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[1] The West Siberian Lowland (WSL) contains the world’s most extensive peatlands
and a substantial fraction of the global terrestrial carbon pool. Despite its recognition
as a carbon reservoir of great significance, the extent, thickness, and carbon content of
WSL peatlands have not been analyzed in detail. This paper compiles a wide array of
data into a geographic information system (GIS) to create a high-resolution, spatially
explicit digital inventory of all WSL peatlands and their associated physical properties.
Detailed measurements for nearly 10,000 individual peatlands (patches) are based on
compilation of previously unpublished Russian field and ancillary map data, satellite
imagery, previously published depth measurements, and our own field depth and core
measurements taken throughout the region during field campaigns in 1999, 2000,
and 2001. At the patch level, carbon storage is estimated as the product of peatland area,
depth, and carbon content. Estimates of peatland area are validated from RESURS-01
satellite images, and the quality of the Russian peatland depth and carbon content data is
independently confirmed by laboratory analysis of core samples. Through GIS-based
spatial analysis of the peat areal extent, depth, and carbon content data, we conservatively
estimate the total area of WSL peatlands at 592,440 km2, the total peat mass at 147.82 Pg,
and the total carbon pool at 70.21 Pg C. Our analysis concludes that WSL peatlands
are more extensive and represent a substantially larger carbon pool than previously
thought: Previous studies report 9,440–273,440 km2 less peatland area and 15.11–
30.19 Pg less carbon than found in this analysis. The complete digital database is freely
available for scientific use at http://arcss.colorado.edu/data/arcss131.html. INDEX
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1. Introduction

[2] Northern peatlands play a dual role in the global
cycles of carbon dioxide (CO2) and methane (CH4), both
removing CO2 from the atmosphere (through plant
production and peat accumulation) and emitting CO2 and
CH4 to the atmosphere in large quantities. Natural peatlands

are currently a sink for CO2 and a source of methane
[Roulet, 2000]. Gorham [1991] estimates the carbon pool
of boreal and subarctic peatlands at 455 Pg C, about one
fifth of the global terrestrial total (2190 Pg C [Houghton
et al., 1996]), or two thirds of the atmosphere’s carbon
content (750 Pg C). Numerous authors have speculated
that northern stocks of peat carbon may become vulnerable
to peat decomposition under a warmer, drier climate
[Gorham, 1991; Oechel and Vourlitis, 1994; Woodwell et
al., 1998]. Northern peatlands may therefore play an
important feedback role in future climate change owing
to mobilization of sequestered carbon stocks and their return
to the atmosphere or release to surface water [Freeman et
al., 2001].
[3] The major northern peatlands are distributed in

Canada and the Russian Federation. In Canada, organic
soils associated with peatlands have been estimated at
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1.13 million km2, approximately 12% of the land area
of Canada [Zoltai and Pollett, 1983]. Tarnocai [1998]
estimates that Canada contains about 1.24 million km2

of peatland/organic soils, storing about 154 Pg C. In Russia,
peatlands have been studied for a number of different pur-
poses and from different perspectives [Botch et al., 1995],
leading to widely varying estimates of peatland area and
carbon content. Area estimates range from 0.71 million km2

[Tiuremnov, 1976] to 1.50 million km2 [Kivinen and
Pakarinen, 1981], 1.16 million km2 [Stolbovoi, 2002] and
1.65 million km2 [Botch et al., 1995]. Using multiple data
sources, Botch et al. [1995] also estimate a carbon pool of
214 Pg C for peatlands of the Russian Federation. In
addition, Stolbovoi [2002] recently published a smaller
figure of the Russian peat carbon pool at 156 Pg C in
the 0–2.0 m layer based on the 1:2.5 million soil map.
[4] West Siberian Lowland (WSL) peatlands are a larger

carbon pool than previously thought and represent a long-
term carbon dioxide sink and global methane source since
the early Holocene [Smith et al., 2004]. However, detailed,
spatially explicit inventories of WSL peatland area and
carbon content have never been published. Field studies of
WSL peatlands have been carried out since the 1950s, driven
primarily by petroleum exploration. Geoltorfrazvedka, a
special body of the Russian Federation Geological Survey,
conducted extensive fieldwork in areas mainly south of the
permafrost limit, with results presented in unpublished
written reports. In the late 1960s, Geoltorfrazvedka produced
a series of 1:1,000,000 scale peatland maps of West Siberia,
using these field data in conjunction with aerial photographs
[Markov, 1971]. These maps were associated with a set of
printed data reports, arranged by administrative regions and
containing measurements of peat area (A), peat mass (M),
mean peat depth (Dm) and mean ash content (Sm) for most
peat patches on the maps.
[5] Using the Geoltorfrazvedka reports, Russian scientists

have made several estimates about the area and peat mass of
WSL peatlands over the past three decades (Table 1),
starting with Neustadt [1971]. These estimates in Table 1
vary considerably depending upon the methods used and the
geographic areas included. It is generally agreed that the
total carbon pool of WSL peatlands was underestimated
largely due to lack of data in remote regions, which were
not included in the Geoltorfrazvedka inventories. In partic-
ular, previous estimates were limited to the forest and forest-
steppe belt, and excluded tundra peatlands in the northern
regions of the WSL. Furthermore, geographic information
systems (GIS) were not used in these analyses, preventing
full utilization of peatland maps and associated field data.
Finally, these earlier estimates did not use updated inven-
tories that were first available in unpublished form begin-
ning in 2000.
[6] Here, we derive new estimates of peatland area and

total carbon pool for WSL peatlands using a GIS compila-
tion and inventory of multiple data sources. From the
resulting GIS database, we estimate the complete carbon
pool of WSL peatlands and analyze its spatial distribution.
The inventory is validated using high-resolution satellite
imagery and our own field core measurements, allowing
computation of a confidence level for the derived carbon

pool estimate. As such, this study represents the first high-
resolution, spatially explicit peat carbon pool estimate for
West Siberia.

