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Abstract

Urban areas are home to more than half of the world’s people, responsible for >70% of
anthropogenic release of carbon dioxide and 76% of wood used for industrial purposes.
By 2050 the proportion of the urban population is expected to increase to 70% worldwide.
Despite fast rates of change and potential value for mitigation of carbon dioxide
emissions, the organic carbon storage in human settlements has not been well quantified.
Here, we show that human settlements can store as much carbon per unit area
(23-42kg Cm 2 urban areas and 7-16 kg Cm *exurban areas) as tropical forests, which
have the highest carbon density of natural ecosystems (4-25kg C m™?). By the year 2000
carbon storage attributed to human settlements of the conterminous United States was
18 Pg of carbon or 10% of its total land carbon storage. Sixty-four percent of this carbon
was attributed to soil, 20% to vegetation, 11% to landfills, and 5% to buildings. To offset
rising urban emissions of carbon, regional and national governments should consider
how to protect or even to increase carbon storage of human-dominated landscapes.
Rigorous studies addressing carbon budgets of human settlements and vulnerability of

their carbon storage are needed.
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Introduction

Although urban areas occupy a small proportion of the
landmass — around 2.4% globally (Potere & Schneider,
2007) — they are home to more than half of the world’s
people (UN, 2008). The urban areas of the world are
expected to absorb all the population growth expected
over the next four decades while at the same time
drawing in some of the rural population. By 2050 the
proportion of the urban population is expected to
increase to 70% worldwide (UN, 2008). Future urban
areas will most likely be less densely populated than
today. Increases in the wealth of households and en-
hanced personal mobility lead to less dense human
settlements which occupy more land per capita (EEA,
2006). Human settlements are arrayed on a gradient of
density, from most to least dense, from urban, sub-
urban, exurban, and rural. In the conterminous United
States, the fraction of land settled at urban and exurban
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(defined here to include suburban and exurban devel-
opments) densities increased from 3.6% in 1950 to 18.5%
in 2000 (Brown et al., 2005). During the same time
period, population rose at a much slower rate than
did the increase in settled land area. Historical trends
in Europe are similar. Since the mid-1950s, European
cities have expanded on average by 78%, whereas the
population has grown by only 33% (EEA, 2006). Expan-
sion of human settlements involves replacement of
natural vegetation or agricultural fields by artificial
surfaces such as buildings, parking lots, and roads or
by turf grasslands, garden plants, and trees.
Expansion of human settlements and reductions in
their density leads to a higher per capita use of energy
(Newman & Kenworthy, 1999) and to an increase in the
anthropogenic release of carbon dioxide, which has
arguably been attributed mostly to urban areas (Grubler,
1994; O’'Meara, 1999). Can human settlements with de-
creasing density and with higher fractions of green
space, including exurban settlements, also offset these
carbon dioxide releases? Offset of carbon dioxide emis-
sions can be achieved through additional storage and
protection of carbon pools located in human settlements.
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Human settlements store carbon in natural pools
such as vegetation and soil as well as in anthropogenic
pools (Bramryd, 1980; Churkina, 2008). Anthropogenic
carbon pools encompass buildings, printed materials,
landfills, clothing, and living organisms. Although es-
timates of carbon storage exist for urban forests (Nowak
& Crane, 2002), soils (Pouyat et al., 2006), and urbanized
river basins (Boyle & Lavkulich, 1997) estimates of total
carbon storage in human settlements of different den-
sities are lacking at a continental scale.

Here we quantify total storage of organic carbon in
human settlements of different densities in the conter-
minous United States in 2000. We distinguish between
human settlements of different densities such as urban
and exurban areas, because, in addition to dense urban
areas, important land-use changes and considerable
human settlements also occur beyond the traditional
urban fringe (Theobald, 2001).

Materials and methods

Area and population of human settlements

Low-density residential development scattered outside
of suburbs and cities is extensive and widespread
throughout the developed world. These patterns are,
however, not captured in the traditional data on urba-
nization, because traditional definitions of urbanization
are based on areas of dense settlement only and on
population statistics (US Bureau of Census, 1991; UN,
2008). Population data are tied to primary residence and
thus underestimate development in rural areas, espe-
cially those significantly affected by seasonal and re-
creational use (Brown et al., 2005). The density of
housing units is a more precise indicator of urban land
use and development at various degrees of intensity
(Theobald, 2005), because it accounts better for devel-
opment in rural areas.

