
Atmospheric carbon dioxide concentra-
tions have varied historically, but they
have substantially increased from 270
pmol mol-1 in 1870 prior to the Industrial
Revolution to current levels greater than
365 pmol moL' (Morgan et al. 2004a).
Land management practices, however, offer
opportunities to mitigate the rise in atino-
spheric CO, concentration through seques-
tration of this additional carbon via storage
in plant biomass and soil organic matter in
a process termed terrestrial C sequestration
(Izaurralde ci al. 2001). Carbon sequestra-
tion also provides associated ecosystem co-
benefits such as increased soil water holding
capacity, better soil structure, improved soil
quality and nutrient cycling, and reduced soil
erosion.

Rangelands have a large potential to
sequester C because they occupy about half

of- the world's land area and store greater than
10% of terrestrial bioniass C and 10 to 30% of
global soil organic carbon (SOC) (Schlesinger
1997; Scurlock and Hall 1998). It is estimated
that rangelands globally sequester C in soil
at a rate of 0.5 Pg C yH (Schlesinger 1997;
Scurlock and Hall 1998). Although soil C
sequestration rates are low oil
relative to those reported for croplands and
improved pastures, increases ni terrestrial C
oil resulting front management
account for a significant amount of  seques-
tration given the large geographical area of
this land resource and generally require nun-
imal inputs. -Fl-us implies that modest changes
in C storage in rangeland ecosystems have the
potential to modify the global C cycle and
indirectly influence climate (Schimel et al.
1990; Ojinia et al. 1993; Conant et al. 2001).
Despite its significance, our understanding

of land use effects oil storage of C in
rangelands rei i nut ns limited (Sd iui i ian et
al. 2001: Reeder and Scliunian 2002). In
addition, research addressing C sequiestra-

om i ill rangelands is still ni its iii ft ncv when
coniparcd to cropland and forestry.

Soil C sequestration oil is niflu-
cnccd by bioi ne, climate (( oi ia i it et 11. 2(11)1).
ma ii .igei o en t practices, a ii d c nv ironmei ital
factors (Jones and Donnelly 2004). Even
though C dvnani ics on rangelands involve
complex interactions n ivolvi ng climate,
soils, plait t commu ii ities at t d ma nagen ici it.
we cii rrcn tiv oii lv have a rud iii iei i ta rv
knowledge of these interactions is control-
hog drivers Influencing  soil C sequestration
(Schuman et al. 21)01). I here is, however,
emerging evidence that the relative contribu-
tion of ii iai tagen tent practices can be lower
conipared to climatic drivers (e.g., Schiuinan
et al. 2005). Nevertheless, there remains a
pauicity of basic ecological m frnia tioti that
is needed to nnprove understanding of
wh y, when and where rangeland ecosystems
Iii nction as C sinks or Source-,.

Here we provide a review of current
knowledge oil the effects of'l.i i id n iai iagen tent
practices (graintg. N iiiputs via f.'rtihi7ati0n
and intersecding of N-fixing legunics, and
restoration of' degraded lands) oil seques-
tration ill rangelands. Because of the limited
information oil ( ; sequestration in dr' lands
including deserts and desert grasslands (e.g..
Gardner 195)); P.,asniusscmi and Brothcrsomi
1986; Lal 2004a; Vagen et al. 201)5). this
paper primarily addresses semi-arid (250 to
50)) mm annual precipitation) and m ncsic
(500 to 1000 mitt) rangeland ecosvstenis
where the vast majorit y of research has been
conducted. These data are synthesized to
determine relationships of changes iii soil C
to length of tune a rangeland management
practice has been in place and to gradients
in mean annual precipitation as C sequestra-
tion rates increase front arid (0.02 to 0.08
Mg C ha yr) to senti-arid (0.03 to 0.12 Mg
C ha' yr' 1) to set ni-h timid and sub-humid
(0.08 to 0.20 Mg C ha yr) environnients
(t.:il 2000). Differences in
versus helow_grocuid constraints oil
growth (Burke et al. 1998), root/shoot ratios
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Table 
Management effects on soil organic carbon sequestration rates of rangelands across ecosystems.
Management practice/ecosystem	 Location	 Soc sequestration	 Citation
Grazing
Shortgrass prairie	 Colorado	 012 Mg C ha 1 yr 1	Derner et al. 1997