2. Establishment of a GIS Database for
WSL Peatlands

[7] This section describes the data sources and procedures
used for construction of the GIS database. The final GIS
database contains nearly 10,000 peat patches (i.e., isolated
peatlands), their associated peat properties, field core data,
and satellite images.

2.1. Data Sources and Map Collection

[8] The GIS database was constructed from compilation,
translation, and digitization of all accessible published and
unpublished field data and ancillary maps on WSL peat-
lands and wetlands. In addition to the original 1971 Geo-
ltorfrazvedka reports and maps [Markov, 1971], updated
peatland maps, and reports were collected from the
Novosibirsk Institute of Geology, Geophysics and Mineral
Resources, the Russian Ministry of Natural Resources,
which are based on revised Geoltorfrazvedka data so as to
include new field data to 1999 [Matukhin and Danilov,
2000]. These revised data contain new peat patches and
numerous patches that are updated with a higher level of
detail. Updated regions include Krasnoyarsk [Matukhin,
1997] and elsewhere in the WSL, with the exception of
western Sverdlovsk. Therefore our inventory uses the
older 1971 Geoltorfrazvedka data set in the Sverdlovsk
region. The Geoltorfrazvedka and Novosibirsk maps
have scales of 1:1,000,000, and represent peatlands as
‘‘oligotro-phic’’ (bog), ‘‘transitional,’’ ‘‘eutrophic’’ (fen),
‘‘mixed,’’ or ‘‘undetermined’’ classes. The undetermined
class represents those peatlands not studied in the field. The
numeric label for each peat patch on the Novosibirsk maps
points to associated field data in a series of printed reports
arranged by administrative region. Spatial coverage of the
Novosibirsk data sets is restricted mainly to the area south
of the continuous permafrost limit, with very limited cov-
erage in northern tundra areas. Therefore peatlands in
northern regions were inventoried using a 1:2,500,000 scale

Table 1. Previously Published Estimates of Area, Peat Mass, and

Carbon Pool of WSL Peatlands

Author Year
Area,
km2

Peat Mass,
Pg

Carbon Pool,
Pg C

Neustadt 1971 325,380 93.08 44.21a

Tiuremnov 1976 341,000 109.7 52.10a

Sabo et al. 1981 319,000
Davydova and Rachkovskaya 1990 400,000 90 42.75a

Vompersky et al. 1994 84.26 40.02a

Efremova et al. 1997 42.4
Vompersky et al.b 1999 583,000
Efremov and Efremova 2001 464,000 108.67 51.61a

Yefremov and Yefremova 2001 55.1
This study 2004 592,440 147.82 70.21

aCarbon pool estimate is not made in this publication; it is calculated
here from peat mass using R = 52% (carbon percentage of organic material)
and Lm = 91.3% (mean loss-on-ignition).

bVompersky et al. [1999] used a Russian soil map in their area
estimation.
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map of West Siberia wetlands published by State Hydro-
logical Institute (SHI) in Leningrad [Romanova et al.,
1977]. Unlike the Novosibirsk maps, no ancillary data
reports are associated with individual wetlands. Relatively
good agreement in spatial coverage between the Novosi-
birsk and SHI data sources was found in areas south of
the continuous permafrost limit. Comparison of the SHI
wetland map with the Soil Map of Russian Federation
[Fridland, 1988] also finds comparable wetland extent in
the forest-tundra and tundra regions, though some differ-
ences exist in the spatial distribution of individual wet-
lands and peat soils.

2.2. GIS Peat Layer Generation

[9] The Novosibirsk maps represent large and small peat-
lands differently. Large peatlands are shown with their
actual borders delineated and may be comprised of different
peatland classes, while small ones are shown as dots with
their areas recorded only in the associated data reports.
Small peatlands were therefore digitized as point data
structures, and large peatlands as polygon data structures
within the GIS. A composite peatland containing two or
more peat classes is regarded as a single peat patch even
though it is represented by more than one polygon. Maps
were scanned using a large-format digital map scanner, with
vector extraction carried out using the ESRI

1

ArcGISk

system. This procedure yielded 7127 peat patches from the
Novosibirsk and the Geoltorfrazvedka maps. Property data
such as A, M, Dm, and Sm associated with each patch were
stored in an attribute table within the GIS. The table
represents information gathered from the field over the
past 40 years by various organizations with differing levels
of precision. Some peat patches were well inspected, with
numerous measurements of peat properties taken, while
others were investigated less thoroughly. Those peatlands
marked as undetermined have no field data associated
with them. All peat properties in the field data reports
were manually digitized. These attributes were then
assigned to their associated peat patches according to
their unique label identifiers in the data reports and maps.
The derived high-resolution polygon maps cover the
southern and central areas of the WSL (roughly south
of �66�N).
[10] Peatlands in the northern portion of the WSL were

digitized from the SHI wetland map as 2564 patches and
categorized as undetermined with respect to attribute data.
The SHI and Novosibirsk sources were then merged to
produce the WSL GIS peat layer (Figure 1), containing
9691 peat patches. About 30,000 peat property measure-
ments were digitized and incorporated as attribute data
associated with these patches. This layer covers the entire
WSL to a high level of detail (see insert, Figure 1). In
addition, 2796 water bodies larger than 1 km2 contained
within peatlands were also delineated and digitized as a GIS
peatland lake layer (Figure 1).
[11] All layers are maintained in a Lambert Conformal

Conic map projection with a central meridian at 75�E, and
two standard parallels at 70�N and 50�N, preserving the
original projection of the source data. Map-based area
calculations in this paper were carried out with a Lambert

Azimuthal Equal Area map projection to reduce area
distortion.

