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Abstract Invasion of non-native annuals across the In-
termountain West is causing a widespread transition
from perennial sagebrush communities to fire-prone
annual herbaceous communities and grasslands. To
determine how this invasion affects ecosystem function,
carbon and water fluxes were quantified in three, paired
sagebrush and adjacent postfire communities in the
northern Great Basin using a 1-m® gas exchange cham-
ber. Most of the plant cover in the postfire communities
was invasive species including Bromus tectorum L., Ag-
ropyron cristatum (L.) Gaertn and Sisymbrium altissi-
mum L. Instantaneous morning net carbon exchange
(NCE) and evapotranspiration (ET) in native shrub
plots were greater than either intershrub or postfire
plots. Native sagebrush communities were net carbon
sinks (mean NCE 0.2-4.3 pmol m 2 s™') throughout
the growing season. The magnitude and seasonal vari-
ation of NCE in the postfire communities were con-
trolled by the dominant species and availability of soil
moisture. Net C exchange in postfire communities
dominated by perennial bunchgrasses was similar to
sagebrush. However, communities dominated by
annuals (cheatgrass and mustard) had significantly lower
NCE than sagebrush and became net sources of carbon
to the atmosphere (NCE declined to—0.5 pmol m % s~ )
with increased severity of the summer drought. Differ-
ences in the patterns of ET led to lower surface soil
moisture content and increased soil temperatures during
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summer in the cheatgrass-dominated community com-
pared to the adjacent sagebrush community. Intensive
measurements at one site revealed that temporal and
spatial patterns of NCE and ET were correlated most
closely with changes in leaf area in each community. By
altering the patterns of carbon and water exchange,
conversion of native sagebrush to postfire invasive
communities may disrupt surface-atmosphere exchange
and degrade the carbon storage capacity of these sys-
tems.

Keywords Artemisia tridentata - Bromus tectorum -
Invasion - Carbon flux - Water flux

Introduction

Ecosystem processes are tightly linked to the structure
and function of plant communities; therefore changes in
the dominant vegetation will have important conse-
quences for ecosystem function. Species vary widely in
the utilization of available resources and response to the
environment (Chapin et al. 1997; Chapin 2003). Chan-
ges in species composition and diversity caused by al-
tered land use practices and invasive species may have
important feedbacks on ecosystem processes by altering
atmosphere-surface exchange of carbon (Shukla et al.
1990), and water (Sala et al. 1996), nutrient cycling
(Schlesinger et al. 1990), and disturbance patterns
(D’Antonio and Vitousek 1992).

Non-native grasses, including cheatgrass (Bromus
tectorum L.), have aggressively invaded the sagebrush
steppe ecosystem of the Western United States over the
last century (Mack 1981; Young et al. 1987). In addition
to this invasion, management and restoration practices
have resulted in a mosaic of community types, domi-
nated by non-native species including annual grasses,
forbs and perennial bunchgrasses. However, repeated
fires may cause cheatgrass to become dominant in most
postfire communities (Young et al. 1972).
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Promoted by overgrazing and fire, this invasion has
rapidly converted large expanses of native sagebrush
shrubland to successional postfire communities.
Cheatgrass, a non-native winter annual grass, has be-
come the most widespread noxious weed in Western
North America (Lacey and Olson 1991), invading over
80% of public lands in Nevada (Pellant 1994). Se-
nescing earlier in the summer than most native vege-
tation, cheatgrass expanses become tinder for large
fires. Following fire, cheatgrass depletes soil moisture
early in the growing season before native vegetation
germinates or has broken dormancy (Melgoza et al.
1990; Blank et al. 1994). By exploiting vital soil mois-
ture reserves and promoting repeated fires, cheatgrass
inhibits postfire germination and growth of native
vegetation (Harris 1967; Blank et al. 1994) and alters
postfire succession (Young et al. 1972; Young and
Evans 1978). As a winter annual, the phenology of
cheatgrass is unlike native shrubs or grasses. Therefore,
this cheatgrass-driven landscape transformation may
impact the timing and magnitude of carbon and water
exchange in the Great Basin.

While much research has focused on the effects of
human-induced land cover change on ecosystem func-
tion (e.g. Bonan 1999; Houghton 1999; Eastman et al.
2001), fewer studies have examined how invasive species,
as vectors of landscape transformation, impact ecosys-
tem processes such as water and nutrient cycling (Vito-
usek and Walker 1989; Busch and Smith 1995). Shrubs
tightly control the spatial distribution of soil nutrients
(Charley and West 1975; Halvorson et al. 1997) and
these patterns persist following postfire conversion to
cheatgrass communities (Schlesinger et al. 1996). While
the legacy of removed shrubs continues to influence
nutrient distribution, fluxes of carbon and water are
largely determined by physiologically active vegetation
(e.g. Chapin et al. 1997; Law et al. 2002); therefore,
these fluxes may be altered in invasive communities.
Obrist et al. (2003) found surprisingly small differences
between ecosystem carbon and water exchange mea-
sured in sagebrush communities and those measured in a
recently established non-native postfire community
during periods of low precipitation. When differences
were detectable, net carbon uptake and evapotranspi-
ration were higher in the postfire community than the
native sagebrush at a single site. These differences, as
well as the spatial variation in fluxes and vegetation,
may be quite different when soil moisture is more readily
available.

