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Abstract. Soil organic carbon (SOC) sequestration and the impact of carbon (C) cycling in
urban soils are themes of increasing interest. A model was developed to investigate the
potential of C sequestration in home lawns. The model contrasted gross C sequestered
versus the hidden C costs (HCC) associated with typical lawn maintenance practices. The
potential of SOC sequestration for U.S. home lawns was determined from SOC
sequestration rates of turfgrass and grasslands. Net SOC sequestration in lawn soils was
estimated using a simple mass balance model derived from typical homeowner lawn
maintenance practices. The average SOC sequestration rate for U.S. lawns was 46.0 to
127.1 g C/m2/year. Additional C sequestration can result from biomass gains attributable
to fertilizer and irrigation management. Hidden C costs are the amount of energy
expended by typical lawn management practices in grams of carbon equivalents (CE)/m2/
year and include practices including mowing, irrigating, fertilizing, and using pesticides.
The net SOC sequestration rate was assessed by subtracting the HCC from gross SOC
sequestration rate. Lawn maintenance practices ranged from low to high management.
Low management with minimal input (MI) included mowing only, a net SOC
sequestration rate of 25.4 to 114.2 g C/m2/year. The rate of SOC sequestration for do-
it-yourself (DIY) management by homeowners was 80.6 to 183.0 g C/m2/year. High
management, based on university and industry-standard best management recommen-
dation practices (BMPs), had a net SOC sequestration rate of 51.7 to 204.3 g C/m2/year.
Lawns can be a net sink for atmospheric CO2 under all three evaluated levels of
management practices with a national technical potential ranging from 25.4 to 204.3
g C/m2/year.

Research on abrupt climate change and the
C cycle have become major thematic foci
since the 1990s. SOC sequestration is one of
the strategies proposed to stabilize atmospher-
ic carbon dioxide (CO2) (Lal, 2004a; Smith
et al., 2007b). The interest in urban soils is
derived from the fact that 75% of the U.S.
population lives in urban areas where individ-
uals can potentially affect C sequestration in
their home landscape (United States Census
Bureau, 2010). Lawn grasses are the predom-
inant plants in the urban landscape that are
managed by the homeowner (Beard, 1973). A
simple C footprint benchmark of home lawns
can be developed from three components: the
capacity of urban soils to store C, the capa-
bility of grass plants to fix and sequester
C, and the C footprint of lawn maintenance
practices.

Several studies have evaluated C seques-
tration potential of agricultural and urban soils
as one of several options to stabilize atmo-
spheric CO2 abundance (Blanco-Canqui and
Lal, 2004; Bruce et al., 1999; Lal, 2004a, 2008;
Leified, 2006; Pataki et al., 2006; Pickett et al.,
2008; Pouyat et al., 2002, 2006; Smith et al.,
1993). SOC is comprised of the historic
accumulation of humus in the soil. Long-term
storage of SOC occurs when humus reaches
a point of stability and gains exceed losses
(Whitehead and Tinsley, 2006). Variations
in the SOC pool occur in different ecosys-
tems because of differences in the rate of soil
organic matter decay through microbial de-
composition, temperaturefluctuations,andpre-
cipitation amounts and frequencies (Pouyat
et al., 2002).

The SOC pool is important for soil structure
maintenance and other ecosystem services
(Lal, 2004a, 2009). It improves numerous soil
properties and processes including soil tilth,
aggregation, plant-available water and nutrient
capacities, reduction in susceptibility to ero-
sion, and filtering of pollutants (Blanco-Canqui
and Lal, 2004). Soil organic carbon is depleted

through soil cultivation and land use con-
version (Lal, 2004a; Post and Kwon, 2000)
and can be enhanced through those soil
conservation and restoration practices, which
add biomass C and influence the rate of its
decomposition (Lal, 2004a). Common conser-
vation and restoration practices include no-till
(NT) agriculture, perennial plant cover, fertil-
ization, irrigation, and organic amendments
(Lal, 2004a; Post and Kwon, 2000; Post et al.,
2004). Moreover, lawn grasses are a perennial
plant cover and have the potential for long-
term SOC sequestration (Pataki et al., 2006;
Pouyat et al., 2006).

Urban lawns are potential C sinks and
their prevalence in urban landscapes suggests
that they can store a significant amount of C
(Pataki et al., 2006; Pouyat et al., 2002, 2006).
Urbanized land covers �40.6 million hectares
(Mha) in the United States (United Nations,
2004a). The National Census Bureau estimates
that 75% to 80% of North American population
lives in urban areas (United Nations 2004b).
Urban land use is 3.5% to 4.9% of the U.S. land
area (National Association of Realtors, 2001;
Nowak et al., 2001). As urbanization increases,
the percentage of land converted into turfgrass
is also increasing (Bandaranayake et al., 2003;
Lorenz and Lal, 2009a; Milesi et al., 2005;
Qian and Follett, 2002).

