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Abstract
Climate models suggest that extreme rainfall events will become more common with increased atmospheric warming. Consequently, changes in the size and frequency of rainfall will influence biophysical drivers that regulate the
strength and timing of soil CO2 efflux – a major source of terrestrial carbon flux. We used a rainfall manipulation
experiment during the summer monsoon season (July–September) to vary both the size and frequency of precipitation in an arid grassland 2 years before and 2 years after a lightning-caused wildfire. Soil CO2 efflux rates were
always higher under increased rainfall event size than under increased rainfall event frequency, or ambient precipitation. Although fire reduced soil CO2 efflux rates by nearly 70%, the overall responses to rainfall variability were
consistent before and after the fire. The overall sensitivity of soil CO2 efflux to temperature (Q10) converged to 1.4,
but this value differed somewhat among treatments especially before the fire. Changes in rainfall patterns resulted
in differences in the periodicity of soil CO2 efflux with strong signals at 1, 8, and 30 days. Increased rainfall event
size enhanced the synchrony between photosynthetically active radiation and soil CO2 efflux over the growing season before and after fire, suggesting a change in the temporal availability of substrate pools that regulate the temporal dynamics and magnitude of soil CO2 efflux. We conclude that arid grasslands are capable of rapidly
increasing and maintaining high soil CO2 efflux rates in response to increased rainfall event size more than
increased rainfall event frequency both before and after a fire. Therefore, the amount and pattern of multiple rain
pulses over the growing season are crucial for understanding CO2 dynamics in burned and unburned waterlimited ecosystems.
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Introduction
A current challenge for climate change research is to
understand how changes in the amount and pattern of
precipitation affect ecosystem processes (Gerten et al.,
2008; Luo et al., 2008). This research is especially important in aridland ecosystems because the timing and
magnitude of precipitation pulses are biologically
important at global (Huxman et al., 2004a; Yang et al.,
2008) and regional scales (Sala et al., 1988; Knapp &
Smith, 2001). For aridland ecosystems, climate models
project an increase in precipitation variability including
more extreme rainfall events (Christensen et al., 2007).
Such changes in rainfall patterns could strongly influence the global carbon cycle (Austin et al., 2004). Given
that arid and semiarid environments occupy nearly
40% of terrestrial habitats (Loveland et al., 2000), it is
Correspondence: Rodrigo Vargas, tel. + 52 646 1750 500,
fax + 52 646 1750 545, e-mail: rvargas@cicese.mx

© 2011 Blackwell Publishing Ltd

important to understand how changes in timing and
magnitude of precipitation pulses will influence the
biophysical mechanisms that regulate the carbon cycle
at multiple temporal scales in these globally extensive
ecosystems (Schimel, 2010).
Many aridlands are classified as grasslands or
savannahs (Loveland et al., 2000), where rainfall events
determine the pulse-driven responses of these ecosystems (Noy-Meir, 1973; Sala & Lauenroth, 1982). Most
research has focused on how changes in rainfall
amount influence annual aboveground net primary
production (NPP) (Knapp & Smith, 2001; Huxman
et al., 2004a; Robertson et al., 2009). However, there is a
need to integrate ecosystem responses (e.g., productivity, CO2 fluxes) with multiple rain pulses over the
growing season to understand the combined effects of
seasonal rainfall (Ogle & Reynolds, 2004). Recent studies have explored the role of rainfall variability
and extreme events in aboveground NPP and soil
CO2 efflux (i.e., carbon dioxide release from soils;
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Heisler-White et al., 2008, 2009; Thomey et al., 2011), or
in combination with CO2 fertilization to study total ecosystem carbon fluxes (Bachman et al., 2010).
In addition to rainfall patterns, fire is an important
disturbance that influences biological (Scholes &
Archer, 1997; Clark et al., 2002) and ecosystem processes in grasslands (Castaldi et al., 2010). Together,
grasslands and savannahs represent more than 60% of
the global terrestrial habitats that burn each year (Tansey et al., 2004). Fire is a critical factor for grasslands
because it stimulates germination and regrowth (Parmenter, 2008), but the interaction between fire and land
use change may promote ecosystem degradation and
shrub encroachment in some systems (Archer et al.,
1995; Havstad et al., 2006), or counteract encroachment
in others (Ravi et al., 2010). Thus, one step to understand carbon dynamics in arid and semiarid environments is to study the response of natural and disturbed
arid grasslands to changes in the timing and magnitude
of rainfall. Without such information, the contribution
of CO2 from arid and semiarid environments could be
grossly underestimated in regional and global carbon
budgets because of improper model parameterization
and structure (Schimel, 2010).
In this study we focus on the response of soil CO2
efflux to increased precipitation variability during the
summer monsoon in native, ungrazed desert grassland
before and after a lightning-caused wildfire. Maximum
net ecosystem exchange in this grassland occurs for
only 1–2 months during the summer monsoon (Anderson-Teixeira et al., 2011). Thus, it is important to
understand how changes in precipitation patterns and
disturbances influence the biophysical drivers (e.g.,
temperature, water, photosynthesis) that control CO2
emissions during this season. Based on empirical evidence (Huxman et al., 2004b; Knapp et al., 2008), it is
expected that increased precipitation variability will
reduce soil moisture stress and increase soil CO2 efflux
under undisturbed conditions (i.e., before a fire; Thomey et al., 2011). Yet, it is unclear: (a) whether the relative importance of the biophysical drivers of soil CO2
efflux change with increasing precipitation variability
and (b) how precipitation variability affects soil CO2
efflux following disturbance (i.e., after a fire). We
hypothesize that fire, as a disturbance, will overshadow the effect of increased precipitation variability
and will decrease soil CO2 efflux because of the loss of
aboveground photosynthetic biomass. We used automated measurements of soil CO2 efflux and applied
time series analysis to (a) study the temporal variations
of soil CO2 efflux; (b) infer an unconfounded temperature sensitivity parameter (Q10) of soil CO2 efflux; and
(c) explore the temporal synchrony between soil CO2
efflux and photosynthetically active radiation (PAR)

