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Background 

The overall objective of this workpackage was to ensure that existing information on 
allometry of various tree species (expressed as biomass functions and conversion 
factors) is effectively exploited, and integrated with, national forest inventories. We also 
identified, quantified and reduced uncertainties related to the expansion from stemwood 
volumes to biomass and carbon contents of trees. On the basis of established expansion 
factors we developed a procedure for assessment of national carbon stocks and stock 
changes in forest trees.  

This deliverable is focused on evaluation and development of procedures to be applied 
in national carbon stock and stock change of trees. 

 

Evaluated procedures to be applied in national carbon stock 
and stock change of trees in some European countries

Guidance on use on BEFs and biomass equations in regional/national estimation of tree 
biomass was prepared (presentation by Z. Somogyi et al. in the final whole action 
meeting of COST E21 in Dublin. http://www.efi.fi/coste21/ftp/2004-10-
06/Somogyi_etal_Oct_2004.ppt) and review paper on this issue submitted  in January 
2005 (Somogyi et al., 2005). In this paper, a decision tree for selection of biomass 
estimation method is provided. 
 
In this project we also made comparison between BEF approach and direct use of 
biomass equations with tree level data of national forest inventory in Sweden (Jalkanen 
et al., 2005). Both approaches are applicable for large scale inventories. The degree of 
uncertainty in both methods was highest in the young age-classes. At the regional level, 
the relative standard errors of the BEF-based biomass estimates were in the range of 4-
13%. The age-dependent BEFs cannot be applied to conditions where stand 
development deviates from the conditions under which the BEFs were developed. 
 
Age-dependent BEFs developed by Lehtonen et al. (2004) were also applied for the 
estimation of biomass carbon stock and carbon sink of vegetation in Finland (Liski et al. 
2005). In this study we also derived carbon input to the soil based on these biomass 
estimates and assessed carbon balance of forest soil with the help of dynamic soil 
carbon model Yasso. 
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Z. Somogyi1, E. Cienciala, R. Mäkipää, P. Muukkonen, A. Lehtonen, P. Weiss 

 

Abstract 

Forest biomass and its change over time have been measured at both local and large scale, an example for the latter 

being forest greenhouse gas inventories. Currently used methodologies to obtain stock change estimates for large 

forest areas are mostly based on forest inventory information as well as various factors, referred to as biomass 

factors, or biomass equations, which transform diameter, height or volume data to biomass information. However, 

while forest inventories usually provide statistically valid estimates for large forest areas, the biomass factors or 

equations used are in most cases not representative, because they are based on local studies. Moreover, their 

application is controversial due to the inconsistent or inappropriate use of definitions involved. There is no 

standardized terminology of the various factors, and many terms and definitions are used that are often confusing.  

The present contribution aims at systematically summarizing the main types of factors and equations, and at 

providing guidance on how to proceed when selecting, developing and applying proper factors or equations to be 

used in forest biomass estimation. The contribution builds on guidance given by the IPCC (2003) and suggests that 

proper application and reporting of biomass factors and equations, and transparent and consistent reporting of forest 

carbon inventories is needed in both the scientific literature and the greenhouse gas inventory reports of countries. 

Keywords 

Biomass, biomass expansion factor, biomass equation, biomass function, forest carbon inventory, greenhouse gas 

inventory 

1. Introduction 

Forest biomass and its change over time have long been considered as key characteristics of forest ecosystems 

(Reichle 1981, Cannell 1982). During the recent decades, the amount of carbon stored in the biomass has gained 

special attention as a result of the UN Framework Convention on Climate Change (UNFCCC) as well as its Kyoto 
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Protocol. Under these agreements, countries are requested to estimate and report CO2 emissions and removals of 

forest, and the credited sinks may be used as emission reductions. 
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Unlike in other sectors or with other greenhouse gases, the carbon emissions and removals from the Land Use, Land 

Use Change and Forestry sector (LULUCF) can only be indirectly measured as changes in the forest carbon stocks. 

Although alternative methods have been tried before (like aerial photogrammetry) and new approaches (like e.g. 

Light Detection And Ranging, or LiDAR, Patenaudea et al. 2004) are emerging to estimate the carbon content of 

forests and its change, the currently used methodologies are based on the estimation of the change in biomass stocks, 

using forest inventory information, which is multiplied by the carbon fraction2 of the biomass to establish the change 

of corresponding carbon stocks. This method is also promoted by the IPCC “Good Practice Guidance for Land Use, 

Land-Use Change and Forestry” (IPCC 2003).  

 

The change in the biomass stocks can be assessed either as a difference between the biomass increment and biomass 

removals or as a change of biomass stocks between consecutive inventories (IPCC 2003). Due to the high 

requirements on the resources for measurements, biomass assessment under field conditions in practice is done in 

either of two indirect ways. One is to use the volume data of certain compartments of trees or stands as reported by 

forest inventories or other national statistics, and to multiply it with an appropriate factor or factors, referred to in 

this paper as biomass factors (BF) to convert and, if necessary, expand or reduce the available proxy volume data to 

the required biomass estimates3. The other way is to apply an appropriate biomass equation (BE) that predicts tree 

biomass as a function of diameter at breast height (dbh) and other variables from data of measured sample trees, 

again practically from forest inventories. The first method can be used if only aggregated volume estimates, e.g. 

volume of growing stock by tree species, are available, whereas biomass equations are preferred if a reporting party 

has an access to representative sample of tree-wise data from target population. This paper focuses on the biomass 

factors and equations, taking volume, dbh and all other forest inventory information as known input data. 

 
2 The carbon fraction is defined as the carbon content of a unit of biomass. Most frequently, a value of 0,5 is used 
(see FCCC/SBSTA/2004/INF.7 at www.unfccc.de). 
3 Note that there are many terms used for these factors in the literature. Probably the most frequently used name is 
biomass expansion factor, whose abbreviation is BEF. However, the factor used to estimate biomass may or may not 
expand, but it should convert the proxy value, unless this proxy value is biomass of some sort. The term biomass 
factor is used to refer to any factor that can be used alone or in combination with other factors to estimate biomass 
from volume. 
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Since biomass represents one of the key variables in the ecosystem studies, a lot of effort has been made to facilitate 

its estimation. Recently published biomass factors include Fang et al. 2001, Lehtonen et al. 2004, Levy et al. 2005, 

and Sabate et al., submitted manuscript. Numerous stand specific biomass equations are also available and most 

recent efforts have been focused on the development of comprehensive databases on these equations, e.g. Araújo et 

al. 1999, Parresol 1999, Zianis et al. 2004, Zianis and Mencuccini, 2004, Joosten et al. 2004, Jenkins et al. 2004. 

Stand biomass can be also directly modelled as a function of stem volume, as shown by Smith et al. (2003) for the 

USA and by Lehtonen et al. (2004) for Finland.  

 

The experience shows that, unlike forest inventory data, which are designed to represent forest conditions over large 

areas, the various biomass factors and equations are highly case-specific (e.g. Wirth et al 2003). This is not only 

because they may largely depend on species, site, age, management regime etc., but also because the definitions 

involved are markedly different. In addition, the majority of the biomass factors and equations that are available in 

the literature are based on case studies in specific conditions using only very few trees (from under ten to a few 

hundred, see Wirth et al 2003). The objective of these studies was to represent only the local conditions, not those of 

large areas. Because of all these, specific considerations are required when applying any biomass factor or equation 

for large forest areas, often in millions of hectares. 

 

It must also be noted that the biomass factors and equations can be defined in many ways (see below) and, partially 

because of this, many factors and terms are used. However, neither the application nor the reporting of the 

applications is consistent in either the scientific literature or the greenhouse gas inventory reports of countries to the 

UNFCCC and KP. This can lead to biased or uncertain biomass estimates. 

 

The effect of using different biomass factors for the same species to estimate biomass is well demonstrated by Wirth 

et al. (2003) who estimated biomass from the same forestry inventory database using biomass factors from the IPCC 

default database (see below) and five other different sources. The various biomass estimates differed by as much as 

40% from the one based on the IPCC data. Somogyi (in NIR Hungary 2004) also concluded that the greenhouse gas 

inventory of Hungary was sensitive to the biomass factors used with forest inventory data as e.g. a 20% change in 
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the value of the biomass factor resulted in a 12.0% change in the overall carbon sink for the country. On the other 

hand, representative biomass equations and representative biomass factors applied for the estimation of tree biomass 

in Sweden gave consistent estimates (Jalkanen et al. manuscript accepted for revision). 
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Because of the above, proper application and reporting of biomass factors and equations, and transparent and 

consistent reporting of forest carbon inventories would be needed in both the scientific literature and the reports of 

countries to the UNFCCC and KP. However, a study (see FCCC/SBSTA/2004/INF.7) that analysed the recent 

(2003) practice of reporting the estimation methods used in the National Communications4 (NC) clearly showed the 

lack of proper definition, use and reporting of the various estimators applied. While some countries correctly 

reported the applied factors, their values and/or dependence on species and size, and even whether the same values 

were applied for standing biomass, increment or harvested values, others have only supplied incomplete or even 

fractional information. Almost half the Annex I countries has not reported their BF values at all.  Furthermore, 

applied values might have been changed without proper reasoning and without recalculation of time-series as 

requested by the guidance of IPCC (2003). 

 

The present contribution aims at systematically summarizing the main types of factors and equations, and at 

providing guidance on how to proceed when selecting, developing and applying proper factors or equations to be 

applied in forest biomass estimation. The contribution builds on guidance given by the IPCC (2003) and analyses 

state of the art in the biomass estimation in the context of the national GHG inventories. 

 

2. General definitions 

 

Biomass can be defined in many ways. Strictly speaking, when the objective is to estimate the biomass of plants, as 

is the case of carbon inventories, then the correct term to be used is phytomass. It would also be possible to estimate 

the total biomass of an ecosystem, which would have to include also fauna. However, with the carbon content of the 

 
4 All national communications of the Annex I countries can be downloaded from the UNFCCC website, 
www.unfccc.int. 
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ecosystem in focus in this paper, we use the term “biomass”5 in the sense of “phytomass” as is also the common use 

in forestry.  
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Transparent biomass estimation requires the specification of the included components of trees or stand. For biomass 

assessment of trees, the following components are usually considered: roots (thick and thin, up to a certain diameter, 

but excluding fine roots), stump, stem up to a certain threshold diameter, bark, tree top (which is the thin part of the 

stem above the threshold diameter), thick branches up to a certain threshold diameter, thin branches (twigs) above 

the threshold diameter, and finally the foliage. Fine roots are generally not included in tree-wise estimation of the 

biomass, among others because methods applied for estimation of the fine root biomass are stand specific rather than 

tree specific. The total biomass of a stand includes tree biomass, but it may also include the biomass of understorey 

vegetation (shrub layer, dwarf shrubs, grasses, herbs, bryophytes and lichens).  

 

Both tree or stem volume can include the volume of any or all of the previously mentioned parts of the trees and 

stands. Depending on which tree components or which stand components are meant, different biomass factors or 

equations should be used. Note also that excluding certain tree or stand fractions is also important. For example, 

dead wood mass is in general excluded from stand biomass. 

