Storing Carbon in Sagebrush Rangelands
A Synthesis of Research & Applications to Management
Conducted by the Intermountain West Joint Venture

EXECUTIVE SUMMARY
Because of their extent and variability, rangelands in the United States are receiving increased attention
for their potential to sequester carbon as a nature-based climate change solution. Many management
practices that may help to sequester or protect stored carbon additionally provide other benefits for
communities, livelihoods, and ecosystems. Because carbon sequestration potential and therefore
appropriate management actions varies significantly across ecosystems, efforts to scale up carbon
sequestration on U.S. rangelands must consider current and relevant science for best outcomes. We
synthesized current science on rangeland carbon sequestration to summarize current knowledge, identify
opportunities related to the Intermountain West Joint Venture’s programs, and assess the potential for
management practices to affect carbon storage. We additionally provide recommendations on how this
information can be incorporated into IWJV and partner programs and efforts.
As climate changes and drought is more frequent, rangelands will experience variable changes to
vegetation, affecting carbon sequestration and storage ability differently over space and time. As arid
rangeland systems within the west are already highly limited in productivity, low annual carbon input into
carbon stores limits capacity for carbon sequestration. Additionally, variation in carbon sequestration over
space and time is largely controlled by variation in weather and other environmental factors that are out of
control of managers. As such, in rangeland systems, current and relevant science shows that protecting
stored carbon rather than focusing on sequestering new carbon should be the focus of management
efforts.
We identified four opportunities to develop strong messages relating to protecting stored carbon in
sagebrush rangelands. First, cheatgrass invasion results in marked reductions in carbon stored in plant
biomass and soils and may lead to further loss of stored carbon if fire occurs. As such, addressing
cheatgrass in rangelands is critical to protecting currently stored carbon and promoting carbon
sequestration in the future. Second, wetlands and wet meadows can store significantly more carbon than
adjacent arid landscapes, so protecting and restoring these areas will likely contribute to protecting and
increasing stored carbon, among other benefits. Third, the effects of grazing on carbon sequestration are
highly variable; however, preventing overgrazing and soil erosion will likely help to protect current
carbon stores, especially under drought and in mesic areas. Fourth, preventing the conversion or
subdivision of rangelands protects stored carbon, thus efforts to limit conversion (e.g., conservation
easements) will protect currently stored carbon.
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OBJECTIVES AND GUIDING QUESTIONS
The Intermountain West Joint Venture (IWJV) is a science-based landscape-scale conservation
organization working in rangelands in the western U.S. A major focus of the IWJV is technical transfer,
the approaches we use to inform habitat conservation by providing partners with enhanced access,
interpretation, and application of science, local and traditional knowledge, and practices to strengthen onthe-ground outcomes. Carbon sequestration is an emerging topic in rangeland management where
technical transfer as needed to inform and support partnership efforts in this area. To identify available
information on carbon sequestration and prioritize technical transfer needs, this research synthesis
addresses carbon sequestration in Western sagebrush rangelands and grasslands relating to a suite of
conservation practices identified by the IWJV as priorities for our partners within the landscapes that we
work.
Objectives
Specifically, this research synthesis aims to:
(1) Summarize biological and physical processes by which atmospheric carbon is stored in terrestrial
ecosystems, particularly rangelands, and address which climate and biotic factors affect the magnitude
of carbon sequestration;
(2) Systematically synthesize current relevant peer-reviewed literature relating to the potential for
carbon sequestration on sagebrush rangelands in the Western U.S.; and
(3) Address if, when, and how top conservation threats to sagebrush systems and associated practices
supported by the IWJV and our partners contribute to protecting stored carbon or sequestering new
carton to support “the right practices in the right places”.
Guiding Questions
The structure of this research synthesis includes four distinct question-driven sections supporting the
above objectives:
Section I. Pathways to Carbon Sequestration — How is carbon sequestered in terrestrial ecosystems and
what climate and biotic factors affect the magnitude of carbon sequestration?
Section II. Carbon in Rangelands — How much carbon is stored in and sequestered by sagebrush
rangelands and grasslands in the Western United States?
Section III. Effects of Climate Change — How do we expect carbon sequestration in sagebrush rangelands
and grasslands to be affected by climate change?
Section IV. Effects of Key Threats and Management Practices — How do key threats to sagebrush
rangelands and associated management actions within the Partnering to Conserve Sagebrush Rangelands
and Water 4 focus areas affect carbon sequestration? Specific threats and areas of focus include:
i. Conifer encroachment and conifer removal
ii. Changing wildfire regimes and prescribed fire
iii. Invasive annual grasses and invasives removal
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iv. Riparian area degradation and wet meadow restoration and flood irrigation
v. Overgrazing and prescribed, targeted, and outcome-based grazing
vi. Land use conversion and conservation easements
RESEARCH SYNTHESIS
•
•
•
•

Carbon in terrestrial ecosystems is stored temporarily in above- and below-ground plant biomass
and more long-term soil organic carbon (SOC).
Carbon sequestration in plant biomass is influenced by climate, water availability, and plant
community composition, where wetter and warmer climates tend to support higher productivity.
Carbon sequestration in SOC is influenced by climate, water availability, and plant and microbe
community composition, where wetter and warmer climates again tend to sequester more carbon.
Carbon sequestration tends to vary significantly spatially and temporally in rangelands.

