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Abstract

Understanding the terrestrial carbon budget, in particular the strength of the terrestrial

carbon sink, is important in the context of global climate change. Considerable attention

has been given to woody encroachment in the western US and the role it might play as a

carbon sink; however, in many parts of the western US the reverse process is also

occurring. The conversion of woody shrublands to annual grasslands involves the

invasion of non-native cheatgrass (Bromus tectorum) which in turn leads to increased

frequency and extent of fires. We compared carbon storage in adjacent plots of invasive

grassland and native shrubland. We scaled-up the impact of this ecosystem shift using

regional maps of the current invasion and of the risk of future invasion. The expansion of

cheatgrass within the Great Basin has released an estimated 8� 3 Tg C to the atmosphere,

and will likely release another 50� 20 Tg C in the coming decades. This ecosystem

conversion has changed portions of the western US from a carbon sink to a source,

making previous estimates of a western carbon sink almost certainly spurious. The

growing importance of invasive species in driving land cover changes may substantially

change future estimates of US terrestrial carbon storage.
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Introduction

Terrestrial carbon accounting is an important compo-

nent of predicting long-term climate change. Large-

scale changes in land cover affecting carbon storage

should be included in estimates of current and future

carbon flux. A prominent example of large-scale land

cover change is conversion of shrubland to non-native

cheatgrass (Bromus tectorum) grassland in the western

US. Cheatgrass is a non-native annual grass prevalent in

the states of Washington, Oregon, Idaho, and vast areas

of Nevada and Utah (Mack, 1981). Cheatgrass tends to

invade sagebrush (Artemesia spp.) communities, but is

also present in pinyon-juniper (Pinus spp., Juniperus

spp.) woodland and, more recently, has invaded lower

elevation salt desert shrubland (Atriplex spp.) (Young &

Tipton, 1989). Cheatgrass invasion has been linked to

land use disturbance (Gelbard & Belnap, 2003; Bradley

& Mustard, 2006), but the invasive species is likely

to expand in area even without disturbance effects

(Bradley & Mustard, 2006). Further, the growth of

cheatgrass is enhanced by elevated levels of CO2 rela-

tive to other native species (Smith et al., 1987, 2000),

suggesting that the competitiveness of cheatgrass will

continue for the foreseeable future.

The most compelling reason for including cheatgrass

invasion in carbon accounting is close association with

fire (D’Antonio & Vitousek, 1992). Whisenant (1990)

showed that fire frequency increases 10-fold, to as often

as every 5 years, following cheatgrass invasion. Fire

frequency increases because cheatgrass creates dense

vegetative cover, and thus, higher fuel load, on lands

that formerly contained shrub and bunch grasses sepa-

rated by open soil (Whisenant, 1990). Once this land

burns the wind blown seeds of cheatgrass swiftly reco-

lonize the area, creating a cheatgrass monoculture with a

total loss of shrub biomass (Young & Evans, 1978). Even

without repeated fires, cheatgrass dominates previously

burned areas, preventing shrub regrowth (Billings, 1990).
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Although shrub loss, or ‘woody elimination’, is pro-

minent in the western US, it has not been considered in

the US terrestrial carbon budget (Houghton et al., 1999;

Pacala et al., 2001). Instead, the opposite process of

shrub gain, or ‘woody encroachment’, has received

considerable attention. Several studies have described

the spread of woody plants into grasslands and shrub-

lands (Archer, 1994; Archer et al., 2001; Asner et al., 2003;

Wessman et al., 2004), including sagebrush-dominated

systems. In the US some of the difference between

ground-based and atmospheric-based estimates of car-

bon flux (Prentice et al., 2001; Houghton, 2003) has been

tentatively attributed to woody encroachment (Houghton

et al., 1999; Pacala et al., 2001). An upper limit of carbon

accumulation across all nonforested, noncultivated land

in the western US is 122 Tg C yr�1 (Houghton et al., 1999),

though this estimate does not include potentially off-

setting decreases in soil carbon (Schlesinger & Pilmanis,

1998; Goodale & Davidson, 2002; Jackson et al., 2002).