Approximately 41% of the U.S. urban
area is under residential land use (Nowak
et al., 1996, 2001). Turfgrasses cover 16 to 20
Mha in the United States, which includes
residential, commercial, and institutional
lawns; parks; golf courses; and athletic fields
(Grounds Maintenance, 1996; Milesi et al.,
2005). There are 80 million U.S. single-family
detached homes with 6.4 Mha under lawns
(Augustin, 2007; National Association of
Realtors, 2001; National Gardening Associ-
ation, 2004). The size of home lawns varies
regionally (north to south and east to west) as
well as locally (rural versus suburban). Home
lot size differs from that of home lawn size
(National Association of Realtors, 2001).
Home lot size includes the house and land
owned by the homeowners, where home lawn
size includes the area covered by turfgrass. In
this study, the average size of household lawns
in the United States is 0.08 ha (Augustin,
2007; National Association of Realtors, 2001;
Vinlove and Torla, 1995).

The estimated SOC pool in the U.S. urban
soils is 77.0 ± 2.0 Mg�ha–1 (Pouyat et al.,
2006). A compilation of research showing
conversion of crop land into perennial grasses
sequestered an average of 0.3 Mg C/ha/year
(Post and Kwon, 2000), and the rate can be as
high as 1.1 Mg C/ha/year with fertilizer and
irrigation management (Contant et al., 2001;
Gebhart et al., 1994; Qian and Follett, 2002).
Qian and Follett (2002) modeled SOC seques-
tration with historic soil testing data from golf
courses and reported that soils under golf
course sequester SOC at a rate of 1.0 Mg C/
ha/year. Land under the Conservation Reserve
Program also sequesters SOC at a similar rate
(Qian and Follett, 2002). Ohio farmland con-
verted to golf courses sequesters SOC at an
initial rate of 2.5 to 3.6 Mg C/ha/year as a result
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of permanent groundcover and increased man-
agement inputs of fertilizer and irrigation
(Selhorst, 2007).

Although home lawns have potential to
sequester C, information on SOC dynamics
in urban lawns is limited (Pouyat et al.,
2006), yet the technical potential for urban
lawns to sequester SOC is high as a result of
perennial turfgrass cover and improved man-
agement. Lawns provide a perennial ground-
cover and the soils beneath established grasses
are relatively undisturbed. Therefore, the lawn
ecosystem has been compared with perennial
grasslands and NT agricultural systems (Falk,
1976, 1980; Follett et al., 2009; Qian and
Follett, 2002). Lawns have the capacity to
produce biomass at a rate similar to those of
managed crops such as corn (Zea mays), wheat
(Triticum aestuvum), and prairie grasses (Falk,
1976, 1980; Qian and Follett, 2002). A com-
plete turfgrass C cycle accounting for turfgrass
maintenance practices of mowing, irrigating,
fertilizing, and applying pesticides must be
completed to determine net C sequestration
rates (Bandaranayake et al., 2003; Pickett et al.,
2008; Pouyat et al., 2006).

In general, fertilizer and irrigation prac-
tices can increase the rate of SOC sequestra-
tion (Campbell and Zenter, 1993; Glendining
and Powlson, 1991; Gregorich et al., 1996;
Lal, 2003; Paustian et al., 1997). Thus, use of
fertilizers and irrigation as lawn maintenance
practices could increase plant biomass and
enhance the SOC pool. An increase in input
of plant biomass also increases the rate of
humification (Duiker and Lal, 2000; Puget
et al., 2005).

A wide range of techniques exist for es-
timating the technical potential of SOC se-
questration (Bruce et al., 1999; Rickman et al.,
2001; Smith et al., 1993, 2008). Changes in the
SOC pool can be measured directly over time
(Bruce et al., 1999). Direct measurements are
an efficient technique for a small scale (plot
scale) but can be complicated by spatial and
temporal differences in soils for large regional
scales (Bruce et al., 1999; Qian et al., 2003;
Smith et al., 1993). Mathematical modeling of
SOC is well developed and is widely used to
study SOC dynamics under a range of envi-
ronmental conditions at regional scales (Bruce
et al., 1999; Lal, 2004a; Post et al., 2004; Qian
et al., 2003; Smith et al., 1993, 2008). Model-
ing has been used extensively to estimate
changes in the SOC pool resulting from man-
agement practices (Blanco-Canqui and Lal,
2004; Bruce et al., 1999; Lal, 2004a, 2004b).

