two methods (NeedleS-1 vs. NeedleS-2; BranchS-1 vs.
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BranchS-2) (Fig. 2 A, Fig. 2 B). For the sample pine tree, the models based on the
NeedleS-1, NeedleS-2, BranchS-1 and BranchS-2 produced estimates well within = 10% of
measured values.

The estimates based on average branch (NeedleA and BranchA) were inaccurate and
varied among the sample trees randomly between low and high estimates (Fig. 2). In three
of four cases the needle biomass was overestimated, and for branch material the method
yielded both over- and underestimations. However, based on the average branch method
(NeedleM and BranchM), medium spruce needle and branch material biomass was
underestimated.

Estimates based on the allometric functions of Marklund (1988) (NeedleM and
BranchM) overestimated living biomass fractions for four sample trees. Nonetheless,
except for the small spruce whose branch and needle mass was strongly overestimated,
estimates were no worse than those obtained by the average branch method (Fig. 2 A) and
(B)). The mass of dead branches was estimated to be less than one-fifth of the measured
mass (Fig. 2 C).
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Figure 2. Percent deviation (%) for estimated dry mass of needles (NeedleS—1, NeedleS-2,
NeedleA and NeedleM) (A), living branches (BranchS—1, BranchS-2, BranchA and BranchM)
(B), and dead branches (BranchM) (C) on the baseline obtained by direct weighing (NeedleW,
BranchW) (see Table 4) in the sample trees. The Percent deviations were calculated on the
basis of the formula: (Me — Mw) / Mw x 100, where Mg is any estimated dry mass and My the
corresponding dry mass fraction determined by direct weighing.
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Stem biomass estimated based on volume and wood density closely resembled the
measured values for the spruce trees (Fig. 3). Only for the co-dominant spruce tree was the
estimate low, by somewhat more than one-tenth. In the case of the pine tree, stem mass was
underestimated by one-fourth (Fig. 3). Estimated based on the allometric functions
(Marklund 1988), however, underestimate both stem and stump compartments. In the case
of the coarse root compartment, the outcome was highly variable among sample trees;
coarse roots for the small spruce and pine trees were estimated correctly, while the estimate
was extremely high for the medium spruce tree.
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Figure 3. Percent deviation (%) for dry mass of stem (StemM, StemF), stump (StumpM), and
coarse roots (RootM) estimated by allometric functions of Marklund (1988) and stem form
functions by Laasasenaho (1972) on the baseline obtained by direct weighing (StemW,
StumpW and RootW) of the sample trees (see Table 4). The Percent deviations (%) were
calculated as: (Me — My) / Mw x 100, where Mg is any estimated dry mass and My
corresponding dry mass fraction determined through direct weighing. For RootM, the root
means the coarse roots with diameter = 2 mm.

4.2.2 Tree biomass in the stand
4.2.2.1 Measured tree biomass

Above-ground biomass (stumps excluded) determined by weighing upon partial harvest
method (StandW) totalled 170.8 Mg ha” (Table 5). Total above-ground biomass was
distributed evenly between the two tree species (54 to 44%). The crown compartment of
spruce, however, was more than double that of pine, while the stem compartment of pine
was 1.5 times that of spruce.

Table 5. Above-ground biomass of Scots pine and Norway spruce based on the partial
harvesting method (StandW) in Mature-Stand (Mg ha™).

Tree species Crown® Stem Total in stand
Scots pine 8.2 85.0 93.2
Norway spruce 19.6 58.0 77.6
Total in stand 27.8 143.0 170.8

#Branches and needles combined.



25

Table 6. Root biomass by soil layer measured on the basis of core samples (StandRootS).
Ro9t fractions less than 2 and 2-20 mm are respectively denoted fine and medium roots (Mg
ha™).