The objectives of this study were to determine how
replacement of sagebrush with alien postfire communi-
ties alters spatial and temporal patterns of ecosystem
carbon and water exchange in the northern Great Basin
Desert, and to investigate how biotic and environmental
factors control these fluxes. We predicted that the pat-
terns of carbon and water exchange would follow the
phenology of the different dominant species in each
community. Using a large static gas-exchange chamber,
we quantified the surface fluxes of carbon and water in

adjacent sagebrush and postfire communities at three
sites where the dominant non-native species and cover of
cheatgrass in the postfire community varied.

Materials and methods
Site descriptions

The main location for this research (Golden Valley site)
was a recent postfire community and adjacent sagebrush
community located 10 km north of Reno, Nevada
(39°38'N, 119°48'W, 1,600 m elevation). This was the
same site used by Obrist et al. (2003); it was chosen for
intensive measurements of ecosystem net carbon ex-
change (NCE) and evapotranspiration (ET) to discern
seasonal variation and to determine the components that
control these fluxes. In 1999, one year before measure-
ments were initiated, a fire burned a large intermountain
saddle of native sagebrush, leaving adjacent patches of
burned and unburned vegetation. Since the fire was not
controlled, it was assumed that the intact unburned
vegetation was representative of the preburn vegetation
and that there were no intrinsic differences between the
burned and unburned areas (e.g. soil properties).

Following the fire, the Bureau of Land Management
(BLM) seeded the site with native and non-native
grasses and shrubs. The early postfire community was
composed of a mixture of early successional annuals,
dominated by an invasive mustard (Sisymbrium altissi-
mum L.). Cheatgrass was present but not dominant, and
other forbs included Lupinus caudatus Kellogg, Stepha-
nomeria spinosa Tomb, Descurainia sophia L., Eriastrum
sparsiflorum (Eastw.) H. Mason, Gayophytum ramossis-
imum T. & G., and Eriogonum sp., although none of
these species had cover values > 5%. Shrubs and native
bunchgrasses were mostly absent from the postfire
community. The adjacent unburned community was
dominated by sagebrush (Artemisia tridentata wyom-
ingensisBeetle), with sporadic bitterbrush (Purshia
tridentata Pursh, DC, USA) and rabbitbrush (Chryso-
thamnus nauseosus Pall., Britton). Shrub cover was 29%,
and cheatgrass was present mostly under shrubs in the
unburned sagebrush community.

Two other sites with different fire histories and
dominant vegetation were chosen to investigate how
these fluxes may vary across types of postfire commu-
nities common in the Great Basin. The postfire com-
munities at these sites were dominated by a different
non-native species and varied in cheatgrass cover.

Bedell Flats is a northwest-to-southeast intermountain
valley 35 km north of Reno (39°51’N, 119°49’W, 1,500 m
elevation) with large, continuous expanses of undisturbed
sagebrush vegetation, adjacent to a restored postfire
community of perennial grasses and cheatgrass. A road
that served as a break during the most recent fire in 1984
bisects the valley. The fire removed all sagebrush south of
the road and immediately following the fire the scar was
seeded by the BLM with crested wheatgrass (Agropyron



cristatum (L.) Gaertn). Nearly twenty years after the fire,
no sagebrush had become established, and this area was a
mixture of cheatgrass and bunchgrasses (A. cristatum and
Stipa comata) with occasional rabbitbrush (Chryso-
thamnus viscidiflorus [Hook.] Nutt.). Cheatgrass cover in
the postfire community varied spatially from 10 to
>50%. Across the road was a vast expanse of intact
sagebrush, with occasional individuals of bitterbrush and
smooth horsebrush (Tetradymia glabrata Gray). Shrub
cover declined at this site over 3 summers from approxi-
mately 38% in 2000 to 15% in 2002 (personal observa-
tion). Cheatgrass cover was 15-20% both under shrub
canopies and in intershrub spaces.

The Dun Glen site (40°43’N, 117°59'W, 1,800 m
elevation) was a large expanse of cheatgrass with rem-
nant unburned patches of sagebrush shrub communities.
The area was subject to repeated fires. Following the
most recent fire in 2000, the fire scar was seeded by the
BLM with a mixture of native and non-native species;
however, the postfire community was strongly domi-
nated by cheatgrass (> 70% cover), with other forbs and
grasses comprising < 1% cover. The adjacent sagebrush
community was similar to that of the other two sites
(25% shrub cover), dominated by Artemisia tridentata,
with a few individuals of Chrysothamnus nauseosus
occurring mostly under mature sagebrush canopies.

Ecosystem gas exchange

Net carbon exchange (NCE) and ET were measured
with a single closed, static gas-exchange chamber at each
site. The 1-m? chamber was made of an aluminum frame
supporting transparent Lexan® and Propafilm® C (ICI
Americas, Chicago, IL, USA) plastic sides, similar to the
chamber used by Vourlitis et al. (1993), but modified to
accommodate an average-sized shrub (as in Angell and
Svejcar 1999). The 4-cm aluminum bottom edge of the
chamber penetrated the soil to form a seal and eliminate
leaks. Small fans rapidly circulated air inside the
chamber. Initially, carbon dioxide and water vapor
concentrations in the chamber were measured with a
closed path gas exchange system (LI-6200, LI-COR,
Inc., Lincoln, NE, USA). In June, 2001, the closed path
system was replaced with an open path infra-red gas
analyzer (LI-7500, cf. Arnone and Obrist 2003) to re-
duce the duration and improve the accuracy of mea-
surements. Two ventilation ports and a large fan were
installed on the outside wall of the chamber to increase
mixing with ambient air between measurements.

