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Abstract

Increased fire frequency in the Great Basin of North America’s intermountain West has
led to large-scale conversion of native sagebrush (Artemisia tridentata Nutt.) commu-
nities to postfire successional communities dominated by native and non-native annual
species during the last century. The consequences of this conversion for basic ecosystem
functions, however, are poorly understood. We measured net ecosystem CO, exchange
(NEE) and evapotranspiration (ET) during the first two dry years after wildfire using
a 4-m diameter (16.4 m®) translucent static chamber (dome), and found that both NEE and
ET were higher in a postfire successional ecosystem (—0.9-2.6 pumol CO,m ?s™"! and
0.0-1.0mmol H,0 m~?s7?, respectively) than in an adjacent intact sagebrush ecosystem
(-1.2-2.3 pmol CO, m ?s™" and —0.1-0.8 mmol H,O m~?s7?, respectively) during rela-
tively moist periods. Higher NEE in the postfire ecosystem appears to be due to lower
rates of above-ground plant respiration while higher ET appears to be caused by higher
surface soil temperatures and increased soil water recharge after rains. These patterns
disappeared or were reversed, however, when the conditions were drier. Daily net ecosys-
tem productivity (NEP; g Cm~?>d "), derived from multiple linear regressions of measured
fluxes with continuously measured climate variables, was very small (close to zero)
throughout most of the year. The wintertime was an exception in the intact sagebrush
ecosystem with C losses exceeding C gains leading to negative NEP while C balance of
the postfire ecosystem remained near zero. Taken together, our results indicate that wild-
fire-induced conversion of native sagebrush steppe to ecosystems dominated by herb-
aceous annual species may have little effect on C balance during relatively dry years
(except in winter months) but may stimulate water loss immediately following fires.
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Whisenant, 1990). One of the reasons for this transition

Introduction . .
has been the invasion of cheatgrass (Bromus tectorum), a

Fire frequency in the native sagebrush (Artemisia triden-
tata Nutt.) steppe has dramatically increased in the Great
Basin of North America’s intermountain west (from
every 40-100 years to less than every 10 years) during the
last century (review by D’Antonio & Vitousek, 1992), and
has resulted in widespread conversion of sagebrush-
dominated plant communities to postfire communities
dominated by herbaceous annual species (Billings, 1990;
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Eurasian winter annual that was introduced to the Great
Basin in the late 1800s and has since been promoted by
overgrazing, intentional seeding, human-caused fires,
and acceleration of the natural fire cycle (Mack, 1981;
Yensen, 1981; Mack, 1986; Young & Allen, 1997).
A recent study in the Mojave Desert indicates that rising
atmospheric CO; levels may stimulate further conversion
of arid shrublands to alien grass-dominated ecosystems
because biomass and plant density of invasive annual
grass species may respond more strongly to elevated
CO, than that of native plant species (Smith et al., 2000).

Although elimination of sagebrush and other native
shrub species from the Great Basin landscape as a result
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of more frequent wildfires has had a detrimental effect on
biotic diversity and habitat (Billings, 1990), little experi-
mental data are available on the potential consequences
of wildfire and postfire plant community alteration on
other key ecosystem functions such as CO, and water
balance (fluxes and stocks). Aside from massive losses
of ecosystem C and nutrient stocks from sagebrush eco-
systems during incineration (up to 980 g biomass m >
during prescribed fires; Sapsis & Kauffman, 1991), fur-
ther postfire changes in ecosystem CO, fluxes (net eco-
system CO, exchange [NEE]) and evapotranspiration
(ET) likely will affect plant succession and the ability of
the ecosystem to return to its native state. Changes in
NEE and ET after wildfires also may impact regional
hydrology and arid shrubland C cycling. Although arid
and semiarid ecosystems account for about one-third of
the world’s land area (Wickens, 1998) and are rapidly
expanding as a result of human activities (Dregne,
1991), little baseline data on NEE and ET are available
(e.g. Angell & Svejcar, 1999; Angell et al., 2001).
Moreover, no data are available on the effects of wild-
fire-induced alteration in plant community structure and
postfire plant succession on NEE and ET.

The objectives of this study were to (1) quantify how
wildfire-induced shifts in plant community structure in
the Great Basin (from shrub-dominated steppe to postfire
plant communities dominated by annual and perennial
herbaceous species) affect the diel and seasonal dynamics
of NEE and ET, (2) quantify the relationships of NEE and
ET to environmental factors that may regulate these
fluxes at different times of the year, (3) use these relation-
ships to model daily net ecosystem productivity (NEP)
and daily ET, and (4) explore the extent to which differ-
ences in NEE are due to shifts in below-ground (i.e. root
and soil heterotrophic respiration) and above-ground
(i.e. net canopy photosynthesis or dark respiration) pro-
cesses. We specifically hypothesized that NEE of postfire
ecosystems would be much lower than that of intact
sagebrush ecosystems primarily due to the very limited
CO, uptake capacity of sparse, short-lived annual plant
species relative to the perennial, long-lived sagebrush
canopies with significantly higher leaf area indices
(LAI). Similarly, we hypothesized that ET would be sig-
nificantly lower in postfire ecosystems because of a re-
duction in transpiring surface area and limited access to
deeper soil water of postfire plant communities that no
longer contain deep-rooted shrubs.