Section I. Pathways to Carbon Sequestration
How Is Carbon Stored in Ecosystems?
Carbon sequestration in terrestrial ecosystems
(hereafter referred to as “carbon sequestration”)
has the potential to remove significant carbon
dioxide from the atmosphere and store it in
vegetation and soil components of terrestrial
ecosystems. Enough additional carbon could
potentially be sequestered in terrestrial ecosystems
globally to reduce carbon dioxide concentrations
by 156 ppm (Lal et al. 2018), returning to preindustrial era levels. How, then, is carbon
sequestered by terrestrial ecosystems and can we
increase this process to remove more carbon from
the atmosphere?

Figure 1. Pathways to carbon sequestration in
terrestrial ecosystems. From Morgan et al. 2010.

Plants act as the conduit by which atmospheric carbon enters terrestrial carbon storage both in plant
biomass and in soil organic carbon (SOC; Figure 1). As plants undergo photosynthesis, carbon dioxide is
removed from the atmosphere to build carbon-based molecules that make up plant biomass—above- and
below-ground. Depending on the species, this carbon in biomass may remain sequestered from less than
one year (in the case of annual plant species) or for multiple decades (in the case of long-lived tree
species). Some portion of carbon sequestered by plants is returned to the atmosphere through plant
respiration (decomposition of carbon-based molecules for plant maintenance, growth, and other metabolic
functions). Carbon is stored long-term (i.e., longer than the lifespan of the plant) in soil when plant carbon
is decomposed into decomposition-resistant soil organic carbon (SOC) by microbes. Soil microbes
additionally use and return some of this carbon to the atmosphere via respiration (see Figure 1, Morgan et
al. 2010 for further description of these processes). Notably, carbon stored in biomass is only stored
temporarily (as when a plant dies, it will mostly be returned to the atmosphere as decomposition occurs).
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As such, most efforts to improve carbon sequestration in terrestrial ecosystems should focus on increasing
SOC. For most ecosystems, the amount of carbon added to the total stored pool (biomass and SOC) every
year (the annual carbon flux) is highly variable over time and space depending on a suite of climate and
biological factors (Polley et al. 2010).
Factors Contributing to Carbon Sequestration
Carbon stored in a terrestrial ecosystem each year is a function of carbon stored in plant biomass and in
the soil. As plants undergo photosynthesis and respiration, the total amount of carbon stored is referred to
as net primary productivity (NPP, units of biomass per area per unit time). Often, NPP is separated into
aboveground and belowground components. Soil organic carbon includes carbon stored long-term in
organic material in the soil. NPP is strongly influenced by temperature (and therefore climate), water
availability, and plant community composition, where wetter and warmer climates tend to support higher
productivity (Table 1; Polley et al. 2010; Pineiro et al. 2010). Likewise, carbon sequestration into soil
organic carbon is influenced by temperature (and therefore climate), water availability, and plant and
microbe community composition. Wetter and warmer climates again tend to sequester more carbon in
SOC.
Direct factors
Indirect factors
Temperature, water availability, plant
Climate, potential biota, soil resources
community composition, N availability
Temperature, water availability, plant and
Climate, potential biota, soil resources
Soil organic carbon
microbe community composition, N
and parent material
availability
Table 1. Factors contributing to stored carbon in plant biomass and soil organic carbon. Direct factors strongly
influence components of carbon sequestration; direct factors are influenced by indirect factors (adapted from Piniero
et al. 2010).
Plant biomass (above
and belowground NPP)

As these climate and biological factors vary significantly geographically and over time, carbon
sequestration in most ecosystems is inherently variable. In arid regions, productivity and therefore carbon
sequestration are limited by low precipitation, and are extremely variable within and among years
(Pineiro et al. 2010, Gilmanov et al. 2010, Polley et al. 2010). Additionally, interannual changes in
biological processes that affect photosynthesis and respiration (such as plant and microbe community
composition, nitrogen mineralization rates, etc.) that are driven by environmental variation (such as
timing and magnitude of precipitation) may regulate carbon sequestration to a greater degree than these
environmental changes alone (Polley et al. 2010). Additionally, large amounts of stored carbon may be
lost to the atmosphere as a result of natural and anthropogenic disturbances, such as wildfires, drought,
and development (Bachelet et al. 2004, Drewniak et al. 2015). As such, carbon sequestration and loss in
terrestrial ecosystems, particularly rangelands, are highly dynamic.
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Section II. Carbon in Rangelands
•
•
•

Rangelands are of interest for carbon storage because of their extent and because they store
relatively more carbon in soils than forests.
Currently, 25% of carbon already stored in western ecosystems is found in grasslands and
shrublands, which also sequester 30% of carbon sequestered by ecosystems in the West.
Monitoring changes in carbon stored in rangeland soils is challenging because the magnitude of the
change is small compared to the total amount of stored carbon, and because carbon storage varies
significantly over space and time.

