Published online July 6,2006

Carbon Storage by Urban Soils in the United States
Richard V. Pouyat," Ian D. Yesilonis, and David J. Nowak

ABSTRACT
We used data available from the literature and measurementsfrom
Baltionore, Marylan6 to (i) assas inter-city variebifity of soil oqanic
carbon (SOC) pools (1-m depth) of six cities (Atlanta, Balbore, Boston, Cbifago, Oakland, and Syracuse); (ii) calculate the net effect of
urban land-use conversion on SOC pools for the same cities; (iii) use
the National Land Cover Database to extrepolrrte total SOC pools for
each of the lower 48 U.S. states; and (iv) compare these totals with
aboveground totals of carbon storage by trees. Residential soils in
Baltimore had SOC densities that were approxitnately 20 to 34% less
than Moscow or Chicago. By contrast, park soils in Baltimore had
more than double the SOC density of Hong Kong. Of the six cities,
Atlanta and Chicago had the highest and lowest SOC densities per
total area, respectively (7.83 and 5.49 kg mP2). On a pervious area
basis, the SOC densities increased between 8.32 (Oakland) and 10.82
(Atlanta) kg m-'. In the northeastern United States, Boston and
Syracuse had 1.6-fold less SOC post- than in pre-urban development
stage. By contrast, cities located in warmer andlor drier climates had
slightly higher SOC pools post- than in pre-urban development stage (4
and 6% for Oakland and Chicago, respectively). For the state analysis,
aboveground estimates of C density varied from a low of 0.3 (WY) to
a high of 5.1 (CA) kg m-', while belowground estimates varied from
4.6 (NV) to 12.7 (NH) kg m-'. The ratio of aboveground to belowground estimates of C storage varied widely with an overall ratio of
2.8. Our results suggest that urban soils have the potential to sequester large amounts of SOC, espeaally in residential areas where
management inputs and the lack of amual soil disturbances create
conditions for net increases in SOC. In addition, our analysis suggests
the importance of regional variations of land-use and land-cover distributions, especially wetlands, in estimating urban SOC pools.

I

and at global scales soil
organic carbon (SOC) is primarily a function of the
average net primary productivity (or inputs of organic
matter) and the rate of organic matter decay (Kirschbaum, 2000). Because rates of organic matter input and
decay differentially vary in their sensitivities to temperature and precipitation, a wide variation in SOC exists
among life zones (Post et al., 1982). While precipitation
and temperature are good predictors of SOC pools at
global scales, pools at regional and local scales vary due
to soil drainage and the quality of litter entering the soil
system (Berg and McClaugherty, 1987; Ciiuteaux et al.,
1995). These factors in turn are highly related to topography, soil texture, and plant species composition. In
urban landscapes, SOC also may vary due to introducN TERRESTRIAL ECOSYSTEMS
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tions of human disturbances, exotic plants, horticultural
management (e.g., fertilization, irrigation, clipping), and
urban environmental factors (e.g., urban heat island,
elevated atmospheric carbon dioxide). The net result
is an "urban soil mosaic'hhere soil conditions, and
thus SOC, can vary widely between and within types or
patches of soil (Pouyat et al., 2003).
Recent research efforts have addressed whether various land-use changes and their associated soil modifications will affect soil C storage at regional and global
scales (Houghton et al., 1999; Caspersen et al., 2000). In
the case of urban land-use change, very little data are
available to assess the spatial variation of SOC pools
and whether urban land use leads to a net increase or
decrease in these pools (Pouyat et al., 2002). This lack of
data has made it problematic to predict or assess the
regional effects of land-use change on soil C pools in
populated regions of the world (e.g., Ames and Lavkulich,
1999: Tian et al., 1999).
In the United States, the conversion of agricultural,
grass, and forest land to urban land use is occurring at
accelerated rates. Between 1980 and 2000 alone, land
devoted to urban uses grew by more than 34% in the
United States (USDA Natural Resources Conservation
Service, 2001). By contrast, the population grew by only
24% during the same period (United States Department of Commerce, 2001). The resultant urban growth
pattern is more dispersed than earlier development patterns and as a result is increasingly affecting the storage of carbon in soils. Urban development can increase
or decrease SOC pools depending on the net effect of
the previously mentioned factors and the amount of
SOC stored in the ecosystem before urban development
(Pouyat et al., 2003).
In earlier attempts, we calculated urban SOC pools
for the conterminous United States (Pouyat et al., 2002,
2003), but did not consider regional differences in native soils (associated with remnants of native ecosystems) and differences in land-use and vegetative cover
patterns that occur among cities (Nowak et al., 1996). In
this paper we use data that is available from the literature and our own measurements to estimate SOC pools
of cities previously assessed for aboveground carbon
stocks by trees (Nowak and Crane, 2002), and use the
National Land Cover Database (NLCD) to extrapolate
total SOC pools by state, region, and the conterminous
United States. Specifically, our objectives were to (i) assess inter-city variability of SOC pools (1-m depth) of six
cities (Atlanta, Baltimore, Boston, Chicago, Oakland,
and Syracuse) where field collected data of tree biomass,
land use, and cover were available; (ii) for the same
cities calculate the net effect of urban land-use conversion
Abbreviations: NLCD, National Land Cover Database; SOC, soil
organic carbon.
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on SOC pools; (Ei) use the NLCD to extrapolate total
SOC pools (1-m depth) for each of the lower 48 states, by
region, and for the United States (lower 48 states); and
(iv) compare these SOC totals with aboveground carbon
storage by urban trees.