Because woody encroachment is the only land cover

change currently considered in the western US,

this region is thought to be a net carbon sink. How-

ever, consideration of the invasion of annuals in the

carbon balance of the region may negate the carbon

gains associated with woody encroachment while

also reducing the potential land area available for

encroachment.

Conversion of woody plant communities to annual

communities is an important ecological and biogeo-

chemical process due to its broad spatial scale. Using

remote sensing to map cheatgrass on a regional scale,

Bradley & Mustard (2005) found that cheatgrass mono-

cultures with dense understories covered a minimum of

20 000 km2, or 5% of the Great Basin in the 1990s. Based

on topography and soil properties 150 000 km2 of the

Great Basin have been estimated to be at high risk of

cheatgrass invasion (Suring et al., 2005; Wisdom et al.,

2005).

Woody plant community elimination as a result of

invasion of annual grasses may affect carbon storage in

several ways. First, carbon is lost through the volatiliza-

tion of carbon stored in shrub biomass during fires. If

burned, these woody communities are unlikely to re-

generate (Billings, 1990). Second, net carbon exchange

(NCE) is lower in invasive grass communities than in

native shrubland, reducing carbon accumulation rates

(Verburg et al., 2004; Prater et al., 2006). Third, conver-

sion from a woody to annual life form will likely affect

patterns of belowground carbon storage. Shallow soils

may have increased carbon content as brome density

increases (Ogle et al., 2004), while shrub-dominated

systems have extensive rooting systems at 1–2 m depths

and may store more carbon in deeper soils (Jobbagy &

Jackson, 2000; Jackson et al., 2002). Additionally, de-

creased vegetative cover on burned landscapes may

increase topsoil erosion, leading to losses of shallow

soil carbon (D’Antonio & Vitousek, 1992).

In order to estimate the potential regional impact of

cheatgrass invasion on carbon stocks, we compare

aboveground carbon storage within plots in the sage-

brush steppe and salt desert shrub communities with

that of adjacent plots in cheatgrass-dominated grass-

lands. We also examine soil carbon in the adjacent plots

to determine whether fire and associated cheatgrass

invasion have led to a change in shallow soil carbon.

Finally, we scale-up estimates of aboveground carbon

stock changes resulting from the invasion of cheatgrass

to the regional level using the current extent of cheat-

grass (Bradley & Mustard, 2005) and extent of potential

invasion (Suring et al., 2005; Wisdom et al., 2005).

Methods

Vegetation cover, aboveground biomass, and near-sur-

face soil carbon of native shrublands and cheatgrass

monocultures were measured at three sites in north

central Nevada in May 2004. Plots representative of

plant communities before and after conversion to cheat-

grass grassland were sampled using a paired plot de-

sign: one plot in a burned grassland dominated by

cheatgrass and another in unburned native shrubland.

The paired plots were 30� 30 m2, located within 500 m

of each other, and at least 100 m from any burn edges

or roads.

The three sites, representative of lands invaded by

cheatgrass, were selected on Bureau of Land Manage-

ment (BLM) lands subjected to grazing pressures typi-

cal of those experienced across the Great Basin. Native

vegetation at these sites was representative of the range

of communities cheatgrass typically invades, from a

low-productivity salt desert shrub community to a

high-productivity sagebrush community. Finally, the

length of time since fire ranged from 3 to 18 years, with

two fire events at one site. Fire frequency is high in

cheatgrass-dominated areas (Whisenant, 1990), and

multiple burns may become the norm for annual grass-

lands in the future.

The first site, located west of the Rye Patch reservoir

(40.571N, 118.341W) at an elevation of 1280 m and a

mean annual precipitation of approximately 190 mm

(based on the Rye Patch Dam gage 13 km away),

contained a dry desert shrub community, composed

primarily of shadscale (Atriplex confertifolia) and salt-

bush (Atriplex spp.) with some cheatgrass under shrub

canopies. Interspaces contained no native grasses. The

annual grassland (burned in 2001) contained cheat-

grass, as well as the non-native annuals Halogeton

glomeratus and Russian thistle (Salsola kali).
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The second site, located south of Button Point

(41.001N, 117.581W) at an elevation of 1400 m and a

mean annual precipitation of 210 mm (based on the

Winnemucca Airport gage 20 km away), contained a

mixed sagebrush (Artmesia tridentata) and Sandberg

blue grass (Poa secunda) community with some

cheatgrass under shrub canopies. The annual grassland

portion of this site burned in 1986 and was dominated

by cheatgrass.

