Carbon sequestration and rangelands:
A synthesis of land management and
precipitation effects
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Abstract: Management of rangelands can aid in the mitigation of rising atmospheric carbon
dioxide concentrations via carbon storage in biomass and soil organic matter, a process termed
carbon scquestration. Here we provide a review of current knowledge on the effects of land
managenient practices (grazing, nitrogen inputs, and restoration) and precipitation on carbon
sequestration in rangelands. Although there was no statistical relationship between change
in soil carbon with longevity of the grazing management practice in native rangelands of
the North American Great Plains, the general trend seems o suggest a decrease in carbon
sequestration with longevity of the grazing management practice across stocking rates. The
relationship of carbon sequestration to mean annual precipitation is negative for both the
0 to 10 cm (0 o 3.9 in) and 0 to 30 cm {0 to 11.8 in) soil depths across stocking rates.
The threshold from positive to negative carbon 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. We acknowledge that largely unexplored 1s the arena of management-envi-
ronment interactions needed to increase our understanding ot climate-plant-soil-microbial
interactions as factors affecting nutrient cycling. Continued refinement ot estimates of terres-
trial carbon storage in rangelands will assist in the development of greenhouse gas emissions
and carbon credit marketing policies, as well as potentially modifying government natu-
ral resource conservation programs to emphasize land management practices that increase

carbon sequestm[i()n.
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Atmospheric carbon dioxide concentra-
tions have varied historically, but they
have substantially increased from 270
umol mol* 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 nutigate the rise in atimo-
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 et al. 2001). Carbon scquestra-
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
crosion,

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

nitrogen inputs—precipitation gradient—soil organic carbon

of the world’s land area and store greater than
10% of terrestrial biomass C and 10 to 30% of
global soil organic carbon (SOC) (Schlesinger
1997: Scurlock and Hall 1998). Tt 1s estimated
that rangelands globally sequester C in soil
at a rate of 0.5 Pg C yr' (Schlesinger 1997;
Scurlock and Hall 1998). Although soil C
sequestration rates are low on rangelands
relative to those reported for croplands and
improved pastures, increases in terrestrial C
on rangelands resulting from management
account for a significant amount of C seques-
tration given the large geographical area of
this land resource and generally require min-
imal inputs. This 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; Ojima et al. 1993; Conant ct al. 2001).
Despite its significance, our understanding

of land use cffects on the storage of C in
rangelands remains himited  (Schuman et
al. 2001; Reeder and Schuman 2002). In
addition, research addressing C sequestra-
tion in rangelands is stll in its infancy when
compared to cropland and forestry.

Soil C sequestration on rangelands 1s influ-
enced by biome, climate (Conant et al. 2001),
management  practices. and  environmental
factors (Jones and Donnelly 2004). Even
though C dynamies on rangelands mvolve
complex  interactions  involving - chmate,
soils, plant communities and management,
we currently only have a rudimentary
knowledge of these interactions as control-
ling drivers influencing soil C sequestration
(Schuman ¢t al. 2001). There is, however,
emerging evidence that the relative contribu-
tion of managenent practices can be lower
compared to climatic drivers (¢.g., Schuman
et al. 2005). Nevertheless, there remams a
paucity of basic ccological informarion that
is needed to improve understanding of
why, when and where rangeland ecosystems
function as C sinks or sources.

Here we provide a review of current
knowledge on the effects ot Tand management
practices (grazing, N inputs via ferulization
and intersceding of N-fixing legumes, and
restoration of degraded lands) on C seques-
tration in rangelands. Because of the limited
information on C sequestration in dry lands
including deserts and desert grasslands (e,
Gardner 1950; Rasmussen and Brotherson
1986; Lal 2004a; Vagen et al. 2005). this
paper primarily addresses semi-arid (250 to
500 mm annual precipitation) and mesic
(300 to 1000 mm) rangeland ecosystems
where the vast majority of research has been
conducted. These data are synthesized o
determine relationships of changes in soil C
to length of ume a rangeland management
practice has been in place and to gradients
in mean annual precipitation as C sequestra-
tion rates increase from arid (0.02 to 0.08
Mg C ha' yr') to semi-arid (0.03 to 0.12 Mg
C ha' yr'") to semi-humid and sub-humid
(0.08 to 0.20 Mg C ha' yr'") environments
(Lal 2000). Differences in above-ground
versus below-ground constraints on plant
growth (Burke et al. 1998), root/shoot ratios
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Table 1

Management effects on soil organic carbon sequestration rates of rangelands across ecosystems.

Citation

Management practice/ecosystem Location SOC sequestration
Grazing
Shortgrass prairie Colorado 0.12 Mg C ha! yr!
Colorado 0.07 Mg C ha yr?
! Northern mixed-grass prairie Wyoming 0.30 Mg C hat yr?

‘ North Dakota

Legume interseeding
Northern mixed-grass prairie

Restoration

Conservation Reserve Program

Mined lands

South Dakota

0.29 Mg C hatyr!

Southern mixed-grass prairie Oklahoma No change

Nitrogen fertilization

Tallgrass prairie Kansas 16 MgChalyr?