Materials and methods

Study site

The study site is located in the western part of the Great
Basin 10km north of Reno, Nevada along a fire line

created by a 1999 wildfire (39°38'N, 119°48'W; elevation
1600 m a.s.l). One side of the fire line is characterized as a
native big sagebrush shrub steppe community composed
of a mixture of native shrubs (A. tridentata, Chrysothamnus
viscidiflorus Hook. Nutt., Chrysothamnus nauseosus Pallas
Britt.,, Ephedra viridis Coville, Prunus andersonii Gray,
Purshia tridentata Pursh DC.), native grasses (Achnatherum
hymenoides Roemer & J.A. Schultes Barkworth, Elymus
elymoides Raf. Swezey, Agropyron spp.), native perennial
herbaceous species (Astragalus spp., Eriogonum spp.),
annual forbs (Eriastrum sparsiflorum Eastw. Mason, Ment-
zelia albicaulis Dougl.), and the invasive annual cheat-
grass. On the other side of the fire line, a wildfire
completely incinerated all above-ground biomass in
June 1999. The site was seeded (10kg seeds ha™") in fall
1999 with a mixture of perennial shrubs (P. tridentata,
Atriplex canescens Pursh Nutt.), forbs (Sanguisorba spp.,
Medicago sativa L.), and grasses (Elymus lanceolatus Scribn.
& J.G. Sm. Gould, Agropyron cristatum L. Gaertn., Leymus
cinereus Scribn. & Merr. A. Love, Agropyron spp., A. hyme-
noides). None of the seeded plant species became estab-
lished, however, and the few seedlings that did appear in
1999 disappeared by early summer of 2000. In July 2000,
the first growing season following the fire, vegetation
in the postfire area along the fire line consisted of a
sparse covering of small native shrubs (C. viscidiflorus,
P. andersonii, E. viridis), numerous native perennial forbs
(Stephanomeria spinosa Nutt., S. Tomb, Eriogonum spp.,
Astragalus spp.) and grasses (Distichlis spicata L. Greene,
A. hymenoides), as well as native annual forbs (E. sparsi-
florum, M. albicaulis, Gayphytum ramosissimum), non-native
annual forbs (Erodium cicutarium L. L'Hér., Sisymbrium
altissimum L.) and the invasive cheatgrass. Soils are clas-
sified as a shallow stony sandy loam belonging to the
Acrelane series developed in granodiorite bedrock
(Baumer, 1983). Mean annual precipitation near the site
is 308mm, and mean annual temperature is 10°C
(15 years means, WRCC, 2002).

Measurement of NEE, ET, and soil CO; efflux

We established six blocks along 60m of the fire line. In
each block, we randomly established one 12.25m? study
plot in the intact sagebrush ecosystem and one plot in the
postfire ecosystem 10m from the fire line. In June 2000,
all study plots were surrounded by 12-sided wooden
base plates (4 cm thick x 30 cm wide x 150 cm long) em-
bedded into the soil such that the top surface of the plates
was flush with the surrounding soil surface. These base
plates enabled rapid, airtight placement of a large, trans-
lucent, static chamber dome used for NEE and ET meas-
urements.

Net ecosystem CO, exchange and ET were quantified
on nine dates between July 2000 and November 2001
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using the large static chamber method described in detail
in Arnone & Obrist (2003). Briefly, ecosystem gas fluxes
were measured using a 4-m diameter, 16.4 m® translu-
cent geodesic dome (ground area of 12.25 m?) by
recording changes in CO, and water vapour inside the
dome that was sealed to the wooden base-plates. The
reinforced polyethylene dome skin had low attenuation
of photosynthetic active radiation (>70% of photon flux
density [PFD] transmitted) and high transmissivity to
thermal radiation. Before sealing the dome onto the
wooden base plates, we positioned two 100 W window
fans on cinder blocks inside the plots to thoroughly mix
the air and placed an open-path IRGA (Li7500, Licor,
Lincoln, Nebraska, USA) inside the plot 50 cm from the
perimeter to record changes in CO, and water vapour
once the dome was in place. Complete sealing of the
dome was achieved within 10s. Measurements of NEE
and ET were completed within 160s after placing the
dome over the plots during daytime and within 300s at
nighttime when fluxes were very low. We used a thermo-
couple attached to the open-path IRGA to record changes
in dome air temperature during the measurements. We
alternated measurements of intact sagebrush and postfire
successional plots during each 24 h sampling period. This
enabled four to five measurements of all 12 plots within a
24-h period, and it allowed us to construct diel time
courses of NEE and ET. Since variability in measured
fluxes between plots within each ecosystem was rela-
tively small and because soil CO, efflux measurements
required significant time, we reduced the number of plot
replicates to four (n=4 per ecosystem) in 2001.
Calibration and field testing of the dome method indi-
cated that NEE as low as 0.1 pmol CO, m 2s™! and ET of
0.1 mmol H,O m~2s™! could be accurately detected. Flux
estimates derived using static chambers generally agree
well with other techniques (e.g. tower and aircraft
measurement techniques; Oechel et al., 1998; Angell
et al., 2001). The 30% reduction in PFD inside the
dome may have only affected flux measurements
immediately after sunrise and before sunset when PFD
dropped below the ecosystem light saturation point
(<1000 umolm2s™"; see results). These periods repre-
sented only a small fraction of the photoperiod. Rates of
air temperature increase inside the dome during the 160's
of flux measurements ranged from 0.1°Cmin ' in the
morning and evening hours to 0.8°Cmin" at mid-day.
Atno time, however, did leaf temperatures change during
measurements, indicating that the dome also likely did not
alter stomatal conductance. Wind speed in the dome aver-
aged 0.8 ms ™. This corresponded well with wind speed
frequently occurring at the site (e.g. 40% of the time wind
speed ranged between 0.5 and 1.5 ms~ ! in 2001).