Table 1. Soil organic carbon (SOC) densities for disbhed and
made soils in the cities of Baltimore, MD; New York, W
Chicago, IL; Hong Kong, Chin% i;d Mosrow, Russia, Except
where inacated, carbon densities were atlculated with data
collected from soil pit or core chsrscterizations to a depth of
1 m (n = number of locations).
Cartton density
Location

Type or land use

Mean

SEM

n

-

-kgm-2-

Soil Organic Carbon Estimates
Pouyat et al. (2002,2003) reported on urban SOC data compiled from the literature. Data were required to be to a 1-m
depth, sampled by horizon, and measurements made of horizon thickness, percentage of coarse fragments, bulk density,
and organic carbon concentration. Only a few studies of urban
areas met these requirements. These included data sets from
Short et al. (1986), Jo and McPherson (1995), Jim (1998),
Stroganova et al. (1998), Evans et al. (2000), and Hernandez
et al. (1997). In Pouyat et al. (2002, 2003), pedon data from
these studies were assigned into made, park use, recreational,
and residential categories. The made-soil category was further
subdivided based on the origin of the fill material (clean fill,
construction debris, coal ash, refuse, old dredge, and recent
dredge materials).
In this paper, we also included preliminary SOC data from
Baltimore collected using undisturbed cores. The core method
is less intrusive than excavating a pit and allows for more replications at each location. For this study we included 20 sampling locations randomly stratified by land use and land cover
from residential (n = 18) and park use (n = 2) grass-cover
types within Baltimore. The locations coincided with 0.04-ha
circular plots that were sampled for vegetation and surface
soils in previous studies (Nowak et al., 2004; Pouyat et al.,
unpublished data). In each plot we extracted three 3.3-cmdiameter cores (1-m depth) in a triangle at least 1.5 m apart
around an approximated center point of the dominant cover
type (at least 60% of the plot area). Each core was brought
to the lab for characterization and subsampled by horizon.
For each horizon, bulk density was measured using the clod
method (Blake and Hartge, 1986). The proportion of coarse
fragments was determined by passing a known weight of the
same subsample through a 2-mm sieve. Subsamples of soil were
analyzed for total organic C using a Model 2400 CHNS Analyzer (PerkinElmer, Wellesley, MA). The samples were first
ground and passed through a 2-mm sieve and subsequently
pulverized by continuously rotating subsamples of soil in glass
bottles containing steel rods for at least 24 h.
For all data, the density of C in a horizon of unit area (1 m2)
was calculated as:
where G is carbon density, ti2,, is the fraction of material
larger than 2 mm in diameter, Db is bulk density, fc is the
fraction by mass of organic C, and Vis the volume of individual
horizons (Post et al., 1982). Data for the soil horizons were
summarized to report soil C density on a m2 basis to a 1-m
depth. In those cases where we were unable to extract a core
to 1 m, we extrapolated the lowest horizon's measurements
to reach a 1-m depth. With these extrapolations we found no
relationship between overall SOC density and the difference in
length between the actual depth of the core and 1 m.
We combined pedon and core data compiled from the literature and data collected in Baltimore to update estimates of
urban SOC densities made in Pouyat et al. (2003) (Table 1).
We included SOC estimates only for those urban soil types
that corresponded to land-use and land-cover designations for
the six cities and the NLCD (i.e., residential grass, park use and

Kings, FYUt
Washington, DC$
Rithtnond, NYt
Hong Kong, China8
Baltimore, MD
Baltimore, MD
Moscow, Rusgiafl
Chicago, IL#

clean fiU
clean fin
clean fin
park use a d grass
park use and grass
residential grass
residential gmsb
residential grsss

3.8

1.5
4.6
4.2
9.9
12.2
14.6
16.3

03
0.0
0.7
0.4
9.8
1.1
1.2
1.6

4
3
3
5

2
18
2
2

tDatkl from New York City Soil Survey, Natural Resources Conservation Service.
$ Calculsted from data reported in Short et al. (1985).
# Calculated from data reported in Jim (1998).
4Calculated from data reported in Stroganova et al. (1998).
#Calculated to a depth of 60 un from data reported in Jo and MePherson (1995).

grass, and clean fill). Therefore, estimates of SOC for the landuse and land-cover types were not based on a statistical sample
but rather on a compilation of data from separate sources.
Thus, we make what we consider a best estimate of urban SOC
pools with the following assumptions. Erst, estimates of SOC
densities for clean fill, park use, and residential soils are representative of all made soils. We based this assumption on data
presented in Pouyat et al. (2002, 2003), which showed that the
variance of SOC densities was relatively low at 3.8 + 0.99 and
15.5 1:1.2 kg m-2 for clean fill and residential soils, respectively.
The second assumption is that soils have reached similar steady
state equilibriums between C accumulation and decay posturbanization regardless of region. The third assumption is that
SOC pools are negligible below 1-m depth, which underestimates SOC for fill soils in which a buried A horizon exists.