 

In any event, biomass is usually not directly measured in the field for practical reasons, and that it has not been the 

objective of traditional forest inventory. Rather, one or more proxy values are used, which are measured anyway, 

from which biomass is calculated in either of two ways. One is to use factors that convert the proxy value, which is 

always volume, to biomass value: 

 
B = p * F Eq. (1) 

 

where 

B = biomass (fresh or dry plant mass, kg or t) 

p = a proxy value (e.g. tree volume) 

 
5 The term “biomass” suggests that just mass (weight) unit is employed when speaking about biomass quantity. 
Although volume units are also frequently used in this respect, the amount of biomass in this paper is always 
expressed in mass units (kilograms, metric tons etc.). 
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Another way to estimate biomass is to use an equation, called the biomass equation (BE) to establish a more direct 

relationship between the proxy value(s) and the biomass: 

 
B = f(p1, p2…) Eq. (2) 

 

where 

B = biomass (fresh or dry plant mass, kg or t) 

p1, p2 etc. = proxy values (e.g. tree diameter, tree height etc.). 

 

For the correct application of the biomass values, but also that of biomass factors and equations, the definition of 

both the biomass and the proxy value(s) is crucial. In each case, the proxy value is converted to biomass. However, 

it may also happen that the available volume data (in case of using biomass factors), or the calculated biomass value 

contains less biomass fractions than needed. In these cases an expansion is also needed. The conversion and the 

expansion can be done in consecutive steps, or in one combined step. This is demonstrated by the systemized 

examples below that show the large variety of possible definitions of the various factors and equations6. 

 

3. Biomass Factors  

Depending on the available proxy value from which the estimation is made, and also the desired output to which the 

estimation leads, various factors must be used for biomass estimation. However, the conversion and/or expansion 

can be done in several ways. For example, the estimation of the total aboveground tree biomass from the 

merchantable tree volume can be done the following ways: (1) expansion from merchantable to total volume 

followed by the conversion to biomass, or (2) conversion of the merchantable volume to biomass of the 

merchantable part of the tree followed by the expansion of this biomass to the total biomass. Other ways of biomass 

 
6 Note that, as shown later, biomass factors can also be functions of tree characteristics like age, diameter and 
volume, or site. Thus, Equation 1 and 2 are similar, and biomass is estimated as a function of the known proxy 
values and other known stand or tree characteristics. 
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estimation are also possible (Figure 1). The appropriate estimation factors may have an expansion and a conversion 

component, or these components can be included in one combined value
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7. 

 

<< insert Figure 1 here >> 

 

The most frequent expansion and conversion factors that are involved in the estimation of biomass are further 

detailed below. 

 

3.1 Expansion from stem or merchantable volume to total volume  

 

This estimation case involves expansion, meaning to obtain a desired volume component from a known volume 

component. Frequently, stem volume over bark is estimated during forest inventories. However, different clients 

may require different volumes such as stem volume under bark, total stem and branch volume or merchantable wood 

volume. Naturally, there may be several different cases of expanding the original volume (V0), e.g. stem or 

merchantable volume, to a desired volume (V1) in different countries and instances, but the formula in each case is 

the same: 

 
V1 = V0 *  volume expansion factor Eq. (3) 

 

 

It is worth noting that volume to volume estimation may result in larger, identical or smaller volume than the 

original proxy volume. An example for the latter case is the estimation of stem volume from merchantable volume 

in the Czech Republic. The merchantable volume includes both branch and stem wood above the threshold diameter 

of 7 cm, and to obtain stem volume only, one has to discount branch wood of the noted dimension threshold. This 

involves application of species-specific and size-specific factors. Since branch biomass is only significant in the case 

of broadleaved species, the applied expansion factor is approximately one for conifers, but may be significantly 

smaller for beach and oak trees with sufficiently large stem diameter (Figure 2). 

 

 
7 Note that it is also possible to estimate volume from biomass, for which similar factors may be needed, however, 
this paper focuses on the estimation of biomass from volume. 

 7



<< insert Figure 2 here >> 1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

 

3.2 Conversion from volume to biomass 

 

This conversion from volume to biomass of the same tree components is done by using density of the appropriate 

tree component. The factor that can be used for conversion, ρ, Mg m-3, is defined as  

 
ρ = B/V Eq. (5) 

 

where B is biomass (Mg), and V is volume (m3) of specified tree component. 

ρ and even a combined biomass factor are frequently approximated by wood density. However, wood density itself 

can be defined in many ways, too. GPG LULUCF (IPCC 2003) recommends basic (conventional) wood density to 

be used, which corresponds to dry matter at zero moisture conditions (oven-dried) divided by volume estimated at 

fresh conditions (fresh volume). 

 

Note that, strictly speaking, ρ is only equal to wood density if only the thick stemwood underbark is considered in 

both B and V. Indeed, several countries have converted, in their national inventories, stem volume to stem biomass 

using country specific wood density values or values recommended by IPCC (2003). In case the density of the other 

tree compartments, from bark to branches, considerably differ from the density of the wood itself, an adjustment of 

ρ may be necessary (e.g. correction for knots and bark by Hakkila 1979).   

 

3.3 Expansion from stem or merchantable biomass to total tree biomass 

 

“Total” biomass can mean either total aboveground biomass, or whole tree biomass, when the biomass of roots is 

also included. Total aboveground biomass can be expanded from stem using an appropriate expansion factor. Whole 

tree biomass including roots can be assessed from aboveground biomass with the help of root-shoot ratio (e.g. IPCC 

2003). However, whole tree biomass can be directly estimated from stem biomass using one combined value, too. 

Choice of method is highly dependent on availability of appropriate and representative factors to be applied in 

national inventories. Wirth et al. (2003) have developed biomass expansion factors (BEF) for Norway spruce which 
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is defined as the ratio of total stand biomass and stem wood biomass of the stand. Levy et al. (2004) reported BEF 

values for 13 conifer species in UK, defined as a ratio between total above-ground tree fresh mass and the fresh 

mass of the merchantable timber, as well as root-shoot ratios based on an extensive tree pulling database.  

 

3.4 Combined estimation of biomass from stem or merchantable volume 

 

In the estimation of total biomass, conversion and expansion can also be included in one value, which allows 

calculation from stem volume to total biomass in one step. Such combined factors are applied e.g. in the NC of 

Germany. Wirth et al. (2003) also report factors that convert directly stem volumes to total carbon stock of trees for 

most common tree species of Germany. Here one combined conversion factor includes biomass expansion, wood 

density and even the carbon content of the biomass. 

 

The major advantage of the combined BF conversion approaches is that biomass expansion and density values 

originate from same destructive biomass measurement. Thus, the error budget estimation is also much easier due to 

fact that the correlation between errors of wood density and expansion does not have to be assessed. 

 

The development of combined factors may rely on stand-level volume and biomass estimates obtained with the help 

of volume and biomass equations that are first applied to tree-wise data of sample plots and thereafter summed up to 

get stand level estimates (Lehtonen et al 2004). Development of both volume and biomass equations requires 

destructive measurements (volume or biomass) of sampled trees, where the measurements include e.g. estimates of 

dry weight of biomass components like in Sabaté et al. (submitted manuscript). However, comprehensive databases 

on species specific biomass and volume equations are already available (Ter-Mikaelian and Korzukhin 1997; Zianis 

et al. 2004), and appropriate biomass equations and volume equations with tree-level data of target population can  

be used for formulation of factors that are to be used in regional or national biomass inventories (Lehtonen et al. 

2004). 

 

3.5 A comparison of the various expansion and conversion factors 
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The various factors used to estimate biomass differ considerably (Figure 3). In general, they all vary according to 

size of the tree. The relative share of biomass components (e.g. foliage and branches) vary during stand development, 

and it can be assumed that the relative share of stem from total biomass increases during stand development (Satoo 

and Madgwick 1982). Lehtonen et al. (2004) found that the factors used to estimate biomass were dependent on 

stand age, while Fang et al. (2001) and Schroeder et al. (1997) reported biomass expansion factors as a function of 

stem volume.  The BFs reported for Norway spruce in Germany by Wirth et al. (2003) varied according to site 

fertility, with fertile sites having relatively less biomass compared to poor sites.  
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<< insert Figure 3 here >> 

 

3.6. Tree level vs stand level factors 

It is possible to define the above factors for both tree level and stand level. For the tree level, the general form of the 

BFs is 

 
bef = m1/m2 Eq. (6) 

 

where 

bef = tree level biomass expansion factor, 

m1 = appropriate measure of the tree (e.g. biomass) 

m2 = other measure of the tree (e.g. volume). 

 

Note that we used small letters in Eq. 6 to refer to individual tree, rather than stand, characteristics. 

 

The general form of stand level BFs is 

 
BF = M1/M2 Eq. (7) 

 

where 

BF = stand level biomass factor, 

M1 = appropriate measure of the stand (e.g. biomass) 
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M2 = other measure of the stand (e.g. volume). 1 
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Frequently, stand-level BEFs are developed from individual tree data: 
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Eq. (8) 
 

 

 

where 

i is the index of a single tree,  

M = appropriate stand-level measures 

m = appropriate tree-level measures. 

 

While it is quite possible to develop tree level factors by species, tree size, management regime and/or site etc., and 

use these with tree-level inventory data, much more common is to use BFs that are developed to estimate stand 

biomass from other stand characteristics. However, the importance of using tree-level factors is increasing, and new 

studies will most probably favor the development of tree level factors or equations. 

 

It is important to note that, at tree-level, BFs are developed using sample trees, from which generalized curves are 

constructed (Wirth et al. 2003). At the stand level, either tree-level biomass measurements or biomass equations can 

be used to estimate biomass (i.e. m1). In both cases, however, the development of biomass factors that can be 

applied for estimation of biomass at larger scale involves two samplings, i.e. sampling of stands and sampling of 

trees within the selected stands. Thus, the uncertainty of using the developed factors will include both the 

uncertainty of tree-level estimation of biomass and that resulting from the sampling of stand from target population. 

 

3.7 Biomass factors suggested by the Good Practice Guidance of IPCC (2003) 
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The good practice guidance prepared by IPCC (2003) the use of two types of biomass factors, referred to in IPCC 

(2003) as biomass expansion factors. Equation 3.2.3 on page 3.24 in the guidance of IPCC (2003) use the following 

definitions for biomass factors: 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

 

BEF2 = biomass expansion factor for conversion of merchantable volume to aboveground tree biomass, 

dimensionless. 

 

Thus, Equation 3.2.3 of the IPCC (2003) requires, in addition to BEF2, basic wood density, D, to convert 

merchantable volume (V, m3) to aboveground tree biomass (B, ton dry matter): 

 
B = V • BEF2 • D Eq. (9) 

 

To estimate total, i.e. above and below-ground biomass, B must further be multiplied by (1+R) where R is the root-

shoot ratio, dimensionless. 

 

Equations 3.2.7 and 3.2.8 on page 3.27 use the same definition of BEF2 to estimate annual loss of biomass due to 

commercial fellings and annual loss of biomass due to fuelwood gathering, respectively. 

 

Equation 3.2.5 on page 3.26 in the guidance (IPCC 2003) includes the following factor: 

BEF1 = biomass expansion factor for conversion of annual net increment (including bark) to aboveground tree 

biomass increment, dimensionless. 

 

Here again, the available volume data (“average annual net increment in volume suitable for industrial processing”, 

Iv) is converted to “average annual aboveground biomass increment in tonnes dry matter ha-1 yr-1” (Gw) using both 

BEF1 and D: 

 
GW = IV • D • BEF1 Eq. (9) 
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The IPCC 2003) provides tables of default values for BEF1 and BEF2 (Table Table 3A.1.10), D (Table 3A.1.9-2 and 

Table 3A.1.9-2) and R (Table 3A.1.8). However, GPG for LULUCF always suggests that locally derived BEFs (e.g., 

Haripriya 2000) should preferably be used if available, which always leads to a more accurate biomass assessment. 