The third site, located north of Jungo (40.991N,

117.861W) at an elevation of 1380 m and a mean annual

precipitation of 210 mm (based on the Winnemucca

Airport gage 13 km away), contained a sagebrush com-

munity with dense cheatgrass in shrub interspaces

(Fig. 1). The cheatgrass grassland portion of this site

burned twice, once in the mid-1980s and again in 2001.

The Rye Patch, Button Point, and Jungo locations

represented the types of shrublands that cheatgrass

typically displaces in the Great Basin and thus can be

used to estimate aboveground carbon loss associated

with the process. We measured aboveground biomass

by destructively collecting plant material within ten

0.10 m2 circular subplots within a grid in each plot.

The collection was timed to coincide with peak above-

ground biomass (mid-May). Litter (dead plant material

not attached to a living plant) was minimal at all sites

and was not included in the harvested biomass. Har-

vested plant material was dried at 60 1C for 48 h and

weighed. Dry biomass was converted to aboveground

carbon using a C/biomass conversion factor of 0.5.

Percent cover of native and invasive species was

measured every meter along six randomly oriented

30 m line transects within each plot. Cover was classi-

fied as soil, native shrub woody vegetation, native

shrub green foliage, native perennial grass, or cheat-

grass.

The top 10 cm of soil was collected using a 2 cm

diameter soil corer at 40 locations arrayed systemati-

cally in a grid within each plot. Although bulk density

is likely to differ among sites, we assumed it to be the

same between adjacent plots. Thus, differences in total

carbon content correspond to carbon concentration at

each site. Soils were dried at 100 1C for 48 h, sieved to

remove rocks 42 mm diameter, ground using a mixer

mill, and measured for carbon content using a modified

Dumas C-N Analyzer. Soil carbon was dominantly

organic; inorganic carbon measured within two sam-

ples from each plot using inorganic carbon coulometry,

accounted for o1% of total carbon in all cases.

Average aboveground carbon (g C m�2) was calcu-

lated for shrub system of the Great Basin by combining

the results of this study with studies reported in the

literature to determine average community above-

ground carbon. Published studies of aboveground bio-

mass in sagebrush, salt desert shrub, and cheatgrass

communities have been collected across the Great Basin

(Utah, Idaho, Oregon, and Nevada; Hull & Pechanec,

1947; Goodman, 1973; Young et al., 1989; Sapsis &

Kauffman, 1991). The difference between average

aboveground carbon stored in native shrubland and

Fig. 1 Sagebrush ecosystem with cheatgrass-dominated interspaces (left) adjacent to cheatgrass grassland (right) at the Jungo site.
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in cheatgrass monocultures determined the average

carbon lost with cheatgrass invasion into salt desert

shrub and sagebrush communities. We estimated the

potential land cover (precheatgrass) in Great Basin

shrublands using estimates of mean annual precipita-

tion from PRISM (Daly et al., 2004) and an average

precipitation threshold of 200 mm to differentiate be-

tween salt desert shrub and sagebrush communities

(Houghton et al., 1975).

Potential (precheatgrass) land cover distribution in

the Great Basin was compared with current cheatgrass

extents based on a remote sensing derived map of

cheatgrass presence (Bradley & Mustard, 2005). This

map did not include Idaho or central Oregon and

classifies 64% of cheatgrass with a commission error

(pixels classified as cheatgrass that contain native vege-

tation) of 15% (Bradley & Mustard, 2005). Thus, regio-

nal estimates of current cheatgrass distribution

underestimate the total invasion to date. Values of

carbon loss per unit area for both salt desert shrub

and sagebrush communities were multiplied by the

total area currently containing cheatgrass to determine

net aboveground carbon loss with current cheatgrass

invasion. The same process was repeated using a map

of land at high risk of future cheatgrass invasion (Suring

et al., 2005; Wisdom et al., 2005) to determine potential

future aboveground carbon losses if woody elimination

continues.