We also measured soil CO; efflux in 2001 using small
static chambers after whole ecosystem fluxes were
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measured with the dome (at least 0.5h but not more
than 1h after dome measurements). We installed two
40 x 25 x5cm PVC static chambers in each of the 12
experimental plots in June 2000 by pushing the frames
halfway into the soil (2.5cm of the frame in the soil,
2.5cm above ground). In each of the intact sagebrush
plots, one of the two respiration plots was placed under
a shrub and one between shrubs. These plots were kept
free of vegetation by clipping all plants that appeared
inside the frames. Soil CO, efflux was quantified by
placing the same open-path IRGA used for the dome
measurements horizontally on the ground inside the res-
piration plot and recording CO, inside the capped static
chamber for 2min. A closed cell foam gasket attached to
the chamber lid sealed the lid to the frame and allowed
the cable of the open-path IRGA to pass between the
chamber and the frame without creating any leaks. Due
to the small volume of the respiration chamber and the
observed linear increase of CO, inside the chamber, no
air mixing was needed.

Measurement of environmental parameters

A 27 probe TDR system (ESI Inc., Vancouver, Canada)
continuously monitored volumetric soil water contents
(WC) in 24 locations in the two adjacent ecosystems
starting in March 2001. Each of the 24,100 cm long TDR
probes included five 15 cm long segments which allowed
measurement of soil WC in five consecutive 15cm soil
layers to a depth of 75cm. Site disturbance was minimal
since the probes were vertically inserted into the soil after
creating a pilot hole using a rock drill with a 3.5-cm
diameter drill bit. Each hole was back-filled with the
same soil removed during the drilling. Eight probes
were inserted directly under sagebrush canopies, eight
in intercanopy locations in the sagebrush ecosystem, and
eight in the adjacent postfire ecosystem. Each of the 24
probes was connected to a datalogger (Campbell Inc.,
Logan, Utah, USA) by a 20-m coaxial cable, which
allowed placement of TDR probes in three of the postfire
and three of the sagebrush ecosystem plots. Prior to in-
stalling the probes, we calibrated all TDR segments in the
laboratory using air-dried soils from the study site in a
manner described by Frueh & Hopmans (1987). The high
spatial replication (24 locations) and frequent measure-
ment at all locations (every 20 min) enabled detection of
small differences in soil WC even under very dry soil
conditions.

Soil temperature at a depth of 10cm was recorded
every 15min in 12 locations (four in postfire plots, four
in sagebrush plots underneath shrubs, four in sagebrush
plots between shrubs) using Tidbit™ temperature loggers
(Onset Computer, Bourne, Massachusetts, USA). We
monitored precipitation, solar radiation, wind speed,
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wind direction, temperature, and relative humidity
throughout the experiment with a weather station
(Model 012, Campbell Scientific Inc., Logan, Utah, USA)
located on the fire line. We also used meteorological data
from a weather station (WRCC, 2002) less than 2 km away
to interpolate missing weather data. We determined LAI
of annual and perennial vegetation in both plant commu-
nities in July 2000, June 2001, and July 2001 by using
allometric relationships between branch basal area and
leaf area for all shrub species and destructive harvest of
herbaceous plant species outside the experimental plots.

To extrapolate soil WC, soil temperature, and soil CO,
efflux data measured under shrubs and between shrubs
in the sagebrush ecosystem to whole plot levels, we
measured shrub cover in each of the six experimental
plots and weighted shrub and intershrub measurements
according to the representative shrub and intershrub
areas in each plot.