2.3. Satellite Images

[12] The Russian RESURS-01 satellite payloads a multi-
spectral optical-mechanical radiometer (MSU-SK), acquir-
ing images using a conical scanning mechanism with a
spatial resolution of �150 m in five spectral bands (0.5–
0.6 mm, 0.6–0.7 mm, 0.7–0.8 mm, 0.8–1.0 mm, and 10.4–
12.6 mm). Two MSU-SK visible/near-infrared images were
acquired over the main peatland areas in the WSL (Areas 1
and 2, Figure 1) on 3 June 1997 and 17 July 1998, covering
approximately 400 km � 615 km and 615 km � 430 km,
respectively. These data were used to independently validate
the peat patch areas of the GIS peat layer.

2.4. Field Measurements

[13] Depth measurements for some WSL peatlands have
previously been published in Russian and international
studies of peatland and vegetation history [Forman et al.,
2002; Kremenetski et al., 2003]. We compiled field depth
measurements at 62 locations from this literature to generate
a GIS layer of ‘‘pre-existing Russian cores’’ (PERC, black
triangles in Figure 1). Eighty-seven peat cores (open circles
in Figure 1) were also collected by the authors during
summer field campaigns in 1999, 2000, and 2001 [Smith
et al., 2000, 2004], producing a layer of ‘‘UCLA (Univer-
sity of California, Los Angeles) cores’’ in the GIS database.
These coring sites were planned in the sampling design to
be spatially dispersed as widely as possible. Field samples
were normally collected in peatlands within kilometers
of roads and other access routes. The field data from these
cores provide new observations of peat depth, bulk density,
and loss on ignition (LOI at 550�C for 1–2 hour). Collect-
ively, these field depth data provide 149 independent
measurements, which we here use to independently validate
the Novosibirsk data sets (section 3.2) and to interpolate
missing depth values, particularly in the northern regions
(section 4).

3. Validation of Geoltorfrazvedka and
Novosibirsk Data Sets

[14] The Geoltorfrazvedka and Novosibirsk maps and data
reports are the primary data sources used in this study, but do
not contain error estimates, specifications for the laboratory
analyses, or other descriptors of data quality. Therefore a
validation process was developed to assess their data quality.
Each of the four patch properties used to compute carbon
content (area, depth, bulk density, and LOI) were indepen-
dently assessed. Mapping accuracy of peat patch areas was
tested using high-resolution RESURS-01 satellite images.
Patch depths were validated using both PERC data and our
own field measurements. Bulk density and LOI were checked
using our own core data. These procedures are described in
detail in the following sections.

3.1. Peat Area

[15] Peat patch areas from the GIS peat layer are
validated using the two RESURS-01 images (Figure 1)
in peat-extensive regions in central WSL. In these areas,
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Figure 1. GIS database of WSL peatlands, featuring a detailed peat layer and a peatland lake layer. The
peat layer was compiled from the 2000 Novosibirsk peat maps, the 1971 Geoltorfrazvedka peat maps,
and the 1977 wetland map. The layer contains 9,691 peat patches, composed of 12,401 polygons showing
peat type (oligotrophic, transitional, eutrophic, mixed, or undetermined). Each patch has attribute data:
peat area (A), mean depth (Dm), mean bulk density (rm), and mean LOI (Lm, loss on ignition). The
peatland lake layer contains 2,796 large water bodies within peatlands. The ‘Area 1’ and ‘Area 2’ boxes
outline the coverage of two RESURS-01 images used for validating the GIS peat layer. Field validation
of peat depth and physical properties are provided by UCLA cores (open circles) and PERC cores (black
triangles). See color version of this figure at back of this issue.
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the contrast between vegetation covers on peatlands (mostly
Sphagnum) and the surrounding areas (mainly conifers
and birch) is so distinct that peatlands can be well identi-
fied in summer season satellite imagery, in which misclas-
sification does not impose a serious problem. At high
latitudes, northward of the tree line, the absence of trees
makes peatland delineation from satellite images difficult.
These images were processed using the ENVI

1

image-
processing software to generate remotely sensed peat maps
(RSPM). The procedures include geo-registration of the
images to the GIS peat layer, image classification using
the maximum likelihood classifier, and regrouping of the
derived classes into categories of peat, non-peat, and clouds
(if any). Since classified images appear grainy with isolated
pixels, RSPM maps are generated after removing these
isolated pixels from the regrouped image.
[16] Visual inspection shows general agreement between

the RSPM map and the GIS peat layer, although the latter
tends to generalize peatland extent and boundaries, and
ignore very small peatlands. Quantitative comparison is
enabled by overlaying the RSPM map with the GIS peat
layer, yielding a comparative image with four categories:
(1) peat on both maps (red), (2) non-peat on both maps