Soil layers Woody Woody fine Non-woody Total
medium roots fine roots
roots
Humus layer 4.8 3.3 2.8 10.9
Mineral soil 0-20 cm 35 6.1 1.1 10.6
Mineral soil 20-40 cm 1.3 1.9 0.1 3.3
Mineral soil 40-60 cm 1.5 2.3 0.1 3.9
Total in stand 11.1 13.7 4.0 28.8

Root biomass (roots less than 20 mm) in the humus layer and 0—60-cm mineral soil
layer totalled 28.8 Mg ha™ (Table 6). Most of the roots were woody roots (86%). The
majority of the roots were in the humus layer and top 20 cm mineral soil.

4.2.2.2 Estimated tree biomass

Based on the sample tree method (StandS), the estimated stand biomass including medium
and fine roots totalled 239.9 Mg ha’'. Stand biomass estimated using the allometric
functions of Marklund (1988) while allometric functions of Marklund (1988), StandM,
produced an estimate of 183 Mg ha™ excluding fine roots (Table 7). The above-ground
biomass estimated by StandS and StandM was 189.8 and 141.4 Mg ha™ (Table 7),
respectively, and the measured value (170.8 Mg ha™") (Table 6) by StandW was between
these values.

The biomass of the stump and below-ground component represented a substantial
fraction of the total stand biomass (21%) (Table 7). Exclusion of fine roots would create
only a minor error in the estimate as they amounted to only 0.5% of the total. However, the
medium and fine root biomass (4.0 and 1.3 Mg ha) estimated on the basis of StandS
(Table 7) was much lower in comparison to those (11.1 and 13.7 Mg ha™) calculated from
StandRootS in the stand (Table 6). These data show that StandS underestimated the medium
and fine root biomass more than StandRootS.

There was no estimate of the below-ground biomass by StandW in this study. In the
other two estimates, the below-ground biomass (including the roots and stump) was 21% of
the total. If such a factor 21% was applicable in StandW, the below-ground biomass should
be 45.4 Mg ha™ and total tree biomass 216.2 Mg ha™.

4.2.3 Biomass of epiphytic lichens

The average lichen biomass on the trees examined was1.63 Mg ha” and the litter lichen
was around 0.09 Mg ha” or one twentieth of the aerial biomass (Study I). The biomass
basis of lichens on trees and in litter decrease in the order, H. physodes > P. glauca >
Bryoria spp. > P. furfuracea (Table 8).
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4.3 Tree biomass in Young-Stand
4.3.1 Dry mass of individual trees

For individual trees in Young-Stand the mean stem mass was 22.51 kg (Table 2), the mean
stump mass 4.56 kg and mean root mass 4.60 kg (Table 3). The belowground component
was 29% of the total tree mass. As shown in Table 2, there was considerable variation in
stem and root mass among individual trees. The range for stem biomass was 6.94-52.98 kg,
1.67-7.88 kg for stump, and 1.16-12.78 kg for roots. This shows that a differentiation had
occurred among individual trees in this, even-aged artificially regenerated stand.

4.3.2 Allometric equations for tree biomass

The relationships between ABH of sample trees and the dry mass of needles, branches,
stem and roots of the sample trees were well described with a linear model (Table 9). All
models were significant (p < 0.001), and the r* was higher than 0.95 except for the root
model.

Table 9. Summar;y of regression equations for needle, branch, stem and root biomass (kg) (y)
against ABH (cm?) (x) in Young-Stand. Linear model used is y = a + bx, where a is intercept.

7

Biomass component Regression equations p n r

Needles y =0.1628 + 0.0233x < 0.001 9 0.96
Branches y =-1.2211 + 0.056x < 0.001 9 0.96
Stem =-0.2032 + 0.2508x < 0.001 9 0.98
Roots y =-0.78604 + 0.1096x < 0.001 5 0.87

4.3.3 Tree biomass at stand level

The total tree biomass estimated using the above regression equation was 72.5 Mg ha™, of
which above-ground biomass occupied 83% and below-ground biomass 17% (Table 10).
Among aboveground components, stem was the largest fraction (63%) and needle the
smallest one (7%). StandM gave an estimate of total tree biomass, similar to that by StandR,
but the two methods displayed different estimates on the amount of stem and root. With
Standf, the stem mass was estimated to be 41.5 Mg ha™', about 10% less than that estimated
by the regression equation, and the total biomass was 68.1 Mg ha™.

