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[1] Global warming may intensify the hydrological cycle and lead to increased drought
severity and duration, which could alter plant community structure and subsequent
ecosystem water and carbon dioxide cycling. We report on the net ecosystem exchange of
carbon dioxide (NEE) of a semidesert grassland through a severe drought which drove
succession from native bunchgrasses to forbs and to eventual dominance by an exotic
bunchgrass. We monitored NEE and energy fluxes using eddy covariance coupled with
meteorological and soil moisture variables for 6 years at a grassland site in southeastern
Arizona, USA. Seasonal NEE typically showed a springtime carbon uptake after
winter-spring periods of average rainfall followed by much stronger sink activity during
the summer rainy season. The two severe drought years (2004 and 2005) resulted in a
net release of carbon dioxide (25 g C m ?) and widespread mortality of native
perennial bunchgrasses. Above average summer rains in 2006 alleviated drought
conditions, resulting in a large flush of broad-leaved forbs and negative total NEE

(55 g C m 2 year '). Starting in 2007 and continuing through 2009, the ecosystem
became increasingly dominated by the exotic grass, Eragrostis lehmanniana, and was a
net carbon sink (—47 to —98 g C m 2 year ') but with distinct annual patterns in NEE.
Rainfall mediated by soils was the key driver to water and carbon fluxes. Seasonal
respiration and photosynthesis were strongly dependent on precipitation, but
photosynthesis was more sensitive to rainfall variation. Respiration normalized by
evapotranspiration showed no interannual variation, while normalized gross ecosystem
production (i.e., water use efficiency) was low during drought years and then increased as
the rains returned and the E. lehmanniana invasion progressed. Thus, when dry summer
conditions returned in 2009, the potential for ecosystem carbon accumulation was
increased and the ecosystem remained a net sink unlike similar dry years when

native grasses dominated ecosystem structure.
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1. Introduction

[2] The composition of ecosystems can be perturbed by a
variety of disturbances including fire, drought, and exces-
sive herbivory. Protracted drought has been shown to trigger
rapid compositional changes through mortality of historical
vegetation [Allen and Breshears, 1998; Breshears et al., 2005]
and can facilitate the spread of opportunistic invaders when
the drought ends [Dukes and Mooney, 2004; King et al.,
2008]. Such changes can result in transformations to eco-
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system structure and its ecohydrologic functioning that may
or may not have lasting effects.

[3] An example of ecosystem composition change of great
concern to ranchers and resource managers in the western
United States is the spread of exotic grasses into native
rangelands [Arriaga et al., 2004; Bradley et al., 2006]. In
the semidesert grasslands of the Sonoran and Chihuahuan
deserts, the introduction and spread of Lehmann lovegrass
(Eragrostis lehmanniana) often results in a near replacement
of diverse native bunchgrass communities [Anable et al.,
1992]. Lovegrass dominance strongly reduces desert grass-
land plant and animal diversity [Bock et al., 1986], though
this may vary regionally [Hupy et al., 2004]. Lehmann
lovegrass may better tolerate grazing and fire than most native
species, and this may facilitate long-term persistence and
conversion of the ecosystem to a new steady state [Anable et al.,
1992; McClaran and Anable, 1992]. Invasive success of
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lovegrass has also been linked to increased primary produc-
tivity [Anable et al., 1992], suggesting it could alter the
fundamental relationships between water and carbon cycling
in these semiarid ecosystems (e.g., water use efficiency, ratio
of transpiration to evapotranspiration, etc.).

[4] Current research has shown grassland community
structure and productivity are highly sensitive to temporal
variability in precipitation, especially in water-limited sys-
tems [Fay et al., 2003, 2008; Heisler-White et al., 2008,
2009]. However, the response of grassland ecohydrological
functioning to dramatically altered community structure
following drought is still unclear. Short-term field experi-
ments show lovegrass-dominated ecosystems are less
effective at using precipitation pulses than native species
due to higher ecosystem respiratory fluxes (R,) and more
rapid declines in net ecosystem CO, exchange (NEE) fol-
lowing precipitation pulses [Huxman et al., 2004b; Potts et
al., 2006]. However, this may apply only in comparison to
certain native species, as a seasonal comparison with
another native bunchgrass showed lovegrass-dominated
plots accumulate more carbon over the summer growing
season [Hamerlynck et al., 2010]. In addition, the transition
to lovegrass dominance can increase the bare soil evapora-
tion contributions to total evapotranspiration [Moran et al.,
2009]. The coupled carbon and water fluxes of whole eco-
systems through these critical transitions in desert grasslands
have yet to be observed.