among treatments before and after a lightening caused
wildfire.

Material and methods

Study site
We established a rainfall manipulation experiment in a longterm ungrazed grassland in the northern Chihuahuan Desert
dominated by the native perennial C4 grass, Bouteloua eriopoda.
The study site is part of the Sevilleta Long-Term Ecological
Research Project (LTER) located at the Sevilleta National Wildlife Refuge, New Mexico, United States (Muldavin et al., 2008;
Thomey et al., 2011). Climate at the Sevilleta LTER site is arid
to semiarid with dry cool winters and springs. Mean annual
temperature is 13.2 °C with an average low of 1.6 °C in January and a high of 25.1 °C in July. From 1999 to 2008, aboveground NPP at the study site ranged from 17 to 180 g m2yr1
(Muldavin et al., 2008; Xia et al., 2010). Annual precipitation is
highly variable within and between years (Pennington & Collins, 2007), averaging approximately 250 mm with 60% falling
during the summer monsoon season (July–September). More
information about the Sevilleta LTER Project can be found at
http://sev.lternet.edu/.

Experimental design
The first part of the experiment (i.e., prefire) occurred during
the summer monsoon seasons of 2007 and 2008. In the first
week of August of 2009, an intense lightning-caused wildfire
consumed the experimental plots, including the sensor instrumentation, although rainfall treatments continued throughout
the 2009 monsoon season. The second part of the experiment
(i.e., postfire) was resumed for the summer monsoon seasons
of 2010 and 2011 after the instrumentation was replaced.
For all summer monsoon seasons (prefire and postfire), we
manipulated rainfall event size and frequency using a random, replicated experimental design consisting of thirteen
8 m 9 13 m plots (Thomey et al., 2011). Reference plots
received only ambient precipitation (n = 3). Two rainfall treatments (n = 5) were applied each year throughout each monsoon season: (1) ambient rainfall plus one 20 mm rain event
each month (i.e., increased rainfall event size) and (2) ambient
rainfall plus four 5 mm rain events each month (i.e., increased
rainfall event frequency). Thus, we added the same amount of
precipitation (20 mm) per month over the monsoon season,
but we varied the size (20 and 5 mm) and frequency (monthly
vs. weekly) of applied precipitation events. Rainfall variability
was increased without imposing unrealistic extreme rainfall
events (Christensen et al., 2007). The overall precipitation
added per monsoon season was 60 mm equivalent to an
increase of ~40% over an average year (long-term monsoon
mean ~150 mm). The 20 mm rainfall events simulated
more extreme precipitation events, and the 5 mm events
represented average precipitation inputs at the study site. On
average, 71.3% of the precipitation events are  5 mm and
11.6% are between 10 and 20 mm (1988–2008; see http://sev.
lternet.edu/).
© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1401–1411
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Net primary production
Total NPP was estimated as the sum of aboveground and
belowground NPP. Aboveground NPP was measured in two
1 m2 subplots permanently located within each plot. Aboveground NPP measurements were recorded in the spring (at
the start of the growing season) and again in fall (when
perennial grasses had reached peak biomass). For every subplot, the biomass was determined from cover and height size
classes based on weight-to-volume regressions developed by
harvesting various sizes of each species from adjacent areas