Table 10. Tree biomass (Mg ha'1) estimated by the means of regression equations (Table 9)
and volume-mass conversion method (StandF) and allometric functions of Marklund (1988)
(StandM) in Young-Stand.

Above-ground biomass (Mg ha™") Below-ground blomass Total biomass

Needles Branches Stem (Mg ha™) (Mg ha™)
StandR 5.1 9.0 45.9 12.5 72.5
StandF® - - 41.5 - (68.1)°
StandM 5.4 9.6 41.0 16.6 72.7

¥The stem volume of trees in the stand was calculated on the basis of Laasasenaho (1982)
and the mass-volume converS|on factor was 0.34 kg dm?
® Total biomass was 68.1 Mg ha™" with the stem mass estlmated by volume-mass conversion.
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4.4 Tree stand biomass in southern boreal zone

Using data from the boreal zone (58.00-62.13 °N, 14-34 °E, < 300 m a.s.l.) (Appendix 1),
including southern Finland, northern Sweden and western Russia, the relationship between
total tree biomass (or above-ground biomass) and stand age was modelled with a sigmoidal
curve (Fig. 4, Table 11). At the stage of mature forests, the maximum tree biomass in a
stand was c. 250 Mg ha™ in the Norway spruce forests in Karelia (Kazimirov & Morozova
1973), and the lowest value occurred in the two Scots pine stands in Sweden where the sites
had an altitude of 300 m a.s.l. (Albrektson 1980) (Fig. 4 A). At the stage of mature forests,
the mean value of above-ground tree biomass was ¢. 150 Mg ha™ with the maximum of c.
200 and the minimum of ¢. 83 Mg ha™ (Fig. 4 B). For Mature-Stand in this study, both the
total and above-ground tree biomass estimated was in the middle position of the biomass
range.
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Figure 4. Relationship between total (A) and above-ground (B) tree biomass estimates and
stand age for Scots pine and Norway spruce forests across boreal zone (58.00-62.13 °N,
14-34 °E, < 300 m a.s.l.). In the figure, data represented by the open circles are based on the
data set (Appendix I). The solid stars represent data of tree biomass estimated by StandR
and StandM, respectively, in Young-Stand (Study Il), and the others from Study IV (solid
square for StandS, solid diamond for StandW and solid triangle for StandM). The models and
parameters are listed in Table 11.

Table 11. Summary of regression models for total and above-ground biomass (y) against
stand age (x) (y = a/(1+exp(-(x-xo)/b))) (see Fig. 4).

Coefficient SE t p

Total biomass (RZ = 0.65, p <0.001, n = 46)

a 196.8449 17.3143 11.3689 <0.001
b 22.1404 6.0594 3.6539 =0.007
Xo 46.5823 6.7749 6.8757 <0.001
Aboveground biomass (R2 =0.68, p <0.001, n=50)

a 158.4236 13.2907 11.9199 <0.001
b 22.3212 5.8866 3.7919 =0.004

Xo 45.6277 6.4341 7.0916 <0.001
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The regression curve increased almost in a linear manner from a stand age of 10 to 80
years, and then levelled off, with a maximum of c¢. 180 Mg ha" at the age of 140 years
(Fig.4 A). The tree biomass was still at the fast-growing stage in Young-Stand, but at the
slow-growing stage in Mature-Stand (Fig. 4). The tree biomass estimated in Young-Stand
(68.1-72.5 Mg ha’, the star) was close to the mean in the stands of similar age (Appendix
1). The tree biomass in Mature-Stand was estimated to be about 183, 216 and 240 Mg ha™'
by Marklund’s functions (StandM), partial harvesting (StandW), and sample-tree based
method (StandS), respectively. Compared with the regression mean value, whereas
Marklund’s functions and the partial harvesting gave closer value, and the sample-tree
based method yielded a higher one (Fig. 4).
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5 DISCUSSIONS