Estimation of Individual Cities
Using these data we assigned a SOC density value to previously delineated land-use and land-cover designation~to
estimate belowground SOC stocks in six cities where such data
exist (Table 2). In these cities, urban forest structure was previously determined using methods developed by the USDA
Forest Service (Nowak and Crane, 2000). In each city approximately 200 0.04-ha plots were stratified randomly by land use
and land cover, and data collected on location, species, stem
diameter at 1.37 m above ground (diameter at breast height,
dbh), tree and crown height, crown width, canopy location,
and the proportion of impervious area. From these data, we
calculated the pervious cover for each land-use and land-cover
type. Viie assumed that soils beneath impervious cover had a
SOG density of 3.3 ir 0.93 kg m-2 or the concentration of
SOC found in clean fill (Fig. 1). In the case of remnant soils
(undisturbed soils associated with native cover types) we assigned from the literature a SOC density of the representative native soil (Table 2). To calculate the amount of SOC (kg)
in each land-use and land-cover type within a city, we multiplied the impervious and pervious areas in Table 3 by 3.3 kg
md2 and the densities in Table 2 (residential, park use, and
remnant), respectively.
In addition to the previous estimates, we compared the areaweighted SOC density and total amount of SOC of the six cities
to SOC levels in the native forest, grass, or agricultural soil that
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Table 2. Estimated soil organic carbon (SOC) densities by land use and land cover for each city. Land-use and land-cover type are not
consistent across cities due t o avdabilihr of d a t a

Land use or cover

Atlanta

Bdtiinore

Boston

Chicarre

Oakland

Svtacuse

Agricdture
Barren
Comercist4dustriai
Forest
Green space
Institutions]-vegetation dominated
htitutional -huiiding dominated
Mtitutional
Miscellaneous
Park
Relden~al
Transportation
C'rhan open
Vacant
Wddland
Impervious

t SOC for Northeast cropland (Bkdsey, 1992).
$ SOC for Central cropland (Birdsey, 1992).

I Average of clean Ell values from Tahle 1 (n

= 3). l X s value is used for other land-use and land-cover categories such as comercial-industrial,
idtutionai-huiiding dominated, insttutional, miscellaneous, transportation, urban open, vacant, and impervious.
1SOC for Southeast m e r l a n d (Birdsey, 1992).
# SOC for Mid-Atlantic timherland (Birdsey, 1992).
tt SOC for Northeast timherland (Birdsey, 1992).
$$Average of park use and grass values from Table 1 (n = 2).
85 Average of residential pass values from Table 1 (n = 3).
mSOC for Central grassland (Birdsey, 1992).
## SOC for Pacific Coast grassland (Birdsey, 1992).

was likely present before the development of each city. For
each city we estimated the SOC density of the native and agricultural soil type using data from Birdsey (1992). In each case,
we took the original estimates of SOC pools and densities for
each city and compared them with agricultural and native soil
type densities for that region of the conterminous United States
(Table 2). For example, the Baltimore landscape was previously dominated by hardwood deciduous forests with smaller
areas of riparian and wetland soils (Schneider, 1996). After
European colonization and before the development of the city,
the forested areas were transformed to agricultural uses. We

therefore compared current SOC pools and densities with
agricultural and forested soil levels that are typical for this
region (Table 2).
Estimations by State

To estimate SOC pools in urban areas of the conterminous
United States, we used the 30-m spatial resolution NLCD to
determine urban land-use and land-cover distributions by state
(Table 4). In the NLCD, land with a population density of at
least 386 people km-2 was considered an urbanized area and
adjacent places with a minimum population of 2500 people
were called urban places; urbanized areas and urban places
together comprise urban land (Dwyer et al., 2000; Nowak et al.,
2001). Similar to the city estimates above, we assigned our best
estimates of SOC densities to individual land-use and landcover classes within regions (Table 5), and multiplied by the
estimated pervious and impervious aerial coverage of these
classes for each state. Densities of SOC were derived by multiplying a state's percentage of urban land use and land cover in
Table 4 by total urban areas of that state in Table 9. Values were
adjusted for impervious cover in each class based on national
average estimates of impervious areas within each land-use and
land-coverclass by Nowak et al. (1996). We then compared the
ratio of each state's SOC pool estimations with aboveground
carbon stocks (Nowak and Crane, 2002). These data were then
summarized for eight U.S. regions after Birdsey (1992). Using
this approach, differences in total SOC among states and regions will not only be due to regional differences in urban land
use and land cover but also non-urban cover types remaining in
the urban landscape (Forest, Grassland, Shrubland, and Agriculture land-use and land-cover classifications in the NLCD)
and their assigned SOC densities (Table 5).

Land Use
Fig. 1. Means (ItSE) of soil organic carbon (SOG) densities (kg m-')
for residential grass (n = 3, where n is the number of individual
cities), clean fill (n = 2), and park use and grass (n = 2) soils. Data
are summarized &om Table 1.