[5] In this paper, we analyzed 6 years of land/atmosphere
carbon dioxide exchange in a semidesert grassland under-
going a nearly complete replacement of a diverse perennial
bunchgrass community to one nearly completely dominated
by Lehmann lovegrass following a severe drought experi-
enced across many southwestern U. S. ecosystems [Bowers,
2005; Breshears et al., 2005; Hereford et al, 2006;
McAuliffe and Hamerlynck, 2010; Miriti et al., 2007]. We
established the site in the spring of 2004 to measure energy
and CO, fluxes in a semidesert grassland that lies in the
transition zone between the Sonoran and Chihuahuan de-
serts. We observed 2 years of extreme drought that resulted
in mortality of many native bunchgrasses and shrubs. Fol-
lowing this drought, the summer rains of 2006 produced a
large flush of herbaceous plants that then gave way to
increasing dominance of nonnative Lehmann lovegrass from
2007 through 2009. Summer rainfall in 2009 was low and
comparable to the drought year of 2004 enabling us to
compare how ecosystem functioning had changed with
altered community composition. In tracking ecosystem
carbon and water fluxes through this entire period, we now
better understand how a water-limited grassland ecosystem
responds and recovers from a severe, disturbance-inducing
drought. Ecohydrological studies on vegetation change in
semiarid ecosystems have shown alterations in the controls
and patterns of carbon dioxide exchange when the shift in
plant growth form is dramatic (e.g., grass to woody)
[Huxman et al., 2005; Kurc and Small, 2007; Prater and
DeLucia, 2006; Scott et al., 2006]. In this study, the shift
in the dominant vegetation was from a mature, diverse
native perennial C, bunchgrass community to a less diverse
community dominated by one exotic bunchgrass species.
Consequently, we hypothesized that, without a dramatic
shift in growth form, this replacement would not alter the
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controls and pattern of carbon dioxide exchange for this
water-limited grassland ecosystem.

2. Site Description

[6] The Kendall grassland (31.74°N, 109.94°W, 1530 m)
lies in the upper end of the USDA Agricultural Research
Service Walnut Gulch Experimental Watershed [Renard
et al., 2008]. This site has been monitored for rainfall
and runoff since 1964 and has been the focus of many
hydrological experimental campaigns [Jackson et al., 2008;
Kustas and Goodrich, 1994]. The 1964-2009 mean annual
rainfall is 345 mm with 63% of this coming in the summer
months of June—September with the annual recurrence of the
North American Monsoon [Adams and Comrie, 1997]. The
dominant growing season is in response to the summer rains,
but a shorter and less productive springtime (~February—
April) growth period does occur given sufficient cool season
precipitation [Jenerette et al., 2010]. The 2004—2009 mean
annual temperature is 17.4°C with summertime highs of
around 37°C and wintertime lows that occasionally dip
below freezing.

[7] Historically and at the beginning of this study, the
grassland was covered mainly by a diverse mosaic of
C4 bunchgrasses (Bouteloua eriopoda, Bouteloua hirsuta,
Hilaria belangeri, and Aristida hamulosa) [Weltz et al., 1994]
interspersed with C3 shrubs (Calliadra eriophylla, Dalea
formosam, Krameria parvifolia, Prosopis glandulosa, Yucca
elata, and Isocoma tenuisecta). Peak leaf area index (LAI)
was estimated at ~1 with ~40% canopy cover [Nouvellon
et al., 2001]. Following the peak of the drought (2003—
2006), most native bunchgrasses were dead with widespread
shrub mortality, and the grassland since 2007 has been
dominated by Lehmann lovegrass (Eragrostis lehmanniana).
Soils around Kendall are a complex of Stronghold (coarse
loamy, mixed, thermic Ustollic Calciorthids) and Elgin (fine,
mixed, thermic, Ustollic Paleargids) [Breckenfeld et al.,
1995] and generally are very gravelly, sandy to fine sandy
loams with some areas having silty clay to clay loams in
the B horizon (~10—60 cm). The grassland was grazed from
light to moderate levels throughout this study with minimal
visual evidence of heavy foraging.

[8] The fetch at the site is representative of the cover
immediately surrounding the micrometeorological tower
over several kilometers, but it has considerable topograph-
ical variation (see Scott [2010] for a map of the site). The
eddy covariance tower stands upon a broad ridge with
hillslopes falling fairly steeply away from it at ~10% to the
northwest and southeast, at 9% to the southwest and flat to
the northeast over a horizontal distance of 200 m. Modeled
cross-wind integrated flux footprints had a peak location of
92 4+ 23 m (mean and standard deviation) and 90% along-
wind extent of 252 £ 62 m [Kljun et al., 2004].

3. Methods

3.1.

