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Abstract Comparison of several recent, publicly available and widely used
land-cover products for the Eurasian Arctic revealed important differences in
their representations of vegetation distribution. Such disparities have important
implications for models that use these products as driving data sets to monitor veg-
etation and its role in carbon dynamics. The differences between GLC-2000 and
MODIS.PFT are concentrated at borders between biomes, as well as in parts of
the region where a significant presence of open-canopy vegetation is expected. In
these two maps, tree cover is represented more consistently than shrub or herba-
ceous cover, and the MODIS.VCF product corroborates the general pattern of
tree-cover distribution. The comparison of the MODIS.VCF and AVHRR.VCF
maps over northeastern Europe indicates good agreement in the south with increas-
ing disagreement further north primarily due to differences in definitions of the
mapped variables. The analysis of land-cover maps at two Landsat validation sites
showed different patterns of agreement and disagreement. At the forest dominated
St. Petersburg site, the GLC-2000 and MODIS.PFT classifications both exagger-
ated tree cover and under-reported shrub and herbaceous vegetation. At the tundra
site (Komi), the over-reporting of tree cover by GLC-2000 and the failure of
MODIS.PFT to separate shrub and herbaceous vegetation were the major issues
in representing the overall land cover. A simple analysis that extrapolated results of
biogeochemical modeling showed that a very different picture of the regional carbon
balance emerges when different vegetation maps are used as model inputs.

5.1 Introduction

Accurate mapping of land cover and monitoring its change are fundamental require-
ments for global change research. These are especially important in the Arctic zone,
which has experienced rapid rates of warming in recent years and the evidence of
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regional impacts of warmer climate is mounting (Anisimov et al. 2007). Vegetation
cover is expected to generate potentially critical, but not fully understood, feedbacks
to a changing climate as a function of surface energy balance and the patterns of
sources and sinks of atmospheric carbon dioxide (CO2) and other greenhouse gases
(Chapin et al. 2005; Field et al. 2007; Houghton 2003). In addition to direct cli-
mate forcings, natural disturbances and human activities can substantially alter the
patterns and processes that create and transform these terrestrial sources and sinks
(Houghton et al. 2004; Schimel et al. 2001).

The terrestrial ecosystems of the Arctic cover approximately 25% of the Earth’s
vegetated land surface (McGuire et al. 1997) and contain about one third of the
total global terrestrial ecosystem carbon (C) pool (Schlesinger 1991). The large
land area of boreal and arctic ecosystems across Northern Eurasia represents a key
component in both the high latitude and global C budgets. In recent decades, this
region has experienced extensive and severe forest fires (Sukhinin et al. 2004),
along with changes in land use and forest management (Krankina et al. 2005).
Studies using various accounting and modeling approaches, including top-down
atmospheric inversions (Gurney et al. 2004) and bottom-up inventory-based esti-
mates (Shvidenko and Nilsson 2003; Myneni et al. 2001) have suggested a positive
terrestrial C balance (terrestrial sink) in Northern Eurasia during recent decades.
More recent process-based model estimates by Balshi et al. (2007), which include
the 2002 fire year, suggest that the large area burned may be causing the region
to shift toward a net CO2 source to the atmosphere. The combined effects of the
recent changes in climate (Polyakov et al. 2002), disturbance (Sukhinin et al. 2004)
and land management (Krankina et al. 2005) on the contemporary C budget of this
region are examined in Chapter 6, this volume.

The models that are being used to investigate the role of arctic vegetation in
the global climate system require complete coverage with accurate and repeated
measures of vegetation and land cover attributes as key driving variables. Several
moderate and coarse resolution land-cover datasets are available for the Eurasian
Arctic region (Hansen et al. 2000; Loveland et al. 2000; Friedl et al. 2002; Bartalev
et al. 2003; Fritz et al. 2003; Hansen et al. 2003a, b), and more are being developed.
However, there is a significant disagreement among these datasets and high latitudes
appear particularly problematic for land-cover mapping (Giri et al. 2005; Fritz and
Lee 2005; Herold et al. 2008; Krankina et al. 2008). This is not surprising because
all of these datasets rely on spectral satellite imagery. The high level of cloudiness,
in combination with low sun angle and the shortness of the growing season in the
Arctic, reduces data availability from passive sensors.

The accuracy of land-cover products for Arctic regions and the product utility
for various applications remains largely uncertain. This is because the validation of
coarse resolution maps is a persistent challenge, particularly for Northern Eurasia
where validation sites are sparse, several land-cover types are unique, and pro-
cesses of ecosystem disturbance and land-cover change are widespread, including
fire, timber harvest, insect outbreaks, agricultural conversion and abandonment, for-
est regrowth, and melting permafrost. The lack of independent validation makes it
often impossible to ascertain which products perform better in specific geographic



5 Vegetation Cover in the Eurasian Arctic 81

domains, for specific land-cover types, or in specific applications. Detailed exami-
nation of available global land-cover products showed that the classification legends
are not well suited for parameterizations of C cycling models, which is among the
major applications of global and continental land-cover maps (Jung et al. 2006).

Changes in land cover are among the principal indicators of the impact of global
change on terrestrial ecosystems. While some aspects of Earth surface cover (e.g.,
sea ice) have been carefully monitored and, in fact, show significant change (e.g.,
Stroeve et al. 2006), change in land cover has not received the same level of atten-
tion (see review of recent studies in Chapter 2 by Goetz et al., this volume). The
shortness of the satellite data record relative to the temporal scale of vegetation
succession is an inherent difficulty in monitoring vegetation change and this prob-
lem is particularly significant in the Arctic. At present, coarse resolution sensors
such as MODIS are investigated for their potential to track many forms of vege-
tation change. The MODIS record is now long enough to support monitoring of
forest ecosystem disturbance and recovery (Hansen et al. 2010; Potapov et al. 2008;
Chapter 3, this volume). In the future, the growing length of the data record will
further expand opportunities for monitoring land-cover change. However, the dis-
agreement among the maps of current vegetation cover results in uncertainty as to
which land-cover type undergoes change and indicating an urgent need for improved
land-cover mapping.

This study examines recent, publicly available and widely used land-cover prod-
ucts representing two principal approaches to mapping vegetation cover in the
Eurasian Arctic: categorical maps and continuous field maps. First, we cross-
compare the regional datasets and then we validate them in two locations using
detailed, Landsat-based maps derived from local ground data and knowledge of
land cover. Finally, we assess the significance of the current uncertainty in veg-
etation cover for estimating C stores, sources and sinks in terrestrial ecosystems
of the region and outline approaches for improved regional representation of land
cover.