RESULTS AND DISCUSSION
Estimates of SOC densities of disturbed and made
soils varied widely by land use and land cover (Table 1).
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Table 3. Estimtes of pervious and total area of land use and land cover by city, calcutated using Geld measurements descnlbed in Nowak
and Crane (2002).
City
Atlsnta Baltimore Boston Chicago Oakland Syracuse Atlanta Balfimore Boston Chicago Oakland Syracuse
Land use or cover

Perviouq area

Pervious and impervious area

Agriculture
Barren
Commercialindustrial
Forest
Green space
hqtitutionalvegetation dominated
Institutionalbuilding dominated
Inrrtitutional
MisceUaneous
Park
Residential
Trmportation
Urban open
Vacant
Wildland

The Baltimore residential grass data (n = 18) that was
added to the previous data set (Pouyat et al., 2003) had
SOC densities that were approximately 20 to 34% less
than that of Moscow (n = 2) and Chicago (n = 2), respectively. By contrast, park SOC densities in Baltimore
(n = 2) were more than double that was found for -grass
areas i'n parks of Hong Kong (n = 5).
Residential grass data from Denver-Boulder, CO
(Golubiewski and Wessman, 2006) were available, but
the depth of analysis in that study was only 0 to 30 cm.
Lawn areas of 40- to 50-yr-old subdivisions were sampled using a core method and had SOC densities of up
to 6.2 kg m-'. If we extrapolate C densities to a 30- to
100-cm depth using the lower portion of the core data
reported (20-30 cm), we estimate the SOC density would
be approximately 11.0 kg m-' for these soils. This estimate is somewhat lower than the residential soils in
Table 1, which may reflect the study site (short grass
prairie), site history, or the inaccuracy of our 30- to
100-cm depth estimate.
Regardless of the variability in the residential data, it
appears that measurements of SOC densities for residential lawns are relatively high and of low variability
compared to other non-wetland soil types found in urban
landscapes (Fig. I), which is consistent with a more limited data set in Pouyat et al. (2002). Based on this narrow
dataset, residential, clean fill, and park use soils have
errors (SE of the mean) of approximately 14.4 It 1.2,
3.3 It 0.93, and 7.1 t 2.9 kg m-', respectively (Fig. I).
Pouyat et al. (2003) suggested that high SOC densities
in residential areas are likely due to the longer growing
seasons of cool season turf grasses in comparison to deciduous trees and to increases in net primary productivity
from fertilizer and water supplements. The relatively low
variability of SOC densities in residential lawns may
reflect efforts by individual homeowners to overcome
natural constraints on plant growth (and thus decay) irrespective of the prevailing climate and variability of
site conditions (Pouyat et al., 2006). By contrast, parkuse soils, which did not include highly managed turf areas

(e.g., golf courses), were less managed and had greater
intensities of use than residential lawns and thus have
SOC densities that are more likely to reflect variations in
site conditions and use.

City Estimates
Of the six cities analyzed, Atlanta and Chicago
had the highest and lowest SOC densities, respectively
(7.8 and 5.5 kg m-') (Table 6). Atlanta's relatively high
SOC density can be attributed to the high proportion of
forested (13 %) and residential areas (55 %) in that city
(Table 3). Chicago, conversely, had a high proportion of
land under impervious cover (60%) and commercialindustrial land uses (25.2%) (Tables 3 and 6). The SOC
density of all six cities was 6.3 kg m-2 (Table 6). This
density value is approximately 25% lower than that of
our previously estimated SOC density for urban areas
of the conterminous United States (Pouyat et al., 2003).
The calculation of SOC density for the six cities is an
underestimate since wetlands, which have the potential
to store a high amount of SOC (Trettin and Jurgensen,
2003), were not delineated in the previous forest structure analyses.
When SOC densities were calculated by the pervious areas of each city, the densities varied between
8.3 and 10.8 kg mm2for Oakland and Atlanta, respectively (Table 6). The reporting of densities by pervious
area resulted in increases of up to 59.9% (Chicago),
which we attribute to the relatively low SOC density assigned to soils beneath impervious surfaces (Table 2).
Since Atlanta has a relatively low proportion of impervious cover (39.8%), the gain in SOC density on a
pervious basis (38.2%) was lower than the other cities.
Oakland, on the other hand, while ranking intermediate
to the other cities in impervious cover, ranked the lowest
in SOC densities on a pervious area basis (Table 6). We
attribute this disproportionately small gain in density to
Oakland's relatively high proportion of wildland cover,
which is associated with low SOC densities characteristic
of native soils in the region (Table 2).
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Table 4. Stslk perentage of urban land use and land cover based on the frlatiod Lmrnd Cover Database (NLCD).
Land use
State

Agricdtrve

C-I-TT

Forest

Grasslrutd

Other2

Park

Residenlial

Shrdlsnd

Wef3ands

Openwater

f Comercialindustrial-trmportatioa
$"Other" category indudes hare rocklsandlelay; quarriedfitrip minedgtsvel pits; transitionrml; a d ordharWvineyarddother.

The SOC densities based on pervious areas of the six
cities (8.3-10.8 kg m-2) are high compared to soils of
other life zones of the world (Post et al., 1982). The relatively high densities in these cities suggest that urban
soils have the potential to store a considerable amount of
carbon, particularly in arid climates where net primary
productivity and decay rates are limited by the availability of water, but with irrigation can support highly
t 20%;Hope e t al.,
ecosystems ( ~ o u ~eti al.,
2003). Likewise, aboveground C stocks are also comparable to non-urban ecosystems when reported on pervious area basis. The cities of Atlanta, Baltimore, and
Syracuse have up to a 3.5-fold higher amount of aboveground biomass per ha than the other cities including
impervious areas (Table 6). However, if we compare pervious areas only, these diEerences narrowed as Chicago,
Boston, and oakland almost tripled the amount of aboveground biomass while the other cities increased by roughly

88% or less (Table 6). The pervious aboveground densities
for some cities approached or exceeded the densities reported for forest lands in the United States. In the case of
Atlanta, the aboveground C density on a pervious area
basis was 5.9 kg m-', which is approximately 0.7 kg mn2
higher than the average C stored in live trees of all forest
lands in the state of Georgia (Birdsey, 1992).

