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Signatory countries to the United Nations Framework Convention on Climate Change (UNFCCC) and its
supplementary Kyoto Protocol (KP) are obliged to report greenhouse gas emissions and removals.
Changes in the carbon stock of living biomass should be reported using either the default or stock change
methods of the Intergovernmental Panel on Climate Change (IPCC) under the Land Use, Land-Use Change
and Forestry sector. Traditionally, volume estimates are used as a forestry measures. Changes in living
biomass may be assessed by first estimating the change in the volume of stem wood and then converting
this volume to whole tree biomass using biomass expansion factors (BEFs). However, this conversion is
often non-trivial because the proportion of stem wood increases with tree size at the expense of
branches, foliage, stump and roots. Therefore, BEFs typically vary over time and their use may result in
biased estimates. The objective of this study was to evaluate differences between biomass estimates
obtained using biomass equations and BEFs with particular focus on uncertainty analysis. Assuming that
the development of tree fractions in different ways can be handled by individual biomass equations, BEFs
for standing stock were shown to overestimate the biomass sink capacity (Sweden). Although estimates
for BEFs derived for changes in stock were found to be unbiased, the estimated BEFs varied substantially
over time (0.85–1.22 ton CO2/m3). However, to some extent this variation may be due to random sam-
pling errors rather than actual changes. The highest accuracy was obtained for estimates based on bio-
mass equations for different tree fractions, applied to data from the Swedish National Forest Inventory
using a permanent sample design (estimated change in stock 1990–2005: 420 million tons CO2, with a
standard error amounting to 26.7 million tons CO2) Many countries have adopted such a design com-
bined with the stock change method for reporting carbon stock changes under the UNFCCC/KP.

� 2012 Elsevier B.V. Open access under CC BY-NC-ND license.
1. Introduction

Although signatory countries are obliged to report greenhouse
gas emissions and removals according to the United Nations
Framework Convention on Climate Change (UNFCCC) and its sup-
plementary Kyoto Protocol (KP; United Nations, 1998), Löwe
et al. (2000) have identified a lack of consistency in national
reporting of changes in forest and other woody biomass stocks.
In addition, calculation methods for converting forest data to car-
bon dioxide (CO2) – the most important greenhouse gas – differ be-
tween countries. The accuracy of estimates of standing volume and
volume of growth is often unknown, and the quality of data is
sometimes poor. However, in recent years many countries have
improved their National Forest Inventories (NFIs), which are
on).

Y-NC-ND license.
typically used to provide data for UNFCCC/KP-reporting (Tomppo
et al., 2010). Normally, these NFIs have a sample-based design with
sample plots inventoried in the field. Thus in general, area-based
estimators are used to estimate changes in carbon pools.

According to the Revised 1996 Guidelines for National Green-
house Gas Inventories (IPCC, 1997) and the Good Practice Guidance
for Land Use, Land-Use Change and Forestry (IPCC, 2003), the na-
tional reporting of changes of CO2 equivalents (or Global Warming
Potentials, see IPCC, 2003) in forest and other woody biomass
stocks can be calculated by a default method as the difference be-
tween growth and drain (harvest, natural mortality and natural
disturbances). Alternatively, these changes can be calculated by
the stock change method as the change in stocks between two con-
secutive inventories. In NFIs, changes in growing stock are often
quantified in terms of the volume of stem wood (merchantable).
For the Greenhouse Gas Inventory, this change in volume is
multiplied by constants (biomass expansion factors) to convert
from stem wood volume to whole tree biomass and then CO2
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equivalents (e.g., see Formula (5)). Another approach is to directly
estimate the biomass per tree fraction by applying biomass regres-
sion equations (BiEqs) to sample trees and then converting the bio-
mass to CO2 equivalents by scaling (see, for example, Formula (1);
Somogyi et al., 2007).

When estimating changes in living biomass at a national scale,
it is usually difficult to obtain a reliable value for the whole tree
biomass from the stem volume because stem proportion in-
creases with tree size at the expense of branches, foliage, stump
and roots (Fig. 1). Hence, the use of biomass expansion factors
(BEFs) may lead to biased estimates because BEFs vary with tree
size (age, etc.) and tree populations change over time (e.g., Satoo
and Madgwick, 1982; Albrektson and Valinger, 1985; Pajtík et al.,
2011).