5.2 Representation of Vegetation Cover in Coarse
Resolution Maps

Knowledge about the distribution and dynamics of arctic vegetation has improved
in the last two decades through the development of coarse resolution satellite-
based land-cover maps. The first global land-cover map based on remote sensing
was developed by DeFries and Townshend (1994) with data from the Advanced
Very High Resolution Radiometer (AVHRR) sensor at one-degree spatial reso-
lution. Later, maps with finer resolution (1-km) were developed using AVHRR
data acquired between April 1992 and March 1993: the Global Land Cover
Characterization (GLCC) data base (Loveland et al. 2000) and the University of
Maryland (UMD) Global Land Cover (GLC) data set (Hansen et al. 2000). Although
the two maps utilized the same sensor data, the mapping methodologies differed
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considerably, which led to disagreements between the two maps (Hansen et al.
2000). In addition to land-cover maps based on satellite observations, regional maps
are also produced based on legacy geobotanical data sets with remotely sensed data
used primarily for georeferencing of polygons that represent various landscape types
and delineating areas of high shrub within some provinces (Walker et al. 2005).
Because of the large size of polygons on geobotanical maps a direct comparison
with satellite-based land-cover products appears problematic.

5.2.1 Comparison of Categorical Maps

The two major recent global land-cover mapping activities are the Global Land
Cover 2000 (GLC-2000) (Fritz et al. 2003) and the Moderate Resolution Imaging
Spectroradiometer (MODIS) land-cover product (Friedl et al. 2002). The GLC-2000
mapping was lead by the Joint Research Center of the European Commission in
partnership with more than 30 institutions around the world (Fritz et al. 2003),
and MODIS land cover product was prepared by scientists from Boston University
for US National Aeronautics and Space Administration’s (NASA) Earth Observing
System (EOS) MODIS land science team (Friedl et al. 2002). The two maps have a
1-km spatial resolution, but they were created using different satellite data, method-
ologies and classification schemes. For example, the global GLC-2000 map was
derived from 19 regional subsets with regionally specific classification schemes.
In comparison, the MODIS team used a global classification approach involving
training sites distributed across the globe.

We assessed the agreement between these two maps, GLC-2000 and MODIS
land cover, in representing the Dominant Vegetation Types (DVTs) which we
defined as trees, shrubs, herbaceous vegetation, and barren with sparse vegeta-
tion. MODIS land cover (MOD12Q1) is available in five classification schemes
(IGBP, UMD, LAI/fPAR, BGC and PFT). We obtained the PFT (Plant Functional
Types) layer for Eurasia for the year 2001 (V004) in Lambert Azimuthal Equal-
area (LAEA) projection (http://duckwater.bu.edu/lc/mod12q1.html; last accessed
20 February 2008). The MODIS.PFT classification consists of 12 classes and was
developed for the National Center for Atmospheric Research (NCAR) land surface
model (Bonan et al. 2002).

The GLC-2000 map is based on Satellite Pour l’Observation de la Terre (SPOT)
VEGETATION data acquired daily between November 1999 and December 2000.
The GLC-2000 uses a legend based on the hierarchical Land Cover Classification
System (LCCS, Di Gregorio 2005). Both, the regional products (e.g., Bartalev
et al. 2003 for Northern Eurasia) and a global mosaic of the regional products
with a harmonized legend are available. We downloaded the global data set (v1.1)
from (http://www-gvm.jrc.it/glc2000/; last accessed 20 January 2008) in geographic
coordinate space, and reprojected it to LAEA, the geographic reference system of
the MODIS map.

To assess the spatial agreement between GLC-2000 and MODIS.PFT, we cross-
referenced the LCCS and PFT legends using the DVT logic (Table 5.1). While
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the MODIS.PFT classification translates directly into the four DVT classes, the
GLC-2000 classification featured four out of 22 classes with no unique dominant
vegetation type (three mosaic classes and a “regularly flooded shrub and/or herba-
ceous cover” class; Table 5.1). In these four cases multiple types of agreement were
possible. For example, if GLC-2000 mapped a pixel as “Mosaic: Cropland, Tree
cover and other natural vegetation,” this pixel was considered in agreement with
MODIS tree, shrub or herbaceous classes, but in disagreement with MODIS bar-
ren and sparsely vegetated classes (including “Urban and built-up”, “Snow and ice”
and “water”). Land cover mosaics and “regularly flooded shrub and/or herbaceous
cover” class occupy 330 × 103 km2 (3.7%) and 688 × 103 km2 (7.6%), respectively,
on GLC-2000 map.

The comparison of the GLC-2000 and MODIS.PFT land-cover maps showed
significant differences between the two maps in representing dominant vegeta-
tion types, mainly tree and shrub vegetation. According to GLC-2000, 50% of the
Eurasian land area between 60◦ and 74◦ N fall into tree dominated vegetation types,
followed by 26% shrub types, 14% barren or sparse vegetation and 10% herbaceous
vegetation. These percentages include the area of land cover mosaics and regularly
flooded shrub and/or herbaceous vegetation, which we assigned to a DVT class after
cross-referencing and overlaying the MODIS.PFT map (Table 5.1). In comparison,
MODIS.PFT mapped only 30% of the area as tree-dominated, while the major-
ity (60%) was identified as shrub-dominated vegetation types. The MODIS.PFT
estimate of herbaceous vegetation cover was similar (8%), but the area defined as
barren/sparse vegetation was much smaller than on GLC-2000 map (3%).

The overall spatial agreement between GLC-2000 and MODIS.PFT on a pixel-
by-pixel basis was fairly low at 53% (Table 5.2, Fig. 5.1). Most of the disagreement
occurred between tree and shrub vegetation (21% of land area), the majority of
which is in regions where MODIS.PFT mapped shrub and GLC-2000 mapped tree
vegetation (19% of land area). This area of disagreement is consistent with the over-
all higher representation of tree-dominated cover in the GLC-2000 map (20% higher
than MODIS.PFT). In comparison, the 30% of the land area that are mapped as tree
vegetation by MODIS.PFT are in good agreement with the GLC-2000 map (91%
agreement, Table 5.2). The confusion between GLC-2000 tree and MODIS.PFT
shrub vegetation marks the transition zone from boreal forest to shrub tundra and is
mostly concentrated on permafrost lands in northeastern Siberia and parts of the Far
East (Fig. 5.1) where low-stature open-canopy trees can be difficult to distinguish
from shrubs. The second most common disagreement is between MODIS shrub and
GLC-2000 barren (11%) and herbaceous vegetation (8%) and it is concentrated pri-
marily in the tundra zone. While 85% of the shrub pixels in the GLC-2000 map
were confirmed by MODIS.PFT, only 36% of the pixels identified as shrub by
MODIS.PFT were confirmed by GLC-2000 (Table 5.2). The fact that the vegeta-
tion types that are mapped conservatively on one map have high level of agreement
with the other map (e.g., trees on MODIS.PFT and shrub on GLC-2000) suggests
that the mapping results are robust in these cases. Large areas of agreement are con-
centrated in the western part of the Eurasian Arctic where the availability of ground
data for training the mapping algorithms is better (Fig. 5.1).
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Table 5.2 Area of agreement and disagreement (in 1,000 km2) for GLC-2000 and MODIS.PFT
dominant vegetation types in the Eurasian Arctic (excluding water)