Effect of Urban Land-Use Change
The potential for urban areas to sequester or lose
SOC is exemplified by our analysis of land-use change
effects on C pools for the six cities. For those cities in the
northeastern United States (Boston and Syracuse) there
was 1.6-fold less SOC post- than in pre-urban development scenarios (Table 7). By contrast, cities located in
warmer and or drier climates, such as Chicago and Oakland, had slightly higher (6 and 4%, respectively) SOC
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Table 5. Estimated soil organic carbon (SOC) densities by land use and land cover for each region of the United States, Agriculture, forest,
gmssland, and shrubland SOC density estimtes are from Birdsey (1992).
Region
Southemtl:

Land use

South Central$

Notthea&#

34id-Atldefl

No& Central#

Central??

Rocky
.llouofain$$

Pacific
CoastgJZ

Agrieultive
Co~ereialjndustridtransportation
Forest
Grasgislands
Impervious
Other##
Park
Residential
Shuhland
Wetlands
i; FL, GA, NC, SC, and VA.
$ AL, AR, LA, ,MS, OK, TN, and TX.

g CT, RIE, MA, N& NY; RT, and VT.

T[ DE, KY, MD,

# MI, MN,

NJ, PA, WV, and OH.
ND, and WI.

tt KS, IL, IN, IA, MI, NE,and SD.

$$A& CO, D,MI', NM, NV, C'T, and VVY,
$3
CA, OR, and WA.
$1Average of clean fill values from Tahle 1 (n = 3). This value is also used for other and impervious categories.
##Other category includes hare rocklsandlday; quartiesl&ip mlneslgravel pits; transitional; and o&rdslvineyarddother.
ttt Average of park use and grass values &om Tahle 1 (n .= 2).
$$$ Average of residential grass values from Tahle 1 (n = 3).
0#0Roughly half the glohal estimate for wetland soils (72.3 kg m - 3 and lower than the 45 kg m-' estimates for wetland forests in the United States (Trettin
and Jurgensen, 2003).

pools in post- than in pre-urban stages. The large dissimilarity between pre- and post-urbanization estimates
for Boston and Syracuse are due to the high concentrations of C in the native forest soils of the northeastern
United States (Table 7). The differences found between
pre- and post-urban development stages may actually be
underestimates because wetlands were not included as a
cover type in this analysis.
The lower urban SOC densities in regions with native
soils of high SOC and higher urban SOC densities for
regions with low native SOC found in this analysis is consistent with the urban convergence hypothesis (Pouyat
et al., 2003), which predicts that urban land-use change
drives ecosystem structure and function (e.g., SOC densities) over time toward a range of similar endpoints regardless of ecosystem life zone starting points. Indeed,
there also is evidence for a "convergence" of SOC pools
from comparisons of agricultural soils made by Post and
Mann (1990). The authors found that the average loss
for soils with high initial SOC was about 23%, while soils
with low initial SOC actually increased their C storage
after converting to cropland.

Effect of Land Use and Land Cover
In our analysis, we accounted for the amount of soil area
that is managed as turf grass (park or residential grass) or
has been drastically disturbed (fill) since these areas will
vary in their aerial coverage by city (Table 3). We also considered regional differences in SOC densities of native
soils for remnant cover types that may occur in an urban
area. As a result, the total amount of SOC varied considerably among land-use and land-cover types (Table 8). By
far the greatest proportion of SOC for all six cities was
found in residential areas (65 %), followed by comrnercialindustrial (11%) and forest (5.6%) types (Table 8). If we
combine the cover types that primarily represent remnant
soils (forest, greenspace, vacant, wildland), the proportion
is 9.4%, a surprisingly high percentage given these are
urban areas that by definition have relatively high population densities. The high amount of SOC in residential
areas is a product of both the amount of land devoted
to residential use (Table 3), the relatively low impervious
cover found in residential areas, and the relatively high
density of C found in residential soil types (fig. 1).

Table 6. Estimates of pervious and impervious below- and aboveground total C and C density.
Belowgound
Pervious
City
Atlanta
Baltimore
Boston
Chicago
Oakland
Syraeuse
Totals and averages

Total area
ha
34140
20916
14280
61368
13241
6501
150446

Impervious Total carhon

Carbon density

Aboveground

Impervious and pervious
Total carbon
Mr:
2671000
1323000
841OM)
3369001)
783060
462000
9449000

Carbon density

Pervious
Chon

Impervious
and pervious

Carbon demity
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Table 7. Net change of total soil organic carbon (SOC) and carbon density (CD) by city. Native and Agriculture soiI estimates =present an
equal amount of area of each city. Current SOC and CD are taken from Table 6.
Native
City