In this study, area of human settlements was defined
using the density of housing units in census block-
groups (Brown et al., 2005). We defined urban land as
having more than one housing unit per 4000 m?. Exur-
ban land included suburban lands and was defined as
having one housing unit per 4000-162 000 m?2. Urban
areas was associated with high impervious proportion
(31 + 13%), while exurban land was associated with
low impervious proportion (8 & 2%). Our definition of
urban areas based on housing density is different from
the definition based on population density adopted by
the US Census (US Bureau of Census, 1991). In the latter
definition land is classified as urban if it has at least 386
persons per km?” (or 1000 persons per mile?). The area of
census tracts with housing units at urban densities (i.e.
our definition) was 95474km? in 2000, whereas the

Census definition of urban areas and urban clusters
(US Bureau of Census, 2002) produced an area of
239567 km?. Standard definitions of exurban areas do
not exist, but previous attempts have been made to
quantify them (Nelson, 1992; Berube et al., 2006). By
Nelson’s definition, which was applied at the county
level and is based on population size and location
relative to the central city, there was 2.434 million km?
in exurban counties in 1985, compared with 1.393
million km? in 2000 as determined by our definition
applied to the housing density measure at the block-
group level. Classifying exurban areas at the county
level necessarily includes undeveloped areas and is
likely an overestimate, but in both cases our area
estimates are more conservative than other existing
estimates.

Population densities in urban and exurban areas were
estimated from US counties that were classified as
90-100% urban or exurban (Brown et al., 2005), respec-
tively. Urban areas had on average 2150 people per km?
and exurban areas had 50 people per km”. Urban and
exurban population of the United States was obtained
as a product of population densities and land areas.

Carbon pools

We considered the five largest carbon pools of human
settlements, including buildings, waste, people, vegeta-
tion, and soil. We focus only on the carbon storage from
organic or renewable sources and not from fossil fuel
sources such as plastics, paints, asphalt, etc., because we
were not able to make robust country-wide estimates
for the latter. Total carbon storage in the anthropogenic
pools of the conterminous United States was calculated
from per capita estimates of wood use in a private
house or commercial building, of municipal and con-
struction waste, as well as of carbon in people. These
per capita estimates were then multiplied by urban and
exurban population accordingly. To obtain country-
wide estimates of carbon storage in vegetation and soil
we multiply corresponding average carbon densities
by their fractional area of urban and exurban land
(Table 1).

Vegetation and soils. Although urban green spaces can
have diverse growth forms and species of vegetation, in
this study we assume that the area of a human
settlement is divided into three dominant surface
types such as grass, forest, and impervious surface
(Table 1). Relative fractions of these surface types vary
from city to city. In this study we calculate average
fractions of grass, forest, and impervious surface for
urban areas based on the dataset reported by Nowak
et al. (1996) and its update for urban forest (Nowak et al.,
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Table 1 Areas and carbon density of different surface types of urban and exurban areas

Average area covered (%)

Carbon density (gCm 2

Urban Exurban
(Nowak et al., (Zhao et al., Aboveground
Surface type 1996, 2001) 2007) (vegetation) Soil
Impervious 31+13 8+2 Building/pavement 3300 (Pouyat et al., 2006)
Grass 42 420 66 +1 50 3500-14 000 (Kaye et al., 2005; Pouyat et al., 2006)
Forest 27 £ 12 26 +1 8550 =+ 2600 7100-8700

(Nowak & Crane 2002)

(Pouyat ef al., 2006)

Mean value and standard deviation of percent area covered by impervious surface, grass, and forest are reported. Maximum and
minimum carbon densities, if available, are given for vegetation and soil.