Colorado	 0.07 Mg C ha 1 yr 1	Reeder and Schuman 2002

Northern mixed-grass prairie

Southern mixed-grass prairie

Nitrogen fertilization
Tallgrass prairie

Conservation Reserve Program

Legume Interseeding
Northern mixed-grass prairie

Restoration
Southern mixed-grass prairie

Semiarid savanna

Tallgrass prairie

Oklahoma	 No difference 0 to 10 cm with
moderate grazing, but 65%
decrease with heavy grazing

Sudan	 Restored Soil C to 80% of native
rangeland in 100 yr

Argentina	 466% increase

Texas	 Average 0.45 Mg C ha',
estimated 100 years to achieve
native rangeland level

Wyoming	 0.30 Mg C ha .1 yr1
North Dakota	 0.29 Mg C ha  yr1

Oklahoma	 No change

Kansas	 1.6 Mg C ha .1 yr1

Wyoming	 0.41 to 1.16 Mg C ha  yr1
Saskatchewan	 Increases of 5.4 to 9.3 Mg C ha  yr1

South Dakota	 0.33 to 1.56 Mg C ha .1 yr1

Schuman et al. 1999

Frank 2004

Fuhlendorf et al. 2002

Rice 2000

Reeder et al.1998

Nyborg et al. 1994

Mortenson et al. 2004

Fuhlendorf et al. 2002

Olsson and Ardö 2002

Abril and Bucher 2001

Potter etal. 1999

Conservation Reserve Program	Texas, Kansas, and Nebraska	0.8 to 1.1 Mg C ha  yr	 Gebhart et al. 1994
Texas to North Dakota	 Average 0.9 Mg C ha' yr 1	Follett et al. 2001

Mined lands	 Wyoming	 400% increase over 30 years	 Stahl et al. 2003
Note: Data from Schuman and Derner 2004; Follett and Schuman 2005.

(Sims et a]. 1978; Derner et a]. 2006), root
C/SOC ratios (Derner et al. 2006), and pro-
ductivity potential (Knapp and Smith 2001)
have been previously demonstrated across
precipitation gradients.

Land Management Effects on Carbon
Sequestration
Grazing. Grazing facilitates the physi-
cal breakdown, soil incorporation and rate
of decomposition of residual plant mate-
rial (Naeth et al. 1991; Shariff et al. 1994;
Schuman et al. 1999). Grazing intensity
and frequency are thought to cause the pri-
mary effects on C storage across rangelands
(Bruce et al. 1999), although these effects

are often inconsistent and difficult to predict
(Milchunas and Lauenroth 1993; Schuman et
al. 2001; Reeder and Schuman 2002).

Grazing-induced changes in plant coin-
muniry composition are likely responsible
for many of the changes in C sequestration
observed with stocking rates. For example,
moderate and heavy stocking rates during
the grazing season employed in a shortgrass
steppe and a northern mixed-grass prairie
modified the plant community composition
by reducing the proportion of cool-season
(C3) perennial grasses while increasing the
predominant warm season (C4) perennial
grass, blue grama (Frank et al. 1995; Schuman
et al. 1999; Derner et al. 2006). This change

in plant community composition reduces
the production potential of these rangelands
by up to one-third (Schuman et al. 1999)
but increases SOC because of the greater
transfer of C to helowground plant parts in
blue grama (Coupland and Van Dyne 1979).
Grazing at moderate and heavy stocking
rates in a shortgrass steppe increased SOC
in the surface 30 ens (11.9 in) compared to
adj acent nongrazed exclosures (Derner et
al. 1997, 2006; Reeder and Schuman 2002;
Reeder et al. 2004), resulting in estimated
C sequestration rates of 0.12 Mg C ha- 1 yr
(108.78 lbs ac yrjfor the moderate stock-
ing rate and 0.07 Mg C ha yr (63.46 lbs
ac' yrj for the heavy stocking rate (table 1).
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Figure a
Percent change (grazed vs. nongrazed) in soil organic carbon with respect to length of grazing
treatment in the North American Great Plains.Also, grazing at light or heavy stocking rates

