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Abstract. Most estimates of regional and global soil carbon stocks are based on extrapola-
tions of mean soil C contents for broad categories of soil or vegetation types. Uncertainties
exist in both the estimates of mean soil C contents and the area over which each mean
should be extrapolated. Geographic information systems now permit spatially referenced
estimates of soil C at finer scales of resolution than were previously practical. We compared
estimates of total soil C stocks of the state of Maine using three methods: (1) multiplying the
area of the state by published means of soil C for temperate forests and for Spodosols; (2)
calculating areas of inclusions of soil taxa in the 1:5,000,000 FAO/UNESCO Soils Map of
the World and multiplying those areas by selected mean carbon contents; and (3) calcu-
lating soil C for each soil series and map unit in the 1:250,000 State Soil Geographic Data
Base (STATSGO) and summing these estimates for the entire state. The STATSGO
estimate of total soil C was between 23% and 49% higher than the common coarse scale
extrapolations, primarily because STATSGO included data on Histosols, which cover less
than 5% of the area of the state, but which constitute over one-third of the soil C.
Spodosols cover about 65% of the state, but contribute less than 39% of the soil C.
Estimates of total soil C in Maine based on the FAO map agreed within 8% of the
STATSGO estimate for one possible matching of FAO soil taxa with data on soil C, but
another plausible matching overestimated soil C stocks. We also compared estimates from
the 1:250,000 STATSGO database and from the 1:20,000 Soil Survey Geographic Data
Base (SSURGO) for a 7.5 minute quadrangle within the state. SSURGO indicated 13% less
total soil C than did STATSGO, largely because the attribute data on depths of soil
horizons in SSURGO are more specific for this locality. Despite localized differences, the
STATSGO database offers promise of scaling up county soil survey data to regional scales
because it includes attribute data and estimates of areal coverage of C-rich inclusions within
map units. The spatially referenced data also permit examination of covariation of soil C
stocks with soil properties thought to affect stabilization of soil C. Clay content was a poor
predictor of soil C in Maine, but drainage class covaried significantly with soil C across the
state.
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Introduction

The soils of the world are thought to store two to three times as much
carbon as the atmosphere (Eswaran et al. 1993; Kimble et al. 1991; Post
et al. 1982; Schlesinger 1977). Increases in decomposition of soil organic
matter resulting from global warming (Billings 1987) or from land use
change (Houghton 1991) could significantly increase the atmospheric
burden of CO,, which would further enhance the greenhouse effect.
Conversely, soils could also provide a reservoir for increased sequestra-
tion of atmospheric carbon under certain climatic and management
regimes. Changes in soil carbon storage, either positive or negative, are
unlikely to be uniform throughout the globe, because the distribution of
soil carbon stocks, the factors that stabilize soil C, and the forces that
contribute to change vary widely among regions. Of the many factors
pertinent to potential changes of soil C storage, none is more fundamental
than the question of how much carbon is currently present in soils.
Knowledge is needed of the spatial distribution of present stocks of soil C
across the globe. Moreover, better understanding of how soil C stocks
vary spatially may help reveal the climatic and edaphic factors that
contribute to stabilization of C in soil.

Until very recently, regional and global estimates of soil C stocks had
to be made by extrapolating means of soil carbon content for broad
categories of types of soils or vegetation across the areas occupied by
those categories (Kimble et al. 1991; Post et al. 1982; Schlesinger 1977).
Significant uncertainties exist for both the estimates of the mean C
contents and the estimates of area covered for each category. The advent
of geographical information systems (GIS) on soils may help constrain
some of these uncertainties. Although specific map units must also be
defined in a soils GIS, and an appropriate mean soil C content must also
be determined for each class of map unit, GIS combines modern com-
putational power with the use of spatially referenced data, and hence can
provide finer scale resolution of estimates of soil properties than was
previously practical. Provided that the data used are reliable, the proba-
bilty of matching the correct mean estimate of soil carbon content with the
correct area should increase as the scale of resolution becomes finer. It is
theoretically possible that regional and global estimates of soil C stocks
could be made from compiling data on thousands or even millions of soil
map units using computerized GIS.

Unfortunately, data on many soil properties, such as carbon content,
are not available on a fine scale for much of the world. For many regions,
the best spatial data available on soils are found in the FAO/UNESCO
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Soils Map of the World at a scale of 1:5,000,000 (FAO 1978—1981;
Sombroek 1990). The FAO/UNESCO map has been digitized, but its use
as a basis for estimating regional and global soil C stocks has not been
examined.