Calculation of daily NEP and ET

To calculate daily NEP and ET, we performed multiple
regressions between measured ecosystem fluxes and the
continuously recorded environmental parameters PFD,
soil temperature, and air temperature for each of the
nine 24h flux measurement periods. We applied linear
models between ecosystem fluxes and environmental
parameters, with the exception that we used rectangular
hyperbola functions to describe the response of NEE to
PFD (e.g. Stocker et al., 1997). The correlations between
ecosystem fluxes and environmental parameters (Fig. 3a,
b; = 0.85) were used to calculate continuous fluxes for
each 24 h measuring period.

Statistical analyses

The overall study was designed as a randomized com-
plete block experiment with six blocks (four used in
2001). Blocks were arranged along a 60m transect with
one plot located in the postfire ecosystem and one plot in
the intact sagebrush ecosystem. First, we performed
paired Student t-tests for each date of flux measurements
using the plot pairs to test for differences in fluxes during
the entire 24h flux measurement periods. Second, we
analysed all flux measurements using repeated measures
analysis of variance (ANova) with between-subject inde-
pendent variables Block (n=6 in 2000 and n=4 in 2001)
and Treatment (n=2; intact sagebrush or postfire), and
within-subject independent variables Date (n =9 for NEE
and ET; n=7 for soil CO, efflux), Time of day (n=2;
daytime and nighttime), and interactions. Third, we per-
formed separate repeated measures ANovas for daytime
and nighttime NEE and ET using the same independent
variables mentioned above excluding Time of day. The

block effect was never significant and was therefore re-
moved from all statistical analyses.

All ANOvAs, paired Student ¢-tests, and multiple regres-
sion analyses were performed using Stata 6.0 (Stata
Corporation, College Station, Texas, USA). Rectangular
hyperbola functions for NEE were fitted using Delta
Graph 5.0.1 (SPSS Inc., Chicago, Illinois, USA). Statistic-
ally significant effects were defined, as P = 0.05.All error
estimates in the text are standard errors of the mean.

Results

NEE and water vapour fluxes

Net ecosystem CO, exchange (NEE) of the postfire eco-
system differed from NEE in the intact sagebrush ecosys-
tem on four of the nine measurement dates (P = 0.05);
however, no differences were observed on the five other
dates (Fig. 1a). On three measurement dates, NEE in the
postfire ecosystem was higher than that measured in the
intact ecosystem (Fig. 1la; July 2000, March 2001, and
November 2001). These three dates also corresponded
to the wettest of the nine dates (see Fig. 2b for 2001 and
text below for 2000). NEE measured in the postfire eco-
system was lower only in May 2001.

NEE in both ecosystems exhibited strong seasonal and
diel fluctuations (P <0.01; Table 1). NEE was relatively
high in 2000 and spring 2001 but dropped dramatically in
late spring and summer 2001. Highest NEE in the postfire
ecosystem occurred in March 2001 (2.63 umol CO,
m ?s™ '), while highest NEE in the sagebrush ecosystem
occurred in April 2001 (2.79 pmol m~2s7"). Lowest day-
time NEE occurred in November 2001 (postfire: 0.30 pmol
CO,m ?s™'; sagebrush: 0.61 pmol CO,m *s™'). Night-
time NEE was always negative with highest ecosystem
respiration observed in April 2001 (postfire: —0.9 umol
CO,m ?s'; sagebrush: —1.3pmol CO,m ?s ') when
daytime NEE was among the highest. Across all nine flux
measurement periods, nighttime NEE was significantly
higher (i.e. more negative) in the sagebrush ecosystem
than in the postfire ecosystem (P =0.05, Table 2) but day-
time NEE was not significantly different.

Analogous to NEE, ET measured in the postfire ecosys-
tem exceeded that measured in the sagebrush ecosystem
in July 2000, March 2001, and November 2001 (Fig. 1b)
when soil WC was relatively high (Fig. 2b). These three
dates contributed to the overall higher ET in the postfire
ecosystem across all measurements (Table 1). Evapotran-
spiration (ET) in the postfire ecosystem, however, was
lower than that measured in the sagebrush ecosystem on
three dates (October 2000, May 2001, and September
2001) and not significantly different on the other three
dates. Evapotranspiration (ET) varied strongly through-
out the day (P<0.01; Table 1) with the highest rates

© 2003 Blackwell Publishing Ltd, Global Change Biology, 9, 563-574
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represent water loss from ecosystems to the atmosphere. Lines in both figures represent modelled diel time courses of NEE and ET for sagebrush (dashed lines) and postfire (solid lines)
ecosystems constructed from multiple regressions of NEE or ET with continuously recorded PFD, soil temperature, and air temperature data. P-values are based on paired t-tests of the
measured fluxes using plot pairs to test for differences between the two ecosystems for each 24 h measurement period. Six plots (replications) were measured in each ecosystem in 2000

(n=6), and four plots were measured in 2001 (n =4).

