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Abstract Occasional rain events occur over the dry season in semiarid ecosystems and cause immediate,
large increases in the net CO2 efflux which gradually decrease over a few days following the rain event. In
a semiarid grassland located in SE Spain, these precipitation pulses represent only 7% of dry season length
but provoked approximately 40% of the carbon emitted during the dry seasons over 2009–2013. We
performed a manipulation experiment to decompose the net ecosystem pulse response into its biological
processes in order to quantify how much of a role photosynthesis and aboveground respiration play
compared to soil respiration. Experimental results showed that while soil respiration was the dominant
component of the net CO2 flux (net ecosystem CO2 exchange, NEE) over the irrigation day and the day after
(80% of NEE), plant photosynthesis remained inactive until 2 days after the pulse, when it appeared
to become as prevalent as soil respiration (approximately 40% of NEE). Additionally, aboveground respiration
was generally secondary to soil respiration over the whole experiment. However, statistical results showed
that aboveground carbon exchange was not significantly affected by the rain pulse, with soil respiration
being the only component significantly affected by the rain pulse.

1. Introduction

Arid and semiarid ecosystems comprise nearly a third of the total land surface [Okin, 2001; Schlesinger, 1990]
and play a pivotal role in the global carbon (C) balance [Ahlström et al., 2015; Metcalfe, 2014; Poulter et al.,
2014], owing to their dynamic behavior modulated by precipitation events. In this regard, rain pulses are
common and stochastic water inputs that strongly determine arid land structure and function [Ehleringer
et al., 1999; Lázaro et al., 2001; Noy-Meir, 1973], especially after an extended period of hydric stress. In
Mediterranean regions, occasional summer and early autumn storms fit this concept due to their brevity
and unpredictable nature [Cleverly et al., 2013; Lázaro et al., 2001] and even can be recognized as a transition
phase between dry and growing seasons.

Some studies have examined regional-scale rain pulse responses using satellite imagery and climatic data.
For example, Li et al. [2013] found correlations between the magnitude of rain events and the photosynthetic
activity increase in two different arid ecosystems. Conversely, Zhang et al. [2013] concluded that the combi-
nation of heavy rainfalls with dry periods led to a reduction in primary production. Measurements of CO2

exchanges at the ecosystem scale also highlighted an enhancement of C release triggered by rain pulses
under dry conditions [Jenerette et al., 2008; Ross et al., 2012;Williams et al., 2009]. However, deeper knowledge
is needed in order to understand the mechanisms by which rain pulses affect the biological processes that
compose the overall net ecosystem response.

In this sense, most research has focused on either soil processes [Fan et al., 2012; Leon et al., 2014; Sponseller,
2007; Unger et al., 2010] or plant physiological responses [Balaguer et al., 2002; Padilla et al., 2015; Pugnaire
et al., 1996]. Accordingly, few studies have simultaneously and separately tracked the effect of rain pulses
on the overall components of the ecosystem C balance in order to disentangle all the processes composing
the total effect on net ecosystem CO2 exchange (NEE) [Huxman et al., 2004a; Unger et al., 2012].

In this study, we have assessed the relevance of rain pulses over the dry season C balance of a semiarid grass-
land located in SE Spain through the analysis of eddy covariance (EC) data from 2009 to 2013. In addition,
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given the complexity of C dynamics in these regions, we simulated a realistic rain pulse in order to delve into
the short-term response of the distinct biological processes that compose the overall rewetting effect on NEE,
monitoring aboveground and belowground C exchanges. For this purpose, we have integrated novel
methodologies, such as transient-state canopy chambers, soil chambers, and subsoil continuous CO2 sensors,
to directly measure aboveground net primary productivity (ANPP), soil respiration (Rsoil), aboveground
respiration (Raboveground), and plot-scale NEE (i.e., NEEplot). We hypothesize that rain pulses during the dry
season provoke a relevant net C release by enhancing soil respiration processes, commonly known as the
Birch effect [Birch, 1959; Carbone et al., 2011; Huxman et al., 2004a; Jarvis et al., 2007; Leon et al., 2014;
Sponseller, 2007; Thomey et al., 2011; Unger et al., 2010; Wohlfahrt et al., 2008]. Furthermore, since Balaguer
et al. [2002] stated that the relevant species (Machrocloa sp.) has the ability to respond to punctual, infrequent,
and random rain pulses, we expect activation of plant photosynthesis following rain events, regardless of pulse
magnitude [Lázaro et al., 2001; Sala and Lauenroth, 1985], although this C assimilation may be offset or even
exceeded by soil respiratory emissions. Accordingly, our objectives are as follows: (i) to quantify the contribution
of rain pulse events to dry season NEE in this semiarid grassland, (ii) to detect differing NEE responses
depending on themagnitude of rain pulses, and (iii) to determine if soil respiration, as well as plant photosynth-
esis (i.e., belowground and aboveground processes, respectively), activates following the rain events.

2. Material and Methods
2.1. Experimental Site Description

This study was carried out at the experimental site of Balsa Blanca (N36°56′26.0″, W2°01′58.8″), an alpha grass-
land located in the Cabo de Gata-Níjar Natural Park (Almería, Spain), at an altitude of 208mabove sea level and
situated 6.3 km from the Mediterranean Sea. The climate is dry subtropical semiarid, with a mean annual tem-
perature of 18°C and mean annual precipitation of approximately 220mm. The growing (December–April) and
nongrowing season mean temperature and precipitation are 13°C and 21°C and 145mm and 114mm, respec-
tively, for the studied period. In this region, climatic conditions change between seasons, and most precipita-
tion occurs during late autumn and winter; summer is the dry season with high temperatures and incident
radiation. Prevailing soils, classified as Calcaric Lithic Leptosol [World Reference Base for Soil Resources, 2006],
are thin (10 cm on average), alkaline (pH above 8), and include petrocalcic horizons [Weijermars, 1991].
Texture is sandy loam with sand (61%), silt (23%), and clay (16%) with a bulk density of 1.25 g cm�3. Ground
cover consists of bare soil, gravel and rock (49%), and vegetation (51%).