5.1 Comparison of biomass estimation methods at tree level

In assessing biomass estimation methods, two main aspects should be taken into account:
accuracy and cost-efficiency. In this study different methods to estimate the biomass of
different components of a tree: needles, branches, stem, roots, were investigated (Study IV).
The direct weighing method results were used as the base line as the base line, the
regression technique gave relatively the closest estimate among the methods. However, in
terms of time and labour saving, although the allometric functions of Marklund (1988) did
not give ideal results, but these functions require only some calculations based on DBH of
the sample trees. The average sample branch method and regression technique used
approximately the same number of sample branches: 69 and 63 (Study IV). Based on these
considerations, the application of the regression technique based on sample branches would
be the optimum choice for estimating the dry mass of branch and foliage materials of a tree.

The average sample branch method is not an ideal technique either in terms of accuracy
or cost-effect, the average branch method dose not consider the physiological function of
sapwood (Study 1V). According to the pipe model theory (Shinozaki et al. 1964), branch
and needle mass are not dependent on the total neck cross-sectional area of the branch, but
are explained rather by the fraction of sapwood. Fang and Wang (2001) noted that biomass
estimates can be biased because direct sampling tends to be carried out on specimens that
are slightly better than average.

It is not surprising for that Marklund’s (1988) functions did not return accurate biomass
estimates for individual sample trees (Study IV). Any allometric function established on
samples collected over a wide area has limitations when applied to other stands. The
allometric functions of Marklund (1988) were mainly designed for large-scale tree biomass
estimation (Kérkkdinen 2005), but they were based on tree-level biomass estimation. In this
study, those functions were applied to estimate the biomass of individual trees as a
comparison. An interesting phenomenon was that Marklund’s (1988) functions gave higher
estimates on the biomass of branches and needles for all four sample trees (Fig. 2 A, B) and
lower estimate on that of the dead branches (Fig. 2 C), stem and stump (Fig. 3). In this
sense, the possible overestimates on branch and needle biomass by Marklund’s (1988)
functions should be taken into account even if these functions are applied at large-scale.

Stem volume is also often used as the basis when calculating BEF values (Fang et al.
1998, Fang and Wang 2001, Lehtonen et al. 2004). In the mature stand (Mature-Stand) in
this study, we obtained almost correct dry mass estimates for the stem component of the
spruce trees, but the estimate for the pine tree exceeded the true value by one-fourth (Study
IV). It is obvious that stem volume would be a reliable independent variable for dry mass
estimation assuming that appropriate density values are available.

Measurement of biomass is, by definition, the process of direct measurement of the
mass of a tree or its component. The estimation of biomass involves the extraction of some
sub-sample followed by the calculation of the mass of the respective component (Satoo
1982, Parresol 1999). The process of collecting complete samples of trees for weight
measurement is time consuming and expensive, consequently, direct measuring of the mass
of biomass is seldom performed. The majority of reported values are estimates based on
sub-samples selected by some procedure from the respective tree compartment. Such
sub-samples are often selected arbitrarily, and the estimates and variances from such
samples are known to be biased. The most appropriate approach would be randomised
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sampling of trees, which would produce truly unbiased estimates (Cunia 1979, Valentine et
al. 1984).