The Soil Conservation Service (SCS) of the United States Department
of Agriculture has accumulated a rich database on soils, both within the
US and beyond. Soils maps of the United States at scales ranging from
1:12,000 to 1:5,000,000 are currently being digitized by SCS, using a GIS.
Accompanying attribute data have been compiled and are frequently
updated (SCS 1992). These data provide a new opportunity to examine
spatial distributions of soil C stocks within the US and to compare
estimates of soil C based on the relatively fine resolution SCS data with
estimates based on the coarser scale FAO map. Specifically, the objectives
of this study are to answer the following questions:

1. How do estimates of regional stocks of soil C based on the GIS of the
SCS compare with previous estimates based on extrapolations of broad
categories of soils and vegetation?

2. Can the STATSGO databases (1:250,000) for the USA be used to
check or to calibrate regional estimates of soil C based on the FAO/
UNESCO Soils Map of the World (1:5,000,000)?

. Does the scale of digital soils maps affect estimates of soil C stocks?

4. Do soil properties that are thought to affect stabilization of soil C, such

as drainage class and clay content, covary spatially with soil C stocks in
a spatially referenced GIS database?

[98)

We chose the state of Maine for these studies because it was among the
first states for which SCS digital databases were available. Maine also has
soils with relatively high carbon content at 43 to 47 degrees latitude where
C loss from soils could be important as the earth warms. We compared
estimates of soil C stocks in Maine from three databases. First, we used
the State Soil Geographic Data Base (STATSGO) provided by SCS for
the state of Maine, which is at a scale of 1:250,000. Relations between
spatial distribution of soil C stocks, clay content, and drainage class were
also examined using STATSGO. Second, we used the SCS Soil Survey
Geographic Data Base (SSURGO) for one 7.5 minute topographic quad-
rangle unit within the state of Maine, which was mapped at a scale of
1:20,000. The estimates from STATSGO and SSURGO are compared for
this quadrangle. Finally, we extracted areas of soil taxa from map units
and their inclusions in the 1:5,000,000 FAO/UNESCO Soils Map of the
World and matched them with estimates of mean soil C contents to
calculate total soil C stocks of the state. Published means of soil C stocks



110

for temperate forests were also extrapolated across the entire state. These
coarse scale estimates are compared with each other and with the estimate
of total soil C stocks from STATSGO.

Methods
Definitions

We use the following definitions from the glossary of the Soil Science
Society of America (1987):

map unit — ‘a conceptual group of one to many delineations identified by
the same name in a soil survey that represent similar land-
scape areas comprised of ... the same kind of component
soil, plus inclusions’

inclusion — ‘a soil or miscellaneous land area within a delineation of a
map unit that is not identified by the map unit name’

soil series — ‘the lowest category of US system of soil taxonomy; a con-
ceptualized class of soil bodies (polypedons) ... commonly
used to name dominant or codominant polypedons repre-
sented on detailed soil maps’

pedon  — ‘a three-dimensional body of soil with lateral dimensions
large enough to permit the study of horizon shapes and
relations, . . . [typically] from 1 to 10 square meters’

STATSGO

The STATSGO database includes a digitized map (1:250,000) of poly-
gons classified as various map units (SCS 1992). For Maine, there are
1255 polygons and 70 different map unit classes (including one for water).
We transferred these data into a PC ARC/INFO GIS format (Environ-
mental Systems Research Institute 1989), which calculated the area of
each polygon, and we then summed the areas of polygons of common map
unit classes.

The STATSGO databases are aggregated from county soil surveys and
other data by SCS soil scientists in state offices who are familiar with the
local soils. Hence, STATSGO is an expert-based aggregation of mostly the
same county soil surveys upon which SSURGO map units are based. Each
STATSGO map unit class is comprised of up to 21 soil series ‘com-
ponents.” In some cases, components were identified as associations of soil
series, but in most cases, each component is identified with a single
dominant soil series, and the remaining components are regarded as
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inclusions. For simplicity, we will hereafter use the terms ‘soil series’ and
‘components’ interchangeably with regard to STATSGO and SSURGO
databases. However, the components also include designations of urban
land, pits, rock outcrops, and water. Large bodies of water are given their
OWI map unit.

Attribute data are provided for each map unit class in a ‘components’
table, which we imported into spreadsheet software. An estimate is
provided of the fractional area of each map unit that is covered by each
soil series. Each soil series is also classified, from soil order to family, and
drainage class is also designated (very poorly, poorly, somewhat poorly,
moderately well, well, somewhat excessively, and excessively). A total of
154 soil series are described in the Maine STATSGO database, and
together they comprise the 69 map units.

We estimated the area of coverage for each soil series by the following
equation:

ASS = Z Amp x Fss,mp (1)

mp

where A is the total area of a soil series in the state (ss = 1 to 154), A,
is the total area of a map unit class within the state (m) = 1 to 69), and
F; mp 1 the fraction of that map unit covered by that soil series.