MODIS.PFT

GLC-2000 Tree Shrub Herbaceous Barren Total Agreement (%)

Tree 2.395 1.697 351 7 4.450 54
Shrub 200 1.922 105 31 2.258 85
Herbaceous 24 698 160 34 916 17
Barren 12 973 64 183 1.232 15
Total 2.630 5.290 680 255 8.855
Agreement (%) 91 36 23 72 53

Herbaceous vegetation appears to be the most problematic type for finding agree-
ment between the two maps. Even though the total area estimates for herbaceous
vegetation are not dramatically different in the two maps, the spatial agreement is
very low (<25%, Table 5.2). The confusion of herbaceous vegetation with other
vegetation types may stem from the fact that in the Arctic many areas with herba-
ceous vegetation are in fact wetlands, often with significant presence of Sphagnum
spp. and other mosses and lichens. This vegetation type has a substantially dif-
ferent spectral reflectance compared to vascular herbaceous plants (Vogelman and
Moss 1993; Bubier et al. 1997; Krankina et al. 2008). The test of available global
and regional wetland and peatland datasets against detailed land-cover maps for
the St. Petersburg region showed that peatlands were correctly classified as such
in coarse-resolution datasets but a large proportion (74–99%) was overlooked
(Krankina et al. 2008). The under-reporting of the actual extent of wetlands on this
scale is especially problematic for estimating carbon stores and flux in the Arctic
(McGuire et al. 2007). Even though the potential of MODIS to capture the distribu-
tion of boreal wetlands was demonstrated (Pflugmacher et al. 2007), this potential
has not been exploited for improving wetland mapping across the Eurasian Arctic
and the inconsistent representation of herbaceous vegetation on continental maps
may be in part attributable to that.

5.2.2 Vegetation Continuous Field Maps

Unlike categorical maps, Vegetation Continuous Field (VCF) maps provide sub-
pixel proportional estimates of land cover. Continuously varying maps of cover
provide improved spatial detail when compared to categorical maps that by def-
inition discretize landscapes. Areas undergoing disturbance are more accurately
characterized at sub-pixel scales, resulting in map products that more fully exploit
the inherent variability found in imagery (Hansen et al. 2002). Unlike classifications,
continuous cover maps enable users to define their own thresholds for land-cover
classes and can also be used consecutively to identify areas undergoing land-cover
change. VCF maps for forest cover have been developed for different regions in
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Fig. 5.1 (Top) Maps agreement and (middle) disagreement in dominant vegetation cover for GLC-
2000 and MODIS.PFT, and (bottom) MODIS.VCF tree-cover map in the Eurasian Arctic

the world and from different sensor types, e.g., AVHRR (Zhu and Evans 1994;
DeFries et al. 1997; Häme et al. 2000 and 2001) and MODIS (Hansen et al. 2005).
In this study, we analyze a MODIS-based VCF product for Northern Eurasia and an
AVHRR-based VCF product for the pan-European region.
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The MODIS.VCF tree canopy cover data set was developed by MODIS land
science team members from the University of Maryland at a spatial resolution of
500 m (Hansen et al. 2003a, b). The MODIS.VCF of tree-cover estimates sub-pixel
percent tree-canopy cover for the entire globe. Percent tree-canopy cover refers to
the amount of skylight orthogonal to the surface that is obstructed by tree canopies
equal to or greater than 5 m in height and is different than percent crown cover,
which includes both the canopy cover and the within-crown skylight/gaps. Current
VCF percent tree-cover products are generated using sub-pixel training data derived
from Landsat imagery. Each Landsat pixel is classified as one of four tree-cover
strata and assigned a mean canopy-cover value. These values are then averaged to
MODIS scale (500 m) and used as reference training data. The training labels are
related to annual metrics (Hansen et al. 2002) that are generated from 32-day com-
posites of Terra MODIS data. MODIS bands 1–7, derived Normalized Difference
Vegetation Index and Land Surface Temperature are used as inputs (Wolfe et al.
1998; Wan et al. 2002). Annual metrics are time-integrated means, amplitudes, and
ranks of annual composite imagery that represent salient features of vegetation phe-
nology without reference to specific time of year, and have been shown to perform
as well or better than time-sequential composites in mapping large areas (Hansen
et al. 2005). A regression-tree bagging algorithm (Breiman 1996) is used to relate
the percent tree-canopy cover training data to the annual metrics in creating the VCF
tree-cover product.

Annual VCF tree-cover products are available for 2000–2005 and free
for download through the Land Processes Distributed Active Archive Center
(http://edcdaac.usgs.gov) and through the Global Land Cover Facility at the
University of Maryland (http://glcf.umiacs.umd.edu). We downloaded a MODIS
Tree canopy cover data set for year 2001 (V003) from the latter site (last accessed
20 February 2008) with a geographic coordinate system and reprojected it to LAEA
(Fig. 5.1).

The distribution of VCF tree cover across the region (Fig. 5.1) provides addi-
tional corroboration for the presence of trees in the areas where GLC-2000 and
MODIS.PFT both identify tree-dominated cover: these are the areas with high
values of VCF tree cover. The areas of disagreement between the two compared
categorical maps tend to be those with low tree cover on the MODIS.VCF map
(Fig. 5.1). Overall, the open-canopy forests dominate the region with 42% of the
total land area having tree canopy cover between 10 and 40% while only 7% of
the land area has tree-canopy cover of 65% and higher (Fig. 5.2). The total area of
tree-canopy cover derived from MODIS.VCF product for lands north of 60◦ is 1977
thousand km2 (Fig. 5.3).

Another VCF-type product relies on the probability method which was originally
developed for mapping forest extent in the pan-European region (i.e., all Europe
up to the Ural Mountains) using the AVHRR instrument data of the NOAA series
satellites (Häme et al. 2000, 2001; Paivinen et al. 2001; Schuck et al. 2002). The
target variables, including proportions of coniferous, broadleaved and mixed forest
were estimated within 1-km2 units. Forty eight (48) AVHRR images were collected
from summer 1996 and one image from 1997. The images were calibrated into
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Fig. 5.2 Histogram of tree-canopy cover in the Eurasian Arctic from MODIS.VCF for canopy
cover greater than 5%

Fig. 5.3 Representation of
the total tree-covered area on
GLC-2000, MODIS.PFT, and
MODIS.VCF

spectral reflectance values by applying the SMAC atmospheric correction (Rahman
and Dedieu 1994) and a BRDF correction using Roujean model (Wu et al. 1995).
A mosaic was compiled using the radiometrically and geometrically corrected
images. The average reflectance of overlapping pixels was computed after applying
an automatic cloud screening algorithm.
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The probability method includes an unsupervised image classification as a pre-
liminary step. For the classes of unsupervised clustering a reference data sample was
selected from the European CORINE land cover data base that was available from
the central and southern European region (CORINE 1993). The sample comprised
squares of 500 m by 500 m within which the tree species proportions were com-
puted. The sampling was done using three strata: Mediterranean region, Atlantic
region, and continental temperate region. No CORINE reference data was available
from the boreal or arctic region.

