Dissertationes Forestales 30

Forest inventory-based large-scale forest biomass and
carbon budget assessment: new enhanced methods and
use of remote sensing for verification

Petteri Muukkonen

Finnish Forest Research Institute

Department of Geography
Faculty of Science
University of Helsinki

Academic dissertation

To be presented, with the permission of the Faculty of Science of University of Helsinki,
for public criticism in Auditorium XII, Main Building, Fabianinkatu 33, on November 17"
2006 at 12 o’clock noon.



Title:

Author:

Forest inventory-based large-scale forest biomass and carbon budget as-
sessment: new enhanced methods and use of remote sensing for verifica-
tion

Petteri Muukkonen

Dissertationes Forestales 30

Supervisors:

Pre-examiners:

Opponent:

ISSN:
ISBN-13:
ISBN-10:
(2006)

Publishers:

Editorial Office:

Docent Raisa Makipaa
Finnish Forest Research Institute

Professor Petri Pellikka
Department of Geography
University of Helsinki

Professor Anders Lindroth
Department of Physical Geography and Ecosystems Analysis
Lund University

Associate Professor, Docent, Lars Eklundh
Department of Physical Geography and Ecosystems Analysis
Lund University

Professor Pekka Kauppi
Department of Biological and Environmental Sciences
University of Helsinki

1795-7389
978-951-651-148-4 (PDF)
951-651-148-1 (PDF)

The Finnish Society of Forest Science

Finnish Forest Research Institute

Faculty of Agriculture and Forestry of the University of Helsinki
Faculty of Forestry of the University of Joensuu

The Finnish Society of Forest Science
Unioninkatu 40A, FI-00170 Helsinki, Finland
http://www.metla.fi/dissertationes



Muukkonen, Petteri 2006. Forest inventory-based large-scale forest biomass and carbon
budget assessment: new enhanced methods and use of remote sensing for verification. Uni-
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ABSTRACT

In recent years, concern has arisen over the effects of increasing carbon dioxide (CO,) in
the earth's atmosphere due to the burning of fossil fuels. One way to mitigate increase in
atmospheric CO, concentration and climate change is carbon sequestration to forest vegeta-
tion through photosynthesis. Comparable regional scale estimates for the carbon balance of
forests are therefore needed for scientific and political purposes.

The aim of the present dissertation was to improve methods for quantifying and verify-
ing inventory-based carbon pool estimates of the boreal forests in the mineral soils. Ongo-
ing forest inventories provide a data based on statistically sounded sampling for estimating
the level of carbon stocks and stock changes, but improved modelling tools and comparison
of methods are still needed. In this dissertation, the entire inventory-based large-scale forest
carbon stock assessment method was presented together with some separate methods for
enhancing and comparing it. The enhancement methods presented here include ways to
quantify the biomass of understorey vegetation as well as to estimate the litter production of
needles and branches. In addition, the optical remote sensing method illustrated in this dis-
sertation can be used to compare with independent data.

The forest inventory-based large-scale carbon stock assessment method demonstrated
here provided reliable carbon estimates when compared with independent data. Future ac-
tivity to improve the accuracy of this method could consist of reducing the uncertainties
regarding belowground biomass and litter production as well as the soil compartment.

The methods developed will serve the needs for UNFCCC reporting and the reporting
under the Kyoto Protocol. This method is principally intended for analysts or planners in-
terested in quantifying carbon over extensive forest areas.

Keywords: Boreal forests, Carbon balance, Climatic changes, Forest vegetation
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ABBREVIATIONS

ASTER Advanced Spaceborne Thermal Emission and Reflection Radiometer
AVHRR Advanced Very High Resolution Radiometer

BEF Biomass expansion factor

CLC Corine Land Cover

cop Conference of Parties

dbh Diameter-at-breast height

FAO Food and Agricultural Organization

IPCC Intergovernmental Panel on Climate Change

IPCC GPG Intergovernmental Panel on Climate Change, Good Practice Guidance
LULUCF Land Use, Land-Use Change and Forestry

LWIR Longwave infrared spectral region

MODIS Moderate Resolution Imaging Spectroradiometer

MWIR Midwave infrared

NBP Net biome productivity which was calculated by subtracting felled

roundwood removed from the forests (RE) from NEP.
NBP = NEP — RE

NEP Net ecosystem productivity which was obtained by subtracting hetero-
trophic respiration R;, from NPP.
NEP =NPP-R,

NFI National Forest Inventory
NIR Near-infrared spectral region
NPP Net primary productivity which was calculated by summing up the

change in growing stock of trees AGS, change in the biomass of un-
derstorey vegetation AB, litter production of trees and understorey L,
natural losses (mortality) of trees M and fellings of trees by humans
(harvesting) F.

NPP=AGS+AB+L+M+F.

NOAA AVHRR National Oceanic and Atmospheric Administration, Advanced Very
High Resolution Radiometer

SOM Soil organic matter

SPOT Satellite Probatoire d’Observation de la Terre



SWIR/MWIR
TIR
UNFCCC
VAPU

VIS

VNIR

YASSO

Shortwave and midwave infrared spectral region

Thermal infrared spectral region

United Nations Framework Convention on Climate Change
National tree research programme

Visible light spectral region

Visible and near infrared spectral region

Soil model Yasso
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1 INTRODUCTION

1.1 Requirements for assessment of forest carbon balance

Climate change is recognized as a major potential threat to the world’s environment and to
economic development. Carbon sequestration by terrestrial ecosystems is important in the
global carbon balance, hence for limiting the concentration of CO,; in the atmosphere. Car-
bon research has become a focal topic in science since the observed increase in levels of
atmospheric CO, (from ~280 ppm in 1800 to ~315 ppm in 1957 to ~356 ppm 1993) and,
more recently, because there are two key policy-related reasons for measuring carbon in
forests. Firstly, commitments under the UNFCCC signing of the Climate Convention
United Nations Framework Convention on Climate Change (UNFCCC) has forced nations
to assess their contributions to the sources and sinks of CO, and to evaluate the processes
that control CO, accumulation in the atmosphere (Schimel 1995). The UNFCCC, signed by
more than 150 countries, requires that all parties to the Convention commit themselves to
develop, periodically update, publish and make available to the Conference of Parties
(COP) their national inventories of emissions by sources and removals by sinks of all
greenhouse gases, using comparable methods. Secondly, the recognition that forestry activi-
ties could be both sources and sinks of carbon led to their inclusion in the Kyoto Protocol
(Brown 2002).

Forest vegetation and soil may act as significant sinks or sources of atmospheric CO,,
depending on land use, forest management and environmental conditions. Plants acquire C,
in the form of CO, from the atmosphere through the stomata of their leaves and incorporate
it into the organic matter of their own biomass through the process of photosynthesis. Res-
piration by all organisms returns CO, to the atmosphere. The living forests themselves are
carbon pools and will be sinks as long as the trees are growing. Boreal forests, which oc-
cupy much of the circumpolar region between 50° and 70° N (Ahti et al. 1968), are of par-
ticular interest because, among all the biomass, they may undergo the greatest climatically
induced changes (Bonan et al. 1992, Myneni et al. 1997, IPCC 2001). In addition, during
recent decades terrestrial ecosystems in the boreal forests of the Northern Hemisphere ap-
pear to have accounted for a major portion of the terrestrial sink, partly as a result of im-
proved forest management (Liski et al. 2003b, Stéhl et al. 2004). However, predicting bo-
real carbon budgets for large continental areas is complex because the landscape is highly
diverse and plant biomass is very variable on spatial and temporal scales (Ciais et al. 2000).
Extensive natural disturbances and harvestings by humans may also occur.