Current Carbon Storage and Potential for Sequestration
Rangelands have received increased attention for their potential to
store carbon because of their extent in the U.S. and globally.
Additionally, some research suggests that grasslands may be more
reliable carbon sinks than forests because the majority of carbon
is stored in soil and roots belowground, rather than aboveground
biomass (Dass et al. 2018). How much carbon is currently stored
in our western rangelands? Of the approximately 13,920
teragrams of total carbon (Figure 1) stored in western ecosystems,
Figure 2. How much is 13,920
about a quarter is currently stored in grassland and shrubland
teragrams of carbon? About the
ecosystems (Table 2; Zhu and Reed 2012). In the Great Basin
equivalent weight of 25 billion
alone, about 295 teragrams of carbon is stored aboveground,
average-sized beef cows.
nearly half in non-forest ecosystems (Fusco et al. 2019b). Of this
stored carbon, approximately equal parts are stored in plant biomass (38%) and soil organic carbon (39%
in the top 20 cm), with woody debris and other surface pools making up the remaining stored C (Zhu and
Reed 2012).
Ecosystem
Forests
Grasslands and shrublands
Agricultural lands
Wetlands

C stored
69%
25%
4%
<1%

C flux
62%
30%
7%
1%

Table 2. Distribution of carbon stored and sequestered in
Western U.S. ecosystems. C stored is the percent of
current carbon stored by each ecosystem type (reflecting
historical sequestration). C flux is the percent of carbon
sequestered in each ecosystem annually.

In the Western US, ecosystems sequester the
equivalent carbon of about 5% of U.S. fossil fuel
emissions per year (Zhu and Reed 2012).
Approximately 30% of this carbon is sequestered
in grasslands and shrublands (Table 2), with
approximately 32% of carbon stored in live
biomass, 45% in soil organic matter, and 23% in
dead biomass (Zhu and Reed 2012).

Monitoring Carbon Storage
An important factor in assessing both current carbon storage and carbon sequestration is accurately
quantifying the magnitude of carbon stored in plant biomass and in the soil and changes to these carbon
pools. Generally, carbon in plant biomass can be relatively easily quantified using remote sensing (Dong
et al. 2003). For carbon stored in soil, quantification can be relatively challenging in rangelands because
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change in carbon can be small in comparison to the total amount of stored carbon and thus difficult to
measure (Booker et al. 2013, Thomey et al. 2014). As such, quantifying the effects of climate change over
short timescales or management practices that have relatively small effects on carbon storage is a
challenge (Thomey et al. 2014). Additionally, carbon stored in soils varies substantially spatially and
temporally, so intensive sampling can be needed to accurately quantify current stocks and changes to
those stocks (Thomey et al. 2014). Most studies only assess soil carbon in the upper layers of the soil
profile, which limit inference (Petrokofsky et al. 2012). As such, methodological uncertainty in carbon
estimates, particularly in soils, must be considered when planning conservation actions.
Section III. Climate Change Impacts on Carbon Sequestration
•
•
•
•

•

•

Climate change will likely impact climate and biological factors that influence carbon sequestration.
Under changing climatic conditions, we expect western rangelands to be warmer and have more
frost-free days and more extreme events (e.g., drought, precipitation, wildfires).
Much research addresses how plants will respond to climate change, although there is still a lot of
uncertainty.
In arid regions, increased aridity is expected, which may decrease plant productivity and therefore
carbon sequestration in biomass. In less arid regions, increased productivity could occur as a result
of increased precipitation and CO2 fertilization.
Significant plant community turnover and ecosystem change could occur, although these changes
are very difficult to predict. Sagebrush systems are most vulnerable on the periphery of the range in
Southern Utah and Nevada and Eastern Washington.
As changing climate alters productivity (inputs to carbon storage) and soil microbial respiration
(losses of stored carbon), SOC sequestration may be lost or gained. If productivity decreases with
aridity, this could result in losses of SOC.