The multi-normal density functions of the spectral classes from unsupervised
clustering and the reference data values for the same classes were combined using
the probability algorithm (Häme et al. 2000, 2001). The estimated values of the
forest area were compared with the official EUROSTAT (1998) forestry statistics
and with the national-level forest inventory statistics in selected countries. They
also were calibrated to match district-wise with those statistics (Päivinen et al.
2001). Based on calibrated map, the total area of conifer-dominated forest north
of 60◦ in Europe is 995,013 km2 and broadleaf-dominated forest is 190,191 km2.
At country level in the boreal zone (most of Sweden belongs to the boreal vegetation
zone) the AVHRR-based forest area estimation matched with the statistical data well
(Fig. 5.4). Also at sub-national level within Finland agreement was relatively good
(Fig. 5.5). At a sub-district level, the AVHRR map underestimated the coniferous
and broadleaved forest areas in Finland (Fig. 5.6). The likely reason for this was the
different nomenclatures in the Finnish national forest inventory and CORINE.

The comparison of MODIS.VCF and AVHRR.VCF map indicates reasonably
good agreement in the southern part of northeastern Europe and increasing dis-
agreement further north (Fig. 5.7a). The abrupt northern boundary on AVHRR.VCF

Fig. 5.4 Comparison of EUROSTAT forest statistics and calibrated and uncalibrated
AVHRR.VCF forest cover estimates in some European countries (from Paivinen et al. 2001).
Reproduced by permission of European Forest Institute
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Fig. 5.5 Comparison of EUROSTAT forest statistics and calibrated and uncalibrated
AVHRR.VCF forest cover estimates within districts in Finland (virtually the entire territory of
Finland is above 60◦N; from Paivinen et al. 2001). Reproduced by permission of European Forest
Institute

Fig. 5.6 Comparison of Finnish National Forest Inventory statistics within sub-districts and
calibrated and uncalibrated AVHRR.VCF estimates of the proportion of conifer and broadleaf tree-
cover (mixed forest class excluded from AVHRR classification values; split between broadleaved
and conifer types in calibrated classification values to match inventory statistics; from Paivinen
et al. 2001). Reproduced by permission of European Forest Institute
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Fig. 5.7 Continuous field products for North-Eastern Europe: (top) Distribution of percent tree-
canopy cover on MODIS.VCF map and percent forest cover on AVHRR.VCF map; (bottom)
histogram for MODIS.VCF and AVHRR.VCF

map reflects the northern tree line that was extracted from the literature and applied
before calibrating the continuous estimates using the Eurostat statistics. The total
area of tree crown cover is projected to occupy 36% by MODIS.VCF whereas per-
cent forest cover based on AVHRR.VCF is 55%. Differences in definitions of the
mapped variable appear to account for most of the difference in the results. The
percent tree crown cover approximately corresponds to 0.8 of percent canopy cover
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(Hansen et al. 2003a); taking this adjustment into account the MODIS.VCF estimate
of crown cover is approximately 45%, which is still lower than AVHRR.VCF
estimate. Furthermore, CORINE definition of “forest” includes lands with >15%
tree-canopy cover (Heiskanen 2008); thus pixels with as low as 15% tree cover
would be classified as “100% forest” if this tree cover is distributed evenly across
the pixel. The more open tree canopies tend to be, the greater the disagreement
between the two products can be expected due to differences in definition of the
continuously mapped variable. This explains the increasing disagreement as one
moves further north, the overall higher area estimate, and the greater proportion of
pixels with high percent tree cover on AVHRR.VCF (Fig. 5.7b). The comparison
of MODIS.VCF maps with a detailed biotype map in northern Finland indicated
that the MODIS.VCF map underestimated in areas with high forest cover and
overestimated in areas with low tree cover, particularly on mires (Heiskanen 2008).

5.2.3 Comparison of Tree Cover Representation on Coarse
Resolution Maps

Certain characteristics of tree cover in Arctic Eurasia make the categorical mapping
challenging, including large areas occupied by open low-stature trees with heights
close to the lower boundary of the “tree” definition (3–5 m) and the significant pres-
ence of other (non-tree dominated) land-cover types within 1-km pixels. However,
the estimates of the total tree-canopy cover for the Arctic region of Eurasia agree
better among the examined land-cover products than the results of per-pixel spatial
disagreement may suggest (Table 5.2). The MODIS.VCF estimate of regional total
tree-canopy cover (22% of the total land area) is lower than the tree-dominated area
estimate from GLC-2000 (50%) or MODIS.PFT (30%), although it is closer to the
MODIS.PFT estimate. However, the three estimates are not directly comparable.
While the total VCF tree cover is an estimate of the area of tree-canopy cover, the
tree-dominated area estimates from the categorical maps include land surface not
covered by tree canopies. This is especially significant in regions with open forests
because land with canopy cover as low as 15% is still defined as tree-dominated
by legends of categorical maps. The tree-cover estimate derived from MODIS.VCF
is consistent with this difference in definitions and suggests that categorical maps
may over-represent tree cover for the region primarily as a result of their inability
to capture the sub-pixel scale variations in tree cover. In the GLC-2000 data set,
tree-dominated pixels are defined to have tree-canopy cover between 15 and 100%
(57.5% mid-range). In the MODIS.PFT classification, forests are defined as pixels
where tree cover dominates over shrub, herbaceous or non vegetated land cover,
which could be as low as 30% or as high as 100% (65% mid-range). Therefore, esti-
mates of tree canopy cover derived from the categorical maps could theoretically
range anywhere between the minimum and maximum thresholds of the class def-
initions (Fig. 5.3). Canopy cover estimates using the mid-range value of tree class
from the categorical data sets compare well with the MODIS.VCF tree cover esti-
mate. Note however, that the actual distribution of tree cover within the classes is
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unknown, so the actual mean tree cover might be lower or higher than the class
mid-range. Considering the known prevalence of open-canopy tree stands in the
region (Fig. 5.2), the actual mean value of tree cover in tree-dominated pixels is
likely to be lower than the mid-range values. If we translated MODIS.VCF dataset
to discrete classes and estimated the total tree-dominated area following GLC-2000
definition (i.e., counted all pixels with VCF tree cover >15% as tree-dominated) it
would be 5,174 thousand km2 compared to 4,550 thousand km2 actually mapped by
GLC-2000; for MODIS.PFT the relevant values are 3,334 and 2,630 thousand km2,
respectively. Thus when class definitions are aligned, the MODIS.VCF product
suggests greater area with tree cover than either of the two examined categorical
maps; the difference is 13% for GLC-2000 and 27% for MODIS.PFT and indicates
either an omission of low-canopy cover forests from GLC-2000 and MODIS.PFT
or commission (overestimation) in the VCF map.