To calculate carbon content of each soil series, we imported into
spreadsheet software the attribute data provided in the STATSGO ‘layer’
table. These attribute data include estimates of several properties of each
layer (horizon) of each soil series, including percent clay content, depth,
bulk density, organic matter concentration, and fractional rock content.
Up to 6 layers are sometimes described, but most commonly, three layers
that generally correspond to the A, B, and C horizons are indicated.
Depth to the bottom of the lowest horizon varies, but the most common
value for soils in the Maine STATSGO is 1.65 m. Data for O horizons are
provided only for soils classified as Histosols or that have histic epi-
pedons, so all soil C estimates in these analyses exclude forest floor
material. High and low estimates are provided for bulk density, organic
matter concentration, and fractional rock content. We used the midpoint
between high and low estimates for all calculations. The C content of each
soil series was then calculated:

C, = L D, X BD, X FE, X OM,, X 0.58 )
h

where C, is the carbon content per unit area (g C/cm?) of the entire
solum for the soil series, Dy, is the depth (cm) of horizon h of that series,
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BD,, is the bulk density (g dry soil/cm’) of horizon h, FE, is the dimen-
sionless fraction of fine earth material <2 mm size class in horizon h (see
next paragraph for elaboration), OM; is the organic matter concentration
(g OM/100 g dry soil) of horizon h, and 0.58 is the assumed fraction of C
content of soil organic matter (Nelson & Sommers 1982).

Bulk density data used for the STATSGO database for the state of
Maine were determined after equilibrating intact soil cores at 33 kPa in
the laboratory and are expressed on a stone-free basis (Reinhart 1961;
Rourke & Beek 1969). The presence of all rock fragments >2 mm must
be accounted for in order to express these data on an areal basis. The
STATSGO layer table provides estimates of the percentage of the mass of
the bulk density soil sample that passes through a number 10 sieve (2
mm) as well as field estimates of the percentage of the mass of each
horizon contributed by rocks between 7.5 and 25 ¢cm and >25 cm. The
estimate of the bulk density soil sample not passing through the sieve was
added to the estimates of coarse rocks (>7.5 cm) to give total % rock
mass. The fine earth fraction (FE; by volume was calculated for each
horizon assuming a particle density of 2.65 g/cm?:

100 — %rockmass,

FE, = 5D, 3
" %rockmass, 100 — %rockmass, )

2.65 BD,

The area-weighted mean carbon content, C,,,, of each map unit was
calculated:

Cpp =L C, X Fy . (4)

The storage of carbon in soils of the entire state of Maine was calculated
from estimates of areal coverage of each map unit and area-weighted
carbon content of each map unit:

Cstate = Z Amp X Cmp' (5)

mp
The total state-wide carbon storage for each soil series was calculated:

C =X A, XFy . X C,. (6)

mp

s, state
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Total state-wide C storage was then summed for each soil taxon (orders,
suborders, and great groups), and the area-weighted means were calcu-
lated:

Z Css, state
ss

Ctxn = - (7)
LA,

8s

For comparisons of spatial distribution of soil C with other soil
parameters, the area-weighted mean clay content (%) of the surface and
subsurface horizons was calculated for each map unit:

ClaYmp,h = Z ClaYss,h X Fss,mp' (8)

Drainage class designations for each soil series were converted to integer
scores, ranging from 0 for very poorly drained soils to 7 for excessively
drained soils. The area-weighted drainage class score for each map unit,
DC,,,, was then calculated:

mp?

DCmp = Z DCss X Fss,mp (9)

The STATSGO databases are frequently updated, but when this study
was conducted, estimates of OM concentration were missing for some soil
series, particularly for subsurface horizons. Soil scientists from the SCS
offices in Maine, New Hampshire, and New York provided estimates of
these missing values. In some cases, their estimates were based on new
data not present in our copy of the Maine STATSGO database, and in
other cases they used data from similar soil series.