Conservation Reserve Program Wyoming 0.41t01.16 Mg C ha yr?
Saskatchewan

Increases of 5.4 t0 9.3 Mg C ha' yr!

0.331t0 1.56 Mg C ha yr?

Derner et al. 1997
Reeder and Schuman 2002 ‘

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 Ard6 2002

Abril and Bucher 2001

Southern mixed-grass 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

Semiarid savanna Argentina 466% increase

Taligrass prairie Texas Average 0.45 Mg C ha'l,

estimated 100 years to achieve
native rangeland level

Potter et al. 1999 |

Texas, Kansas, and Nebraska
Texas to North Dakota

Wyoming

0.8to1.1MgChalyr:
Average 0.9 Mg C hat yr!?

400% increase over 30 years

Gebhart et al. 1994 ‘
Follett et al. 2001

Stahl et al. 2003

Note: Data from Schuman and Derner 2004; Follett and Schuman 2005.

(Sims et al. 1978; Derner et al. 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
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are often inconsistent and difficult to predict
(Milchunas and Lauenroth 1993; Schuman et
al. 2001; Reeder and Schuman 2002).
Grazing-induced changes in plant com-
munity 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 belowground 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 cm (11.9 in) compared to
adjacent nongrazed exclosures (Derner et
al. 1997, 2006; Reeder and Schuman 2002;
Reeder et al. 2004), resulting in estimated
C sequestration rates of .12 Mg C ha™! yr”
(108.78 lbs ac! yr')for the moderate stock-
ing rate and 0.07 Mg C ha™! yr! (63.46 Ibs
ac™ yr'') for the heavy stocking rate (table 1).




Also, grazing at light or heavy stocking rates
in northern mixed-grass prairie increased
SOC in the surface 30 cm of the soil com-
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 CO2 flux data, on 2 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% 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
community 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-

Figure 1

Percent change (grazed vs. nongrazed) in soil organic carbon with respect to length of grazing

treatment in the North American Great Plains.
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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 ischaemum
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™!
yr') 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 offset, however, by
emissions of CO, and N,O in the fertilizer
process (Schlesinger 1999, 2000), as well as

Note: Data from Frank et al. 1995; Schuman et al. 1999; Reeder and Schuman 2002; Derner et

the enhancement of NO_ (nitric oxide plus
nitrous oxide) emissions and reduction of
CH, uptake in soils (Mosier ct 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 (Medicago sativa
ssp. falcata) into northern mixed-grass prairie
increased SOC by 4% to 17% across three
interseeding dates (Mortenson ct al. 2004),
resulting in C sequestration rates of 1.36,
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 ct al. (2004)
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indicated no increase in the emission of the
greenhouse gas nitrous oxide from rangeland
soils on -which yellow-flowered alfalfa had
been interseeded.

Restoration of Degraded Lands
Cultivated Lands. Cultivation of rangeland
soils dramatically reduces SOC (Haas et al.
1957). For example, shortgrass steppe soils
cultivated for 60 years had 62% less SOC
in the upper 15 cm (3.9 in) of the soil pro-
file compared to native rangeland (Bowman
ct al. 1990). Abandoning cultivation of the
shortgrass steppe soils, without re-establish-
ing permanent vegetation, has increased
SOC by 20% in the surface 10 cm (3.9 in)
over 50 years (Burke et al. 1993); 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. This capacity may
be tempered, however, by limitations associ-
ated with the loss of soi] productivity due to
historic erosional losses of topsoil while these
lands were under cultivation.

Restoring permanent vegetation on for-
merly 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 on formerly cultivated
lands of 0.33 Mg C ha' yr' (299.15 Ibs
ac' yr'), although they acknowledge there
is considerable variation. Grazing can alter
the recovery of these restored sites and affect
C sequestration as heavy grazing can reduce
the rate of C accumulation (Fuhlendorf et al.
2002). Predicted recovery of soil C on culti-
vated fields to pre-cultivation levels without
restoration efforts is 230 years (Knops and
Tilman 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 cstimates for
restored lands range from 0.28 Mg C ha"!
yr' (253.83 Ibs ac” yr') in the surface 20
cm (7.9 in) on highly 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
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Change in soil organic carbon

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.
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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. ‘

50%
°

s °

40% -
£ .
© )
2 o0
S 30% -
o
©
3
e 20% A o °
s
w °
1]
5 10% A ®

°
°
O% J T T T T T T T
0 10 - 20 30 40 50 60 70
Length of restoration (years)

Note: Data from Gebhart et al. 1994; Burke et al. 1995; Reeder et al. 1998; Karlen et al. 1999; |
Potter et al. 1999. |