Open-canopy tree cover is very common not only in Northern Eurasia but in
the entire Arctic. Interestingly, the global and regional GLC-2000 legends separate
closed and open broadleaf deciduous trees, thus allowing representation of tropical
savannas but not the open-canopy needle-leaf tree cover in the Arctic region. This
may indicate the lack of attention from map developers to the Arctic region and to a
vegetation type that has an important control over feedback mechanisms to climate
change, including albedo and carbon cycling (McGuire et al. 2007). In selecting the
suitable map for the region the availability of open-canopy needle-leaf tree class can
be an important feature which is available on some maps (e.g., MODIS.IGBP). The
open-canopy needle-leaf tree cover class would be important to include in future
mapping programs aimed at improving the utility of land-cover maps for global
change research in the Arctic.

5.3 Comparison of Coarse Resolution Maps with Landsat-Based
Land Cover

The cross-comparison of the GLC-2000 and MODIS.PFT map revealed areas of
uncertainty, geographically and thematically. However, analyses of agreement and
disagreement between coarse resolution maps provide only an indirect measure of
class confidence. Independent validation and accuracy assessment has long been
recognized as an important challenge for all land-cover products (Morisette et al.
2002; Stahler et al. 2006). Since there is a paucity of validation data in the Arctic,
this challenge will likely persist. To obtain some indication of the products’ perfor-
mance in Northern Eurasia we compared the coarse resolution maps with Landsat-
based land-cover maps at two validation sites. The two site maps were developed
as part of an ongoing, broader effort to validate land-cover maps within the region
(Northern Eurasia Land Cover Dynamics Analysis (NELDA) project http://www.
fsl.orst.edu/nelda/index.html). Dominant vegetation cover data from GLC-2000 and
MODIS.PFT were compared with medium resolution (28.5 m) land-cover maps
developed for two sites: Komi (66◦55′ N, 55◦35′ E) and St. Petersburg (59◦45′ N,
31◦ 11′ E). Land-cover maps for the two sites were produced from ground inventory
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data and Landsat Enhanced Thematic Mapper Plus (ETM+) data. The imagery was
first orthorectified using an automated procedure (Kennedy and Cohen 2003) and
then radiometrically corrected to remove atmospheric scattering effects (Chavez Jr
1996; Canty et al. 2004). The legends for the two maps followed the LCCS classi-
fication scheme (Di Gregorio 2005) and were recoded into the DVT classes: tree,
shrub, herbaceous vegetation, and barren or sparse vegetation (Fig. 5.8). The LCCS
classification defines “tree dominated” cover as land with greater than 15% tree
cover, where trees are woody vegetation taller than 5 m or trees taller than 3 m.
Similarly, shrub and herbaceous dominated vegetation types have a minimum of
15% plant cover, respectively. However, the dominance of a life form is defined
hierarchically by the height of the canopy layer, which ranges from trees to shrubs
to herbaceous plants. Thus, a landscape with a top canopy layer represented by trees
with canopy cover >15% (for example 20%) and a sub layer represented by shrubs
with a canopy cover of 40% will be classified as “tree dominated”. Lands with less
than 15% vegetation cover are labeled as “bare land and sparse vegetation”.

5.3.1 Komi Site

The Komi test site is located in the subarctic climate zone in the northeast of
European Russia. The climate is continental with brief summers, long winters and
a daily average temperature below 0◦C during 227 days a year. Mean annual tem-
perature varies between −3 and −5◦C. The mean temperature in July is 12.3◦C, in
January it is −18.9◦C. The snow cover lasts on average for 225 days (3 Oct–1 Jun);
the annual precipitation is 430–436 mm year−1; 30% is snow. Severe climate, exces-
sive moisture, relatively flat terrain and seasonally-frozen ground (and permafrost)
determine the high degree of soil water saturation and presence of many wetlands.
The site is located in the forest-tundra zone. Tundra communities are dominated
by dwarf-birch (Betula nana L.) and willow species (Salix glauca, S. lanata and
S. phylicifolia). Further south, forest-tundra and northern taiga communities mainly
consist of Siberian spruce (Picea obovata Ledeb.) and birch species (B. tortuosa or
B. pubescens). The density of human population is low. The traditional land use is
reindeer herding and in recent years the extraction of vast resources of carbohydrates
from terrestrial and shelf deposits of the Timano-Pechorsk oil-gas province became
the second major human impact. Wild fire is also a significant factor in vegetation
dynamics.

The analysis of vegetation distribution was based on a Landsat ETM+ image
from June 8, 2000 (WRS-2 path 172, row 13, UTM projection, zone 40). Twelve
vegetation cover classes (plus water) were identified using supervised classification
and these were aggregated to the dominant vegetation types used in this study
(Fig. 5.8). Map accuracy was assessed using forest inventory and other ground
truth data. The overall agreement with of DVT map with the ground data is 84.3%
(kappa = 68.6%).

At the Komi site, the overall agreement between GLC-2000 and MODIS.PFT
is 65%. The spatial distribution of tree-dominated vegetation mapped on all
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Fig. 5.8 (Left column) Dominant vegetation types at Komi site and (right column) St. Petersburg
site mapped by NELDA, GLC-2000, MODIS.PFT, and MODIS.VCF
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Fig. 5.9 (Left) Composition of dominant vegetation types at Komi site and (right) St. Petersburg
site as mapped by NELDA, GLC-2000, MODIS.PFT, and MODIS.VCF

coarse-resolution products is in general agreement (Fig. 5.8) but the area propor-
tion of tree-dominated vegetation mapped by MODIS.PFT (12%) and MODIS.VCF
(16%) is lower than the NELDA reference map (29%, Fig. 5.9). In comparison, the
area occupied by tree vegetation on GLC-2000 map is higher (37%). Furthermore,
with 84% of the area mapped as shrubs, MODIS.PFT fails to distinguish between
shrub and herbaceous vegetation. The confusion between tree and shrub is the most
common disagreement at the Komi site, and it occupies 27% of the total mapped
area. The second most common type of confusion is between shrub and herbaceous
vegetation (6% of total area). Both MODIS.PFT and GLC-2000 underestimate the
area occupied by water bodies (1% compared to 5% mapped by NELDA). While
water covers only a small fraction of the land surface, it is very important ecologi-
cally as changes in arctic lakes are an important indicator of permafrost dynamics
(e.g., Frohn et al. 2005). Improved region-wide mapping of terrestrial water bodies
is clearly important.