Estimates of percent OM usually occur in STATSGO as integers,
although 0.5% is also included as the lowest possible nonzero estimate.
When SCS laboratory analyses indicate that OM is <0.5%, a value of
zero is usually entered in the STATSGO database. Based on descriptions
of numerous soil series in University of Maine technical bulletins that
show OM concentration generally ranging from about 0.1% to 0.3% in C
horizons (e.g. Rourke 1990; Rourke & Beek 1969; Rourke & Bull 1982),
we substituted 0.2% OM for values of zero or for missing values in the
lowest soil horizon.
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SSURGO

The largest contiguous section of Maine for which the digitized SSURGO
data are currently available is the Old Orchard Beach quadrangle, which
includes parts of York and Cumberland Counties along the southern coast
of the state. The SSURGO data are provided in essentially the same
format as the STATSGO data, and the spreadsheet analyses were also
similar. The Old Orchard Beach quadrangle is mapped at 1:20,000. The
SSURGO database for this quadrangle contains 1787 polygons that are
identified as 100 different map unit classes. Each map unit is identified
with a soil series name (or other designations such as urban land, water,
and quarries). The fraction of each map unit covered by each named soil
series is indicated in the attribute data. An ‘inclusion’ table provides
estimates of the fractional coverage of up to six other soil series or other
components within each SSURGO map unit. Areal coverage of each
SSURGO soil series within the quadrangle was calculated using Eq. 1.
The carbon content of each SSURGO soil series was calculated using Egs.
2 and 3. Area-weighted estimates of carbon content of each SSURGO
map unit were determined using Eq. 4. The storage of C in soils of the
entire quadrangle was calculated from Eq. 5, substituting C,,,q4 for C,
and using estimates of map unit areas and carbon contents of soil series
from the SSURGO data.

The digital STATSGO map was reprojected to match the spatial
resolution and geographic coordinate system of the SSURGO digital map
of the Old Orchard Beach quadrangle. The boundaries of the 7.5 minute
quadrangle were then used to extract an identical subset from this new
STATSGO layer. The storage of C in soils of the quadrangle was again
calculated using Eq. 5, but using the STATSGO estimates of area-weighted
carbon content of the three STATSGO map units found within the
quadrangle.

FAO/UNESCO Soils Map of the World

The state of Maine and nearly all of New England fall within two map
units of the 1:5,000,000 scale FAO/UNESCO Soils Map of the World:
Leptic Podzols and Orthic Podzols (thin and common Podzols, respec-
tively). The digital version of the map indicates that Leptic Podzols and
Orthic Podzols cover 20.0% and 80.0% of the area of the state, respec-
tively. The paper version of the FAO map provides further division of
each map unit into two or three subunit classes, and a table is also
provided with the percentage of each subunit class that is covered by each
of four soil taxa. The first and dominant taxon is always Leptic or Orthic
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Podzol, and the other taxa (inclusions) for Maine are Dystric Gleysols,
Lithosols, Gleyic Luvisols, and Dystric Histosols. We estimated the area
of each subunit from the paper map, multiplied these areas by the frac-
tional coverage of each taxon, and summed the areas for each taxon
across map units (Eq. 1).

The FAO attribute data provide no information on soil C. To calculate
total soil C content, we matched FAO soil taxa with appropriate STATSGO
soil taxa and their mean carbon contents. Because the STATSGO taxa are
based on the system of USDA Soil Taxonomy (Soil Survey Staff 1975),
this matching is ambiguous and imperfect; we provide two scenarios. In
the first, three of the taxa indicated in the FAO map were matched with
three of the soil orders present in the Maine STATSGO (Podzols with
Spodosols; Gleysols with Inceptisols; Histosols with Histosols). The fourth
FAO taxon, Luvisols, is generally equated to Alfisols, but there are no
Alfisols in the Maine STATSGO. As the fourth STATSGO soil order,
Entisols, was not matched with any FAO taxon, we matched the Luvisols
with the Entisols. In the second scenario, specific suborders or great
groups (Haplorthods, Humaquepts, Fibrists) were matched with the FAO
taxa as indicated by Van Baren (1987). Aquents were substituted for the
missing Aqualfs as a match with Gleyic Luvisols. The area of each FAO
taxon was then multiplied by the mean soil carbon content of the matched
STATSGO taxon, and these products were summed for the state (Eq. 5).

Results and discussion
Soil carbon in Maine using STATSGO at a scale of 1:250,000

Using STATSGO, we calculate that the soils of Maine store 1.25 X 10!° g
carbon (Table 1). Four soil orders, 11 suborders, and 17 great groups are
represented in the STATSGO database for Maine. About 65% of the area
is covered by Spodosols, but Spodosols comprise <39% of the carbon
stored in the soils of the state (Table 1).

Two reasons are apparent for this difference in areal coverage of
Spodosols and their contribution to total soil carbon of the state. First, the
area-weighted average C content calculated from Eq. 7 for Spodosols (8.8
kg C/m?) is lower than the arithmetic mean for all Spodosol soil series
(10.4 kg C/m?), which indicates that Spodosols with below average C
content cover a large part of the area (Table 1). Many datasets on soils
may be biased towards including descriptions of pedons with well devel-
oped profiles that typify classical traits of a pedogenic processes or that
have unusual traits. Poorly developed soils with few interesting features
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and with low carbon content may not be studied as often, and hence, may
not be as well represented numerically in many databases. Soils that are
‘typical’ examples of certain soil classifications may not be ‘typical’ or
‘common’ in the sense of covering large areas.