The need for reporting carbon budgets (example of pools and fluxes that are essential as
a part of forest carbon budget are given in Figure 1) for the Kyoto Protocol has placed addi-
tional demands for reliable surveying methods that are verifiable, specific in time and
space, and cover large areas at acceptable cost (Krankina et al. 2004, Patenaude et al.
2005). When methods for assessing carbon pools in boreal forests are considered it is usu-
ally appropriate to make use of the data available from the national forest inventory (NFI)
(Baritz and Strich 2000, Hall et al. 2001, Banfield et al. 2002, Brown 2002, Mickler et al.
2002, Turner et al. 2004). In Finland, the NFI is a good source of information on state and
change in forest resources, including carbon pools (Tomppo 2000). Forest inventory data
may consist of both field measurements and remote sensing data, although soil carbon es-
timates are not normally provided and covered by traditional NFIs.
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Figure 1. An exam-

ple of carbon pools
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1.2 Forest inventory-based large-scale carbon budget assessment

1.2.1 General

Methods for carbon stock change assessment involve measuring the difference in carbon
stocks between two points in time or estimating the difference between gross growth and
removals (Turner et al. 2004). For existing forests, NFI data are the most practical means
for estimating the carbon content of forests, since the data are generally collected at the
required scales and from the population of interest in a statistically well-designed manner
(Brown 2002). An inventory-based approach can be used to cover large land areas and a
variety of species and site conditions. This approach can also be based upon existing forest
inventory networks such as the Finnish NFI. Ciais et al. (2005) showed that the advantages
of using NFIs lie in covering and understanding spatial variability at the expense of detailed
knowledge of the component processes.

Traditional forest inventories provide information on stand volumes, but not on biomass
or carbon stock (FAO 2000). Thus, the available volume estimates had to be converted into
biomass and carbon budget estimates. Data from these inventories can be converted to bio-
mass and therefore to the carbon in one of two ways, depending upon the level of detail
reported (Brown 2002). The relationship between biomass and stand volume makes it pos-
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sible to estimate forest tree biomass at the national level from NFI data that are readily
available in most countries or regions (Fang et al. 1998, FAO 2000).

In contrast, general methods for estimating the carbon balances of nonliving organic
matter pools are still lacking. Quantifying the carbon balances of litter and soil organic mat-
ter (SOM) is particularly complicated since the expected changes are extremely low (Liski
et al. 2002, Peltoniemi et al. 2004). Even the spatial variability at a forest site may be sev-
eral times greater than the changes expected over a decade (see Liski 1995). For this reason,
various modelling approaches have been applied to obtain stock change estimates of litter
and soil carbon (Kurz and Apps 1999, Heath et al. 2002, Liski et al. 2002). The diversity of
these methods makes the comparison of the results difficult (Goodale et al. 2002).

1.2.2 Role of understorey vegetation

The carbon budgets of trees and forest soil have been modelled extensively, but understorey
vegetation is not usually included in these analyses (Bonan et al. 1992, Liski et al. 2002,
Nabuurs et al. 2003). In comparison to other components of forest ecosystems, the biomass
of understorey vegetation is considered to be small and is sometimes dismissed as negligi-
ble (e.g. Stahl et al. 2004). Pussinen et al. (1997) showed that, over 50% of the carbon stock
in boreal forests may be in trees, one third in SOM and about 10% in litter. The proportion
of the total forest carbon stock stored in understorey vegetation is only 1-2% (Lakida et al.
1996, Pussinen et al. 1997), but disturbances or exceptional conditions may introduce wide
variation. However, the biomass of understorey vegetation may play an important role in
many ecosystem processes, €.g. in the nutrient and carbon cycle (Yarie 1980, Van Cleve
and Alexander 1981), due to rapid turnover at the biomass level and the presence of easily
decomposable litter (Zavitkovski 1976, Chapin 1983, Tappeiner 1989). In upland soils, the
annual litter production of understorey vegetation may represent a considerable proportion
of the total litter production, varying from 4% to 30% (Hughes 1971). Studies ignoring un-
derstorey vegetation (e.g. Kurz and Apps 1999, Nabuurs et al. 2003) may result in underes-
timation of the NPP (net primary productivity) and litter production and, in addition, the
carbon stock and sink of soil that are dependent on the total litter production.

1.2.3 Litter production and its reliable estimation

Litterfall represents the most important source of elemental flux to the forest floor. The
litter pool usually refers to the dead organic debris that is supplied to the soil by litterfall
and as root litter (Stahl et al. 2004). During the life of the forest, the litter pool continuously
receives carbon from the forest in the form of dead foliage, roots, branches and whole trees
as well as dead parts of the understorey vegetation (Cannel and Milne 1995). In the present
study, the litter already fallen to the ground is handled as part of the soil organic layer,
which is part of the soil carbon pool.

The proportion of aboveground litter compartments of Norway spruce (Picea abies (L.)
Karst.) is nearly 73% for needles, 13% for branches, 5% for cones and 10% for other mixed
litter (Viro 1955), which consists of seed, flowers, bud scales, epiphytic lichen and small
pieces of bark. The percentage of litter compartments of Scots pine (Pinus sylvestris L.) is
nearly 67-85% for needles, 7-12% for branches, 4—11% for bark, 0.5-2% for cones and 2—
6% for other mixed litter (Viro 1955, Mélkdnen 1974). Mixed litter consists of seed, flow-
ers, bud scales and epiphytic lichen. Although the amount of branch litterfall is much lower
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than that of foliage litter, its contribution to the carbon stock of the soil is high since it de-
composes slowly; this should be taken into account when ecosystem models are built.

1.2.4 Remote sensing in carbon estimation

The purpose of comparing national carbon inventories and to improve their quality is to
establish their reliability and to check the accuracy of the numbers reported by independent
means (IPCC 2003). There are many approaches that can be used to verify carbon esti-
mates. An overall comparison exercise may include cross-checking of the results at differ-
ent geographical scales. IPCC good practice guidance (GPG) (IPCC 2003) states that re-
mote sensing methods are especially suitable for comparing the national land use, land-use
change, and forestry (LULUCF) carbon pool estimates, especially the aboveground bio-
mass, provided that adequate ground reference data (not used for the carbon stock inventory
itself) are available to represent the range in forest biomes and management regimes for
which estimates are required. In addition, measurements of greenhouse gas fluxes at eco-
system scales may be used to compare, at local scales, the changes reported in carbon stock
(IPCC 2003). These flux observations are usually carried out by micrometeorological tech-
niques, such as eddy covariance, using canopy towers placed inside forests or other ecosys-
tems, mainly for CO, exchange measurements (Aubinet et al. 2000). Even if the carbon
fluxes can be measured precisely for a single stand by the eddy-covariance method, it is
still not practical to have a sufficient number of systems so that scaling up to the national
level becomes meaningful (Stéhl et al. 2004).

When the utilization of remote sensing based methods for biomass and thus carbon es-
timation is considered, the purposes for which the methods will be used should be identi-
fied. Most countries may have NFIs providing relatively reliable estimates for large areas.
If the frequency of the NFIs is not high enough, medium- or coarse-resolution remote sens-
ing data can be used. Tomppo et al. (2002) concluded that the benefits of using such remote
sensing data may be: 1) frequent coverage repetition, 2) easy coverage of large areas, 3)
extrapolation of estimates to areas with no ground reference data and 4) low price per area
covered.

Future direct measurements of carbon stock in boreal forests may also rely on remote
sensing data, and new remote sensing data collection technologies are in development
(Brown 2002). Although biomass cannot be directly measured from space, remotely sensed
reflectance can be related to biomass estimates based on field measurements (Dong et al.
2003). Yet, it must be born in mind that the relationship between biomass and canopy re-
flectance is largely contextual (Patenaude et al. 2005). This reflects the inherent difficulty
in using optical remote sensing data for monitoring forest biomass.