When using the stock change method, to reduce the risk of
bias BEFs should reflect the actual change in stock by incorporat-
ing the accumulation of growth per tree fraction with the effects
of harvest and natural thinning patterns in one constant. Such
BEFs can be derived but need to be updated if the allocation of
growth and harvest patterns change. For practical reasons, instead
of representing the actual change in stock, BEFs are often derived
for the standing stock, which introduces an unknown bias into
the estimates. To reduce the risk of bias, age-dependent (e.g.,
Lehtonen et al., 2004, 2007; Tobin and Nieuwenhuis, 2007) or
volume-dependent (e.g., Schroeder et al., 1997; Fang et al.,
2001) BEFs have been developed, which enable the ratio of whole
tree biomass to stem volume to change with tree size. Levy et al.
(2004) performed regression and variance analyses of BEFs and
found that tree height was a better predictor than age. Therefore,
in summary, there is a growing body of evidence that estimates
based on BEFs are not constant but vary with tree, site and stand
conditions (e.g., Jalkanen et al., 2005; Guo et al., 2010).

Currently, BEFs are frequently used for greenhouse gas report-
ing because the volumes of growing stock and stem-wood growth
are usually the most reliable estimates in traditional forest inven-
tories. However, only a few investigations have assessed the mag-
nitude of potential error that may be introduced if the BEFs are
incorrect (e.g., Lehtonen et al., 2007; Albaugh et al., 2009).

Using the Intergovernmental Panel on Climate Change (IPCC)
stock change method (IPCC, 2003), the aims of this study were as
follows:
Pinus sylv
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Fig. 1. Data showing the tree fractions for about 315 Scots pine sample trees collected d
biomass (or volume) to whole tree biomass is normally not constant to tree or stand ag
(i) To compare differences between carbon stock change esti-
mates of living biomass pools calculated using either individ-
ual tree volume equations combined with BEFs or individual
tree biomass equations.

(ii) To assess differences between variances of estimators based
on independent samples (temporary sample plots) and
paired samples (permanent sample plots) in the BEF and in
biomass equation approaches, respectively, and consider
systematic errors.

(iii) To determine whether BEFs derived for change in stock (cf.,
BEFs for standing stock) are invariant over time.

2. Materials and methods

Data from the Swedish NFI (NFI; Ranneby et al., 1987; Axelsson
et al., 2010) were used for greenhouse gas predictions. These data
were suitable for two reasons: (i) they comprise individual tree
data from about 30,000 permanent sample plots first inventoried
before 1990 (base year of the KP) and re-inventoried every 5–
10 years thereafter, (ii) national representative BiEqs and volume
equations are available for all three species (Näslund, 1947;
Marklund, 1987, 1988; Petersson and Ståhl, 2006). The data are
summarized in Table 1.

The Swedish NFI (Axelsson et al., 2010) is a systematic cluster
sample inventory that includes annual data for all land and fresh
water areas (ca. 45 mill. ha), except for the high mountains in the
northwest (ca. 2.3 mill. ha), which are not covered by trees, and ur-
ban areas (ca. 1.1 mill. ha). The clusters are square-shaped with
sample plots along each side and are distributed throughout the
country but have a higher density in southern than northern
Sweden. Each year, about 6000 permanent sample plots are
inventoried. For each circular sample plot (radius 10 m), extensive
information is collected about the trees, stand and site. The main
purpose of the Swedish NFI is to monitor forests for timber produc-
tion and environmental factors.

In the present study, the FAO definition (FAO, 2004) of forest
land was used, i.e., land areas spanning more than 0.5 ha with a
tree crown cover of at least 10% and a minimum height of trees
of 5 m. The values for crown cover and minimum height refers to
trees maturing in situ, and the predominant land use must be
forestry.
estris
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Table 1
The stem volume of living trees in Sweden per stem diameter (dbh) for different species over time. Scots pine and Norway spruce were the dominant species. The proportion of
larger trees and birch increased during the period 1998–2007. Values for 1998, 2003 and 2007 are based on moving average data for 1996–2000, 2001–2005 and 2005–2009,
respectively (SLU, 2001, 2006, 2010).