(green), (3) non-peat on RSPM but peat on the GIS peat
layer (yellow), and (4) peat on RSPM but non-peat on the
GIS peat layer (blue). Figure 2 shows the four-categorized
comparative image of Area 1, and Table 2 lists the pixel
counts for each category (cloud-covered areas are not
included in this validation). Good agreement (73.4%, i.e.,
the total percentage of red and green areas) is found
between the RSPM and the GIS peat layer, and peatland
percentages are very similar between the two sources
(41.9% and 42.2% for GIS and RSPM, respectively).
Similar results are found for Area 2 (73.5% agreement with
37.8% and 37.9% peatland percentage for GIS and RSPM,
respectively). In both test areas, the total peat areas estimated
from the remotely sensed peat map and the GIS peat map
differ less than 0.3%, though site-specific agreement is as low
as 73.4%. The fortuitous cancellation is not random, but
instead largely reflects slight offsets with geo-registration
between the two data sets. These offsets were a result of
registering the satellite image (150-m resolution) to the
coarser scale GIS peat layer (1:1 million scale). Precise co-
registration would require a detailed large-scale base map,
which does not currently exist for West Siberia. However,
despite these small locational offsets, the shape and size of

Figure 2. Peatland area validation for Area 1. Overlay of the remotely sensed peat maps (RSPM) with
the corresponding portion of the GIS peat layer yields four categories: peat on both maps (red), non-peat
on both maps (green), non-peat on RSPM but peat on the GIS peat layer (yellow), and peat on RSPM but
non-peat on the GIS peat layer (blue). The red and green colors correspond to agreement, while yellow
and blue show disagreement between RSPM and the GIS layer. See color version of this figure at back of
this issue.
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the peatlands at local scales are in remarkable agreement
between the two data sets. If they could be better co-
registered to a high-resolution base map, a significant shrink-
age of the disagreement areas (i.e., yellow and blue areas)
would result. A secondary effect is that satellite-based
classifications tend to identify many small peatlands, which
are ignored in the more generalized peat maps. However, the
satellite classifications also delineate small gaps within
contiguous peatlands owing to variations in peatland vege-
tation cover that are not recorded on the more generalized
peat maps. The net result of both effects is a fortuitous
cancellation of their differences (Table 2).

3.2. Peat Depth

[17] Reliability of the Novosibirsk peat patch depth esti-
mates was tested using independent field measurements of
peat depth. Correspondence between these field cores and
their surrounding peat patches was established using GIS
utilities. Only those cores (i.e., 49 PERC cores and
68 UCLA cores) located within well-studied peat patches
(i.e., with peat property data available in Russian data
reports through fieldwork) were used in the validation. If
a peat patch contains two or more cores, the average of their
values was used as the field measurement. Figure 3a reveals
a modest positive correlation between these point data and
corresponding patch-averaged values for the surrounding
peat patch from the GIS peat layer. The t-test (a = 0.05)
shows that the mean of the Novosibirsk depth data is not
significantly different from those of UCLA and PERC depth
measurements, though the Novosibirsk depths on average
are 3% and 5% less than the depths from the UCLA and
PERC cores, respectively (Table 3). A likely explanation for
this is that the PERC cores were collected from various
sources, some of which were specifically cored in deep peat
for the purpose of Quaternary paleoenvironmental re-
search. In contrast, the Geoltorfrazvedka and Novosibirsk
data report spatially averaged peat depth; and the UCLA
cores report random point depths. Ground-penetrating radar
(GPR) transects taken at several UCLA core locations
[Dubinin et al., 2000] suggests that a random point peat
depth is quite representative of surrounding depth condi-
tions. To quantify this similarity, depth readings were taken
every 20 cm along two orthogonal GPR profiles of the core
site at (61.546�N, 72.715�E) (Figure 4). Close agreement is
found between the point measurement (1.25 m) and profile

data (m = 1.29 m, s = 6.44 cm). This result, combined with
the reasonable agreement between our field data and the
data reports, suggests a general validation of the latter, at
least in the general vicinity of the peat core.

3.3. Peat Physical Properties

[18] Carbon content is directly proportional to bulk
density and LOI. Mean bulk density (rm) of a peat patch
may be recovered from Novosibirsk values of peat mass,
area, and mean depth as M/(A � Dm), and mean LOI (Lm)
may be derived as 1 � Sm. The correlation between
Russian patch-averaged bulk density data and our own
laboratory data from cores shows considerable scatter
(Figure 3b, Table 3). Our field data show in Figure 5 a
significant increasing trend of bulk density from south (as
low as 0.056 g/cm3) to north (as high as 0.418 g/cm3). The
higher bulk density in the north is due to the higher ash
content and the lower water content found in permafrost
peatlands. The Russian patch-based data average signifi-
cantly less (�26%), indicating use of the Geoltorfrazvedka
and Novosibirsk data sets to be conservative with regards
to carbon pool estimation. The Russian data mainly cover
the southern and central WSL, whereas our field data
contain several high-density cores in the northern areas.
This may be an explanation of the apparently low mean of
Novosibirsk data. We also note that the Russian bulk
density data (m = 0.094 g/cm3, Table 3) are comparable
to values reported from a high-resolution study in Salym-
Yugan Mire in southern WSL (m = 0.093 g/cm3 [Turunen
et al., 2001]). Similarly, Russian patch-averaged estimates
of LOI average �5% less than our laboratory measure-
ments (Figure 3c, Table 3), suggesting utilization of the
Russian data sets to be conservative for the purpose of
carbon pool estimation.
[19] Carbon density (CD), defined as the amount of

carbon per unit area, may be derived from peat depth, bulk
density, LOI, and carbon percentage of the organic material
(R) as CD = D � r � L � R. We assume a conservative
value of 52% for R in this paper (see section 5). Correlation
between Russian patch-based carbon density and UCLA
core data shows considerable scatter. This is not surprising
given the spatial heterogeneity of peat growth rates and
compaction even at a local scale, but data ranges are quite
similar between the two sources (Figure 3d, Table 3).
Russian patch-based calculations of carbon density average