A wide range of approaches has been proposed for quantifying biomass using optical
and radar remote sensing systems, although no studies have yet presented a technique that
is consistent, reproducible and applicable at regional or continental scales (Rosenqvist et al.
2003). The imaging data used should be chosen according to the geographical scale of the
target area and desired degree of resolution (IPCC 2003). At global-level mapping, coarse-
and medium-resolution optical sensors, such as the National Oceanographic and Atmos-
pheric Administration Advanced very High Resolution Radiometer (NOAA AVHRR) (e.g.
Hame et al. 1997, Dong et al. 2003) and the Moderate Resolution Imaging Spectrometer
(MODIS) (Baccini et al. 2004, Xia et al. 2005, VII), are most useful due to their frequent
temporal coverage, although for quantifying change at local to regional levels, data pro-
vided by finer resolution instruments, such as Landsat (e.g. Hame et al. 1996, Fazakas et al.
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1999, Tomppo et al. 2002, Krankina et al. 2004, Turner et al. 2004), the Advanced Space-
born Thermal Emission and Reflection Radiometer (ASTER) (VI) and the Satellite Proba-
toire d'Observation de la Terre (SPOT) sensors are required. Also the mapping of forest
biomass using radar was also recently explored (Rauste et al. 1994, Tomppo et al. 2002,
Gaveau et al. 2003, Rauste 2005, Rauste 2006), but in this dissertation I have only focused
on optical remote sensing and on its role in biomass estimation.

1.3 Objective

The aim of this dissertation was to improve methods for quantifying and verifying inven-
tory-based carbon pool estimates for the boreal forests on mineral soils. Ongoing forest
inventories provide a statistical basis for estimating the levels of carbon stocks and stock
changes, but new enhanced methods are still needed. The methods developed will serve the
needs for UNFCCC reporting and the reporting under the Kyoto Protocol.

In this dissertation, I demonstrate the inventory-based carbon budget assessment as well
as new enchanced methods in it. Those enhanced methods deals with biomass estimation of
understorey vegetation and litter estimation of needles and branches. I also show the possi-
bility to use optical remote sensing methods to verify large-scale forest biomass estimates.

2 MATERIAL

2.1 Field data

2.1.1 National Forest Inventory

The calculation method for large-scale forest carbon budget assessments (V) is based on the
NFI data. The NFTI has been conducted in Finland nine times so far, each requiring from 3
to 9 years to survey the whole country. The first NFI in 1921-1924 was a line transect sur-
vey with the length of the surveyed line totalling more than 13 000 km and the distance
between the survey lines being 26 km (Ilvessalo 1927), whereas the last completed NFI
applied systematic cluster sampling and took measurements at about 70 000 sites (Tomppo
2000). Traditionally, the most important target variables of forest inventories have been
forest area, growing stock and increment, all of which must be converted to satisfy the re-
quirements of carbon inventories.

2.1.2 Understorey vegetation data (I, II)

2.1.2.1 Relationship between biomass and percentage cover (I)

The data used in Article I (see Table 1) to study the relationship between biomass and per-
centage cover of plants of understorey vegetation was compiled from several sources, with
differences in the details of the sampling procedures. In each study the percentage cover
was estimated visually. The biomass of the aboveground parts was measured either as sin-
gle species or as species groups such as herbs and grasses, dwarf shrubs, lichens and
mosses. In some cases, the biomass was measured separately only for the bottom and field
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layers. A total of 225 sample quadrats were located in the upland soils and 195 on the peat-
lands. The exact sampling procedures for each stand are presented in the corresponding
publications. In general, they resulted in comparable observations of the aboveground bio-
mass of the understorey vegetation in mineral soils and on peatlands in Finland.

2.1.2.2 Understorey vegetation according to stand and site attributes (II)

The biomass models of understorey vegetation followed the stand and site attributes devel-
oped (II) which in turn were based on the biomass/cover equations (I) and on the nation-
wide vegetation data from a systematic network of permanent sample plots (300 m?) estab-
lished by the NFI in 1985-1986. The sample plots form a regular network of clusters; in
southern Finland each cluster consists of four plots at 400-m intervals and in northern
Finland three plots at 600-m intervals. In the south there is one cluster per area of 16 km x
16 km and in the north one cluster per area of 24 km x 32 km. Only sample plots with the
required forest site attributes were included. Of 3009 sample plots covering the whole of
Finland, a total of 1667 located in upland soils and 592 located on peatlands were selected
for our study. The percentage cover of plants was estimated visually on 2-m” quadrats lo-
cated systematically within the plots (see Mékipaa and Heikkinen (2003) for further de-
tails). Each quadrat was used as an individual observation in further analyses.

The aboveground biomass of understorey vegetation was calculated for the following
species groups: herbs and grasses, mosses, lichens, and dwarf shrubs. The biomasses were
estimated by species group since, despite the relatively wide variability in floral composi-
tion, the dense cover and the large number of species, the ground cover in the upland soils
of boreal forests is dominated by only a few species regardless of the phase of stand devel-
opment (Kubicek and Simonovic 1982, Havas and Kubin 1983, Kubin 1983, Reinikainen et
al. 2001). In general, the dominant and subdominant species represent 85-97% of the total
ground biomass (Kubicek and Simonovic 1982).

Table 1. Field and optical remote sensing data used in original articles.
Article

Compiled data of aboveground biomass and percentage cover of un-
derstorey vegetation (for comprehensive list see Atrticle 1)

Nation-wide vegetation data from a systematic network of permanent
sample plots established by the Finnish NFI in 1985-1986

National tree research data (VAPU) established by the Finnish Forest

I, v Research Institute

Forest inventory data on forest area and stand volume established by
Finnish NFI 1922-2002

Two standwise forest inventory datasets; the statistical models were
VI constructed using one field dataset (provided by Metsahallitus) and
evaluated by another (provided by Finnish Forest Research Institute)

ASTER satellite data
Vi MODIS satellite data
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Stand age, basal area, stem volume, stem number, fertility class, coordinates, elevation
and effective temperature sum were recorded or derived for each stand by NFI. The effec-
tive temperature sum (sum of daily mean temperatures, threshold value +5 °C) was esti-
mated for each site using the surface-fitting model of Ojansuu and Henttonen (1983), which
is based on measurements of monthly mean temperature recorded at the Finnish Meteoro-
logical Institute weather stations. Stand age was estimated using increment cores from a
single sample tree that represented the dominant canopy layer. The basal area was esti-
mated as an average of three relascope observations. The fertility levels of the stands were
estimated by a botanist, based on the levels found in the understorey vegetation.

2.1.3 Needle litterfall data (111, IV)

The national tree research data (VAPU) used (II1, I'V) consisted of measurements of sam-
ple trees on sample plots established by the Finnish Forest Research Institute in southern
Finland (south of 62°4' latitude) during 1988—1990. Three to five sample trees (with diame-
ter-at-breast height (dbh) more than 5 cm) from the dominant canopy layer closest to the
plot centre were selected and felled (Figure 2). A total of 64 Scots pine and 80 Norway
spruce trees were used.