As climate change progresses, understanding how ecosystems and the processes they support will respond
is critical. As climate change will impact both the climatic and biological influencers of carbon
sequestration, with the potential to either slow or accelerate carbon emissions depending on if ecosystems
become net sinks or sources of carbon, understanding impacts of climate change on carbon sequestration
is critical. In regions of the Western U.S., increased aridity could result in ecosystems that are currently
carbon sinks becoming carbon sources, potentially accelerating climate change (Bachelet et al. 2004, Tan
et al. 2015, Maurer et al. 2020).
What will climate in western rangelands look like under future climate change? In intermountain west and
rocky mountain regions, we can expect to see warmer temperatures, more extreme weather events like
drought and extreme precipitation, and more frost-free days (Chambers and Pellant 2008, Halofsky et al.
2018b, 2018a). As topography and other factors affect climate change impacts, these changes will vary
somewhat across subregions (see Halofsky, Peterson, Ho, et al. 2018 pg. 40; Halofsky, Peterson, DanteWooda, et al. 2018 pg 33 for projections by subregion). We note that even when precipitation is projected
to increase, higher temperatures may result in lower soil water deficit (leading to drought). Below, we
summarize how these expected changes might result in changes to carbon sequestered in plant biomass
and soil organic carbon.
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Effects of Climate Change on Plant Biomass
As climate changes, plants will either acclimate, adapt, move, or die, resulting in changes to carbon
storage across ecosystems (Corlett and Westcott 2013). Because the impacts of climate change will be
variable spatially and temporally, we can expect to see significant variation in how plant productivity—
and therefore carbon sequestration in plant biomass—responds (Reddy et al. 2010). In this section, we
summarize the general trends in plant response to climate change (by acclimating, adapting, moving, or
dying) and impacts on carbon storage in plant biomass, particularly in Western rangelands.
Much recent research has focused on how plants will acclimate to climate change—including responses to
changes in carbon dioxide concentration, temperature, and precipitation (Liu et al. 2011, Madani et al.
2018, Maurer et al. 2020, Reich et al. 2020), and overall effects on ecosystem productivity. In general, net
primary production (NPP) is expected to increase under warming and elevated CO 2, but decrease when
precipitation (both in summer and winter) decrease; additionally, change in these climate factors in
concert result in greater effects than when considered alone (Liu et al. 2011, Reich et al. 2020). In arid
rangelands systems (such as the Great Basin and desert Southwest), increased aridity (increased
temperature, reduced precipitation) is expected, likely reducing both productivity and vegetation cover
(Maurer et al. 2020). Research in similar arid Mediterranean rangelands systems suggests that more arid
regions are more vulnerable than less arid areas (Golodets et al. 2015). However, in less arid grassland
regions, such as the Great Plains, productivity may actually increase under climate change (Hufkens et al.
2016). As such, there is some uncertainty as to how plant biomass will change at the ecosystem level
across rangeland systems.
As plants move and die in response to rapid changes in climate, significant species turnover is expected,
which will likely affect carbon storage at the ecosystem scale. Because patterns of extinctions and
migration are difficult to predict (Kelly and Goulden 2008, Crimmins et al. 2011, Corlett and Westcott
2013), there is uncertainty about impacts in western rangelands (Chambers and Pellant 2008, Halofsky et
al. 2018b, 2018a). As abiotic and biotic factors that control ecosystem vulnerability to climate change
vary across the multiple ecosystem types that make up Western rangelands, some vegetation types are
more vulnerable than others. The U.S. Forest Service (USFS) ranked vulnerability of ecosystem types
within the Intermountain West (Nevada, Utah, southern Idaho, eastern California, and western Wyoming
were included) based on published literature and expert evaluations, finding that alpine, dry big sagebrush
shrublands, and low-elevation riparian areas are most vulnerable (see Table 3, Halofsky et al. 2018 for
detailed descriptions of climate impats across ecosystem types). In sagebrush systems, modeling research
suggests that sagebrush systems are most imperiled (and likely to shift to other ecosystem types) at the
edges of the range in Southern Utah and Nevada and Eastern Washington (Bradley 2010). Likely, these
changes will be influenced by other factors, such as changing fire regimes and cheatgrass invasion
(Bradley 2010), discussed below. Additional research on Artemisia tridentata (Big Sagebrush) suggests
that this species may increase productivity in the wet extremes of its range, while declining in the dry
extremes (Kleinhesselink and Adler 2018). Multiple studies predict loss in habitat suitable for sagebrush
species, and northward shifts into the Great Basin (see page 174, Halofsky et al. 2018), although the
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authors mention that genetic diversity and haplotype diversity within sagebrush species may help to speed
rates of adaptation to changing climate.
Research demonstrates that climate impacts, particularly relating to vegetation changes, are extremely
difficult to predict due to limitation in modeling and understanding of plant physiology and response to
climate. We caveat that uncertainty is inherent in these predictions, and increased variability is expected.
As such, if plants acclimate, adapt, move, or die (or some combination of these four responses) changes in

Table 3. Vulnerability of ecosystem types within the intermountain west to changes due to climate change.
Vulnerability was assessed from published literature and expert evaluation. See Halofsky, Peterson, and Ho et al.
2018.