(Follett et al. 2001) (table 1). Similarly, C
sequestration rates in the 0 to 40 cm (0 o
15.7 in) and 0 to 300 cm (0 to 118.1 in) soil
depths were estimated to be 0.8 to 1.1 Mg
C ha' yr' (725.22 10 997.17 lbs ac™’ yr')
for Conservation Reserve Program lands
Texas, Kansas and Nebraska (Gebhart et al.
1994). Restored tallgrass prairie in Texas was

esumated to have a C sequestration rate of

0.45 Mg C ha' yr' (407.93 lbs ac™' yr''} in
the upper 60 cm (23.6 i) of the soil profile
(Potter et al. 1999),

Mined Lands. Restoration of rangelands
disturbed by surface mining represent a
munor fracuon of the land area in the United
States. Only 2.3 M ha (5,683,423 ac) of land
was permitted for surface coal mining in
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 in the collection of the
two surface soil horizons and in some cases
stockpiling of this material for several years.
This process results in the dilunon 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 Schuman 1986; Schuman 2002).
The resulting soil material has similar levels
of SOM to those found in dryland cropland
soils that were culuvated for > 50 years (Haas
et al. 1957; Tiessen et al. 1982; Burke ct al.
1989; Bowman et al. 1990); therefore, these
soils have a SOC sequestration potenual
similar to marginal, highly erodible crop-
lands that have been restored to grasslands.
Stockpiling soil also greatly diminishes the
quality of the soi} through enhanced organic

matter  degradation/dcecomposition,  loss

of plant residue inputs and general loss of

much of the microbial functions (Severson
and Gough 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). R eclaimed mine soils (0
to 15 ¢m 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 duc
to low microbial activity, thereby accounting
for the larger than expected increase in C.

Figure 4

North American Great Plains.

Soil organic carbon pools to 30 cm depth across a mean annual precipitation gradient in the
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Note: Data from Frank et al. 1995; Schuman et al. 1999; Reeder et al. 2004; Derner et al. 2006.

Synthesis of Land Management Effects
on Carbon Sequestration in Rangelands
Length of Practice. Although there was no sta-
ustical relationship between change in SOC
with longevity of the grazing management
practice in native rangelands of the North
American Great Plains, the general trend
seems 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 ecosyster 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 i SOC to longevity of
the interseeding of a N-fixing legumc is pos-
itive with time (figure 2). It should be noted,
however, that this relationship is based on
a single study. Nevertheless, intersceding 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 ct al. 1971; Smoliak et
al. 1972; Manley ct al. 1995; Dormaar and
Willms 1998; Burke et al. 1999; Schuman
et al. 1999; Verchot et al. 2002; but see

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

The lack of a general relationship between
C sequestration and longevity of restoration
of perennial grass on formerly cultivated
lands results from the high variability n
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
m contrast with increasing changes in SOC
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.

Mitigavon  of increasing aunospheric
CO, is parually achievable through proper
land management on rangelands. Additional
data is nceded to further develop the rela-
tionship between N-fixing leguines 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
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Figure s

Percent change (grazed vs. nongrazed) in soil organic carbon with mean annual
precipitation with grazing in North American Great Plains.
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times lower in semi-arid than mesic 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. Differendal  responses of SOC
between semi-arid and mesic 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,and 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
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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 cm soil depth along this
precipitation gradicnt is in general agree-
ment with Sims ct 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

ditterences for SOC were observed between
nine long-term grazed 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 ct al. 2004). A potential
mechanism responsible for the transition
in C sequestration from semi-arid to more
mesic environments may be 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-
ments can be 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 interseed-
ing N-legumes cannot be assessed at this
time because of a lack of data. Several inter-
scedings of vellow-flowering alfalfa across
Wyoming and 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, and 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 and comparable sampling sites
across treatments for initial and subscquent
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 been 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 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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Summary and Conclusions

Future Rescarch Arenas involving Carbon
Sequestration.  Rescarch s needed across
multple locations addressing key ecological
processes and mechamsms to determme the
principal drivers aftecting €
The continued development of sophisticated
i sitw and laboratory equipment to accu-
rately detect small but ecologically-impor-
tant changes i soil C and its components

sequestration.

will open new horizons for future experi-
mentation and  verificaton of ¢ change
due to management options or climatc
variances. Newly emergent fields ot soil
microbial ecology should provide additional
msight into microbial function and processes
that aftect C sequestration under normal and
the widely fluctuating precipitation patterns
found in arid and semi-arid environments.
There s a nced to move from the basic
approach of soils and soil ecology to a more
fundamental and tunctional understanding
of the processes and mechanisms that affect
SOC dynamics and how they are influenced
by land management, environment and their
interaction. For example, management strat-
egies may ofter opportunities to enhance
soll fungal acuivity and C storage (Bailey et
al. 2002). Largely unexplored is the arena of
managenment-environiment interactions that

will increase our understanding of climate-
plant-soil-microbial interactions as control
factors atfecung nutrient cveling within the
context of determning costs and benefits
(.., risk assessment) assoctated with varying
land management practices. Management-
CIVITONIMENt  Interaction  Investigations
should  emphasize  greater recogmtion  of
complete greenhouse gas budgets. thereby
determining C storage and sequestration, as
well as greenhouse gas emissions,