The chamber was used to rapidly quantify surface
fluxes of individual community elements (shrub, inter-
shrub, postfire) without significantly affecting air tem-
perature, which typically increased in the chamber by
less than 1°C per min at midday. Measurements were
completed in less than 2 min. After an initial mixing
period (<10 s) the concentration of CO, and water
vapor changed linearly with time (initial CO,concen-
trations of ~380 umol mol~! did not decline by more
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than 20 pmol mol~' and H,O concentrations of
~10 mmol mol™! did not increase more than
~3 mmol mol~! during the measurement period) and
fluxes as low as 0.1 pmol mol~! CO, and 0.1 mmol
mol~!' H,O were detectable. The calculation of CO, and
water vapor fluxes were corrected to the initial chamber
temperature to account for warming during the mea-
surement (Hooper et al. 2002). Net C exchange was
defined as positive when fluxes were toward the land
surface and indicated net uptake by the vegetation.

At the Golden Valley site, ecosystem gas exchange
was measured twice a month at the onset and middle of
the summer drought in 2000 and throughout the spring
and summer of 2001 and 2002. Less frequent (monthly)
measurements were made during the 2003 growing sea-
son and once during the winter of 2001. Thirty 1-m?
plots (ten in each community element: shrub, intershrub,
postfire) were established randomly throughout each
community. Measurements were made using the single
chamber between 0800 and 1200 pacific standard time
(PST) when photosynthetic rates were highest and
chamber air temperature remained close to ambient
(based on diurnal data not shown). Beginning in July
2000, monthly diurnal measurements were conducted
approximately every 4 h on five plots in each community
element to estimate integrated NCE and ET over the
course of a 24-h period. Net carbon exchange and ET
for the sagebrush community were calculated as the
weighted sum (by relative cover) of fluxes measured in
the shrub and intershrub plots.

The 1-m’ chamber permitted us to measure the rela-
tive contributions of each community element to overall
NCE and ET, and to investigate how the phenology of
the dominant vegetation in each community element
influenced the seasonal patterns fluxes. The fluxes cal-
culated by scaling measurements made with the 1-m?
chamber agreed with fluxes made with a larger chamber
that simultaneous measured all elements of each com-
munity (Obrist et al. 2003).

During each chamber measurement, surface soil
moisture (top 12 cm) was measured with a hand-held
time domain reflectometer (TDR; Hydrosense, Camp-
bell Scientific Inc, Logan, UT, USA). Photosynthetically
active radiation (400-700 nm, PAR) was measured
outside the chamber with a quantum sensor (LI-190SA,
LI-COR, Inc.). The Propafilm® chamber top allowed
>85% transmission of PAR. Air and soil temperatures
(top 12 cm) were measured with copper-constantan
thermocouples and chamber temperature was recorded
with a thermocouple attached to the gas analyzer.

At Bedell Flats and Dun Glen, 21 plots (seven plots in
each community element) were randomly established at
each site. Because of the logistic challenges of moving and
operating the chamber, diurnal measurements were not
attempted and only instantaneous morning measure-
ments were made at these sites. At the Golden Valley site,
instantaneous morning measurements (made between
0800 and 1200 PST on cloud-free days) were highly cor-
related with integrated daily NCE (y=2.5 x+0.4,
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r»=0.95, P<0.01, n=120) and ET (y=1.1 x — 0.1,
”=0.85, P<0.01, n= 120). Therefore, morning mea-
surements provided a reasonable measure of integrated
daily fluxes in order to evaluate the spatial and temporal
patterns of carbon and water fluxes in these communities.

Leaf area index and plant cover

Leaf area index (LAI) and percentage plant cover were
estimated in each community type coincident with eco-
system gas exchange measurements. Shrub LAI was
estimated from the destructive harvest of at least 20
branches once a month at Golden Valley. Branch basal
area was regressed against leaf area each month and
these allometric relationships (> values ranged between
0.68 and 0.92, P<0.01) were used to estimate leaf area in
each permanent chamber plot. Based on 20 branches
harvested in July 2002, allometric relationships were not
significantly different between sites, and relationships
from Golden Valley were used to estimate leaf area of
shrubs at all three sites. The percentage cover of green
vegetation in each intershrub and postfire plot was de-
termined from visual estimates by at least two in-
dependent observers as in (Anderson 1986).

Respiration and photosynthesis measurements

To investigate the relative contributions of variation in
respiration and photosynthesis to seasonal patterns of
shrub NCE, nighttime ecosystem respiration and leaf
level photosynthesis were measured at the Golden Valley
site. Nighttime NCE, which included aboveground and
belowground fluxes, was measured on all 30 plots be-
tween 2200 and 2400 PST using the chamber during
diurnal measurements described above.

Leaf-level photosynthesis was measured with a closed
gas-exchange system (LI-6200, LI-COR, Inc.) twice a
month coincident with chamber measurements (mid-
morning) at the Golden Valley site beginning in 2001. As
sagebrush leaves were too small to be measured individ-
ually, we measured instantaneous leaf-level gas exchange
of shrubs adjacent to each permanent chamber plot by
placing small branches (n=10) in a quarter-liter cuvette.
Changes in CO,and water vapor concentrations were
recorded for 2 min by the gas-exchange system and net C
assimilation and evapotranspiration were calculated as in
Hooper et al. (2002). The projected area of leaves in each
sample (Smith et al. 1991) was determined from scanned
images with an image analysis program (Scion Image,
Beta Version 4.0.2, Scion Corp., Frederick, MD, USA).