The second reason that Spodosols are less important with respect to
carbon than their areal coverage might suggest is that Histosols cover
<5% of the area of the state, but they contribute >33% of the soil
carbon storage of the entire state (Table 1). The scale (1:250,000) and
structure of the STATSGO database, which provides spatial estimates of
inclusions within map units, allow recognition of Histosols and calculation
of their contribution to soil C stocks of the state of Maine.

As with nearly all types of spatial extrapolation (Eswaran et al. 1993,
Kimble et al. 1991; Post et al. 1982; Schlesinger 1977), estimates of error
terms for the calculations from STATSGO data are very difficult to
obtain. High and low estimates are provided in STATSGO for organic
matter (OM) concentration, bulk density (BD), and percentage rock mass,
but equally important sources of error are depth increments of soil layers
and areal coverage of soil series within map units, for which no range of
values is provided in STATSGO.

Although we lack a specific error term that would conveniently express
our confidence that the actual soil carbon storage of the state falls within a
certain range, we can argue on a priori grounds that the STATSGO
estimate is likely to be more accurate than other coarser scale extrapola-
tions. STATSGO provides detailed information on presence of inclusions
such as Histosols, which clearly comprise a significant part of the soil C
storage of the state (Table 1). A GIS approach permits calculation of the
contribution of each described soil series according to both its areal
coverage and its C content.

Comparing STATSGO with SSURGO (1:20,000) for one quadrangle

Comparison of estimates from STATSGO with data of finer scale resolu-
tion provides some indication of accuracy of STATSGO at a selected
locality. The total soil C content of the Old Orchard Beach quadrangle
estimated from the SSURGO data is 2.5 X 10'? g, which is about 13%
lower than the estimate for the same area from the coarser scale STATSGO
data (Table 2). Of the three STATSGO map units that occur within the
quadrangle, one estimate is 5% lower than the corresponding SSURGO
estimate, and the other two are 29% and 23% higher (Table 2). The
Naumburg series (Aeric Haplaquods) covers between 12% and 13% of
the quadrangle (about 19 km?) according to both SSURGO and STATSGO
databases (and covers only 0.48% of the state according to STATSGO).
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Table 2. Comparison of SSURGO and STATSGO estimates of soil carbon for each of the
STATSGO map units (MP) that occur within the Old Orchard Beach Quadrangle in York
and Cumberland Counties, Maine.

Soil taxa Area (hectares) Soil C (10'2 g)
SSURGO STATSGO SSURGO STATSGO
1:20,000 1:250,000 1:20,000 1:250,000

STATSGO MP # 47

Entisols 113 0 0.029 0.000
Histosols 411 592 0.351 0.518
Inceptisols 1536 518 0.329 0.163
Spodosols 5244 6291 0.676 1.110
Other 97 0 0.002 0.000
TOTAL 7401 7401 1.387 1.791
STATSGO MP # 53
Entisols 95 126 0.020 0.044
Histosols 195 126 0.164 0.100
Inceptisols 2960 5400 0.504 0.761
Spodosols 2848 628 0.325 0.069
Other 181 0 0.007 0.000
TOTAL 6279 6279 1.020 0.974
STATSGO MP # 61
Entisols 0 0 0.000 0.000
Histosols 59 88 0.054 0.078
Inceptisols 12 0 0.002 0.000
Spodosols 94 65 0.012 0.009
Other 95 107 0.003 0.000
TOTAL 260 260 0.071 0.087
Entire quadrangle
Entisols 208 126 0.049 0.044
Histosols 665 806 0.569 0.696
Inceptisols 4508 5918 0.835 0.924
Spodosols 8186 6984 1.113 1.188
Other 373 107 0.012 0.000
TOTAL 13940 13940 2478 2.852

The STATSGO attribute data for this common soil series indicate that the
surface horizon is 48 cm deep, but the SSURGO contribute data for York
County indicate that it is only 13 cm deep. In four profile descriptions of
untilled pedons of the Naumburg series in Maine, the depth of the surface
horizon ranges from 13 to 25 cm (Rourke & Bull 1982). The higher
estimate of 48 cm in STATSGO occurs because the attribute data are
from the generalized Soil Interpretation Record (SOI-5) of the SCS,
which, for the Naumburg series, covers a broad region that includes New
York state where this series apparently has a much deeper surface horizon
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than in Maine. This difference in depth of one horizon in one soil series
results in a difference of 0.20 X 10'2 g C in the Old Orchard Beach
Quadrangle, which is nearly half of the difference in the calculation of
total soil carbon storage in that quadrangle using the STATSGO and
SSURGO datasets (Table 2).