following Muldavin et al. (2008). A positive change in green
biomass from one season to the next in each subplot was
used as a measure of aboveground NPP. Belowground NPP
was measured using root in-growth cores (Milchunas et al.,
2005). Briefly, the outer diameter of each root in-growth core
was 20.3 cm and the inner diameter 15.2 cm and each core
was 30 cm deep. Each root in-growth core was filled with
root free soil from the study site. We installed 20 root
in-growth cores in a site adjacent to the experimental plots
that represented the reference treatments under ambient
precipitation conditions. Belowground production did not
differ between burned and unburned sites in 2010 (S. Burnett
and S.L. Collins, unpublished results) allowing us to extrapolate belowground production prefire and postfire. We measured a mean belowground NPP of 450 g m2 yr1 (0–30 cm
depth) and a mean aboveground NPP of 199 g m2 yr1 (Xia
et al., 2010) giving a mean ratio of 2.26.

Soil microenvironmental measurements
Nearly 8 months before the start of the experiment in 2007,
soil sensor nodes were installed at all reference and treatment
plots to ensure soil equilibration after installation (total of 13
instrumented plots). Each sensor node consisted of soil temperature, soil moisture, and soil CO2 sensors placed under the
canopy of B. eriopoda at three depths (2, 8, and 16 cm) as
described previously (Thomey et al., 2011). In addition, PAR
(LI190SB-LC, LI-COR, Lincoln, NE, USA) was measured continuously at 30 min intervals at the field site throughout the
duration of the study. Soil temperature (Ts) and soil water
content (h) were also measured at 30 min intervals with
ECH2O soil sensors (EC-TM Decagon Devices Inc., Pullman,
WA, USA). Soil CO2 concentration was continuously measured at 30 min intervals with Vaisala CARBOCAP CO2 sensors (GMM222, Vaisala, Helsinki, Finland). Values of CO2
concentration were corrected for temperature and pressure
using the ideal gas law according to the manufacturer. We calculated soil respiration using the flux-gradient method as
described previously for the study site (Vargas et al., 2010a).
Briefly, we used Fick’s law of diffusion where the diffusivity
of CO2 was corrected for temperature and pressure (Jones,
1992) and calculated as a function of soil moisture, soil porosity, and soil texture (Moldrup et al., 1999). Soil porosity was
0.43 m3 m3 and bulk density was 1.51 g cm3. Soils are
Typic Haplargids derived from piedmont alluvium. Soil texture in the upper 20 cm is 68% sand, 22% silt, and 10% clay,
with 2% calcium carbonate (Kieft et al., 1998).
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We calculated the relative available soil water (hr), and we
considered that the ecosystem was under stress if the value
dropped below a threshold of 0.4 as assumed in previous
studies (Bernier et al., 2002; Granier et al., 2007). Briefly, hr was
calculated from soil water content as follows:
hr ¼

h  hw
;
hfc  hw

ð1Þ

where h is the 2–16 cm average soil water content, hw is soil
water content at permanent wilting point, and hfc represents
water content and field capacity. We used soil water retention
curves obtained for different soils at the Sevilleta LTER site to
get field capacity and wilting point water content. Second, we
calculated the intensity of the stress (Is) (Granier et al., 2007) as
follows:


0:4  hr
Is ¼ Rmax 0;
;
ð2Þ
0:4
which is dimensionless and ranges between 0 (no stress) and
83 (soil water reserve totally depleted during the average
length of a monsoon season).