(a) Diel time courses of measured net ecosystem CO, exchange (NEE) in adjacent intact sagebrush (open symbols) and postfire (filled symbols) ecosystems for nine measurement
dates (1 =6 plots). Positive values represent CO, uptake by ecosystems from the atmosphere. (b) Diel time courses of water vapour fluxes (ET) in the two ecosystems. Positive values
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always occurring at mid-day in both ecosystems. Evapo-
transpiration (ET) also exhibited seasonal patterns
(P<0.01; Table 1) with the highest rates observed in
July 2000 and early spring 2001 (postfire: 1.12mmol
H,Om2s7}; sagebrush: 0.86 mmol H,O m~? s_l) and
lower rates seen with the onset of summer drought in
2001 (lowest daytime ET occurred in September 2001 —
postfire: 0.42mmol H,Om™2s7%; sagebrush: 0.53 mmol
H,Om?s7}; Fig. 1b). Evapotranspiration (ET) re-
bounded in November 2001 after the resumption of sig-
nificant rain (Fig. 2a). Lowest ET always was observed at
night with some water uptake by ecosystems (condensa-
tion of water on soil and plants) observed on several
occasions.

Relationships between environmental factors and ecosystem
fluxes, and modelled daily NEP and ET

All measured environmental parameters together (i.e.
PFD, soil temperature, air temperature, soil WC, LAI)
used in multiple regressions with NEE and ET explained
80% and 76% of all variation in measured NEE in postfire
and sagebrush ecosystems, respectively, and 64% and
74% of the variation in measured ET fluxes in the two
ecosystems, respectively. We were able to further refine
these relationships by performing multiple regressions
for each date separately even when only using PFD, air
temperature, and soil temperature, the three continu-
ously recorded environmental parameters (>85% of the
variation in NEE and ET; Fig. 3 a, b). It is noteworthy that
a large amount of the variability in NEE and ET was
explained by PFD alone (NEE: 7* up to 0.97; Fig. 4a; ET:
r2 up to 0.95; Fig. 4b). These relationships, however,
weakened later in 2001 as diel patterns of NEE and ET
became less pronounced (Fig. 1a, b).

The good correlation between ecosystem fluxes and the
three continuously recorded environmental variables
(PFD, air temperature, and soil temperature) enabled us
to predict fluxes for 24 h of each of the nine flux measure-
ments (lines in Fig. 1a,b) and to calculate daily sums for
NEE (i.e. daily NEP) and ET (Table 3). Daily NEP was
remarkably close to zero for all but a few measurements
in both ecosystems. Among the nine 24h flux measure-
ment periods, daily NEP was highest in April 2001 in
both ecosystems and decreased steadily towards summer
2001. Lowest daily NEP was observed in November 2001
with both systems exhibiting net CO, losses. Daily NEP
in July 2000 was similar to fluxes measured in spring 2001
and remained relatively high into October 2000. The larg-
est differences in daily NEP between the two ecosystems
were observed in November 2001 (0.39gC1rn’2 dh
resulting in much higher C losses in intact sagebrush
ecosystems compared to postfire ecosystems at this

point of the year. In general, daily ET followed precipita-
tion patterns with highest daily ET observed shortly after
rains (e.g. in November 2001) and decreasing ET as con-
ditions became drier (e.g. in October 2000).

Soil CO; efflux

Across all measurements performed in 2001 (seven meas-
urement dates), soil CO, efflux extrapolated to the dome
plot level was not significantly different in the postfire
ecosystem than in the intact sagebrush ecosystem
(Table 1). On three of the seven dates (April, June, and
November 2001), however, CO, efflux rates were higher
in the postfire ecosystem (paired t-test between plot
pairs; Fig. 5). Lower rates of soil respiration in sagebrush
ecosystems on these three dates were due to especially
low rates occurring in intershrub spaces which where
36% lower than rates measured under shrubs (intershrub:
0.18 + 0.01 pmol CO,m2s™%; shrub: 0.28 + 0.03 pmol
CO>;m 257!, P<0.01). Rates of soil CO, efflux in both
ecosystems generally decreased with decreasing soil WC
(P <0.01) and increasing soil temperature (P < 0.01). Still,
these two environmental factors together only explained
15% of the overall variability in measured soil CO, efflux
(multiple regression analysis), and no relationships were
observed between these two factors and CO, efflux when
analysed on individual dates. Comparison of plot-level
nighttime NEE (ecosystem dark respiration) and extrapo-
lated plot-level nighttime soil CO, efflux (small static
chamber subplots extrapolated to whole plot level)
showed that soil CO, fluxes exceeded ecosystem fluxes
measured using the dome 25% of the time. This result
precluded us from partitioning whole-ecosystem fluxes
into above-ground plant and below-ground root plus
heterotrophic respiration (Objective 4; see Discussion).
Nonetheless, direct comparisons of soil CO, fluxes be-
tween the two ecosystems that were measured at the
level of the small static chamber are valid.