Statistical analysis

Chamber-based data were analyzed using repeated
measures analysis of variance (PROC MIXED; SAS,
The SAS Institute, Version 8.1, Cary, NC, USA) to test
for treatment effects on NCE and ET. Each research

site was analyzed separately. Plots within each site
were considered replicates and therefore, inferences
were limited to each site. Diurnal NCE and ET data
were integrated using the trapezoidal method (PROC
EXPAND; SAS) before being analyzed using repeated
measures ANOVA. Leaf-level measurements were
analyzed wusing analysis of covariance (PROC
MIXED), with PAR and air temperature as covariates,
to determine seasonal effects on leaf-level photosyn-
thesis. All regressions were tested using PROC REG or
PROC GLM. Post hoc analyses were performed using
linear contrasts and considered significant when
P <0.05.

Results
Seasonal variability in fluxes at Golden Valley

Winter and spring precipitation was extremely low in
2000-2001 (November through May; 49 mm compared
to the 30-year mean of 167 mm; http://www.wrcc.dri.-
edu), with only two rain events during the measurement
period (both in early July totaling 2.5 mm). Winter
precipitation (November through February) was below
the 30-year mean of 142 mm in all study years, although
the amount of spring rain was above average in all years
except 2001 (23.1 mm in May 2000 compared to mean of
14 and 17.8 mm in April 2002 compared to April mean
of 11 mm and 25.1 mm in May 2003).

Instantaneous morning net C exchange of shrub was
significantly greater than either postfire or intershrub
spaces across most of the four years (Fig. 1). However,
the community elements (shrub, intershrub, postfire)
were not different from each other in July 2000 or
November 2001. Instantaneous NCE was lower in 2001
than in other years, and shrub NCE declined during the
growing season in all years. In most years, postfire and
intershrub NCE were not significantly different from
each other. Late May and early June of 2002 were the
only times when postfire NCE was significantly greater
than intershrub spaces but both were still lower than
shrubs. During 2001, postfire and intershrub NCE in-
creased slightly into July because of the dry spring and
subsequent precipitation. In 2002 and 2003, postfire
NCE increased until May and then gradually declined.

Instantaneous NCE of the sagebrush and postfire
communities, calculated by multiplying the rates for
each community element by the area of that element,
were not different during the drought of 2001 (hatched
bars and solid bars, respectively; Fig. 1). In all other
years, the sagebrush community had significantly greater
carbon uptake than the postfire community early in the
season. Although shrubs comprised only 29% cover,
sagebrush community-level NCE was 40-90% greater
than the postfire community uptake during April and
May.

The temporal patterns of morning ET were similar to
the patterns of carbon flux (Fig. 2). Shrubs were the
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Fig. 1 Instantaneous morning net carbon exchange (NCE) from shrub (open), intershrub (gray) and postfire (solid bars) plots in 2000—
2003 at the Golden Valley site. Sagebrush community exchange (hatched bars) was calculated as a weighted sum of values from shrub and
intershrub plots based on percent ground cover of each. Positive values indicate net flux from the atmosphere to the land surface and
negative values indicate net flux to the atmosphere. Bars are least square means + SE (n=10). Asterisks (*) indicate significant (P <0.05)
difference between postfire and sagebrush community-level fluxes. NS indicates no significant difference between community elements

(shrub, intershrub or postfire)

major source of ET throughout the growing season in all
years, except in July 2000. Fluxes across all community
elements were extremely low in 2001; therefore, no sea-
sonal pattern was apparent and fluxes from the two
communities were not different.

Instantaneous shrub ET was significantly greater
than for postfire and intershrub spaces, and declined
during the summer in all years except 2001 (Fig. 2).
Postfire ET was greater than in intershrub plots in late
May through June, when postfire vegetation was most
active, but decreased sharply in July when postfire veg-
etation senesced. In 2002 and 2003, the composite ET
from the sagebrush community was significantly greater
than the postfire community early in the season but
declined steadily thereafter. This decline resulted in sig-
nificantly lower ET in sagebrush than in the postfire
community in June. Instantaneous morning ET of the

two communities did not differ when soil moisture was
low (as in 2001 and late July of all years, Figs. 2 and 3).
Total daily ET from the sagebrush and postfire com-
munities followed a similar pattern (Table 1).

While instantaneous morning NCE was not statisti-
cally distinguishable between the two communities later in
the summer, postfire communities had lower total daily
carbon uptake (Table 1). Postfire plots had greater sys-
tem-level respiration (mean NCE —0.2+0.1 ymol mol ™)
than sagebrush plots (mean NCE 0.4 + 0.02 pmol mol ™)
in the afternoon (based on diurnal data not shown),
resulting in the community having little or no C gain in
July of all years.

Daytime soil temperature (top 12 cm) did not differ
between community elements at the Golden Valley site
(data not shown), but mean volumetric soil moisture
(top 12 cm) was consistently greater in sagebrush than in
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Fig. 2 Instantaneous morning evapotranspiration (ET) from shrub (open), intershrub (gray) and postfire (solid bars) plots in 2000-2003 at
the Golden Valley site. Sagebrush community exchange (hatched bars) was calculated as a weighted sum of values for shrub and intershrub
plots based on percent ground cover of each. Positive values indicate net flux from the atmosphere to the land surface and negative values
indicate net flux to the atmosphere. Bars are least square means + SE (n=10). Asterisks (¥) indicate significant (P <0.05) difference

between postfire and sagebrush community-level fluxes

the postfire community early in the season (Fig. 3). This
difference disappeared as soil moisture dropped below
15%. Shrub and postfire NCE were positively correlated
with soil moisture across sites and years (y=0.4x—0.6,
r?=0.46, P<0.01; y=0.1x—0.6, *=0.51, P<0.01, re-
spectively). Intershrub NCE showed only a weak cor-
relation with soil moisture (y=0.05x—0.2, r*=0.30,
P=0.01). ET also was positively correlated with soil
moisture across sites and years (shrub: y=0.06x — 0.3,
r*=0.43, P=0.01; intershrub: y=0.03x—0.1, r*=0.48,
P<0.01; postfire: y=0.04x—0.06, r*=0.46, P<0.01).