SOC

EClg
Athta
Bdtimore
Boston
Chicago
Oakland
Syracuse

26420110
2418000
23150f10
3185000
753000
1054000

Agriculture

CD
kg
7.71
11.6t
163
5-a
5.7%
16.21

Current

SOC

CDI

Mg

kg m-2
2.6

884 (100
872 0tH)
853 0tH)
1945000
485 000
391000

Net change
SOC

CD

kg m-Z

Mg

kg m-=

7.8

727 000
-1095000
-147400t1
184000
29 000
-592O(K1

-10.3
03
02
-9.1

SOC

CD

3369000
1323000
841000
3 369000
783000
462000

4.2
6.0
32
3.7
6.0

63
5.9
5.5
5.9
7.1

0.1

-5 4

1SOC for tiniherland (Birdsey, 1992).
$ SOC for grassland (Birdsey, 1992).
3 SOC for cropland (Bidey, 1992).

State and Regional Estimates
Urban carbon densities (kg m-2) varied widely by

2000). Again, this difference may be a reflection of the
relatively low canopy cover in urban areas and relatively
high SOC densities found in residential lawns. Whatever
the cause, the state and regional analysis suggests that urban soils have the potential to store relatively high amounts
of SOC.
Regional estimates of urban SOC densities and total
storage reflected the differences in the native SOC pools
and the amount of urban area in each region (Table 10).
The lowest regional estimates of urban SOC densities
were in the Rocky Mountain and South Central regions
(5.2 and 6.6 kg mm2,respectively), while the highest
estimate (11.0 kg m-2) was calculated for the Northeast.
While having highly variable climate and soil types due
largely to differences in elevation, the Rocky Mountain
and South Central regions are largely arid and thus have
soils (including urban remnant soils) inherently low in
SOC. By contrast, the Northeast has climate conditions
(cooler and wetter than Rocky Mountain and South Central regions) that favor a higher accumulation of C in soil.
Regional differences that may occur in SOC pools of
urban soils could not be assessed due to a lack of data.
Nonetheless, an important factor affecting regional differences of total urban SOC storage is the amount of
urban area in each region. The amount of urban area in
the South Central region is more than twofold higher than
several of the other regions and as a result this region has

state for both aboveground and belowground estimates.
Aboveground estimates of urban C density varied from
a low of 0.3 (WY) to a high of 5.1 (GA) kg m-', while
belowground estimates varied from 4.6 ( N V ) to 12.7 (NH)
kg me2 (Table 9). The ratio of belowground to aboveground estimates of C storage also varied widely, but all
states had a ratio above 1.0 (Table 9). Three states had
ratios of above 10.0 (NM, RI, WY) and three others were
above 5.0 (CA, ND, TX). With the exception of RI, all of
these states posses urban areas located in arid climates.
Moreover, the high ratios of these states were more a
function of having relatively low aboveground C densities ( 4 . 0 kg m-2) than particularly high belowground
C densities (Table 9). Therefore, the high ratios may be
due to relatively low percentage of tree cover in the urban
areas of these states. Moreover, the state aboveground
estimates did not include the non-tree biomass (herbaceous cover and woody plants with diameter at breast
height < 2.5 cm), which would have contributed to the
aboveground carbon estimate and reduced the ratio, especially in arid climates where non-tree biomass may account for a greater proportion of the overall aboveground
biomass. The belowground to aboveground ratio of the
United States was 2.8 (Table 9), which is slightly higher
than the global estimate of 2.7 (Schlesinger and Andrews,

Table 8. Soil carbon estimates by land use for pervious and pervious plus impervious for six cities.? Estimates are calculated from Tables 4
and 5.
Pervious
Land use

Total area

Area

Total carbon

Agriculture
Barren
Commercialindustrial
Forest
Green space
Pnstitutional- vegetation d o ~ a a f e d
Institutional -building dominated
htitutiona'l
Wser?llaneous
Park
Refiidential
Transportation
Urban open
Vacant
Wildland
Total
?The six cities are Atlanta, Baltimore, Boston, Chicago, Oakland, and Syracuse.

Pervious and impervious
Carbon density

Total carbon

Carbon density
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Table 9. Estimated below- and aboveground carbon stomge, induding ratio of below-total carbon to above-total carbon, and the portion of
state in urban land. Total belowground carbon storage and density were calculated using values from Table 4 and 5.
Ahovegrotlildt
State
AL
AR
AZ
CA
CO

C1:
DC
DE
FL
GA
ZA

ID
IL
IN
KS
ICY
LA
MA
MD

ME
MI
MN
MO
MS
MT
NC
ND
NE
NH
NJ
NM
NV
NY
OH
OK
OR
PA
RI
SC
SD

TN
TX
UT
VA
VT
WA
M1
W
W
Total

Belowgowd

Urban
area

Carbon
storage

Carbon
demity

Urban
area

Carhon
storage$

kinz
8 487
3435
9 218
27348
4345
4 085

w3
37 8390tt0
7943000
9720000
27574000
5225000
8237 000

kg01-~
45
23
l.1
10
l.2
20

566
18 4137
8 338
3148
966
9 165
5 (100
2 575
3 374
5 374
6 893
4 525
2887
7 494
6 775
5 655
3 365
4 365
6 419
457
1061
1678
6 916
2 316
3 195
10 127
9 923
7 940
2 280
8 363
926
4 ;UI0
617
7 382
26 573
2 577
8 869
416
5 679
4 565
1 086
797
280 332