Year Species dbh (cm) Share by species

0–9 10–14 15–19 20–24 25–29 30–34 35–44 45– All

Volume (mill. m3)

1998 Scots pine 54.2 120.4 201.1 229.2 211.4 164.0 155.4 31.9 1167.7 38.8%
Norway spruce 89.9 160.9 232.6 246.6 211.2 149.7 143.0 42.1 1276.0 42.4%
Birch 77.7 75.8 67.4 47.4 28.3 15.9 12.5 3.7 328.7 10.9%
Other 33.1 32.3 34.7 32.7 27.4 22.6 28.4 24.2 235.4 7.8%
Total 254.9 389.4 535.8 555.9 478.3 352.2 339.3 101.9 3007.8 100.0%

2003 Scots pine 58.8 126.7 210.5 239.2 220.4 168.8 167.6 37.8 1229.6 38.5%
Norway spruce 92.5 163.6 232.5 246.4 210.0 155.1 151.4 44.7 1296.2 40.6%
Birch 86.3 84.5 75.1 53.1 33.9 18.0 16.8 4.2 371.9 11.6%
Other 42.5 45.4 44.8 37.9 35.4 26.9 34.2 30.2 297.4 9.3%
Total 280.1 420.2 562.9 576.6 499.7 368.8 370.0 116.9 3195.1 100.0%

2007 Scots pine 60.7 135.7 221.5 253.3 227.8 169.1 171.4 48.1 1287.5 38.9%
Norway spruce 95.7 168.7 235.7 247.5 217.9 161.9 157.3 56.1 1340.8 40.5%
Birch 94.7 97.8 87.6 62.2 37.9 21.3 20.1 6.9 428.5 12.9%
Other 32.4 35.2 35.8 31.3 26.4 21.1 32.7 37.7 252.7 7.6%
Total 283.5 437.4 580.6 594.3 510.0 373.4 381.5 148.8 3309.5 100.0%

Change 1998–2007 Scots pine 12.0% 12.7% 10.1% 10.5% 7.8% 3.1% 10.3% 50.8% 10.3%
Norway spruce 6.5% 4.8% 1.3% 0.4% 3.2% 8.1% 10.0% 33.3% 5.1%
Birch 21.9% 29.0% 30.0% 31.2% 33.9% 34.0% 60.8% 86.5% 30.4%
Other �2.1% 9.0% 3.2% �4.3% �3.6% �6.6% 15.1% 55.8% 7.3%
Total 11.2% 12.3% 8.4% 6.9% 6.6% 6.0% 12.4% 46.0% 10.0%
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Marklund (1987, 1988) pioneered the use of single-tree BiEqs
for predicting the biomass of tree components, such as needles
(not leaves), branches, bark, stem, stump and roots, of Scots pine
(Pinus sylvestris), Norway spruce (Picea abies) and birch (Betula pen-
dula and Betula pubescens, not stump and roots for birch). In deriv-
ing the BiEqs, the total fresh weight of each component per tree,
and the fresh weight of samples from different components were
measured in the field. The dry weight of each sample, defined as
the constant weight at 105 �C, was measured in the laboratory
and used for developing biomass equations per component. Trees
were selected from 123 stands from different parts of Sweden, cov-
ering a wide variety of stand and site conditions. The resulting data
were representative of Swedish forests at a national scale with the
selected species constituting about 92% of the standing stem vol-
ume (SLU, 2010). Broad-leaved species constitute most of the
remaining 8% and equations based on birch were applied for all
broad-leaved species.