Although there are other species such as Chamaerops humilis, Rhamnus lycoides, and Pistacia lentiscus, the
dominant species is Machrocloa tenacissima (57% of plant cover). This perennial tussock grass is very well
adapted to semiarid and arid conditions owing to its shallow root system and physiological tolerance and
avoidance strategies against hydric stress [Haase et al., 1999; Pugnaire et al., 1996]. Machrocloa sp. can be
found in vast territories in Northwest Africa and the Iberian Peninsula [Le Houérou, 1986; Rejos, 2000], where
it usually shows patchy distribution resulting in unequal availability of nutrients and water resources in dry-
lands, which corresponds to the well-documented “islands of fertility” [Charley and West, 1975; Cross and
Schlesinger, 1999; Maestre et al., 2007]. At our experimental site, the growing season begins in late autumn
and ends in early spring, when the temperature starts to rise and water resources have not yet become scarce
[Serrano-Ortiz et al., 2014]. More detailed site information is given by Rey et al. [2012].

2.2. Meteorological and Eddy Covariance Measurements and Data Processing

In this study we used meteorological and flux data from 2009 to 2013, acquired by an eddy covariance (EC)
tower and complementary sensors (Table 1) installed in Balsa Blanca (site code “Es-Agu” of the European
Database Cluster, http://www.europe-fluxdata.eu/). The CO2, water vapor, and sensible heat fluxes were
calculated from raw data acquired at 10Hz and processed with EddyPro 5.1.1 software (Li-Cor, Inc., USA).
Processing steps included spike removal, double axis rotation, correction for sensor separation, spectral cor-
rections for high- and low-frequency ranges [Moncrieff et al., 2005, 1997], Reynolds averaging, and correction
for density fluctuations [Webb et al., 1980]. Half-hourly averaged fluxes were rejected if missing raw data
records exceeded 10% or more of the total records of any of the three components of wind velocity
and/or CO2 concentration. Quality of EC flux data was assured by selecting quality control flags 0 and 1 from
EddyPro outputs [Mauder and Foken, 2006] and by rejecting the remaining anomalous flux data associated
with dust, rain, or dew events. In addition, averaging periods with low turbulence were filtered out based
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on a friction velocity (u*) threshold estimated for each year by using the approach proposed by Reichstein
et al. [2005]. The averaged u* threshold for all the analyzed period (i.e., 2009–2013) was 0.15m/s. The resulting
fraction of daily and nocturnal missing NEEEC data averaged for all years were 33 ± 13% and 74± 9%, respec-
tively. However, assessment of the effect of rain pulses on NEE at ecosystem scale was performed with EC
data for the drought period (defined below), and in addition, 70% of total rain pulses occurred during
daytime, resulting in less missing NEEEC data, approximately 25 ± 11%.

The net ecosystem carbon balances (NEEEC) for both the year and the dry season were estimated by integrat-
ing the half-hourly CO2 fluxes. Missing values were filled using the marginal distribution sampling technique
[Reichstein et al., 2005]. Random uncertainty and errors in NEEEC values introduced by the gap-filling process
were calculated from the variance of the gap-filled data. The variance of the measured data was calculated by
introducing artificial gaps and repeating the standard gap-filling procedure. Twice the standard deviation of
sums of total data was taken as our NEEEC error for the several time periods we used. Positive values of NEEEC
imply net CO2 release to the atmosphere, while negative values represent net CO2 uptake.

Regarding the rain pulse response analysis with EC data, dry seasons were defined as periods when a
minimum volumetric soil water content (VWCsoil) of approximately 0.025m3m�3 was observed, which

Table 1. Variables Measured in Balsa Blanca Together With the Sensors Used and Their Height

Variable Sensor Sensor Height

Eddy Covariance System
Wind speed (3-D) and sonic temperature A three-axis sonic anemometer (CSAT-3, Campbell Scientific, Logan, UT, USA) 2.90m
CO2 and H2O vapor densities An open-path infrared gas analyzer (Li-Cor 7500, Lincoln, NE, USA) 2.90m

Meteorological and Soil Measurements
Air pressure An open-path infrared gas analyzer (Li-Cor 7500, Lincoln, NE, USA) 2.90m
Photon flux density Two photosynthetically active radiation sensors (Li-190, Li-Cor, Lincoln, NE, USA) 1.50m
Net radiation A net radiometer (NR Lite, Kipp&Zonen, Delft, Netherlands) 1.50m
Air temperature A thermohygrometer (HMP35-C, Campbell Scientific, Logan, UT, USA) 1.50m
Air relative humidity A thermohygrometer (HMP35-C, Campbell Scientific, Logan, UT, USA) 1.50m
Soil water content Four water content reflectometers (CS616, Campbell Scientific, Logan, UT, USA) �5 cm
Soil temperature Four soil temperature probes (TCAV, Campbell Scientific, Logan, UT, USA) �5 cm
Rainfall A tipping bucket (0.2mm) rain gauge (785 M, Davis Instruments Corp., Hayward, CA, USA) 1.40m

Figure 1. Time series of daily averaged soil water content (VWCsoil; m
3m�3, black line) and precipitation (P; mm, blue line)

in Balsa Blanca, for every year from 2009 to 2013.
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usually began in the middle of July and ended in early November (Figure 1). Additionally, we considered that
precipitation pulses were those precipitation events observable by VWCsoil sensors, which corresponded to
>1mm rainfall. We assessed the ecosystem response to rain pulse via the analysis of net ecosystem CO2

fluxes during 7 days, from 1day before the precipitation pulse to 5 days afterward. We excluded from our
EC data analyses those half-hourly averaged EC values that corresponded to the moments when rainfall
occurred in order to ensure the quality of the analyzed data. This period was selected after observing that
the effect of most of rain pulses on NEEEC disappears after 5 days.

