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Resumen

Variabilidad de los flujos de carbono a diferentes escalas de tiempo y sus
controles biéticos y ambientales de un pastizal semiarido del Centro de

México.

Los ecosistemas terrestres controlan la dinamica del carbono (C) atmosférico
sobre la tierra, removiendo hasta el 25% de las emisiones de C antropogénicas.
Sin embargo, la alta variabilidad estacional e interanual de los flujos de C genera
gran incertidumbre acerca de su capacidad de captura de C. El entendimiento de
los factores que afectan las tasas de captura y liberacion de C nos ayudara a
mejorar las predicciones de los efectos del cambio climatico sobre los procesos
ecosistémicos, asi como sus efectos de retroalimentacion. El objetivo de este
trabajo fue determinar los controles bidticos y ambientales sobre el intercambio
neto de C a nivel ecosistema (NEE) y sus componentes para entender cuales
condiciones ambientales favorecen la captura de C en el pastizal semiarido, con
énfasis en los efectos de “legado” de la precipitacion (PPT) y los pulsos de C
generados después de los eventos de PPT. Cuatro afios continuos de mediciones
del NEE con un sistema de covarianza de voértices (EC) fueron analizados. Los
flujos de C mostraron ciclos diarios y estacionales tipicos con la temperatura del
aire y la densidad de flujo foténico fotosintético como controles diarios y la
humedad del suelo y la dinamica de la vegetacion (medida como EVI) controlando
el NEE a escala estacional. El pastizal semiarido fue una fuente (16.37 and 93.83
g C m?a™") y un sumidero de C ((-15.85 and -121.02g C m*? a™). Se identificaron
efecto de legado de la PPT a escala estacional. La PPT invernal afectd
positivamente la captura de C durante el verano; mientras que la PPT del verano
no tuvo efectos sobre la productividad invernal. Cien mm de PPT invernal y 200
durante el verano fueron necesarios para convertir al pastizal en un sumidero neto
de C. Por otra parte, la respiracion del ecosistema (ER) respondié pocas horas
después del evento de PPT, mientras que pasaron hasta 5 dias para observar una
respuesta de la productividad del ecosistema (GEE). Eventos de PPT tan bajos

como 0.25mm incrementaron ER, pero PPT acumulada mayor a 40mm

XV



estimularon GEE. En general, los pulsos de C estuvieron relacionados con la
magnitud del estimulo (ej. tamafo del evento de PPT) y las condiciones previas
del ecosistema (ej. contenido de humedad del suelo previo al evento de PPT). Los
resultados de este estudio demostraron la importancia de la PPT invernal y de los
pulsos de C después de los eventos de PPT al balance de C anual en un pastizal

semiarido con lluvias durante el verano.

PALABRAS CLAVE: Intercambio neto de C a nivel ecosistema, covarianza de

vortices, respiracion del ecosistema, efectos de legado de la precipitacion.
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Abstract

Variability of carbon fluxes at different time-scales and their biotic and

environmental controls on a short-grass steppe in Central Mexico.