Estimation of needle litterfall is based on needle cohort longevity (VAPU database).
First-order needle cohorts (Figure 3) were estimated visually from two branches in the 15th
whorl from the top of the tree (Figure 2a). The first branch pointed to the centre of the sam-
ple plot and the second pointed in the opposite direction (Figure 2b). Kendall’s coefficient
of concordance (Ranta et al. 1999) shows that there were statistically significant similarities
between the needle cohorts of the two measured directions. Therefore, to avoid measure-
ments that are dependent on each other, it is reasonable to analyse the measurements of
branches in only one direction. The percentage survival of needles in each of the needle
cohorts was estimated visually and classified into one of six classes: 1) 0-5%, 2) 6-25%, 3)
26-50%, 4) 51-75%, 5) 76-95% and 6) 96—100%.

a) Sample tree

b) Sample plot Figure 2. Sampling of the needle

o et cohorts was estimated visually from
a Sample /1 the two branches in the 15" whorl
/ fee gm (a). The first branch pointed to the
‘f contre of L ! centre of the sample plot and the
\ the plot X ] second pointed in the opposite
| b\I / direction (b). The single sample

. J tree is presented in (a) and the
AN SampleEB 7

S tree \H sample plot in (b).
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Figure 3. Needle cohorts. First-order
needle cohorts are located on the main
stalk of the branch.

Current year’s growth

18t measured
needle cohort

2" measured
needle cohort (

34 measured
needle cohort s

2.1.4 Ground reference data for remote sensing (VI)

The study area (VI) is located in southern Finland (Figure 4). In this study, two standwise
forest inventory datasets were used as ground reference data. The statistical models were
constructed using one field dataset (Evo) and evaluated by another (Vesijako). The Evo
data was provided by the Metsdhallitus, which is a state enterprise operating within the ad-
ministrative sector of the Ministry of Agriculture and Forestry, and it manages most of the
state-owned land and waters in Finland. The Vesijako data were provided by the Finnish
Forest Research Institute. Both forest stand datasets included stand volume and stand age,
which were transformed to aboveground biomass of trees and understory vegetation (t ha
". The aboveground tree biomass by tree component (total aboveground, stem, foliage,
branches) was derived from the stand volume, using specieswise age-dependent biomass
expansion factors BEFs (Lehtonen et al. 2004). The aboveground biomass of understory
vegetation by species group was derived according to the stand age and dominant tree spe-
cies (II). Only forest stands in mineral soils were examined. The number of forest stands
included was 1331 and 679 in the modelling (Evo) and validation (Vesijako) datasets, re-
spectively.

2.2 Optical remote sensing data

ASTER is a high-spatial resolution multispectral imager with three subsystems operating in
different spectral regions, namely the visible and near infrared (VNIR), the shortwave infra-
red (SWIR) and the thermal infrared (TIR) (Yamaguchi et al. 1998). The spatial resolution
is 15, 30 and 90 m for VNIR, SWIR and TIR, respectively. A single ASTER image covers
an area of 60 x 60 km®. In this study, the red and NIR spectral bands were used (Table 2).

Table 2. Spatial resolution and spectral overlap of ASTER and MODIS data used (Ardanuy
et al. 1991, Masuoka et al. 1998, Yamaguchi et al. 1998).

ASTER MODIS
Spectral range (um) Band 2: 0.63-0.69, Red Band 1: 0.62—-0.67, Red
Band 3: 0.76-0.86, NIR Band 2: 0.841-0.876, NIR

Spatial resolution (m) 15 250
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10

Figure 4. Location of the study area and coverage of the ASTER images and the forest
stand maps employed. A corresponds to the Vesijako dataset used in training and B to the
Evo dataset used in validation. Following division of the vegetation zones in Finland, the
study area is situated in the southern Boreal Zone (SB) (Ahti et al. 1968, p. 188). The other
vegetation zones are the Hemiboreal (HB), Mid-Boreal (MB) and Northern Boreal (NB).

The MODIS instrument provides 36 spectral bands ranging in wavelength from 0.46 um
to 14.4 um (Ardanuy et al. 1991, Masuoka et al. 1998). MODIS has four refractive objec-
tive assemblies, one for each of the visible (VIS), near-infrared (NIR), shortwave and mid-
wave infrared (SWIR/MWIR) and longwave infrared (LWIR) spectral regions (Ardanuy et
al. 1991). Two bands are imaged at a nominal resolution of 250 m at nadir (bands 1-2),
with five bands at 500 m (bands 3—7), and the remaining 29 bands at 1 km (bands 8-36).
The swath dimensions are 2330 km (across the track) by 10 km (along the track at nadir).
These two imager instruments, ASTER and MODIS, were carried onboard the Terra space-
craft (Earth Observing System AM) on December 18, 1999. We used MODLAND product
MODO09 to provide surface reflectance data (Justice et al. 2002).

MODIS spectral bands 1 and 2, covering almost the same wavelength area as ASTER
bands 2 and 3 (Table 2, Figure 5), were calibrated using regression analysis (Hime et al.
1997). The following linear models were used:

ASTER ey = o + 1 - MODIS ep,) ey
ASTER vy = Bo + B1 - MODIS(\1r) 2)
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Figure 5. The normalized spectral response of red and NIR ASTER and MODIS bands.

Dashed lines correspond to the ASTER bands 2 and 3 and solid lines to the MODIS bands 1
and 2. The linear models were used for calibrating bandwidth differences.

The terms f, and f; of these linear models were calculated from Curran and Hay (1986)
and Cohen et al. (Cohen et al. 2003):
| = TUSTER)) (3)

By = ASTER ;, —a-MODIS 4)

where ASTER;, and MODIS;, are the means of the variables ASTER and MODIS and,
o(ASTER;)) and o(MODIS|;) the standard deviations. The parameterizations of the linear
models are based on the overlay of ASTER and MODIS data for all pixels in the study area.

3 DATA ANALYSIS

3.1 Forest inventory-based large-scale carbon budget assessment (V)

3.1.1 Computational scheme

In this study, the computational scheme of the forest carbon budget (Figure 6) is based on
forest inventory data on forest area and stand volume (V). The carbon pools (living vegeta-
tion and soil) and their annual changes (1922-2004) were estimated from the forest inven-
tory data with the aid of modelling. The basic concepts of this calculation method have
been presented earlier (Liski et al. 2002), but here a more advanced version of the method
is demonstrated. The enhanced method consists of new models shown to be appropriate for
regional and national scale inventories.
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Figure 6. Computational scheme. In biomass estimation of trees (*) there are few excep-
tions (see Chapter 3.1.2). For uncertainty of different components and factors see Pel-
toniemi et al. (2006).
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Figure 7. Relative dis-

tribution of tree biomass
Foliage — averages for Finland
Branches (V).

Stem
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Pine Spruce Broad-leaved

3.1.2 Tree biomass

In the present study, estimates for the volume of growing stock were converted to biomass,
using species-specific BEFs for different biomass compartments (for distribution of the tree
biomass see Figure 7) (Lehtonen et al. 2004a). The tree biomass is normally divided in to
the aboveground parts stem, bark, branches, foliage, and the belowground parts stump and
roots (Lehtonen et al. 2004a, Stahl et al. 2004). Suitable BEFs were not available for foliage
of broad-leaved trees, the biomass of which was assumed to be proportional to branch bio-
mass, and the proportion to decrease from 80% to 20% with increasing stand age of 10 to
150 years.

Suitable BEFs were not available for estimating the biomass of fine roots, coarse roots
and stumps of broad-leaved trees (Lehtonen et al. 2004a). To estimate the biomasses of
these compartments, the fine root biomass of conifers was estimated to be proportional to
foliage biomass (V). For broad-leaved forests, the ratio between fine root and stem biomass
was assumed to be the same as in pine forests of the same age. The compounded biomass of
stump and transportation roots was assumed to be 53% of the stem biomass in broad-leaved
forests (Laitakari 1935), and this biomass was divided equally between these components.

3.1.3 Litter production of trees

In the present study, the computational method distinguished three carbon fluxes to litter
and soil: 1) the litter production of living vegetation resulting from biomass turnover, 2)
mortality of tree individuals due to natural causes and 3) residues of harvests (see Figure 8)

V).
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Figure 8. Litter production of pine forests — averages for Finland (V). The biomass of each
tree compartment was multiplied by the compartmentwise biomass turnover rate. For bio-
mass turnover rates see Table 3.