 

4. Biomass equations 

 

Biomass equations (BE) relate the biomass of sampled trees to dimensions that are easy to measure for a large 

number of trees such as diameter at breast height (D) and tree height (H). There are comprehensive collections of 

biomass equation for conditions corresponding to those in North America (Tritton & Hornbeck 1982; Ter-Mikaelian 

& Korzukhin 1997; Jenkins et al. 2004), in Australia (Eamus et al. 2000; Keith et al. 2000) and in Europe (Zianis et 

al. 2004). Generic biomass equations for Norway Spruce were developed by Wirth, Schulze et al. (2004), and for 

some other species by Muukkonen (2005). Databases of biomass equations are also available on the web: 

http://www.metla.fi/hanke/3306/tietokanta.htm for Europe and 13 

http://www.fs.fed.us/ne/global/pubs/books/dia_biomass/index.shtml for North-America. 14 
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The most common mathematical model for biomass equation takes the form of the power function  

 
1

0
ββ xyi ⋅=  Eq. (10) 

 

 or its simple linear form  

 

10i logxylog β⋅+β=  Eq. (11) 
 

where  

β0 and β1 are the scaling coefficients,  

y is the biomass of tree component i and  

x the explanatory variable (Zianis & Mencuccini 2004).  

 

The logarithm is either the natural or the 10-base transformation of the component. In most cases variability of y is 

largely explained by the variability of the diameter at breast height (D), the tree height (H) or their combinations 

 13



(Zianis et al 2004). Values of β0 and β1 are reported to vary with species, stand age, site quality, climate, and 

stocking of stands. 
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In corresponding to the most common type of the biomass equation, the model form developed by Marklund (1987, 

1988) might in some cases give more reliable biomass estimates than the most used power function (Muukkonen 

2005): 

 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
β+

⋅β+β=
2

10i x
xylog , 

 
Eq. (12)   

 

 

where the x is the explanatory variable, and the logarithm is the natural transformation of the biomass component.   

 

The majority of the published biomass equations are developed using trees sampled from specific study sites or from 

sites that represent a small region only. Reliable biomass equations to be used on large spatial scale exist only for 

Scandinavia and have been developed by Marklund (1987, 1988). The definition of size classes of roots and braches 

as well as lower and the upper diameter threshold values may have varied among studies where biomass equations 

are developed. Thus, it might result in biased biomass estimates if site-specific biomass equations are used with 

forest inventory data at large spatial scales where several age classes and structural types of stands coexist (Pastor et 

al. 1983/1984; Jenkins et al. 2003; Wirth 2003).  Unless an equation was developed exclusively for the species and 

study region of interest, and in conditions typical of the study sites, it is difficult to know which of several 

potentially applicable equations to choose. Compiled databases on biomass equations can help in comparisions and 

evaluations of potential equations that might be applicable in large scale inventories. And thereafter these biomass 

equations can be used for approximation of biomass in a area, where biomass studies of that particular species do 

not exist.  

 

Most of the reported biomass equations lack information on the error estimates of the empirical parameters. 

According to Keith et al. (2000), the main sources of error in implementing allometric biomass equations could 
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occur at the tree-scale and when biomass estimates are extrapolated from plot to regional scale. It should be noticed 

that, when a logarithmic or any other transformation is applied to the raw data, biomass predictions are biased 

(Baskerville 1972; Sprugel 1983). Mathematical formulae for correcting bias provide accurate estimates even 

though assumptions about the distribution of statistical errors must be made (Zianis et al. 2004). Thus, prior to use of 

the biomass equations for biomass predictions at the stand, regional or continental scales one should evaluate the 

status of data deficiencies and the possible methodological inconsistencies to avoid biased biomass estimates. 

 

5. Uncertainty of biomass factors and equations 

 

Biomass factors and equations are widely applied when countries are reporting their carbon stocks and stock 

changes, but very little is known about the uncertainty involved. Jenkins et al. (2003) listed several sources of errors 

that are involved when biomass equations are applied to national scale. Similar errors can increase the uncertainty of 

biomass estimates when using biomass factors. In addition to sampling, measurement and data processing, which 

may introduce random errors, as well as measurement bias, further bias may be caused, inter alia, by the following: 

• Factors or equations developed for one site may not apply to another one. 

• Factors or equations developed for one species (or species group) may not apply to another one.  

• Sample trees and wood density samples may not be representative of the target population with respect to 

size range or other characteristics of sample trees that result from stand history and management. 

• Form of mathematical formula in case of biomass equations. 

• The multiplication of several biomass factors (e.g. wood density and expansion factor) instead of the use of 

combined factor. 

 

Recent work by Levy et al. (2004) makes an exception compared to previous studies, as the minimum, maximum, 

mean, median and standard deviation of BEFs and root-shoot ratios for conifers in UK were reported based on felled 

trees. This information could be utilised when the uncertainty of carbon stocks in the UK are studied. Relative 

standard error of average BFs by Levy et al. (2004) varied between 4% and 15% from the mean depending on tree 

species.  
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According to an extensive biomass measurements done in Catalonia, Spain, relative standard error of aboveground 

BEFs varied between 5% and 17% for Mediterranean tree species. Relative standard errors for aboveground BF 

were less than 13% with most species, while it was up to 17% with species that had rather small sample (Sabate et al. 

submitted). 

 

A study by Lehtonen et al. (2004) had a different approach for uncertainty estimation for BFs. Here, biomass 

equations by Marklund (1988) were applied for tree-level NFI data of Finland, and the relative standard error was 

assessed by combining model errors and sampling error of NFI by age-classes. The relative standard error of BEFs 

in this study varied from 20% to 2%, being in general less than 5% depending on tree species and age-class. In this 

study it was assumed that biomass equations by Marklund (1988) developed in Sweden are representative for 

Finland.   

 

The common feature of extensive biomass measurements data sets, like those for UK (Levy et al. 2004), for Finland 

(Hakkila 1991) and for Sweden (Marklund 1988), is that these were not originally designed to fulfill needs of 

national greenhouse gas reporting. Therefore, the representativeness and sampling methods of these studies can be 

questioned. Anyhow, systematic errors of the factors that are developed for biomass estimation are difficult to 

quantify, because it requires an independent set of data of biomass measurements to be compared against BFs. In a 

study by Lehtonen (2005) systematic errors of BFs for foliage by Lehtonen et al. (2004) were assessed, and the 

biomass equations by Marklund (1988) and Hakkila (1991) were tested against independent biomass data from 

Southern Finland, totaling ca. 400 felled conifers. It was found out that systematic errors for foliage biomass varied 

from -40% to +20%. However, foliage biomass is the most difficult aboveground biomass pool to be estimated and 

therefore systematic errors are likely to be lower for the total aboveground biomass.  

 

These error estimates are needed when countries report their greenhouse gas emissions and sinks according to GPG 

LULUCF (IPCC 2003). The uncertainty of tree biomass will also be utilised when estimating the overall uncertainty 

of forest carbon budget, including soil carbon stock, like presented by Monni et al. (2004). However, as Phillips et al. 

(2000) note it may be practically impossible to quantify all sources of errors of applying biomass factors or biomass 

equations applications at regional or national levels. 
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6. Guidance on the selection and application of appropriate biomass factors and equations 

 

In the estimation of forest biomass over large areas by appropriate factors applicable for biomass estimation or by 

representative biomass equations methodological options should be carefully evaluated and understood in order to 

avoid obtaining biased estimates. Figures 4-6 are designed to guide any practitioner to select and apply proper 

methods for biomass estimation at regional or national scale. Figure 4 suggests to check if available forest inventory 

data and BF/BE inputs are both at the same level, i.e. tree or stand, and to use as much tree level information as 

possible. Figure 5 suggests that it is necessary to check species and fitting for ecoregion. Finally, Figure 6 should 

be used to check the representativeness of stand structure. Note that optimal cases are marked by thick lines in the 

figures. 

 

<< insert Figure 4 here >> 

 

<< insert Figure 5 here >> 

 

<< insert Figure 6 here >> 

 

 

When selecting factors or equations to be used in estimation of biomass, the user should stay at tree level if data are 

available for this resolution, and use biomass equations in the first place. If they are not available or not 

representative, developing local factors or equations should be considered. Studies on below ground biomass are 

especially rare, and investigating root-to-shoot ratios and their dependence on stand and site characteristics would be 

needed. In the case that local data are not available, information from databases should be used to approximate local 

conditions. If representative information cannot be found default values (IPCC 2003) should be applied.  Also, care 

should be taken to define the proxy values as a basis of the estimation and the biomass that is to be estimated (i.e. 

what fractions and/or merchantable limits they contain). 
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It must be noted that, in forest carbon inventories, biomass factors and equations may be used with different proxy 

values like volume increment and harvested volume. The definition of these proxy values may differ, and the forest 

carbon inventory only gives unbiased estimates if the biomass factors and equations are applied consistently, taking 

into account these possible differences in definitions. 

 

Finally, the reporting of complete information on the definition, development and use of biomass factors and 

equations is needed both in scientific publications, as well as any national inventory reports or national 

communications. At least the following information is needed when reporting on any factor or equation that is used 

in biomass estimation: 

• Tree species and origin (seed, coppice) for which the factors or equations are applied, and for which the 

factors or equations were developed; 

• Compartments that are included in the definition of biomass, and, in case of BFs, the compartments that are 

included in the proxy variable; 

• How sampling was applied for the development of BF or BE: number of trees, range of sites covered, range 

of tree sizes, range of ages of sample trees, main stand characteristics, management type and disturbance 

history of sample stands; 

• Any information on uncertainty of the factor or equation. 

 

For BFs, the following additional information is needed:  

• How is biomass estimated: with destructive measurements, or by using BEs; 

• If the biomass factor is stand level or tree level; 

• In case of stand level BF, how sampling was made with respect to represent stand information: as in the 

previous bullet list. 
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Error! Not a valid link. 

Figure 1. Various ways to estimate total biomass from merchantable volume. “E” stands for expansion, “C” for 

conversion. “Stem” refers to the frequently used definition, when all parts of the stem are included, but all branches 

and leaves are excluded. The examples do not cover all possible combinations of including various tree parts as 

listed in the text above. 
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Figure 2: Example of species-specific volume expansion factors for estimating stem volume (STEM) from 

merchantable volume (VM) as defined in the Czech Republic (derived from Parez et al. 1990). These expansion 

factors are size-dependent (DBH – diameter at the breast height). 
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Figure 3. Various tree-level BF values for Black locust (Robinia pseudoacacia L.) in Hungary over dbh. V is for 

volume and B is for biomass, while “5” in the terms means 5 cm of threshold (top) diameter, “stem” means stem, 

and “tot” means total. Note that the continuous line represents an example for an expansion factor, while the dashed 

and dotted lines represent conversion or combined conversion and expansion factors. 
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Figure 5. Decision tree to help selecting appropriate factors or equations II. Checking for species and ecoregion 

(applicable for both tree and stand level). 
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Figure 6. Decision tree to help selecting appropriate factors or equations III. Checking for representativeness of 

stands used for developing BFs/BEs (applicable for both tree and stand level). 
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Abstract – Differences and uncertainties of alternative methods applicable to estimation of biomass in national greenhouse gas inventories are
evaluated. The alternative methods employed to obtain biomass estimates of trees are (1) aggregated stand-level volume estimates multiplied
by biomass expansion factors (BEF), and (2) biomass equations applied to tree-wise data of a national forest inventory. In comparison to the
reference value obtained using tree-wise biomass equations, the age-dependent BEFs for the whole of Sweden resulted in a 6.7% lower
aboveground biomass estimate. The estimates were the closest for conifer-dominated forests in central Sweden, and the largest discrepancies
were for spruce in southern Sweden. This result indicates that these age-dependent BEFs cannot be applied to conditions where stand
development deviates from the conditions under which the BEFs were developed. The degree of uncertainty in both methods was highest in the
young age-classes. At the regional level, the relative standard errors of the BEF-based biomass estimates were in the range of 4–13%.

biomass function / carbon stock of trees / forest inventory / greenhouse gas inventory / uncertainty

Résumé – Estimation de la biomasse sur pied en Suède : comparaison des équations de biomasses avec les facteurs d’expansion de la
biomasse (BEF) liés à l’âge. Nous avons évalué les différences et les incertitudes des méthodes alternatives d’estimation utilisable dans les
inventaires nationaux de GES. Ces méthodes sont (1) la multiplication des estimations du volume au niveau des peuplements avec les facteurs
d’expansion de la biomasse (BEF) et (2) l’application des équations de biomasses sur les données par arbres de l’IFN. La méthode des BEF a
donné, pour la forêt suédoise, une estimation de la biomasse inférieure de 6,7 % par rapport à la méthode de référence (2). Les différences entre
estimations étaient minimales dans les forêts de conifères du centre du pays et maximales dans les forêts d’épicéas du sud. Cela indiquerait que
les BEF liés à l’âge ne sont pas applicables dans des conditions s’éloignant du développement des peuplements boréaux. Le degré d’incertitude
était le plus élevé pour les classes d’âge jeunes. Au niveau régional, l’erreur relative standard des estimations se basant sur les BEF se situait
entre 4 et 13 %.