2424000
31 329 000
42 651000
9638000
2287000
28 570 000
14430 000
4883000
10424000
12577 000
16 131000
16 784 000
12738000
20 588000
23 438 000
16 006000
12015 000
19946 000
25 472 000
330 000
2 071000
7 621000
26 485000
1 028 000
2 926 000
24 636 000
35 155000
10650 000
6411000
26 611000
762 000
16 125000
1096000
29 976 000
25 809 000
3 337000
28 960 000
1385000
17 650000
10894000
4239 000
265 000
703291000

km2
7 637
3 371
7 980
22 525
3 391
33U
177
569
15 628
8 149
2 971
948
8 442
4 790
2 458
3 462
4 543
5 897
4 043
2 614
7272
5 834
5 144
3 096
4 363
6 306
447
1062
1673
6 462
2228
2 992
9277
9 414
6804
2269
8405
829
3 936
577
6 787
23894
2 190
5 985
435
4 823
4 390
1080
675
251552

Mt3
54 798 000
22 (to9000
37 635 000
149844 000
19 673 000
37 529 000
1 288 000
4 911000
152 471000
65 794 000
19201 000
4 748 000
59 567 000
31 327 OOO
16 376 000
28 451 000
40 929 000
69 678 000
34 M5 000
31973000
63 859 000
60 800 000
34 918 000
26 027 000
25 260 11100
49 561000
3 096 000
6 513 000
21 292 000
65 578000
10 785 000
13 815 000
90 359 000
76 416 000
34 280 000
15 833 000
72 295 000
9 335 000
32 657 000
3 612 000
45 672 000
147 455 000
ll766 000
46 254 000
4 510000
34 256 000
35 369 000
9 249 000
3 908 000
1937 139000

4.3
l.7
5.1
3.1
2.4
3.1
29
l.9
3.1
23
23
3.7
44
28
3.5
2.8
3.6
46
4.0
0.7
2.0
4.5
3.8
0.4
0.9
2.4
3.5
1.3
2.8
3.2
0.8
3.7
1.8
4.1
1.0
1.3
3.3
3.3
3.1
2.4
3.9
0.3

Carbon
density
kg m-'
72
6.5
4.7
6.7
5.8
11.3
7.3
8.6
9.8
8.1
6.5
5.0
7.1
6.5
6.7
82
9.0
11.8
8.5
122
8.8
10.4
6.8
8.4
5.8
7.9
6.9
6.1
12.7
10.1
4.8
4.6
9.7
8.1
5.0
7.0
8.6
11.3
8.3
6.3
6.7
62
5.4
7.7
10.4
7.1
8.1
8.6
5.8
7.7

Total ahove- and
belowground

Below- to aboveground
ratio of d o n storage

?lo

Mg

92 637 t31Kk
29 952001)
47 355 OW
177 418 000
24 898OM)
45 765 000
1288O(30
7335000
183800O(11
108445000
28 839O(1)
7 035 000
88 137001)
45757000
21 259 000
38 875 000
53 506 001)
85 8090(11
50 989 000
44 nl 001)
84 447 000
84 238 000
50 924 O(W)
38 042 000
45 206 001)
75 033OM)
3 426000
8 584 0(H)
28 913 000
92 063004)
11 813 000
16 7410(M)
114995 O(30
111571000
44 930 OM3
22 244 000
98 906 Oo()
10097 000
48 782000
4708Oft0
75 648 000
173264000
15 103O(1)
75 214 O(1)
5 895 OW
519060fH)
46 2fi300(1
13488 001)
4 173000
2 640 430 0 0

Urban
land

1.4
2.8
3.9
5.4
3.8
4.6

63
25
3.1
6.4
1.6
285

2.0
4.9
1.5
2.0
2.1
2.1
22
3.4
2.7
3.3
4.3
2.0
2.5
3.1
2.6
2.2
22
1.3
1.9
9.4
3.1
2.8
2.5
10.5
4.7
3.7
22
3.2
2.5
2.7
12.3
2.0
3.3
1.5
5.7
3.5
1.6
3.3
1.9
32
22
14.7
2.8

88
10.8
5.4
22
0.4
6.1
5.3
1.2
3.2
40
25.1
14.4
3.1
3.0
3.0
3.1
2.7
L1
4.6
0.2
0.5
6.9
30.6
0.7
1.1
7.2
85
44
0.9
7.0
23.2
5.3
0.3
6.8
3.8
1.2
80
17
3.1
27
l.7
0.3

7 Aboveground data are from Nowak and Crane (2002).
$ Each state was assigned to a region and each regional land use was assigned a carbon density (Table 5). The total belowground carbon storage was calculated

hy multiplying the imperviousland-use area by the impervious soil organic carhon (SOC) density of 3.3 and adding the pervioua land-use area multiplied hy
the appropriate land-use SOC density.