5.2 Comparison of biomass estimation methods at stand level

When different estimation methods were applied in estimating forest biomass worldwide,
attention was paid early on to test the errors of estimation. For instance, Ovington et al.
(1967) applied three methods (unit area, average tree and regression analysis method) to
estimate the tree biomass in a 0.081-ha plot within a Pinus radiata plantation. In the plot all
trees were harvested to measure the dry weight of different components as a baseline for
comparison with the three estimation methods. In Ovington’s et al. (1967) study, the
average tree method was similar to StandS method used in Mature-Stand (Study IV) and
the regression analysis to StandR applied in our Young-Stand (Study II). The results
showed that the average tree method and regression analysis method were more satisfactory
than the unit area method (Ovington et al. 1967). In this case, the average tree method
needed fewer sample trees compared with regression analysis method. Owing to this
advantage, the average tree method has been popular among Chinese (e.g. Zhai 1982) and
Indian researchers (e.g. Rana et al. 1988). As discussed below, however, the average tree
method in the present study yielded tree biomass estimate that were inconsistent with the
measured value.

As shown in Kérkkdinen’s (2005) results, the allometric functions of Marklund (1988)
are applicable to large-scale tree biomass estimation in Finland, and were even performed
better than that of Hakkila’s (1979, 1991) models that were established on the basis of
sample trees collected in Finland. However, Karkkdinen (2005) cautioned that uncertainties
arise when Marklund’s (1988) functions are applied on a small scale. In this study,
Marklund’s (1988) functions underestimated the tree biomass compared with the measured
baseline values for the Mature-Stand. But we have to point out that Marklund’s (1988)
functions a little overestimated the crown biomass (+9 Mg ha™), but underestimated the
stem biomass (-38 Mg ha™") in comparison with measured values.

In the mature stand (Mature-Stand) in this study, the sample tree method (StandS)
returns an overestimate of approximately 10% with the measured value (SatndW). This is
consistent with the observation that sample-tree-based measurements that can be biased by
subjectivity may overestimate biomass (Fang and Wang 2001). In addition, as the biomass
of pine trees in the forest is based on only one sample tree by weighing, non-normality of
the tree breast height cross-sectional area in this single sample tree may seriously bias the
overall estimate. Other compartments (spruce stem and crown, pine stem) are
approximately within = 10% of the measured values.

For the young stand (Young-Stand) in this study there was no base line for assessing
different methods, but a comparison among the different estimates is also interesting. Both
the regression models, StandR and StandM (Marklund’s functions), gave a similar estimate
on needle and branch biomass, but Marklund’s functions (StandM) yielded a lower estimate
(about -10%) for the stem biomass and a higher one (+33%) for below-ground biomass
(Table 10). The soil is shallow at the young stand which might have resulted in a smaller
fraction of tree root biomass in total tree biomass. However, the allometric functions of
Marklund (1988) were established on the basis of nationwide sample trees, representing the
average status of site conditions and respective tree growth, and display an inability of
reflecting such a specific site condition (Kérkkéinen 2005).

Helmisaari’s et al. (2007) results showed that, Norway spruce fine root (< 2 mm
diameter, 30 cm in depth) biomass varied between 1.84 and 3.70 Mg ha™ from southern to
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northern Finland and total fine root biomass of all tree species plus the total biomass of
understory roots and rhizomes (< 2 mm diameter) ranged between 2.07 and 5.52 Mg ha™.
For Scots pine stands, corresponding values were 1.49 vs. 3.86 Mg ha™' and 2.30 vs. 4.93
Mg ha™. In the present study, the fine root biomass (< 2 mm diameter, 60 cm in depth) in
Mature-Stand was 1.30 Mg ha™' estimated by direct measurement of sample trees (StandS)
(only fine roots for pine and spruce) (Table 7) and 17.7 Mg ha™ (13.7 Mg ha™ for woody
roots and 4.0 Mg ha' for non-woody roots) by systematic sampling measurement
(StandRootS) (Table 6). Compared with Helmisaari’s et al. (2007) result, our StandRootS
values were much higher. This difference in the fine root estimate between StandRootS in
the present study and Helmisaari et al. (2007) is at least partly explained by its difference in
the sampling depth: 60 cm for StandRootS and 30 cm for Helmisaari’s et al. (2007).