Although atmospheric enrichment of CO2

is cited as a principal driver of climate change,
N2O and CH4 are other green house gases
(GHGs) of concern. The global warming poten-
tial (GWP) of N2O and CH4 can be expressed
in terms of CO2-C equivalents by knowing
their radiative forcing and residence time. Ra-
diative forcing is the difference in the amount
of radiation energy entering and exiting the
earth’s atmosphere. On a 100-year time scale,
one unit of N2O has the same GWP as 310 units
of CO2 and one unit of CH4 has the same
GWP as 21 units of CO2 (Intergovernmental
Panel on Climate Change, 2001).

Soil emissions of CO2, methane (CH4), and
nitrous oxide (N2O) are highly impacted by
soil properties and climate (Kaye et al., 2005;
Khan et al., 2007; Maggiotto et al., 2000; Smith
et al., 2007a). Carbon dioxide represents over
98% of the soil GHG flux and is accounted for
by NPP estimates in the basic model (Phillips
et al., 2009). Emissions of CH4 are formed
from anaerobic fermentation of organic matter
under conditions typical of flooded rice paddies
but not of typical home lawn ecosystem con-
ditions. Normal well-drained soils tend to act
as a sink for CH4 (Janssen et al., 2009; Phillips
et al., 2009). Soil emissions of N2O are less
than 1% of the GHG soil flux and result from
soil microbial activity (Kaye et al., 2005;
Phillips et al., 2009). Soil N2O emissions are
increased under saturated soil conditions
(Eichner, 1990; Smith et al., 2007a). Average
soil N2O flux is comprised of 65% to 77%
background emissions and 23% to 35%
fertilizer-induced emissions (Snyder et al.,
2007). Significant potential exists for the
mitigation of these GHG fluxes from soils by
management practices according to the Inter-
governmental Panel on Climate Change (Smith
et al., 2007b).

Determining N losses from turfgrass and
soil ecosystems is a useful strategy for de-
veloping an appropriate fertilization program
that promotes healthy turfgrass as well as
addressing the environmental concerns associ-
ated with N losses. Losses of N from turfgrass
occur through denitrification, leaching, vola-
tilization, runoff, and in some cases by erosion
(Baird et al., 2000; Foth and Ellis, 1997;
Petrovic, 1990; Tinsdale et al., 1985).

Groffman et al. (2009) reported few dif-
ferences in N2O fluxes above four urban
grassland and eight forested ecosystems. The
flux of N2O from intensively fertilized grass-
lands did not exceed that from forest ecosys-
tems, indicating that N cycling in urban lands
is a complex process. The data by Groffman
and colleagues also suggests that N retention
may be significant in these ecosystems. De-
nitrification losses are most likely low for
many turfgrass/soil conditions (Carrow et al.,
2001). Some conditions such as soils com-
pacted with poor drainage and algae covered
surfaces may be conducive to denitrification.
Kaye et al. (2004) studied the fluxes of CH4

and N2O from urban soils and compared these
with those from non-urban ecosystems.

The ecosystems studied consisted of urban
lawn, native shortgrass steppe, dryland wheat
fallow, and flood-irrigated corn. The urban
lawn fluxes of CH4 and N2O were comparable
to those from irrigated corn (Zea mays) but
were more than those from wheat (Triticum
aestivum) fallow or native grasslands. Limited
information is available for field comparisons
of soil–atmosphere exchange on N2O and CH4

fluxes from turfgrass/soil ecosystems.
Although this model did not account for

CH4 and N2O, future modeling scenarios should
consider inclusion of soil GHG when dictated
by specific climate, soil conditions, or manage-
ment practices known to greatly influence GHG
fluxes (Groffman et al., 2009; Lorenz and Lal,
2009b; Neeta et al., 2008; Raciti et al., 2008).

The objective of this research was to
investigate a simple mass balance model that
compares the rate of SOC sequestration under
a range of management scenarios for single-
family home lawns practiced in diverse ecor-
egions of the United States. This article
specifically explains methods to estimate the
net pool of SOC sequestration under MI, me-
dium input determined as DIY homes based
on average current practices, and high input
determined as homes using BMPs. Net SOC
sequestration rates of each category were de-
termined by subtracting the HCC from gross
SOC sequestration.

Materials and Methods

Soil organic carbon sequestration rates for
U.S. home lawns were modeled using data
available from published literature. All data
for SOC sequestration rates were compiled
for the 0- to 15-cm soil layer. The net SOC
sequestration rate was the amount of gross C
accumulated minus the HCC of lawn main-
tenance practices expressed as C equivalents.

Home lawns are cared with a number of
agronomic and maintenance inputs with the
majority including mowing, use of fertilizers
and pesticides, and irrigation. Forty million
home lawns use a MI system (mowing only),
30 million lawns are maintained by the home-
owner, and 10 million use a lawn care ser-
vice or apply fertilizer multiple times a year
(Augustin, 2007).