There are two approaches to estimate litter production in living vegetation. Firstly, the
average values of litterfall measurements can be used, utilizing either litterfall measure-
ments from the study area or litterfall modelled according to site conditions (e.g. Berg and
Meentemeyer 2001, Starr et al. 2005). Secondly, the time series of litterfall from living
vegetation, [(f), can be calculated for each biomass compartment by multiplying the bio-
mass of the growing stock, m(f), by the component-specific biomass turnover rates, r;
(Liski et al. 2002, Masera et al. 2003):

() =rm;. ©)

In the present study, the latter approach was used to estimate the litter produced by living
vegetation (see the computational scheme in Figure 6) (for biomass turnover rates see Table
3). The natural mortality was taken to be equal to the biomass of dying trees. The harvest
residues were assumed to be equal to the biomass of felled trees, excluding 91% of the stem
biomass that was removed from the forests.
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Table 3. Biomass turnover rates (per year) used to estimate the litter production of trees and
ground vegetation (V).

Trees
Spruce forests Pine forests Broad-leaved
forests
s NP S N S N
Foliage 0.10° 0.05° 0.22° 0.10° 0.78°
Branches & roots 0.0125° fit) 0.0135°
Stump bark 0.0" 0.0030' 0.0001’
Reproductive origins & stem bark 0.0027" 0.0052 0.0029
Fine roots 0.811" 0.868' 1.0"
Ground vegetation

Mosses 0.33"
Lichens 0.1°
Dwarf shrubs, aboveground 0.25°
Herbs & grasses, aboveground 1.09
Dwarf shrubs, belowground 0.33'
Herbs & grasses, belowground 0.33'

& Southern Finland

® Northern Finland

‘v

‘m

° Leaves of broad-leaved trees became 22% lighter during yellowing process in autumn (Viro 1955)

" As a function of age (Lehtonen et al. 2004b)

9 Estimated from the repeatedly measured permanent sample plots of the Finnish National Forest
Inventory

h Derived from the results of Viro (1955)

' Derived from the results of Viro (1955) and Mélkénen (1974)

! Derived from the results of Viro (1955) and Mélkénen (1977)

¥ (Majdi 2001)

'(Kurz et al. 1996)

™ We assumed that broad-leaved trees replace all their fine roots each year

" Rough estimation that the litterfall equals the annual biomass production (Tamm 1953, Kelloméki et al.
1977, Havas and Kubin 1983, Nakatsubo et al. 1997)

° Rough estimation that the litterfall equals the annual biomass production (Longton 1992, Kumpula et
al. 2000)

P Rough estimation that the litterfall equals the annual biomass production (Mork 1946, Malkénen 1974,
Havas and Kubin 1983)

9 Aboveground parts of herbs and grasses change completely into litter at the end of the growing
season

" Rough estimation that the life expectancy for roots is about 2—3 years (Head 1970)
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3.1.3.1 Analysis for estimating litter production of needles (III, IV)

To study needle-shed dynamics and to estimate the turnover rate of needle biomass, ordinal
regression (Bender and Benner 2000) was used to model the relationship between age of
the needle cohort and the survival class. The survival classes, according to the age of the
needle cohort, characterized the decrease in needle density over time. In other words, the
needle survival classes indicate the proportion of original needles present in a needle cohort
at a particular time.

The dry weight of living needles increases during the first four years (Viro 1955). The
weight of second-year, third-year and older needles is 36%, 30% and 40%, respectively,
higher than that of first-year needles. Norway spruce shed needles from all needle cohorts
and most of the needles become yellow before they are shed (Salemaa et al. 1993). Upon
yellowing, the spruce needles become lighter and the absolute amounts of nutrients in them
usually diminish, being transferred to the trunk (Viro 1955). In other words, a substantial
amount of the nutrients required for construction of new needles each year can be supplied
by the relocation of nutrients from aging needles (Schoettle and Fahey 1994). In this proc-
ess spruce needles lose 13—39% of their weight, depending on the age of the needle cohort
(Viro 1955).

The biomass turnover rate of needles (7r) in the timeperiod approach was calculated
with the following model as

n—1
Z(bi —bip) w;-d;
rf == n—1 ? (6)
D (b wy)
i=0

where b is the percentage survival of the needle cohort, w is a weight factor indicating
weighting of needles over time and d is loss of weight during yellowing of needles (111,
IV). The numerator indicates the total number of needles removed annually and the de-
nominator the total number of needles on a tree or single branch. In the present study, n is 6
or 12, which indicates the number of needle age-classes in Scots pine and Norway spruce
trees, respectively.

3.1.4 Understorey vegetation

The biomass of the understorey vegetation was estimated using regression models that give
the biomasses of various species groups based on stand age (II). These regression models
(IT) were based on biomass/cover equations (I) and on the vegetation data of a systematic
network of permanent sample plots established by the Finnish NFI (Chapters 3.1.4.1 and
3.1.4.2 show how these models were developed). Understorey vegetation may include her-
baceous species, grasses, dwarf shrubs, mosses, and lichens (Zavitkovski 1976, Ford and
Newbould 1977). This definition, which was also applied here, excludes tall shrubs and
epiphytes. In boreal forests, this exclusion results in only minor underestimates of the bio-
mass of understorey vegetation. The bottom layer consists of mosses and lichens only,
whereas the field layer includes dwarf shrubs, herbs, and grasses. Dwarf shrubs are low
shrubs with perennial aboveground woody stems that are situated near the ground surface.
In the present study, young tree saplings were also considered dwarf shrubs. Herbs and
grasses are annual plants without perennial aboveground woody stems. The divisions are
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based on a traditional a priori grouping, which is typically defined by discrete and measur-
able biological trait differences (Reich et al. 2003).

In any season, the biomass of the belowground parts of the understorey vegetation is
substantially higher than that of the aboveground parts (Zavitkovski 1976, Kubicek and
Simonovic 1982, Kubicek et al. 1994). The biomass models of understorey vegetation de-
veloped (II) consider aboveground biomass only. The proportion of the biomass of the field
layer vegetation located in the belowground parts was estimated to be about 70% of the
total biomass (Mélkénen 1974, Perina and Kvet 1975, Kubicek and Simonovic 1982, Havas
and Kubin 1983, Kubicek et al. 1994, Palviainen et al. 2005a).

3.1.4.1 Analysis for examining relationship between biomass and percentage cover (I)

The hierarchical structure (i.e. sample quadrats within stands) in the data implies a lack of
independence among measurements (Fox et al. 2001). Correspondingly, mixed models that
accounted for variance deriving from the different hierarchical levels in the data were used.

The aboveground biomasses (y) of mosses and lichens in upland soils as well as those of
the field and bottom layers on peatlands were modelled as a function of percentage cover
(x) with a mixed nonlinear model

2
Vim e, )
(Bo + 1 - x)

where S and S, are fixed population parameters and u is a random parameter. The above-
ground biomasses of dwarf shrubs and herbs/grasses in upland soils were modelled with a
mixed linear model

vi=px+tu+e. ®)

Several model structures were tested and compared with the fit-statistics and with the
visual examination. Since the species composition may change with the change in total
abundance of the species group, both linear and curvilinear relationships between cover and
biomass were tested. The final decision between use of the nonlinear and linear models was
made, based on both evaluation of the differences between these two models and the eco-
logical aspects of the current species group.