Table 2. Peat Area Validation Using RESURS-01 MSU-SK Imagesa

Peat (RSPM) Non-Peat (RSPM) Subtotalb

Area 1 peat (GIS) 2,917,187b 1,330,097c 4,247,284 (41.9%)d

non-peat (GIS) 1,361,546e 4,529,698f 5,891,244 (58.1%)
subtotal 4,278,733g (42.2%) 5,859,795 (57.8%) 10,138,528 (100%)

Area 2 peat (GIS) 2,835,218 1,498,162 4,333,380 (37.8%)
non-peat (GIS) 1,508,472 5,633,860 7,142,332 (62.2%)

subtotal 4,343,690 (37.9%) 7,132,022 (62.1%) 11,475,712 (100%)

aGIS peat layer is validated by the satellite images in both Area 1 and Area 2 (Figure 1). The peat areas estimated from the GIS
peat layer and from the RESURS-01 satellite images differ by less than 0.3%.

bPixel number of red areas in Figure 2 (i.e., peat on both RSPM and GIS layer).
cPixel number of yellow areas in Figure 2 (i.e., non-peat on RSPM but peat on GIS layer).
dSubtotal of peatlands measured from GIS peat layer, with pixel percentage in parentheses.
ePixel number of red areas in Figure 2 (i.e., peat on RSPM but non-peat on GIS layer).
fPixel number of green areas in Figure 2 (i.e., non-peat on both RSPM and GIS layer).
gSubtotal of peatlands measured from RSPM.
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�14% less than our core-based estimates, but the difference
between the means of the two data sets is not statistically
significant from the t-test.

4. Interpolating the Incomplete Data Records by
Geostatistics

[20] Approximately 40% of the digitized patches do not
contain data values for patch depth, bulk density, and/or
LOI. These missing data were interpolated from sur-
rounding peat patches using the Ordinary Kriging method
in the ArcGISk Geostatistical Analyst extension [Johnston
et al., 2001]. Ordinary Kriging assumes that proximal
peatlands are more similar than those farther away, and is
a statistically optimal interpolation based on spatial auto-
correlation characterized by semivariograms. This method
involves four procedures: exploring the empirical semi-

variogram plot, fitting a model to the empirical semi-
variogram plot, developing the optimal model through
model comparison and performance diagnostics, and
making predictions using the optimal model for locations
with unknown values from nearby locations with known
values. All available depth data (including core depth
measurements and those from the Geoltorfrazvedka and
Novosibirsk reports) were composed to form a layer of
depth measurements. For the model validation purpose,
the depth layer was randomly split into two data sets, one
containing 90% of data points, and the other with the
remaining 10%. Though the 90% separation is an arbi-
trary value, we found it was a good choice for develop-
ing a reliable model. The larger data set was then used to
develop an interpolation model. The splitting of the data
sets was replicated several times to obtain a relatively
consistent interpolation model as the optimal model. The

Figure 3. Comparison of Novosibirsk peat depth and property data with UCLA and PERC cores.
(a) peat depth, (b) peat bulk density, (c) LOI, and (d) carbon density.
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interpolation model was then used to predict depth for the
smaller data set. Good correlation (R2 = 0.6343, n = 623)
was found between the predicted and observed values for
the smaller data set, confirming satisfactory validation of
the interpolation model (Figure 6). The model was then
used to predict mean depths for peat patches lacking
depth values in the GIS database. Missing values of bulk
density and LOI were similarly interpolated.

5. GIS-Based Carbon Pool Estimation

[21] A peat carbon pool may be estimated at various
levels of detail. The simplest estimation method employs
a homogeneity model, which assumes that peatlands
have uniform physical characteristics and may therefore
be characterized by single averaged values of depth (Dm),

bulk density (Rm), LOI (Lm), and carbon percentage (R). The
peat carbon pool (CP) is then computed as

CP ¼ A� Dm � rm � Lm � R: ð1Þ

[22] Assumption of peat homogeneity is required when
data on peat properties are sparse and the study area is large
[e.g., Gorham, 1991]. However, the homogeneity model
ignores spatial variations in peatland properties and is
sensitive to errors in assumed mean values of the input
parameters. For example, an erroneous increase in assumed
depth from 1 m to 1.5 m yields a 50% overestimate of the
carbon pool.
[23] Botch et al. [1995] suggested that the estimation of

carbon pools should include regional differences in peat

Figure 4. Ground-penetrating radar profiles. Two intersecting 43 m GPR profiles were collected at a
UCLA core site (61.546�N, 72.715�E). Profile-averaged depth (1.29 m, s = 0.06 m) corresponds well
with the single measurement of core depth (1.25 m). See color version of this figure at back of this issue.