Results

All woody cover was completely absent on the annual

grassland plots (Table 1). Native grasses were found in

only one grassland plot (Button Point, where native

grasses were also abundant on the shrubland plot). At

the Button Point and Rye Patch sites, shrubland areas

contained very low densities of cheatgrass, suggesting

that cheatgrass had invaded but was not abundant in

the area before burning. At the Jungo site, where dense

cheatgrass existed in shrub interspaces in the shrubland

plot, shrubs were replaced primarily by bare soil after

fire, with only a modest increase in cheatgrass cover.

Aboveground carbon was lower at grassland plots

(22–94 g C m2) than at shrubland plots (160–670 g C m2)

due to the loss of woody biomass (Table 2). The values

of aboveground carbon for cheatgrass, salt desert eco-

systems, and sagebrush systems obtained in these loca-

tions were similar to estimates reported from elsewhere

in the Great Basin (Hull & Pechanec, 1947; Goodman,

1973; Young et al., 1989; Sapsis & Kauffman, 1991).

When our measured values for aboveground biomass

in shrub and grassland plots were averaged with results

from the literature with the same community types, we

estimate that the loss of aboveground carbon averaged

440 � 180 g C m�2 (SE) when sagebrush systems were

lost and 110 � 50 g C m�2 (SE) when salt desert shrub

systems were lost (Table 2). Twenty thousand km2 of the

Great Basin are currently dominated by either cheat-

grass monoculture or dense cheatgrass in a shrub

matrix (Bradley & Mustard, 2005) (Fig. 2). Although

some of these areas have not yet experienced loss of

woody vegetation, they are at high risk of fire and

future woody elimination. Of the total area, 18 000 km2

were formerly sagebrush-dominated communities

(average annual rainfall of 4200 mm) and 2000 km2

dry desert shrub (average annual rainfall of

o200 mm). This pattern of ecosystem conversion has

resulted in the loss, or imminent risk of loss once fire

occurs, of 8 � 3 Tg C. An additional 150 000 km2 in the

Great Basin are at high risk of cheatgrass invasion and

future woody plant community elimination (Suring

et al., 2005; Wisdom et al., 2005) (Fig. 2). Of that area,

Table 1 Mean percent land cover at three sites in the Great Basin

Soil Shrub (woody)* Shrub (foliage)w Native grass Cheatgrass

Rye Patch

Shrubland 60 (4) 24 (3) 11 (2) – 4 (2)z

Grassland 54 (4) 3 (1)§ – – 18 (3)z

Button Point

Shrubland 50 (3) 18 (2) 19 (2) 11 (2) 2 (1)

Grassland 34 (4) – – 9 (2) 56 (4)

Jungo

Shrubland 28 (4) 29 (4) 17 (3) – 27 (4)

Grassland 61 (4) – – 1 (1) 37 (4)

Mean (�standard error).

*Shrub woody nonphotosynthetic vegetation.
wShrub green foliage cover.
zThe invasive annuals Halogeton glomeratus and Russian thistle (Salsola kali) make up the remaining percent cover.
§Woody vegetation at this site consisted of burned stumps.
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100 000 km2 are currently occupied by sagebrush and

50 000 km2 by dry desert shrub. The potential carbon

loss in areas at high risk of eventual conversion to

annual grassland is 50 � 20 Tg C.

Mean soil carbon concentration in the top 10 cm was

higher in the sagebrush communities than in the desert

shrubland, but conversion to cheatgrass had no signifi-

cant effect on soil carbon concentrations except at

Button Point, where the data show a higher carbon

concentration within the grassland (Table 3). However,

the lack of similar findings at the two other sites and in

the literature suggests that this difference may be a

result of pre-existing soil differences between the plots.