3.1.4.2 Analysis for examining biomass of understorey vegetation according to site attrib-
utes (II)

The aboveground biomasses (y) of the species groups (i) of the understorey vegetation were
modelled with the mixed model according to forest stand and site attributes. Mixed models
accounting for variance derived from different hierarchical levels in the data were used,
since the sample quadrats could not be treated as independent units (Fox et al. 2001). In the
mixed model

NYit05=u+fy+ fay+...+ Bra, + ¢, )
u is a mixed parameter and ¢ is an error term. The terms a; — ay are functions of measured
forest attributes z; — zi; a =f'(zj, j =1, 2, ..., k), which are derived by the simple interactions
a = z1, by the two-way interactions a = z; - z,, or by the quadratic interactions a = z,%. The
square-root transformation was used to obtain absolute prediction values. In addition, the
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[3+05 (10)

transformation was used instead of the

Vi (11)

transformation, since the dependent variables also contained zero values (Ranta et al. 1999).
3.1.5 Modelling soil carbon

Soil organic carbon refers to a mixture of dead plant residues in various stages of decompo-
sition and of substances synthesized microbially or chemically from the breakdown prod-
ucts (Stahl et al. 2004). In the present dissertation, soil carbon refers to all litter on the
ground as well as the humus layer and SOM down to a depth of 1 m in mineral soil. The
carbon pools of litter and SOM, the annual changes in these pools and heterotrophic respi-
ration resulting from decomposition were calculated using the dynamic Yasso soil carbon
model (Figure 9) (Liski et al. 2005). This model simulates the cycling of carbon in upland
forest soils down to a depth of 1 m in mineral soil. The Yasso soil model consists of five
decomposition compartments and two woody litter compartments. The dynamics of these
compartments are controlled by the physical and chemical quality of litter and climate. The
chemical quality of litter is accounted for by dividing the litter among three decomposition
compartments having different decomposition rates. One of these compartments is for the
most easily decomposable compounds, while 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 be-
tween the compartments of fine (branches and transportation roots) and coarse woody litter
(stem and stump) and releasing it for actual decomposition at a higher rate from the com-
partment of fine woody litter. The climatic controls of decomposition are temperature and
summer drought. In the present study, the effect of summer drought was excluded since
temperature alone explains more than 85% of the climatic effects on decomposition on an
annual basis in Finland (Liski et al. 2003a).

CO, the Yasso model (Liski
et al. 2005). The boxes
represent carbon com-

co, partments, the arrows
carbon fluxes.

Humus 1

Understorey vegetation CO,
Foliage
Fine roofs Non-woody Extractives
litter
co,
Branch i
ranches Ili:tltrt‘a? woody Cellulose
Coarse roots
co,
Stem Coarse woody Lignin-like
Stump fiter compounds Figure 9. Flow chart of

Humus 2
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The Yasso litter and soil model was calibrated using data from forests in Finland and
neighbouring countries (Palosuo et al. 2005). However, this model also contains equations
that describe the effects of climate on decomposition and therefore it may be used in a wide
range of environments (Liski et al. 2005, Palosuo et al. 2005). When compared according to
field measurements, the Yasso model provided adequate estimates of the amount of soil
carbon (Peltoniemi et al. 2004). In the present study, only mineral soils were examined be-
cause the Yasso model was not applicable to peatlands (Liski et al. 2005).

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

Changes in forest soil carbon are dependent on a balance between the accumulation of
dead biomass, its incorporation into the soil and losses due to respiration and decay. The
rates of litter input and decomposition can be influenced by management practice, while
any change in climate, particularly rainfall patterns and temperature, will also affect the rate
of carbon loss or gain in forest soils. Any soil disturbance associated with forest manage-
ment may release carbon to the atmosphere and should be minimized to optimize soil car-
bon stock.

3.2 Remote sensing methods

3.2.1 Spectral feature extraction ASTER data (VI)

The mean reflectances were extracted for each forest stand to explain the variation in
aboveground biomass of trees and understorey vegetation, stand volume, and age. Due to
the relatively small mean stand size, a large number of pixels were located on the borders of
the forest stands. These mixed pixels received responses from two or several stands. To
avoid this, we used only those pixels located in the core areas of the forest stands as Kil-
peldinen and Tokola (1999), Hyvénen (2002), and Mékeld and Pekkarinen (2004) have also
done. This resulted in a wide area on the border of the forest stand, which was left unused
to compensate for the rectification errors in the remote sensing data and forest stand maps.
Those forest stands that had no core pixels were excluded from further analysis.

3.2.2 Statistical modelling of ASTER data (VI)

Nonlinear regression analysis and neural networks were employed in statistical modelling
of the relationship between the forest variables and ASTER data. Both regression analysis
and neural networks successfully employed in the estimation of forest attributes, using re-
mote sensing data (Ard6 1992, Hame et al. 1997, Hyyppéi et al. 2000, Boyd et al. 2002,
Foody et al. 2003).

Nonlinear regression analysis using spectral bands ASTERrep) and ASTER ) as pre-
dictors was undertaken to develop models

vi =oxp(By)- (1 + ASTER gipy V2 - (ASTER iy V- - explBs - ASTER )

12
-exp(By - ASTER yypy )+ & (12)

for forest attributes (y;) other than the biomass of understory vegetation (VI). The model for
the biomass of understory vegetation was
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i = Po+ Py ASTER gep) + Br - ASTER njg) + & - 13)
In these models, the fy— S, are the parameters and ¢ the error term.

Several model types and attribute combinations were tested and compared. The combi-
nation of red and NIR spectral bands (2 and 3, respectively) seemed to predict the forest
attributes more reliably than any other single band or any other simple combination of spec-
tral bands.

Regression analysis can produce inaccurate estimates (Boyd et al. 2002, Foody et al.
2003), but it is also difficult to satisfy the underlying assumptions. Neural networks are
general-purpose computing tools that can be used to solve complex nonlinear problems
(Bishop 1995). The major attraction of neural networks is that they offer a powerful means
for analysing complex datasets without making assumptions about them, as do conventional
statistical methods (Boyd et al. 2002).

A range of different network properties was investigated but attention was focused on
the network type providing the most reliable predictions of the forest variables. The net-
works employed had 2 hidden layers with 5 hidden nodes between the input and output
neurons, i.e. between the ASTER bands and forest variables. The networks were trained by
the Levenberg-Marquardt algorithm (Levenberg 1944, Marquardt 1963).

3.2.3 Simultaneous use of ASTER and MODIS data (VII)

Published regression models (VI) for estimating aboveground biomass (t ha ') using AS-
TER satellite data were applied directly to the MODIS data covering the southern Finland
(VII) (for calculation scheme see Figure 10). The forest mask was constructed using Fin-
nish Corine Land Cover 2000 land-use data (25 m x 25 m) produced by the Finnish Envi-
ronment Institute (CLC2000-Finland 2005).

satellite
data

inventory
data

—_—

Regression models for
biomass (t ha'') of:
a) trees

b) all vegetation

Calibration

—_——
—

Figure 10. Data-processing
scheme during simultaneous
use of ASTER and MODIS
data (VII).

MODIS
satellite
data

Forest mask

Biomass (t ha') of
a) trees
b) all vegetation
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4 RESULTS AND DISCUSSION

4.1 Understorey vegetation (I, IT)

The results (II) indicate that the aboveground biomass of understorey vegetation can be
predicted by such forest site attributes as stand age and site fertility (Figure 11). The impor-
tance of age in explaining the variation of biomass in upland forests was also reported in
other studies describing successional development (e.g. Lindholm and Vasander 1987,
Crowell and Freedman 1994). The understorey vegetation of the Boreal Zone undergoes
successional stages after clear-cutting or fire disturbance (Alaback 1982). Just after clear-
cutting, the biomass of mosses and field layer plants decreases drastically (Palviainen et al.
2005a, b). The biomass of mosses does not return to pretreatment levels for five years,
however, after the initial decrease the field layer biomass increases to levels greater than
before clear-cutting. These relatively short-term changes are not, however, detected by the
models here, which were constructed to describe long-term changes in understorey biomass
(Figure 11).