In a similar comparison of soil C stocks estimated from STATSGO and
from county soil survey data in Pottawattamie County, lowa, Grossman et
al. (1992) calculated 7% less carbon using the STATSGO database. The
fact that their STATSGO estimate is lower than their estimate based on
county soil survey data and our STATSGO estimate is higher than our
SSURGO estimate suggests that a consistent bias caused by scale may not
exist, but similar comparisons are needed for other parts of the state and
region, as digitized versions of SSURGO become available. Some local-
ized deviation from median conditions is expected, so it is not surprising
that the STATSGO and SSURGO databases do not agree perfectly when
compared in a small area such as the Old Orchard Beach quadrangle
(Table 2). Local errors in STATSGO estimates, such as those we calcu-
lated for this quadrangle, probably cancel in a state-wide analysis. For
purposes of assessing the amount of soil C that will be exposed to varying
degrees of climate change, we suspect that these local differences are
insignificant.

The FAO/UNESCO Soils Map of the World (1:5,000,000)

Very few, if any, soils maps were designed to attempt to describe variation
in soil C. Indeed, the soils classification systems used today, including the
USDA Taxonomy and the FAO map legend, are not well structured to
characterize differences in soil C content among classes. Moreover, soil
mappers draw boundaries according to numerous criteria that depend on
the purpose and the scale of the map. Map units are not homogeneous in
soil maps at any scale, and the amount of information about presence of
inclusions varies among maps. Given these limitations, assumptions must
be made in order to use soil maps to estimate soil C storage.

When soil orders were used to match STATSGO taxa with FAO taxa
in scenario 1, the estimates of areal extent of these groups agreed remark-
ably well (Table 3). Both datasets show that Histosols cover about 5% or
6% of the area of the state. Use of soil suborders and great groups in
scenario 2 resulted in poorer areal matches with the FAO taxa, because
these more specific STATSGO taxa cover smaller portions of the state.
The estimates of soil C stocks for the entire state are 1.34 and 1.67 X 10"
g C for scenarios 1 and 2, respectively (Table 3). Use of aquic suborders
in scenario 2 resulted in higher estimates of soil C. Despite the problem of
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matching soil taxa, this exercise shows that data on inclusions within map
units of the 1:5,000,000 FAO map can be used to recognize the presence
of soils that are spatially relatively unimportant but that contribute signifi-
cantly to soil C stocks.

This analysis indicates that the 1:5,000,000 FAO map has potential for
providing a reliable basis to estimate soil C storage, but that matching
FAO soil taxa with appropriate means of soil C content is problematic.
Because the FAO map is very coarse in scale, pairing of FAO taxa with
USDA Taxonomy soil orders may be appropriate for estimating soil C
stocks, as demonstrated by scenario 1 (Tables 3 and 4). If we had not had
STATSGO, however, it would have been difficult to determine which
scenario shown in Table 3 provides the most appropriate matching of
taxa. Similar comparisons are needed in other regions and across other
soil taxa to gain more confidence in appropriate matching of mean soil C
estimates with FAO soil taxa.

Other coarse scale extrapolations

Another, simpler approach to coarse scale extrapolation that might be
used with the FAO map is to ignore inclusions and to extrapolate based
on the names of map units. As all of Maine is mapped as Podzols in the
1:5,000,000 FAO map, the area of the state would be multiplied by an
appropriate mean carbon content for Podzols or Spodosols. Using the
published mean of 16.3 kg C/m? for all temperate Spodosols (33 pedons)
to 50 cm depth in the SCS international database (Kimble et al. 1991), the
extrapolated estimate for the entire state is 1.31 X 105 g C (Table 4).
Using the arithmetic mean of the carbon content of all Spodosols within
the STATSGO database for Maine (10.4 kg C/m?; 83 soil series; Table 1),
the extrapolated estimate for the entire state is 0.84 X 10'° g C (Table 4).
The STATSGO arithmetic mean for C content of Maine Spodosols results
in the lowest estimate of total C (49% lower than the estimate using the
entire STATSGO database; Table 4), because using the mean of Spodosols
ignores the carbon rich Histosols. When the international database of
Kimble et al. (1991) is used for Spodosols, the estimated total carbon for
the state is high, presumably because the SCS international database
includes several Spodosol pedons from other temperate regions that
contain more carbon than the Maine soils, such as the Aquods of Florida
(Stone et al. 1993). In this case, ignoring the presence of Histosols in
Maine is more than compensated for by using an unrealistically high mean
carbon content for the Spodosols of Maine.