2.3. Rain Pulse Manipulation Experiment
2.3.1. Experimental Design Overview
This section summarizes the experimental design; details for individual measurement systems appear in the
subsections of the following section.

Eight plots of 0.25m2 containing a tussock grass of medium size and its surrounding soil area were randomly
selected and demarcated in order to monitor aboveground, belowground, and net CO2 exchanges during
the rainfall manipulation experiment (Figure 2). On one hand, aboveground CO2 exchanges, in light (above-
ground net primary production, ANPP) and dark conditions (aboveground respiration, Raboveground), were
both measured in the same four plots with a portable canopy chamber excluding soil CO2 effluxes by sealing
around the bottom of the tussocks with a thick polyethylene sheet (Figure 2, top left). On the other hand, the
remaining four plots were selected to measure soil as well as net CO2 exchanges (Rsoil and NEEplot, respec-
tively; Figure 2, top right), where NEEplot fluxes were measured using the canopy chamber and discrete
and continuous Rsoil measurements were acquired by means of two different methodologies: soil respiration
chambers were located on two PVC collars per plot (10 cm height, 10.5 cm diameter) to acquire discrete Rsoil
measurements, and volumetric soil CO2 molar fraction, soil temperature, and volumetric soil water content
were continuously measured by means of a CO2 probe (GMM222, Vaisala, Helsinki, Finland), a temperature
sensor (Decagon Devices, Inc., Pullman, WA, USA), and a ECH2O sensor (EC-20, Decagon Devices, Inc.,
Pullman, WA, USA), respectively, in each of the four plots where the soil remained uncovered. These sensors
were located at 5 cm depth, and data were collected every 5min. All soil sensors were placed within the

Figure 2. Diagram of the different methodologies used in this study in order to measure carbon exchanges at several
spatial scales. Ecosystem CO2 exchange is measured by the eddy covariance tower for several years, while the other CO2
flux measurements were acquired during the rain pulse manipulation experiment.
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experimental plots 1month before the experiment in order to allow partial soil structure recovery. Soil
properties alteration related to water channeling alongside the instrument was not observed during
the experiment.

The experiment was conducted from 25 August (experiment day �1) to 29 August (experiment day 3) 2014,
when meteorological conditions were similar and representative of the dry summer season in southeast
Spain; concretely, no rainfall was registered since 24 June 2014. During day �1, the day prior to watering,
we monitored aboveground, belowground, and net ecosystem CO2 exchanges at the plot scale in order to
characterize the ecosystem status under dry conditions. On day 0, the rain pulse was simulated in the early
morning, when each plot was irrigated with 3.75 L of evenly distributed water with low mineralization, which
corresponds to a precipitation event of 15mm. Chamber measurement frequency was not constant during
the whole experiment period. During the first two days (days �1 and 0), flux measurements were carried
out approximately every hour in order to characterize diurnal variability before and immediately after the rain
event. However, during days 1–3, measurements were carried out before solar noon since the photosynthetic
activity of this species reached its maximum in early morning and became negligible around the central
hours of the day [Haase et al., 1999; Pugnaire et al., 1996; Ramírez, 2006]. All the instrumentation was calibrated
1month before the experiment.
2.3.2. Canopy and Soil Chamber Measurements
2.3.2.1. Canopy Chamber
A transparent transitory-state closure chamber (“canopy chamber”) was used to measure ANPP, Raboveground,
and NEEplot. Chamber dimensions were 50 × 50 × 60 cm, and dark conditions, when measuring Raboveground,
were kept by covering with an opaque and reflective material to avoid light within the canopy chamber.
The chamber system includes the following instrumentation: an infrared gas analyzer (Li-840, Li-Cor,
Lincoln, NE, USA), two small fans (8.9 cm diameter), a thermocouple (PT100), and a data logger (CR1000,
Campbell Sci., Logan, UT, USA). For each set of measurements, light condition measurements (i.e., ANPP
and NEEplot fluxes) were acquired approximately 1 h before dark condition measurements in order to
minimize plant perturbations. We chose this approach because it is portable and allows rapid and accurate
canopy flux measurements. More detailed information about canopy chamber design and methodology is
given by Pérez-Priego et al. [2015].
2.3.2.2. Soil Chamber
A manual and portable opaque soil chamber system (EGM-4, PP-systems, Hitchin, UK) was used to acquire
discrete measurements of soil CO2 effluxes (Rsoil_ppsystem). For each measurement, the soil chamber was
placed on a PVC collar during 120 s and CO2 and water vapor molar fractions were recorded every 3 s.
2.3.2.3. Flux Calculation
For both chamber systems, the CO2 fluxes were estimated from the initial slopes of CO2 molar fractions of the
confined air versus time, by using either linear or quadratic regression [Kutzbach et al., 2007; Pérez-Priego et al.,
2010; Wagner et al., 1997] for the best regression fit. The raw values of CO2 molar fraction were previously
corrected for dilution [Hubb, 2012] from CO2 molar fractions referred to wet air. Finally, the flux density
was calculated using the ideal gas equation as explained by Pérez-Priego et al. [2015]. We rejected measure-
ments acquired just after water addition to exclude data corresponding to the degasification process,
namely, the displacement of CO2-rich air from soil pores to the atmosphere due to water infiltration
[Inglima et al., 2009; Ma et al., 2012; Marañón-Jiménez et al., 2011; Wohlfahrt et al., 2008; Xu et al., 2004].
2.3.3. Continuous Soil CO2 Fluxes
The subsurface CO2molar fraction was continuously measured in each plot by CO2 sensors (GMM222, Vaisala,
Helsinki, Finland). Each probe was encased in a vertical PVC pipe open at the bottom, buried to a depth of
5 cm and sealed on the upper part by a rubber gasket. Sampling frequency was 1Hz, and 5min averages
were stored in a data logger (CR3000, Campbell Sci., Logan, UT, USA). The CO2 molar fraction readings were
corrected for variations in soil temperature and atmospheric pressure. The soil CO2 efflux (Rsoil_vaisala) was
estimated according to the gradient method described by Sánchez-Cañete and Kowalski [2014].
2.3.4. Statistical Analysis
We applied different statistical tests to analyze the effect of the rain pulse over the different CO2 fluxes mea-
sured at ecosystem and plot scales. On one hand, the one-way analysis of variance (ANOVA) test was applied
to EC data in order to analyze the time response of the semiarid grassland C balance after rain pulses. On the
other hand, we used the repeated-measurements ANOVA test to evaluate the effect of irrigation, in terms of
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time (i.e., days before and after rain pulse) as the fixed factor, over NEEplot, ANPP, Rsoil, and Raboveground since
we directly measured every flux component in four plots over the 5 days of the experiment. For all the
repeated-measurements ANOVA analysis, the Mauchly sphericity test indicated that the sphericity assumption
was not fulfilled; therefore, we used the Huynh-Feldt approach to correct degrees of freedom. Additionally, in
both cases, we investigated the differences between pairs of groups (i.e., CO2 fluxes) via Bonferroni post hoc
test. The statistical parameters obtained were F ratio (F(DFM, DFR)), together with the model and residual
degrees of freedom (DFM and DFR, respectively), P value, and partial eta squared (η2p).