carbon sequestration across Western rangelands may occur. Broadly, although increased productivity in
some areas may result in more sequestered in plant biomass (e.g., in grasslands), increased disturbance
(e.g., drought and fire) expected under a warming climate will likely result in large to catastrophic loss of
carbon during extreme events (Bachelet et al. 2004, Tan et al. 2015). High vulnerability of some
ecosystem types may disproportionately affect loss of carbon storage if these ecosystems decline. For
example, persistent pinyon-juniper woodlands are ranked highly vulnerable to climate change by the
USFS (Table 3), but also store a disproportionate amount of aboveground carbon in rangelands (pinyonjuniper woodlands make up about 17% of land area, but store about 44% of aboveground carbon (Fusco
et al. 2019b).
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Effects of Climate Change on Soil Organic Carbon
Because soils store nearly four times as much carbon as plant biomass and three times that of the
atmosphere (Lal 2004), protecting existing soil carbon stores and sequestering additional soil carbon are
both critical through conserving intact landscapes (see Defend the Core, Protect the Core, Mitigate
Impacts strategies). As such, there has been significant interest in understanding how soil carbon storage
changes with changing climate. Because soil carbon sequestration and storage are primarily driven by a
suite of environmental and biological factors (see Table 1) that respond to climate, much research has
focused on predicting responses of SOC to climate change. At the global level, models disagree about the
effects of climate change on SOC, including whether SOC will be gained or lost and where (Köchy et al.
2015). Overall, if SOC stocks increase or decline will likely depend on changes in productivity over space
and time.
The net effect of climate change on SOC is a function of changes in carbon input by plants (productivity)
and loss by microbial activity. As reviewed above, effects of climate change on plant productivity will
vary. As temperature increases, soil microbial enzymatic activity may increase (particularly when soil
moisture also increases), which could lead to increased carbon loss through respiration, but also increased
storage as SOC (Qi et al. 2016). However, if decomposition increases more than NPP (biomass inputs
into soil), then SOC loss could occur. Additionally, interactions with vegetation change (turnover,
changes in productivity, as reviewed above) will likely drive changes in SOC at local to regional scales
(Lal 2004). As such, in areas where productivity might decrease, such as where aridity will increase, or at
the margins of a species’ range, SOC loss may occur, but uncertainty is inherent in these predictions
(Köchy et al. 2015).
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Section IV. Effect of Management Practices
•

•

•

•

•

•

Conifer encroachment and conifer removal — Research on both the effect of conifer
encroachment and removal on carbon sequestration is limited and variable. Conifer removal may
result in reduced carbon storage in biomass and may decrease SOC loss due to runoff.
Changing wildfire regimes and prescribed fire — Wildfires result in immediate, significant, and
variable loss of carbon in biomass, but the magnitude of this loss depends on fire regime and site
ecology. For prescribed fire, limited research indicates that this practice does not reduce stored
carbon significantly in the long-term.
Invasive annual grasses and invasives removal — Cheatgrass invasion results in significant
reductions in carbon stored in biomass and can contribute to additional loss through the grass-fire
cycle. Research on cheatgrass and SOC is limited but indicates that cheatgrass invasion results in
loss of SOC as invasion progresses.
Riparian area degradation and wet meadow restoration — Wetlands and wet meadows can store
proportionally more carbon than other ecosystem types, despite their relatively low prevalence.
Restoration efforts have been shown to increase SOC in wetlands and wet meadows.
Overgrazing and prescribed, targeted, and outcome-based grazing — Significant research
addresses the effects of grazing on carbon sequestration, but results are mostly marginal and
variable. Low to moderate grazing may increase SOC marginally, but results depend on climate
and grassland type. Overgrazing and soil erosion result in loss of SOC and should be avoided.
Land use conversion and conservation easements — Preventing conversion of rangelands to
cropland and development is critical to preserve current carbon stores. Conservation easements are
one tool to do this.