5.3.2 St. Petersburg Site

The St. Petersburg test site is located in northwestern Russia at the southern
boundary of the study region. The site has a maritime climate, with cool wet sum-
mers and long cold winters. Mean temperature ranges from 16 to 18◦C in July
and −7 to −11◦C in January. The mean daily temperatures are below zero from
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November until March. Annual precipitation is 600–800 mm. The natural vege-
tation of the area is southern taiga: major dominant conifer species include Scots
pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.) Karst.), growing in
both pure and mixed stands. After disturbance, these species are often replaced by
northern hardwoods, including birch (Betula pendula Roth.) and aspen (Populus
tremula L.). The site is part of the East-European Plain; the terrain is flat and
consists of ancient sea sediments covered by a layer of moraine deposits. Toward
the northwest, glacial features dominate the landscape and bedrock topology is
more prominent. Soils are mostly podzols on deep loamy to sandy sediments.
The site has a long history of agricultural and forest management dating from
the eighteenth century. The human population of the region is close to 7 million,
with over 5 million people living in the city of St. Petersburg (Krankina et al.
1998).

Land cover was mapped using a nearly cloud-free Landsat ETM+ image
from June 2, 2002 (WRS-2 path 184, row 18, UTM Zone 36 N, WGS84).
After geometric and radiometric correction, the image was transformed into
Tasseled Cap indices of brightness, greenness, and wetness (Crist 1985). Using
an iterative unsupervised classification of the Tasseled Cap image, maps of land
cover were created at different hierarchical classification levels starting with
the 5 DVT classes that were then broken up into 17 more detailed classes.
Forest inventory data (Kukuev et al. 1997) and expert-classified reference poly-
gons were used for accuracy assessment. For 17 classes the agreement with
reference data was 66.6% (kappa = 61.4%). At the level of dominant vege-
tation type the agreement with reference data is near-perfect 98.5% (kappa =
95.6%).

At the St. Petersburg site, the overall agreement between GLC-2000 and
MODIS.PFT is high at 83%. The landscape is very fragmented and GLC-2000
mapped 13% of the site as mosaics of tree, shrub and herbaceous (including
croplands) vegetation possibly inflating the calculated percent agreement with
MODIS.PFT (Table 5.1, Fig. 5.8). The tree cover is overestimated by the GLC-
2000 map (72%) and MODIS.PFT map (78%) when compared to NELDA (57%;
Fig. 5.9). In comparison, the MODIS-VCF estimate of 52% tree cover is in
good agreement with NELDA, but as explained in the regional analysis (see
5.2.3), the results for categorical maps and VCF are not directly comparable.
By far the most common confusion type at the St. Petersburg site is between
trees and herbaceous vegetation (8% of total area). One likely cause for this
confusion is the significant presence of peatlands and other wetlands at the St.
Petersburg site, with their characteristic mix of open canopy trees, low shrubs,
and a moss-dominated herbaceous layer (Krankina et al. 2008). These complex
plant assemblages fit poorly in class definitions of land-cover maps (Frey and
Smith 2007). Both GLC-2000 and MODIS.PFT underestimate the extent of shrubs
and herbaceous vegetation in the overall land cover of the St. Petersburg site
(Fig. 5.9).
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5.4 Effects of Vegetation on Carbon Stores in Terrestrial
Ecosystems of Arctic Eurasia: Major Controlling Factors
and Sources of Uncertainty

Information on land cover is among the principal inputs for simulation model-
ing, which is a fundamental tool for understanding ecosystem responses to climate
and disturbance and extrapolating these processes over time and space. Here, we
discuss the results of a re-analysis of the terrestrial C budget for Arctic Eurasia
over the last decade (1997–2006) for different vegetation types of the region. The
Terrestrial Ecosystem Model (TEM; Raich et al. 1991) was driven by spatially-
and temporally-explicit climatology, disturbance, and land-cover/land-use data sets
with the objective of determining the role that different vegetation and ecosystem
types play in the regional terrestrial C balance in response to changing atmospheric
CO2 concentration, climate variability, ecosystem type, fire, forest management and
agricultural land use.

We simulated 1,000+ years of C dynamics for potential vegetation over Arctic
Eurasia with CO2 fertilization effects, variable climate and transient disturbance and
land use. The TEM is calibrated to site-specific vegetation parameters and extrapo-
lated across the study area based on a 0.5◦ latitude x 0.5◦ longitude grid matching
the input climate data sets (Climate Research Unit, University of East Anglia, UK;
Mitchell and Jones 2005). The model was run on a monthly time-step at sub-grid
resolution based on a non-spatial mosaic of “cohorts” representing unique vegeta-
tion types and disturbance histories within each grid cell. Additional methodological
details on TEM, the input data sets, and the simulation framework are given in
Chapter 6 (this volume).

The input potential vegetation data set was derived from the Global Land Cover
Characterization (GLCC; Loveland et al. 2000) version 2 Seasonal Land Cover
Regions (SLCR) Eurasia data set at 1-km (equal-area) resolution. Among the var-
ious vegetation data sets available for this region (see Section 5.2, above), the
GLCC.SLCR map was chosen for its detail in classification (200+ categories) and
its description of vegetation mosaics, thereby allowing flexibility in translating for
the arctic conditions, boreal and temperate ecosystem types for which the TEM
is calibrated. The translated vegetation map, which included 10 upland categories,
was aggregated to the 0.5º grid, but retaining the area represented by each unique
vegetation type within a grid cell as an individual, non-spatial cohort. Wetland
cohort areas were assigned to each grid cell based on a 1◦ × 1◦ grid cell frac-
tion inundated database (Matthews and Fung 1987), where wetland area equals the
product of fraction inundated and total cell area. The final classification, then, con-
tained 17 categories (in addition to water, ice, and barren; Table 5.3) of upland and
associated wetland vegetation types (some ecosystem types, such as polar desert
and xeric shrublands, were not allowed to have wetland associates). Although at
a relatively coarse resolution (0.5◦), the cohortized potential vegetation map was
designed to capture upland vegetation community type mosaics and their transi-
tions across spatial gradients, along with spatially-explicit data on wetland extent
and type.
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Table 5.3 Classification scheme and areas represented by the ecological zones for Eurasian Arctic
(north of 60oN) as input data for the TEM simulations. In parenthesis is the four-letter code for
each ecozone; it is followed, in quotations, by its assigned dominant vegetation type (DVT) for
comparison with the other vegetation maps considered in Chapter 5

Ecological zone Area (km2)

Inland water 372,877
Ice, rock, “Barren” 2,337,878

1 Prostrate Tundra / Polar Desert (PTPD), ”Herbaceous” 1,782,272
2 Arctic Shrub Tundra (ASHT), “Shrub” 1,638,383
3 Arctic Shrub Tundra Wetlands (ASHTw), “Shrub” 678,759
4 Boreal Needleleaf Evergreen Forest (BNEF), “Tree” 1,128,228
5 Boreal Needleleaf Evergreen For. Wetlands (BNEFw), “Tree” 530,967
6 Boreal Needleleaf Deciduous Forest (BNDF), “Tree” 1,229,673
7 Boreal Needleleaf Deciduous For. Wetlands (BNDFw), “Tree” 489,069
8 Boreal Broadleaf Deciduous Forest (BBDF), “Tree” 740,583
9 Boreal Broadleaf Deciduous Forest Wetlands (BBDFw), “Tree” 67,061
10 Temperate Needleleaf Evergreen Forest (TNEF), “Tree” 469,347
11 Temperate Needleleaf Evergr. Forest Wetlands (TNEFw), “Tree” 65,643
12 Temperate Broadleaf Deciduous Forest (TBDF), “Tree” 60,732
13 Temperate Broadleaf Decid. For. Wetlands (TBDFw), “Tree” 2,724
14 Xeric Woodlands (WOOD), “Tree” 4,291
15 Xeric Shrublands (XESH), “Shrub” 155,577
16 Grasslands (GRAS), “Herbaceous” 163,691
17 Grasslands / Herbaceous Wetlands (GRASw), “Herbaceous” 11,310