Because the data on soils are inconsistent, we did not

include shallow soil carbon values in our estimates of

carbon stock change at the regional level.

Discussion

The difference in percent cover of paired grassland and

shrubland plots illustrates the magnitude of the transi-

tion from native shrubland to cheatgrass-dominated

ecosystems. Woody, nonphotosynthetic vegetation, a

critical component of carbon storage in semiarid sys-

tems, is completely eliminated. The loss of woody

vegetation in these areas is likely permanent, as cheat-

grass dominates immediately following fires and com-

petes effectively with native species for resources

(Billings, 1990). Cheatgrass dominance in the western

US has steadily increased since the early 1900s and is

expected to continue its expansion unabated even if not

more rapidly (Mack, 1981). Although the process of

cheatgrass expansion has long been known, its implica-

tions on carbon cycling has been overlooked. This study

suggests that the scale of this influence on US carbon

budget is large.

Table 2 Mean aboveground carbon storage (g C m�2) of

invaded and native plant communities in the Great Basin

Grassland

Cheatgrass

Shrubland

Desert shrub Sagebrush

This study

Rye Patch 48 (6)* 160 (49)*

Button Point 94 (26) 340 (145)

Jungo 22 (2)* 670 (290)*

Other studies

70 (5)w 156 (32)z 530 (56)§

178 (32)z 444 (169)}

Average 59 (10) 165 (38) 497 (165)

Difference from

cheatgrass

106 (48) 438 (175)

Mean ( � standard error).

*Significant difference between invasive grassland and native

shrubland plots (Po0.05).
wIdaho – (Hull & Pechanec, 1947).
zUtah – (Goodman, 1973).
§Oregon – (Sapsis & Kauffman, 1991).
}Nevada – (Young et al., 1989).

Fig. 2 Western lands contributing to carbon flux. Dark gray

areas currently contain cheatgrass. Medium gray areas are at

high risk of cheatgrass invasion and are a carbon source. Light

gray areas are at high risk of woody encroachment and are a

carbon sink.

Table 3 Carbon concentrations in the top 10 cm of soil on

invasive grassland and native shrubland plots in the Great

Basin

Carbon concentration (%)

Invaded

Cheatgrass

Native

Desert

shrub Sagebrush

Rye Patch 0.48 (0.022) 0.44 (0.013)

Button Point 1.37 (0.040)* 1.03 (0.037)*

Jungo 0.80 (0.034) 0.85 (0.034)

Mean (� standard error).

*Significant difference between invaded and native plots

(Po0.05).
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Currently, semiarid lands in the western US are

thought to be a net carbon sink as a result of woody

encroachment (Houghton et al., 1999; Pacala et al., 2001).

However, aboveground carbon losses resulting from the

spread of cheatgrass may be of a magnitude sufficient to

offset gains resulting from woody encroachment. One

of the few studies to have considered woody encroach-

ment over a large area and a long time period found

that mesquite expansion over 400 km2 of drylands in

northern Texas between 1937 and 1999 accumulated an

estimated 120 g C m�2 in woody biomass (Asner et al.,

2003). The magnitude of this gain is comparable to the

loss associated with the conversion of dry desert shrub

systems to cheatgrass (110 g C m�2) and much less than

the loss associated with the conversion of sagebrush

systems (440 g C m�2).

Cheatgrass invasion not only creates a carbon source,

but also reduces the aerial extent of the potential woody

sink. Many of the sagebrush systems that cheatgrass is

replacing have previously been experiencing woody

encroachment via sagebrush crown enclosure or pin-

yon-juniper expansion (Archer, 1994; Wessman et al.,

2004). An upper estimate of all lands potentially sus-

ceptible to woody encroachment based on the criteria

used by Houghton et al. (1999) (all nonforested, non-

cultivated land area) encompasses 450 000 km2 in the

Great Basin. However, pinyon-juniper encroachment is

only likely to occur within 5 km of the sagebrush/

woodland transition (Suring et al., 2005), a total area

of only 200 000 km2, of which 40 000 km2 are highly

susceptible to cheatgrass invasion. Thus, a more reason-

able estimate for areas with a potential for long-term

carbon storage due to woody encroachment could be

reduced to 160 000 km2, a third of the aerial extent

initially considered susceptible to woody encroachment

(Fig. 2). If the amount of carbon accumulated over 60

years in north Texas is applied to the maximum area

available (160 000 km2), the potential accumulation of

carbon is 20 Tg C, less than half of the potential loss

of 50 Tg C estimated here for the continued spread of

cheatgrass. Cheatgrass invasion not only releases car-

bon, it also eliminates a carbon sink.