Precipitation, soil WC, and microclimatic conditions

The year 2001 was one of the driest years on record with a
total of only 150 mm of precipitation (< 50% of long-term
average precipitation; Fig. 2a). Up to the end of
September 2001, the site received only 33% of the precipi-
tation it usually receives by that time of the year. The year
2000 also was relatively dry and experienced below-
average precipitation (202 mm; 66% of long-term average
precipitation). Very low rainfall in 2001 resulted in cor-
responding low soil WC throughout most of the year
(Fig. 2b). At the beginning of the growing season in
March 2001, soil WC in the upper 75cm of the soil was
higher (P <0.01) in the postfire ecosystem (1.9 + 0.1%)
than in the sagebrush ecosystem (1.2 + 0.1%). By May
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Table1 Summary of statistical analyses (P-values from repeated measures ANOvAs) evaluating the effects of wildfire-induced conver-
sion of native sagebrush steppe ecosystem to postfire successional ecosystem (Treatment), time of day (Time of day; first repeated
measure variable), time of year (Date; second repeated measure variable) on NEE, ET, and soil CO, efflux (df: degrees of freedom;
MS: mean squares; n =6 in 2000, and n =4 in 2001)

Dependent variable

NEE ET Soil CO, efflux
Source of Error df MS P df MS P df MS P
Between-subject variable
Treatment 1 0.012 0.626 1 0.037 0.005** 1 0.010 0.527
Error 10 0.047 10 0.003 10 0.023
Within-subject variable
Date 8 1.004 <0.001** 8 0.188 <0.001** 6 0.216 <0.001**
Time of day 1 55.044 <0.001** 1 6.052 <0.001** 1 0.212 <0.001**
Treatment x Date 8 0.164 0.099(*) 8 0.020 0.012 * 6 0.021 0.151
Treatment x Time of day 1 0.419 0.006** 1 0.014 0.020* 1 0.037 0.045*
Treatment x Date x Time of day 16 1.287 < 0.001** 16 0.029 <0.001** 12 0.030 < 0.001**
Error 120 0.053 0.002

()P <0.1; *P < 0.05; **P < 0.01.
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Fig. 3 (a) Regression between measured and modelled NEE in
sagebrush (open symbols) and postfire (filled symbols) ecosys-
tems. (b) Regression between measured and modelled ET in the
two ecosystems (P-values for all four regressions < 0.01).

2001, soil WC in the top 75 cm dropped below 1% in both
ecosystems and remained extremely low until snow fell
in November 2001, one week before the last flux meas-
urement was performed. Soil WC measured on two occa-
sions in 2000 in the top 15 cm indicated higher WC in July
2000 (postfire: 6.9 + 0.2%; sagebrush: 7.8 + 0.2%) and
October 2000 (postfire: 1.0 + 0.1%; sagebrush: 1.4 +
0.1%) compared to the same months in 2001.

Patterns of change in soil WC in 2001 differed between
the two ecosystems (Fig. 2b). Soil WC was higher
in the postfire ecosystem early in the year (March 2001)
compared to WC in the sagebrush ecosystem (P <0.01);
but by the end of the dry season in November 2001
before substantial recharge occurred, soil WC was lower
in the postfire ecosystem (P=0.02). Additionally, soil
water recharge following rains was greater in the
postfire plant ecosystem (e.g. July 13,2001; P=0.01). In
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contrast, snowfalls generally led to lower soil water
recharge in the postfire ecosystem (e.g. November
26,2001; P=0.02).

Mean daily soil temperature at 5cm depth remained
consistently higher in the postfire ecosystem than in the
sagebrush ecosystem (P < 0.01; Fig. 2c). In 2001, mean
annual soil temperature in the postfire ecosystem aver-
aged 15.2 £+ 0.6 °C compared to 13.3 + 0.6 °C in the intact
sagebrush ecosystem.

Vegetation and leaf area

Leaf area indices (LAI) in the two ecosystems was
similar relatively early in the growing seasons before
the onset of summer droughts (e.g. in July 2000 — post-
fire: 0.22 £+ 0.02; sagebrush: 0.23 + 0.03; June 2001 —
postfire: 0.18 + 0.05; sagebrush: 0.17 + 0.03). Leaf area
indices (LAI) in both plant communities decreased sig-
nificantly in the dry summers of both years, with LAI
in the postfire plant community dominated by annual
species experiencing a much stronger decline than that
observed in the sagebrush plant community (e.g. July
2001 — postfire: 0.03 + 0.01; sagebrush: 0.10 £ 0.02).
In the postfire ecosystem, annual species accounted
for most of the LAIL The two forbs, S. altissimum and
G. ramosissimum, as well as cheatgrass dominated
the postfire ecosystem in 2000. In 2001, cheatgrass was
essentially absent in the postfire ecosystem. The contri-
bution of perennial plant species to LAI in the postfire
ecosystem remained very low throughout 2000 and
2001, with C. wviscidiflorus and E. viridis accounting
for most of this. In the intact sagebrush ecosystem,
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Table 2 Summary of statistical analyses (P-values from repeated measures ANoOvas) evaluating the effects of wildfire-induced conver-