Do-It-Yourself lawn practices focus on
average current lawn maintenance practices to
calculate average net SOC sequestration rate in
U.S. home lawns. Estimates of lawn mainte-
nance practices for MI and BMPs are calculated
to benchmark C sequestration of low- to high-
range lawn maintenance regimes. These ranges
also provide an estimate of lawn management
practices under a wide range of regional envi-
ronmental conditions. The parameters, data,
and assumptions used in the model are summa-
rized in Table 1. This equation is expressed in
units of g/m2/year (Eq. [1]).

Net C sequestration rate = Gross SOC

sequestration rate -- HCC
[1]

Soil organic carbon sequestration. The
net rates of SOC sequestration were compiled
from published literature on NPP and SOC
dynamics (Tables 2 and 3). Data on net primary
productivity (NPP) were used to estimate the
average rate of SOC sequestration after the
humification of plant material (Smith et al.,
1993). The only data sets selected for use in
this study consisted of gross primary pro-
ductivity minus the respiration using both the
belowground (root) and aboveground (shoot)
growth rate for U.S. grasslands and turfgrasses
(Table 2). The grassland sites ranged widely in
geography and climate across the United States.
The NPP data used in this model included direct
measurements of dry plant biomass over 12
different sites. The average range of NPP was
5.89 to 12.71 Mg dry matter/ha/year. Each
year, �10% of the biomass added to the
soil may be humified (Duiker and Lal, 2000;
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Puget et al., 2005; Schimel et al., 1994). This
is the amount of plant material left as SOC
after detrital and microbial turnover (Schimel
et al., 1994). Thus, the rate of SOC sequestra-
tion was estimated at 0.6 to 1.3 Mg C/ha/year
after adjusting for the humification efficiency.

Data on SOC sequestration included U.S.
grasslands and lands converted to grasslands or
turfgrass (Table 3). The sites chosen ranged
widely in geography and climate across the
United States. The data on SOC sequestration
consisted of direct soil measurements or a
combination of direct soil measurements and
modeling techniques. SOC sequestration rates
in grassland and prairie sites were similar to
those from perennial turfgrass systems found in
the literature (Pouyat et al., 2002; Qian and
Follett, 2002). The average rate of SOC se-
questration was 0.46 Mg C/ha/year (Table 3).

Soil organic carbon sequestration models
are often developed using the NPP data (Smith

et al., 2008). The present model uses NPP and
SOC dynamic studies for grasslands specifically
selected to compare two different approaches.
Both NPP and SOC sequestration rates are
comparable and support the conclusion that
SOC sequestration values obtained could be
representative of U.S. home lawns. The aver-
age rate of SOC sequestration ranged from
0.5 to 1.3 Mg C/ha/year for the United States
(Tables 2 and 3), equivalent to 46.0 to 127.1 g
C/m2/year.

Influence of fertilizer and irrigation on
soil organic carbon sequestration. Fertilizer
and irrigation practices can increase the SOC
pool by increasing the amount of biomass
production (Lal et al., 1999). The proposed
model uses experimental data relating the rate
of biomass production to N application. Grass-
lands receiving fertilizer produced 7% to 298%
more dry biomass than unfertilized grassland
(Beaty et al., 1960; Graber and Ream, 1931;

Harrison, 1934; Juska et al., 1955; Juska and
Hanson, 1969; Lovvorn, 1945; Madison,
1961; Sullivan, 1961; Warnes and Newell,
1968). The rate of increase in the SOC pool
by irrigation is estimated at 50 to 100 kg C/ha/
year, an equivalent of 5 to 10 g C/m2/year (Lal
et al., 1999). Each set of SOC sequestration
data is summed to attain the net cumulative
SOC sequestration rate. Each term is expressed
in units of g C/m2/year (Eq. [2]).

Net SOC Sequestration rate =

SOC by humification

+ Fertilizer SOC + Irrigation SOC

[2]

Hidden carbon costs. Lawn management
practices of mowing, irrigating, fertilizing, and
using pesticides are derived from energy-based
inputs. The HCCs are the amount of energy
expended by different lawn maintenance prac-
tices from manufacturing to the amount used
in lawn care. The HCCs of turfgrass operations
are not well documented. Therefore, farm
operation energy conversions were used in this
model. Turfgrass operations were assumed
to be similar to farm land operations in terms
gasoline emissions from maintenance equip-
ment, supplemental irrigation, and fertilizer
and pesticide production and transportation.
Lal (2004b) converted energy use from farm
operations into units of CEs expressed as g CE/
m2/year. Inputs from turfgrass management
practices are converted into kilograms CE and
are summed for each maintenance practice to
estimate the HCC (Eq. [3]).