Marklund’s (1988) below-ground BiEqs were developed to esti-
mate biomass for forest fuels, and thus the total below-ground bio-
mass is probably slightly underestimated by using the equations.
To allow for all roots down to 2 mm diameter, BiEqs described by
Petersson and Ståhl (2006) were applied. These equations were
constructed by calibrating Marklund’s data for sample trees, which
included only the stump and coarse roots, against data for about 80
new trees that were inventoried in a similar way but with addi-
tional detailed information of small woody root fractions remain-
ing in the ground (down to 2 mm root diameter). Petersson and
Ståhl’s (2006) trees were inventoried from six stands from the
north, three stands from the middle and three stands from the
southern part of Sweden. Sub-sampling of stump and roots and
laboratory analyses were performed in a manner that tried to mi-
mic the methodology used by Marklund (1988). Petersson and
Ståhl’s (2006) BiEqs were used to predict the biomass of stumps
and roots for Scots pine and Norway spruce, but their BiEq for birch
was based on only 14 birches and this was considered too small a
sample to provide reliable results. Therefore, Petersson and Ståhl’s
(2006) Norway spruce below-ground biomass equations were ap-
plied to all broadleaved species. Above-ground referred to the bio-
mass above stump height, which was assumed to be located at 1%
of the tree height. The stem volume was defined as the volume of
the stem including tip above stump height and bark, and it was
estimated using Näslund’s (1947) single tree volume equations
based on 2390 Scots pines, 2425 Norway spruces and 1363 birches.
As for the biomass equations, the data used in deriving the single
tree volume equations corresponded to a wide variety of stand
and site conditions and are representative of Swedish forests.

For most sample trees, only tree species and stem diameter at
breast height (dbh, 1.3 m above the imaged germination point)
were used as independent variables in the regression equations.
However, for a small proportion (basal area weighted) of sample
trees, data are available for the height, age and crown height. Given
measured variables of tree, stand and site, the function with the
lowest root mean squared error (RMSE) were applied (Marklund,
1988; Petersson and Ståhl, 2006). Biomass or volume referred to
the biomass or volume of living trees with a stem diameter at
breast height larger than 99 mm (threshold for trees that are posi-
tioned on the sample plots). A conversion factor of 0.50 was used to
convert biomass (dry weight) to carbon equivalents (C) (ton). A
stoichiometric conversion factor of 3.67 (44/12) was used to con-
vert C to carbon dioxide equivalents (CO2).

Using the stock change method (IPCC, 2003), the change in the
living biomass pool was estimated in two ways: (a) by directly
applying biomass regression equations (Marklund, 1988; Petersson
and Ståhl, 2006) to sample trees of the Swedish NFI, and (b) by
applying stem volume regression equations (Näslund, 1947) to
sample trees of the Swedish NFI and then multiplying the esti-
mated total stem volume by BEFs to convert stem volume to whole
tree biomass (Table 2).

To represent commonly used approaches, two different estima-
tors were tested (for case a in Table 2): an estimator adapted for a
paired sample approach (representing a design with permanent
sample units) and an estimator for an independent sample ap-
proach (representing a design with temporary sample units). For
both approaches, the test data were based on paired samples,
and therefore the estimates of biomass should have been the same.
However, in principle, estimates of variance should be smaller for
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the paired sample approach. The variance estimators are described
in Appendix A.

To investigate the effect of different BEFs on estimates of bio-
mass, individual BEFs were derived from estimates of biomass
and volume, using standing stock data, for the years 1990 and
2005. To estimate the change in biomass stock, each BEF was mul-
tiplied by the change in stem volume using either the paired sam-
ple or independent sample approach (b in Table 2). The
corresponding variance estimators were derived by Taylor series
expansion (Appendix B).

The change in biomass between 1990 and 2005 DB̂, a in Table 2)
was estimated directly from BiEqs for different tree fractions using
the following ratio estimator (Thompson, 1992):

DB̂i ¼
Ai

ÂiT2

� DB̂iT2�T1
¼ Ai �

Pni
j¼1DbijPni

j¼1aij
ð1Þ

where Ai is the official land and fresh water area of stratum or re-
gion i (http://www.lantmateriet.se; 2011-12-12), ÂiT2

is the esti-
mated land area of stratum i in 2005, DB̂iT2�T1

is the estimated
change in biomass from 1990 to 2005 based on paired samples,
Dbij is the change in biomass per sample unit j and aij is the inven-
toried area for sample unit j. The change in biomass at a national
scale, DB̂, is estimated by summing over all strata.

A similar estimator, where the biomasses were estimated using
an independent sample approach, was also derived:

B̂�T2
� B̂�T1

¼ AiPni
j¼1aij

�
Xni

j¼1

bijT2
�
Xni

j¼1

bijT1

" #
ð2Þ

where B̂T1 and B̂T2 are the estimated biomasses for 1990 and 2005,
respectively. The variance of both estimators described by (1) and
(2) was estimated by a standard variance estimator for a ratio esti-
mator (Appendix A, Thompson, 1992).