The IWJV and multiple partners work to implement “the right conservation practices in the right places”,
leveraging a suite of practices that provide benefits for wildlife, ecosystems, and people. Carbon
sequestration and protection of stored carbon are both potential benefits of some conservation practices.
This section summarizes current literature addressing the efficacy of some of these practices in protecting
or increasing stored carbon in western rangelands.
i.
Conifer encroachment and conifer removal
Expansion of native conifer species (juniper (Juniperus) and piñon pine (Pinus) species) into sagebrush
shrub-steppe ecosystems has been identified by multiple agencies as a top threat to sagebrush rangelands
(see Working Lands For Wildlife (WLFW) Conservation in the Sagebrush Biome framework and
Western Association of Fish and Wildlife Agencies (WAFWA) Sagebrush Conservation Strategy; Natural
Resources Conservation Service (NRCS) 2021, Remington et al. 2021)). Conifer encroachment has been
shown to have broad negative effects on wildlife, plant communities, and ecosystem functions. Conifer
encroachment also impacts carbon sequestration via plant biomass and soil organic carbon. Removal of
encroaching conifers is increasingly used by managers to address some impacts of conifer expansion.
Because conifer encroachment and removal both occur on extensive spatial scales, decision-makers and
managers are interested in understanding how management actions affect carbon sequestration and stored
carbon.
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Broadly, research on the effects of conifer encroachment on carbon sequestration shows variable effects.
A synthesis of research on the effects of conifer encroachment on carbon balance indicated that carbon
sequestration in plant biomass would generally increase due to increased biomass, but may decrease in
very arid regions (<336 mm annual precipitation)(Barger et al. 2011). Responses of soil organic carbon to
conifer encroachment varied significantly, from large losses in SOC to significant gains (Neff et al. 2009,
Rau et al. 2011b), with no relationship with precipitation (Barger et al. 2011). Additional work suggests
that woody plant encroachment may also result in greater loss of SOC due to runoff, including legacy
carbon that was previously stabilized in the soil (Puttock et al. 2014), but SOC responses varied from
losses to gains (Barger et al. 2011). Research in this area is currently limited, and more work is needed to
understand variable responses, although research generally suggests that overall carbon may be lost in
areas where woody species are encroaching.
Research on the effects of conifer removal on carbon storage is additionally limited and shows mixed
results. Analyses of one site in Walker Butte, OR within the SageSTEP experiment showed that conifer
removal can result in reductions in both aboveground and soil carbon storage (Throop and Lajtha 2018).
In this study, juniper aboveground biomass accounted for the major differences in carbon storage among
encroached versus cut sites, although surface carbon (e.g., litter) and SOC were both reduced when
conifers were removed. Other studies have additionally shown that SOC is higher under encroaching trees
and shrubs versus interspaces (Neff et al. 2009, DeMarco et al. 2016). In contrast, one study in Oregon
compared cut and uncut watersheds and showed no difference in SOC after 13 years, although this study
was not properly controlled, so inference is limited (Abdallah et al. 2020). In summary, research is
conflicting and limited on the effect of conifer removal on carbon storage in biomass and SOC, likely
insufficient to draw broad conclusions on the effect of this management practice. However, removal of
encroaching conifers will likely impact carbon storage.
ii.
Changing wildfire regimes and prescribed fire
Changing wildfire regimes are also a major threat to sagebrush rangelands identified by WLFW and
WAFWA sagebrush conservation strategies (Natural Resources Conservation Service (NRCS) 2021,
Remington et al. 2021). Change in fire severity
and frequency are expected with climate change
(Scasta et al. 2016), including within western
rangelands. Currently, wildfires return
approximately 10 teragrams of carbon per year
to the atmosphere, nearly 12% of what is
sequestered by terrestrial ecosystems in the
Western US. As area burned increases due to
climate change, emissions due to wildfires may
increase by nearly two-thirds (Zhu and Reed
2012). Additionally, many ecosystems have
undergone significant change (e.g., conifer
Figure 3. Effects of fire severity on carbon budget over
encroachment) due to lack of fire on the
time. From Conard and Solomon (2009).
landscape. As such, burning is a common
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management tool to return this important
ecosystem process to the landscape. Therefore,
understanding how both wildfires and prescribed
burning affect carbon storage are important.
Research on the effects of wildfire on stored
carbon is relatively robust, but shows that loss of
stored carbon due to wildfires is significant (2040% of fossil fuel combustion) and highly
variable (Conard and Solomon 2009). Net
effects on carbon storage depend on fire regime
(frequency, size, seasonality, and severity; see
Figure 4. Conceptual model showing factors affecting
Figure 3; Conard and Solomon 2009), as well as
plant succession (state transitions) after fire. From Miller
et al. 2013.
ecological site type (see (Miller et al. 2013 for
further details). Emissions will peak during the fire and slow as additional dead plant material is
decomposed and microbial respiration occurs; as vegetation recovers, most systems will again act as
carbon sinks, but the timeframe and extent of this recovery depends again on fire regime and ecological
site types (Conard and Solomon 2009, Miller et al. 2013). Additionally, carbon storage may be affected if
ecosystems undergo state transitions after wildfires (see Figure 4; Miller et al. 2013). For example,
sagebrush shrub-steppe ecosystems often become dominated by annual invasive grasses, like cheatgrass,
after fire, resulting in reduced capacity for carbon storage (discussed in Invasive annual grasses section
below).
As managers implement prescribed burning to restore the ecological functions of fire to the landscape and
to address high fuel loads, these practices will have implications for carbon sequestration. As with
wildfires, the effect of prescribed burning on plant biomass depends on fire regime, which can be
controlled within management practices and will not be discussed here. For SOC, limited research shows
that controlled burning likely has minimal long-term effects SOC. Assessment of prescribed burning to
reduce conifer encroachment in the Great Basin showed that although plant biomass carbon was reduced
(as intended) by these treatments, there was no effect on soil organic carbon (Rau et al. 2010). Additional