Table 3. Averaged Peatland Depth and/or Physical Properties, as Compared Between Pre-Existing Russian Cores

(PERC), Our Own Cores (UCLA), and the Corresponding Peat Patches From the GIS Databasea

Properties

Core
Measurements

Novosibirsk Data Re-
ports

Significance of
m1 6¼ m2 (t-test)Source m1 s1 m2 s2

Depth, m PERC 2.797 1.004 2.651 0.757 no
Depth, m UCLA 2.050 1.160 1.992 0.765 no
Bulk density, g/cm3 UCLA 0.128 0.065 0.094 0.031 yes
LOI, % UCLA 96.268 3.164 91.803 4.226 yes
Carbon density, g/cm2 UCLA 10.511 3.817 9.006 4.963 no

aHere m and s are mean and standard deviation of samples, respectively. The means of the data sets are compared using t-test
(a = 0.05) analyses.
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properties. They divided the former Soviet Union into 10
peatland zones, with each treated as having homogeneous
physical properties. Under this regionalization scheme, the
WSL contains five zones. The region-based model is an
improved version of the homogeneity model, but the
heterogeneities resolved are coarse and the assignment of
mean peat properties is largely based on expert judgment.
[24] This paper uses a high-resolution, patch-explicit

model to estimate CP. Furthermore, the model is based on
observational data. This patch-based model is easily imple-
mented in a GIS as

CP ¼
Xn

i¼1

Ai � Di � ri � Li � Ri; ð2Þ

where, n is the total number of peatland patches (n = 9,691
for the WSL); Ai, Di, ri, Li, and Ri are the area, mean peat
depth, mean bulk density, mean LOI, and the carbon
percentage of the organic material for patch i, respectively.
[25] The carbon percentage of peat organic material (R) has

been estimated differently by various researchers. Efremov
and Efremova [2001] show that mean R varies little among
different peat types in West Siberia, averaging 50.4%,
51.8%, and 53.9% for eutrophic, transitional, and oligo-
trophic peat, respectively. Similarly, Lapshina and Pologova
[2001] provide 51.8 ± 2.5% for main WSL peat types. In
western Canada, Vitt et al. [2000] determine a value of 51.8 ±
4.7%. Here we assume a constant value of R = 52%, for three
reasons: (1) Carbon percentage R is known to vary only
slightly little among different types of WSL peatlands
[Efremov and Efremova, 2001]; (2) the GIS peat layer
describes four major peatland types based on surface char-
acteristics only, with no indication of subsurface peat type;
and (3) assumption of R = 52% is conservative, as compared
to values previously assumed in other studies, for example,
58% by Tiuremnov [1976], and 57% (before LOI, i.e., ash
included) by Botch et al. [1995].

Figure 5. UCLA bulk density measurements show a significant increasing trend from south to north. A
simple linear regression model show that Y = 0.0248X � 1.4276 with R2 = 0.4024, where Y is bulk
density (g/cm3) and X is latitude (degrees).

Figure 6. Validation of the Ordinary Kriging peat depth
interpolation model using split data sets. The depth data set
was randomly split into one part containing 90% of the data
points, and the other with the remaining 10%. The larger
data set was used to develop the interpolation model to
predict peat depths for the smaller data set, and measure-
ments in the smaller data set were used to validate the model
by comparing the predicted depths with the original depth
measurements at these locations. Good correlation (R2 =
0.6343, n = 623) between the predicted and the observed
values suggests that the interpolation model is reasonable.
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[26] Application of equation (2) for all 9691 peat patches
yields a carbon pool of 72.55 Pg C. This figure was then
corrected to account for the mineral tundra effect and the
presence of large water bodies that are commonly found
within peatland boundaries. In permafrost areas of the WSL,
peat cover typically exhibits a complex pattern of polygonal
peat patches, particularly in mineral tundra. In such areas,
peatlands are commonly interspersed at a small spatial scale
with areas of exposed substrate containing little or no peat,
leading to overestimation of peat carbon storage from
generalized maps. These tundra regions have been poorly
investigated, with little data available because of their
remoteness and the challenging environment. Owing to
the lack of information, we arbitrarily assumed peat cover-
age to be 50% in such peatlands, resulting in a correction of
�2.83 Pg C to the carbon pool estimate. A similar correc-
tion was made for 2796 large peatland lakes (occupying
11,034 km2) contained in the GIS peatland inventory. In the
WSL these peatland lakes are typically shallow and com-
monly underlain by peat. Therefore underestimation of the
carbon pool can result if peat storage beneath these lakes is
ignored. Conversely, if these lakes themselves are ignored
and their areas are assumed to be comprised fully of peat,
the carbon pool will be overestimated. Because water depth
data are not available for these lakes, we arbitrarily assumed
them to be underlain by a peat layer of one half the
thickness of the surrounding peatland. This correction adds
0.49 Pg C to the total carbon pool estimate.
[27] After the above adjustments, our inventory yields a

total carbon pool of 70.21 Pg C. Total area, total peat mass,
and organic mass are estimated at 592,440 km2, 147.82 Pg,
and 135.02 Pg, respectively. These figures are substantially
larger than previously published estimates (Table 1). A
trend noticeable in Table 1 is that the figures are growing.
Many early estimations used the Geoltorfrazvedka data
reports, limiting their study areas mainly in the forest and
forest-steppe belt of WSL, and produced small but relatively
consistent estimates [Neustadt, 1971; Tiuremnov, 1976;
Sabo et al., 1981; Davydova and Rachkovskaya, 1990;
Vompersky et al., 1994; Efremova et al., 1997]. More recent
efforts released larger figures using additional data sources
[Vompersky et al., 1999; Efremov and Efremova, 2001;
Yefremov and Yefremova, 2001]. Our estimates are even
larger than these recent ones. We attribute this contrast to
our spatially explicit, patch-level analysis utilizing all avail-
able observational data, and our extension into areas beyond
the coverage of the Geoltorfrazvedka and Novosibirsk
reports. The total peatland area estimated in this study
most closely resembles that of Vompersky et al. [1999]
constructed with the aid of a Russian soil map.
[28] Figure 7 shows the spatial distribution of the WSL