Carbon loss values associated with cheatgrass inva-

sion are likely an underestimate. The map of current

extents underestimates cheatgrass presence and does

not include Idaho and central Oregon. Also, the area

estimated to be at high risk of cheatgrass invasion does

not include shrublands outside of the Great Basin in

Oregon, Washington and eastern Utah (Mack, 1981). In

addition to underestimating the extents of woody elim-

ination, we also have not included changes in commu-

nity NCE (Verburg et al., 2004; Prater et al., 2006).

Prater et al. (2006) compare daily integrated NCE

between a sagebrush community and a postfire inva-

sive annual community at several time periods in

growing seasons between 18 July 2000 and 12 August

2003. Average postfire NCE (0.14 � 0.08 SE g C m�2 day)

is significantly lower than average sagebrush NCE

(0.50 � 0.12 SE g C m�2 day) for the period of measure.

Assuming this difference is only present during the

summer growing season (1 June–1 August), this differ-

ence amounts to a reduced uptake of 22 � 12 g C m�2 yr

when sagebrush is replaced by invasive annuals.

Scaling these values to a regional level would reduce

uptake by 0.4 � 0.2 Tg C yr�1 in sagebrush communities

where woody elimination is imminent and by

2.2 � 1.2 Tg C yr�1 in sagebrush communities at high

risk of future conversion to annual grassland.

The effect of woody elimination on belowground

carbon storage is highly uncertain. D’Antonio & Vitou-

sek (1992) suggest that loss of vegetation on burned

landscapes may increase soil erosion and lead to a loss

of shallow soil carbon. However, our results for the top

10 cm of soil were inconsistent (Table 3). The higher

concentration of soil carbon in cheatgrass communities

at the Button Point site combined with the insignificant

changes at the other two sites suggest that fire and

cheatgrass invasion have not resulted in a loss of

shallow soil carbon thus far. Elsewhere, shallow

(30 cm) soil carbon appeared to increase with higher

cheatgrass density, although the trend was not signifi-

cant (Ogle et al., 2004).

However, shallow soils are certainly not the only soil

carbon pools affected by woody elimination. Sagebrush

rooting depth can reach 2 m (Taber, 1964), much deeper

than annual grasses. Accordingly, studies in other semi-

arid sites have shown that shrub systems store the same

or significantly more soil organic carbon than grass-

lands (Jackson et al., 2002), particularly between 1 and

2 m depths (Jobbagy & Jackson, 2000). The soil carbon

dynamics of woody elimination for both shallow and

deep soils need further investigation.

The observation that western rangelands may be

gaining carbon in some regions and losing it in others

lends support to the argument for more complete

carbon accounting in computing national annual carbon

fluxes (i.e. all areas, all potentially changing compo-

nents of the ecosystem). Aboveground carbon changes

reported here are large relative to total carbon storage in

semiarid systems. If large-scale changes have been

overlooked in this region, they may have been over-

looked in other regions as well.

Including the process of woody elimination in an

accounting of carbon stocks in arid and semiarid re-

gions raises a number of questions. Will the increasing

importance of non-native grasses reverse the long-term

carbon sink associated with woody encroachment? Has

it already gone from positive to negative? Is the trend
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limited to the western US or will it affect arid and

semiarid carbon stocks at a global scale? Will the rate

of grass invasion and associated carbon loss increase

in the future? Whatever the answers, it is clear that

invasive species in semiarid systems are changing

the dynamics of long-term carbon storage. A closer

look in other regions seems warranted.
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