5.3 Variation of annual stem biomass increment with tree age

The pattern of variation in above-ground net primary productivity (ANPP) with age and the
influential factors have been intensively discussed at stand level (see Gower et al. 1996).
There is a distinct difference in the age of forests when ANPP peaks in different climate
zones. For instance, ANPP peaks at age of 70-year-old in Norway spruce stands (boreal
area) but peaks at age of 30 —year-old in Pinus elliotii stand (temperate area) (Gower et al.
1996). Since annual stem biomass increment on individual trees is closely related ANPP in
a stand, investigating the pattern of age-based variation in stem biomass increment is
important to better understand of biomass accumulation at both tree level and stand level.

During the period of tree growth from a seedling to a mature tree, the variations in
annual stem biomass increment are displayed in two ways (Fig. 1). First, the dry mass of
stem produced per year generally increases year by year. This happens because more dry
matter is produced yearly by photosynthesis, and consequently more can be allocated to
stem growth. Second, there is inter-annual fluctuation in annual stem biomass increment
which is mainly due to variation in environmental factors (e.g. climatic factors, competition
among trees). In this study, we demonstrated not only an overall trend of variation in annual
stem biomass increment in the Norway spruce and Scots pine during a period of about 130
years, but also differences in annual stem biomass increment among dominant, co-dominant
and understory trees. In particular, the dominant spruce was still increasing its annual stem
biomass at the age of 130 years, while the understorey (even co-dominant) spruce had
reached a constant level.

5.4 Tree biomass accumulation in forests in southern Finland

On a broad geographical (e.g. continental or biome) scale, the maximum tree biomass is
mainly associated with the prevailing climate (see Cannell 1982, Satoo 1982). On a local
scale, the standing biomass in a stand varies with site factors, stand properties (e.g. age,
density, species composition etc.), which may largely result from human activities. Given
the tree species and environmental conditions, the accumulation of biomass in a stand is a
saturating function of tree stand age (Sprugel 1984, Pare & Bergeron 1995). For instance,
the model described by Bomann and Likens (1979) for biomass accumulation during stand
development in northern hardwood forests stipulates that, following a large scale
disturbance, tree biomass accumulates slowly at first, then more rapidly and then at a
decreasing rate before reaching a stage of maximum standing biomass. Thereafter the
biomass remains constant or declines slightly (Sprugel 1984, Pare & Bergeron 1995).
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There are several papers on biomass investigations in Finnish forests, e.g. Milkonen
(1974), Paavilainen (1980), Finér (1989), Laiho & Laine (1997), Helmisaari et al. (2002).
Of these papers, the works of Finér (1989) and Laiho & Laine (1997) were concerned with
tree biomass on peatland, and their estimates were not used for a comparison with our
estimates for the mineral soils. Helmisaari et al. (2002) carried out a study in three Scots
pine stands at different stages of age in eastern Finland (62°47" N, 30°58°E, 145 m a.s.L.),
The estimated tree biomass was 14.94 Mg ha™ for the sapling stand, 54.47 Mg ha™ for the
pole stage stand, and 139.70 Mg ha™ for the mature stand. The biomass in the mature stands
(Helmisaari et al. 2002) was smaller than the mean values for forests across the boreal zone
(Fig. 5) and in the stands of this study.

The world’s largest standing biomass ever estimated was up to more than 4000 Mg ha™
in over 1000-year-old stands of coast redwood (Sequoia sempervirens) in the Pacific
Northwest (Waring & Franklin 1979). In some tropical and subtropical forests, tree biomass
up to more than 1000 Mg ha™ is possible (see Cannell 1982). In boreal forests, the record in
tree biomass accumulation was less than 300 Mg ha™ according to Cannell (1982). In this
study, in light of the pattern of variation in the annual stem biomass increment with tree age
(Fig. 2), the annual stem biomass increment in Mature-Stand at age of 130 years should be
the maximum for understorey and co-dominant spruces and dominant pine. At stand level
in the study area, tree biomass accumulation seemed to approach its peak (220 Mg ha™)
according to the tree biomass accumulation curve at the age of 120-150 years (Fig. 5).
These data indicated that the maximum tree biomass in the forests of southern Finland
might be 250 Mg ha™ dry matter.