Total inland area 11,929,065

The location and timing of disturbances are determined from data sets on fire
occurrence, area burned, fire severity, and fire return interval, as well as modeled
data for rates of forest harvest and crop and pasture establishment and abandonment.
The annual area burned data set for Eurasia was based on AVHRR satellite-derived
fire scars data from 1996–2002 (Sukhinin et al. 2004) and backcasted to the year
1000 based on 0.5º resolution fire return intervals. For a complete description of the
historical fire data set, fire return interval calculation, and backcasting approach, see
Balshi et al. (2007). That study’s fire database was extended from 2002 to 2006 for
Northern Eurasia using the Global Fire Emission Database version 2 (van der Werf
et al. 2006). The data set provides monthly burn fraction by 1º × 1º grid cell, which
was converted to annual burn area and extracted from cohorts based on a priority
list of burnable ecosystem types, thereby creating a new, secondary cohort of age
zero for that year. In the same way, forest harvest and land use (crops or pasture)
cohorts were created in the input data set, derived from 1º × 1º gridded, annual land
use transitions data for years 1700 through 2000, modeled by Hurtt et al. (2006).

The model produced monthly estimates of C stocks in vegetation, soil and prod-
uct pools for each cohort over the length of the simulation, which we report as
average annual total ecosystem C stocks across all cohorts within each ecozone,
and average these values over the 10-year analysis period (1997–2006). The average
annual change in C stocks reported here represents the Net Ecosystem C Balance
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(NECB) of the system (see Chapin et al. 2006). NECB includes both the C flux
from the terrestrial system to the atmosphere through the initial conversion flux
(e.g. from fire) and subsequent decomposition of reactive soil organic matter and
decay of post-harvest product pools as well as the lateral leaching flux of dissolved
organic C via stream export.

We summarized the disturbance data and their effects (along with CO2 and cli-
mate) on total ecosystem C stores and average annual balance by ecozone across
the study area for the 1997–2006 time period (Table 5.4). The simulation shows
that the study area as a whole is losing C from terrestrial ecosystems on an aver-
age rate of 44 Tg C year−1 from 1997–2006. The system is estimated to contain
total ecosystem C stocks (in vegetation, soils, and product pools) on the order of
266 Pg C. More than 167,000 km2 were burned over this decade (about 2% of the
total study area), with another 119,000 km2 of forest harvested (˜2.5% of forest
area) and 72,000 km2 (less than 1% of the total study area) in agricultural land
use (crops and pastures). The majority of area burned occurred in larch-dominated
forests of eastern Siberia (Boreal Needleleaf Deciduous Forest, BNDF, ecozone),
with an average 0.6% of its area burned annually during this time period. The results
show this ecozone as having the majority contribution toward the overall C loss in
the study area. The BNDF ecozone alone is losing more C than the study area as
a whole, suggesting that the rest of the ecozones combined acted as a net C sink
(of about 21 Tg C year−1) over this decade. Most of the strength of that sink is
found in the tundra types (Prostrate Tundra/Polar Desert, PTPD, and Arctic Shrub

Table 5.4 Disturbance area and C stocks for each ecozone and land use type in the Eurasian Arctic
for the period 1996–2006. Wetland types were merged with their upland counterparts to present
these data by ecozones

Ecozones Areaa(km2)

Area
harvestedb

(km2)

Area
burnedb

(km2)
Total
(Tg C)

Density
(kg C m−2)

Change in
stocksc(Tg
C year−1)

PTPD 1,774,437 0 1,788 30,255 17.05 8.75
ASHT 2,312,690 0 5,338 63,991 27.67 17.93
BNEF 1,654,928 41,778 25,379 26,556 16.05 −16.81
BNDF 1,717,593 12,726 104,436 123,271 71.77 −65.03
BBDF 797,853 7,918 14,336 11,275 14.13 3.57
TNEF 517,291 47,148 1,478 3,755 7.26 7.55
TBDF 49,802 9,551 18 972 19.51 −0.06
WOOD 3,369 0 77 66 19.73 0.01
XESH 153,642 0 7,628 3,581 23.31 −0.33
GRAS 164,299 0 7,167 1,439 8.76 −1.25
CROP 41,489 0 0 522 12.54 1.09
PAST 30,917 0 0 146 4.73 0.09

Total 9,218,310 119,121 167,645 265,828 28.84 −44.49

aArea represented by each ecozone or land use in year 2006.
bArea harvested or burned for each ecozone during the period 1996–2006.
cAll C values are given as the 10-year average between 1996 and 2006.



5 Vegetation Cover in the Eurasian Arctic 101

Tundra, ASHT). The majority of the forest harvest area occurred in temperate and
boreal pine and spruce forests (Temperate Needleleaf Evergreen Forest, TNEF, and
Boreal Needleleaf Evergreen Forest, BNEF, ecozones). With relatively small area
burned, the temperate part (TNEF) located primarily in the western portion of the
study region is estimated to be sequestering C at a rate of 7.6 Tg C year−1, while the
boreal part (BNEF), with higher rates of fire, is losing C at nearly 17 Tg C year−1.

The C budget for the ecozones of Northern Eurasia over the past decade assem-
bled here, when compared with the disturbance data, suggests some of the potential
controlling factors on the sources and sinks of C in this region. The ecozones losing
the most C over the time period also had the largest burned area, thus fire appears
to have a substantial effect on C loss from the system. The very large area burned
in the larch-dominated forests (BNDF ecozone) combined with its high C density
(more C available to be released during and after fire) to produce the vast majority of
the C source for the study area. The tundra ecozones (PTPD and ASHT) represent a
large and mostly undisturbed area that may be responding to changes in climate in
producing a net C sink.