Respiration and photosynthesis - Golden Valley

The seasonal pattern of nighttime NCE (respiration)
generally followed changes in soil moisture across all

community elements in all years (Fig. 3) but regressions
of nighttime NCE and soil moisture content were not
statistically significant (P> 0.05). Nighttime NCE of
shrub plots showed a weak correlation with soil mois-
ture (y=-0.09x+0.1, r?=0.35, P<0.01). Respiration
from shrub plots was significantly greater (more negative
NCE) than postfire or intershrub spaces when soil
moisture was relatively high (November 2001 through
all of 2002 and early 2003). The rates of respiration from
postfire and intershrub plots were not different from one
another. Respiration rates were greatest when soil
moisture was greatest, except in November, when low
soil temperature may have limited respiration. During
the extreme drought in 2001, respiration rates across all
plots were low and there was no difference between
community elements. During all, the years except 2001,
aboveground shrub respiration contributed 75% or
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Fig. 3 a Nighttime NCE from shrub (open), intershrub (gray) and postfire (solid bars) plots in 2000-2003 at the Golden Valley site.
Negative values indicate net flux to the atmosphere. Bars are least square means + SE (n=15). b Mean soil moisture content (top 12 cm) of
postfire (solid circles) and sagebrush (open circles) plots during respiration measurements (n=35 £ SE). Asterisks (*) indicate significant
(P <0.05) difference between postfire and sagebrush community-level fluxes or moisture content

more of total ecosystem respiration (data not shown),
which may have accounted for the differences between
community elements.

There was no seasonal trend in leaf-level photosyn-
thesis of sagebrush during the extreme drought in 2001
(mean between 2.0 + 0.9 and 2.4 + 1.0 pmol m 2 s™ ).
Soil moisture and photosynthetic rates in 2002 generally
were greater than in 2001. Large spring ephemeral leaves
were present in May and June of 2002 and photosyn-
thetic rates were significantly greater (5.3 = 0.7 and 7.0
+ 0.6, respectively) than at other times of the year. As
spring leaves senesced and were replaced by smaller
leaves, late season photosynthesis in 2002 (mean ranged
between 3.2+ 1.0 and 4.6+0.9) decreased and was not
significantly different from 2001 rates.

Flux patterns at Bedell Flats: 2002

Morning NCE of shrubs was significantly greater than
either postfire or intershrub spaces at Bedell Flats

throughout the season (Fig. 4 a—c). Shrub NCE was
similar in May and June but values declined later in the
season. In the postfire plots composed mostly of non-
native bunchgrasses, NCE reached its maximum in May
and was significantly greater than intershrub spaces.
Differences in carbon fluxes among the three community
elements disappeared in June and July as bunchgrasses
in the intershrub spaces senesced.

When scaled to the community level, the postfire
community at Bedell Flats had significantly greater NCE
than sagebrush early in the season but there was no
difference between the two communities in June or July
(solid bars and hatched bars, respectively; Fig. 4 a—c).

Evapotranspiration from individual community ele-
ments (shrub, intershrub, postfire) and scaled values for
the sagebrush and postfire communities reached their
maximum values in June (Fig. 4 d—f). ET from the
postfire plots was significantly lower than from the
shrubs and generally greater than from the intershrub
spaces. When scaled to the entire community, the post-
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Table 1 Daily integrated net carbon exchange (NCE) and evapotranspiration (ET) for the Golden Valley site, 20002003

Date Shrub intershrub postfire Sagebrush
Integrated NCE (g C m~2 day ™))
2000 18 July 0.29 (0.06) —0.11 (0.05) 0.01 (0.05) 0.02 (0.07)
2001 4 June 0.43 (0.07) — 0.08 (0.05) —0.03 (0.08) 0.20 (0.07)
1 July 0.76 (0.09) 0.11 (0.02) 0.17 (0.03) 0.40 (0.06)
21 July 0.55 (0.06) 0.06 (0.04) 0.03 (0.02) 0.28 (0.16)
30 Nov —0.38 (0.10) 0.11 (0. 05) —0.15 (0. 11) —0.06 (0.05)
2002 17 May 4.83 (0.57)* 0.53 (0.06)° 0.85 (0.09)° 1.78 (0.16)"
12 June 1.68 (0.17)* 0.04 (0. 10)b 0.58 (0. 12)b 0.51 (0.08)
16 July 1.23 (0.19)* 0.00 (0.03)° 0.05 (0.11)° 0.35 (0. 06)
2003 22 May 3.63 (0.82)* 0.11 (0.09)° —0.02 (0. 09) 1.13 (0. 23)
19 June 2.73 (0.54) 0.01 (0.12)° 0.35 (0. 15) 0.80 (0.20)"
21 July 1.06 (0.17)* —0.05 (0.13)° 0.03 (0.07)° 0.27 (0.12),
12 Au% 1.12 (0.26)* —0.08 (0.10)° —0.21 (0.07)° 0.26 (0.12)"
Integrated ET (mm day
2000 18July 0.08 (0.01) 0.03 (0.00) 0.07 (0.01) 0.04 (0.00)
2001 4 June 0.26 (0.01) 0.02 (0. 01) 0.09 (0. Ol) 0.09 (0.01)
1 July 0.44 (0.05)* 0.17 (0. 02) 0.21 (0.02)° 0.22 (0.03)
21 July 0.49 (0.04)* 0.16 (0.02)° 0.23 (0.01)° 0.26 (0.02)
30 Nov 0.40 (0.04) 0.59 (0. 04) 0.53 (0. 02) 0.37 (0.09),
2002 17 May 2.56 (0.19)* 0.96 (0.00)° 1.11 (0.04)° 1.42 (0. 08)
12 June 1.23 (0.11)* 0.32 (0. 08)b 0.83 (0. 10)C 0.58 (0.07)"
16 July 0.96 (0.07)* 0.31 (0. 05) 0.38 (0. 04) 0.49 (0.05),
2003 22 May 2.65 (0.30)* 0.86 (0.10)° 1.03 (0.08)° 1.37 (0. 15)
19 June 1.06 (0.15)* 0.14 (0. 04)b 0.25 (0. 05)b 0.40 (0. 07)
21 July 0.67 (0.08)* 0.08 (0.03)° 0.08 (0.02)° 0.24 (0.04)"
12 Aug 0.68 (0.05)* 0.27 (0.02)° 0.29 (0.01)° 0.39 (0.03)