in northern mixed-grass prairie increased
Soc in the surface 30 cm of the soil coin-
pared to nongrazed exclosures (Schuman et
al. 1999), resulting in a C sequestration rate
of 0.30 Mg C ha' yr' (271.96 lbs ac' yr ')
(table 1). Carbon sequestration rates, calcu-
lated using CO 2 flux data, on a northern
nuxed-grass prairie were similar at 0.29 Mg
C ha yr '(262.89 lbs ac' yr')(Frank 2004).
Long-term (81 years) moderate and heavy
grazing in northern mixed-prairie increased
soil C by 19'Yo and 34%, respectively, in the
surface 5 cm (1.9 in) of soil compared to
nongrazed exclosures (Wienhold et al. 2001).
Grazing strategy did not affect C sequestra-
tion in a northern mixed-grass prairie as no
differences were evident among short-dura-
tion rotational grazing, rotationally-deferred
grazing, and continuous season-long grazing
at heavy stocking rates (Manley et al. 1995).

There is a paucity of information address-
ing the interactions of management and
environment on C sequestration. One recent
study, however, sheds considerable light into
the complexity of these interactions and the
limitations in extending data from relatively
short-term investigations to long-term pre-
dictions. Severe drought and heavy grazing
can result in significant losses of SOC that
was previously stored during normal to
above-normal production years in northern
mixed-grass prairie (Schuman et al. 2005).
Loss of SOC during these drought years
concurs with CO  flux data results during
the same time period in a nearby shortgrass
prairie (Morgan et al. 2004b). Microbial
coinnmunity shifts and activity were also
observed in the heavy stocking rate of the
northern mixed-grass prairie that exhibited
significant losses in soil C during the severe
drought period (Ingram et al. 2004, Stahl
Ct al. 2004). These data suggest that addi-
tional information is needed to assess the
importance and processes associated with
dramatic fluctuations in climatic factors, such
as drought, that may induce losses of C in
rangeland ecosystems (Breshears and Allen
2002). Drought may change rangelands from
sinks to sources of atmospheric CO  because
limiting soil water proportionally affects
photosynthetic rates more than total respira-
tion (Balogh et al. 2005.)

Nitrogen Inputs. Many rangelands are N
deficient and have been shown to exhibit
increased production (Samuel and Hart
1998; Berg and Sims 2000) and water-use-
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efficiency in response to N addition (Power
and Alessi 1971). Addition of N fertilizer
increased soil C in a tallgrass prairie (Rice
2000), in CRP lands (Reeder et al. 1998), in
rangelands in Saskatchewan, (Nyborg et al.
1994) and in Alberta (Malhi et al. 1991) (table
1) There are, however, substantial C emissions
associated with the production, packaging,
storing and distribution of N fertilizers (Lal
2004b). Changes in SOC on "WW-Spar"
Old World bluestem (Bothriochloa ischaenmum
L.) pastures in Oklahoma after five years of
annual N fertilizer applications were greater
for the intermediate application rate (68 kg
N ha' yr') compared to lower (34 kg N ha'
yr1 ) and higher (102 kg N ha' yr') applica-
tion rates (Berg and Sims 2000). Application
of other nutrients, where they are deficient,
can also enhance SOC storage (Nyborg
et al. 1998, 1999; Conant et al. 2001). The
benefits of increased SOC sequestration
with N-fertilization are oet, however, by
emissions of CO  and N 2 in the fertilizer
process (Schlesinger 1999, 2000), as well as

y = 20.99 - 0.248 (years)
•	P=0.1855

r2 = 0.23

the enhancement of NO , (nitric oxide plus
nitrous oxide) emissions and reduction of
CH, uptake in soils (Mosier et al. 1998).