Data analysis
Results before and after fire (prefire years 2007 and 2008; postfire years 2010 and 2011) were analyzed separately to test for
the effect of treatment precipitation variability (i.e., ambient,
small pulses, large pulses). Data were transformed to meet
assumptions of analysis of variance (ANOVA) and analyzed
using a single-factor general linear model. Significant treatment effects were followed by multiple comparisons using LS
Means for unbalanced designs.
We used wavelet analysis as a time series technique that
has been widely applied in the geosciences (Torrence &
Compo, 1998) and for soil CO2 efflux research (Vargas et al.,
2010b, 2011a). This technique is used to quantify the spectral
characteristics of time series that may be nonstationary and
heteroscedastic. Wavelet global power spectra were computed
using MATLAB 2009a using the Morlet wavelet basis function as
suggested by previous studies (Torrence & Compo, 1998; Torrence & Webster, 1999). The global wavelet power spectrum
was calculated for (a) the original time series of soil CO2 efflux
for each plot and treatment and (b) the temperature detrended
time series soil CO2 efflux for each plot and treatment. Finally,
we calculated the mean of the global power spectrum for each
treatment for both soil CO2 efflux measurements, and the temperature detrended soil CO2 efflux for prefire and postfire.
The temperature detrended time series soil CO2 effluxes
were calculated from hourly averages by fitting independent
regressions for each day with the form:
Rstd ¼ Rsn  ðb0  expðb1 Tsn Þ Þ;

ð3Þ

where Rstd is the detrended time series soil CO2 efflux, Rsn is
the measured soil CO2 efflux for day n (24 measurements per
day), Tsn is the measured temperature at the 8 cm depth
(depth of maximum correlation with soil CO2 efflux) during
the same day n, and b0 and b1 are constants calculated for each
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day n. Therefore, for each day (or 24 measurements) an individual curve was fitted to detrend the data. This step is important to remove autocorrelations between soil CO2 efflux and
soil temperature as both time series are regulated by solar
radiation and could lead to improper interpretations of temporal correlations (Vargas et al., 2011a).
We used the results of the wavelet analysis for the original
time series of soil CO2 efflux to calculate unconfounded temperature sensitivities of soil CO2 efflux (Q10hf) for all treatments before and after the fire. Unconfounded Q10 values are
challenging to calculate due to potential effects of changes in
soil water content (Davidson & Janssens, 2006). Thus, we
report Q10hf derived from high-frequency (i.e., 0.5–3 day time
periods) subsignals of soil CO2 efflux decomposed using
wavelet analysis. This analysis has similar theoretical bases
for time series frequency decomposition to identify an unconfounded Q10 value as described by the SCAPE method (Mahecha et al., 2010).
Finally, we used wavelet coherence analysis, to study the
temporal synchrony between two time series (Vargas et al.,
2010b). The two time series analyzed were temperature detrended time series soil CO2 efflux (see Eqn 3) and PAR. Wavelet coherence analysis can be thought of as the local
correlation between two time series. Importantly, the wavelet
coherence analysis finds regions in frequency space where
two time series co-vary but do not necessarily have high common power (Grinsted et al., 2004). The statistical significance
(5% significance level) of common power between two time
series was assessed within the cone of influence of the wavelet

coherence analysis using Monte Carlo simulations (Grinsted
et al., 2004). The cone of influence is the region in which the
wavelet transform suffers from edge effects because of incomplete time-locality across frequencies (Torrence & Compo,
1998), thus the results have to be interpreted cautiously.
Before wavelet coherence analysis was performed, the time
series were normalized to a mean of zero and a variance of
one. Detailed reviews on the application and theory of wavelet
analysis can be found in Farge (1992), Torrence & Compo
(1998), and Grinsted et al. (2004).

Results
In 2007, reference plots received 92.2 mm of precipitation (ambient only), and treatment plots received a total
of 152.2 mm of rainfall (ambient + applied), representing nearly 65% more precipitation (Fig. 1a). In 2008, reference plots received 179.6 mm of precipitation
(ambient only), and treatment plots received a total of
239.6 mm of rainfall (ambient + applied), representing
nearly 33% more precipitation (Fig. 1b). The summer
monsoon season of 2010 represented a dry year where
the reference plots received 33 mm of precipitation
(ambient only) and the treatment plots received a total
of 93 mm of rainfall (ambient + applied), representing
nearly 180% more precipitation when compared with
the reference plots (Fig. 1c). Finally, in 2011 reference