The predictions here were relatively accurate compared with to previous studies.
Mailkénen (1974) reported that in his pine-dominated upland study areas in southern
Finland (three 28- to 47-year-old forest stands) the total aboveground biomass of under-
storey vegetation was 2800-3300 kg ha ', which is very close to our results (Figure 11).
Havas and Kubin (1983) calculated that on their spruce-dominated upland study site in
northern Finland the total aboveground biomass of understorey vegetation was 5527 kg ha”
', which lies just slightly beyond the 95% confidence intervals of the models presented
here. The difference can be explained by the relatively large amount of dwarf shrubs.
Mailkdnen (1977) observed in a birch-dominated study site in southern Finland a total
aboveground biomass of understorey vegetation of 1100 kg ha™', which is quite close to the
estimate predicted by our models (Figure 11).

The results (I, II) provide robust and rapid nondestructive tools for estimating the
amount of biomass of understorey vegetation under conditions encountered in boreal envi-
ronments. Yet, the understorey vegetation is a highly diverse component of the forest eco-
system and is not easily predicted with forest site attributes. Many factors, other than those
easily observed, affect the biomass of understorey vegetation. Interspecies relationships can
drastically impact the occurrence and abundance of a plant species, these influencing the
species composition and total biomass of the understorey vegetation.
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Figure 11. Groupwise above-
ground biomass of understorey
vegetation in upland forests dur-
ing stand development. Subfig-
ures a—C represent pine, spruce
and broad-leaved forests, respec-
tively (ll).

To study needle-shed dynamics and to estimate the turnover rate of needle biomass, ordinal
regression was used to model the relationship between age of the needle cohort and the
survival class (Figure 12). The results (II1, IV) show that the rates of biomass turnover cal-
culated in this study provide estimates of litterfall that are similar to the measured amounts
of litterfall (Figures 13 and 14) and thus can be relevant and useful tools for estimating the
average amount of needle litterfall. These biomass turnover rates can provide useful litter
production estimates for large areas with average biomass values as a source data. In stud-
ies concerning the carbon balance of forests, rates of biomass turnover are usually esti-
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mated from few litterfall measurements, or inverse number of the maximum number of
needle cohorts is used. When the constant biomass turnover rates were applied (V), the
NPP estimate from forests in Finland, equal to 0.40 kg m > y ' in the 1990s, was well within
the range of measurements (0.22-0.46 kg m > y ' at six forest sites in the Nordic countries

(Gower et al. 2001).
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Figure 13. Comparison of modelled and measured needle litterfall of Norway spruce (IV).
The biomass turnover rate was compared with the results of litter trap studies (Mork 1942,

Viro 1955, Bonnevie-Svedsen and Gjems 1957, Havas and
lund 1992).
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Figure 14. Comparison of modelled and measured needle litterfall in Scots pine forests (lll).
The biomass turnover rate for southern Finland was compared with the results of litter trap
studies at the same latitude (Mork 1942, Viro 1955, Bonnevie-Svedsen and Gjems 1957,
Malkénen 1974, Bringmark 1977, Albrektson and Andersson 1978, Flower-Ellis and Olsson
1978, Albrektson 1988, Kouki and Hokkanen 1992, Finér 1996, Krankina 1999, Malkonen et
al. 2000, Starr et al. 2005). The biomass turnover rate for northern Finland was compared
with the results of litter trap studies at the same latitude (Falck 1981, Alaback and Herman
1988, Malkénen et al. 2000, Starr et al. 2005).

4.3 Carbon accumulation in Finland's forests (V)

Carbon has accumulated in the biomass, litter and soil of Finland's forests during the study
period (Figures 15 and 16). Similar increasing trends of the forest carbon stocks were ob-
served everywhere across the Temperate and Boreal Zones during recent decades (Goodale
et al. 2002, Liski et al. 2003b). The reasons behind these trends are known to differ between
regions (Kurz and Apps 1999, Chen et al. 2000, Liski et al. 2003b, Nabuurs et al. 2003). In
the present study, carbon accumulated in the forests because the forested area and the mean
level of carbon per forested area increased. Both the increase in forested area and the in-
creased carbon density in Finland's forests were the results of forest management that
aimed at increasing the yield of sustainable timber harvests by increasing the growing stock
of trees.

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 study period but trans-
ferred there from other land uses as the forested area expanded. When this C is ignored,
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after defining carbon sink as process that removes carbon from the atmosphere, the total
carbon sink of these forests is 4.0 Tg y ' in which the contribution of the litter and soil is
17% (Figures 15 and 16). The mean amount of soil carbon in Finland in 1990s estimated in
this study was 6.3 kg m %, which is within the range of earlier measurement-based estimates
of 6.2-7.2 kg m * (Kauppi et al. 1997, Liski and Westman 1997).

In addition to these trends towards increase, the annual changes in the carbon balance of
both the biomass and the soil were highly variable (Figures 15 and 16). Such interannual
variability was shown to be crucial on a sitescale based on measurements of carbon fluxes
(Suni et al. 2003) and on a global scale based on ecosystem modelling (Lucht et al. 2002),
inverse modelling (Bousquet et al. 2000) and satellite observations (Myneni et al. 1997).
Yet, it has not been possible to account for this variability in earlier large-scale studies
based on forest inventories, since it has not been possible to derive the annual estimates
from these inventories (Goodale et al. 2002). The main factors affecting the interannual
variability in this study were climate conditions and harvesting intensity. Warmer climate
conditions promoted increase in biomass and thus the uptake of carbon in the forest vegeta-
tion but also the decomposition of SOM and litter (see Figure 17) and therefore the release
of carbon from these pools to the atmosphere. Again, harvesting 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 harvest residues were an important source of litter and soil carbon (Figure
18). As a result of these contrasting effects, the compounded carbon balance of the biomass,
litter and soil was less variable than that of any of these components alone.
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Figure 15. Carbon stock of biomass (trees plus ground vegetation), carbon stock of trees
alone and annual changes in the carbon stock of biomass in Finland's forests between 1922
and 2004 (V).
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Figure 16. Carbon stock of litter and soil and its annual changes in Finland's forests be-
tween 1922 and 2004 (V). The black lines show these variables when the transfers of car-
bon in litter and soil between forests and other land uses were accounted for (incl. LUC)
and the grey lines show these variables when these transfers were ignored (excl. LUC).

The accuracy and error propagation of the presented inventory-based large-scale forest
carbon budget assessment is studied by Peltoniemi et al. (2006) with Monte Carlo analysis.
Uncertainty of the vegetation carbon sink was affected mostly by input data on growth
variation and drain. Uncertainty of the soil carbon sink was dominated by the soil model
initialization. The most influental parameters for vegetation carbon stock were carbon con-
tent and conversion factors for tree and understorey vegetation biomass, and for soil carbon
stock, they were soil model parameters, and biomass conversion factors and biomass turn-
over rates of fine roots and understorey vegetation.
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Figure 17. Annual changes in the carbon stock of litter and soil in Finland's forests between
1922 and 2004 when the transfers of carbon in litter and soil between forests and other land
uses were accounted for (incl. LUC), simulated using the actual variable climatic conditions
or stable average climate. The annual mean temperature of Finland is also shown (V).
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Figure 18. Input of carbon to the carbon stock of litter and soil by origin, and the transfers of
carbon in litter and soil between forests and other land uses in Finland's forests between
1922 and 2004 (V).
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4.4 Comparison with other data sources

4.4.1 Remote sensing (VI, VII)

The optical remote sensing based estimate (VII) for the average aboveground biomass of
all living vegetation in southern Finland (Figure 19) (85 t ha ') were quite similar to the
forest inventory-based estimate (79 t ha ') (V). In addition, NFI field data are in general
only available for small sample plots, while remote sensing methods allow wall-to-wall
mapping (full aeral coverage) of forest parameters, especially stem volume, tree biomass
and carbon stocks.