3. Results
3.1. Eddy Covariance Fluxes and Rain Pulse Events

Eddy covariance CO2 fluxes in Balsa Blanca reveal that although annual NEEEC varies widely from acting as a
carbon (C) source or C sink over the period 2009–2013, net CO2 emissions occur during the dry season for all
years (Table 2). In fact, during the dry season, more than 80% of all days correspond to daytime C emissions.
Additionally, precipitation pulses systematically provoke greater net emission of CO2 over the short term
(days to weeks; Figure 3). As shown in Table 2, an important amount of the total C emitted during the dry

Table 2. Contribution of Carbon Emitted After Rain Pulse Events Over the Total Carbon Emitted During the Dry Seasona

Year
Annual NEEEC

(g Cm�2)
Dry Season NEEEC

(g Cm�2)
Total Rain Pulses

Dry Season
Total Rainfall

Dry Season (mm)
NEEEC After Rain
Pulses (g Cm�2)

Crain pulse

Cdry season

(%)

2009 43 ± 8 51 ± 4 7 89 30 ± 2 58
2010 �42 ± 8 37 ± 6 6 24 17 ± 2 46
2011 �67 ± 7 48 ± 4 4 36 17 ± 2 36
2012 67 ± 7 73 ± 4 5 20 30 ± 2 41
2013 �23 ± 7 22 ± 4 1 4 2 ± 1 9

Avg ± SD �4 ± 57 46 ± 19 5 ± 2 35 ± 33 19 ± 12 38 ± 18
CV (%) �1297 41 50 94 60 48

aDry season corresponds to the period DOY= 200–310. Rain pulses correspond to rainfall >1mm. Carbon emitted
during the 5 days after rain pulse events was quantified and compared with the dry season carbon balance. Uncertainty
of NEEEC is related to gap-filling procedure. Average, standard deviation, and coefficient of variation (Avg, SD, and CV,
respectively) are presented in the last three rows. Positive values indicate carbon release, while negative values mean
carbon uptake.

Figure 3. Cumulative dry season (day of year (DOY) = 200–310) net ecosystem carbon exchange measured with eddy
covariance tower (NEEEC; g Cm�2) and cumulative precipitation (P; mm) in Balsa Blanca, for every year from 2009 to 2013.
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season corresponds to CO2 released in the first 5 days following precipitation. On average, although precipita-
tion pulse responses represent only 7% of the dry season length, approximately 40% of the C emitted during
the dry season corresponds to ecosystem CO2 release registered after these precipitation events. In this regard,
in 2009, the highest number of pulse events together with the highest amount of total rainfall resulted in a
release of 58% of total C emitted during postpulse episodes comprising just 11% of the dry season period.
Similarly, in 2010–2012, a relevant number of rain events caused 36–46% of the total C emission during
6–10% of the dry season period, while in 2013, far fewer and smaller rain pulses occurred, which corresponded
to 9% of the total C emitted over just 2% of the dry season. Regarding interannual variability (Table 2), annual
NEEEC shows the highest coefficient of variation (CV=1297) compared toNEEEC during dry season (CV=41) and
after rain pulses (CV=60) and also compared to the fraction of C loss following rain events over the total C
amount emitted during dry season. Total amount of rainfall corresponding to rain pulses is also highly variable
among years (CV=94).