In the alternative method, using stem volume regression equa-
tions, two BEFs were calculated as follows:

BEF
^

T1 ¼
B̂�T1

V̂�T1

¼
A

ÂT1

� B̂T1

A
ÂT1

� V̂T1

¼ B̂T1

V̂T1

ð3Þ

BEF
^

T2 ¼
B̂T2

V̂T2

ð4Þ

where V̂T1 and V̂ T2 are the estimated stem volumes in 1990 and
2005, respectively. A is the measured land area and ÂT1 is the esti-
mated land area at 1990.

The annual change in biomass from 1990 to 2005 was estimated
based on paired samples as follows:

BEF
^

T2 � DV̂ ¼ B̂T2

V̂T2

� A

ÂT2

� DV̂T2�T1 ð5Þ

where DV̂T2�T1 is the estimated change in volume between 1990 and
2005. The corresponding equations based on independent samples
are

BEF
^

T1 � ½V̂�T2
� V̂�T1

� ¼ A

ÂT2

� B̂T1 �
V̂T2

V̂T1

� 1

" #
ð6Þ

BEF
^

T2 � ½V̂�T2
� V̂�T1

� ¼ A

ÂT2

� B̂T2 � 1� V̂T1

V̂T2

" #
ð7Þ

It should be noted that the BiEqs and BEFs were derived at a na-
tional scale, whereas the estimates apply at a regional scale. Esti-
mates at a national scale can be calculated by summing over all
strata (31 strata in the whole of Sweden). The variances of the esti-
mators described by (5)–(7) were estimated by Taylor series
expansion (Appendix B).
3. Results

Biomass, stem volume and their changes with time were esti-
mated using different estimators combined with the stock change
approach (Table 3). BEFs derived using estimates of the standing
stocks in 1990 and 2005 were found to be of the same order of
magnitude (1.40 and 1.36 ton CO2/m3, respectively) (Tables 3 and
5). However, the BEF for the change in stock between 1990 and
2005 was lower (420/402 = 1.05 ton CO2/m3). Estimates of change
in biomass stocks between 1990 and 2005 based on BEFs combined
with estimates of stem volume were about 30% higher than those
based on biomass equations. As expected, the paired sample meth-
od resulted in lower estimated sample variances than the indepen-
dent sample method (Table 4). The BEFs were not constant over
time (Table 5).
4. Discussion

4.1. Biased estimators and ways to reduce this bias

Assuming that separate biomass equations for different tree
fractions can allow for these fractions developing in different
ways, Table 3 indicates that estimates based on combining BEFs
and stem volume overestimate the net change of living biomass
in Sweden. This is probably because BEFs derived using estimates
of standing stock do not represent the true relation between
change in biomass and change in volume. Even though the true
population is unknown due to sampling effects, this study indi-
cates a large potential bias is introduced when BEFs based on
the standing stock are used. This bias may be particularly large
in the case of Sweden because the net change is the difference be-
tween large values for gross growth and gross harvest (equivalent
to 170 vs. 129 M ton CO2 per year). This corresponds to a stem
volume growth of about 124 M m3 per year (2006; The Swedish
NFI) and a stem volume harvest of about 94 M m3 per year
(2006; Swedish Forest Agency, 2009). During the period studied,
the average BEF based on the standing stock was estimated to
be 1.38 (whole tree ton CO2-equivalents/m3 stem wood), whereas
the average BEF for change in stock was estimated to be 1.15 (data
for a few selected years are shown in Table 5). Norway spruce and
Scots pine are also the dominant species in Finland, and according
to the Finnish NFI, the BEFs for these species are 1.48 and 1.28 ton
CO2/m3, respectively. Although the estimates based on BEFs de-
rived for change in stock are probably unbiased, they varied sub-
stantially over time, which is likely due to a combination of
sampling errors and real changes in BEFs over time. Therefore,
in the absence of BiEqs, we would neither recommend the use
of BEFs derived from stock estimates nor BEFs based on changes
in stock. Instead, the use of age-dependent BEFs, or similar models
described in Section 1, may help eliminate or reduce the risk of
bias. However, the application of such models often requires com-
prehensive underlying data normally obtained from NFIs, which
can be problematic. Forestry has made an important contribution
to the Swedish economy for many years, which is why the Swed-
ish NFI was started in 1923. The importance of forestry differs
among countries and if it is not a key-category, the IPCC (2003) ac-
cepts a higher uncertainty (Tier 1) for reported carbon stock
changes.