Another approach to coarse scale estimation of soil C is to use
classifications of vegetation rather than soil map units. Published estimates
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Table 4. Estimates of total soil carbon stocks in the state of Maine.

Method Mean soil Total soil
carbon content carbon stock
(kg/m?) (10" g)
Extrapolations assuming the state is homogeneous:
Cool temperate forest 12.7 1.02
Temperate forest 11.82 0.95
Temperate Spodosols 16.3% 1.31
Maine Spodosols 10.44 0.84

Estimates using data on inclusions within map units:
FAO/UNESCO Soil Map of the World

Scenario 1 16.6° 1.34¢
Scenario 2 20.7° 1.67%
Maine STATSGO 15.5° 1.254

Post et al. 1982.

Schlesinger 1977.

Kimble et al. 1991.

This study; Table 1.

Area-weighted mean: total soil C stocks divided by area of soil in the state.
This study; Table 3.

(=

of mean mineral soil carbon content of ‘cool temperate forests’ (Post et al.
1982) and ‘temperate forests’ (Schlesinger 1977) are 12.7 and 11.8 kg
C/m?, respectively. The Schlesinger (1977) estimate includes carbon in
the litter layer, whereas the data available to Post et al. (1982), to Kimble
et al. (1991), and in this analysis of STATSGO include only C in the
mineral soil horizons of most forest soils (although data on organic
horizons of Histosols and histic epipedons of other soils are included).
Assuming that the entire state of Maine can be characterized as temperate
forest, as would be done in a global map of vegetation types, extrapola-
tions of the means published by Post et al. (1982) and Schlesinger (1977)
are 1.02 and 0.95 X 10'° g C, respectively, for the soils of Maine (Table
4).

Using means for temperate forests caused low estimates (18% to 34%
lower than STATSGO) because these means ignore the presence of
wetlands and other poorly drained soils that occupy little area but are rich
in soil C. Assuming that Maine is covered entirely by forest may not seem
like too large of an error, as forests were estimated to cover 89% of the
area of the state in 1982 (Powell & Dickson 1984). Wetlands and other
poorly drained soils were estimated to cover less than 8% of the area, but
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this small fraction of area contributes a large fraction of total soil C stocks,
as is evidenced by the large contribution of total C by Histosols and
Aquepts (Table 1).

If this analysis is characteristic of regions where Spodosols and His-
tosols are common, which includes much of Canada, northeastern USA,
Scandinavia, and Siberia, total soil C stocks of these regions may have
been underestimated by previous approaches based on vegetation types by
as much as one-third. By providing data on spatially referenced estimates
of inclusions within map units, the STATSGO GIS approach shows that
an area dominated by temperate forests and mapped as Podzols contains
significant amounts of C in poorly drained Histosols. Conversely, areas
mapped as Histosols in soils maps and as wetlands in vegetation maps
may have significant inclusions of Podzols and forests, so these sources of
error could cancel in a global analysis. However, until similar studies can
be completed in other regions, these regional and global estimates of soil
C stocks remain uncertain. Two other studies also indicate that C storage
in Spodosols (Stone et al. 1993) and Histosols (Eswaran et al. 1993) may
be underestimated because of insufficient sampling of soils at depth.

Spatial variation of other soil properties

All of the soil series with more than 40 kg C/m? were very poorly drained
(score of zero, Fig. la). Most of these soils series are classified as
Histosols. Area-weighted mean soil carbon contents were negatively
correlated with area-weighted mean drainage class scores across map units
(Fig. 1b). In other words, when soils with low drainage class scores
covered large fractions of map units, those map units generally had high
carbon contents.

Elevational differences of only a few meters often separate excessively
drained eskers from very poorly drained bogs in Maine. Organic C often
accumulates in very poorly drained soils, probably because of lack of
adequate diffusion of oxygen into the soil to promote decomposition. In
this region, spatial distribution of drainage patterns influences accumula-
tion of soil C. Although not identical, several areas of agreement can be
seen between the maps of drainage class scores and soil carbon stocks
from the STATSGO database for Maine (Fig. 2). This relation is also
apparent in the curvilinear regression, in which 54% of the variation in
area-weighted means of carbon contents of map units was accounted for
by area-weighted drainage class scores (Fig. 1b). This regression analysis
must be interpreted with caution, however, because of possible spatial
autocorrelation and because of possible inflation of correlation coeffi-
cients when aggregated data are used (known as the ‘modifiable areal unit
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Fig. 1. In the upper panel (a), soil carbon contents of the 154 soil series of the Maine
STATSGO are shown according to groupings of their respective drainage class scores,
which range from zero for very poorly drained soils to 7 for excessively drained soils. In the
lower panel (b), area-weighted soil carbon contents of the 69 STATSGO map units for
Maine are shown as a function of the area-weighted drainage class scores of map units. The
equation for the regression line is Y = (—48.84 X log X) + 35.2; the R? = 0.54; and the
regression is significant at a = 0.01.