HCC = CE Mowing + CE Irrigation

+ CE Fertilizer + CE Pesticides
[3]

Hidden carbon costs of the inputs are used
in the model to compute net SOC sequestration
rates. The HCC of mowing is based on typical
homeowner practices of mowing once per
week from April to October for a total of 28
mowings/year (Augustin, 2007). The number
of mowings is similar to a 900-person survey
taken by students of Eastern Illinois University
who found the average number of mowings
was 30 times per year. However, the average in
the university study was extremely variable as
a result of the inclusion of other yard mainte-
nance practices (Quigly, 2001). University

Table 1. Summary of parameters, data, and assumptions used in the model development.

Lawns
category

No. of lawns
(millions) Mowings/year

No. of irrigated
lawns (millions) Fertilizer use Pesticide use

MI 40 28 None None None

DIY 30 28 3–4.5 9.07 · 105 Mg fertilizer sold/year
(The Scotts Miracle-Gro
Company, 2006)

EPA reported pesticide use estimations
in Mg/year (United States
Environmental Protection
Agency, 2004)

(10% to 15%) 2.63 · 105 nitrogen 5.9 · 103 Mg herbicide
2.70 · 104 phosphorus 1.4 · 103 Mg insecticide
3.60 · 104 potassium

BMPs 10 28 10 Industry-standard recommendations
in kg/ha/year

Industry-standard recommendations
in kg/ha/year

147–250 nitrogen 1 pre-emergent herbicide at 1.77
30–50 phosphorus 1 post-emergence herbicide

combo at 2.54
60–100 potassium 1 insect control at 0.09

MI = minimal input; DIY = do-it-yourself; BMPs = best management practices.

Table 2. Annual net primary productivity of dry plant weight (roots and shoots) of grasslands in the United
States.

Biomass/region
Dry plant wt
(Mg/ha/year) Reference

Desert grasslands 2.00–3.00 Woodwell and Whittaker (1968)
Desert grasslands 2.25–3.79 Sims and Singh (1978)
Mountain grassland 8.00–9.20 Sims and Singh (1978)
Shortgrass prairies 5.70–13.00 Sims and Singh (1978)
Mixed prairies 5.20–14.25 Sims and Singh (1978)
Tallgrass prairie 7.00–13.53 Sims and Singh (1978)
Tallgrass prairie 9.92–11.32 Kucera et al. (1967)
Tropical grasslands 2.00–20.00 Leith (1975)
Tropical grasslands 15.00–30.00 Woodwell and Whittaker (1968)
Temperate grassland 6.76 Van Hook (1971)
Temperate grasslands 1.00–15.00 Leith (1975)
Average biomass 5.89 ± 1.26z to 12.71 ± 2.30z

zThe mean of each range is followed by the SE.

Table 3. Annual soil organic carbon accumulation rates of grasslands in the United States.

Land use/management
Avg SOC accumulation

(Mg C/ha/year) References

Cultivated reseeded to grass 0.80 Bruce et al. (1999)
Low–high grassland management 0.54 Contant et al. (2001)
Cultivated to wheatgrass 0.189 White et al. (1976)
Cultivated to Russian wild rye 0.069 White et al. (1976)
Cultivated to abandoned grassland 0.031 Burke et al. (1995)
Cultivated to perennial grasslands 1.10 Gebhart et al. (1994)
Average SOC accumulation 0.46 ± 0.18z

zThe mean of each range is followed by the SE.
SOC = soil organic carbon; C = carbon.
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recommendations for lawn management prac-
tices include leaving the clippings on the lawn
after mowing (McKinley, 2005; Thurn et al.,
1994). Recycling clippings is a common prac-
tice in a home lawn situation as a result of
landfill restrictions on yard waste (Qian et al.,
2003). Therefore, it is assumed homeowners
leave clippings on the lawn after mowing.

Over 50% of homeowner lawnmowers are
walk-behind with a 2.2 to 3.7 kilowatt gasoline-
powered motor (Quigley, 2001). Mowers in
this category consume 12.7 to 20.4 mL
gasoline/min (Priest et al., 2000). The CE
of gasoline developed by Lal (2004b) was
a compilation of a wide range of fuel sources
used in farm operations and averages 0.8 g
CE/g gasoline. Mowing time for an average-
sized lawn is estimated at an average walking
speed of 4.0 km�h–1 for mowing a 0.5 m ·
1509.5-m (0.08 ha) strip and doubling the time
for making mower turns (Tudor-Locke, 2003;
Weil, 2009). Therefore, mowing produces
12.9 to 20.6 g CE/m2/year. Riding mowers
may emit more fuel than walk-behind mowers
but take less time to mow. Therefore, this rate
was standardized for all management levels.

Rates of turfgrass water use and evapotrans-
poration (ET) are well established and vary
among turfgrass species (Kenna, 2006). The
rates of water use for turfgrasses range from
3.0 to 8.0 mm�d–1 and of ET from 3.0 to 12.0
mm�d–1 (Beard, 1973; Kenna, 2006). In general,
BMPs suggest irrigating turfgrass when rainfall
volume is less than that of ET (McKindey,
2005; Osmond and Bruneau, 1999; Thurn et al.,
1994; Trenholm et al., 2002).