2001). Out of the original data, consisting of 58 cities
worldwide, we choose only those US cities, where both
forest and total green surface were reported. For the
derived subset of 48 cities (Nowak et al., 1996), we
calculate that one-third of the urban areas of the
United States is impervious, e.g. paved or covered by
buildings. The other two-thirds are green surfaces, e.g.
covered by grasses or urban forests. In the first report
(1996) urban forests cover 19 +12% and nonforest
green areas, such as grasses, cover 46 &+ 20% of urban
area. Based on detailed analysis of remotely sensed data
and forest field measurements, Nowak et al. (2001)
reported higher fraction of forest in urban areas,
which was 27% on average. We used the latest
estimate of forest fraction in our study (Table 1) and
ratio of urban/forest/grassland fractions from dataset
reported by Nowak et al. (1996). It was more difficult to
estimate average fractions of impervious surfaces,
forest, and grasses for exurban areas, because there
was no relevant systematic study done nationwide.
Exurban land comprises land parcels or lots that are
larger than those in urban areas, but which are
generally too small to be considered for productive
agricultural land use (Theobald, 2005). Following a
recent study for Michigan (Zhao et al., 2007), we
assume that more than 85% of exurban surface areas
are covered by green vegetation and only 5-9% is
impervious (Table 1). Our estimates of the area of
impervious surfaces in 2000 141000 + 40000 km* were
comparable to the respective estimates from remote
sensing data 113000 + 13000 km? (Elvidge et al., 2004).

We estimated carbon storage in vegetation (C,.,) as a
sum of carbon stored in grasslands and forest:

Cveg = Areugrass X Cvgrass + Areaforest X Cvforest

where Aredgrass/forest 1S the area occupied by grass or
forest in urban or exurban areas; Cigrass/viorest 1S the
carbon density of grass or forest in urban or exurban
areas.

© 2009 Blackwell Publishing Ltd, Global Change Biology, 16, 135-143

Soils in human settlements can be covered by
impervious surfaces such as roads and buildings or
by vegetation such as grasses and trees. We estimated
storage of carbon in soils (Cs) as a sum of carbon
stored in soils of urban or exurban forests, grasses, and
under impervious surfaces:

Csoil = Areaimp X Csimp + AV@ﬂngS X ngrass + Areaforest
X Csforest

where Ared,, is the area covered by impervious
surfaces in urban or exurban areas; Csimp,/sgrass/sforest 15
the carbon density of soil beneath impervious surfaces
or grass or forest in urban or exurban areas.

We estimated maximum and minimum carbon
storages in each surface type based in maximum and
minimum values of carbon density where available and
average values for area covered (Table 1). We calculated
average storage of carbon in the US urban forests
(whole tree) from dataset including 10 US cities
(Nowak & Crane, 2002), excluding data for
Sacramento, which had high error in estimates. The
carbon density of urban forests from this dataset was
8550 + 2600 gCm > (Table 1).

Buildings. Large amounts of carbon are accumulated in
buildings, furniture, printed materials, and other man-
made objects. We included structures and furniture in
our calculations as the two largest components of a
building and assumed carbon presently stored in other
pools such as appliances, clothing, footware, etc. as
negligible. Here we distinguish between private
houses and commercial buildings including offices,
hotels, schools, etc. We estimate organic carbon stored
in different buildings as well as in furniture and books
on per capita basis as

Cbuild = Ni umpeople X (Areuhouse,capita X Cunitarea,house
+ Areaoffice_capita X Cunitarea_ofﬁce)

Cturn = Nupeople X Weightpum X f1
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Cunitarea_house = wezghtunitarea X f 1

Cunitarea_ofﬁce - WEightunitarea X f 1x f rac_com

where Cpyilg and Cryyy is the carbon stored in buildings
and furniture, respectively; Numpeople is the population
of urban or exurban areas; Arednouse_capita/office_capita 15
the average area of house floor (US Bureau of Census,
2008) or commercial building (Energy Information
Administration, 2003) area per capita; Cuynitarea house/
unitarea_office 18 the carbon density of a private house or
a commercial building per unit of floor area; Weight
is the weight of dry organic matter in furniture and
books per capita (300kg, after (Bramryd, 1980);
Weight nitarea 15 the wood weight per unit of house
floor area (Wilson & Boehland, 2005); frac_com is the
fraction of wood in commercial building relative to
private house (0.1-0.25, S. Chubbs, unpublished
results), fI is the fraction of carbon in dry organic
matter (0.5).