sion of native sagebrush steppe ecosystem to postfire successional ecosystem (Treatment) and time of year (Date: repeated measure
variable) on daytime NEE, nighttime NEE, daytime ET, and nighttime NEE (df: degrees of freedom; MS: mean squares; n = 6 in 2000, and

n=4in 2001)
Dependent variable
Daytime NEE Nighttime NEE Daytime ET Nighttime ET
Source of error df  MS P df  MS P df  MS P df  MS P
Between-subject variable
Treatment 1 0.0684 0323 1 01844  0.054* 1 0.0070 0.211 1 0.0334  <0.001**
Error 10 0.0633 10  0.0388 10 0.0039 10 0.0011
Within-subject variable
Date 8 29364  0.001** 8 04208  0.005** 8 01836  <0.001* 8 00529  <0.001*
Treatment x Date 8 03260  0.082(*) 8 0.0411  0.246 8  0.0344 0.026* 8  0.0011 0.164
Error 56 0.0794 54 0.0255 56 0.0043 54 0.0247

(*)P < 0.1; *P < 0.05; **P < 0.01.

Table 3 Modelled daily NEP (i.e. sum of NEE) and ET, and sums of daytime and nighttime NEE for sagebrush and postfire ecosystems
using multiple regressions of measured NEE and ET with continuously recorded environmental variables

NEP (g C m~2 day ™)

ET (mm H,O day ™)

Sagebrush Postfire
Sagebrush Postfire
Year Month Daytime +nighttime =daily Daytime + nighttime =daily daily daily
2000 June 0.44 —0.18 0.26 0.72 -0.22 0.50 0.40 0.62
October 0.66 —0.18 0.48 0.54 —0.08 0.46 0.08 0.02
2001 March 0.38 —0.34 0.04 0.62 -0.31 0.31 0.25 0.41
April 0.96 -0.36 0.59 0.85 -0.31 0.55 0.25 0.36
May 0.45 —0.14 0.31 0.17 —0.11 0.06 0.23 0.16
June 0.36 —0.15 0.21 0.19 —0.12 0.07 0.38 0.39
July 0.14 -0.14 0.01 0.16 —0.05 0.11 0.14 0.17
September 0.12 —0.09 0.03 0.08 —0.05 0.03 0.13 0.13
November —0.11 —0.29 —0.39 0.03 —0.05 —0.01 0.44 0.60

sagebrush consistently accounted for more than 95% of
the LAL In 2000, cheatgrass growing under sagebrush
canopies contributed most to the remaining, mainly
annual leaf area, while in 2001 little cheatgrass was
present and annuals were dominated by E. sparsiflorum
and M. albicaulis.

Discussion

Effects of postfire plant succession on NEE and daily NEP

Use of the large static chamber dome (Arnone & Obrist,
2002) allowed the detection of very small ecosystem
fluxes on adjacent sites in close proximity while simul-
taneously covering all major elements (e.g. shrubs and
intershrub areas) of the landscape in both ecosystems.

The results showing an increase of NEE in the postfire
ecosystem on three different dates, the absence of detect-
able differences on five other dates, and a decrease in
NEE on one date (Fig. 1a) led us to reject our first hypoth-
esis that lower LAI in a postfire ecosystem would de-
crease NEE relative to that occurring in an intact
sagebrush ecosystem. The occurrence of lower LAI in
the postfire ecosystem for most of the year indicated
that observed higher NEE in this ecosystem on some
dates was either due to lower ecosystem respiration rela-
tive to rates occurring in the sagebrush ecosystem, or to
higher leaf-level photosynthetic activity in the postfire
ecosystem. Lower nighttime ecosystem respiration ob-
served in the postfire ecosystem supports the first theory.
We have not measured leaf-level gas exchange in this
study, however, and therefore cannot assess the role
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that leaf physiology (e.g., species differences or seasonal
changes) may play in explaining patterns observed at the
ecosystem level. Although we were unable to partition
ecosystem fluxes into below-ground and above-ground
contributions since nighttime soil CO, efflux exceeded
whole-ecosystem nighttime respiration on a number of
occasions, the presence of comparable plot-level soil res-
piration rates in the postfire and sagebrush ecosystems
(Fig. 5) indicates that differences in whole-ecosystem res-
piration must have been caused by higher respiration of
above-ground biomass in the sagebrush ecosystem. This
inference agrees well with observations that as much as
80% of above-ground respiration in sagebrush ecosys-
tems originated from above-ground shrub respiration
(measured with a 1-m® static chamber; M. Prater, per-
sonal communication). The reasons for the apparent dis-
crepancies between nighttime ecosystem respiration and
extrapolated nighttime soil respiration are unclear but
may be due to the use of different methodologies to
measure fluxes (large dome versus small respiration
chamber) or to errors in extrapolating subplot fluxes to
whole-plot fluxes. The only other study that measured
NEE in intact sagebrush ecosystems in Oregon and Idaho
(Angell et al., 2001) reported daytime maximum values
(7-10 pmol CO,m 2s™ 1) up to three times higher than
peak rates measured in the sagebrush ecosystem in our
study (3 umol CO, m 2s™'). One possible explanation for
the difference is considerably higher precipitation at
Angell et al’s sites, which may have led to greater LAL