In areas of the United States receiving
enough rainfall to supply water to the grass,
lawns can survive without any irrigation
(Bormann et al., 1993). In arid areas of the
United States, irrigation may be required for
turfgrass survival (Bormann et al., 1993). The
CE of irrigation was derived from the amount
of energy required to pump water and is variable
as a result of the difference in system pressure,
water lift, pipe friction, water flow rate, and
efficiency (Lal, 2004b). The majority of home-
owners participating in irrigation practices use
hose-end sprinklers (Powell and Witt, 2003).
Therefore, the hand-moved sprinkler conver-
sion from farm operations was used and con-
sisted of 1.6 g CE/m2/year (Lal, 2004b).

The CE conversions for fertilizers and
pesticides were derived from a compilation
of production, packaging, storage, and distri-
bution requirements for fertilizer and pesticide
a.i. (Lal, 2004b) and vary based on the lawn
management category. The CE conversion of
fertilizer was 0.9 to 1.8 g CE/g nitrogen, 0.1 to
0.3 g CE/g of phosphorus, and 0.1 to 0.2 g CE/
g of potassium (Lal, 2004b). The CE conver-
sion for pesticides was 1.7 to 12.6 g CE/g
herbicide and 1.2 to 8.1 g CE/g insecticide
(Lal, 2004b).

Results

Minimal input management. Minimal in-
put lawns, comprising of 40 million homes, are
defined as mowing once a week without irri-
gation, fertilizer, or pesticide use (Augustin,

2007). The net SOC sequestration model for
MI is based on the gross SOC minus the HCC.

The SOC sequestration rate was 46.0 to
127.1 g C/m2/year (Table 2 and 3). Carbon
equivalents for mowing, used to estimate the
total HCC for MI, were 12.9 to 20.6 g CE/m2/
year. Thus, total net SOC sequestration rate
per MI home lawn was 25.4 to 114.2 g C/m2/
year (Table 4) or a total of 0.8 to 3.6 Tera-
grams (Tg)/year for the United States.

Do-it-yourself management. The rate of
SOC sequestration per DIY home lawn was 46.0
to 127.1 g C/m2/year (Tables 2 and 3). The rate
of SOC sequestration from nitrogen (N) fertil-
ization was based on 2.63 · 105 Mg of N/year
applied to all DIY lawns divided by 30 million
lawns. Thus, DIY lawns apply�10.9 g�m2/year
N and produce an estimated 980 g biomass/m2/
year (Beaty et al., 1960; Graber and Ream,
1931; Harrison, 1934; Juska et al., 1955; Juska
and Hanson, 1969; Lovvorn, 1945; Madison,
1961; Sullivan, 1961; Warnes and Newell,
1968). The rate of biomass produced in a DIY
lawn was 780 g/m2/year more than unfertilized
lawns (Beaty et al., 1960; Graber and Ream,
1931; Harrison, 1934; Juska et al., 1955; Juska
and Hanson, 1969; Lovvorn, 1945; Madison,
1961; Sullivan, 1961; Warnes and Newell,
1968). After accounting for humification effi-
cacy, the rate of SOC sequestration in each DIY
lawn was 78.0 g C/m2/year from fertilization.

Only 10% to 15% (3 to 4.5 million) of DIY
lawns irrigate (National Agriculture Statistics
Service, 2002, 2004), and the rate of SOC
sequestration aided by irrigation was 5 to 10 g
of C/m2/year (Lal, 2004b). Therefore, total
SOC sequestration for 3 to 4.5 million irrigated
home lawns was 12,000 to 36,000 Mg C/year.

The CE values for mowing, irrigating, and
applying fertilizers and pesticides were summed
to obtain the total HCC for DIY. The CE for
mowing was 12.9 to 20.6 g CE/m2/year and that
for irrigation is an average of the 10% to 15% of
the households that irrigate. The CE conversion
for hand-moved sprinklers (16.3 kg CE/ha/year)
was multiplied by 3 to 4.5 million home lawns.
This total was divided by 30 million DIY lawns
for an average of 0.1 to 0.3 g CE/m2/year.

Fertilizer use for DIY lawns in the United
States was 9.07 · 105 Mg of fertilizer sold to
the DIY category on a yearly basis (The Scotts
Miracle-Gro Company, 2006). A typical lawn
fertilizer analysis by weight is 29% N, 3%

phosphorus (P), and 4% potassium (K) (The
Scotts Miracle-Gro Company, 2006). This
amounts to 2.63 · 105 Mg of N/year, 2.70 ·
104 Mg of P/year, and 3.60 · 104 Mg of K/year.
The CE conversions for fertilizer (0.9 to 1.8 g
CE/g N, 0.1 to 0.3 g CE/g of P, and 0.1 to 0.2 g
CE/g of K) were multiplied by the appropriate
fertilizer component to obtain an average of
10.1 to 20.4 g CE/m2/year.