équation de biomasses / stock de carbone sur pied / inventaire forestier / inventaire des gaz à effet de serre / degré d’incertitude

1. INTRODUCTION

Estimation of the biomass and carbon stock of trees has
gained importance as a result of the Climate Convention and
the Kyoto Protocol. Extraction and storage of excess carbon
from the atmosphere into the forests is being considered as one
of the mechanisms for mitigation of climate change. Currently,
the methods used for calculating the biomass and carbon stock
of trees are imprecise and, in general, they lack estimation of
the degree of uncertainty as suggested by the Intergovernmen-
tal Panel on Climate Change (IPCC) good practice guidance
[5]. Information on the major uncertainties involved in the cal-
culations of forest carbon sinks is needed in the negotiations
of the Climate Convention. Furthermore, analysis of the
sources of error and identification of the key sources as well as
quantification of the overall level of uncertainty of forest car-

bon inventories will aid in prioritizing efforts to develop the
inventories.

In general, estimates of forest carbon stock and stock
changes are obtained by calculations based of growing stock
and net increment with the aid of simple conversion factors [7,
8, 12, 19, 20]. Quantitative uncertainty estimates (in terms of
relative standard error [RSE]) of the volume of growing stock
are provided by the national forest inventories (NFIs), and the
sampling errors reported are known to be less than 1% in several
European countries [10]. In addition to this sampling error, cal-
culation of the biomass stock of trees by applying volume equa-
tions and BEFs introduces additional sources of error to the
overall uncertainty of biomass estimates. In general, model
errors involved in the forest inventories are not accounted for
and quantitative uncertainties of the applied conversion and

* Corresponding author: Raisa.Makipaa@metla.fi
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expansion factors are not known or are assumed to be large [5].
Conversion from stem volumes into whole-tree biomass is one
of the notable sources of error in forest carbon inventories [17].
Since most of the currently applied BEFs are not based on
regionally representative biomass sampling, they are likely to
give biased biomass estimates as a result. 

Attempts have already been made to quantify and reduce the
uncertainties involved in BEFs by developing uncertainty esti-
mation and by taking into account the variation in the allometry
of trees. Since allometry varies according to size of the trees,
the variation in the BEFs can be related to dimensions of single
trees, or stand-level parameters such as dimensions of the
median tree of a stand, merchantable stem volume or stand age
[2, 6, 11, 18]. These BEFs should result in more accurate bio-
mass estimates than constant BEFs, since they account for var-
iation in the allometry of trees according to stand development.
Moreover, age-dependent BEFs are able to take into account
changes in the age-class distributions of growing stock. The
effect of average forest age structure on productivity at the
national level was also studied by Milne and Van Oijen (this
volume). Regional biomass estimates can also be calculated by
applying biomass equations [13, 14, 22] when treewise data of
forest inventories are available. This approach should provide
accurate estimates of the biomass of trees as far as the biomass
equations are based on regionally representative sampling.

A high degree of inconsistency in carbon stock inventories
both in methods and in applied conversion factors across coun-
tries is often observed, e.g. [12, 20]. According to the IPCC
good practice guidance, use of simple conversion factors is rec-
ommended for Tier 1 inventories (Tier 1 indicates the lowest
level of reliability and data needs of inventory) [5]. In the higher
tiers, more specific BEFs and allometric equations should be
used. However, differences in biomass and carbon estimates
and their uncertainties resulting from the use of different meth-
ods are very rarely evaluated, with few exceptions like Van
Camp et al. [21].

In the present study, we evaluated differences in the biomass
estimates and their uncertainties resulting from the use of var-
ious methods applied to forest biomass and carbon stock assess-
ments at the regional and national levels. The objective was to
compare three methods applicable for estimating regional and
national biomass stocks of trees. Biomass stock was calculated
(1) with the aid of currently applied constant biomass expan-
sion factors (BEFs), (2) by applying age-dependent BEFs
developed for boreal forests in Finland [11] and (3) with bio-
mass equations [14] applied directly to treewise data of Swed-
ish NFI sample plots. The first two methods convert the stem
volume estimates to biomass, and the third method is based on
the aggregation of tree biomasses that are estimated from the
tree-wise dimensions measured in the NFI sample plots. 

2. MATERIALS AND METHODS

2.1. Data from the Swedish National Forest Inventory

Data from the Swedish NFI (1997–2001), with the Swedish defi-
nition for forest land, were used in the calculations of this study [16].
The data were divided between four regions: Norra Norrland, Södra
Norrland, Svealand and Götaland (Fig. 1). The climatic conditions as
well as the average stem volume and species composition of forests

vary between these regions. Within each region, the sample plots were
further classified into pine-, spruce- or birch-dominated and mixed for-
ests. A stand dominated by a species is defined as one in which pine,
spruce or birch constitutes at least 70% of the basal area. Pine-domi-
nated forests with small volumes are characteristically found in the
north, whereas in the south stands are spruce-dominated and have high
stem volumes. Mixed forests, which formed about one third of the
sample plots, were not included in the calculations, since the division
of volume between tree species within plots could not be taken into
account in the calculations.

The Swedish NFI is organized as a systematic sample of temporary
and permanent sample plots that annually covers the entire country
[16]. In this design, an area-based ratio estimator is used to obtain the
sampling error of the estimates. For this, special weights are used to
combine sampling errors of estimates based on mean data from more
than one year of inventory and to combine sampling errors from tem-
porary and permanent sample plots. 

2.2. Application of biomass and volume equations

The biomass for the tree fractions (stem wood, stem bark, branches
and needles) was estimated by applying biomass equations [14] to the
measured dimension (DBH) of sampled trees of the Swedish NFI [16].
Separate biomass functions were used for the tree species Scots pine
(Pinus sylvestris), Norway spruce (Picea abies) and birch (Betula pen-
dula and B. pubescens). These species constitute more than 90% of

Figure1. Location of the four study regions in Sweden, and the divi-
sion of the studied sample plots into pine-, spruce- and birch-domi-
nated and mixed forests. 
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the standing stock [1]. The biomass equations for birch were applied
to the remaining broad-leaved species such as aspen and alder. Only
tree species and diameter at breast height (DBH) were used as inde-
pendent variables in the biomass equations. To estimate the volume
of the growing stock that was used in the calculation with BEFs, Näs-
lund’s volume equations [15] were applied to the treewise data of the
NFI.

2.3. Application of constant BEFs

The BEFs were used to calculate the total aboveground biomass of
trees based on the stem volume estimates (Eq. (1)), 

W = BEF × V, (1)

where W is the aboveground tree biomass (dry weight, Mg), BEF the
biomass expansion factor Mg m–3 and V the stem volume (m3). Con-
stant BEFs of 0.52 for Scots pine, 0.62 for Norway spruce and 0.64
for broad-leaved stands were applied in this study. These BEFs for
aboveground biomass were derived from the National Inventory
Report of Sweden [3]. Thus, they are consistent with the latest green-
house gas reporting from Sweden, but they refer only to aboveground
biomass.

2.4. Application of age-dependent BEFs

The tree species-specific age-dependent BEFs used in this study are
based on those of Lehtonen et al. [11], where the BEF B(t) is defined
as follows, 

, (2)

B(t) being the BEF for the aboveground biomass (Mg m–3) and t the
stand age (years), while a and b are parameters (Eq. (2), Tab. I). These
age-dependent BEFs (Fig. 2) were used to convert growing stock to
the aboveground biomass of trees according to Eq. (1), but now by age-
classes. The stand age-classes used were 11–20, 21–30, 31–40, 41–
60, 61–80, 81–100, 101–120, 121–140 and over 141 years.

2.5. Different approaches to estimate biomass

The aboveground biomass of trees was calculated in three different
ways. In one, the biomass equations [14] were directly applied to tree-
wise data of the NFI sample plots. In another, the stem volume equa-
tions were used to calculate the volume of the growing stock in the
NFI sample plots, and the volume of the growing stock was converted
to biomass estimates with the constant BEFs. In third method, the stem
volumes were estimated as in the second method and the volume esti-
mates were then converted to biomass by multiplying with the BEFs
of the respective age-classes.

2.6. Uncertainty for biomass estimates of standing 
stock

First, we evaluated the reliability of the biomass estimates in terms
of differences between the estimates obtained with alternative meth-
ods. The biomass estimates calculated with Marklund’s allometric
equations are considered to be the most realistic reference values for
the biomass of trees in Sweden. In the present study, we showed the
differences between the BEF-based estimates and the biomass esti-
mate calculated with Marklund’s equations according to age-classes
and regions. 

Second, we evaluated the differences between methods in terms of
the relative standard errors (RSE) of the biomass estimates. Since the
biomass equations were directly applied to treewise data of the NFI
sample plots, the components of the errors accounted for are the sam-
pling and biomass model errors (assumed to be small). In the BEF-
based method, the sampling error in the volume estimate and error of
the BEFs are accounted for. Here, the sampling error for the stem vol-
ume of permanent sample plots by age-classes was combined with the
error of the BEFs [11] to obtain the RSE of the tree biomass stock in
a given age-class (Eq. (3)),

, (3)

where rstock,i is the relative standard error of the biomass stock in age-
class i, rV,i the relative standard error of the estimate for total stem vol-
ume in age-class i, and rbef,i is relative standard error of the BEF in
age-class i.

Thereafter, the relative standard error of the overall biomass esti-
mate of trees was calculated as 

,

(4)

where rtot is relative standard error of the total biomass (sum of all age-
classes), Wi the biomass stock in age-class i and rstock,i is the relative
standard error of the biomass stock in age-class i. These error propa-
gation equations are applicable to estimation of the overall uncertainty
of a product of several quantities (Eq. (1)) and the overall uncertainty
of the summed quantities (Eq. (2)) [5].

Table I. Parameter values for Eq. (2) according to study by Lehtonen
et al. [11]. These BEF equations are used for Scots pine, Norway
spruce and broad-leaved (for birch) stands to convert stem volume
estimates to total aboveground biomass. BEF is Mg m–3 and the
independent variable stand age (t) is in years. 