Wood use per house (Weightynitarea) in late 1990s
varied from 40kg m~2 (Wilson, 2006) in the south to
52-130kg m~2 (Keoleian et al., 2000; Meil et al., 2007)
in the north of the United States. These estimates
include only lumber, oriented strand board, and
plywood as the three most abundant construction
materials of the total house mass (Keoleian et al.,
2000). We used Weightynitarea = 40, frac_com =0.1 and
Weight unitarea = 130 kg m~2, frac_com =0.25 to estimate
minimum and maximum carbon storage in buildings,
respectively. The average estimate of carbon storage
in buildings was based on an average of the
abovementioned minimum and maximum values.

Waste. Our estimate of carbon storage in landfills
included waste from households, construction, and
demolition of buildings, as well as sludge from water
treatment plants deposited at landfills. Because
estimates of waste generation per capita were
available only after 1950, we assumed in our
calculations that the landfills in 2000 accumulated
waste for 50 years. We estimated the amount of
biomass-derived carbon which is not degradable and
which accumulates in a landfill over the years. The
biomass-derived carbon includes food waste, yard
waste, papers, wood from demolition of buildings,
and sludge. Total organic carbon accumulated in the
landfills in 2000 was calculated as

2000
Cuaste = Numl . x [(Wig,, + Weap x FL x FW)

yr=1950

x CSF + C¥I |

Sew

where CSF is a carbon sequestration fraction of solid
waste [0.26-0.35, after (Barlaz, 1998)] without glass and

metal; Wyun is the municipal solid waste deposited to
landfills per capita per year (EPA, 2006a); Wcep is the
construction and demolition debris (C&D) generated
per capita in 1990s (Franklin Associates, 1998); FL is the
fraction of construction and demolition debris
deposited to landfills [0.6-0.8, (Franklin Associates,
1998)]; FW is the fraction of wood in construction and
demolition waste [0.3, (Sandler, 2003)]; Cgey, is the
carbon in sewage per capita per year (Bramryd, 1980)
deposited to landfills.

Around 60-80% of produced construction and
demolition debris is deposited into landfills, while the
rest is recycled or burned (Franklin Associates, 1998).
We used WC&D = 06, CSF = 026, and WC&D = 08,
CSF=0.35 to estimate minimum and maximum
carbon accumulated in the landfills. The average
estimate was calculated with 0.7 of construction and
demolition waste deposited to landfills and CSF of 0.3.

People. In human settlements organic carbon is also
stored in humans and pets. Previous estimates of
average global carbon storage in humans and dogs
showed that dogs store <1% of the total carbon
storage in humans (Bramryd, 1980). Therefore in this
study we focused on the carbon storage only in the
largest pool, which is human population (Cyum):

Chum = Nutipegple X Weightcapita X f1 X f2

where Weight .pita is the average human body weight
(60 kg), f2 is the fraction of dry matter in human body
[0.3, (Bramryd, 1980)].

Results and discussion

Carbon storage in anthropogenic pools and associated
uncertainties

Total storage of carbon in all anthropogenic components of
urban and exurban areas was between 2.2 and 3.8PgC,
with an average estimate of 2.9PgC in 2000. This
estimate corresponds to the US total urban and exurban
population which was 274 850 000 people in 2000. More
than two-thirds of this carbon (1.8-2.5PgC, average
estimate — 2.1 Pg C) was stored in the landfills (Fig. 1).
The rest (0.4-1.3 PgC, average estimate — 0.8 PgC) was
stored in buildings. Because we did not account for
storage of carbon from fossil fuel sources such as
asphalt, concrete, plastic, etc., we most likely under-
estimate total carbon storage.