Fig. 1 Time series for prefire (July–September 2007 and 2008) and postfire (July–September 2010 and 2011) environmental variables in
the monsoon rainfall manipulation experiment. Daily means are shown for rainfall (a–d), relative extractable soil water (hr; e–h), and
soil CO2 efflux (i–l). The dashed lines in e–h represent the water stress threshold (Granier et al., 2007). Blue, ambient precipitation
(n = 3); green, increased small rainfall event frequency (n = 5; ambient plus 5 mm weekly); red, increased large rainfall event size
(n = 5; ambient plus 20 mm per month). Different capital letters in parenthesis denote significant differences between treatments.
DOY = day of year.
© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1401–1411

S O I L C O 2 E F F L U X I N D E S E R T G R A S S L A N D 1405
plots received 152.7 mm of precipitation (ambient
only), and treatment plots received a total of 212.7 mm
of rainfall (ambient + applied), representing nearly
39% more precipitation (Fig. 1d).
Increased rainfall event size raised hr significantly
over the reference and increased rainfall event frequency plots before the fire and for the year 2011 after
the fire (Fig. 1e–h). No significant differences in daily hr
occurred among treatments during the dry postfire year
2010 (Fig. 1g). Increased rainfall event size was more
effective than increased rainfall event frequency in
reducing the intensity of drought stress (Is) both before
and after the fire (Fig. 2).
There were no significant differences in NPP between
the treatments before the fire (year 2007 mean
566 g m2, year 2008 mean 413 g m2; Fig. 2a) or after
the fire (year 2010 mean 134 g m2, year 2011 mean
81 g m2; Fig. 2b). After the fire, on average, we
observed a reduction in NPP of ~74% under increased
rainfall event size, ~79% under increased rainfall event
frequency, and ~80% in reference rainfall plots,
although results varied between years (Fig. 2).
We found significantly higher prefire soil CO2 efflux
rates than postfire rates (Fig. 1i–l). Losses during the
monsoon season from increased rainfall event size (up
to 105 g C m2) and increased rainfall event frequency
(up to 82 g C m2) were higher than those from reference plots (up to 63 g C m2) before the fire (Fig. 1i–j
and Fig. 3a). Similarly, losses from increased rainfall
event size (up to 52 g C m2) and increased rainfall
event frequency (up to 22 g C m2) were higher than
those from reference plots (up to 14 g C m2) after the
fire (Fig. 1k–l and Fig. 3b). After fire, on average, we
observed a reduction in soil CO2 efflux of ~60% under
increased rainfall event size, ~74% under increased

rainfall event frequency, and ~80% in reference rainfall
plots, although results varied between years (Fig. 3).
To explore the drivers of soil CO2 efflux, we first
tested for treatment effects on temperature sensitivity.
We calculated an unconfounded parameter (Q10hf)
based on time frequency decomposition and found significant differences in Q10hf between treatments before
the fire, but with an overall mean value of 1.4 (Fig. 4a).
These results showed an increase in Q10hf under
increased rainfall event size before the fire. In contrast,
after the fire, we did not find significant differences in
Q10hf between treatments for 2010, and Q10hf was higher
only under increased rainfall event size during 2011.
Similarly, the overall mean value of Q10hf after the fire
was 1.4 (Fig. 4b).
Importantly, daily soil temperature was not significantly different between treatments at any soil depth
(between 2 and 16 cm) for both prefire and postfire
(data not shown). Before the fire, differences in soil CO2
efflux rates between treatments appear to be a function
of soil moisture and changes in temperature sensitivity.
After the fire, the overall reduction in soil CO2 efflux
rates appears to be controlled by NPP, but differences
between treatments were a function of soil moisture in
2010, and soil moisture and temperature sensitivity in
2011.
We explored the spectral properties of the time series
of soil CO2 efflux, and we present the combined results
for prefire or postfire for simplification because results
were consistent among years (Fig. 5). The global wavelet power spectrums of measured soil CO2 efflux at our
experimental plots showed strong periodicities at 1 day
and >10 days, but these peaks varied according to treatment. Increased rainfall event size showed stronger
periodicities than increased rainfall event frequency

Fig. 2 Relationship between seasonal sums of net primary production (NPP) for (a) prefire or (b) postfire, and the intensity of water
stress (Is) during the monsoon rainfall season (July–September). Increased large rainfall event size (triangles), increased small rainfall
event frequency (circles), and ambient precipitation (squares). Error bars represent ± 95% confidence intervals.
© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1401–1411
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Fig. 3 Relationship between seasonal sums of soil CO2 efflux for (a) prefire or (b) postfire, and the intensity of water stress (Is) in the
monsoon rainfall season (July–September). Increased large rainfall event size (triangles), increased small rainfall event frequency (circles), and ambient precipitation (squares). Error bars represent ± 95% confidence intervals.