Parameter a Standard
error

b Standard
error

Mean 
of response

Scots pine 0.5436 0.0012 0.0193 0.0019 0.5548

Norway spruce 0.5734 0.0049 0.1272 0.0092 0.6358

Broad-leaved 0.5616 0.0041 –0.0179 0.0056 0.5490

100)(
t

ebatB
−

×+=

Figure 2. Age-dependent BEFs for Scots pine, Norway spruce and
birch [11]. The estimates are calculated for the mean of the respective
age-class, i.e. mean is 15, 25, 35, 50, 70, 90, 110, 130 or 150 years. 
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3. RESULTS

3.1. Biomass comparisons

At the national level, the highest estimate for the total
aboveground biomass of trees was based on the treewise NFI
data and biomass equations, totalling 1195.6 million Mg
(Tab. II). The age-dependent BEFs gave the smallest estimate
for the total biomass, being 1115.0 million Mg (6.7% smaller),
whereas the constant BEFs resulted in a biomass estimate of
1134.1 million Mg.

The biomass estimates based on Marklund’s equations [14]
were an average of 4–30% higher than the estimates calculated
with age-dependent BEFs (Tab. II and Fig. 3). For pine, the dif-
ferences in the estimates obtained with the various methods
were generally smaller than for the other tree species (Fig. 4).
The most divergent estimates for biomass were obtained for
spruce in the Svealand and Götaland regions. In Svealand, the
use of BEFs for Norway spruce in young stands resulted in
lower, and in mature stands, higher biomass estimates than did
use of the biomass equations. In Götaland, BEFs resulted in bio-
mass estimate of Norway spruce 30% higher than that obtained
with the Marklund’s biomass equations. In comparison to
Marklund’s estimates, the BEF-based biomass estimate for
birch was lower, in the northern part of Sweden, while in the
southern part the BEF-based biomass estimate for spruce was
higher.

Table II. Differences in biomass and relative standard error (RSE) estimates of the growing stock according to dominant tree species in four
different regions of Sweden. Calculations based on Marklund’s biomass equations, nonage-dependent Swedish biomass expansion factors
(BEF) and age-dependent BEFs. 

Region Stand type RSE for
biomass estimates

Biomass estimate of trees Difference between biomass estimates (Marklund 
– BEF)

Marklund Age-dep.
BEF

Marklund Nonage- dep. 
BEF

Age-dep.
BEF

Marklund –
Nonage-dep. BEF

Marklund –
Age-dep. BEF

% % Mill. t Mill. t Mill. t Mill. t % Mill. t %

N Norrland Pine 3.0 4.4 157.7 139.9 146.4 17.9 11.3 11.3 7.7
Spruce 6.5 6.7 85.8 75.1 75.3 10.7 12.4 10.5 14.0

Birch 8.3 11.0 13.9 12.6 10.7 1.3 9.5 3.2 29.5

Mixed (102.6)

S Norrland Pine 3.4 4.7 121.3 111.5 117.1 9.8 8.1 4.3 3.6

Spruce 3.5 5.2 177.4 169.2 133.3 8.2 4.6 44.1 3.7

Birch 10.2 12.9 8.2 7.6 6.5 0.6 7.5 1.7 26.4

Mixed (125.2)

Svealand Pine 2.7 4.2 141.9 129.5 120.6 12.4 8.8 21.3 4.6

Spruce 2.9 4.4 145.0 146.7 152.6 –1.7 –1.2 –7.6 –3.9

Birch 8.4 11.2 8.7 9.3 7.9 –0.6 –6.8 0.8 11.5

Mixed (136.3)

Götaland Pine 2.9 4.4 102.8 91.8 96.3 11.0 10.7 6.6 6.4

Spruce 2.3 4.2 219.3 226.7 236.3 –7.4 –3.4 –17.0 –7.2

Birch 6.4 9.2 13.4 14.1 11.9 –0.7 –4.7 1.5 13.5

Mixed (162.5)

Sweden all * 1195.6 1134.1 1115.0 61.6 5.1 80.7 6.7

* Excluding mixed stands.

Figure 3. Total stem volume (m3 ha–1) and aboveground biomass
(Mg ha–1) of (a) Scots pine and (b) Norway spruce according to stand
age in Södra Norrland estimated with Marklund’s allometric equa-
tions [14] and age-dependent biomass expansion factors [11]. 
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In absolute terms, the differences between biomass esti-
mates appeared to peak in the intermediate forest age-classes,
whereas in the youngest and oldest age-classes the estimates by
the various methods agreed well (Fig. 4). However, as illus-
trated by an example for spruce, the differences in relative terms
between the estimates obtained with various methods were also
large among the youngest age-classes (Fig. 5).

3.2. Error comparisons

The errors associated with the biomass calculations at the
tree level were compared with the errors produced by the cal-
culations based on stand-level volume estimates and age-
dependent BEFs. In general, the relative standard errors (RSEs)
for the BEF-based estimates were slightly larger than those
based on Marklund’s models, as shown in Södra Norrland
(Fig. 6). The RSEs for all estimates ranged mostly from 10%
to 20%.

For both of the evaluated methods, the biomass estimates of
the intermediate age-classes of forests were more accurate than
those of the youngest and oldest age-classes. Of the tree species,
the errors were smallest for pine and largest for birch. For birch,
the dependency of precision on stand age was the most pro-
nounced and the largest error was found in the oldest age-
classes, in contrast to spruce for which the errors were in the

youngest age-classes. The errors for pine were not age-depend-
ent. To summarize, the errors did not differ greatly among
regions, but did among tree species.

Figure 4. Difference between biomass estimates in the various age classes calculated with Marklund’s equations, and those based on age-depen-
dent BEFs in four regions in Sweden.

Figure 5. Relative difference in biomass estimates for spruce in the
various regions, Marklund’s estimate minus BEF-based estimate (%
of Marklund’s estimate). 
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4. DISCUSSION

Regional and national biomass estimates have been and,
according to IPCC good practice guidance, will continue to be
calculated based on volume estimates with the aid of biomass
expansion factors (BEFs) [5, 12]. However, the errors in
national carbon assessment introduced by the applied BEFs

may be large and unknown. Thus, the overall uncertainties
resulting from the various calculation methods applicable to
national assessment of the carbon stock of trees may differ con-
siderably between countries. Our results show that the above-
ground biomass stock of trees in Sweden estimated with the aid
of the currently applied constant tree species-specific BEFs was
5% lower than the estimate obtained by applying Marklund’s
biomass equations directly to treewise data of the NFI. Thus,
the currently applied constant BEFs resulted in relatively con-
sistent biomass estimates with the other more detailed methods
tested in this study. The BEFs previously applied in inventories
performed in Sweden have, however, varied considerably from
year to year [3, 4, 12, 20], with some resulting in biomass esti-
mates as much as 20% higher than those obtained with the more
detailed methods used here. 

In general, the age-dependent BEFs [11] and use of biomass
equations [14] resulted in relatively close biomass estimates.
At the national level the positive and negative differences were
balanced, and the overall difference in aboveground biomass
between treewise estimates and age-dependent BEFs was sur-
prisingly low, only 6.7% (excluding mixed stands).

The differences between biomass estimated with the age-
dependent BEFs and biomass equations were largest for Nor-
way spruce stands in southern Sweden, where age-dependent
BEFs of 60-100-year-old Norway spruce stands resulted in bio-
mass estimates 30% higher than were obtained with the bio-
mass equations. This indicates that these age-dependent BEFs
cannot be applied to conditions under which stand development
deviates from that encountered in the boreal forests of Finland.
Under the more favourable conditions found in southern Swe-
den, the mean stem volumes of each age-class are evidently
higher than those found under boreal conditions. Furthermore,
the stem volumes of older Norway spruce stands in southern
Sweden, which can exceed an average of 250 m3 ha–1, fall out-
side the range of data used in formulation of these BEFs [11].

In Sweden, as well as in the other European countries, con-
stant BEFs without quantitative uncertainty estimates have
been applied in the reporting of carbon stock of trees to the
UNFCCC [12]. Consequently, the overall error occurring with
use of these constant BEFs cannot be assessed. The age-
dependent BEFs applied here were based on regionally repre-
sentative sampling, account for variation in stand-level bio-
mass allocation according to stand development and included
error estimates [11]. The error estimates of the age-dependent
BEFs applied in this study included both model and sampling
errors, resulting in RSEs of the biomass estimate in the range
of 4–13% at the regional level, depending on tree species. The
errors in biomass estimates obtained with allometric equations
ranged from 2% to 10%, and only sampling errors were
accounted for. 

Both of the applied methods resulted in the highest degree
of uncertainty of the biomass estimate in the young age-classes.
The uncertainty of the biomass estimate calculated with the
age-dependent BEFs was highest in the youngest age-classes
due to the high degree of uncertainty of the BEFs in young
stands. Since the age-dependent BEFs [11] were formulated
based on the volume equations [9] and biomass equations [14],
the model errors of both equations were included in the error
of BEF.

Figure 6. Estimated relative standard errors (RSEs) of the biomass
estimates by dominant tree species in Södra Norrland. M = error of
the biomass estimate calculated with the Marklund’s biomass equa-
tions (sampling error only accounted for) and BEF = error estimate
including sampling error of the volume estimate and error of the BEF. 
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The uncertainties of the biomass estimates were, in general,
highest for birch stands, intermediate for Norway spruce and
lowest for Scots pine. The uncertainty in the biomass estimates
of birch was high, since the number of birch stands was low in
both the material used for formulation of the BEFs, and in the
Swedish data on which the BEFs were applied, especially in the
north.

The IPCC good practice guidance [5] recommends the use
of BEFs and provides default values of BEFs for use in the Tier
1 method. Our results indicate that the applicability of the avail-
able BEFs needs to be carefully evaluated, especially for the
possible presence of bias, before they can be used in the national
inventories. Furthermore, it is evident that the time series of the
inventory, i.e. the biomass estimates of the earlier inventories,
needs to be recalculated when the BEFs are updated.

Acknowledgements: The study was funded by the Finnish Forest
Research Institute, the Swedish University of Agriculture and Forestry
and the CarboInvent consortium (project number EVK2-2001-00287)
of the European Commission under the 5th Framework Programme. 

REFERENCES

[1] Anonymous, Forestry statistics 2002, Official Statistics of Sweden,
Swedish University of Agricultural Sciences, Umeå, 2002, pp. 1–
107.

[2] Brown S., Measuring carbon in forests: current status and future
challenges, Environ. Pollut. 116 (2002) 363–372.

[3] Feldhusen K., Hammarskjöld G., Mjureke D., Pettersson S.,
Sandberg T., Staaf H., Svensson U., Österberg K., Sweden’s Natio-
nal Inventory Report 2004, Submitted under the United Nations
Framework Convention on Climate Change, Swedish Environmen-
tal Protection Agency, 2004.

[4] Fink S., Feldhusen K., Hammarskjöld G., Pettersson S., Staaf H.,
Österberg K., Adolfsson R., Ivarsson A., Lidén M., Petersson H.,
Sweden’s National Inventory Report 2003, Submitted under the
United Nations Convention on Climate Change, Swedish Environ-
mental Protection Agency, 2003.

[5] IPCC, Good practice guidance for land use, land-use change and
forestry, IPCC National Greenhouse Gas Inventories Programme,
2004.

[6] Jenkins J.C., Chojnacky D.C., Heath L.S., Birdsey R., National-
scale biomass estimators for United States tree species, For. Sci. 49
(2003) 12–35.

[7] Kauppi P.E., Mielikäinen K., Kuusela K., Biomass and carbon bud-
get of European forests, 1971 to 1990, Science 256 (1992) 70–74.

[8] Kauppi P.E., Tomppo E., Ferm A., C and N storage in living trees
within Finland since 1950s, Plant Soil 168–169 (1995) 633–638.

