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INTRODUCTION

Grazinglands, vegetated land that is grazed or has the potential
to be grazed by wild and/or domestic ungulates, occupy about
half of the world’s surface, provide livelihoods to almost one
billion people, and constitute a major component of the global
carbon stock and cycle. Grazinglands have significant potential
for mitigation of climate change in the short term, and
management practices that lead to mitigation are fairly well
known. However, the degree to which this mitigation potential
is realized pivots on our ability to design cost-effective
protocols to promote the implementation of such management
practices. In order to create efficient protocols we need a deeper
and more precise knowledge of the processes and factors that
affect greenhouse gas (GHG; mainly CO2, N2O, and CH4)
fluxes and carbon (C) stocks in grazinglands.

The Grazinglands and Greenhouse Gases project was funded
by the Global Livestock Collaborative Research Support
Program (CRSP) to publish a volume exploring the role of
rangelands in GHG emissions and C sequestration. This special
feature includes contributions from an international group of
rangeland ecologists, economists, and social scientists, provid-
ing a scientific basis for a quantitative understanding of the role
of grazinglands in GHG fluxes. The papers synthesize a vast
literature and present new information to develop the role of
grazinglands in carbon-credit markets, as well as promoting
guidelines to use these credits for rangeland conservation and
poverty alleviation projects.

BIOPHYSICAL AND POLITICAL LANDSCAPE

The first paper, by Follet and Reed, sets the stage by reviewing
basic concepts of grazingland carbon sequestration and places
the issue within a social and policy context, particularly the
2008 US Farm Bill. In spite of the low carbon content per unit
area in most grazinglands, programs to promote sequestration
are warranted because soil organic C has multiple co-benefits
beyond the mitigation of climate change. Multiple agricultural
policies promote conservation of carbon stocks and further
carbon sequestration in private and public US grazinglands.
However, mandated activities cannot generate ‘‘creditable’’

GHG offsets under the requirement of ‘‘additionality’’ estab-
lished by the Kyoto Protocol and followed by all voluntary
registries.

The principle of additionality in this context establishes that
only the portion of carbon sequestration that would not have
occurred in the absence of the project is creditable, and that
only projects that are viable due to the economic benefits of
selling ‘‘carbon credits’’ are creditable. The reason for the
additionality requirement was to focus the funding on those
emissions offsets that would not happen under ‘‘business as
usual’’ conditions. This presents a quandary so far unresolved:
without specific provisions to the contrary, a grazingland
crediting program would benefit those who mismanaged
their lands and depleted the C stores prior to the baseline
date. At the very least, those conscientious managers who by
altruism or creativity maintained high C stocks would not be
rewarded.

Besides additionality, ‘‘permanence’’ of sequestered C in soils
and vegetation has been seen as risky due to the possibility of
reversals by which the stored C is released back to the
atmosphere. Recent research indicates that other programs of
crediting that are not based on permanence are possible, such
as payments per ton-years of sequestration.

CARBON FLUX MEASUREMENT
AND MODELING

In the second paper, Gilmanov et al. performed a unifying
analysis of what is possibly the largest set of C flux data ever
considered in a single paper. The data from 72 sites in 23
countries and six continents yielded a wealth of estimated
parameters that can be used for further applied modeling.
Remarkably, the results indicate that nonforested ecosystems
such as intensively managed grazinglands can exceed forests—
except tropical forests—in gross light-use efficiency and net
ecosystem carbon exchange. Forest carbon is more visible and
may be easier to measure, but the evidence indicates that
grazinglands cannot be dismissed as being C neutral or
sources.

The contribution by Zhang et al. specifically addresses the
impacts of climate variability and expected trends for the Great
Plains of the United States. Global change will likely increase
temperature, lower soil water content, and increase frequency
of droughts. Zhang et al. integrated remotely sensed data,
direct flux measurements, and novel statistical modeling to
derive a revealing regional picture of the variability and trends
in net ecosystem exchange. In spite of its large area, the Great
Plains as a whole varied from being a C source to a C sink
depending on precipitation within the 7-yr investigation. Net
loss of carbon was explained by droughts. This work is
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extremely relevant not only for the specific results, but also
because it sets a standard for the efficient integration of
information from multiple levels and sources into empirical
models. The models yield fundamental information for policy
and potentially carbon-crediting programs.