5.5 Significance of the Current Uncertainty in Vegetation Cover
for Estimating Carbon Stores, Sources, and Sinks
in Terrestrial Ecosystems

The analysis in Section 5.4 shows that the different ecozones have large variation
in their C stocks and fluxes, indicating that the underlying vegetation map used to
drive model simulations can have important consequences for regional C budget
estimates. To assess the effect of different input vegetation data sets on the modeled
estimates of regional C balance, we performed a simple analysis in which we pro-
duced estimates of live vegetation and total ecosystem C density and mean estimates
of per-area change in C stores for each ecozone from our simulations (Table 5.4).
The density and change estimates incorporate the “average” effects of CO2, cli-
mate, and disturbance at the ecozone level. We then aggregated the ecozones to the
broader DVT categories (see Table 5.3) and used the per-area stock and flux esti-
mates to extrapolate across each DVT category according to the area represented
by these categories in the ecozone classification used in this study (Table 5.3) as
well as in the GLC-2000 and MODIS.PFT maps (Table 5.2). This “bookkeeping”
type approach to regional C budget analysis assumes average, constant effects of
climate and disturbance within each DVT. While this is admittedly a very simplistic
approach, it does provide the first approximation of the effect of input vegetation
data sets on the modeled estimates of regional C balance.

The GLCC-based vegetation classification (Loveland et al. 2000) used in C mod-
eling for this study agrees more closely with the GLC-2000 than the MODIS.PFT
in terms of the total areas represented by the DVT categories, particularly with the
tree and shrub estimates (Table 5.5). Note also that C simulation considered a larger
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overall study area than the map analysis from Section 5.2 (11.8 million km2 in C
simulation compared to 8.9 million m2 in the two maps). However, the difference is
primarily in areas of the Herbaceous and Barren DVT types because GLCC-based
map included all areas above 60ºN latitude whereas the GLC-2000 and MODIS.PFT
maps did not include areas above 74ºN – most of which is dominated by herbaceous
vegetation (PTPD) and Ice, Rock (Barren) types.

While all three C budgets produce similar estimates of total ecosystem C stocks
for the region, the estimated average annual change in C stocks (i.e. terrestrial C bal-
ance) over the last decade differs substantially for the MODIS.PFT classification as
compared with the other two (Table 5.5). Extrapolations based on the vegetation data
used in C simulation and the GLC-2000 actually produced very similar estimates of
regional C balance (−0.44 and −0.46 Pg C year−1, respectively), primarily because
of the similarity in areas of the tree and shrub categories. While these two estimates
suggest a substantial loss of C from this region during the 1997–2006 time period,
the extrapolation based on the MODIS.PFT classification resulted in a more neutral
C balance estimate (a small net sink of 20 Tg C year−1). This result is due to the
higher estimate of shrub area, which acts as a C sink in our simulations and offsets
the lesser area of C loss from the tree cover category.

The impact of the input vegetation data appears even more significant when live
vegetation C is examined separately (Table 5.5b). The estimate of C stock in live
vegetation based on the GLC-2000 map (24 Pg C) is 40% higher than the estimate
based on the MODIS.PFT map (17 Pg C). While the estimates of the overall change
in live vegetation C stocks are very similar for both maps (0.2 Pg C sink), the attri-
bution of the projected C sink is quite different depending on the map used: based on
GLC-2000 map most of the C accumulation occurs in tree-dominated ecosystems
while MODIS.PFT map would attribute most of the C sink to shrub vegetation.

This extrapolation provides only a general sense of the effect that different input
vegetation data sets will have on estimates of C stocks and flux. A more comprehen-
sive, quantifiable estimation of these effects would require new simulations in which
the different vegetation maps were incorporated into the spatially-explicit data sets
used to drive the model. In this analysis, for example, the near-neutral C balance
estimate based on the MODIS.PFT classification does not fully capture the effects
of fire because of the lower estimate of tree-cover area in this map. More explicitly
connecting this data set with the fire data would more realistically distribute area
burned across the study region, including fires in shrub-dominated area. This may
alter the overall MODIS.PFT-based estimate of NECB for the region.

5.6 Summary and Conclusions

Significant differences exist between land-cover maps of Arctic Eurasia even at
relatively coarse resolution and at the level of broad plant functional and domi-
nant vegetation types. Thus, the choice of a specific land-cover product can have a
major impact on the results of many research projects in the region and this source
of uncertainty is often overlooked. The distinct geographic patterns of differences
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indicate the areas where the effects of map selection can be the greatest and where
further improvements in mapping are needed. The discrepancies in categorical maps
are concentrated at borders between biomes and in parts of the region where signif-
icant presence of open canopies of woody plants (trees and shrubs) or herbaceous
vegetation is expected.

Overall, the extent of disagreement between the compared categorical maps is
greater in Siberia and Far East than in the western part of Arctic Eurasia. The
paucity of ground data and the presence of larch (deciduous conifer) in the eastern
part of the study region may be responsible. However, the high level of confusion
between the two compared land-cover maps at the treeline and further north is preva-
lent throughout the region. This geographic distribution of disagreement may reflect
the limitation of coarse resolution categorical maps in representing open vegetation
covers and mixed or fragmented landscapes. Vegetation continuous field maps of
dominant vegetation types are a promising alternative to categorical maps.

The agreement among the compared maps is highest for tree-dominated vege-
tation, which is represented more consistently than other vegetation-cover types in
the categorical maps. Tree-cover representation in the MODIS.VCF product cor-
roborates the general pattern of agreement in tree-cover distribution between the
two categorical maps. Furthermore, the estimates of the total area of tree-dominated
vegetation cover in the study region agree reasonably well among the three maps
(GLC-2000, MODIS.PFT, and MODIS.VCF). The degree of spatial agreement is
the lowest for herbaceous vegetation. One of the reasons for that may be the mis-
classification of herbaceous wetlands, which cover a significant proportion of the
land mass in Eurasian Arctic. Mosses (especially Sphagnum mosses) and lichens
on herbaceous wetlands exhibit distinct spectral signatures and a seasonal pat-
tern of change that is substantially different from other plants in the “herbaceous”
group.

The analysis of land-cover maps at two test sites highlighted specific strengths
and weaknesses of the examined land-cover products in these two locations. At the
St. Petersburg site both categorical maps agreed well, but both exaggerated tree
cover and under-reported shrub and herbaceous vegetation. At the Komi site, the
over-reporting of tree cover by GLC-2000 and failure of MODIS.PFT to separate
shrub and herbaceous vegetation were the major issues in representing the overall
land cover. Depending on specific application of the map other features may be
significant, such as under-reporting of small but abundant water bodies in the arctic
region on categorical coarse-resolution maps.

Different vegetation maps used in biogeochemical modeling could produce sub-
stantially different estimates of the regional C balance. A simple analysis in which
we extrapolated simulated C stock and flux density for dominant vegetation types
across the area estimates of these types in different land-cover products showed
that a very different picture of the regional C balance emerges when changing the
ratio of tree cover (an estimated C source) to shrub cover (C sink). A separate
examination of live vegetation C indicated that the use of GLC-2000 map could
lead to substantially higher estimate of C stock in forest biomass and greater role
of trees as C sink than MODIS.PFT map. While simplified calculations provide a
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general idea of how the underlying vegetation data can change regional C balance
estimates, a more detailed comparison of its effects would require additional,
spatially-explicit simulations using each of the different land-cover maps to drive the
model.
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