Fig. 4 Relationship between temperature sensitivity of soil CO2 efflux (Q10hf) and intensity of water stress (Is) for (a) prefire and (b)
postfire in the monsoon rainfall season (July–September). Increased large rainfall event size (triangles), increased small rainfall event
frequency (circles), and ambient precipitation (squares). Error bars represent ± 95% confidence intervals.

and reference plots before the fire (Fig. 5a). In contrast,
increased rainfall event frequency resulted in stronger
periodicities after the fire (Fig. 5b). Temperature detrended soil CO2 efflux showed a prominent 1 day periodicity in all rainfall treatments before and after the fire
(Fig. 5c, d).
Based on the global wavelet power spectrums temperature alone could not explain all of the variability in
soil CO2 efflux (Fig. 5c, d). Therefore, we applied
wavelet coherence analysis on the detrended time series of soil CO2 efflux and PAR, which has been used as
a surrogate for photosynthesis (Adams et al., 2004; Liu
et al., 2006). Continuous measurements of photosynthesis for each treatment do not exist. Similarly to the global power spectrums, we present the combined results
for simplification because results were consistent
among years. Our results show a consistent and
marked contrast in the periodicity and temporal coherence between these two variables among treatments

(Fig. 6). Overall we observed a strong coherence at the
1 day period across treatments (i.e., more days where
diel fluctuations in PAR are in synchrony with fluctuations in soil CO2 efflux represented by the red areas in
Fig. 6). Our results show that the consistency of the
temporal synchrony between soil CO2 efflux and PAR
(at the 1 day period) was lowest under ambient precipitation, followed by increased rainfall event frequency,
and reaching the highest consistency under increased
rainfall event size. In other words, under increased
rainfall event size, the temporal synchrony between soil
CO2 efflux and PAR (at the 1 day period) was the highest as represented by the red areas in Fig. 6. Differences
in the synchrony of soil CO2 efflux between treatments
were most evident before the fire (Fig. 6a–c). After the
fire, the synchrony appeared to be stronger in all treatments (Fig. 6d–f), when compared with prefire results
(Fig. 6a–c), but the synchrony remained highest under
increased rainfall event size.
© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1401–1411
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Fig. 5 Mean global wavelet power spectrum of soil CO2 efflux in a monsoon rainfall season (July–September) for prefire (average for
years 2007–2008) and postfire (average for years 2010–2011). Mean global wavelet power spectrum of soil CO2 efflux signals (a–b), and
temperature detrended soil CO2 efflux signals (c–d) representing the variability of soil CO2 efflux that is not explained by soil temperature.

Fig. 6 Wavelet coherence analysis between temperature detrended soil CO2 efflux and photosynthetically active radiation. The graphs
represent the wavelet coherence from the monsoon rainfall season (July–September) during prefire (years 2007–2008; a–c) and postfire
(years 2010–2011; d–f). The color codes for power values in graphs are from dark blue (low values of coherence) to dark red (high
coherence). Black contour lines around red areas represent 5% significance level. DOY = day of year.

Discussion
Our results provide experimental evidence that
increased rainfall event size resulted in high soil CO2
efflux before and after a natural disturbance relative to
increased rainfall event frequency treatments. These
© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1401–1411

results have several implications. First, changes in rainfall variability can rapidly alter carbon dynamics independent of changes in total rainfall, but are highly
dependent on size and frequency of rainfall events that
decrease soil water stress (Huxman et al., 2004b). Second, contrary to our expectations, the effects of changes