Landfills can accumulate appreciable amounts of
carbon over time, not only because of biologically
recalcitrant materials such as plastic, rubber, and
leather, but also because some fraction of paper, wood,
and food waste may decompose extremely slowly. The
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Fig. 1 Carbon storage in four major pools of urban (a) and exurban (b) areas in the conterminous United States in 2000. The top of each
bar shows the average estimate. The vertical lines show the uncertainty range for each pool’s estimate.

reason for this is that lignin, which decomposes very
slowly and prevents some organic material from decay-
ing, is always a part of the composition of waste. The
amount of carbon stored in a landfill depends on the
landfill's age and the composition of waste deposited
there over time. Since estimates of waste generation per
capita are available only after 1950, we assumed in our
calculations that the landfills were not older than 50
years (see ‘Materials and methods’). Therefore our
carbon storage estimate for landfills may be low. The
uncertainty from the composition of waste (Barlaz,
1998) contributed around 23% to the uncertainty
of our estimate of carbon storage in landfills in 2000
(Fig. 1b).

Organic carbon is also stored in buildings in substan-
tial amounts. This carbon is incorporated in the build-

ing’s structure (including framing, flooring, roofing,
and walls), furniture, books, and other organic materi-
als. According to our estimates 87-91% of total carbon
in buildings was stored in the structure of private
houses, 3-7% — in commercial buildings, and 3-10% -
in furniture. The amount of carbon per unit of floor area
depends on the purpose of a building (e.g. private
houses have more carbon than commercial buildings)
and on the building’s location [e.g. the general trend is
that the houses in the north have more wood per floor
area than in the south (Wilson, 2006)]. The wood use per
unit of floor area of a house is highly variable. In the
conterminous United States it varies by a factor of three
(Keoleian et al., 2000; Wilson, 2006; Meil et al., 2007) and
mostly explains the large range of carbon storage values
presented in this study (Fig. 1).
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Carbon storage in natural pools and associated
uncertainties

Carbon storage in vegetation and soils within human
settlements is estimated between 11 and 26 PgC with
the average estimate of 18.5Pg C in 2000 (Table 2). This
corresponds to 1.5 million km” of land at urban and
exurban housing densities. Soils stored most of this
carbon or 7-17PgC, with the average estimate of
12PgC. Vegetation, mostly woody, stored between 3
and 5Pg C, with the average estimate of 4PgC.

This range of values incorporates the uncertainty in
the carbon density of vegetation and soils. The average
carbon storage in soils and vegetation in human settle-
ments of the United States was estimated to be 0.9 PgC
for urban (95018 km~2) and 14PgC for exurban areas
(1395347 km?) in 2000. This is on average ~ 10kgCm™>
in vegetation and soils of human settlements of both
densities. This estimate compares well with the recent
estimate of 9kgCm 2 reported by Pouyat et al. (2006),
who estimated in total 2.6 PgC in vegetation and soils
over 280332 km? of urban area of the United States. The
latter estimate is based on a different definition of urban
area and more sub-categories in urban vegetation and
soils for different states.

Total carbon storage in human settlements

Total carbon storage in the United States urban and
exurban areas was 18.5Pg in 2000 (Table 2), that is 10%
of the carbon stored in all land ecosystems of the United
States (King et al., 2007). Based on this estimate, human
settlements store more carbon than the US croplands,
which store 14 & 7Pg C (King et al., 2007) on the area of

Table 2 Carbon storage in major pools of human settlements
of the conterminous United States in 2000 and its comparison
to the total carbon stocks in the US ecosystems (King et al.,
2007)

Average Low High
estimate estimate estimate
Carbon pool (PgC) (PgC) PgC)
Soils 11.9 6.6 17.3
Vegetation 3.6 2.6 4.6
Landfills 2.1 1.8 2.5
Buildings 0.9 0.4 1.3
Humans 0.0024 - -
Human settlements 18.5 114 25.7
(total)
All US land 178 89 267
ecosystems

Calculations of average, low, and high estimates are reported
for carbon storage.

1718531 km? (Brown et al., 2005). The accuracy of our
estimates ~ 40% is comparable to the uncertainty in
the estimates for the US ecosystems 50% by (King et al.,
2007). Uncertainties in both estimates are relatively high
and reducing them is not easy given the inherent
uncertainty from land use classification and carbon
density of heterogeneous American landscapes.