The introduction of N-fixing legumes
into rangelands has been the subject of
research for decades to provide an alternative
to N-fertilization (Tesar and Jakobs 1972;
Heinrichs 1975; Kruger and Vigil 1979;
Berdahl et al. 1989). For example, intersced-
ing yellow-flowered alfalfa (Medica,i,o saliva
ssp.falcata) into northern mixed-grass prairie
increased SOC by 4% to 17% across three
interseeding dates (Mortenson et al 2004),
resulting in C sequestration rates of 1.56,
0.65, and 0.33 Mg C ha' yr', for 3-, 14-,
and 36-year post-interseeding, respectively
(table 1). N fixation by the yellow-flower-
ing alfalfa also significantly increased soil
total N, aboveground production, and N for-
age quality (Mortenson et al. 2004, 2005).
This increase in production accounts for the
enhanced SOC storage and does not repre-
sent any "C costs" in the production of N.
An initial report by Schuman et al. (2004)

.
.

0	20	40	60	80	100

Length of grazing treatment (years)

• 0 to 30 cm light grazing
• 0 to 30 cm moderate grazing
A 0 to 30 cm heavy grazing

- 0 to 30 cm regession line

Note: Data from Frank et al. 1995; Schuman et al. 1999: Reeder and Schuman 2002: Derner et
al. 2006.
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indicated no increase in the emission of the
greenhouse gas nitrous oxide froisi rangeland
soils oil yellow-flowered alfalfa had
been interseeded.

Restoration of Degraded Lands
Cultivated Lands. Cultivitiori of rangeland
soils draniatically reduces SOC. (Haas et al.
1957). For exaniple, shortgrass steppe soils
cultivated for 60 years had 62% less SOC
in the upper 15 (:in in) of the soil pro-
file conipared to native rangeland (Bowman
et al. 199(1). Abandoning cultivationof the
shortgrass steppe soils, without re-
establish-ing pen i ia i iei it vegetation has increased
SOC by 20% in the surface 10 cut in)
over 50 years (Burke et al. 1995); yet these
soils contained only 67% of the SOC found
in native shortgrass steppe, suggesting that
there is a considerable capacity to sequester
C in these degraded soils. f his capacity may
be tempered, however, by limitations associ-
ated with the loss of soil productivity due to
historic erosional losses of topsoil while these
lands were under cultivation.

Restoring permanent vegetation oil
 cultivated lands offers opportunities

to store substantial amounts of SOC. For
example, Post and Kwon (2000) report an
average soil C sequestration rate for grass-
land establishment oil cultivated
lands of 0.33 Mg C ha yr 1 (299.15 lbs
ac yr'), although they acknowledge there
is considerable variation. C;razing can alter
the recovery of these restored sites and affect
C sequestration as heavy grazing can reduce
the rate of  accumulation (Fuhiendorfet al.
2002). Predicted recovery of soil C oil

 fields to pre-cultivation levels without
restoration efforts is 230 years (Knops and
Tilnian 2000). Model estimates indicate that
conversion of marginal agricultural lands to
rangeland in Sudan would restore SOC lev-
els to 80% of those found in native savannas
in 100 years (Olsson and Ardo 2002). Potter
et al. (1999) estimated restoration efforts in a
tallgrass prairie would require 158 years for
the restored site to have a similar C pool as
native prairie.

Carbon sequestration rate estinlates for
restored lands range from 0.28 Mg C ha
yr (253.83 lbs ac' yr') in the surface 20
cm (7.9 in) oil restored sites in a
semi-arid savanna in the western Chaco of
Argentina (Abril and Bucher 2001) to 0.90
Mg C ha yr' for Conservation Reserve
Program lands from Texas to North Dakota

Figure 2
Percent change (interseeded vs. noninterseeded) in soil organic carbon and carbon
sequestration rate with respect to length of interseeding of N-fixing legume in a northern
mixed-grass prairie.