Values are least square means of five independent measurements
with standard errors of the means in parentheses. Integrated values
were calculated from measurements taken every 4 h on each plot in
each community element (shrub, intershrub, postfire). Sagebrush
community level values were calculated as a weighted sum of values
from shrub and intershrub plots based on percent ground cover.

fire bunchgrass community had greater ET than the
sagebrush community throughout the entire season.

Soil temperature and soil moisture were generally not
different between community elements, although small
differences were observed in July when surface temper-
atures in the intershrub and postfire plots were slightly
warmer (< 1.5°C) than in the shrub plots.

Flux patterns at Dun Glen: 2002

As at other sites, morning NCE from shrubs at Dun
Glen declined through the growing season but was
greater than either postfire or intershrub spaces (Fig. 4
a—c). Postfire NCE was significantly greater than inter-
shrub spaces in May but both declined and were not
different as the cheatgrass senesced in June and July.
When scaled to the community level, sagebrush NCE
was significantly greater than postfire NCE across the
entire season (hatched bars and solid bars, respectively;
Fig. 4 a—c). The cheatgrass community had only slightly
but significantly lower NCE than the sagebrush com-
munity in May. However, this difference increased
through the season such that the postfire cheatgrass
community was a net source of carbon to the atmo-
sphere (negative NCE) in July while the sagebrush
community maintained positive carbon uptake.

Positive values indicate a net flux from the atmosphere to the land
surface and negative values indicate a net flux to the atmosphere.
Letters and asterisks (*) indicate significant treatment effects for
each date (P<0.05) for community elements and communities,
respectively

Morning ET declined at the Dun Glen site in all plots
across the season. Rates of community ET were not
different from each other in May but sharp declines in
postfire ET resulted in significantly lower values than
sagebrush in June and July (Fig. 4 d-f).

Substantial variation in soil temperature or moisture
among community elements (postfire, intershrub and
shrub plots) was observed only at Dun Glen, where
cheatgrass contributed heavily to the postfire commu-
nity. The postfire community had significantly lower soil
moisture than either shrub or intershrub plots in June
(postfire: 12.1+1.3%, intershrub: 16.1+1.8%, shrub:
14.7+1.6%; P=0.03) and July (postfire 9.7+ 1.4%, in-
tershrub 14.2 +£1.3%, shrub 12.5+1.8%; P=0.02), with
greater morning soil temperatures compared to shrub
and intershrub spaces in July (postfire 29.9 £0.3°C, in-
tershrub 27.5+0.3°C, shrub 26.8 £0.3°C; P<0.01).

Ecosystem water-use efficiency was calculated as the
slope of the linear regression of instantaneous morning
NCE against ET for each of the communities (sagebrush
or postfire) at each of the sites in 2002. The postfire
annual communities at Golden Valley and Dun Glen
both had s gmﬁcantly lower water-use efficiency (y=1.2
x — 0.06, »=0.50 and y=2.5x — 0.6, r*=0.80, respec-
tively) than the adjacent sagebrush communities (y=2.4
x — 012, ¥ = 0.69 and y=3.8x —0.8, r*=0.66,
respectively). Ecosystem water-use efficiency of the
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Fig. 4 Instantaneous morning NCE (a—) and ET (d—f) from shrub (open), intershrub (gray) and postfire (solid bars) plots in May (a, d),
June (b, e) and July (c, f), 2002 at three sites (Golden Valley, Bedell Flats and Dun Glen) in the Great Basin Desert. Sagebrush community
exchange (hatched bars) was calculated as a weighted sum of values from shrub and intershrub plots based on percent ground cover at
each site. Positive values indicate net flux from the atmosphere to the land surface and negative values indicate net flux to the atmosphere.
Bars are least square means = SE (n=7 at Bedell and Dun Glen and n= 10 at Golden Valley). Asterisks (*) indicate significant (P <0.05)

difference between postfire and sagebrush community-level fluxes

postfire bunchgrass and sagebrush communities were
not different from each other at Bedell Flats (y=1.9
x—0.2, *=0.28).