work in a Nevada pinyon-juniper woodland showed that SOC increased immediately after burning, but
these effects were diminished and nonsignificant over time (Rau et al. 2009). Managers should consider
the potential effects of prescribed burning on carbon storage and, perhaps more significantly, the potential
to increase cheatgrass invasion and contribute to the grass-fire cycle (see below for further discussion).
iii.
Invasive annual grasses and invasives removal
Often identified as the top threat to sagebrush rangelands, the invasive annual grass cheatgrass (Bromus
tectorum) and other invasive plant species have taken hold across the West (Natural Resources
Conservation Service (NRCS) 2021, Remington et al. 2021). Although cheatgrass significantly affects
ecosystem structure and function, it strongly affects and is affected by fire regimes (Germino et al. 2016,
Nagy et al. 2021). As such, cheatgrass invasion alters carbon storage and sequestration potential. A recent
literature review summarizes these effects (Nagy et al. 2021). The authors found that aboveground
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biomass was on average 55% lower and belowground biomass was on average 62% lower in cheatgrassinvaded versus native sagebrush sites. Additionally, SOC below 20 cm was lost in cheatgrass versus
native sagebrush sites greater than five years after fire. However, SOC in the top 10cm of soil was on
average higher than in native sagebrush, possibly due to increased litter contribution by cheatgrass,
resulting in no significant change in total SOC. Consistent with this synthesis, research in the Great Basin
showed that SOC decreases over time and cheatgrass invasion worsens in severity (Rau et al. 2011a).
These effects may be worse under drought, resulting in cheat-grass dominated landscapes becoming
carbon sources (Prater et al. 2006). Removal of fire-prone invasive species may help to increase carbon
storage and additionally is necessary to prevent the loss of additional stored carbon (in biomass and SOC)
as the grass-fire cycle continues (Booker et al. 2013, Fusco et al. 2019a, Nagy et al. 2021). As such,
removal of cheatgrass and prevention of state transitions of sagebrush and other ecosystem types into
cheatgrass-dominated systems should be a major focus of efforts to protect current carbon stores in
sagebrush rangelands. Both WLFW and WAFWA sagebrush conservation strategies advocate for robust
strategies to address invasive annual grasses, emphasizing the effects on carbon storage. Carbon benefits
of cheatgrass removal should be strongly integrated into messaging on invasive annual grasses.
iv.
Riparian area degradation and wet meadow restoration
Loss and degradation of riparian areas, such as wetlands and wet meadows, within sagebrush rangelands
threatens wildlife habitat and ecosystem services and is an additional focus of both WLFW and WAFWA
and sagebrush conservation strategies (Natural Resources Conservation Service (NRCS) 2021,
Remington et al. 2021). Although wetlands and wet meadows within sagebrush ecosystems account for a
relatively small total area, their potential to store and sequester carbon exceeds drier ecosystems (Norton
et al. 2013, Lal et al. 2018, Carter Johnson 2019). As such, prioritizing wetland protection and restoration
may be important to contribute to carbon sequestration in the West. Limited but increasing research
addresses the impacts of wetland and wet meadow restoration and management on carbon storage. In
North America, wetland restoration has the potential to sequester 378 teragrams of carbon, approximately
the equivalent of 2.5% of 1990 U.S. annual CO2 emissions (Euliss et al. 2006). Research in the Canadian
Prairie Pothole region has shown that, even considering methane emissions, prairie potholes store and
actively sequester carbon, and restoration of these systems increases carbon sequestration (Badiou et al.
2011). Additional work suggested that wetlands do not immediately sequester carbon at rates equivalent
to native wetlands, suggesting a need for protection (Galatowitsch and Van Der Valk 1996). Further,
extensive work in the intermountain west showed that low-tech riparian and wet meadow restoration
increased plant productivity (although carbon storage was not measured) (Silverman et al. 2019).
Additionally, heavy grazing has been shown to reduce soil carbon in prairie wetlands (Teuber et al. 2013).
As such, first protecting and then restoring wetlands and wet meadows will likely result in positive gains
for carbon storage.
v.
Overgrazing and prescribed, targeted, and outcome-based grazing
Livestock grazing is extremely prevalent in sagebrush habitats, acting as a disturbance to vegetation,
providing important ecosystem functions, and contributing to livelihoods. There has been much interest
on the potential for grazing management to contribute to carbon sequestration in rangelands because of
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their extent both regionally, nationally, and globally. An abundance of literature on this topic both
regionally and globally allows for robust synthesis of the effects of grazing on carbon sequestration in
rangelands.
Because of the extent of rangelands (covering approximately one-third of land in the U.S., depending on
how rangelands are defined (Havstad et al. 2009), marginal changes in carbon storage could add up.
Research shows somewhat variable effects of grazing on carbon sequestration depending on site factors
like precipitation, but there is generally consensus within the literature that increases in SOC due to
grazing are small compared to variation in environmental factors across temporal scales, and that
incentives are lacking to make management changes for the purpose of carbon sequestration financially
viable (Conant et al. 2001, Pineiro et al. 2010, Booker et al. 2013). However, other ecological and
financial benefits of grazing management are numerous, so slight increases in carbon sequestration should
be viewed as an additional benefit. Efforts should instead be focused on conserving currently stored
carbon within rangelands.
Multiple reviews of the effect of grazing on carbon sequestration similarly conclude that increases are
marginal and dependent on climate and grassland type (Conant et al. 2001, Pineiro et al. 2010, Booker et
al. 2013, Abdalla et al. 2018). Generally, interannual variation in climate and other environmental factors
contributes more to changes in carbon sequestration than does management practices, particularly grazing
(MacNeil et al. 2008, Booker et al. 2013). Generally, research shows that more mesic regions may be able
to sequester more carbon under grazing management due to greater flux from vegetation to soil (Booker
et al. 2013, Abdalla et al. 2018). Some research synthesis also shows that drier sites (<400mm annual
precipitation) and wetter sites (>850 mm annual precipitation), but not intermediate sites, that were
grazed had higher root carbon contents (a predictor of SOC) than ungrazed sites. Further, C4-dominated