carbon density. About half of the total WSL peatland area
and 63.3% of the peat carbon pool (i.e., 44.41 Pg C) are
found between 57�N and 61�N, with a mean carbon density
of 150.1 kgC/m2. This area is considered to contain the
highest density of peat deposits in the WSL [Botch and
Masing, 1983]. This area also contains the Great Vasyugan
Bog, occupying 63,252 km2 and containing 10.78 Pg C.
Figures 8a and 8b illustrate the latitudinal distributions
of peat area and carbon pool, respectively. A bimodal

distribution indicates that the carbon pool is divided into a
southern pool and a northern pool at roughly 63�N, where
the Sibirskie Uvaly Hills bisect the WSL from west to east.
The southern pool is centered near 59�N and contains
�395,000 km2 of peatlands, comprising �76% of the total
WSL peat carbon pool. Although the northern pool occupies
33% of the total peatland area, it is less significant in terms
of carbon storage (�24% of the total carbon pool) owing to
a general northward reduction of peat depth.

6. Uncertainty Analysis

6.1. Uncertainty in Peatland Area and Physical Peat
Properties

[29] Carbon pool (CP) is the product of peat area and
carbon density. Errors introduced by the former are likely
small as shown from the validation using satellite imagery
in section 3.1. The uncertainty is larger, however, in the
Novosibirsk estimates of carbon density (note scatter
between Novosibirsk and core-based carbon density data,
Figure 3d). The magnitude of data scatter between field and
Novosibirsk density estimates (Figure 3d) provides one
measure of this uncertainty. The mean distances above
and below the 1:1 line in Figure 3d represent empirical
estimates of potential carbon density overestimation and
underestimation, respectively. These estimates represent a
general-case scenario in which our core data, taken at a
single point within a peat patch, are assumed to reflect
perfectly the average peat properties for that patch. These
calculations suggest that based on our field measurements,
the Novosibirsk patch-scale carbon density may be over-
estimated by 26% or underestimated by 34%, owing to
combined uncertainties in peat depth, bulk density, and LOI.
Combining the uncertainties for both peat area and carbon
density, the total carbon pool derived from the Novosibirsk
data source may be overestimated by as much as 27% or
underestimated by as much as 35%.

6.2. Lack of Data From Northern Tundra Peatlands

[30] The density of field data presented in the Novosibirsk
reports varies spatially, with maximum densities in the
southern WSL and near population centers. Data density
decreases to the north, and the reports are wholly absent in
tundra areas north of �66�N, requiring digitizing of peat-
land boundaries from a low-resolution SHI wetland map
and interpolation of peatland properties from sparse field
observations. For this reason, we have conservatively
assumed a 100% uncertainty from peatlands not covered
by the Novosibirsk data reports in our overall uncertainty
analysis for the WSL carbon pool.
[31] To provide a spatially explicit evaluation of carbon

pool uncertainty, a ‘‘missing-data-index’’ (MDI) was com-
puted as the area ratio of undetermined (by field visit) (U) to
total peatlands (T) within each 1� latitudinal zone,

MDI ¼ U

T
: ð3Þ

[32] The MDI index ranges from 0 to 1. Values near zero
indicate a high confidence level in the carbon pool estimate,
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as nearly all the peatlands are well studied. In contrast, high
MDI values indicate a high uncertainty in the carbon pool
estimate, since that is based largely on peatlands that were
not actually measured by field observation. Seventy-six
percent of the WSL peatlands are well studied, particularly
in the southern and central WSL. Because northern regions
are less investigated, the MDI index from 63�N to 66�N
increases sharply from 0.16 to 0.9, and approaches 1.0

northward of 67�N (Figure 8b). Combining the missing-
data effect and uncertainties in peat area and peat properties,
the upper bound of the carbon pool uncertainty is defined as
(MDI � 100% + (1 � MDI) � 35%) � CP, and similarly
the lower bound is (MDI � 100% + (1 � MDI) � 27%) �
CP. The uncertainty of the total WSL peat carbon pool is
thus estimated to be �30.03 to 34.48 Pg C. The southern
carbon pool (53.55 Pg C) south of 63�N is quite certain

Figure 7. Map of WSL carbon density (carbon per unit area). Higher carbon densities occur in deeper
and denser peatlands. Carbon density is greatest near 58�N, but is relatively low near the Sibirskie Uvaly
Hills (�63�N). See color version of this figure at back of this issue.
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(MDI < 0.2). Note that northern areas of highest MDI index
are associated with a small carbon pool (Figure 8b), owing
to a general northward reduction of peat depth. We estimate
the carbon pool north of 66�N to be 7.78 Pg C, just�11% of
the WSL total. Therefore the poor data quality (MDI > 0.5)
north of this latitude introduces a relatively small error to
the overall WSL carbon pool estimate.