Leaf area index and plant cover

Shrub leaf area index (LAI) declined during the growing
season in all years and at all sites. Compared to 2002 and
2003, average shrub LAI was low in June 2001 (Golden
Valley site 0.42+0.4) and declined by 33% by late July.
In 2002, shrub LAI reached its maximum at all sites in
May (Golden Valley site 3.5+0.6, Bedell Flats 3.6+0.5,
Dun Glen 3.5+0.9) but declined by approximately 75%
by late July. In 2003, maximum shrub LAI occurred in
May (3.6 £0.6) and declined by approximately 65% by
mid-August. The decrease in carbon uptake and ET
during the growing season in all years and at all sites was
related to changes in leaf morphology and the decline in
leaf area of sagebrush (Fig. 5).

The percent cover of green vegetation in the inter-
shrub spaces was < 5% during all years at the Golden

Valley site (data not shown). Maximum cover was 30
and 75% in some plots at Bedell Flats and Dun Glen,
respectively, but most of the cover was cheatgrass, which
senesced later in the season. Since seasonal variation was
relatively low, no significant relationship was found
between intershrub cover and NCE or ET for any site or
year.

Decreases in postfire NCE and ET during the grow-
ing season appeared to correspond with decreases in
cover at all sites; however, the relationship between
cover and fluxes appeared different at each site (Fig. 6).
At the Golden Valley site, cover was linearly related to
mean NCE (y=0.2x-0.3, ?=0.65, P<0.01). There
were insufficient data to establish a relationship between
surface fluxes and plant cover for the other two sites.

Discussion

After fire, the replacement of sagebrush by herbaceous
communities substantially altered ecosystem carbon and
water exchange, but the nature of this change varied
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Fig. 5 Relationship between shrub leaf area index (LAI) and
instantaneous morning NCE of shrub plots at the Golden Valley
(circles, grey 2000, solid 2001, open 2002, diamonds 2003), Bedell
Flats (squares) and Dun Glen (triangles) sites. Points are means =+
SE (n=10 for Golden Valley and n=7 for other sites). NCE
regression line: y=2.3 x+ 1.1, »=0.67, P<0.01. ET regression
line: y=0.3 x+0.6, *=0.43, P<0.01

with prevailing climate and the species composition of
the postfire community. At the Golden Valley site,
instantaneous NCE of the recently established annual
mustard community was consistently lower than the
native sagebrush community, although the differences
were less in dry years (Fig. 1). While substantial reduc-
tions in NCE and et also were observed at the Dun Glen
site where repeated fires have contributed to a strong
dominance of cheatgrass, this was not the case for the
postfire community composed primarily of crested
wheatgrass, a non-native bunchgrass (Fig. 4). In this
community, when soil moisture was abundant in early
spring, NCE in the postfire community was greater than
the native sagebrush community. Non-native plants are
aggressively invading many sagebrush communities in
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Fig. 6 Relationship between the percentage cover of postfire plots
and instantaneous morning NCE at the Golden Valley (circles, grey
2000, solid 2001, open 2002, diamonds 2003), Bedell Flats (squares)
and Dun Glen (zriangles) sites. Points are means + SE (n=10 for
Golden Valley and n=7 for other sitesg. NCE regression line for
Golden Valley site only: y=0.2x—0.3, r“=0.65, P<0.01

the Great Basin Desert, and at least where these species
becomes dominant after fire, this invasion may reduce
the carbon storage capacity and alter the hydrologic
cycle in this ecosystem.

The static chamber provided an effective method to
spatially resolve ecosystem C and water fluxes in this
arid ecosystem. Estimates of daily integrated NCE and
ET (Table 1) for the sagebrush communities in 2002 and
2003 were similar to those reported by Smith et al.
(2003) and Obrist et al. (2003). The absolute rates of
NCE for sagebrush reported by Angell et al. (2001) were
greater than those measured in this study, but the
sagebrush communities in Oregon and Idaho had
greater cover of understory vegetation than any of the
locations in this study. The rates of NCE and ET for the



postfire communities in this study were lower than na-
tive semi-arid grasslands (Dugas et al. 1996; Sims and
Bradford 2001; LeCain et al. 2002), possibly attributable
to lower leaf area in the non-native postfire communities
than in native grasslands.

Abundant spring precipitation in most years con-
tributed to relatively high rates of NCE and ET early in
the growing season, and the depletion of soil moisture
during the summer caused reductions in LAI, NCE and
ET in sagebrush and postfire communities. Consistently
greater NCE by shrubs resulted in greater rates of car-
bon assimilation early in the season in the sagebrush
community compared to the postfire community.
However, nighttime ecosystem respiration (above and
belowground components; Fig. 3) also was greatest
when soil moisture was abundant early in the growing
season. While rates were considerably lower than in
more mesic ecosystems where microbial and root activ-
ity is greater (e.g. Raich and Schlesinger 1992), nighttime
respiration was similar to rates found in other semi-arid
ecosystems (LeCain et al. 2000; Angell et al. 2001) where
soil respiration is driven more by soil moisture than
temperature (Bremer et al. 1998; LeCain et al. 2002).
Despite these greater respiratory C losses, daytime C
uptake was sufficiently large that integrated daily NCE
was greater in the sagebrush community than the post-
fire community (Table 1). This difference in NCE be-
tween communities diminished as water became
progressively more limiting.

The seasonality of ET at Golden Valley differed
between the sagebrush and postfire communities.
Instantaneous ET for the sagebrush community was
greater than postfire ET early in the season (Fig. 2),
but the decrease in leaf area and soil evaporation
caused ET from the sagebrush community to decrease
as soil moisture declined during the season. In con-
trast, the postfire mustard community maintained
similar ET rates through most of the growing season.
High transpiration rates by mustards in the middle of
the summer may have compensated for low rates of
soil evaporation, contributing to greater ET from the
postfire community than from the sagebrush commu-
nity at this time. As the mustards senesced and postfire
cover decreased (in late summer and during the
drought conditions of 2001), surface soil moisture and
ET became similar between these two communities.
Differences in the timing of maximum ET during the
year and the relative contribution of transpiration to
ET may alter ecosystem water balance and interactions
with local climate.