[9] Temperature/relative humidity probes (HMP35D,
Vaisala, Helsinki, Finland) were installed at 3 and 6 m
heights, and above-canopy net radiation was measured at a
height of 3 m using a four-component radiometer (Model
CNR 1, Kipp and Zonen, Delft, Netherlands) attached to a

Environmental Measurements
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horizontal boom extending 2 m from a small tripod tower.
Also, we have upward and downward facing photosyn-
thetically active radiation (PAR) sensors (LI-190, LI-COR
Inc., Lincoln, NE). Ground heat flux was measured with
five soil heat flux plates (REBS Inc., Seattle, WA)
installed 8 cm below ground level under both intercanopy
and undercanopy positions. Measurements of the rate of
change of soil temperature above the heat flux plates (at
3 and 6 cm) allowed calculation of the soil heat flux at the
surface using estimates of the specific heat of the soil layer
estimated from measured bulk density and soil water con-
tent. Ground heat flux (G) was computed as an average of
these five measurements.

[10] Precipitation (P) was quantified by a Belfort 0.2 m
orifice weighing-recording gage [Goodrich et al., 2008]. As a
measure of hydrologic drought intensity we used the 12 month
standardized precipitation index (SPI, http://drought.unl.edu/
monitor/spi.htm). The SPI at this time scale reflects long-term
precipitation pattern and closely resembles the Palmer Index
and provides a strong comparative context to studies in other
systems with widely differing seasonal precipitation patterns
[McAuliffe and Hamerlynck, 2010].

[11] We measured volumetric soil water content () using
a variety of soil moisture probes in different profiles [Keefer
et al., 2008]. One profile located midslope on a north facing
aspect was instrumented to measure 6 at 5, 15, and 30 cm
and another profile was located midslope on a south facing
aspect to measure § at 5, 15, 30, 50, 100, and 200 cm. There
were three additional profiles of 5 and 15 cm near the flux
tower. In this paper, we report on an average of all five
profiles at 5 cm, two profiles for 30 cm, and only one profile
for the 50 cm depth.

[12] To quantify the seasonality and variation in green
biomass at the site, we used the NASA MODIS enhanced
vegetation index (EVI [Huete et al., 2002]). We used 250 m
EVI data from collection 5 (ORNL DAAC, 2008) available
as a 16 day composite over the period of 2000-2009. As an
integrated measure of greenness over a season, we define

EVI* = / EVI(¢) — min[EVI(¢)]dt, (1)

where EVI(?) is the interpolated daily EVI value from the
16 day values. The minimum EVI within the season is
subtracted from all the daily values within that season and
year before the integration in order to try and account for
drifts in the (dry) baseline EVI value. Equation (1) is applied
over the spring (February-May) and summer (July—
November) growing seasons. We examine the average EVI
and EVI* over a 5 x 5 pixel box (1.25 x 1.25 km) and over a
41 x 41 pixel box (10.25 x 10.25 km) centered over the
tower to examine how the vegetation response in the area
immediately around the tower and the dominant influence
on the fluxes, compared with the surrounding region.

[13] Vegetative canopy and ground cover was measured
along paired 33 m line transects about 100 m west of the
tower. Line intercepts of canopy cover were recorded and
identified to species. Plant basal area was identified as
E. lehmanniana, forbs, native bunchgrass, shrub, dead
native grass, and dead shrub. Vegetation surveys were
conducted from August—October during or shortly after
vegetation cover peaked.

SCOTT ET AL.: CARBON FLUXES IN A SEMIDESERT GRASSLAND

G03026

3.2. Eddy Covariance Measurements

[14] We used the eddy covariance technique to quantify
ecosystem evapotranspiration (ET) and carbon dioxide flux
(F¢). A three-dimensional, sonic anemometer (Model CSAT-3;
Campbell Scientific Inc., Logan, UT) and an open-path
infrared gas analyzer (IRGA; LI-7500, LI-COR) were moun-
ted at 6.4 m height to measure the three components of the
wind velocity vector, sonic temperature, and concentrations of
water vapor and carbon dioxide. Data were sampled at 10 Hz
and recorded by a data logger (CR5000, Campbell Scientific).
Every 1-2 months, the IRGA was zero- and span-calibrated
using a CO,/H,0O-free gas, a standard [CO,] gas, and a dew
point generator. Fluxes were later calculated off-line by fil-
tering spikes and using a 30 min block average. We also used a
two-dimensional coordinate rotation and accounted for density
fluctuations [Webb et al., 1980] in the calculation of the fluxes.
The sonic temperature was used to calculate sensible heat flux
to account for a missing energy balance term associated with
the water vapor flux [Paw et al., 2000]. Fluxes measured when
the wind was between 35° and 55° N (3.7% of the data) were
omitted due to possible interference from the anemometer
support and the IRGA mounted behind the anemometer. This
site and its data are a part of the Ameriflux network, and its
instrumentation, processing software, and techniques have
been tested and compared with the network’s “gold-standard”
(http://public.ornl.gov/ameriflux/).