Our evaluation of the consequences of using BEFs relies on the
assumption that biomass functions result in good (close to unbi-
ased) results. This assumption rests on the ability of biomass func-
tions to adapt to different conditions (through the measured
independent variables) in a manner that BEFs cannot do. Although
BEFs are assumed to be constants our results show that they vary
substantially over time, and we think that this is an important

http://www.lantmateriet.se


Table 2
Overview of principal biomass estimators, sample design and principal variance
estimators. The biomass estimators (a and b) are explained in the text and the
variance estimators in Appendixes A and B. Every estimate was evaluated for area-
based sampling. BEFs were derived at a national scale, whereas all estimates were
calculated per stratum (31 strata or regions in the whole of Sweden).

Biomass
estimator

Sample design Variance estimator

a DB̂ Paired samples VarðB̂�T1
Þ þ VarðB̂�T2

Þ � CovðB̂�T1
; B̂�T2
Þ

B̂�T2
� B̂�T1

Independent
samples

VarðB̂�T1
Þ þ VarðB̂�T2

Þ

b
BEF
^

T2 � DV̂
Paired samples

Var½BEF
^

T2 � DV̂ �

BEF
^

T1 � ½V̂�T2
� V̂�T1

� Independent
samples

Var½BEF
^

T1 � ðV̂�T2
� V̂�T1

Þ�

BEF
^

T2 � ½V̂�T2
� V̂�T1

� Independent
samples

Var½BEF
^

T2 � ðV̂�T2
� V̂�T1

Þ�

Table 5
Inconsistency in BEFs for standing stock and change in
stock, for managed land in Sweden (whole tree tons of
CO2-equivalents per cubic meter stem volume).

Biomass estimator
(ton CO2/m3)

Biomass expansion
factor

BEF
^

1990
1.40

BEF
^

1995
1.39

BEF
^

2000
1.38

BEF
^

2005
1.35

BEF
^

1995—1990
1.22

BEF
^

2000—1995
1.08

BEF
^

2005—2000
0.85
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message to people and countries involved in greenhouse gas
reporting based on NFI-type data.
4.2. Comparing approaches

Although not studied here, the default method might be an
alternative approach to the stock change method (IPCC, 2003).
When using the default method, changes in biomass for the living
biomass pool may be estimated by applying BEFs to growth and
drain. We argue that the risk of bias is probably higher when using
the default method and will now try to discuss why: The Swedish
NFI provides estimates of stem volume and growth based on bore
cores extracted from sample trees (on temporary sample plots). To
obtain acceptable accuracy, the estimated growth is based on the
last five fully developed annual year rings combined with average
data for 5 years. This means that the growth for recent years has to
be extrapolated. The drain is probably underestimated as it is dif-
ficult in the field to judge whether the harvest occurred within the
last year, and a proportion of stumps are usually unidentified;
however, we have tried to eliminate this underestimation by cali-
bration from stock changes on permanent plots. Alternatively, har-
vests may be estimated indirectly from consumption or production
statistics of harvested wood products. For both growth and drain
we expect a large potential bias when converting volume to
Table 3
The estimated stock and change in stock of stem volume and biomass (CO2 equivalents),
equivalents per cubic meter stem volume) and BEF�2005 ¼ 4070=3002 ¼ 1:36 (ton CO2/m3).
Formula (3).

Stock

1990
Stem volume (M m3) 2600 V̂�1990

300

Tree biomass (CO2 M ton) 3650
BEF
^

1990 � V̂�1990
421

Tree biomass (CO2 M ton) 3525
BEF
^

2005 � V̂�1990
407

Tree biomass (CO2 M ton) 3650 B̂�1990
407

Table 4
Estimates of whole tree biomass (CO2 equivalents) and corresponding estimate of accurac