Vuichard et al. parameterized a process-based model with
local flux data for the Siberian steppe. This study constitutes a
proof-of-concept that lends validity to using mechanistic
models to assess net fluxes across years. Moreover, the next
paper by Risch and Frank provides interesting evidence that
seasonal and diurnal patterns of fluxes are driven by different
environmental factors, and that relevant data to parameterize
component processes such as soil and canopy respiration can be
obtained with discontinuous and cost-effective chamber mea-
surements. Such couplings of local flux data and mechanistic
models are primary tools for prospective analysis of carbon
fluxes under simulated climate conditions that have not yet
occurred and are thus not represented in empirical models. We
can foresee integration of the approaches presented by Zhang
et al. and Vuichard et al. into a tool to make ex ante and ex
post assessments over multiple years and large regions with
pasture-level resolution. Yet, for the purpose of management,
such a tool has to incorporate the effects of management
actions on driving factors and consequent fluxes.

LAND MANAGEMENT AND GHG FLUXES

The next four papers specifically address the impact of
management on carbon flux in grazinglands. Bremer and
Ham studied the effect of grassland burning on net ecosystem
exchange of CO2. Grassland burning was a widespread
indigenous practice (see the paper by Cook et al.) and is a
common and effective tool to promote grass growth and
control woody species. Although fires accounted for less than
10% of the total annual CO2 emissions, and burning increased
gross C assimilation, frequent burning greatly increased
respiration and resulted in net carbon loss.

Perez-Quezada et al. address the effect of vegetation type and
seral stage on carbon fluxes of the arid steppe in northern
Kazakhstan using the chamber method in a design replicated
over 20 km. The design of the experiment is relevant because it
captures variability over space that escapes most tower
measurements and yields more realistic estimates of uncertain-
ty. Net C sequestered during the growing declined from land in
natural early succession after wheat to undisturbed native
grassland to crested wheatgrass to wheat. We surmise that a life
cycle analysis would further the advantage of conversion from
wheat to grassland. Dryland wheat has a high probability of
failure in the region. Thus, a crediting program to convert
marginal cropland to grazinglands would have multiple co-
benefits. The Drylands Management Project of the Shetsky
Raion, initiated by the Global Livestock CRSP and implement-
ed by Kazakhstan with a grant from the World Bank,
successfully changed croplands into grazinglands to sequester
carbon and conserve soils, although a carbon credit component
was not included.

Paruelo et al. report the regional patterns of land use and
cover as well as carbon fluxes and stocks in the Rı́o de la Plata
basin of South America. In the last decade, the region has

undergone massive conversion from native grassland to annual
crops and industrial forests. The change from grassland to
annual crops is troubling because it leads to a loss of up to 40%
of the soil carbon stocks. Those stocks are not fully recovered
even after 40 years of secondary succession. This paper also
presents a large-scale modeling approach that uses remotely
sensed data to estimate C fluxes at a regional level.

Of all management options that influence the carbon balance
in grazinglands, grazing is prominent. Although studies of
grazing management are relatively abundant, few have focused
on carbon. The review by Piñeiro et al. provides a conceptual
framework and supporting evidence to evaluate the effects of
grazing on soil carbon stocks and nitrogen (N) emissions. Their
paper establishes the link between C and N in grazinglands,
indicating that because the proximate factors that control C
and N fluxes are different, those fluxes can be uncoupled in the
short term but must converge in the long term.

Houlton and Field further develop the link between nutrients
and grazingland carbon. Nitrogen potentially limits productiv-
ity in rangelands globally, and particularly in the Mediterra-
nean rangelands of California, where CO2 enrichment did not
lead to increased productivity. In agreement with the review by
Piñeiro et al., the effects of herbivory interact with nutrient
cycling and availability such that opposing results are seen at
different time scales. In the short term, grazing accelerates the
N cycle and increases its availability and plant productivity. In
the long term, increased N cycling is subject to greater N losses,
and the system becomes N-depleted and less productive.