The remarkably low predicted (modelled using mul-
tiple regressions) daily NEP for both ecosystems during
most of the year (i.e. near zero; Table 3) indicates that
ecosystem respiration balances ecosystem CO, uptake.
In other words, when CO, uptake is high, CO, release
is also high (Fig. 1; Table 3). The small differences in
NEP observed between the two ecosystems, however,
could still result in shifts in ecosystem C balance in the
long term. For example, higher ecosystem respiration
observed during November in the sagebrush ecosystem
could lead to an amplification of differences between
the two ecosystems if the difference persisted throughout
the winter. In fact, modelling fluxes for the entire year
of 2001 indicated that annual NEP in the postfire eco-
system remained positive (+34gCm Zyr ') but that
NEP in the intact sagebrush ecosystem dropped below
zero (—20gC m~2 yrfl) driven by higher wintertime res-
piration.

Effects of postfire plant succession on ET at various time
scales

The occurrence of higher measured ET in the postfire
ecosystem when soil water was relatively abundant
(Fig. 1b) led us to also reject our second major hypothesis,

that lower leaf areas and limited access to deep soil water
would decrease ET in the postfire ecosystem. Consist-
ently higher soil temperatures observed in the postfire
ecosystem (Fig. 2c) as well as greater soil water recharge
after rains (Fig. 2b; possibly due to lower interception of
sparse postfire vegetation) could have led to increased
soil evaporation in the postfire ecosystem when soil
water was relatively abundant and explain a lack of
such an effect when the top soil layers were very dry.
Similar fire effects on soil temperature have been observed
in grasslands (Whisenant et al., 1984) and can be inferred
from lower temperatures measured under perennial can-
opies compared to intercanopy areas (Breshears ef al.,
1997). Evapotranspiration (ET) of the intact sagebrush eco-
system only exceeded ET measured in the postfire ecosys-
tem when soil WC was very low (Figs 1b and 2b). This may
have been due to the ability of deep-rooted sagebrush
shrubs (e.g. Reynolds & Fraley, 1989) to access deep soil
water stores in the dry summers and possibly to the occur-
rence of hydraulic lift by sagebrush (Caldwell & Richards,
1989), compared to the inability of shallow-rooted annual
plant species in postfire communities to do the same. Such
declines in rooting depth have been reported to occur in
sagebrush ecosystems after fires (Cline et al., 1977). Some of
the differences in ET and daily ET (e.g. March 2001) also
may be explained by the presence of higher soil WC in the
postfire ecosystem in the spring of 2001 after a relatively
warm winter when most precipitation fell as rain and
when higher interception by sagebrush communities may
have occurred (Young & Evans, 1987). The patterns of soil
water recharge, and potentially ET, could be opposite if
winter precipitation were to fall predominately in the form
of snow, as it did in November and December 2001 when
greater snow accumulation under sagebrush canopies
(M. Prater, pers. communication) appeared to result in
higher soil water recharge in the intact sagebrush ecosys-
tem (Fig. 2b).

Our results showing higher ET in the postfire ecosys-
tem across all nine measurements contrast with results
from other studies in sagebrush steppe ecosystems (Cline
et al., 1977; Link et al., 1990). The differences between our
results and those in the other studies may be due to much
higher plant cover on the other study sites and conse-
quently cooler soil surface temperatures in the postfire
ecosystems as well as to lower air temperatures.

Environmental factors controlling NEE and ET

Photon flux density (PFD), and solar radiation (not dir-
ectly measured) were clearly the most important environ-
mental factors modulating other environmental
conditions (soil and air temperature) and affecting NEE
and ET (Fig4a,b). The importance (r 2) of PFD as a con-
trolling factor for NEE and ET was surprisingly high
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early in the season (accounted for up to 90% of variability
in NEE and ET) but decreased through the summer and
into the fall of 2001 as water availability in both ecosys-
tems dropped. Although peak daytime NEE in both eco-
systems was high when LAI and soil WC were high,
calculated daily NEP was not correlated with LAI or
soil WC in either ecosystem. This was because nighttime
respiration also was relatively high when daytime NEE
was high and low when daytime NEE was low. This
dramatically reduced variability in daily NEP and neg-
ated relationships between daily NEP and environmental
factors such as LAI and soil WC.

Taken together, the results of our study indicate that
the conversion of native sagebrush steppe to ecosystems
dominated by herbaceous annual species (1) may have
little effect on C balance during relatively dry years
except in winter months but may stimulate water loss
immediately following fires; (2) may still affect ecosystem
C storage in the long term; (3) may have different effects
on NEE and ET in years with normal or above-normal
precipitation since differences in NEE and ET between
the two ecosystems mainly occurred when water was
available.
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