Pesticide use for the lawn and garden cate-
gory in the United States is estimated at 11,800
Mg herbicides and 2,800 Mg insecticides/year
(United States Environmental Protection
Agency, 2004). Because this report includes
lawns, gardens, landscaping beds, pesticides
used indoors, and pesticides used on pets,
the pesticide rate was assumed to be divided
among the categories. Therefore, it was as-
sumed half of the consumption was on lawns
and the other half was on landscape, garden,
indoor, and pet pesticides. This number also fell
in the same range as proprietary sales data given
by The Scotts Miracle-Gro Company. There-
fore, lawn herbicides are estimated at 5900 Mg/
year and pesticides at 1400 Mg/year. The CE
conversion for pesticide a.i. (1.7 to 12.6 g CE/g
herbicide and 1.2 to 8.1 g CE/g insecticide) was
divided among the 30 million DIY lawns for an
average of 0.4 to 2.6 g CE/m2/year.

The gross SOC sequestration for the aver-
age DIY lawn was 124.5 to 206.6 g C/m2/year
with a HCC of 23.6 to 43.9 g CE/m2/year.
Thus, the total net SOC sequestration rate for a
DIY home lawn was 80.6 to 183.0 g C/m2/year
(Table 4) or at total of 1.9 to 4.4 Tg/year for
the United States.

Best management practices. Home lawns
following BMPs are comprised of 10 million
homes, which use a lawn care service or
engage in multiple fertilizer applications in a
given year (Augustin, 2007). Lawn care ser-
vices adopt university BMPs as a management
program. This program is defined as mowing
once per week, fertilizing four times a year
with pest prevention, and irrigating regularly
when rainfall is insufficient for healthy grass
growth (Carrow et al., 2001; Fipps et al., 2005;
Heckman and Murphy, 2003; Landschoot,
2005; Louisiana State University, 2008;
McKinley, 2005; Osmond and Bruneau, 1999;
Reicher and Throssell, 1998; Rieke and
Lyman, 2002; Sartain, 2000; Street and White,
2006; Thurn et al., 1994; Trenholm et al.,

Table 4. U.S. grassland annual soil organic carbon accumulation rate.

Minimal input lawns Do-it-yourself lawns
Best management

practices lawns

----------------------------------(g/m2/year)----------------------------------

SOC 46.0–127.1 46.0–127.1 46.0–127.1
Fertilizer SOC 0 78.0 78.0–98.0
Irrigation SOC 0 0.5–1.5 5.0–10.0
Gross SOC 46.0–127.1 124.5–206.6 129.0–235.1
Mowing HCC 12.9–20.6 12.9–20.6 12.9–20.6
Irrigation HCC 0 0.1–0.3 1.6
Fertilizer HCC 0 10.1–20.4 15.5–49.5
Pesticide HCC 0 0.4–2.6 0.8–5.6
Gross HCC 12.9–20.6 23.6–43.9 30.8–77.3
Total net sequestration 25.4–114.2 80.6–183.0 51.7–204.3
Total net sequestration per lawn 20,320–91,360 64,480–146,400 41,360–163,440

SOC = soil organic carbon; HCC = hidden carbon cost.
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2002). The net SOC sequestration model for
BMPs was also based on subtracting the HCC
from gross rate of SOC sequestration.

The rate of SOC sequestration was 80.0 kg
C/lawn/year (Tables 2 and 3) based on industry
standards of BMPs for fertilizing turfgrass 14.7
to 25.0 g N/m2/year (Carrow et al., 2001; Fipps
et al., 2005; Heckman and Murphy, 2003;
Landschoot, 2005; Louisiana State University,
2008; McKinley, 2005; Osmond and Bruneau,
1999; Reicher and Throssell, 1998; Rieke and
Lyman, 2002; Sartain, 2000; Street and White,
2006; Thurn et al., 1994; Trenholm et al.,
2002; University of Florida, 2004). This range
is based on regional area and species type
variations. The BMP rate of fertilizer applica-
tion produced 780 to 980 g more biomass/m2/
year than unfertilized grass (Beaty et al., 1960;
Graber and Ream, 1931; Harrison, 1934; Juska
et al., 1955; Juska and Hanson, 1969; Lovvorn,
1945; Madison, 1961; Sullivan, 1961; Warnes
and Newell, 1968). Accounting for 10% humi-
fication efficiency, SOC sequestered through
BMP rates of N fertilization was 78.0 to 98.0 g
C/m2/year. The SOC sequestered from irriga-
tion was calculated at 5.0 to 10.0 g C/m2/year.