In Figure 3, we can notice that moderate and large precipitation pulses produced sudden and great increases
in C emissions that returned to neutral progressively over several days after watering, as can be seen for some
of the rain pulses occurring in 2010–2012 (Figures 3b–3d, respectively). Additionally, in 2009, when the high-
est rain pulse occurred (83mm) over 2009–2013, we also detect net C uptake several weeks after precipita-
tion (negative slope; Figure 3a). In contrast, small rain pulses triggered slight increases in C emission rates,
as occurred in 2010 and 2013 (Figures 3b and 3e). Overall, rain pulses influence the pattern of net C emission
over the dry season for 2009–2013 by increasing C release rates (Figure 3f).

It is evident that rain pulsemagnitude is an important factor that determines the NEEEC response (Figures 3 and 4).
Based on our results, high-magnitude rain pulses (≥20mm) can enable net CO2 uptake since they generate a
reserve of available water for several days enabling plants to upregulate and then carry out photosynthesis.
For instance, the 83mm rain pulse of 27 September 2009 (Figure 4a) caused CO2 release during the subsequent
7 days, but then NEEEC became neutral and afterward started—on the tenth day after abundant rainfall—to
show diurnal net assimilation patterns with maximum uptake rates of approximately 4μmolm�2 s�1. In con-
trast, low-magnitude rain pulses (<10mm), such as that of 28 September 2012 (Figure 4b), do not trigger
net CO2 uptake. However, this far lesser rainfall also readily provoked net emission of CO2 of approximately
3μmolm�2 s�1 over a 7 day interval until NEEEC returned to near-neutral levels.

Consequently, the overall effect of precipitation pulses on the C balance of our semiarid site depends on the
amount of rainfall in each pulse. In this context, the rain pulse magnitude distribution (Figure 5) highlights the

Figure 4. Half-hour averages of net ecosystem carbon exchange (NEEEC; μmolm�2 s�1, black line) and accumulated
precipitation (P; mm, blue line). (a) An extreme rain pulse (27 September 2009) and (b) a small rain pulse (28 September 2012).
Positive values indicate CO2 release, and negative values mean CO2 uptake.
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higher occurrence of low-magnitude rain
pulses (i.e., <10mm) that commonly trigger
net CO2 emission, as shown before. In fact,
when we examine the short-term effect of rain
pulses over the measured NEEEC for the whole
study period (i.e., dry seasons of 2009–2013)
at the diurnal time scale (Figure 6), we see that
net C emission predominates, reaching its
maximum during the first 24 h after the
rain pulse. During subsequent days, NEEEC
decreases in magnitude and reaches values
quite similar to those occurring the day before
water input. The high variability of NEEEC is
related to the great amount of data used to cal-
culate each averaged value, which corresponds
to variable-magnitude rain pulses happening
at different moments over the dry season
(Figure 6). However, the ANOVA test results
show that NEEEC is significantly affected by rain
pulses at the short term (F(6, 91) = 2.724;
P value = 0.017), for the overall rain pulses that

occurred over the whole study period (2009–2013). In addition, based on Bonferroni test results, there is a
significant difference between the day after the rain pulse (day 1), when the highest ecosystem CO2 flux rate
occurs, compared to the rest of the days.

3.2. Rain Pulse Manipulation Experiment

On one hand, we analyze the pulse response evolution for every NEE component based on the plot-scale flux
measurements acquired during the manipulation experiment. Generally, during the whole 5 day experiment,
Rsoil measured with soil respiration chambers (i.e., Rsoil_ppsystem) and Rsoil measured with soil CO2 concentra-
tion sensors (Rsoil_vaisala) agreed by showing similar CO2 flux values and patterns (Figure 7), so hereinafter we
will occasionally refer to both variables as if they were the same (i.e., Rsoil). During the prepulse day (day �1),

average NEE was low but positive (0.25μmolm�2 s�1), with Rsoil being the predominant component

Figure 5. Absolute frequency distribution of magnitudes of rain
pulses occurring during the dry season (DOY = 200–310) over a
5 years period (2009–2013).

Figure 6. Box-and-whisker plots of diurnal ecosystem responses after an averaged rain pulse of 5 ± 5mm (blue bar) in
terms of net ecosystem carbon exchange measured with eddy covariance (NEEEC; μmol CO2m

�2 s�1). Every flux data
point corresponds to the diurnal average of half-hour NEEEC fluxes after every rain pulse that occurred during the
drought periods (DOY = 200–310) of years 2009–2013. Positive values indicate CO2 release. Results of one-way ANOVA test
(F ratio and P value) and post hoc Bonferroni test (letters above the box charts) are shown in the graph; the significance
level is 95% (α = 0.05).
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comprising 61% of the NEE magnitude (Figure 8c). On day 0, we irrigated each plot with 15mm, and after-
ward, NEE was 1 order of magnitude higher than on the previous day (approximately 10μmolm�2 s�1)
and, likewise, Rsoil was the prevailing component constituting 82% of the overall net C release, while
Raboveground only comprised 13% (Figure 8d). On day 1 (i.e., first day after the pulse), NEE decreased 64%, with
Rsoil and Raboveground prevalent as on day 0. Contrary to previous days, on day 2, despite the great variability

Figure 7. Averaged (n = 4) CO2 fluxes (Fc; μmolm�2 s�1) of net ecosystem carbon exchange at plot scale (NEEplot; red data
points), aboveground net primary production (ANPP; green data points), aboveground respiration (Raboveground), and
belowground or soil respiration fluxes, obtained with soil chambers (Rsoil_ppsystem; blue data points) and with soil CO2
concentration sensors (Rsoil_vaisala; black data points), all measured during the 5 days of the experiment (25–29 August
2014), one before and four after the simulated rain pulse of 15mm (blue bar on day 0). Positive values indicate CO2 release,
while negatives values mean CO2 uptake. Error bars are ± SD.