Human settlements have more diverse pools than
natural ecosystems to store carbon over the long-term.
In settlements, organic carbon is stored not only in
vegetation and soils, but also in buildings, furniture,
printed materials, landfills, and people. Our results
suggest that four carbon pools predominate (Table 2):
soils (7-17PgC), vegetation (3-5PgC), landfills
(1.8-2.5PgC), and buildings (0.4-1.3PgC). Storage of
carbon in humans (0.0024 Pg C) is drastically lower. Soil
is by far the largest carbon pool taking 64% of the total
carbon storage in all human settlements (Fig. 2). In the
more dense urban areas, however, the buildings and
soils store approximately the same amount of carbon or

~ 41% and 44%, respectively, while the vegetation

carbon pool is smaller ~ 15%. In exurban areas carbon
storage in soils dominates (~ 67%), while storage in
vegetation and landfills is considerably smaller or
~20% and ~ 12%, respectively. Carbon storage in
buildings in exurban areas is ~ 1%.

The range of carbon density of human settlements are
comparable with or even higher than the carbon density
of a tropical rain forest, which has the highest carbon
density among natural ecosystems of 4-25kgCm >
(Olson et al., 1983). We estimate that the carbon density
of urban areas ranges between 23 and 42kgCm ™. In

Landfills
11% Vegetation
20%

Buildings
5%

Soils
64%

Fig. 2 Contributions of four major pools to the total carbon
storage in urban and exurban areas of the conterminous United
States.

© 2009 Blackwell Publishing Ltd, Global Change Biology, 16, 135-143



exurban areas the range of carbon density is between
7 and 16 kg Cm 2. The carbon density of human settle-
ments is high, because they have more pools than
natural ecosystems to store carbon. In addition to
vegetation and soil, human settlements store carbon
also in human-made pools such as buildings and land-
fills. The carbon density of anthropogenic pools is high
(17-29kgCm~?) in urban and low (0.7-0.4kgCm?)
in exurban areas. The carbon density of natural pools is
comparable in urban (6-12kgCm ™) and exurban
(6-15kg Cm™) areas.

Effect of urbanization on the land carbon storage

In the future, more terrestrial carbon storage will be
contained in human settlements, simply because urban
and exurban areas are expanding very quickly (Brown
et al., 2005; EEA, 2006). In absolute numbers, the carbon
storage attributed to the soils and vegetation of human
settlements increased by 500% in 50 years, or from
~ 3PgC in 1950 to ~ 18PgC in 2000. The 1950 esti-
mate was calculated using the same methodology as for
2000, but with population and area of human settle-
ments for 1950 as reported in Brown et al. (2005). We
accounted for changes in waste generation as well as
commercial and house floor area per capita between
1950 and 2000. However these per capita changes
between 1950 and 2000 were small in comparison with
expansion of human settlements. Therefore the increase
in carbon storage between 1950 and 2000 was mostly
related to the expansion of urban and exurban lands at a
higher rate than population growth. Between 1950 and
2000 the area of urban and exurban lands increased by
400%, while urban population increased only by 100%
(Fig. 3).

Carbon pools of human settlements are likely to be in
a transient state, with the exception of soils sealed by
impervious surfaces. The natural pools of carbon are
changing, because urban vegetation is managed. De-
pending on climate, pollution, and intensity of manage-
ment the vegetation and soil may accumulate as well as
loose carbon. The anthropogenic pools are unlikely to
be in a steady state, because in- and outflow of carbon in
these pools as well as carbon density is influenced by
lifestyles and wealth of people as well as policies, which
are always in transition. For instance, fraction of muni-
cipal solid waste deposited to landfills has decreased
from 94% in 1960 to 57% in 2000, although household
waste generation per capita has been increasing by
~ 2% per year between 1960 and 2000 (EPA, 2006a).
More waste has been combusted or recycled over the
years. As a result, waste deposition to landfills in 2000
was almost equal to 1960. The residence time of carbon
entering the landfills has likely changed, because of