TOWARD CREDITING PROTOCOLS

There is a need for novel and effective crediting protocols for
grazinglands. Crediting protocols are rules and procedures
established by registries such as the Clean Development
Mechanism to generate marketable ‘‘carbon credits.’’ In order
to be effective these protocols must ensure that credits are
backed by real and measurable changes in carbon stocks or
emission reductions. Thus, they impose specific types of
measurements and transactions costs. If the income expected
from selling the credits is not sufficiently greater than
transaction costs, the protocol will fail to promote mitigation
of climate change. This is critical for grazinglands because
expected sequestration per unit land area is small and mostly
belowground.

Silver et al. show that total soil organic carbon (SOC) storage
is substantial in California rangelands, and they explore the
possibility of inferring stocks from environmental and man-
agement correlates. Current methods to measure SOC directly
at the project level likely exceed the most optimistic projections
of income from credits, so they are not satisfactory. At the time
of writing this article, carbon credit prices are still low due to
the global economic crisis and may continue to decline until
mid-2010, but forecasts indicate that prices will increase to $10
(US dollars) per ton of CO2 equivalent in 2011. Thus,
realization of potential sequestration depends completely on
the creation of protocols that minimize the costs of measuring,
monitoring, and verifying the credits. The use of SOC
databases augmented by studies such as the one by Silver et
al. suggests a means to this end.

2 Rangeland Ecology & Management



Greenhouse gas management in grazinglands must take a
whole-property, systems approach that contemplates all man-
agement options and tradeoffs simultaneously. Cook et al.
describe such a comprehensive approach for the grazinglands of
Australia. The authors present a wealth of management options
to reduce emissions of the three main GHGs and increase
sequestration. This paper brings up the emissions of enteric
methane produced by ruminants as they digest ingested biomass,
which could be mitigated by manipulation of diets, rumen
microflora, and breeding. Reduction of enteric methane
emissions has the advantage of being less susceptible to
permanence uncertainty than soil carbon sequestration.

Cook et al. warn that approaching rangeland management with
narrowly defined GHG objectives can result in negative impacts
for the other environmental and economic functions of rangelands
in the long term. Thus, we think that a deliberate approach
involving all stakeholders is necessary. This is particularly
important as local, regional, and global policies are integrated.
For example, the balance between the need to have ruminant
livestock for milk, meat, and fiber production and the environ-
mental impact of ruminants must be assessed within the
appropriate regional economic and cultural values. Public opinion
about ruminant livestock from urban populations in developed
countries cannot be applied to the ruminant–environment balance
in pastoralist societies in less developed countries.

A comprehensive approach to devising crediting programs
for grazinglands must estimate not only expected effects on
GHGs, but also the associated risk or level of uncertainty.
Brown et al. assessed both expected changes in soil carbon and
the associated uncertainty for conversion of small grains and
row crops to perennial grasses or perennial grasses with

legumes (as in the US Conservation Reserve Program) and for
reduction of stocking rate or removal of livestock from grazed
lands. The assessment was carried out with a resolution of
30 m for all land units in the relevant classes within a vast
region including Arizona, Colorado, New Mexico, and Utah
and parts of Kansas, Nebraska, Oklahoma, and Texas. The
results are consistent with the review by Piñeiro et al. in
pointing out a lack of quantitative knowledge about the
impacts of grazing on soil carbon. The lack of uncertainty
estimates for the addition of legumes is also pressing. Whereas
nitrogen-fixing legumes promote C sequestration, they tend to
increase the emission of N2O, a GHG almost 300 times more
potent than CO2.

In the final paper of this special feature Lipper et al. refocus
on socioeconomic aspects and the potential to use ‘‘carbon’’
credits for poverty reduction. Avoidance of further degradation
and restoring lightly degraded lands are achievable methods to
sequester C at very low cost over extensive areas. However, the
transaction costs associated with crediting can be a significant
barrier due to the low sequestration per unit area.

In summary, grazinglands offer an opportunity to mitigate
climate change and at the same time obtain multiple co-
benefits. This opportunity is particularly attractive to reduce
the poverty prevalent in pastoralist societies in less developed
countries. While research focusing on the role of grazinglands
in climate change mitigation has gained momentum in the last
10 years, knowledge gaps remain to be filled before these lands
enter crediting programs on large scales. In the short term,
progress will be determined by our creativity and ability to
work jointly with stakeholders, registries, and policymakers
toward effective crediting protocols.
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