Figure 8. Box-and-whisker plots of CO2 fluxes (μmolm�2 s�1) of (a) net ecosystem carbon exchange at plot scale (NEEplot;
red box charts), (b) aboveground net primary production (ANPP; green box charts), (c) belowground or soil respiration
(Rsoil; blue box charts) measured with chambers, and (d) aboveground respiration (Raboveground) for the 5 days long rain
pulse manipulation experiment. Results of the one-way ANOVA test for repeated measurements (F ratio and P value) and
the post hoc Bonferroni test (letters above the box charts) are shown in every graph (n = 4). For all the statistical analysis,
the significance level is 95% (α = 0.05) and Huynh-Feldt approach has been used to correct degrees of freedom.
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measured among plots, the contribution of the average ANPP became as important as Rsoil, each comprising
40% of NEE (Figure 8b). Additionally, Raboveground increased its prevalence up to 17%. Finally, on day 3 of the
experiment, NEE became neutral (approximately 0.64μmolm�2 s�1), similar to the prepulse day.

Additionally, we elucidate whether the NEE components were significantly affected by rain pulses at the daily
time scale (Figure 8). In this sense, results of the repeated-measurements ANOVA test applied to plot-scale
NEE, ANPP, Rsoil, and Raboveground showed that only Rsoil was significantly affected by irrigation (F(1.27,
3.80) = 118.45; P value = 0.000; η2p= 0.98; Figure 8c). In fact, the Bonferroni test results demonstrated that
daily Rsoil fluxes were statistically different among days 0–2 (Figure 8c), while day�1 and day 3 were not dif-
ferent. On the other hand, NEE was also statistically affected at a lower significance level of 90% (F(1.37, 4.10)
= 5.74; P value= 0.069; η2p=0.49; Figure 8a). Additionally, we found significant differences between day �1
and the day after irrigation (day 1) as well as between days 1 and 3 but also at a lower significance level
of 90%. In contrast, ANPP (F(1.76, 3.53) = 0.74; P value= 0.52; η2p=0.27) and Raboveground (F(1.51, 4.52) = 1.70;
P value= 0.27; η2p=0.36) were not significantly affected by the rain event (Figures 8b and 8d).

The relationship between the common driving factors that determine CO2 flux magnitudes over the
experiment is modulated by soil water availability. Air temperature and soil temperature influence
Rsoil (i.e., Rsoil_ppsystem) only when soil is moist (Figures 9a and 9b). In fact, we can observe two distinct
groups of points, one where Rsoil fluxes are close to zero even for high soil temperatures of around
35–45°C (Figure 9b) and another where a hysteretic pattern may correspond to the days after irrigation
(Figures 9a and 9b). Similarly, light sensitivity of ANPP fluxes uniquely exists in a few particular moments

Figure 9. Relationship between meteorological variables and CO2 fluxes measured during the 5 days long experiment
performed in Balsa Blanca from 23 to 29 August 2015. Half-hour averages of (a) air temperature (Tair) versus aboveground
respiration (Raboveground) and soil respiration measured with chamber systems (Rsoil_ppsystem), (b) soil temperature (Tsoil)
versus aboveground respiration (Raboveground) and belowground or soil respiration measured with chamber systems
(Rsoil_ppsystem), (c) photosynthetically photon flux density (PPFD) versus inverse of aboveground net primary production
(ANPP) and net ecosystem exchange (NEEplot), and (d) volumetric soil water content (VWCsoil) versus all punctual measured
CO2 fluxes (NEEplot, ANPP, Rsoil_ppsystem, and Raboveground). All flux data are averages of four measurements. Positive values
indicate CO2 release, while negative values are CO2 uptake. Error bars are ± SD.
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after irrigation, as very low values of
ANPP are registered for a wide range of
incident photosynthetically photon flux
densities (PPFD; Figure 9c). Accordingly,
NEEplot measurements are more affected
by increments in soil volumetric water
content (VWCsoil), as well as Rsoil, given
the scant plant photosynthetic response
to water addition.

4. Discussion
4.1. Precipitation Pulse Response of
Ecosystem C Exchange

At the annual time scale, we have deter-
mined that drought conditions systema-
tically entail CO2 emission (Figure 3f),
and concretely, Balsa Blanca emits

approximately 50 g Cm�2 during the dry season (Table 2). This has been also observed in other semiarid
and arid ecosystems [Aires et al., 2008; Baldocchi, 2008; Cleverly et al., 2013; Huxman et al., 2004b; Wohlfahrt
et al., 2008; Yan et al., 2011], especially in grass-dominated arid and semiarid ecosystems like Balsa Blanca
[Scott et al., 2012]. This C loss stems from (1) significant gross primary product (GPP) reduction [Scott et al.,
2012], (2) the presence of minimal but significant ecosystem respiration [Cable et al., 2012; Ma et al., 2012],
and (3) the sudden increase in soil respiration (Rsoil) when low- and medium-sized rain pulses occur
[Barron-Gafford et al., 2011], as shown in this study (Figure 3). In this sense, we have quantified that annually,
40% of the CO2 emitted during the dry season corresponds to CO2 released during the 5 days subsequent to
rain pulses, a period encompassing only 7% of the dry season length.