Biomass estimator Formula Sample design

a DB̂ (1) Paired samples

B̂�2005 � B̂�1990
(2) Independent samples

b
BEF
^

2005 � DV̂
(4) and (5) Paired samples

BEF
^

2005 � ½V̂�2005 � V̂�1990�
(4) and (7) Independent samples
biomass. This bias may be reduced if separate BEFs are derived
for growth and harvest. One advantage of using harvest statistics
is the data is reasonably up to date but disadvantages include (i)
both legal and illegal export/import need to be considered, (ii)
the proportion of pulp that is biomass has to be known, (iii) the
data does not account for natural mortality and (iv) harvest cannot
be correlated with land use (harvest should be reported and re-
corded for several KP-activities). Thus, it is likely that the risk of
systematic errors is higher using the default rather than the stock
change method. The stock change method combined with data
from a NFI typically does not have the disadvantages described
above (i–iv), and the same methodology can be applied for all car-
bon pools (above-ground and below-ground biomass, litter, dead
wood and soil organic carbon). Moreover, the stock change method
for a permanent sample design minimizes the risk of double count-
ing and makes it straightforward to gauge the accuracy of
estimates.

4.3. A design for the future

We expected that the use of paired samples (permanent design)
would be the most efficient method for estimating changes. This
was verified by our results; the sample standard error when an
independent sample design was used to mimic a NFI based on tem-
porary sample plots was about twice that for a paired sample de-
for all land in Sweden; BÊF�1990 ¼ 3650=2600 ¼ 1:40 (ton whole tree biomass in CO2-
DV̂ and DB̂ are derived according to Formula (1) and BEF

^
Ti
; V̂�Ti

; and B̂�Ti
according to

Stock Change in stock

2005 2005–1990
2 V̂�2005

402 DV̂
4

BEF
^

1990 � V̂�2005
564

BEF
^

1990 � DV̂
0

BEF
^

2005 � V̂�2005
545

BEF
^

2005 � DV̂
0 B̂�2005

420 DB̂

y for different estimators and sample designs.

Change in stock 2005–1990, CO2 (M ton) Standard error, CO2 (M ton)

420 26.7

420 66.0

545 27.9

545 68.3



H. Petersson et al. / Forest Ecology and Management 270 (2012) 78–84 83
sign. A lower sample error was also expected for estimates based
on BiEqs compared to BEFs combined with volume. Again, the re-
sults supported this, but the differences seemed to be largely
dependent on design rather than estimator. For all estimates, it
should also be borne in mind that the influence of potentially
incorrectly specified models was not considered.

It is evident that an increasing number of countries are using
permanent design in their NFIs (Tomppo et al., 2010). Data inven-
toried by the NFIs are also frequently used as a basis when report-
ing changes in the carbon pool of living biomass under the
UNFCCC/KP. We concur with this use and believe it is important
to derive national representative biomass equations for individual
species/groups of species.

5. Conclusion

This study supports the hypothesis that there is a risk of bias
when estimating changes in living biomass using BEFs derived
from standing stock data. BEFs derived for change in stock may
be unbiased but vary substantially over time, which is undesirable.
For countries with no representative biomass equations, age-
dependent BEFs may be suitable alternatives.

The highest accuracy was obtained when estimating changes in
living biomass using individual tree representative biomass equa-
tions per tree fraction. The equations were applied to a permanent
sample based approach combined with the stock change method.
Many countries have adopted the same or similar approach when
reporting under the UNFCCC/KP and underlying data are normally
obtained from a NFI.
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Appendix A

Variance estimators for the ratio estimator (Formula (1)):

DB̂ ¼ A � DB̂T2�T1

ÂT2

The ratio estimator was calculated at a regional scale:

DB̂i ¼ Ai �
Pni

j¼1DbijPni
j¼1aij

¼ Ai � Ri

where DB̂i is the ratio estimated change in biomass for region i, Ai is
the measured area of region i in 2005, Dbij is the change in biomass
for region i and sample unit j between 1900 and 2005, aij is the esti-
mated area for region i and sample unit j in 2005, and ni is the num-
ber of sampling units (cluster of sampling plots) within region i. The
estimated variance at a regional scale was calculated as follows:

Var
^
ðDB̂iÞ �

A2
iPni

j¼1aij

� �2 � ni � S2
Dbij�Ri �aij

where S2
Dbij�Ri �aij

is the square of the standard deviation based on
Dbij � Ri � aij. Each region constituted a stratum and the estimated
variance for all strata (i.e., whole of Sweden) was calculated as
follows:

Var
^
ðDB̂Þ ¼

XN

i¼1

Var
^
ðDB̂iÞ

where N is the number of strata (counties in Sweden).
Variance estimators for the ratio estimator (Formula (2)):
B̂T2 � B̂T1 ¼
AiPni
j¼1aij

�
Xni

j¼1
DbijT2

�
Xni

j¼1
DbijT1

h i

The formula was separated into

B̂T2 ¼
AiPni
j¼1aij

�
Xni

j¼1

DbijT2
and B̂T1 ¼

AiPni
j¼1aij

�
Xni

j¼1

DbijT1

Var
^
ðB̂T2 Þ and Var

^
ðB̂T1 Þ were calculated separately. A similar proce-

dure was used to evaluate Var
^
ðDB̂Þ:

Var
^
ðB̂T2 � B̂T1 Þ ¼ Var

^
ðB̂T1 Þ þ Var

^
ðB̂T2 Þ

Estimates of variances were made per stratum and summed
over all strata to obtain values at a national scale.

Appendix B

Variance estimators for Formulae (5)–(7) by Taylor series
expansion:

According to Formula (5):

DB̂ ¼ BEF
^

T2 � DV̂ ¼ B̂T2

V̂T2

� A

ÂT2

� DV̂T2�T1

However, in practice BEFs are not applied to the same sample units
that they are derived from. Therefore, to obtain a general formula
we assume that the BEF was derived at T3:

DB̂ ¼ B̂T3

V̂T3

� A

ÂT2

� DV̂T2�T1

û ¼ 1
A
� DB̂ ¼ B̂T3

V̂T3

� DV̂T2�T1

ÂT2

¼ B�T3
� DV�T2�T1

where B�T3
¼ B̂T3

V̂T3

and DV�T2�T1
¼ DV̂T2�T1

ÂT2

.

Using Taylor series expansion (Kendall and Stuart, 1977):

Var
^
ðûÞ � Var

^
ðB�T3
Þ � ðDV�T2�T1

Þ2 þ Var
^
ðDV�T2�T1

Þ � ðB�T3
Þ2 þ 2 � B�T3

� DV�T2�T1
� Cov
^
ðB�T3

;DV�T2�T1
Þ

If the sample units at T3 are independent of those at T2 and T1 (i.e., if
the BEF is derived from one sample and applied to another sample),
then

CovðB�T3
;DV�T2�T1

Þ ¼ 0

If T3 = T2 and permanent sample units are used (dependence, For-
mula (5)) then

V�T2
¼ V̂T2

ÂT2

and V�T1
¼ V̂T1

ÂT2

DV�T2�T1
¼ V̂T2 � V̂T1

ÂT2

¼ V̂T2

ÂT2

� V̂T1

ÂT2

¼ V�T2
� V�T1

Var
^
ðDV̂�T2�T1

Þ ¼ Var
^
ðV�T2
Þ þ Var

^
ðV�T1
Þ � 2 � Cov

^
ðV�T2

;V�T1
Þ

CovðV�T2
;V�T1
Þ ¼ EðV̂T1 Þ � Cov V̂T2

ÂT2

;
1

ÂT2

 !
; ÊðV̂T1 Þ ¼ V�T1

and

Cov
^ V̂T2

ÂT2

;
1

ÂT2

 !
¼ 1

ðAT2 Þ
2 � n � S

2
V�T2

; 1
ÂT2

Cov
^
ðB�T2

;DV�T2�T1
Þ ¼ Cov

^
ðB�T2

;V�T2
Þ � Cov

^
ðB�T2

;V�T1
Þ

Cov
^
ðB�T2

;V�T2
Þ ¼ n

V̂T2 � ÂT2

� S2
B�T2

;V�T2

If T3 = T2 and temporary sample units are used (independence, For-
mulae (6) and (7)) then
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CovðV�T2
;V�T1
Þ � CovðB�T2

;V�T1
Þ � 0

estimates of variances (Var
^
ðûÞ) for both the permanent and tempo-

rary sample approaches were made per stratum and summed over
all strata to obtain values at a national scale. This is a simplification
since the BEFs were derived at a national scale.
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