[15] We calculated the net ecosystem exchange of CO,
(NEE) by adding the 30 min change in CO, storage term
(AS) to Fc. Since CO, profile data were only available for
about half of the 6 year record, the storage terms were
estimated using only [CO,] from the IRGA at the tower top.
This approximation did not introduce any appreciable errors
as differences between half-hourly NEE with storage cal-
culated using just the IRGA versus the profiler were
essentially equivalent [Fc + AS,onie = 1.00(F¢ + ASyp) +
0.0006, R* = 0.99, p < 0.001].

[16] The flux data were filtered for spikes, instrument
malfunctions, and poor quality (representing 11.0% of the
ET and 11.8% of NEE data). The rejection criteria used to
screen data were rain events, out-of-range signals, and
spikes with the standard deviation of [CO,], [H,O], and/or
sonic temperature greater than two standard deviations from
the mean determined on a yearly basis. Also, we applied a
friction velocity or u* filter to omit fluxes when there was
not sufficient turbulence to make representative flux mea-
surements [Malhi et al., 1998]. This occurred 13.8% of the
daytime and 47.3% of the nighttime periods. We identified
the u* threshold by wusing a standardized technique
[Reichstein et al., 2005] and by comparing annual accu-
mulated NEE with increasing threshold to determine when it
plateaued [Saleska et al., 2003]. Neither technique produced
a consistent value from season to season or year to year, so a
value of 0.15 m s ' was chosen as a conservatively high
average. Daily mean ET values were calculated by first
filling the gaps in the 30 min data using 14 day look-up
tables of ET and incoming PAR averaged over 100 pmol
m 2 s ! intervals and separated into before and after noon
periods [Falge et al., 2001].

[17] To assess the accuracy of the eddy covariance mea-
surements, we computed the slope of the least squares line
fitted through the origin of net radiation minus the ground
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Table 1. Seasonal and Annual Precipitation Totals Along With
Long-Term Average Precipitation and Standard Deviation (mm)

2004 2005 2006 2007 2008 2009 1964-2009

Winter (Dec—Mar) 79 72 12 61 22 39 75 (57)
Monsoon (Jun-Sep) 157 92 240 207 270 168 219 (61)
Annual Precipitation 295 162 274 313 312 246 345 (83)

heat flux (x, abscissa) and the sum of the sensible and latent
heat fluxes (y, ordinate). The results are far from ideal (y =
0.73x + 23.8, R = 0.92), but the ratio of the sum of tur-
bulent fluxes to available energy was near unity on an
annual basis, indicating storage terms may have been un-
derestimated [Scott, 2010]. Scott [2010] compared annual
sums of latent heat flux (not modified for closure) to the
estimates of evaporation from the watershed water balance
and found that latent heat flux averaged about ~10% less
than the watershed estimate.

[18] We partitioned NEE into ecosystem photosynthesis
or gross ecosystem production (GEP) and ecosystem respi-
ration (Ree,). We determined 30-minute average R.., by
fitting an exponential function to air temperature and
nighttime NEE data over a moving ~5 day window
[Reichstein et al., 2005]. The window size was varied to
ensure that data from prestorm (dry) periods were not
grouped together with data following storms. This model
was then used to fill missing nighttime NEE data and
model daytime respiration. Missing daytime NEE values
were filled using a second-order polynomial fitted to
morning or afternoon incoming PAR and NEE data on a
5 day moving window basis. GEP was determined by
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We used the standard sign convention for NEE with
NEE > 0 indicating a net loss of CO, to the atmosphere
(source) and NEE < 0 indicating CO, uptake by the
ecosystem (sink). R.., and GEP are always positive.

[19] Uncertainty in the flux measurements stem from
random and systematic errors. Random errors associated
with natural variations in atmospheric turbulence and the
land surface are generally small (~5%) when data sets reach
durations of a year or more [Baldocchi, 2008]. Systematic
errors, including data processing methods (e.g., gap-filling
methods, u* filtering, etc.), the type of instrumentation (their
frequency response and calibration), and instrumentation
placement, are generally harder to quantify and larger than
random errors [Lasslop et al., 2010]. A comprehensive
analysis of the uncertainty in the measurements at this site
was beyond the scope of the paper so we defer to the +10%—
30 % uncertainty range in yearly NEE found by others
[Goulden et al., 1996; Hagen et al., 2006; Lasslop et al.,
2010; Loescher et al., 2006; Moffat et al., 2007]. Thus,
we emphasize the use of the annual sums of NEE and its
components as comparative measures allowing us to deter-
mine shifts in ecosystem function from year to year, pro-
viding a better understanding of what may or may not have
changed as the grassland underwent drought and vegetation
transitions [Baldocchi, 2008; Lasslop et al., 2010].

4. Results and Discussion

4.1.