grasslands may be more likely to increase SOC in response to grazing than C3 or C3-C4 mixed grasslands
(Abdalla et al. 2018).
In addition to ecological factors, intensity of grazing may affect SOC. Low to moderate intensity grazing
are more likely to increase SOC over high intensity grazing (Abdalla et al. 2018). Excluding grazing,
however, usually does not result in increased SOC over moderate levels of grazing (Derner et al. 2019).
Additionally, reducing overgrazing (particularly when drought occurs) may help to increase carbon
storage (Conant and Paustian 2002). Because soil erosion can result in loss of SOC (Booker et al. 2013),
avoiding practices that result in soil erosion is critical to protecting currently stored carbon.
Some authors agree that although much focus has been on increasing carbon sequestration, where
increases may be marginal and highly variable, we should instead focus on protecting currently stored
carbon (Derner and Schuman 2007, Booker et al. 2013). Conversion of grasslands or shrublands to
agriculture and development results in significant loss of SOC, and although restoration can increase
SOC, reaching previous levels may take hundreds of years (Knops and Tilman 2000). Therefore,
maintaining land under proper livestock grazing management rather than converting it to other uses is
preferable for carbon storage. Additionally, grazing may help to prevent cheatgrass invasion and
subsequent state transitions (Booker et al. 2013), which has benefits for carbon balance.
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vi.
Land use conversion and conservation easements
Because the conversion of rangelands to other uses (croplands, development) results in loss of stored
carbon and prevents or limits future sequestration, management practices that prevent these transitions
have a critical role in preserving stored carbon (Drewniak et al. 2015, Holechek et al. 2020). From the
1700s onward, more than 3 million km2 of land in the U.S. was converted to agricultural lands, which
released over 10,000 teragrams of carbon into the atmosphere (Havstad et al. 2009). Today, rangelands
generally provide more carbons sequestration benefits than croplands or otherwise developed lands. Brief
or perpetual, protected areas, particularly conservation easements, can provide binding incentives to
prevent the conversion of rangelands into cropland and developments (Havstad et al. 2007, Holechek et
al. 2020). Conservation easements are a common tool in many programs aimed at improving carbon
storage on working lands. Protection of stored carbon is just one benefit of conservation easements, but
messaging on this benefit could be increased.
OPPORTUNITES FOR THE IWJV — TAKEWAYS
The purpose of this report was to address current knowledge on carbon storage in sagebrush rangeland
and assess the potential for management practices to affect carbon storage. After identifying carbon
sequestration as a potential opportunity for the IWJV and our programs and partners, this is the second
step in technical transfer surrounding this topic – reviewing current information to inform additional
technical transfer steps. From this analysis, we have identified a vision for using this information in our
work and several concrete opportunities to apply current science to our work.
Vision for Incorporating Carbon Sequestration into IWJV Work
1. Strengthen current programs — Rather than identifying new directions for the IWJV, this information
helps us to strengthen framing and communication surrounding our current work (see Opportunities,
below). Appropriately using the latest science and language surrounding carbon sequestration, an
emerging priority at the national level, will launch the IWJV into a leadership role among partners at
a time where others are still getting up to speed on how carbon sequestration is relevant to their work.
Providing guidance and talking points, particularly for the BLM, will help our partners to efficiently
strengthen their messages relating to co-benefits of conservation practices.
2. Synergize messages with partners — As two new major frameworks for conservation in the
Sagebrush Biome have emerged during the writing of this report (Natural Resources Conservation
Service (NRCS) 2021, Remington et al. 2021), using messaging consistent with these frameworks is
key. Both frameworks focus entirely or in part on the five main threats to the sagebrush biome
identified in this report. Additionally, as advocated above, they integrate carbon storage co-benefits of
conservation actions relating to major sagebrush threats into their strategies and communications (see,
for example, WLFW’s Healthy Rangelands Store Critical Carbon Above and Below the Surface).
3. Articulate co-benefits of current conservation practices — Four main opportunities for protecting and
increasing carbon storage emerged from our analysis. We find these the most promising areas within
our program purview to integrate carbon sequestration into our work.
a. Invasive annual grasses and invasive removal — Cheatgrass invasion results in marked
reductions in carbon stored in plant biomass and soils and may lead to further loss of stored
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carbon if fire occurs. As such, addressing cheatgrass in rangelands is critical to protecting
currently stored carbon and promoting carbon sequestration in the future.
b. Riparian area degradation and wet meadow restoration —Wetlands and wet meadows can
store significantly more carbon than adjacent arid landscapes, so protecting and restoring
these areas will likely contribute to protecting and increasing stored carbon, among other
benefits.
c. Overgrazing and prescribed, targeted, and outcome-based grazing — The effects of grazing
on carbon sequestration are highly variable; however, preventing overgrazing and soil erosion
will likely help to protect current carbon stores, especially under drought and in mesic areas.
d. Land use conversion and conservation easements — Preventing the conversion of rangelands
into croplands or developments protects stored carbon, so efforts to do this (e.g., conservation
easements, conservation incentive programs) will protect currently stored carbon.
4. Follow the relevant science — Carbon sequestration is a hot topic in conservation. While critically
important to preventing and mitigating climate change, not all ecosystems are suitable for
contributing to carbon sequestration, and not all management practices that help to sequester carbon
are appropriate in all ecosystems. In rangelands, the focus of carbon-related efforts should be
protecting stored carbon and remaining carbon neutral rather than sequestering new carbon for the
reasons outlined in this report. Following the science that is relevant to arid rangeland systems is
critical to crafting strong messages around carbon and avoiding misinformation pitfalls.
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