Existing long-term grazing studies, ini-
tally set up to evaluate livestock performance
change. exeel-

and provide

lent field laboratories to overlay additional

vegetation

contemporary treatments (e.g., prescribed
fire and results of global climate change such
as increased temperatures, altered precipita-
ton patterns, carbon dioxide enrichment, N
fixation/deposition) to more tully understand
how and which best management practices
affect greenhouse gas budgets (C seques-
tration and global warning). These efforts
can be conducted within the established
scientific missions of the USDA Agricultural
Research Service, Agricultural Experiment
Stations, and the Long-Term Ecological
Research Network. Of paramount inter-
est is the causal role that grazing-mediated
changes in vegetaton composition, produc-

tiviey and diversity have in the interpretation
of SOC responses. These cfforts should be
conducted within the framework of ccologi-
cal sites, with particular attention directed at

those vegetation states which are ‘at-risk” of

transitioning to another vegetation state.
Policy Implications. Estimates  of
C storage and rates of C sequestration tor

soil

rangelands are being used by scientists and

policyimakers to estimate the potenual of

these lands to help mitigate the elevated
atmospheric levels of COL (Lal et al. 2003).
Conmsiderable mterest 1s l\_cing venerated in
terrestrial C storage and marketing of stored
C (Wilhams et al. 20043 FEconomic ben-
efits rom € sequestraton programs have
the potenual o significantly contribute to
{Olsson and Ardo

retinement of estimates

houschold  cconomies
2002).

of terrestral C storage in rangelands will

Continued

assist in the development of greenhouse gas
emissions and C credit marketing policies.
Existing U.S. government policies related
to private land management are mcreas-
ingly  conservation-oriented a5 evidenced
2002 Farm Bill
relevant for rangelands which include the

by programs within the
(1) Conservaton of Private Grazing Land
Program. (2) Conservation Security Program,
(3)  Environmental  Qualinv Incentives
Program. (4) Grasslaind Reserve Program,
(3) Wildlife Habitat
and (6)  Wetlands
Collectively, these programs emphasize mon-
etary incentives for private land managers to
adopt/maintain conservation practices, but

Incentives  Program,

Reserve  Program.

these programs may be modified to empha-
size land management practices that increase
C sequestration.

Acknowledgements
We appreciate the msighttul seview comments irom: Jocl

Brown, Mark Lichig, and three anonyimous reviewers

References

Abril, AL and E.H
carbon dvnannes i the western Chaco of” Argenuna
Apphed Soil Ecology 16-243-249

Austin, AL and OE. Sala. 2002, Carbon and mtrogen

(l}'l!.‘l]lllL’S across a natural precipitanon gl’.l(il(‘l)l m

Bucher. 2001, Overgrazing and soil

Patagoma. Argentin, Journal of Vegetanon Science
13:351-360

Batlev, VL., L1 Smuth, and H. Bolton Jr 2002, Fungal
to bactersal ranos m soils nresugated for enhanced
¢ sequestravon. Sl Biology  and  Biochemistry
34:997-1007

Balogh, ].,S.Czobel. S Fou. Z. Nagy. O Szicman, E Pel,and 7.
‘Tuba. 2005. The wfluence of drought on carbon balance
m loess grassland. Cereal Research Communications

33149-152

I MAR | APR 2007 VOLUME 62, NUMBER 2

83




Berdahl. ] A C Wilton. and A B. Frank. 1989, Survival
and agronomc performance of 25 alfalfa culdvars and
strams terseeded meo rangelands journal of Range
Management 42:312-316

Berg. WA and L. Sims. 2000, Residual merogen effects on
so1l. forage.and steer g, Journal of Range Management
53183 1R9

Bownuan, RAL LD Reeder,and ROW. Lober. 1990, Changes
m soi propernies iy a central plans rangeland sonl
after 3. 200 and 60 vears of culuvanon. Soil Science
1506851 857

Breshears, DD and CD0 Allen. 2002, The aimportance of
rapid. disturbance-induced Joses in carbon management
and sequestration. Global Ecology and Biogeography
11-1-5

Bruce, [P0 M Frome, B Hates, HL lanzen R0 Laland K
Paustian. 1999, Carbon sequestration m sonls, Journal of
Sl and Warer Conservation 54-382. 389

Burke. 1.C.. WKL Lavenroth, and D Coflin 1995 Soil
organc matter recovery  msennand  grasslinds:
Impheanons for the Conservaton Reserve Program
Ecological Apphcations 5:793-801

Burke, [ WKL Lavenroch, R0 Raggle, P Branoen, B8
Madigan, and S. Beard. 1999, Spaval vanabihty o sonl
properties m the shortgrass steppe: The relatve impor-
tance of ll)l)(\g|.ll)l1}', ?_’f4l7ll]!_'. naosite, Jl“i P].ll]( \'l\L“(IC\
m controlling spatial patterns. Ecosystems 2:422-438

Burke. LCLCM. Yonker, W) Parton. CLV. Cole, K. Flach,
and 1S Schimel. 1989 Texture, chmate and culova-
von cffects on sl orgame matter content i US
grasland soils. Soil Science Socieey of America Journal
53.R000 8O3

Burke, 1LC. WKL Lauenroth, MCA Vinton, PB. Hook, RUH
Kelly, H.E - Epstein. MR Aguar, MDD, Robles. MO,
Agwlera, KIT Murphy. and IRAL Gl 1998, Plant-senl
mteractions m- temperate grasstands. Biogeochenmstry
42:121 143