[20] All years of this study had below average annual
precipitation (Table 1). Except for year 2004, wintertime
precipitation was always below average, especially in years

Precipitation and Soil Moisture
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Figure 1. Twelve month standardized precipitation index (SPI), yearly and seasonal precipitation totals

for the Kendall grassland site.
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Figure 2. Volumetric soil moisture #, monthly precipitation P (bars), and 1964-2009 monthly average
precipitation. Soil moisture at 50 cm was not available in 2008 to mid-2009.

above average accumulations. Drought conditions as indi-
cated by the 12 month SPI were extreme and without pre-
cedent in the spring of 2006 for the 1964-2008 rainfall
record (Figure 1), and the low SPI reflects the cumulative
effect of consecutively low monsoon totals in 2003, 2004,
and 2005 and one of the driest winter and spring periods on
record in 2006. While this drought during the turn of the
21st century has at times been severe, it is likely that pre-
cipitation conditions were similar during at least one period
in the 20th century (1950s) as well as several in the previous
millennia [Cook et al., 2010]; however, this drought was
combined with the hottest decade on record [Weiss et al.,
2009].

[21] Belowground, the mid-2004 to mid-2006 rainfall
deficit was manifest in less-frequent positive departures of
soil moisture from normally dry states (Figure 2). However,
longer-term (multiyear) carryover effects of the drought are
not distinguishable in terms of trends in the near-surface soil
moisture state because of the frequent and prolonged dry
periods that occur in nearly every year that reset the system
back to its normal dry state. In the dry years of this study,
infiltration was limited to the upper half meter of the soil
column. However, in wetter years percolation exceeded this
depth but was still limited to the upper meter of soil (data
not shown). Shallow infiltration and normally dry soil
moisture states are common throughout this region [Kurc
and Small, 2007; Scott et al., 2009]. More profound
recharge of soil moisture at this site has occurred more
typically in wet winter periods when the vegetation was
dormant and the evaporative demand was reduced [Scott
et al., 2000].

4.2. Vegetation and Watershed Response

[22] The extreme drought conditions prior to the summer
of 2006 were followed by large changes to the vegetation
cover and composition in the grassland (Figure 3). Even

5 of

though summer rains in 2006 were above average (Table 1),
native bunchgrass and shrub populations declined dramati-
cally and were subsequently replaced by a flush of annuals
(primarily Allonia incarnata, Chamaesyce hyssopifolia,
Kallstromeia grandiflora, and Mimulus spp.) and perennial
forbs (Bahia absinthifolia and Evolvulus arizonicus) and the
nonnative Lehmann lovegrass thereafter. While the turn of
the 21st century drought may not have had a higher rainfall
deficit as the previous droughts in the last millennia, the
combination of severe water limitation likely interacted with
record temperatures and evaporative demand to make this
event exceptionally lethal to the native bunchgrass com-
munity [Adams et al., 2009; Weiss et al., 2009]. In addition
to being less sensitive to grazing compared to native
bunchgrasses [4Angel and McClaran, 2001], Lehmann
lovegrass has extremely drought-resistant seeds [Hardegree
and Emmerich, 1992] that can endure long dry periods and
respond more effectively to postdrought rainfall compared
to native grasses [Emmerich and Hardegree, 1996]. Taken
together, these attributes likely facilitate Lehmann’s rapid
spread following prolonged drought [4ngel and McClaran,
2001; Geiger and McPherson, 2005; McClaran and Anable,
1992].

[23] Probably not by coincidence, the large runoff events
in 2006 from the small 1.9 ha watershed where this site is
located resulted in a large transport of sediment from the site
[Nearing et al., 2007]. The three largest sediment transport
events ever recorded in watershed occurred in 2006 and
accounted for 42% of total 19 year sediment loss [Polyakov
et al., 2010]. In total, 1.6 t ha ' of suspended sediment was
exported from the watershed in 2006. Sediment loss on the
hillslopes within the footprint of the eddy covariance mea-
surements have been shown to be as high as 8 t ha ' year '
as there is much less sediment transported out of the
watershed than on the hillslopes due to a large flat swale at
the base of hillslopes that slows flow and traps sediment

12



G03026 SCOTT ET AL.: CARBON FLUXES IN A SEMIDESERT GRASSLAND G03026

80

—&— canopy

—&— litter

60

a0t %A

Total cover [%]

20

1
——LLG
—8— BO
—6— shrubs
—»— forbs

80

40

=

20

AR

Relative dominance [% of total cover]

O-
A A
1999 2005

-
©
©
=

2006 2007 2008 2009
Year

Figure 3. Total plant canopy and ground litter cover and the relative dominance of E. lehmanniana
(LLG), Bouteloua spp. (BO), shrubs, and forbs. Vertical lines indicate discontinuous yearly sampling.

before reaching the outlet [Nearing et al., 2005]. These
runoff events, dominated by overland flow, and the low
productivity of the grasses during the drought may have
caused the minimum in plant litter cover measured in 2007