1408 R . V A R G A S e t a l .
in the size and frequency of precipitation on soil CO2
efflux were consistent before and after fire, but not for
NPP response. Third, higher soil CO2 efflux emissions
were not only a result of higher temperature sensitivity
(Q10), but likely an enhanced temporal availability of
substrate pools controlled by processes explained by
temperature acting at time scales >10 days, and drivers
controlled by light acting on a 24 h cycle (i.e., 1 day).
Thus, our results suggest that the amount and pattern
of multiple rain pulses over the growing season is
important for understanding CO2 dynamics in burned
and unburned water-limited grasslands.
Our results contrast with those from mesic
grasslands where an increase in rainfall variability is
associated with a decrease in aboveground NPP (Heisler-White et al., 2009) and soil CO2 efflux (Harper et al.,
2005). The effect of growing season water pulses is
critical for aboveground NPP in aridland ecosystems
(Reynolds et al., 2004; Collins et al., 2008), as wetting
depth could allow roots to utilize soil moisture in the
upper (reference and increased rainfall event frequency
plots) and deeper soil layers (increased rainfall event
size plots) leading to increased rates of aboveground
NPP of the dominant grass, B. eriopoda (Thomey et al.,
2011). After an intense wildfire, we observed that the
treatments did not influence NPP suggesting that
grasses did not recover sufficient aboveground biomass
and leaf area to take advantage of the reduced water
stress. This result shows an apparent decoupling
between postfire NPP and soil CO2 efflux rates that
could be thought as a potential change in the sources of
CO2 production after fire (Czimczik et al., 2006).
Before the fire, we observed up to 105 g C m2
emissions from soils during the monsoon season in
plots receiving a small number of large rainfall events.
This rate is lower than the global annual mean of ecosystem respiration 868 g C m2 yr1 reported for
grasslands within FLUXNET (i.e., the global consortium of eddy covariance towers; Baldocchi, 2008).
Despite the reduction in efflux rates after the fire, our
results show that arid grasslands are capable of rapidly
increasing and maintaining higher soil CO2 efflux rates
during the growing season in response to large rainfall
events that decrease the intensity of water stress.
It is known that carbon emissions from arid grasslands are often limited by moisture during the warm
growing season, but that temperature plays an important role once moisture stress is reduced (Cable et al.,
2010; Anderson-Teixeira et al., 2011). Furthermore, for
proper model parameterization, it is critical to test if
the temperature sensitivity for soil CO2 efflux
changes under climate change scenarios and different
disturbances. Our results show that a reduction in
moisture stress was associated with higher temperature

sensitivity, except for the year following the fire (year
2010). This is likely a result of low microbial and plant
activity following the fire event (Herrera et al., 2011).
Importantly, we found an overall Q10hf of nearly 1.4
among treatments and years, which is consistent with
values reported for arid grasslands (Cable et al., 2010)
and the global Q10 across different ecosystems (BondLamberty & Thomson, 2010; Mahecha et al., 2010). Our
results are comparable to those of undisturbed mesic
grasslands where changes in precipitation variability
resulted in different Q10 values (Harper et al., 2005).
Our results are based on continuous measurements and
time frequency decomposition to calculate an unconfounded Q10, and previous observations should be
revised for disturbed and undisturbed mesic grasslands
based on this approach.
Results from our study show that the temporal
dynamics of soil CO2 efflux are modified by changes
in size and frequency of rainfall as shown by the global wavelet power spectrum (Fig. 5). Because higher
soil CO2 efflux rates were not only a result of changes
in Q10hf an alternative explanation is an increase in the
temporal availability of different substrate pools for
soil CO2 efflux as water stress decreases. Direct measurement of substrate pools for soil CO2 efflux could
be inferred using radiocarbon (Czimczik et al., 2006;
Vargas et al., 2011b), but this technique is expensive,
time consuming and cannot be done continuously
with current technology. We propose that the information contained in a time series of CO2 efflux measurements could provide insights into the relative
importance of various drivers (Fig. 7). For example,
the global wavelet power spectrum reveals important
periods at 1, 8, and 30 days (Fig. 7c), which are associated with high-, medium-, and low-frequency signals,
respectively (Fig. 7b). It is known that high levels of
b-glucosidases and phenoloxidases occur in Sevilleta
soils (Stursova et al., 2006; Zeglin et al., 2007) suggesting significant microbial use of both labile and recalcitrant soil carbon sources. Thus, information contained
in high-frequency signals may be associated with
fluxes derived from sources with high turnover rates.
In contrast, low-frequency signals may be associated
with fluxes derived from sources with low turnover
rates and where carbon may have longer residence
time (Fig. 7b).
We used wavelet coherence analysis to explore drivers that could control sources with high turnover rates
by analyzing the temperature detrended time series of
CO2 efflux and PAR, which have a strong 1 day synchrony (Fig. 5c, d). Recent studies have noted a clear
and rapid link between photosynthesis and soil CO2
efflux for arid (Carbone et al., 2011; Yan et al., 2011) and
mesic grasslands (Wan & Luo, 2003; Bahn et al., 2009;
© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1401–1411
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Fig. 7 Time frequency decomposition of the original soil CO2 efflux signal (a) into subsignals (b) (modified after Mahecha et al., 2010).
Extracted subsignals represent important periods identified by the global wavelet power spectrum (c). High-frequency subsignals of
soil CO2 efflux (Ft1) are likely associated with processes with fast turnover rates and where carbon has a low residence time in the soil.
Low-frequency subsignals of soil CO2 efflux (Ft3) are likely associated with processes with low turnover rates and where carbon has a
longer residence time in the soil.