[9] Laasasenaho J., Taper curve and volume functions for pine, spruce
and birch, Commun. Inst. For. Fenn. 108 (1982) 1–74.

[10] Laitat E., Karjalainen T., Loustau D., Lindner M., Towards an inte-
grated scientific approach for carbon accounting in forestry, Bio-
technol. Agron. Soc. Environ. 4 (2000) 241–251.

[11] Lehtonen A., Mäkipää R., Heikkinen J., Sievänen R., Liski J., Bio-
mass expansion factors (BEF) for Scots pine, Norway spruce and
birch according to stand age for boreal forests, For. Ecol. Manage.
188 (2004) 211–224.

[12] Löwe H., Seufert G., Raes F., Comparison of methods used within
member states for estimating CO2 emissions and sinks according to
UNFCCC and EU monitoring mechanism: forest and other wooded
land, Biotechnol. Agron. Soc. Environ. 4 (2000) 315–319.

[13] Marklund L.G., Biomass functions for Norway spruce (Picea abies
(L.) Karst.) in Sweden, Swedish University of Agricultural Scien-
ces, Dept. of Forest Survey, 1987, pp. 1–127.

[14] Marklund L.G., Biomassafunktioner för tall, gran och björk i Sve-
rige, Sveriges lantbruksuniversitet, Rapporter-Skog 45 (1988) 1–
73.

[15] Näslund M., Funktioner och tabeller för kubering av stående träd.
Tall, gran och björk i södra Sverige samt i hela landet., Meddelande
från Statens Skogsförsöksanstalt 36 (1947) 1–81.

[16] Ranneby B., Cruse T., Hägglund B., Jonasson H., Swärd J., Design
a new national forest survey for Sweden, Stud. For. Suec. 177
(1987) 1–29.

[17] Schoene D., Assessing and reporting forest carbon stock changes
for FRA, UNFCCC and Kyoto Protocol: a concerted effort? in:
Luhtala A., Varjo J. (Eds.), Proceedings of FAO expert consultation
on global forest resource assessment 2002, Metsäntutkimuslaitok-
sen tiedonantoja, 2002, pp. 290–297.

[18] Schroeder P., Brown S., Mo J., Birdsey R., Cieszewski C., Biomass
estimation for temperate broadleaf forests of the United States
using inventory data, For. Sci. 43 (1997) 424–434.

[19] Tomppo E., National forest inventory in Finland and its role in esti-
mating the carbon balance of forests, Biotechnol. Agron. Soc. Envi-
ron. 4 (2000) 241–320.

[20] UN-ECE/FAO, Forest Resources of Europe, CIS, North America,
Australia, Japan and New Zealand (industrialized temperate/boreal
countries), UN-ECE/FAO Contribution to the Global Forest
Resources Assessment 2000, Main Report, United Nations, New
York and Geneva, 2000.

[21] Van Camp N., Vande Walle I., Mertens J., De Neve S., Samson R.,
Lust N., Lemeur R., Boeckx P., Lootens P., Beheydt D., Mestdagh
I., Sleutel S., Verbeeck H., Van Cleemput O., Hofman G., Carlier
L., Inventory-based carbon stock of Flemish forests: a comparison
of European biomass expansion factors, Ann. For. Sci. 61 (2004)
677–682.

[22] Wirth C., Schumacher J., Schulze E.D., Generic biomass functions
for Norway spruce in Central Europe – a meta-analysis approach
towards prediction and uncertainty estimation, Tree Physiol. 24
(2004) 121–139.



��������	�
��������	��	�����������������������	���������
����	�	����������	���������������	�������	�������	�������
�	�����������	��
 
Liski, Jaria,b*, Lehtonen, Aleksic, Palosuo, Tarua, Peltoniemi, Mikkoc, Eggers, Thiesa, 
Muukkonen, Petteric and Mäkipää, Raisac 
 
a European Forest Institute, Torikatu 34, 80100 Joensuu, Finland 
b Finnish Environment Institute, Research Department, Research Programme for Global 

Change, P.O. Box 140, 00251 Helsinki, Finland 
c Finnish Forest Research Institute, Vantaa Research Centre, P.O. Box 18, 01301 Vantaa, 

Finland 
 
*corresponding author, address: Finnish Environment Institute, Research Department,  

Research Programme for Global Change, P.O. Box 140, 00251 Helsinki, Finland, tel. 
+358-9-4030 0303, fax +358-9-4030 0390, e-mail jari.liski@ymparisto.fi 

 
A short title: Carbon sink of the Finnish forests 
 
 
 
 
 
 
 
 
 
 
 
 
 

���� !"��
 
Comparable region-scale estimates for the carbon balance of forests are needed for 
scientific and political purposes. We developed a method to derive these estimates from 
common forest inventory data. Here, we demonstrate this method and apply it to the 
Finnish forests between 1922 and 2004. The method appeared reliable as the results 
obtained were comparable to independent data. The amount of carbon stored in the forests 
increased by 29 %, and 79 % of this additional carbon was found in biomass, 21 % in litter 
and soil. Still, the carbon balance was variable annually depending on climate and the level 
of harvesting, with each of these factors having different effects on biomass than on litter 
and soil. According to our results, it is important to account for all carbon pools of forests 
to avoid getting a misleading picture of the carbon balance of forests in the short and long 
term. 
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Forests may act as both important sinks and sources of atmospheric carbon dioxide (CO2) 
[17]. Therefore, to understand the development of the atmospheric CO2 concentration and, 
consequently, changes in world’s climate, it is necessary to know the carbon balance of 
forests, and processes and factors controlling it. 

This importance of forests has been recognized in the United Nations Framework 
Convention on Climate Change [68]. This convention enjoins countries to include changes 
in the carbon stocks of forests in their annual greenhouse gas inventories. In addition, 
according to the Kyoto Protocol, some of these changes will be accounted for in the 
greenhouse gas emissions of countries during the first commitment period of limiting these 
emissions between 2008 and 2012 [69]. 

Acknowledging that it is the whole carbon balance of forests that matters to the 
atmosphere, not only the balance of some parts of it, the 7th Conference of Parties (COP) to 
the UNFCCC agreed that countries must account for all carbon pools of forests in their 
annual greenhouse gas inventories and under the Kyoto Protocol [18]. The COP named 
these pools as above and below ground biomass, dead wood, litter and soil organic carbon. 
Thus, in addition to the scientific need, there is also an urgent political need for reliable 
accounting of all carbon pools of forests. 

In many industrialized countries, the national estimates for the carbon balance of tree 
biomass are calculated based on data from national forest inventories (NFI) [40]. This is 
because the NFIs provide in general statistically sound estimates for the forest resources, 
and these estimates are characterized by a small sampling error as the measurements are 
taken at thousands of forest sites [27, 67]. In addition, it is fairly straightforward to estimate 
the carbon balance of trees based on the inventory data on stem volume using allometric 
equations or conversion factors available for many tree species and geographical regions 
[20, 29, 31, 59, 62, 73]. 

In contrast, common methods to estimate the carbon balances of the non-living organic 
matter pools are still lacking. Measuring the carbon balances of litter and soil organic 
matter is particularly difficult because the expected changes [36, 57] are one or two orders 
of magnitude smaller than the spatial variability inside forest sites [32]. For this reason, 
various modeling approaches have been applied instead to obtain these estimates [13, 24, 
36, 55]. The diversity of these methods makes, however, the comparison of the results 
difficult [9]. 

We developed a method to estimate the whole carbon balance of forests based on basic 
NFI data. Here, we demonstrate this method and test its applicability and reliability by 
applying it to the Finnish forests between the 1920s and 2000s. In addition, we explore the 
variability of the carbon balance of these forests and factors that caused it. Based on these 
results, we analyze the importance of natural and human-induced factors for the carbon 
balance of these managed forests and discuss the rationality of the reporting requirements 
of the UNFCCC. 
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The calculation method is based on forest inventory data on forest area and stem volume. 
The pools and fluxes of carbon in forests are estimated from the inventory data with the 
help of modeling. The biomasses of different components of trees are calculated using 
biomass expansion factors, and the biomass of ground vegetation is obtained using other 
statistical models. The litter production of vegetation is calculated by multiplying these 
biomass estimates by compartment-specific turnover rates. The carbon pools of litter and 
soil organic matter as well as the cycling of carbon in these pools are simulated using a 
dynamic model. The basic concepts of this calculation method have been presented earlier 
[36], but here we demonstrate a more advanced version of the method consisting of new 
models shown to be appropriate for regional and national scale inventories.  
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We applied this calculation method to the Finnish forests from 1922 to 2004. The 
calculations were conducted by the main tree species, i.e. Scots pine (���������	
����� L.), 
Norway spruce (��
�� ���
� (L.) Karsten) and broadleaved trees (mainly birches �
�����
�
����� Roth and ������
�
�� Ehrh.), separately for the southern and the northern parts of 
the country. The pine forests covered 49 to 66 % of the total forest area during the period 
studied, the spruce forests 23 to 36 % and the broadleaved forests 7 to 15 %. Our results for 
trees cover all forest land including both upland forests and peatlands, whereas our results 
for soil, litter and ground vegetation are for upland forests only because we did not have 
appropriate models for these components on peatlands. Moreover, in reports for the 
UNFCCC, the greenhouse gas (GHG) accounting of peatland soils will anyhow be based on 
measurements of GHG fluxes for different ecosystem types and corresponding area 
estimates, not on estimates of changes in the carbon stock of these soils [18]. The upland 
forests represented 74 to 79 % of the total forest area during the period studied. 
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The NFI has been conducted in Finland for nine times so far (Fig. 1). Each time, it has 
taken several years, from three to nine, to inventory the whole country. The first NFI in 
1921 to 1924 was a line transect survey with the length of the surveyed line totaling more 
than 13 000 km and the distance between the survey lines being 26 km [16], whereas the 
last NFI applied systematic cluster sampling and took the measurements at about 70 000 
sites [64]. 

The volume of the growing stock of trees was given by age class in the two latest NFIs 
while the earlier NFIs provided it in total and only forest area by age class. To estimate the 
distribution of the growing stock between the age classes in these earlier NFIs, we assumed 
that the shape of the distribution of the mean volume (m3 ha-1) between the age classes had 
remained the same as in the eighth NFI, and, consequently, we divided the total volume 
into the age classes using the age-class-specific data on forest area.  
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To obtain the annual values for the volume of growing stock, we applied, first, these 

volume estimates for a volume-weighted mean year of each inventory period. Then, we 
calculated the annual values between these mean years by adding gross increment and 
subtracting the total drain, i.e. the sum of fellings and natural losses from the previous 
year’s estimate. 

Gross annual increment (���) at year � between two consecutive NFIs, � and �+1, 
having the mean years �� and ����, was calculated as 
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where � represents age class, �� growing stock, � the total drain [44], � allocation of � to 
age class � and � is a growth index. The growth index reflected climate-induced annual 
variability in tree growth without any trend-like changes, and it was based on field 
measurements of several hundreds of trees as a part of the NFI [15, 45, 63]. The last growth 
index values were available for year 2000 for pine in southern Finland and year 1993 for all 
the other tree species and regions. For this reason, there is only limited variation in our 
growth estimates after 1993 and no variation at all after 2000. For all deciduous forests, we 
applied the average of the growth indexes of pine and spruce because there were no own 
indexes for the broadleaved species. 
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The estimates for the volume of growing stock were converted to biomass using biomass 
expansion factors [29]. These factors are specific for tree species, stand age and biomass 
component (foliage, branches, stem wood, bark, stump and transportation roots). 