7. Data Dissemination

[33] The GIS database of WSL peatlands created in this
study features the high-resolution peat layer, the peatland
lake layer, and layers of field cores. In addition, other

fundamental GIS layers are also included, such as adminis-
trative boundaries, WSL boundaries, and drainage networks.
It is freely available for scientific use from the Arctic System
Science Data Coordination Center (ADCC) in Boulder,
Colorado (http://arcss.colorado.edu/data/arcss131.html).

8. Concluding Remarks

[34] Our detailed, GIS-based inventory of nearly 10,000
west Siberian peatlands finds that the WSL peat carbon pool
contains at least 70.21 Pg C, a substantially larger amount
than previously thought. Previous estimates range from 40 to
55 Pg C. One reason for the observed increase is inclusion

Figure 8. Latitudinal distribution of (a) peatland area, and (b) carbon pool. A bimodal distribution in
both histograms indicates that the carbon pool is split E-W at �63�N by the Sibirskie Uvaly Hills. The
southern pool contains about 395,000 km2 of peatlands and comprises �76% of the carbon pool. Though
the northern peatlands occupy 33% of the total peatland area, they comprise only �24% of the carbon
pool. Error bars on Figure 8b represent carbon pool uncertainties for each 1-degree latitude (Section 6.2).
Also shown is the missing-data index (MDI) as a function of the latitude. The MDI increases sharply
northward of 63�N owing to a paucity of field data. However, this problem is mitigated by reduced
peatland area and thickness, resulting in substantially less carbon storage at high latitudes.
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of new data from ongoing Russian field survey programs,
and our extension of coverage beyond that of earlier
inventories. Furthermore, our revised estimate is considered
to be a minimum value, as (1) the Russian data surveys
compiled in this study do not consider thin peats (<50 cm);
(2) the Russian field measurements may slightly underesti-
mate peat bulk density and LOI as compared with our own
field data; and (3) we assume only 52% peat organic carbon
percentage in our calculations. However, even with these
conservative assumptions, the WSL peatlands represent
substantial carbon pool at 70.21 Pg C, about 3.2% of all
terrestrial carbon (2190 Pg C [Houghton et al., 1996]).
[35] The WSL peat carbon pool is bisected at approxi-

mately 63�N by the Sibirskie Uvaly Hills. The northern pool
contains about one third of the total WSL peatland area but
only �24% of the carbon pool. The more significant
southern pool contains about 395,000 km2 of peatlands,
comprising �76% of the total carbon pool. Maximum
carbon density is found in the south between 57�N
and 61�N, with 44.41 Pg C contained in just 295,824 km2

of peatland area, yielding a mean carbon density of
150 kgC/m2.
[36] GIS technologies allow peatland distribution, physi-

cal properties, and carbon content to be inventoried and
analyzed to the full resolution allowed by the input data.
The spatially explicit inventory presented here represents
compilation of �30,000 unpublished Russian measure-
ments of peatland depth, area, bulk density, and ash content.
Validation is obtained using our own core, depth, and
ground-penetrating radar data, published observations, and
high-resolution visible/near-infrared satellite imagery.
Incomplete or missing records are modeled using interpo-
lation and geostatistics routines. The patch-based peat
carbon pool estimation model presented here resolves peat
carbon stocks with a spatial resolution 3 orders of magni-
tude higher than homogeneous or region-based models. In
addition, the patch-based model is data driven and is
therefore more objective than other methods. This approach
is limited only by the availability of accurate peatland maps
or satellite images, and field and laboratory measurements
of physical peat properties. The derived GIS database
described in this paper represents a substantial advance in
our knowledge of the size, location, shape, distribution, and
physical properties of west Siberian peatlands.
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Figure 1. GIS database of WSL peatlands, featuring a detailed peat layer and a peatland lake layer. The
peat layer was compiled from the 2000 Novosibirsk peat maps, the 1971 Geoltorfrazvedka peat maps,
and the 1977 wetland map. The layer contains 9,691 peat patches, composed of 12,401 polygons showing
peat type (oligotrophic, transitional, eutrophic, mixed, or undetermined). Each patch has attribute data:
peat area (A), mean depth (Dm), mean bulk density (rm), and mean LOI (Lm, loss on ignition). The
peatland lake layer contains 2,796 large water bodies within peatlands. The ‘Area 1’ and ‘Area 2’ boxes
outline the coverage of two RESURS-01 images used for validating the GIS peat layer. Field validation
of peat depth and physical properties are provided by UCLA cores (open circles) and PERC cores (black
triangles).
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Figure 2. Peatland area validation for Area 1. Overlay of the remotely sensed peat maps (RSPM) with
the corresponding portion of the GIS peat layer yields four categories: peat on both maps (red), non-peat
on both maps (green), non-peat on RSPM but peat on the GIS peat layer (yellow), and peat on RSPM but
non-peat on the GIS peat layer (blue). The red and green colors correspond to agreement, while yellow
and blue show disagreement between RSPM and the GIS layer.
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Figure 4. Ground-penetrating radar profiles. Two intersecting 43 m GPR profiles were collected at a
UCLA core site (61.546�N, 72.715�E). Profile-averaged depth (1.29 m, s = 0.06 m) corresponds well
with the single measurement of core depth (1.25 m).
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Figure 7. Map of WSL carbon density (carbon per unit area). Higher carbon densities occur in deeper
and denser peatlands. Carbon density is greatest near 58�N, but is relatively low near the Sibirskie Uvaly
Hills (�63�N).
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