Inter-annual variation in precipitation during the
growing season affects carbon fluxes in sagebrush eco-
systems (Gilmanov et al. 2003), as well as the differences
in surface fluxes between the native sagebrush and
postfire community at Golden Valley (Figs. 1, 2). In
2002 and 2003, years with above average spring rains,
maximum NCE was considerably greater and peaked
earlier in the summer in the sagebrush community
compared to the postfire community. In contrast, ex-
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tremely low winter and spring precipitation in 2001
greatly reduced the rates of surface carbon and water
fluxes, and the magnitude and seasonal variation in
these fluxes was similar in both community types. Using
a larger static chamber (Arnone and Obrist 2003) at this
same site, Obrist et al. (2003) determined that lower
respiratory losses and greater soil evaporation contrib-
uted to greater C uptake and ET in the postfire com-
munity than the adjacent sagebrush community during
the extreme drought of 2000-2001. While C and water
fluxes may be slightly greater in postfire communities
exposed to extreme drought (Obrist et al. 2003), the
sagebrush community supports substantially great fluxes
in years when soil moisture is more readily available.

The decrease in NCE by sagebrush during the
growing season was related to changes in leaf mor-
phology and a reduction of leaf area caused by
decreasing soil moisture (Fig. 5). In early spring, sage-
brush produces large ephemeral leaves that maximize
carbon gain when soil moisture is abundant (DePuit and
Caldwell 1973). These leaves had higher photosynthetic
rates than leaves produced later in the summer, and the
combination of high tissue-specific photosynthetic rates
greater leaf area index contributed to high NCE for
sagebrush in May and June (Fig. 1). As soils dried, these
large leaves were replaced with smaller leaves (Miller
and Shultz 1987) that had lower photosynthetic rates;
the 75% reduction in leaf area associated with changing
leaf morphology and lower tissue-specific rates of pho-
tosynthesis contributed low NCE in the sagebrush
community during the summer. Similar seasonal de-
clines in leaf area (Black and Mack 1986; Kolb and
Sperry 1999) and carbon uptake (Wylie et al. 2003) have
been observed in other sagebrush ecosystems. The
plasticity in leaf morphology and total leaf area allows
sagebrush to maximize C gain early in the season but
also maintain positive carbon and water balance during
unfavorable seasonal conditions (Cunningham and
Strain 1969).

The phenology of the dominant vegetation contrib-
uted to the seasonal patterns of NCE and ET in the
three postfire communities, but the relationship between
surface fluxes, phenology and soil moisture appeared to
vary among sites (Fig. 6). The decline in NCE and ET
during the summer was pronounced in the cheatgrass
community at Dun Glen, where rapid senescence of
cheatgrass caused a complete loss of C uptake and a
60% decline in late season ET by July. The other postfire
communities maintained greater plant cover and surface
fluxes than the cheatgrass community late in the sum-
mer. The cheatgrass community was the only one where
significant differences in surface soil moisture and tem-
perature were detected. With no active vegetation and
low ET, late season decreases in soil moisture and in-
creased soil temperature may result in further changes in
surface energy balance, including increases in sensible
heat (Bremer and Ham 1999).

Establishment of non-native species alters the sea-
sonality of carbon and water fluxes in other ecosystems,
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including grasslands (Ham and Knapp 1998) and shrub-
invaded semi-arid grasslands (Huenneke et al. 2002).
One consequence of the change in seasonality of water
fluxes is altered availability and spatial distribution of
soil water in arid systems. For example, with early
senescence, invasive annuals in California and Arizona
grasslands do not utilize summer precipitation, leading
to increased soil moisture (Frasier and Cox 1994
Holmes and Rice 1996). In the Great Basin Desert
where summer precipitation is infrequent, a decrease in
cover associated with the establishment of non-native
species contributed to greater soil temperature and
lower surface soil moisture (this study, Obrist et al.
2004). Sagebrush utilizes moisture in deeper soil layers
(Campbell and Harris 1977) and replacement of these
shrubs by postfire communities may decrease surface
soil moisture but increases its storage below the effective
rooting zone of the postfire plants (Link et al. 1990).
Furthermore, increased snow deposition around shrubs
(data not shown) may cause greater recharge in intact
sagebrush compared to postfire communities. Obrist
et al. (2004) found significantly lower soil water content
(< 75cm) in postfire soils throughout the spring
growing season in Golden Valley. Changes in the spa-
tial and temporal distribution of soil moisture may re-
duce the capacity of native vegetation to colonize
postfire communities.

The amount and type of plant cover has a strong
influence on carbon and water balance of ecosystems,
and replacing the dominant plant functional type in a
community changes many ecosystem processes (Hooper
and Vitousek 1997; Tilman et al. 1997; e.g. Chapin et al.
2000). Our results indicated that conversion of native
sagebrush to postfire communities alters the magnitude
and the seasonal patterns of carbon and water exchange,
particularly during times when moisture is available.
Additionally, changes in soil moisture and temperature
as a result of vegetation and inter-annual climate vari-
ability will further alter carbon and water fluxes in these
non-native communities. As the extent of postfire
cheatgrass communities increases, decreases in NCE and
ET are likely to become more pronounced and have a
greater impact on ecosystem function. The capacity of
Great Basin Desert ecosystems to store carbon and the
regional water balance may be severely affected by this
landscape transformation.
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