problem’ for which no solution has been agreed upon by statisticians, see
Fotheringham & Wong 1991). Despite the difficulty of applying appro-
priate statistical tests, it is clear that only those soils designated as very
poorly drained have accumulated substantially more carbon than soils of
other drainage class designations (Fig. 1a). If climate change and/or
human land uses alter drainage of these lands, then soil C storage could
decline.

Clay content was a poorer predictor of soil C than was drainage class
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(b) delineated by STATSGO map units for Maine. County boundaries are superimposed for
reference. Soil carbon contents were grouped arbitrarily to create five classes of shading.
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The ranges of drainage class scores for each class of shading were chosen so that each
shading class would include the same number of map unit classes as its respective shading
class in the soil carbon map.
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score. Histosols with high carbon content generally have low clay contents
in both surface and subsurface horizons (Figs. 3a, b), which causes a weak
negative relation between area-weighted values of carbon content and clay
content across map units (Figs. 3c, d). In the southern Great Plains states
of the USA, where Mollisols are common, soil C storage has been shown
to be positively correlated with clay content (Burke et al. 1989, 1990;
Nichols 1984). Clay may help to stabilize soil C through physical and
chemical protection from decomposition in these prairie soils. In Maine,
which is dominated by Spodosols and Histosols, the relation between clay
and soil carbon storage does not hold. Clay was a poor predictor of soil C
across soil series and across map units (Fig. 3). This result is not surprising
in view of the processes of genesis of Histosols and Spodosols in which
clay has little influence. The result is significant, however, because it
illustrates the danger of extrapolating understanding of processes from
one region, such as the southern Great Plains of the USA, to another
region, such as New England. Clay content was also a poor predictor of
soil C concentration in soils of Montana, which include many Mollisols,
but with frigid or cryic temperature regimes (Sims & Nielson 1986). Clay
content may not be as useful as drainage class in predicting distribution of
soil C throughout cool regions of northern grassland, temperate forest and
boreal forest biomes.

Conclusions

L. Analysis of the State Soil Geographic Data Base (STATSGO) indicates
that the soils of Maine store more C than would be calculated by several
common approaches to regional and global extrapolations. Assuming that
all of Maine is covered by Spodosols or by temperate forests, as would be
the case in most coarse scale regional extrapolations, the calculated
carbon storage in soils is between 23% and 49% lower than the estimate
from this study using STATSGO.

II. The FAO/UNESCO Soils Map of the World has potential for use in
regional and global extrapolations of soil C contents when data on inclu-
sions are used, but matching FAO soil taxa with appropriate mean soil C
contents is problematic. The STATSGO soil orders matched well with the
FAO taxa, but more comparisons are needed to gain confidence in appro-
priate matching across a broader range of soil types. Using this compara-
tive approach, the rich SCS databases for the USA might be used to assign
carbon values to FAO map units for global extrapolation.
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Fig. 3. Soil carbon contents of the 154 soil series of the Maine STATSGO as a function of
clay content of the surface horizon (a) and clay content of the subsurface horizon (b). Area-
weighted soil carbon contents of the 69 Maine STATSGO map units as a function of area-
weighted clay content of the surface horizon (c) and area-weighted clay content of the
subsurface horizon (d). Weak negative correlations exist, with the R? of least squares linear
regression being 0.09, 0.03, 0.06, and 0.00 for data in panels a, b, ¢, and d, respectively.

III. The scale (1:250,000) and structure of the STATSGO database, which
provides spatial estimates of inclusions within map units, allow recognition
of Histosols and calculation of their contribution to soil C stocks of the
state of Maine. Histosols cover less than 5% of the area of the state, but
contain over one-third of the soil C storage. This approach provides a
promising basis for scaling up county soil survey data to make regional
estimates of soil C stocks.

IV. Spatial variation in soil C contents and other soil properties can be
compared when GIS databases are used. In contrast to the correlation
between clay content and soil C content observed in areas dominated by
Mollisols in the southern Great Plain states, the Maine STATSGO data
show that clay content is a poor predictor of soil C, but that drainage class
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covaried significantly with soil C. Because drainage is a key factor for
accumulation of soil C in this region, changes in climate or in land use
which affect drainage patterns could also affect storage of C in soils of
northeastern North America and other regions where Spodosols and
Histosols are common.
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