Conant, R.T. K. Paustain. and E.T. Elhot. 2001, Grassland
management and comversion mto grassland: Effects on
sorl carbon. Ecological Applicanons 11:343-355

Conant, R.T., ] Sixsand K. Paustam. 2003, Land use effeces
on soil carbon fractons i the southeastern Umited
States, [ Management-1ntensive: versus exiensive graz-
ing. Biology and Ferulity of Soils 38:386-392

Coupland. R.T and G.M . VanDyne. 1979, Systems synthe-
sis, I Grassland Ecosystems of the World: Analvsis of
Grasslands and their Uses. ed. RUT. Coupland. 97-106.
International Biological Programme 18, Cambridge.
United Kingdom: Cambridge University Press.

Derner, J.DL DI Briske, and T.W. Bouuon. 1997, Does
grazing mediate soil carbon and nitrogen accumulatuon
beneath €4 perenmal grasses along an environmental
gradient? Plant and Soil 191:147-156

Derner. §.D.. T.W. Boutton, and D.I. Briske. 2006. Grazing
and ccosystem carbon storage in the North American
Great Plains. Plant and Soil 280:77-90.

Dormaar, J.E. and WID. Willms. 1998. Effect of forey-four
vears of grazng on fescue grasslind soils. Journal of
Range Management 51:122-126.

Follett, R.F, and G.E. Schuman. 2005. Grazing land contri-
butions to carbon sequestration. In Grassland: A Global
Resource, ed. DA, McGilloway. 263-277. Netherlands:
Wageningen Academic Publishers.

Follett, R.F, E.G. Pruessncr, S.E. Samson-Licbig. .M.
Kimble. and S.W. Waltman. 2001. Carbon scquestration

under the Conservation Reserve Program in the historic
grassland soils of the United States of America. In Soil
Carbon Sequestration and the Greenhouse Effect, ed.
R Lal, 27-40. Soil Science Society of America Special

o]

JOURNAL OF SOIL AND WATER CONSERVATION

Publicanon Number 537. Madison. WI: Soil Saience
Society of America.

Frank., A.B. 2004, Six years of C:O2 flux measurements for
moderately grazed nxed-grass pranie. Environmental
Management 33:5426 S431

Frank. A3, DL Tanaka, L. Hoffounn, and RUE Follete. 1995,
Sotl carbon and nurogen ot Northern Great: Plans
arasslands as mfluenced by long-term grazmg Journal o’
Ruange Management 48:470. 474,

Frank, DA and R, Evans. 1997 Effects of nanve graz
ers on grasslind N cychng i Yellowstone Nanonal Park
Ecology 78:2238-2248

Fuhlendof, S UH. Zhang, TR Tunnell. .M. Engle. and
AT Cross. 20020 Effects of grazing on restoration of
southern mixed  primie soils Restoraunon Ecology
140 407,

Galetovie, . 2005, Personal communication

Gardner, |1 1950, Eftects of tharty vears of protecuon from
grazing in desert grasshand. Ecology 31:44-30

Gebhare, DL HLB. Johnson, H.S Maveux.and H.W. Polley:
1994, The CRP nereases soil orgame carbon. Journal of
Sotl and Water Conservation 49488 499

GiILIRCA Cand 1 C Burke. 20020 Influence of sonl depth on
the decomposioon of Boutclona gracilis roots m the
shortgrass steppe Plant and Soil 241-233 242

Gl IRCALCTLCL Burke, 12.G. Midehunas, and WK Lauenroth
1999, Relanonshp beaween root biomass and sl
orgame matter pools m the shortgrass steppe of castern
Colorado: Imphcations for decompositon through a soil
profile. Ecosystems 2:226-236

Haas, H J.. C.E Evans.and E.F Mailes. 1957, Narogen and

carbon changes m Great Plans sorls as influenced by

cropping and soil treatments. USDA ‘Techmical Bulleon
No. 1164, Washington, 1DC: US, Government Prinung
Oftice.

Harnis, JAL P Buch, and K.C Short. 1989, Changes i the
microbal commumty and phvsiochemical charactens
ucs of topsoils stockpiled dunmg opencast minmg. Soil
Use and Management 3:161-168,

Harris. JLA.. P. Birch, and K C. Short. 1993, The impact of
storage of soils during opencast nmimng on the micro-
bial commumty: A strategise  theory interpretation.
Restoranon Ecology 1:88-100

Henderson, D.C.,B.H. Ellert.and M. A Nacth. 2004, Grazing
and soil carbon along a gradient of Alberta rangelands.
Journal of Range Management 57:402-410

Hemrichs, DH. 1975, Potential of legumes for rangelands.
In Improved Range Plants, Range Symposium Series 1.
ed. RS Campbell and C.H. Herbel. Denver, Colorado:
Sacrety for Range Management, 50-61.

Hook, PB. WK. Laucnroth, and LC. Burke. 1991,
Heterogeneity of soil and plant N and € associated
with individual plants and opemings in North Amenican
shortgrass steppe. Plant and Soil 138:247-256.