The effect of a precipitation pulse on a semiarid ecosystem C balance depends on the specific rain pulse
attributes, such as magnitude (mm), which has been proposed to be one of the most determining factors
affecting the ecosystem response [Huxman et al., 2004b]. Similar to previous studies in Mediterranean grass-
lands [Aires et al., 2008], we have found different responses after a small and a large rain pulse in our semiarid
grassland. The selected large rain pulse (Figure 4a), which in total exceeded 80mm, triggered net CO2 assim-
ilation, while the smaller one (approximately 13mm; Figure 4b) did not correspond to a sufficient water
supply to stimulate plant photosynthesis. Nonetheless, some studies suggest that a rain pulse of this magni-
tude could elicit net CO2 uptake [Huxman et al., 2004b], while others state that small or even medium-sized
rain events (e.g., 10–15mm) only can provoke CO2 release [Aires et al., 2008; Lauenroth and Bradford, 2012].

As observed in other water-limited ecosystems [Baldocchi, 2008; Cleverly et al., 2013; Huxman et al., 2004a;
Mayor et al., 2011; Schwinning and Sala, 2004], most of the rain pulses registered in Balsa Blanca correspond
to small or medium-sized precipitation events (<10mm; Figure 5). Hence, precipitation events that occurred
over the 2009–2013 dry seasons statistically enhanced net CO2 emissions at the short term during the dry
season, concretely, during 5 days after the rain pulse (Figure 6). Nevertheless, similar to other results
[Parton et al., 2012], the relationship between the rain pulse magnitude and triggered net CO2 emission dur-
ing the dry season is complex, and thus, it is difficult to find a robust correlation (Figure 10). Additionally, it is
important to notice the possible underestimation in NEE caused by the exclusion of half-hourly EC fluxes that
corresponded to themoments when rainfall occurred, but given the brevity of the rainfall episodes, generally
0.5–1 h, the error caused by gap-filled data is minimal.

Accordingly, the decomposition of NEE becomes crucial to understand the complex ecosystem response
composed of several biotic processes and, consequently, to provide quantitative evidence of whether
photosynthesis as well as soil respiration activate after irrigation.

4.2. Short-Term Pulse Response of NEE Components

On one hand, our experimental results revealed that despite differences in the contribution of the NEE
components among days of experiment, only Rsoil was significantly affected by the addition of 15mm.

Figure 10. Rain pulse magnitudes versus cumulative net carbon ecosystem
exchangemeasured with eddy covariance tower (NEEEC) measured over the
5 days after every rain pulse registered during the dry season from 2009
to 2013. Coefficient of determination (R2) equates to 0.38.
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During the prepulse and third day of experiment, we observed similar and low Rsoil rates (i.e., 0–1μmolm�2 s�1).
Such slight soil respiration rates have been related to the lack of soil moisture that inhibits heterotrophic respiration
[Baldocchi, 2008; Cable et al., 2012; Yan et al., 2011], and to the limitation of substrates due to GPP reduction [Cleverly
et al., 2013], given the link between productivity and ecosystem respiration [Janssens et al., 2001;Migliavacca et al.,
2011]. Nevertheless, despite the absence of water in the soil, minimum daily respiration rates have been observed
whose diurnal pattern shows a maximum at noon [Ma et al., 2012; Scott et al., 2010], similar to our results.

During the pulse day (day 0) we measured the highest Rsoil and irrigation explained the 98% of the Rsoil
variance (η2p=0.98). Under drought conditions, many studies have also reported an immediate increase in
Rsoil following rain pulses [Carbone et al., 2011; Huxman et al., 2004a; Jarvis et al., 2007; Leon et al., 2014;
Sponseller, 2007; Thomey et al., 2011; Wohlfahrt et al., 2008], as observed in this study (Figure 6). This effect
on Rsoil has been attributed to the Birch effect, which corresponds to the activation of soil respiration with
the consequent mineralization of organic matter and CO2 release [Birch, 1959].

Then, 2 days after water addition, Rsoil effluxes decrease significantly compared to day 0. The progressive
decline of Rsoil, after the first peak following a rain pulse, may be related to the depletion of water in soil pores
as well as the reduction in soil labile organic matter. In this regard, prior to the rainfall event, the process of
photodegradation can provide the amount of organic carbon needed to allow this peak in soil respiration,
since it is known that there is accumulation of dead biomass around Machrocloa sp. tussocks [Maestre
et al., 2009] that is susceptible to partial degradation under conditions of high UV radiation, dry soil, and high
temperature during drought periods [Ma et al., 2012; Rutledge et al., 2010].