5	10	15	20	25	30	35

Length of interseeding of N-fixing legume (years)

• 0 to 100 cm percent change
0 to 100 cm regression line for percent change

o 0 to 100 cm carbon sequestration rate

Note: Data from Mortenson et al. 2004.

Figure 3
Percent change (restored vs. nonrestored) in soil organic carbon with respect to length of
restoration of formerly cultivated lands in North American Great Plains.
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Figure i
Soil organic carbon pools to 30 cm depth across a mean annual precipitation gradient in the
North American Great Plains.(Follett et al. 2001) (table 1). Similarly, C

sequestration rates in the 0 to 40 cm (0 to
13.7 ill) and 0 to 300 cm (0 to 118.1 in) soil
depths were estimated to be (.).8 to 1.1 Mg
C ha yr (725.22 to 997.17 lbs ac' yr)
fir Conservation Reserve Prograiii lands in
Texas, Kansas and Nebraska (Gebhart et al.
1994). Restored taligrass prairie in Texas was
estimated to have a C sequestration rate of
0.45 Mg C ha yr (407.93 lbs ac' yr') in
the upper 60 on (23.6 in) of the soil profile
(Potter et al. 1999).

Mined Lands. Restoration of rangelands
disturbed by surface nnnnig represent a
nnnor fraction of the land area in the United
States. Only 2.3 M ha (5.683.423 ac) of land
Was permitted for surface coal 111111111g ni
the United States between 1977 and 2001 
(Galetovic 2003), but these lands have great
potential for high rates of C sequestration
because of the soil salvage process. Soil sal-
vage generally results iii the collection of the
two surface soil horizons and in some cases
stockpiling of this material for several years.
This process results in the dilution of the
SOC pool by mixing of the soil organic mat-
ter (SOM) rich surface horizon with subsoil
horizons that have lower amounts of SOM
(Woods and Schunsan 1986; Schuman 2002).
The resulting soil material has similar levels
of SOM to those found in dryland cropland
soils that were cultivated for > 50 years (Haas
et al. 1957; Tiessen et al. 1982; Burke et al.
1989; Bowman et al. 1990); therefore, these
soils have a SOC sequestration potential
similar to marginal, highly erodible crop-
lands that have been restored to grasslands.
Stockpiling soil also greatly diminishes the
quality of the soil through enhanced organic
matter degradation/decomposition, loss
of plant residue inputs and general loss of
iiiuch of the microbial functions (Severson
and Cough 1983; Harris et al. 1989, 1993).
Alternative plant growth materials are also
sometimes used in place of topsoil resulting in
subsoil or mine spoil material with very low
levels of SOC and limited nutrient cycling
potential (Schuman and Taylor 1978; Woods
and Schuman 1986). Reclaimed mine soils (0
to 15 cm depth) in Wyoming have exhibited
increases in SOC of about 400% over a 30-
year period (Stahl et al. 2003) (table 1).These
authors hypothesized that the decomposition
rates are reduced in reclaimed mine soils due
to low microbial activity, thereby accounting
for the larger than expected increase in C.
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Synthesis of Land Management Effects
on Carbon Sequestration in Rangelands
Length of Practice. Although there was no sta-
tistical relationship between change in SOC
with longevity of the grazing nianagement
practice in rangelands of the North
American Great Plains, the general trend
seenis to suggest a decrease in C sequestra-
tion with longevity of the grazing manage-
ment practice across stocking rates (figure 1).
This trend in linear reduction in C seques-
tration of the top 30 cm (11.8 in) of the soil
profile is consistent with the understanding
that the ecosystem will reach a 'steady-state'
and a change in management and/or inputs
would be required to sequester additional C
(Conant et al. 2001,2003; Swift 2001).