Ingram, L.J.. G.E. Schuman. PID. Stahl. ].M. Welker, G.EVance
and G.K. Gunjegunte. 2004. The influence of grazing
on microbial activity in a northern mixed-grass prairic.
Agronomy Abstracts, American Society of Agronomy,
Madison, Wisconsin.

Izaurralde, R.C.,IN.J. Rosenberg. and R . Lal. 2001. Mitigation
of chmauc change by soil carbon sequestration: Issues of
scicnce, monitoring, and degraded lands. Advances m
Agronomy 70:1-75.

Jones, M.B.,, and A. Donnelly. 2004. Carbon scquestration
m temperate grassland ccosystems and the influence
of management, climate and clevated CO2. New
Phytologist 164:423-439

Johnston, A, J.E Dormaar, and S. Smoliak. 1971, Long-term
grazing cffects on fescue grassland soils. Journal of Range
Management 24:185-188.

Karlen. D.L.. M J. Rosek. J.CC. Gardner, DL Allan. M), Alins,
D.E Bezdicek. M. Flock, IR Huggins, B.S. Miller. and
M.L. Suben. 1999, Conservavon Reserve Program
effects on soil quality indicators. Journal of Soil and
Water Conservatuon 34:439-444.

Knapp ALK, and M.1D. Snth. 2001 Variation among bomes
m temporal dynamics of aboveground primary producc -
non. Saence 2971481 484,

Knops. LM H. and 10 Tdman 20000 Dynannes of <ol
murogen and carbon accumulation for 61 vears after
agniculwiral abandomment. Ecology 81:88-98

Kruger, CFLoand EIRCVagil 1979 Interseeding altalta tor
grassland unprovement m the Northern Grear Plans
Report of the Twenty Sixth - Alfalfa - Improvement

Conrerence, Brookings, South Dakota

Lal. R 20000 Carbon sequestration m- drylinds. Arnals or
Arid Zone 39:1-10

Lal. RO 20040, Carbon sequestration i dryland ecosystems

Environmental Management 33:528-544.

Lal. R0 2004b. Carbon cnuission from farm - operations,

Environment International 30:981-990

Lal, I RCE Follete, and )M, Kimible, 20030 Achicving soil
carbon sequestration i the United States' A challenge to
the pohey makers, Sorl Science 168.827-8:45.

Malln, ST Harapiak, ML Nyborg and NLAL Flores 1991
Soil chenueal properties after long term N teruhzaton
of bromegrass: Nitrogen rate. Communications m Sl
Saence and Plant Analvss 22:1447-1458

Manley, T, GE. Schuman, 1D Reeder, and RUHL Hart
1995, Rangeland soil carbon and mitrogen responses
to grazing. Journal of Sl and Water Conservation
50°294-298

Milchunas, D.GL and WKL Lanenroth 1993 Quantizative
effects of grazing on vegetation and soils over o gloal
range  of covironments.  Ecologial - Monographs
63:327-366

Morgan. JLAL A IR. Mosier. .G Milchunas, DR LeCam,
JAA. Nelson and W] Parton. 2004a. CO2 enhances
pr()l‘llk‘“\"'[)‘l al[crh SPC(]C‘ COmpOSI(I()II, ;ln(l l'L'dll( [
digesubiliey of shortgrass steppe vegetavon. Ecological
Apphcatons 14:208 219

Morgan, LA DR LeCam, LD, Reeder, G E - Schuman, ).
Derner, WK Lauenroth, W), Parton and 1.C. Burke
2004b. Drought and grazmg mmpacts on CO2 fluxes
the Colorado Shortgrass Steppe. Ecological Society of
Amernica, Abstracts, Pordand, Oregon.

Mortenson, M.C.. G.E. Schuman, and LJ. Ingram. 2004
Carbon sequestration in rangelands iterseeded with
vellow-flowering alfalta {(Medicago sativa ssp. falcata)
Environmental Management 33:5475-S481

Mortenson, M.C., G.E. Schuman, L J. Ingram. V. Navigihugu,
and B.W. Hess. 2005, Forage producton and quahty
of a nuxed-grass rangeland intersceded with Medicago
sativa ssp. falcata. Rangeland Ecology and Manageiment
38:505-313.

Mosier. A.R..\WJ. Parton. and S. Phongpan. 1998, Long-terin
large N and immediate small N addidion eftects on trace
gas fluxes in the Colorado shortgrass steppe. Biology and
Fertility of Soils 28:44-50

Nacth, M AL A W. Bailey, 12). Pluth, D.S. Chansyk, and R.T.
Hardin. 1991. Grazing impacts on licter and soil organic
matter in mixed prairie and fescue grassland ecosystems
of Alberta. Journal of Range Management 44:7-12.

Nyborg, M., E.D. Solberg, and S.S. Malhi. 1994. Soil € con-
tent under bromegrass increased by N and S fertilizer
applications. In Proceedings of the 31st Annual Alberta
Soil Science Workshop. 325-328. Edmonton, Alberta,
Canada.