the highest amount of C stored in soil, though the C densities are relatively low (Table 10).
The total weighted average of SOC density for all
soils in the conterminous United States was 7.7 kg m-'.
Taking into account the standard errors of SOC densities for each of the urban soil types (Fig. I), the density
for all urban areas ranges from 7.5 to 7.9 kg m-'. This
range in density is similar to an original estimate of
8.2 kg m-' (Pouyat et al., 2002), even though the original
analysis did not account for (i) differences in land cover
among urban areas, (ii) differences in SOC densities of
regional differences in remnant soils, and (iii) SOC densities of wetlands. Although the allocation of cover type
by region allowed for interregional comparisons in the

current analysis, by averaging these differences in the
previous analysis the two estimates should not vary
greatly. However, by varying regional differences in native SOC densities, the new estimate reduced the SOC in
the undisturbed soils category of the original calculation
(Pouyat et al., 2002). This reduction was most notable in
the South Central regional estimate, which had the largest
urban area of all the regions, and where the SOC densities
of native soils (Table 5, shrub and forest lands at 3.4 and
7.6 kg C m-', respectively) were lower than the original
undisturbed soil estimate (9.4 kg m-') used for all urban
areas (Pouyat et al., 2002).
By contrast, our inclusion of wetland soils increased
our estimate relative to the original analysis. W ~ t hthe
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Table 10. Estimated urban soil carbon deasities and soil organic
catbon (SOC) by region. Region eslimates calculatedfrom data
in Table 9.
Region

Total area

Carbon densitv

SOC

Urban land

Central
Md-Atlantic
No& Central
Northeast
Pacific Coast
Rocky Mountain
South Central
Southeast
Tatat

current analysis, wetland SOC density was 35 kg m-',
which is roughly 50% lower than the global estimate for
wetland soils (72.3 kg m-'1, and about 30% lower than
other estimates of wetland soils in temperate regions
(Trettin and Jurgensen, 2003; Wang and Kanehl, 2003).
We lowered the density value for urban wetlands based
on predicted effects of urban development on wetland
soils (Trettin and Jurgensen, 2003), though more data is
needed to make a more accurate estimate. The importance of including wetland soil in our analysis is evident
in the disproportionate effect of wetlands on global C
pool estimates. For instance on a global scale, the area of
wetlands is relatively small to other life zones; however,
wetlands at this scale make up the highest proportion of
SOG storage due to relatively high SOC densities (Post
et al., 1982). Likewise, our state and regional analysis
was very sensitive to changes in wetland areas, which
comprised 3.6% of urban areas in the conterminous
United States. If we increased our estimate of SOC densities for urban wetland soils to represent estimates of
the conterminous United States (45.0 kg rnmZ from
Trettin and Jurgensen, 2003) and global scale (72.3 kg
m-"rom
Post et al., 1982) our national estimate of
SOC density for urban soils would increase from 7.7 to
8.1 and 9.0 kg me2, respectively.

CONCLUSIONS
With a limited number of measurements of urban soils
available, SOC densities varied widely among different
soil and land-use and land-cover types. Soils of residential lawns appear to have the highest density of C in
urban landscapes- higher than many forest soils in the
conterminous United States. Thus far, the SOC densities
measured for residential lawns also appear to be the
least variable of the made-soil types included. The relatively high SOC density of residential soils is most likely
a result of lawn management, which typically includes
supplements of water and nutrients to maximize grass
productivity. Moreover, turfgrass ecosystems can accumulate SOC at rates similar to those for grasslands and
some forests due to the absence of annual soil disturbances that occur in agricultural systems.
The city analysis showed the importance of accounting for soils beneath impervious surfaces and in remnant
patches of native vegetation. Remnants accounted for
almost 10% of the area in our city analysis, and, depending on the SOC density of the native soils, could account

for up to 34% of the SOC pool of a city. Moreover, when
covered soils were excluded from the analysis, the estimated SOC densities rose substantially for each landuse and land-cover type, indicating the potential for
urban soils in pervious areas to sequester large amounts
of s o e .
The comparison of pre-agricultural, agricultural, and
post-urban estimates of SOC pools of each of the six
cities showed the potential for large decreases in SOC
pools post-urban development for cities located in the
Northeast, where native soils have relatively large SOC
densities. By contrast, cities located in warmer and or
drier climates tended to have slightly more SOC postthan in pre-urban development. These estimates are consistent with an earlier hypothesis that SOC should be less
variable among urban landscapes than among native
soils on regional and global scales.
Densities by state for both aboveground and belowground estimates also varied widely. Differences in regional SOC densities were based on differences in native
soil types (i.e., urban remnant soils) and regional landuse patterns associated with urban areas. Due to a lack
of data, we were unable to assess regional differences
that may occur in urban SOC pools. The total weighted
average of SOC density for all urban soils in the conterminous United States was 7.7 t: 0.2 kg me', which
was remarkably close to a previous estimate. Thus far
the variation around this estimate, as calculated from
the variance of SOC densities of individual soil types,
resulted in a range of only 22.6%. However, this estimate is based only on a limited number of studies from
temperate regions and is particularly sensitive to estimates of the aerial coverage and SOC density of urban
wetland soils. More data is needed from other regions to
determine the range in measurement of urban SOC densities. In addition, our assessment of urban land-use
conversion on a city basis showed the potential for substantial losses of SOC in temperate regions, while in
more arid climates urban conversions have the potential
to increase belowground C storage, assuming our urban
soil data are representative of urban soils in these regions. In conclusion, urban soils play a significant role in
the overall storage of C in urban landscapes due to relatively high belowground to aboveground C ratios and
high SOC densities.
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