On the other hand, contrary to our hypothesis, aboveground processes (i.e., ANPP and Raboveground) were not
significantly affected by the rain pulse. Despite the higher contribution of Raboveground (13%) and ANPP (40%)
over NEE, on day 0 and day 2, respectively, neither variable was significantly pulse affected due the great
variability among plot values. However, for larger rain pulses, Pugnaire et al. [1996] detected the activation
of the photosynthetic apparatus ofMachrocloa sp. after a simulated rain pulse of 31mm, double the amount
of water added in our study. Consequently, we suggest that after prolonged drought, only large rainfall
amounts (≥20mm) are able to break the dormancy period whereMachrocloa sp. plants remain photosynthe-
tically inactive. This might be related to any of many morphological and physiological strategies of this
species against drought that lead to the insufficient presence of active leaves to carry out photosynthesis.
These include low elasticity of cell walls [Pugnaire and Haase, 1996], regulation of stomatal conductance
[Haase et al., 1999], photoinhibition [Balaguer et al., 2002; Pugnaire et al., 1996], photoprotection [Pugnaire
and Haase, 1996], photorespiration [Balaguer et al., 2002; Bohnert and Jensen, 1996; Foyer and Noctor, 2000;
Wingler et al., 2000], leaf folding [Rychnovská, 1964], leaf pigment loss [Ramírez, 2006], and leaf angle
modification [Valladares and Pugnaire, 1999]. Additionally, Huxman et al. [2004b] highlighted the relevance
of infiltration depth as a factor determining plant activation after rain pulses, but in our case, this cannot play
a key role because Machrocloa sp. is a shallow-rooted species [Maestre et al., 2007].

Finally, regarding our study results, negative values of nocturnal Rsoil fluxes estimated from the Vaisala probes
(Rsoil_vaisala; Figure 7) were detected during previous days before irrigation and turned into positive after irriga-
tion (Figure 6). Similar results were found by means of both a multichamber soil respiration monitoring system
and soil CO2 Vaisala probes located in the soil subsurface within a Chihuahuan desert shrubland that also
features a caliche horizon [Hamerlynck et al., 2013]. They observed negative nocturnal soil CO2 effluxes under
drought conditions that became positive during themonsoon season. These authors related these negative soil
fluxes to processes of carbonate dissolution, which might also happen in Balsa Blanca where there is a petro-
calcic horizon too. On the other hand, at some specific moments throughout the experiment, we found that
the difference between Rsoil and ANPP exceeds measured NEE by approximately 1μmolm�2 s�1. This fact
might be due to the accuracy of the different sensors and methodologies used to acquire these flux measure-
ments. Apart from that, we can conclude from our experiment results that the highest increase in CO2 emission
occurs in a short time period, (from minutes to a few hours; Figure 7) following the rain pulse, and sometimes
(for small rain pulses) this emission peak may be smoothed in a half-hourly averaged EC value.

4.3. General Discussion

In our study, we highlight the strength of EC data to measure the long-term effect of rain pulses on NEE as
well as to assess its high interannual variability (Table 2). However, by using solely the EC technique, we
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cannot track biological processes composing the overall NEE, and hence, we present the experimental results
to complement EC results at the short term. However, the experiment was limited in order to determine the
threshold magnitude needed to trigger photosynthesis (due to the short duration and the unique rain pulse
magnitude simulated). Nevertheless, we have demonstrated that CO2 emission is significant (Table 2) during
the dry season and highly modulated by the rain pulses that enhance this C loss (Figures 3 and 6) through
the activation of soil respiration (Figures 7 and 8c).

Overall, future climate projections point to decreases in water availability via decreases in rain events and
total precipitation in some regions [Beier et al., 2012; Intergovernmental Panel on Climate Change (IPCC),
2007] including the Mediterranean basin [Solomon et al., 2009]. Concurrently, this indicates an alteration of
rainfall distribution that likely implies variation in the size, frequency, and intensity of future rain pulses
[Cleverly et al., 2013; IPCC, 2012] in such arid and semiarid regions. In this regard, the occurrence of stochastic
precipitation pulses within long dry periods might mostly provoke the activation of soil respiration processes
in arid and semiarid ecosystems. Hence, a precipitation distribution characterized by low-frequency and low-
magnitude events would lead to CO2 release, while anomalous high-magnitude and low-frequency events
might cause intermittent CO2 uptake over several days, as shown in this study. In contrast, high-frequency
events may support continuous photosynthetic activity as well as soil respiration, with the overall biological
activity being proportional to the amount of stored water in the soil (up to saturation). In this way, the cap-
ability of semiarid ecosystems to act as C sinks would be enhanced. Nevertheless, more research is still
needed to accurately characterize the dimension and sense of C balance variability in drylands regarding
their response to climate change. This is especially so when the aim of building applicable modeling
approaches in drylands is considered as imperative in order to predict, mitigate, and adapt to future climatic
and environmental scenarios.

5. Conclusions

Rain pulses, occurring during the dry season, are a frequent form of water input in semiarid ecosystems and
an important climatic factor affecting the C balance of water-limited ecosystems. In the studied semiarid
grassland, the net CO2 emitted to the atmosphere triggered by rain pulse events contributed from 9 to
58% to the total net CO2 release measured with eddy covariance, despite comprising just 2 to 11% of the
dry season period length for five study years (2009–2013). The main biological process determining the
NEE response after a rain pulse is soil respiration, given the higher occurrence of small- and medium-sized
rain events that may be not sufficient to enable plant photosynthesis. However, net CO2 uptake patterns
can be observed when infrequent and large rainfall events occur. The manipulation pulse experiment results
showed that only Rsoil was significantly affected by the rain pulse. However, the contribution of the different
components to the overall NEE changed over the experiment days. In this regard, Rsoil was distinctly domi-
nant during the pulse day and the day afterward (approximately 80% of the NEE), whereas ANPP seemed
to become more prevalent during the second day following irrigation (approximately 40% of NEE), despite
the great variability in the measurements.

Global estimations of temperature and precipitation regimes point to an increase of drought periods and extreme
precipitation events that might imply an increase in the net CO2 emission in semiarid regions. Therefore, the char-
acterization of the responses of biological components of the C balance to rain pulses becomes crucial in order to
improve current climatic modeling schemes and also to design proper mitigation policies.
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