0.4 T T T T

(Figure 3). Total carbon in the topsoil layer in this watershed
is about 2% (1% organic), combined with a suspended
sediment enrichment ratio of 2x [Rhoton et al., 2006] and
sediment yields of 1.6 (watershed) to 8 (hillslopes) t ha '
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Figure 4. (top) 2000-2009 MODIS enhanced vegetation index (EVI) and (bottom) cumulative EVI
(equation (1)) for the spring and summer growing seasons. The study was carried out in 2004-2009,
20002003 data (shaded) are shown to provide additional context. Data are the average of a 5 x 5 pixel
box (1.25 x 1.25 km) (black solid line) and the average of a 41 x 41 pixel box (10.25 % 10.25 km) cen-

tered over the tower (red dashed line).
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Figure 5. Daily net ecosystem exchange of CO, (NEE). The 3 years with the least monsoon rainfall
(2004, 2005, 2009) are separated from the rest for comparison purposes.

results in 6-32 g C m > moving away from the hilltops and
the eddy covariance footprint. This rough approximation
illustrates that such large erosion events likely resulted in
significant movement of carbon bound up in the soil organic
matter, plant litter, and soil carbonates away from these
upland regions [lzaurralde et al., 2007; Lal, 2003] that was
not quantified by the eddy covariance measurements.

[24] Canopy cover peaked in 2008 while litter cover
continued to recover and lovegrass dominance increased
through 2009 (Figure 3). Moran et al. [2009] estimated that
the ratio of total bare soil evaporation to total ET for the
summer growing season doubled when comparing two
similar rainfall years prior and after the peak drought (from
26% in 2002 to 60% in 2007), but their estimates did not
extend beyond 2007. They speculated that the increase in
soil evaporation was due to the change in ecosystem com-
position with decreased plant basal area, litter cover, and
possibly root water extraction following fewer roots in
immature, establishing bunchgrasses.

[25] The vegetation responses following drought were
also apparent in the MODIS data (Figure 4). Summertime
EVI was much smaller in 2003-2005 and 2009, reflecting
the meager monsoon rainfall in those years (Table 1). EVI
rebounded in 2006 and decreased slightly in 2007 and 2008,
though still higher than EVI in 2000-2002 before the peak
drought conditions. Peak or integrated summer EVI* does
not correspond well with the total cover of the vegetation
transects, which may indicate the lack of spatial represen-
tativeness of the transect data or the fact that the different
growth forms and ages of the vegetation (grasses to herbs,
older grasses to young ones, high litter to low litter) affect
EVI differently [Glenn et al., 2008]. This sequence in
vegetation response describes the strongly nonlinear bio-
logical responses to climate variability where drought causes
the mortality of native grasses that are generally resistant to

invasion, followed by a low-resistance intermediate forb-
dominated vegetation community, and ending the general
displacement of all species by an invasive grass. The
occurrence of drought induced community changes will
likely increase with continued exotic introductions and
projections of future climate changes.

4.3. Net Carbon Dioxide Exchange

[26] Periods of negative NEE (indicating net ecosystem
uptake) were smaller in magnitude and spanned a shorter
duration in dry summer years (2004, 2005, 2009) compared
to 20062008 (Figure 5). Sufficient cool season precipita-
tion (2004, 2005, 2007, and even 2009, Table 1) appeared to
spark a small springtime growing season with a net uptake
of CO, that apparently ended with the hot and dry condi-
tions common in May and June. The bulk of the ecosystem
production, however, occurred in the summer monsoon. The
onset of the monsoon always started with an increase in
NEE, indicating a large increase in respiration, which was
followed by a decrease in NEE as vegetation uptake even-
tually caught up to, and then exceeded, respiratory losses.
This flush of respiration is characteristic of pulse-driven
ecosystems and is composed of both heterotrophic
(increased microbial activity due to soil wetting) and auto-
tropic sources (fine root growth, leaf flush) [Huxman et al.,
2004b; Scott et al., 2004, 2009; Veenendaal et al., 2004].
NEE was especially large and positive at the 2006 monsoon
onset and may have been due to respiration that was stim-
ulated by the preceding drought [4rnone et al., 2008]. Such
a response was also observed at a nearby savanna site [Scott
et al., 2009].

[27] Annual NEE totals ranged from —98 to 21 g C m*
(Figure 6, Table 2). Total NEE from 8 May to 31 December
in 2004 was +4 g C m 2 but was not quantified annually
because monitoring did not begin until late spring. How-
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Figure 6. Cumulative precipitation (P), net ecosystem exchange (NEE), respiration (R..,), and gross
ecosystem production (GEP). Cumulative totals for 2004 start on DOY 128.

ever, NEE values measured at the May 2004 start date were
the most negative for all springtime fluxes, and 2004 had the
highest winter precipitation totals (Table 1) so it is likely
that total NEE in 2004 also resulted in a small net uptake.
The poor monsoons of 2004 and 2005 both resulted in the
ecosystem losing more CO, than it gained in this period
(Figure 6) whereas the average-to-good monsoons (2006—
2008) all resulted in net gains. Interestingly, the 2009
summer growing season resulted in a net uptake of carbon
even though rainfall was significantly below average and
comparable to 2004.