Nyborg, M., §.5. Malhi. E.D. Solberg, and R.C. lzaurralde
1999. Carbon storage and hght fraction C an a grass.
land Dark G
and S feruhzanon. Canadian Journal of Soil Science
79:317-320.

Nyborg, M., M. Molina-Avala. E.D Solberg. R C Tzaurralde,
SSOoMalbi and HLHL Jmzen 19980 Carbon storage
i grasshind sonls ac related 0 NCand S ferahzers. o

Chernozem soit as influenced by N

Management of Carbon Sequestration m Soil.ed R Tal
421-432. Boca Raton. Horida. CRC Press LLC

Opma, DS, BO. Iarks. EP Glenn, CE.
and J.O. Sainlock 1993 Assessiment of € budget for

Owensby,

grasslainds and dryvlands o the world. Wacer, Air & Soil
Polluton 70:95 109
Olsson, Lo and |- Ardo. 20020 Sail carbon sequestratcon
degraded somuand agro-ccosvstens-persls and - poten
tal. Ambio 31471477
Post. WM. and K C Kwon. 2000 Soil carbon sequestration

and land-use change: Processes and potental. Global
Change Biology 6.317-327

K.INL HA Torbert. H.B Jobnson, and
1999
arass establishment on degraded soils Sanl Saence

1647 18-725.

CR

long term

Poteer,

[sehler. Carbon  storage  after

Power, LE and | Alesst 1971 Natrogen fertlizanon o senn
and grasslands: Plant growth and soil mneral N levels
Agionomy Journal 63:277 280

Rasmussen, 1.1 and 1.1 Brotherson 1986 Response of
winterfat (Ceratordes lanara) commumuocs to release from
grazmyg pressure. Great Basm Natarabist 46, 148-156.

Reeder, L1 and G.E. Schuman. 2002, Influence of hvestock
grazing on G sequestration - seni-and mxed grass
and  <hort-grass rangelinds. Environmental Polluton
116:457-463.

Reeder. |1 GE. Schuman, and REA. Bowman. 1998, Soil
Coand N changes on Conservanon Reserve Program
lands m the central Great Plans. Soil and Tollage
Research 47:339 349,

Reeder, ). GE. Schuman, JA. Morgan. and DR
LeCain. 2004, Response of orgame and orgamc car
bon and mtrogen o long term grazing of the shortgrass
steppe. Envronmental Management 33-5485-5495

Race, CW 20000 Soii orgame €

sotls under clevated CO2 and land management. In

and N o rangeland

Proceedmgs  of Advances 1 Terrestnial - Ecosystem
Carbon Inventory. Mcasurements, and Momtoning. 3-3
October 2000. Raleigh. North Carolina: USDA-ARS,
USDA-FS. USDA-NRCS. U S Dept. of Encrzy, NASA.
and National Council tor Air and Stream Improvement.,
83.

Sala. OB W] Parton, LA, Jovee, and W.K. Lauenroth
1988, Primary production of the central grassland region
of the United States. Ecology 69:40-45

Samuel. M .. and R.H. Hart. 1998, Nitrogen fertilizauon.
botanical composition and biomass  production on
mixed-grass rangeland. Journal of Range Management
51:408-416.

Schimel, DS, W) Parton. T.G. Kittel. DS Ojuna, and
C.V. Cole. 1990, Grassland biogeochennstry: Links to
aumospheric processes. Chimane Change 17:13-25.

Schiesinger, W.H. 1997, Biogeochemistry: An Analysis of
Global Change. New York: Academic Press.

Schlesinger, W.H. 1999. Carbon sequestration in soils.
Science 284:2095.

Schlesinger, W.H. 2000. Carbon sequestration in soils: Some
cautions amidst optimism. Agriculture, Ecosystems and
Environment 82:121-127

Schuman, GE. 2002. Mmed land reclamaton in the
Northern Great Plains: Have we been successful? In
Proceedings 19th Annual Meenng, American Society

of Mimng and Reclonation, 9-13 June 2002, 842-865.
Lexmgton, Kentucky:
Schuman, G.E.and L1 Derner. 2004, Carbon seques-

tration by rangelands: Effects  and
CDROM
Regional Cooperative Soil Survey Conterence 13217
June 2004, Jackson Wyoning

soand E.M Tovior, I 1978, Use of nune spail

Management

potential Proceedings  of  the Western

Schuman, G
maternal to nmprove the topsoil Wyonnng Agnicuttura)

Jownal  No. 130,
Gmversity of Wyvonmng, Laranue, Wyonnng

Schuman, GiEL LE Herneko and HUHL Janzen 2001, The

dvinamies of soil carbon m rangeland. 1 The Potenual

Experiment  Station Research

of US Grazmg Tads to Seqguester Carbon and Miogace
the Greenhouse Eftect od RUE Follea, .M. Kimble and
1013, 267 290 Boca Raton, Flonda Lewis Publishers
I Ingnam. and T 13 Parkin. 2004, Natrous