5.5 Epiphytic lichen biomass in boreal forests

Scotter (1962, 1964) reported an epiphytic lichen biomass of 0.15-0.23 Mg ha™ in
mature Picea mariana stands, and 0.09-0.47 Mg ha" in a stand of Pinus banksiana in
boreal Saskatchewan. Trass (1965) recorded 0.40-0.48 Mg ha™' of lichens on Pinus
sylvestris in Estonia. In a mixed stand of Picea abies and Betula pubescens in northern
Finland (66°22'N, 29°15'E), Havas & Kubin (1983) found 0.90 Mg ha" of lichen mass.
Compared with these data for boreal forests, the lichen mass in our study (1.63 Mg ha™)
is high. The main causes of this difference might be regional variation in the climate and
stand conditions. For example, in the study of Havas & Kubin (1983), the stand density was
550 trees ha”, the height 16 m, the basal area 20 m* ha™, and the quantities of dead
branches and living branches were 4.10 and 17.10 Mg ha™, respectively. For the stand
investigated here, the mean tree height was 20 m, the density 881 trees ha™, and the basal
area 31 m® ha™'; the quantities of dead and living branches were 2.75 and 4.80 Mg ha™ for
the pine and the quantities of dead and living spruce branches 7.50 Mg ha™ and 11.51 Mg
ha™ for the spruce, respectively (Liu, unpublished data). Our stand is also subject to a
higher annual mean temperature and precipitation. These data show that in our stand there
is a much larger surface area of dead and living branches for lichens to grow on, and the
microclimatic conditions might also be more favourable for lichens.
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6 CONCLUSIONS

There is an increasing need for accurate estimation of forest biomass and associated carbon
stocks at differing geographical scales. Over the last decades a variety of methods have
been developed and applied to estimate forest biomass. For a rational utilisation of the
biomass data published and a reduction of uncertainties in calculating the carbon storage in
forests, the practicability and reliability of these methods in different conditions should be
assessed. In this study, through the investigations of stand-based forest biomass in southern
Finland and comparison with that of other studies both within Finland and across boreal
zone, the main results obtained were as follows.

The tree biomass was estimated to be about 70 Mg ha™' for a 30-year-old young stand
and 200 Mg ha' for a 130-year-old mature stand. For the European boreal zone
surrounding our study stands (58.00-62.13 °N, 14-34 °E, < 300 m a.s.l.), the tree biomass
accumulation in the stands followed a sigmoid curve with a mean maximum of about 200
Mg ha (ranging from 100 to 250 Mg ha) at the age of 130 years. The amount of tree
biomass accumulated in the two stands of this study was of a medium level when compared
with the biomass found in forests at corresponding stages of age in this region.

For the individual mature trees (130-year-old) in southern Finland, the annual stem
biomass increment increased in relation to tree age following a sigmoid equation, and the
fitting curves reached the maximum level (from about 1 kg dry matter yr”' for understorey
spruce to 7 kg dry matter yr' for dominant pine) when the trees were 100 years old).

Epiphytic lichen biomass is a minor but ecologically important component of stand
biomass in boreal forests. In the study area, epiphytic lichen biomass was estimated to be
1.63 Mg ha' in the mature stand.

At tree level, the regression technique based on sample branches is an optimal method
for estimating the dry mass of branch and foliage biomass when the accuracy and
cost-effect are taken into account. At stand level, our study demonstrated that there are
substantial differences among the methods used to estimate the dry mass of different
components in a stand. The allometric functions of Marklund (1988) are useful for
large-scale studies but when applied to specific stands, the results are reliable.
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