[28] The annual carbon sink/source status for this grass-
land was much more responsive to summer rainfall alone
and did not appear to be as adversely effected by the 6 year
series of below-average annual precipitation as a nearby
grassland that was invaded by woody plants [Scott et al.,
2009]. The carbon sink/source status of grasslands in other
parts of the world with very different climates have also
been shown to be closely linked to whether precipitation
for the growing season was below or above average [Aires
et al., 2008; Flanagan et al., 2002; Kjelgaard et al., 2008],
though the status of some Mediterranean and annual grass
ecosystems has been more closely tied to rainfall timing
[Chou et al., 2008; Xu and Baldocchi, 2004].

[29] The results of this study do not confirm the typical
large net annual effluxes of CO, that were reported for this
site from 1997 through 2000 by Emmerich [2003] or at a
nearby Chihuahuan desert grassland from 1996 through
2001 by Mielnick et al. [2005]. Emmerich [2003] had
speculated that this was due to the inorganic cycling of CO,
as the site has large amounts of carbonates in the soil. His

measurements were made using the Bowen ratio technique,
and a side-by-side comparison with our eddy covariance
system revealed considerable discrepancy in both ET and
NEE (similar to the work of Alfieri et al. [2009]) with much
more CO, release in the dry seasons and uptake in the wet
seasons for the Bowen ratio (data not shown). We have
found that annual ET estimated using the eddy covariance
system comes closer (within 6% for 2005-2007) to that
estimated using the precipitation, runoff, and change in soil
moisture storage measurements compared to those made
with the Bowen ratio (within 25% for same period), but we
did not have an independent measure of NEE to do a similar
comparison.

4.4. Respiration and Production

[30] We found a very good correspondence of cumulative
R.., and GEP fluxes to seasonal rainfall amounts (Figure 6).
The years and seasons with the highest rainfall had the highest
R.., and GEP; spring and summer R.., and GEP totals were
significantly correlated with winter and summer rainfall,
respectively (r > 0.91-0.94, p < 0.05 in all cases). Summer
respiration was correlated with the number of rainy days (» =

Table 2. Yearly Precipitation (mm) and CO, Fluxes (g C m™?) for
Complete Years

2005 2006 2007 2008 2009
Precipitation 162 274 313 312 246
NEE 21 =55 -69 -98 —47
Reco 145 150 220 188 166
GEP 123 206 289 286 213
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Table 3. Significant Correlation Coefficients for February—
November Fluxes With Environmental Variables (p < 0.05)

050m '93001\1 050cm Ta PAR
Reco 0.68 0.64 0.51 0.45 0.14
GEP 0.53 0.57 0.48 0.28 0.15
ET 0.76 0.65 0.48 NS —0.11

0.85, p = 0.03). Cumulative GEP always exceeded R, by the
end of spring resulting in a small net uptake even following the
driest winter/spring in 2006. However in the monsoon, R,
exceeded GEP in the dry summers of 2004 and 2005 but not in
2009 after the vegetation change. Analyzing results from
around the world, Schwalm et al. [2010] found that sensitivity
of assimilation (i.e., decrease) exceeds that of respiration to
drought, especially at nonforested sites. We also found the
growing season sensitivity (or slope) of total GEP to precipi-
tation (GEP =0.96 + 0.16P — 17 £ 29, a = 0.05) exceeded that
of respiration (Rec, = 0.37 £ 0.05P + 57 £ 9, a = 0.05).

[31] To examine the influence of environmental forcing
variables, we calculated correlations coefficients between
daily values of nonwinter (February—November) carbon
dioxide and water fluxes with 6 at 5, 30, and 50 cm, air
temperature (7,), and PAR. We found significant correla-
tions for R, decreased with soil moisture depth while those
for GEP peaked at 30 cm (Table 3). They both shared a
weaker relationship with 7, and even weaker for PAR. On
the other hand, ET was most correlated with moisture at the
shallowest depth and also very slightly anticorrelated with
PAR (lower ET and higher PAR in the dry season). The
higher correlation of GEP and 65, revealed that the plant
activity was more strongly linked to deeper root zone water
content. The correlation of R.., with 6 at all depths and T,
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likely reveals the importance of both heterotropic and
autotrophic respiration and the strong influence of temper-
ature on these rates. The higher correlation of ET with 05,
along with GEP correlation peaking at €3¢, provides evi-
dence that bare soil evaporation is an important part of total
ET [Moran et al., 2009]. The strong relationships between
shallow soil moisture and mass and energy exchange at this
site mirrors those found at other sites in the region [Kurc
and Small, 2007; Scott et al., 2009].