The estimation errors reported are high at the pixel level, however, the errors decrease
when the sizes of the assessment units increase, e.g. when the pixel-based results are aggre-
gated into larger assessment units. Therefore, we do not recommend that results of article
VII be used for mapping at the pixel level or for small areas such as forest stands, but in-
stead that they be aggregated into larger assessment units e.g. at the municipality or forestry
centre level.

The present results indicate that models for predicting aboveground biomass based on
high-resolution (15 m x 15 m) ASTER data (VI) can be utilized with coarse-resolution (250
m % 250 m) MODIS data (VII). The demonstrated approach can be used as cost-effective
tool to produce preliminary biomass estimates for large areas where more accurate national
or large scale forest inventories do not exist. The biomass estimation using coarse-
resolution remote sensing data has been uncommon because of the big difference between
the support of ground reference data and pixel size of the remote sensing data (Lu 2006). In
the present study, this problem was managed by using standwise forest inventory data in-
stead of plotwise measurements. The area of forest stands is still too small to integrate
standwise forest inventory data directly with coarse-resolution MODIS data. Therefore
standwise means of higher resolution ASTER data were used for developing regression
models, which were succesfully utilized with MODIS data. The standwise means of higher
resolution data correspond to the homogenous pixels of coarse-resolution data and provide
the connection between the ground reference data and coarse-resolution sattellite data.

Figure 19. Abovground
biomass (t ha‘1) of all
forest vegetation (trees
plus understorey vege-
tation) based on stand-
wise forest inventory
data, ASTER and MO-
DIS satellite data (VII).

150 t ha
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IPCC GPG (2003) emphasizes that remote sensing techniques can be used as independ-
ent methods for comparison of national or regional carbon stock inventories and especially
aboveground biomass. Carbon stocks in forests can be estimated using correlations between
spectral image data and biomass, provided that adequate data (not used for carbon stock
inventory estimates) are available to represent the range in forest biomes and management
regimes for which estimates are required (Trotter et al. 1997). The method illustrated in the
present study, can therefore be used as required for independent comparisons data since it is
based on the use of independent ground reference data, which is the most important re-
quirement for useful comparisons (IPCC 2003).

4.4.2 Measurements of greenhouse gas fluxes

In the 1990s, the estimated NPP of the Finland's forests averaged 0.374 kg carbon m™ y™'
(Figure 20). In addition, the estimated average NEP (Net Ecosystem Productivity) in the
1990s was 0.10 kg carbon m* y' (Figure 21), which is in the midrange of NEP measure-
ments taken at six forest sites in the Nordic countries, varying from a carbon source equal
to —0.09 kg m~ y' to a carbon sink equal to +0.25 kg m ™~y (Valentini et al. 2000). On the
other hand, the present 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™? y' between
1997 and 2000 (Suni et al. 2003). This is understandable since our estimates (mean value

for whole Finland) contain also low-productive forests in northern Finland.

Gross increment
0.374

A
Biomass removed
from forest
0.060
d
Biomass left
in forest
! 0.062
Decomposition, Litter & soil
Respiration 6.28 (+0.011 —
0.276 ( )

Figure 20. Average carbon budget of Finland's forests in the 1990s (carbon stocks kg m~,
carbon fluxes kg m2 y™') (V). (Gross increment = Photosynthesis — Autotrophic respiration;
compare to Figure 1).
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Figure 21. Carbon fluxes in Finland's forests between 1922 and 2004 (V). NPP = net pri-
mary productivity, Rh = heterotrophic respiration, NEP = net ecosystems productivity, NBP =
net biome productivity.

5 CONCLUSIONS

A variety of methods can be used to estimate the level of variation in carbon stocks of dif-
ferent pools in forest ecosystems. All of these methods have advantages and disadvantages;
the usefulness of the results is strongly dependent on the objectives, data source and geo-
graphical scale. In general, it is possible to obtain detailed information on greenhouse gas
balances at a local level. The great challenge, however, is to develop and apply methods
that result in estimates on the large scale, with acceptable accuracy, in a cost-efficient way.

The present study demonstrates that it is possible to calculate appropriate estimates for
the complete carbon balance of forests based on general forest inventory data, by comple-
menting these data with modelling (V). The estimations and methods provided in the pre-
sent study were developed principally for large-scale assessments of forest carbon re-
sources. The overall precision of these carbon estimates varies, depending on the applica-
tion. For example, applying these methods to a specific forest stand would not provide a
precise estimate of the carbon stock for that site but rather an estimate of the large-scale
average for similar sites. The method described here represents a robust and cost-effective
way of monitoring nationwide carbon stocks and stock variations. The method developed
here can be applied throughout the Temperate and Boreal Zones to calculate comparable
estimates for carbon balance of the forests.

The carbon budgets of trees and forest soil have been modelled extensively, but under-
storey vegetation is not usually included in these analyses and appropriate methods for es-
timating its biomass, which are applicable in large-scale studies, are not available. How-
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ever, the biomass of understorey vegetation may play an important role in many ecosystem
processes, e.g. in the nutrient and carbon cycles. Robust tools are provided (I, II) for esti-
mating the aboveground biomass of understorey vegetation under conditions encountered in
boreal environments. Firstly, models can be used for rapid nondestructive determination of
the aboveground biomass when direct biomass measurements are not available but the per-
centage cover of different plant species is or can be recorded (I). Secondly, the modelled
relationship between the biomass of understorey vegetation and forest site attributes can be
used in forest carbon balance modelling as a rapid nondestructive method for predicting the
aboveground biomass of understorey vegetation (II).

To understand the carbon cycle and flows of forests, reliable information on tree com-
ponent-specific litter production is needed. The biomass turnover rates developed enhanced
forest inventory-based large-scale carbon stock assessment, and give adequate estimates of
mean litterfall (II1, IV).

The remote sensing method illustrated (VI, VII) can be used as required for independ-
ent comparisons; the remote sensing method tested 1) provides adequate large-scale aver-
age biomass estimates and 2) is based on the use of independent ground reference data,
which is the most important requirement of useful comparisons.

The NFIs provide statistically sound and in most cases reliable information on forest re-
sources throughout the Temperate and Boreal Zones. Since the reliability of forest inven-
tory data on forest area, growing stock and growth of timber is good, the reliability of the
estimates for carbon balance is dependent mainly on the other components of the calcula-
tion scheme presented in Figure 6. Understanding the interacting processes and the quanti-
tative relationship between different carbon pools in boreal forest ecosystems and site char-
acteristics, and climatic conditions on a finer scale is the key to improving projections of
forest carbon budgets and their variations. To improve large-scale forest carbon stock as-
sessment, information on the biomass estimates of understorey vegetation was based only
on stand age and main tree species. Yet, there are many other factors affecting forest carbon
stock and these must be quantified. Information on the biomass of the belowground parts of
both trees and understorey vegetation is also needed. In addition, further knowledge on
understorey vegetation litter production is required as well as on the biomass turnover rates
of roots and different components of broad-leaved trees. Since the present study deals only
with upland mineral soils, this methodology should also be expanded to cover peatlands.
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ERRATUM

In the article I, the following correction should be made:
In the figure 2, labels of x- and y-axes have reversed their positions.

This correction is only typographical in nature, and none of the results or conclusions of the
paper are affected.
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