Suitable expansion factors were available for neither fine roots of any forests nor the 
stump, the transportation roots or the foliage of broadleaved forests. To estimate the 
biomasses of these components, we assumed that the fine root biomass of conifers was 
proportional to foliage biomass and estimated these proportions from studies that report 
both foliage and fine root biomasses [5, 14, 71]. For pine forests, this proportion was 50 % 
and for spruce forests 30 %. For broadleaved forests, we assumed that the ratio between 
fine root and stem biomass was the same as in pine forests of the same age. The 
compounded biomass of stump and transportation roots was assumed to be 53 % of stem 
biomass in broadleaved forests [26], and we divided this biomass equally between these 
components. The leaf biomass of broadleaved forests was assumed to be proportional to 
branch biomass, and this proportion to decrease from 80 to 20 % with an increasing stand 
age from 10 to 150 years. 

The biomass of ground vegetation was estimated using regression models that give the 
biomass of various species groups based on stand age [57]. There were separate models for 
pine and spruce forests, and, for broadleaved forests, we applied the latter. All biomass 
estimates were converted to carbon by multiplying by 0.5. 
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The calculation method distinguishes three carbon fluxes to litter and soil: 1) the litter 
production of living vegetation resulting from biomass turnover, 2) the mortality of tree 
individuals because of natural causes and 3) the residues of harvests. We calculated the first 
of these fluxes by multiplying the biomass estimates by biomass turnover rates (Table 1). 
The second flux was taken to be equal to the biomass of dying trees. The third flux was 
assumed to be equal to the biomass of trees felled, excluding 91 % of stem biomass that 
was removed from the forests. 
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���� . Biomass turnover rates (year-1) used to estimate the litter production of trees and 
ground vegetation. 
 

 Trees 

 Spruce forests Pine forests Broadleaved 
forests 

� S1 N2 S N S N 

Foliage 0.103 0.053 0.224 0.104 0.785 

Branches & roots 0.01253 f(t)6 0.01357 

Stump bark 0.08 0.00309 0.000110 

Reproductive origins & stem 
bark 

0.00278 0.00529 0.002910 

Fine roots 0.81111 0.86812 1.013 

  

 Ground vegetation 

Bryophytes 0.3314 

Lichens 0.115 

Dwarf shrubs, aboveground 0.2516 

Herbs & grasses, aboveground 1.017 

Dwarf shrubs, belowground 0.3318 

Herbs & grasses, belowground 0.3316 

 
1 Southern Finland 
2 Northern Finland 
3 [49] 
4 [48] 
5 Leaves of broadleaved trees became 22% lighter during yellowing process in autumn [72] 
6 As a function of age [30] 
7 Estimated from the repeatedly measured permanent sample plots of Finnish National Forest Inventory 
8 Derived from the results of Viro [72] 
9 Derived from the results of Viro [72] and Mälkönen [51] 
10 Derived from the results of Viro [72] and Mälkönen [52] 
11 [41] 
12 [25] 
13 We assumed that broadleaved trees replace all their fine roots each year 
14 Rough estimation that the litter fall equals the annual biomass production [11, 22, 54, 61] 
15 Rough estimation that the litter fall equals the annual biomass production [23, 38] 
16 Rough estimation that the litter fall equals the annual biomass production [11, 47, 51] 
17 Aboveground parts of herbs and grasses change completely into litter at the end of crowing season 
18 Rough estimation that the life expectancy for roots is abou 2–3 years [12] 
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The carbon pools of litter and soil organic matter, the annual changes in these pools and 
heterotrophic respiration resulting from decomposition were calculated using a dynamic 
soil carbon model Yasso [35]. This model simulates cycling of carbon in upland forest soils 
down to the depth of 1 m in mineral soil. 

Yasso consists of five decomposition compartments and two woody litter 
compartments. The dynamics of carbon in these compartments are controlled by the 
physical and the chemical quality of litter and climate.  The chemical quality of litter is 
accounted for by dividing litter between three decomposition compartments having 
different decomposition rates. One of these compartments is for the most easily 
decomposable compounds, the others are for cellulose and lignin; the division is done 
according to the actual concentrations of these compounds in the litter. The remaining two 
decomposition compartments are for humus formed in the decomposition process. The 
physical quality of litter is taken into account by dividing woody litter between the 
compartments of fine (branches and transportation roots) and coarse woody litter (stem and 
stump) and releasing it for the actual decomposition at a higher rate from the compartment 
of fine woody litter. The climatic controls of decomposition are temperature and summer 
drought. In this study, we excluded the effects of summer drought, because temperature 
alone explains more than 85 % of the climatic effects on decomposition on annual basis in 
Finland [34, 46]. We calculated values for the effective temperature sum based on CRU TS 
1.2 data set (Mitchell et al. unpublished manuscript).  

The carbon pools of soil and litter in the beginning of the study period were calculated 
by assuming a steady state with average litter input between 1922 and 1936 and average 
temperature between 1901 and 1930. Starting from this steady state in 1922, the model was 
run using annually varying values of litter input and temperature. 

In addition to the litter production of forest vegetation and the removals of carbon as a 
result of heterotrophic respiration, the carbon balance of soil and litter in the Finnish forests 
was affected by changes in land-use. Conversion of other land to forest brought carbon to 
the soil and litter of the forests, whereas conversion of forest to some other land removed it 
from them. We did not know the carbon contents of land afforested or deforested and 
therefore assumed that all this land had the same carbon content equal to 6.1 kg/m2, which 
was the average carbon content of soil and litter in the beginning of our calculations. To 
estimate the amounts of carbon transferred between the forests and the other land uses, we 
multiplied the annual net changes in forest area by this figure. To follow the effects of this 
carbon on the carbon balance of the forest soils, we divided it into the compartments of the 
Yasso model according to the division of the steady-state stock in 1922 and used this model 
to simulate its dynamics in the forests. 

 
 

�"$)$.'"!)�"$#"(,���
 
To make it possible to compare our results to those of other ecological studies, we 
calculated values for the ecological concepts of forest carbon cycle [e.g. 17] from our 
inventory-based estimates. In the equations that follow, terms used in forest inventories are 
marked between quotes and they are represented as converted to carbon in whole tree 
biomass; the international definitions of these terms are given in [67]. 
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The estimate of net primary production (NPP) was calculated by summing up the 
change in the growing stock of trees ∆GS, the change in the biomass of ground vegetation 
∆B, the litter production of trees and understorey L, the natural losses (mortality) of trees M 
and the fellings of trees by man (harvesting) F 
 

"""""" � ������� +++∆+∆= . 
 

The estimate of net ecosystem production (NEP) was obtained by subtracting from NPP 
heterotrophic respiration Rh that was simulated using the soil model Yasso 
 

�
!����"� −= . 

 
The net biome production (NBP) was calculated by subtracting from NEP removals RE 

that represent felled roundwood removed from the forests 
 

""!"�"���� −= . 
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The carbon stock of biomass grew by 50 %, from 550 to 823 Tg, in the Finnish forests 
between 1922 and 2004 (Fig. 2). This increase, equal to 3.3 Tg/year on average, was due to 
both a higher carbon density in forests remaining forests and an expanded forest area.  
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Carbon accumulated mainly in the biomass of trees whereas our estimate for the biomass of 
ground vegetation remained relatively stable. The average carbon stock of biomass was 3.1 
kg/m2 in 1922 and 4.0 kg/m2 in 2004. 

Despite of this growing trend, the annual changes in the carbon stock of biomass were 
highly variable (Fig. 2). Biomass gained 14.5 Tg of carbon in an extreme year in the 1970s 
and lost 5.0 Tg of it in another one in the 1920s. 

This high annual variability was caused by changes in tree growth and harvesting. In the 
1920s, 1930s, 1950s and 1960s, harvesting exceeded tree growth decreasing the carbon 
stock of trees, whereas, in the 1940s during and after the 2nd World War, a lot of carbon 
accumulated in tree biomass as the level of harvesting was low (Figs. 1 and 2). The carbon 
stock of trees grew quickly also since the 1970s but this time despite of the increased 
harvests as a result of increased tree growth. 

 
�! �$#��!)!#"(�$-�)'��( �!#%��$')�
 
The carbon stock of litter and soil increased by 13 %, from 848 to 959 Tg, during the 82-
year period studied, when the transfers of carbon between the forests and other land uses 
were accounted for (Fig. 3). When these transfers were ignored, the carbon stock increased 
by 7 %, from 848 to 905 Tg. In the former case, the average accumulation rate of carbon 
was 1.4 Tg/year and, in the latter case, it was 0.7 Tg/year. The average carbon content of 
the soils was 6.1 kg/m2 in 1922 and it increased to 6.3 kg/m2 in 2004 when the transfers of 
carbon between the forests and other land uses were accounted for.  
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The annual changes in the carbon stock of litter and soil were also highly variable 
between years (Fig. 3). Our highest estimates of the annual increases and decreases were 
7.5 and 5.8 Tg/year, respectively, when accounting for the transfers of litter and soil carbon 
between the forests and other land uses, and 5.3 and 2.9 Tg/year, when ignoring these 
transfers. 

There were three causes for the increasing trend and the annual changes in the carbon 
stock of litter and soil: 1) the transfers of litter and soil carbon between the forests and other 
land uses, 2) litter input to the soils and 3) temperature that affected the rate of 
decomposition. Among these factors, litter input from living trees and the transfers of soil 
carbon from other land uses appeared as the major causes for the increasing trend (Fig. 4). 
The annual changes, on the other hand, were caused mainly by the variability of 
temperature (Fig. 5) and harvest residues (Fig. 4). Among these two factors, the harvest 
residues appeared slightly more important because more than a half of the variability still 
remained in the results of an additional simulation in which applied stable average 
temperate over the whole period studied; the amplitude of the variability was decreased by 
only about a third and the standard deviation by only about a fourth (Fig. 5). 
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The estimated net primary productivity (NPP) of the Finnish forests averaged 0.38 kg 
carbon m-2 year-1 in the 1990s (Fig. 6). About 70 % of this amount (0.28 kg C m-2 year-1) 
was decomposed and released from the litter and soil as heterotrophic respiration (Rh). The 
difference between these values of NPP and Rh equal to 0.099 kg C m-2 year-1 is our 
estimate for the net ecosystem productivity (NEP) of these forests during this decade. More 
than half of the NEP (0.060 kg m-2 year-1) was removed from the forests as harvested 
timber while the rest (0.039 kg m-2 year-1) accumulated in them representing our estimate 
for the net biome productivity (NBP). Nearly 72 % (0.028 kg m-2 year-1) of this NBP 
accumulated in the biomass of the forests while the rest (0.011 kg m-2 year-1) accumulated 
in the litter and soil. The transfers of carbon from other land uses had a negligible effect on 
the carbon content of the litter and soil during the 1990s because changes in forest area 
were small (Fig. 1). 

Over the whole 82-year period studied, the NPP of the Finnish forests increased 0.09 kg 
m-2 year-1, from 0.29 to 0.39 kg m-2 year-1 (Fig. 7). At the same time, the Rh increased by 
only 0.04 kg m-2 year-1, from 0.25 to 0.29 kg m-2 year-1. This development more than 
doubled the NEP of these forests: it grew from 0.04 to 0.10 kg m-2 year-1. The NBP did not 
grow quite this much because some of the increased NEP was removed from the forests 
with the larger harvests. Nevertheless, some of the increased NEP was left in the forests to 
accumulate in biomass, litter and soil, and, consequently, our estimate for the NBP of these 
forests increased from fluctuating on the both sides of zero in the 1920s and the 1930s to an 
average equal to 0.04 kg m-2 year-1 in the 1970s, 1980s and 1990s. 
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��������. The average carbon budget of the Finnish forests in the 1990s (the carbon fluxes 
and the annual changes in the carbon stocks in kg m-2 year-1, the carbon stocks in kg/m2). 
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We calculated the balance of all carbon pools in forests based on basic forest inventory 
data. This was possible as we complemented the inventory data by statistical modeling to 
estimate the carbon balance of biomass and by dynamic modeling to estimate the carbon 
balance of litter and soil. 