4.5. Effects of Vegetation Change on NEE

[32] Given the strong coupling across the years between
seasonal precipitation and the components of NEE, the effects
of the vegetation change on the carbon exchange dynamics
were not immediately obvious. Because water is the dominant
driver of the system, we normalized the components of NEE
by the total ET and found that the ratio R.../ET was relatively
constant in all six years. However, GEP/ET, a measure of
ecosystem water use efficiency (WUE*), plummeted in 2005
and then increased in 2006 and 2007 and decreased somewhat
in 2009, but not to pre-2006 levels (Figure 7). On a net
exchange basis, NEE/ET continued to decrease to 2008 after
peaking in 2005. These values of WUE* are on the low end of
the 1-6 g C kg~' H,0 range surveyed by Beer et al. [2009],
probably due to the low LAI and large amount of ET that is
lost via soil evaporation (~25%—60% [Moran et al., 2009]) in
this ecosystem.

[33] To further evaluate if the change in community com-
position altered carbon cycling in this ecosystem, we com-
pared the grassland response in 2004 and 2009, years with
comparably low summer rainfall. The timing of the summer
rainfall was different in these years (Figure 2) so it is
important to compare across similar environmental and

I NEE/ET
I R/ET
[ 1GEP/ET

0.8

0.6

0.4

[gC kg™ H,0]

0.2

2004 2005 2006

2007 2008 2009

Year

Figure 7. Ratios of total June—November net ecosystem exchange (NEE), respiration (R,), and gross
ecosystem production (GEP) divided by evapotranspiration (ET).
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Figure 8. Ecosystem light response curves for wet (639cm, > 0.18) and dry monsoon (63p¢r, < 0.14) sum-

mer periods following peak in GEP.

phenological conditions. Quantifying the response of NEE to
PAR levels for both wet and dry periods following the peak in
GEP (ensuring maximum phenological response) revealed
that the NEE was more negative across almost all light levels
for both wet and dry conditions in 2009 (Figure 8). At high
light levels the response was clearly different, and it is
interesting to note the increase in NEE in the dry periods of
2004 while 2009 stayed flat. This behavior is consistent with
the increase in canopy cover that followed the invasion
(Figure 3) and lovegrass’ reputation as being more drought
tolerant [Hamerlynck et al., 2010].

5. Conclusions

[34] The goal of this study was to determine how NEE was
affected by drought and vegetation change in a semidesert
grassland. We investigated the seasonal variation in NEE and
its controls by environmental variation in water and energy
input. Conclusions drawn from 6 years of monitoring revealed:

[35] 1. The cumulative effects or “memory” of meteoro-
logical drought are difficult to detect in the near-surface soil
moisture state in this type of dry system because soil moisture
is consistently driven to very low levels due to the high
evaporative demand in the premonsoon season. Nevertheless,
years of paltry rainfall and record high evaporative demand
within this drought resulted in widespread mortality of most
native bunchgrass and shrub species at this site.

[36] 2. NEE was markedly suppressed in drought years
and cumulative NEE showed perhaps a small uptake in 2004
and net release in 2005. After the large die-off of native
grasses, the remaining years (2006-2009) all had a net
uptake of CO, even though summer rainfall was below

average in 2007 and 2009. The transition to forb and then
lovegrass dominance was accompanied by large runoff and
erosion events that likely transported significant amounts of
carbon out of the tower footprint.

[37] 3. Rainfall mediated by soils is the key driver to water
and CO, fluxes in this semiarid ecosystem. Strong correla-
tions of GEP, R.,, and ET with daily values and near-surface
soil moisture were found. Even with only a 6 year data set, we
also found significant correlations between growing season
assimilation and total respiration both in the spring and
summer. The sensitivity of seasonal GEP to P was higher than
R.., to P, resulting in net carbon uptake increasing with
greater water input.

[38] 4. Carbon fluxes normalized by ET for the summer
growing season revealed that R..,/ET was not altered by
drought or vegetation composition, while GEP/ET (WUE*)
increased after replacement of the native bunchgrasses.
Increased water use efficiency was partly a function of
higher summer rainfall, but comparison between the dry
2004 and 2009 summers showed greater net carbon gains in
the lovegrass-dominated system, especially under higher
levels of light and water limitation.

[39] These findings contradict our hypothesis that a shift
in community composition from a diverse C, bunchgrass
assemblage to dominance by an exotic C; bunchgrass
would not affect behavior of ecosystem carbon dioxide
exchange. While it is not clear if leaf-level ecophysiology
of E. lehmanniana differs from native Southwest grasses
[Hamerlynck et al., 2010; Huxman et al., 2004a; Potts
et al., 2006], the effects of lovegrass invasion to ecosystem
functioning were readily apparent in this study.
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