© 2009 Blackwell Publishing Ltd, Global Change Biology, 16, 135-143
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Fig. 3 Changes in population and land affected by human
settlements after Brown et al. (2005). Urban land has one housing
unit per 4000m? Exurban land has one housing unit per
4000-162 000 m”.

higher fraction of recalcitrant materials as well as
shielded organic materials in the waste composition.
Conversion of agricultural or other land to urban and
exurban uses may increase its carbon uptake and car-
bon storage. Low-density exurban development, char-
acterized by a large proportion of vegetation, can be
more productive in the form of gross photosynthetic
uptake than the agricultural land it replaces (Zhao et al.,
2007). Several studies (Kaye et al., 2005; Golubiewski,
2006) point out that soils in urban parks and lawns can
store large amounts of carbon, which could more than
double the amount stored in native grasslands or agri-
cultural fields. Also an increase in tree cover on land
converted into urban and exurban uses would contri-
bute to higher rates of carbon uptake and storage.
Different strategies for carbon storage in human set-
tlements should be considered in line with the estimates
of associated greenhouse gas emissions. Maintenance of
urban vegetation and soil is associated with higher
carbon emissions than of natural ones due to use of
fuel-driven machinery, such as lawnmowers and petro-
leum-based fertilizers. Suburbanization leads to longer
daily travel distances and therefore to higher carbon
emissions from road transportation. A recent review
(Brown et al., 2008) attributes increase in the US carbon
emissions from road transportation to suburbanization
along with increasing personal wealth. Between 1970
and 2005 the average vehicle miles traveled per Amer-
ican household per year has almost doubled (Bureau of
Transportation Statistics, 2007). Use of wood in build-
ings, instead of brick, aluminum, steel, and concrete,
can increase carbon storage in human settlements and
reduce emissions of greenhouse gases related to con-
struction (Buchanan & Levine, 1999) and life cycle of
buildings (Upton ef al., 2008). The emissions of green-
house gases are reduced because, in contrast, to fabrica-
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tion of wooden construction materials, production of
bricks, and concrete is much more energy intensive and
accompanied by high CO, emissions from burning of
fossil fuel. Any increase in wood use would have
implications for the wood production. Rising demand
for wood must be accompanied by increases in areas of
forest being managed for long-term sustainable timber
production. Comprehensive life-cycle assessments are
required to assess the potential for future strategies to
reduce carbon emissions and to increase carbon storage
in human settlements. Dynamic stock and flow models
should be constructed to develop a more accurate
analysis of carbon storage in the building and landfill
reservoirs. More refined models are necessary to ac-
count for material residence time which is influenced by
renovation activities and building service life, and the
fate of waste materials in landfill reservoirs which also
requires modeling of greenhouse gas emissions from
landfill decomposition processes (EPA, 2006b).

Although human settlements are unlikely to become
net sinks of carbon, they can harbor appreciable carbon
pools. Given the large area covered by human settle-
ments of various densities, we have an opportunity to
consider how to store more carbon per unit of emitted
carbon in the places we live. Rigorous studies addres-
sing carbon budgets of human settlements and vulner-
ability of their carbon storage are needed.

Outlook

There is a growing dataset of carbon gains and losses in
vegetation and soils following urbanization, and a
number of methods of validating urban carbon balance
modeling, including top down atmospheric monitoring
and urban ‘metabolic” studies of whole ecosystem mass
and energy flow (Pataki et al., 2006). What is still
missing is a framework targeted toward consolidation
of ground and remote measurements of different aspect
of urbanization at continental scale. Estimates pre-
sented in our study have large uncertainty, because
they are based on the values compiled from literature
review. This uncertainty can be reduced by research
conducted in a consistent framework. Consistent esti-
mates of forest, grassland, and impervious fractions of
urban and exurban areas would be the first step in this
direction. Until now these fractions have been estimated
separately and with different techniques. Accurate na-
tion wide survey of organic and inorganic carbon
densities of residential and office buildings would also
be helpful. Wood content has been estimated in resi-
dential buildings, but not in the office buildings of the
United States. Even less is known about inorganic
carbon storage and its distribution in human settlements.
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