The data these calculations required are commonly available for temperate and boreal 
forests. The inventory data can be found in national reports or international compilation 
works [e.g. 43, 65, 66, 67]. The statistical models needed to estimate the biomass of trees 
and its litter production are also available [e.g. 20, 42, 58, 62, 73]. Models of ground 
vegetation exist as well but they are rarer however and more research is needed to develop 
them for different forests. The climate data required by our litter and soil carbon model 
Yasso can be found in local or global databases (IPCC Data Distribution Centre) and the 
data on the chemical composition of litter in ecological databases (LIDET, CIDET) or 
publications [e.g. 10]. 

This method we developed is useful because it can be applied across the temperate and 
boreal zones to calculate comparable estimates for the carbon balance of the forests. 
Currently, it is difficult to compare the field-data-based estimates of different regions 
because they have been obtained using different methods [9]. The explicit equivalencies 
between the concepts used in forest inventories and ecology we present are another 
methodological step forward because they help to combine the methods of these two 
disciplines. These equivalencies correct those presented earlier by the IPCC [17]. 
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The NFIs provide statistically sound and in most cases also reliable information on forest 
resources across the temperate and boreal zones [67]. For example, the likely range for the 
estimates of stem volume is less than 5 % of the mean in most countries; this range includes 
error due to measurement, sampling and adjustment to the common international 
definitions. When the inventory data are this reliable, the reliability of the estimates for the 
carbon balance depends mainly on the other components of the calculation method. 

The factors we used to convert the inventory data on stem volume to the biomass of 
trees were developed for the Finnish forests [29]. These factors were somewhat higher than 
those used earlier in Finland, and, consequently, our national estimate for the carbon stock 
of trees is some 8 % higher [64]. The method of developing these conversion factors is 
generally applicable in other regions [29] and shown to result in factors that give reliable 
regional biomass estimates [19, 28]. 

We estimated the biomass of ground vegetation based on only stand age and main tree 
species although there are many other affecting factors. Despite of our inaccurate means to 
estimate it, we included ground vegetation in our calculations because it may contribute 
remarkably to the NPP and the total litter production in these kind of forests [6, 51]. And 
indeed, it did. We estimated that ground vegetation represented 16 % of the NPP and 28 % 
of the litter production of living vegetation in the forests of Finland in the 1990s. This 
suggests that studies ignoring ground vegetation [e.g. 24, 53] may underestimate these 
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parameters, and, in addition, the carbon stock and sink of soil that depend on the total litter 
production. 

The turnover rates of needles and branches we applied for the coniferous forests to 
estimate litter production were developed specifically for these forests [30, 48, 49]. When 
combined with the estimates of biomass, they have been shown to give similar estimates of 
litter production as measurements from litter collectors [30, 48, 49]. For the turnover rates 
of the other biomass components, we had to use literature values which validity we could 
not test. Another short cut we had to take was to apply the same turnover rates for all years 
and forest sites of the same tree species although these rates may actually be quite variable 
between years and sites [1, 8]. Despite of these simplifications, our estimate for the NPP of 
the Finnish forests, equal to 0.40 kg m-2 year-1 in the 1990s, is well within the range of 
measurements that varied from 0.22 to 0.46 kg m-2 year-1 at six forest sites in the Nordic 
countries (Gower et al. 2001). Provided that our biomass estimates were correct, the 
similarity of these estimates suggests that our turnover rates were feasible because our NPP 
estimates depend on these two factors. 

The litter and soil model Yasso we used has been calibrated using data from forests in 
Finland and neighboring countries [35]. However, this model contains also equations that 
describe the effects of climate on decomposition and therefore it may be used in a wide 
range of environments [33, 56]. Provided that litter input is estimated correctly, Yasso has 
been shown to estimate the amount of soil carbon and the development of this amount like 
measured at different forest sites in southern Finland [57]. This agreement suggests that 
Yasso may estimate the dynamics of carbon correctly in these soils. In the present study, 
our model-calculated nation-wide estimate for the average amount of soil carbon in the 
1990s was equal to 6.3 kg/m2 which is within the range of earlier measurement-based 
estimates varying from 6.2 to 7.2 kg/m2 [21, 37]. 

Finally, to test the feasibility of our whole method, we compared our estimate of the 
NEP for the Finnish forests to measurements taken at comparable forest sites using the 
eddy covariance method. Our average estimate of NEP in the 1990s equal to 0.10 kg m-2 
year-1 is in the middle of the wide range of NEP measurements taken at six forest sites in 
the Nordic countries varying from a carbon source equal to 0.09 kg m-2 year-1 to a carbon 
sink equal to 0.25 kg m-2 year-1 [70]. On the other hand, our estimate is lower than 
measurements taken at a 40-year-old Scots pine stand in southern Finland where they 
ranged from 0.23 to 0.31 kg m-2 year-1 between 1997 and 2000 [60]. Evidently, the 
measurements were high for this site because the tree stand was still young and growing 
vigorously in the most productive part of the country. 

To summarize these comparisons, our estimates for the various components of the 
carbon balance of forests appeared similar to independent measurements. This suggests that 
it is possible to calculate appropriate estimates for the carbon balance of forests based on 
basic forest inventory data using this method. 
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Carbon accumulated in both the biomass and the litter and soil of the Finnish forests during 
the 82 year period studied. Similar increasing trends in the carbon stocks of forests have 
been observed everywhere across the temperate and boreal zones during the recent decades 
[9, 33]. Reasons behind these trends are still not entirely clear but they are known to differ 
between regions [3, 24, 33, 53, 55]. 
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In Finland, carbon accumulated in the forests because forest area expanded and the 
average amount of carbon per forest area increased. Both these changes were almost 
equally important for the carbon stock of biomass that grew by 50 % in total while the 
carbon density increased by 29 % and the forest area expanded by 16 %. For the carbon 
stock of litter and soil, the story is different. The expansion forest area by 16 % explains the 
majority of the 13 % increase while the carbon density did not increase by more than 4 %. 
The carbon density remained rather stable because the carbon stock of litter and soil 
responded only slowly to the increased litter production. On the other hand, for this same 
reason, carbon would still accumulate in the litter and soil without any further expansion of 
forest area if the production of litter was only maintained at the level of 2004. Centuries 
later these carbon stocks would stabilize at a 38 % higher level than in 1922. 

Both the expansion of forest area and the increased carbon density in the Finnish forests 
were results of forest management that aimed at rising the potential of sustainable timber 
harvests by increasing the growing stock of trees. This had several favorable effects on the 
carbon balance of the forests: the larger growing stock implied larger carbon stock of trees 
(Fig. 2), increased uptake of carbon from the atmosphere (Fig. 7), enhanced litter 
production (Fig. 4), and, consequently, accumulation of carbon in litter and soil (Fig. 3). 
Clearly, non-human-induced factors, such as natural disturbances, have been less important 
for the carbon of balance of forests in Finland than for example in the remote forests of 
Canada or Russia [3, 24, 55] because the Finnish forests have been intensively managed 
and efficiently protected from natural disturbances. 

 The history of the Finnish forests shows that timber production can actually be 
beneficial for the carbon balance of forests. This may come as a surprise as we know that 
the carbon stock of trees must be decreased considerably from the maximum to maximize 
sustainable possibilities of timber harvests at the stand level [4]. In addition, regions treated 
with timber harvests carry less tree biomass than undisturbed natural forests [7], although it 
is difficult to protect natural forests from disturbances in the long run as trees grow old and 
become increasingly susceptible to natural distrubances. According to our results, the 
effects of timber production on the carbon balance of forests are not trivial but depend on 
forest management actions taken to promote timber production and the status of forests 
before taking these actions. 

Of all the additional carbon that accumulated in the Finnish forests during the 82 year 
period (385 Tg), 79 % was found in the biomass and 21 % in litter or soil. Half of the 
additional carbon found in the litter or soil was not, however, taken up and brought there 
from the atmosphere by forest vegetation during the period studied but transferred there 
from other land uses as forest area expanded. Ignoring this carbon, after the definition of a 
carbon sink as a process that removes carbon from the atmosphere [17], decreases the total 
carbon sink of these forests to 331 Tg and the contribution of the litter and soil to it to 17 
%. This is somewhat less than in the forests of western Europe (32 %) in 1990 according to 
Liski et al. [36] or in all European forests (32 to 56 % depending on year) according to 
Nabuurs et al. [53]. Nevertheless, all these model-calculated estimates suggest that soil has 
been a sink of atmospheric carbon in European forests during the recent decades but that 
this sink has been smaller than the sink in biomass. 
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Besides the growing trends, the annual changes in the carbon balance of both the biomass 
and the soil were highly variable. Such inter-annual variability has been shown to be 
important at a site-scale based on measurements of carbon fluxes [60] and at the global 
scale based on ecosystem modeling [39], inverse modeling [2] or satellite observations 
[50]. It has not, however, been possible to account for this variability in earlier region-scale 
studies based on field inventories because it has not been possible to derive the annual 
estimates from these inventories [9]. 

In the Finnish forests, both changes in climate and the level of harvesting contributed 
significantly to the inter-annual variability. Interestingly, a change in each of these factors 
had opposite effects on biomass, and litter and soil. For example, favorable warm climatic 
conditions promoted the growth of biomass and thus the uptake of carbon in the forests but 
also the decomposition of soil organic matter and litter and consequently the release of 
carbon from these pools to the atmosphere. Large harvests, on the other hand, had a 
decreasing effect on the carbon stock of trees but a temporary increasing effect on the 
carbon stock of litter and soil because the residues of the harvests were an important source 
of litter and soil carbon. As a result of these opposite effects, the compounded carbon 
balance of the biomass and the litter plus soil was less variable than that of any of these 
components alone. Nabuurs et al. [53] emphasized the importance of natural disturbances 
for the annual variability of the carbon balance of European forests but in the Finnish 
forests their have had only a minor effect during the past 82 years. 

On the one hand, these results emphasize the importance of accounting for the inter-
annual variability in inventory-based studies in order to obtain realistic estimates of the 
carbon balance of forests. On the other hand, they demonstrate how important forestry 
operations are for this variability in managed forests. 
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Our results support the decisions by the 7th COP to the UNFCCC requesting countries to 
account for the balance of all carbon pools of forests in their annual greenhouse gas 
inventories and under the Kyoto Protocol. Firstly, both biomass, soil and litter contributed 
significantly to the increasing trend of carbon stored in the forests. Secondly, all these 
stocks were important for the inter-annual variability of the carbon balance and, even more 
importantly, these stocks tended to change to the opposite directions between years. 
Consequently, a partial accounting of the carbon balance may easily lead to biased results 
and misleading conclusions. The opposite trends in the carbon stocks of biomass and soils 
have been demonstrated earlier by Kurz and Apps [24] but in this study we demonstrated in 
addition that even the annual responses of these carbon stocks to changes in climatic 
conditions and the level of harvesting tend to be to the opposite directions. 

From the methodological point of view, our study demonstrates that it is possible to 
calculate appropriate estimates for the complete carbon balance of forests based on basic 
forest inventory data by complementing these data with statistical and dynamic modeling. 
Therefore, we argue that is more reasonable to use these methods and estimate the complete 
carbon balance of forests than to exclude some parts of the balance because of high costs 
and methodological difficulties involved in quantifying them by pure measurements. 
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