The CE for mowing, irrigating, and ap-
plying fertilizers and pesticides was summed
to compute the total HCC for BMPs. The HCC
was 12.9 to 20.6 g CE/m2/year for mowing.
It was assumed that irrigation was practiced by
all BMP lawns. The total amount of land under
irrigation for the BMP category was 0.8 Mha.
Using the hand-moved sprinkler conversion,
BMP lawns used 1.6 g CE/m2/year for irrigation.

Fertilizer use as modeled from university
recommendations was based on applying 14.7
to 25.0 g N/m2/year. A common lawn fertilizer
ratio is 5–1–2. Therefore, P was calculated at
3.0 to 5.0 g P/m2/year and K was calculated at
6.0 to 10.0 g K/m2/year. The amount of N, P,
and K was multiplied by the appropriate
fertilizer component CE for a total of 15.5 to
49.5 g CE/m2/year.

Pesticide use for BMPs is modeled on the
basis of one application for each pre-emergence
herbicide, post-emergence herbicide, and insect
control per year (Louisiana State University,
2008; McKinley, 2005). All pesticide controls
were based on common lawn granular fertilizer
plus pest control combination products using
percent a.i. of each pesticide (Scotts Training
Institute, 2007). The pre-emergence control in-
volved use of pendimethalin (C13H19N3O4) at a
rate of 0.17 g�m–2. The post-emergence control
involved a combination of 2,4-dichlorophenox-
yyacetic acid (C8H6Cl2O3) at 0.17 g�m–2 and
Mecoprop-P (C10H11ClO3) at 0.08 g�m–2. Insect
control involved the insecticide bifenthrin
(C23H22ClF3O2) at 0.01 g�m–2. Using the CE
conversion for herbicide (1.70 to 12.60 g CE/g
herbicide) and insecticide (1.2 to 8.1 g CE/g
insecticide), the total amount of each pesticide
was multiplied by the appropriate pesticide CE
for a total of 0.8 to 5.6 g CE/m2/year.

The average BMP home lawn has a gross
SOC sequestration rate of 129.0 to 235.1 g C/
m2/year, HCC of 30.8 to 77.3 g CE/m2/year,
and net SOC sequestration rate of 51.7 to 96.3
g C/m2/year (Table 4) or a total of 0.4 to 0.8 Tg/
year for the United States.

Discussion

The proposed model is a national scale
assessment of the net SOC sequestration po-
tential of existing home lawns in the United
States. The model indicated the rates of SOC
sequestration estimated from NPP compare
well with those from grassland and turfgrass
SOC sequestration rates reported in published
data. These rates are also similar to some
cropland ecosystems. The rates of SOC seques-
tration are similar to the national average rates
for other land uses.

An average size home lawn in the United
States has the potential to sequester 20.3 to
163.4 kg C/lawn/year (Table 4). The largest
increase in C sequestration occurs when man-
agement practices increase from MI to DIY.
BMPs can increase the rate of SOC sequestra-
tion even further. At a high level of manage-
ment, however, the HCC can offset the benefit
of C sequestration. For example, a lawn in the
arid southwest under a BMP lawn program has
more HCC and a lower net rate of SOC
sequestration. In contrast, a lawn in the north-
east under a DIY program requires less HCC to
maintain a healthy lawn and has a higher rate
of SOC sequestration.

Total single-family home lawn area of 6.4
Mha covers �5% of the total land under crop-
land (138 Mha) in the United States (United
States Census Bureau, 2010). From the model,
the rate of SOC sequestered in home lawns is
0.5 to 1.5 Mg C/ha/year, which is more than an
average rate for U.S. cropland of 0.3 Mg C/ha/
year (Lal and Follett, 2009). The rate of SOC
sequestration for home lawns also falls in a rate
similar to that for the world grasslands of 0.6 to
1.9 Mg C/ha/year (Bruce et al., 1999).

The rate of SOC sequestration depends on
the antecedent SOC level, climate, profile char-
acteristics, and management (Lal et al., 1999).
The net rate of SOC sequestration for a specific
land use (i.e., home lawns) eventually attains
a steady state and the net rate approaches zero
(Lal et al., 1999). The point of SOC saturation
for home lawns is unknown and may vary
widely among regions. Historical soil data on
home lawns is limited as a result of the lack of
continuity of lawn care maintenance practices.

The scope of the model can be further
broadened to account for specific climate, soil
types, lawn management practices, and soil
gas flux. Validation through long-term field
sampling of SOC is needed to determine the
extent and limits to which urban lawn soils
can sequester C. Direct measurements and
future research will increase the precision and
accuracy of this model to a local or regional
scale.
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