In contrast to grazing, the general rela-
tionship of change in SOC to longevity of
the interseeding of a N-fixing legume is pos-
itive with time (figure 2). It should be noted,
however, that this relationship is based on
a single study. Nevertheless, interseeding of
an N-fixing legume in rangelands likely has
the potential to continue to increase inputs
of C, and illustrates the importance of N in
C sequestration. Management practices that
maintain or slightly increase soil N, such as
grazing (Johnston et al. 1971; Snioliak et
al. 1972; Manley et al. 1995; Dormaar and
WilIms 1998; Burke et al. 1999; Schuman
et al. 1999; Verchot et al. 2002; but see

y = -98321 +(110727x/ 27 + x)
P < 0.0001
r2 = 0.83

600	700	800	900

Frank et al. 1995; Frank and Evans 1997),
will likely result in limited C sequestration.
Management practices that reduce soil N
will result ill net C losses from the system.

The lack of  general relationship between
C sequestration and longevity of restoration
of perennial grass on fornierly cultivated
lands results from the high variability in
changes in C reported for numerous studies
where the length of restoration is less than 10
years (figure 3). This lack of a relationship is
in contrast with increasing changes ill
with length of restoration reported in central
Texas by Potter et al. (1999) for the 0 to 60
cm (0 to 23.6 in) soil profile.

Mitigation ofof increasing atmospheric
CO, is partially achievable through proper
land management on rangelands. Additional
data is needed to further develop the rela-
tionship between N-fixing legumes and
length of treatment to increase our degree
of confidence. Land management practices
that increase soil N, such as interseeding of
N-fixing legumes have the potential to con-
tinue sequestering C for longer time periods,
and without the "C-costs" associated with
the production of inorganic N fertilizers.

Precipitation Gradients. In rangelands
of the North American Great Plains, SOC
pools to a depth of 30 cm (11.8 in) have been
shown to increase with increasing precipita-
tion (figure 4). Pools of SOC arc two to three

E
C.)

0
.0
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0

0
U,

Mean annual precipitation (mm)
Note: Data from Frank et al, 1995; Schuman et al. 1999; Reeder et al. 2004; Derner et al, 2006.
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times lower in semi-arid than inesic range-
lands (Derner et al. 2006).The same absolute
change in Soc pools in semi-arid and mesic
rangelands would result in a greater rela-
tive change in SOC pools for the semi-arid
rangeland. Differential responses of SOC
between semi-arid and mcsic rangelands in
the Great Plains to grazing are thought to
be a result of 1) lower SOC pools, 2) greater
root C/soil C ratios, arid 3) a grazing-induced
compositional shift to greater C4 dominance
in the semi-arid shortgrass steppe (Derner
et al. 2006).These authors hypothesized that
the primary driver linking grazing-induced
compositional changes in species composi-
tion to the C changes in shortgrass steppe
was the magnitude and proportion of fine
root mass in the upper soil profile (Derner
et al. 2006).

The relationship of C sequestration to

mean annual precipitation is negative for
both the 0 to 10 (0 to 3.9 in) and 0 to 30 cm
(0 to 11.8 in) soil depths across stocking rates
(figure 5). The threshold from positive to
negative C change occurs at approximately
440 mm (17.3 in) of precipitation for the 0
to 10 cm soil depth and at 600 mm (23.6 in)
for the 0 to 30 cm soil depth. Above these
threshold precipitation values, C seques-
tration does not increase and may actually
decrease SOC. The observed relationship
for the 0 to 10 ens soil depth along this
precipitation gradient is in general agree-
ment with Sims et al. (1978) and Sala et al.
(1988) in identifying the 370 to 400 mm
(14.6 to 15.8 in) precipitation range as the
region in which a transition in aboveground
ecosystem responses to grazing occurs, and
this aboveground difference may also be
manifested belowground. Not surprisingly, no

differences for SOC were observed between
nine long-term grazedgrazed and ungrazed (20 to
71 years) sites along a precipitation gradi-
ent of 330 to 480 mm (13.0 to 18.9 in) in
Canada (Henderson et al. 2004).A potential
niechanisni responsible for the transition
in C sequestration firorn senn-arid to more
mesic environments may he the control of
precipitation on N turnover and in inter-
action with N availability in controlling C
gain (Austin and Sala 2002). The reduction
in C sequestration in relatively wet environ-
nients can he explained by greater microbial
biomass C and N and labile organic matter
pools which increase nutrient cycling (Zak
et al. 1994).