Vargas et al., 2011a). Our results support these studies
by showing a strong temporal correlation between the
temperature detrended time series of CO2 efflux and
PAR, which represents the potential diel oscillations of
photosynthesis in the frequency domain. Our results
show that the temporal relationship between PAR and
soil CO2 efflux can be modified by changes in frequency and size of rainfall events. We postulate that
this temporal change likely enhances a substrate pool
via rapid transfer of current photosynthates belowground resulting in high autotrophic and heterotrophic
respiration (Wan & Luo, 2003; Bahn et al., 2009; Yan
et al., 2011). Our results show that under ambient rainfall, the synchrony between PAR and soil CO2 efflux is
not consistent with time resulting in lower soil CO2
efflux rates. Under increased rainfall event size, the
synchrony is more consistent in time resulting in higher
soil CO2 efflux rates. In other words, the number of
days during the growing season where fast turnover
substrate supply, potentially provided by photosynthesis, may influence soil CO2 efflux is larger under large
infrequent rainfall events as a result of prolonged soil
moisture availability (Thomey et al., 2011).
Our results on the effect of changes in precipitation
variability on the synchrony of soil CO2 efflux and PAR
were consistent before and after fire, despite the reduc© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1401–1411

tion in NPP and total rainfall during the monsoon season (Fig. 6). It is not clear how disturbances influence
the control of photosynthesis on soil CO2 efflux, but we
observed a stronger temporal correlation between CO2
efflux and PAR after the wildfire (Fig. 6d–f). These
results suggest that soil CO2 potentially derived from a
rapid turnover of carbohydrate from photosynthesis is
more important for the overall soil CO2 efflux after fire
than rainfall pulses. This interpretation is supported by
radiocarbon analyses from soil CO2 efflux showing an
increase in the contribution of carbon derived from
recent photosynthetic products after a fire in a boreal
forest (Czimczik et al., 2006), but clearly more research
in aridland ecosystems is needed to corroborate this
interpretation in combination to precipitation events.
In conclusion, our results show that arid grasslands
are capable of rapidly increasing and maintaining
higher soil CO2 efflux rates during the growing season
in response to large infrequent rainfall events that
decrease the intensity of water stress. This pattern was
consistent before and after an intense wildfire. We
postulate that an increase in soil CO2 efflux is likely a
result of enhanced temporal availability of low turnover rate substrate pools controlled by temperature at
lower frequencies (>10 days) and high turnover rate
substrate pools likely controlled by photosynthesis
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substrate supply at higher frequencies (~1 day). A
decrease in soil water stress is likely to change the temperature sensitivity (Q10) of soil CO2 efflux, but the
overall Q10 reported in this experiment is similar to the
global value of 1.4. A decrease in soil water stress
increased the temporal synchrony between PAR and
soil CO2 efflux. This temporal synchrony may be more
important for soil CO2 efflux after a fire event by maintaining a high turnover rate through photosynthesis
substrate supply. Given the large extent of arid and
semiarid environments (Loveland et al., 2000) and the
potential increase in extreme rainfall events (Kharin
et al., 2007; Allan & Soden, 2008), it is important that
empirical studies and process-based models explore
the sensitivity of carbon fluxes to rainfall pulses across
an arid to mesic environmental gradient. These experiments are crucial for both proper model parameterization and better estimates of carbon dynamics in
aridland ecosystems. Finally, long-term observations
are needed to clearly elucidate how disturbances control ecosystem processes, as postdisturbances trajectories are dependent on postdisturbance conditions and
climate variability.
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