(‘1Nld<' CLTUNSTONS I‘l'(‘ll\ a northern |11|X1‘£l-!1l.|.\\ range

Schunuan, G.E

land mterseeded with vellow-flowering altalfa {Mediaga
satad ssp - faleata). In Rangelands - Transidon, 37th
Annual Meeung. Society for Range Management, 24-
30 January 2004, Sale Lake Ciry, Utah. Denver. Colorado
Socicty tor Range Management, 180

Schuman, GE.L L Ingram, P, Seahl and GEVance 2005

Dynanies of Tong-term carbon seauestration on range

Jands i the western USA 1 XX Internanonal Grassland
Congress, 26 June 1 July 20050 Dublm. Ireland. ods
R O'Mara, R ) Wilkins, Lt Mamege, DKL Lovet,
PAM. Rogers, and T'M. Boland, 390. The Netherlands.
Wagenmgen Acadermie Pubhshers

Schuman, G ELJ D Reeder, ). T Manlev ROH Hart.and WA,

Muanley, 1999, Impact of grazmg management on the

carbon and mtrogen balance of a nxed grass raingeland
Ecological Apphaations 9:65-71

Scurdock, |M.and DO Hall 1998 The global carbon
sink: A grassland perspective. Global Change Biology
4:229-233,

Severson, R.C..and L2 Gough, 1983, Rehabihitation mate-
nals from surtace coal munes in the western USAL |
Chenncal charactensoes of spoil and replaced cover sanl.
Reclamaton and Revegetation Rescarch 2:83 1402

Sharify, AR . ME. Grvgiel. 1994,

Grazing mtensty effects on hter decomposinon and soil

Brondima, and C.E

mtrogen mmneralizason. Journal of Range Management
47-444-449

Sims, PL.J.S. Singh.and WK Lauenroth 1978 The strucure
and function of ten western North Amenican grasshinds.
I. Aliouc and vegetational characterisacs. Journat of
Ecology 66:251-285,

Smohak, S.. J.E Dormaar. and AL Johnston. 1972, Long term
grazing cffects on Supa-Boutcloua prare soils. Journal
of Range Management 25:246-250

Stahl, PI).. ], Anderson, L) Ingram. G.E. Schuman, and
D.L. Mummey. 2003, Accumulacion of orgame carbon
in reclaimed coal mine soils of Wyonnng, In Working
Together for Tnnovative Reclamation. 20th Annual
Meeting. American Society of Mining and Reclamavon.
3-6 June 2003. Billings, Montana. ed. R.1. Barnhisel.
1206-1215 Lexington. Kentucky: Amenican Society of
Minmg and Reclamavon.

Stahl, PID.. G.E. Schuman, L) Ingram. JS. Buver. GK.
Ganjegunter, G EVance and ).M . Welker. 2004, Influence
of grazing treaunents on soil microbial communicy
structure i a northern mixed-grass prairic. Agronomy
Abstracts, American Socicty of Agronomy, Madison,
Wisconsin

Swift, R.S. 2001, Sequestration of carbon by soil. Soil
Science 166:858 871

Tesar, M.13., and J.A Jakobs. 1972, Establishing the stand. In
Alfalfa Science and Technology, Agronomy Monograph

No. 15, ¢d. C.H Hanson, 413-435. Madison, Wisconsin:
Amenican Soacty of Agronomy:
H. JwB 1982.

Cultvation effects on the amounts and concentrations

Thessen. Stewart. and R, Betany.
of carbon. mitrogen, and phosphorus i grassland soils
Agronomy Journal 74:831-835

Vagen, T.Go Ro Tal, and BAR Singh, 2005, Senl carbon

sequestration i sub-Saharan Afnicar A review Land
Degradation and Development 16:33-71,
Verchot. L V.. PM. Grofhman, and 1A, Frank 2002

Landscape versus ungulate control of gross mmneral-
izatnon and gros metnficaton i semn and  grasslands
of  Yellowstone  Nanonal - Park Sot
Brochenusery 34 1691-1694,
Vinton. MALand 1. Burke

dividual pant speaies amd sotl nutrient status i short-

Biology &
1995, Interactons hetween

arass steppe. Beology 76:1 11621133

Weaver, )E. VI Hougen, and M.Do Weldon. 1935,
Relation of root distribution to organic matter i praric
soil. Botamcal Gazette 96:389-420,

Wienhold, B), LR, Hendnckson, and 11 Karn 2001
Pasture management nfluences soil propertes - the
Northern Great: Plans, Journal ot Soill and - Water
Conservation 56:27-31

Wilbams, R M Pererson, and S Mooney, 2004, The

value of carbon credits. Journal ot Soil and Water

Conservation 60 36a-40,
Woods. 1.E..

orgame matter

1986

concentrations - carbon and  mtro-

and GE Schuman Influence of soil
gen acunty, Soil Science Society of Amernica Journal
S50-1241-1245.

Zak, DI, D Tilman, IRORL Parmenter, CW Race, FM
Fisher, ). Vose, 1. Malchunas, and €W Marun. 1994,
Plant production and soil imcroorgamsins - iate-ste-
cessional ccosvstems: A continental-seale study. Ecology
75:2333 2347

i MAR | APR 2007 VOLUME 62, NUMBER 2

[ 85 |