A relationship of C sequestration to
mean annual precipitation for iriterseed-
nig N-legumes cannot be assessed at this
time because of a lack of data. Several inter-
seedings of yellow-flowering alfalfa across
Wyoming arid adjacent states in the past
two years should provide the opportunity
to develop such a relationship in coming
years. In addition, there is also a lack of any
general relationship of C sequestration to
mean annual precipitation for restoration of
perennial grass on formerly cultivated lands
(figure 6). The high variability in change
in SOC to mean annual precipitation may
be, in part, because of differences in the
length of time sites were cultivated prior
to restoration efforts, intensity of cultiva-
tion efforts, arid types of species used in the
restoration efforts.

Constraints to Synthesis. We note that
the high degree of variability in soils and
vegetation at multiple spatial scales ranging
from plant community interspaces (Hook
et al. 1991;Vinton and Burke 1995; Derner
et al. 1997) to the landscape (Burke et al.
1999) necessitates that researchers select
appropriate arid comparable sampling sites
across treatments for initial and subsequent
sample collection to facilitate field data
estimates of C sequestration rates (Schuman
and Derner 2004). Furthermore, the
concentration of SOC near the soil surface
in rangelands (Weaver et al. 1935; Gill et al.
1999) has resulted in many studies addressing
only responses of the uppermost portion of
the soil profile (Burke et al. 1999). Deeper
depths have also beers shown to sequester
C (Schuman et al. 1999), and C turnover is
influenced by decomposition rates of roots
which decrease with increasing soil depth
(Gill and Burke 2002).

Figure 5
Percent change (grazed vs. nongrazed) in soil organic carbon with mean annual
precipitation with grazing in North American Great Plains.
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Note: 0 to 10 cm data from Smoliak et al. 1972 and Fuhlendorf et al. 2002; 0 to 30 cm data
from Frank et al. 1995, Schuman et al. 1999, Reeder and Schuman 2002, Derner et al. 2006.
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Figure 6
Percent change (restored vs. nonrestored) in soil organic carbon change with mean annual
precipitation with restoration of formerly cultivated lands in North American Great Plains.
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Mean annual precipitation (mm)
Note: Data from Gebhart et al. 1994: Burke et al, 1995; Reeder et al. 1998: Karlen of al, 1999:
Potter et al, 1999.

Summary and Conclusions
Future Research Arenas involving Carbon
Sequestration. i<ese,ttch is needed across
multiple locations addressing key ecigicil
processes and mnecltaiiisttis to deternitmie the
principal drivers ait'cti i ig C seeluestratmoti
Tile com iti nued devek pii te in Of-sophisticated
iii situ .11111 i,iboratorv equipment to accu--
ratel v detect si imili but ecol( gici liv- mm il( r-
(lilt changes iii soil C. and Its comitpotteimts
will open ml ew hon zoi is for future exper i -
Iiiellt,ltlotl and venmticatiomi of C cilamige
due to I I 1:11 t.iienle lIt options or ci ill ia tie
variances. Newl y cillert.ent fields of soil
ill icrobi al ecology should provide 3dditIOIIal
I iisigh I into iii iciobial ti.i ii Ctl( iii and processes
that aflict C sequestration under I morn cml and
the widely fluctuating precipitation patterns
found in arid and senn-arid e'imvmronniemits.
There 15 ;I to move front the basic
approach of soils and soil ecolog y to a iilore
fu i mdai m tem ital and functional understanding
of the processes and mechanisms that altict
SO(., dvnantmcs and how they are umIltienced
by land m nanageinent. envi roil ni en t and their
interaction. For example, iliattageiiient strat-
egies nmay oiler opportunities to enhance
soil fun gal activity and C storage (Baile y et
al. 2002). Largely unexplored is the arena of
nia nagem tie nt- env i roil ii iei it interactions  that

svtll increase our till derstandlllg of clmnt.ite-
piant_sotl_n lit robiil interactions AS coimtrol
factors affecting iuettniettt cvc]mttg wttitni the
context of det en uiiniii g costs and benefits
(i.e., r isk .issessmlletlt) issociated with v,irvtilt,
latch niittagettient practices. M ' lliagelliclit-
CTIN11 ,011111elit tltteracttom I tmivesttgattoits
shouldci ciii phasi ze greater recogi n ti on of
coniplete greenhouse gas budgets. thereby
deter lilt nm ng C storage amid seq nest r.i non, is
cvell as greemultouse gas eilltssions.

Existing long-tenimt gr.izmtig stuhes, tnt-
tial]v set imp to evaluate livestock perforntance
and Vegei:ttc)il change, provide excel-
lent field laboratories to overlay additional
CO ii temporary trea till Ci) is (e.g., prescribed
tire ii mti results of global climate c han ge  such
as increased teitiperatures, altered precipita-
tion patterns, carbon dioxide enrtchinteitt. N
fixation/deposition) to nmore full y understand
]low and which best niuilagenieilt practices
affect greenhouse gas budgets (C seques-
tration and global warmIng). These efforts
call be conducted witltmtt the established
scientific mttisstons of the USDA Agricultural
Research Service, Agricultural Expernitent
Stations, and time Long-Terni Ecological
Research Network. Of' paranioumt inter-
est is the causal role that grai_ing-mediated
changes Ili vegetation coiilposltioit, produc_

tivi tv .111(1 hverstrv hive in the iii terp retattoi i
of SO( responses. These efforts should be
conducted \Vi tilt n the fran iecvork of ecol ogi -
c-al sites, with particular attention directed at
those vegetation states svincli are 'at-risk of
transitioitntg to another vegetatiott state.

Policy Implications. Estmi i hltcs of soil
C storlge and ratesL's f ( sequestration 0
1:11 igeli nds are being used lay scientists '111d
policyniikc'rs to estnn.ite the potential of
these lands to help ]]litigate the elevated
atniosplienic Ic's_c_Is of (0: (L,ml et al. 2)103).
Considerable tilierest is bcmng gem crated ill
terrestrial C storage and mitarkeuiiez of stored
C (Wtlliaitis et al. 2()114). icottontic bc-n-
eON join C seqetestr:itmott plogratns have
ill( , potential to smgniflcamuthv comitrilnite to
household ecoilonne', (Olssoil ,iiid Ardo
2002). ( ;ontniuc'd iefituenic'ttt of esitilluic's
(If icriesirmal C. storage ill rml gclallds cviii
assist ill the devc'lopnieoi of gnc'emilioelse gas
em nisslons and C credit iti:irketiitg policies.

Existin g U.S. govermitliemit policies rclaued
to private l:miid milamiagelimeilt Ilre mime rels-
mllglv cottserv,uton-onmemiied Is evidenced
by prognailts cvtthiii the 2))))2 Firni Bill
relevam it for rat igelatids cvltmcli include the
(I) (;oilsc'ns - atmohi (If l'rmv,ute (;rizmmig Lind
Pmogr:int (2) Conservation Secumrmtv i'rograni
(3)	Em iv m r i ni 1cm ital	Q ti.mh i rv	Incentivest ms-es
Program. (4) Cn,isslamid Reserve i'rogratti,
(5) Wildlife Habitat Incentivestives Ont )grat ii.
Amid (6) Wetlands Reserve I 'rogram n.
Collectively. these progrimlis c'inphisi7c nioii -
etary incentives for private land niamligers to
adopt / ma iii t,i in con servat mom i Practices, but
these progra mmmc itxiv be ni odi fi eel to cmii ph ta -
size laud imiallagemmmemit practice's that increase
C sequestration.
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