Terrestrial ecosystems control the atmospheric carbon (C) dynamics on Earth,
removing~25% of C emissions derived from anthropogenic activities. However,
high seasonal and interannual variability generates large uncertainties about their
C uptake capacity. Understanding environmental and biotic factors affecting C
uptake and C release rates will help us to improve predictions of climate change
impacts on ecosystem processes as well as its feedback effects. The aim of this
study was to determine biotic and environmental drivers of the net ecosystem C
exchange (NEE) and its components to understand which environmental
conditions favor uptake or release of C in the semiarid grassland, with emphasis on
precipitation (PPT) legacy effects and short term C fluxes following PPT events.
Four years of continuous NEE measurements with an eddy covariance (EC)
system were analyzed. Carbon fluxes showed typical diurnal and seasonal cycles
with air temperature and photosynthetic photon flux density (PPFD) as the main
diurnal drivers, whereas soil moisture and vegetation dynamics (the enhanced
vegetation index, EVI) controlled NEE at seasonal scale. The semiarid grassland
behaved as a source (16.37 and 93.83 g C m? y"), and a sink of C (-15.85 and -
121.02g C m? y™). Precipitation legacy effects on NEE and its components were
identified at seasonal scale. Winter precipitation positively affected C uptake of
summer, however, summer precipitation did not have effects on winter C fluxes.
One hundred mm of winter PPT and 200 mm of summer PPT were needed for
turning the ecosystem into a C sink. On the other hand, Ecosystem respiration
(ER) responded within few hours following a PPT event whereas it took five days
for gross ecosystem exchange (GEE) to respond. Precipitation events as low as
0.25 mm increased ER, but cumulative PPT > 40 mm that infiltrated deeper into the
soil profile stimulated GEE. Overall, ER fluxes following PPT events were related

with the size of the stimulus (e.g. PPT event size) and previous soil conditions (e.g.
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previous soil volumetric water content and inter PPT event period). Results of this
study demonstrated the importance of winter precipitation and short term ER
responses following PPT events to the annual C balance in a summer rain season

semiarid grassland.

KEYWORDS: Eddy covariance, net ecosystem exchange, ecosystem respiration,

precipitation legacy effects.
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General Introduction

Terrestrial ecosystems are the main control of atmospheric CO, dynamics (Friend
et al., 2007), and indirectly modify Earth surface temperatures (Kutsch et al.,
2005). Rates of uptake and release of CO, by terrestrial ecosystems are 10 fold
bigger than CO, emissions from fossil fuels burning (Houghton et al., 2007). Thus,
the accuracy and precision of C exchange estimations between biosphere and
atmosphere is crucial to assess the potential of ecosystems C sequestration.
Moreover, a better understanding about controls and feedbacks regulating the
interactions between carbon and water cycle and climate variability will help to
improve predictions of climate change effects on vegetation dynamics and
ecosystem processes (Schimel et al., 2001; Heimann and Reichstein, 2008;
Thomas et al., 2009).

Roughly, it is estimated that terrestrial ecosystems absorb =25% of anthropogenic
C emissions derived from fossil fuel burning (Running, 2008), with the tropical (-1.9
+ 1.3 Gt C year"), and both the temperate and the boreal forests (-1.3 + 0.9 Gt C
year”, for both) as the main documented carbon sinks (Grace, 2004). In contrast,
arid ecosystems have shown to behave as either sources (Emmerich, 2003;
Mielnick et al., 2005; Gilmanov et al., 2007), or neutral (Gilmanov et al., 2007,
Archibald et al., 2009; Propastin and Kappas, 2009), and rarely as C sinks (Frank
and Dugas, 2001; Gilmanov et al., 2003; Gilmanov et al., 2004; Hastings et al.,
2005; Zhao et al., 2006; Wohlfahrt et al., 2008; Propastin and Kappas, 2009).
Thus, currently there is not a clear role of drylands in the global carbon cycle due in
part to its high sensitivity to climate variability, especially variation of both quantity
and timing of precipitation (Jongen et al., 2011; Hao et al., 2010; Ma et al., 2007;
Xu and Baldocchi, 2004; Flanagan et al., 2002; Sala et al., 1988).

Arid lands comprise a wide range of ecosystem types covering more than 30% of
terrestrial land (Lal, 2004). Precipitation pattern on these ecosystems is
characterized by a scarce and highly intra and inter-annual precipitation variability
in which small rainfall events account for a large proportion of water inputs (Sala

and Lauenroth, 1982). Precipitation variability is of such degree that they are



considered hot spot regions of interannual variability in carbon fluxes that are
controlled by moisture supply (Jung et al., 2011), and moreover, they drive the
trend and interannual variability of the global C sink (Ahlsrom et a., 2015) .
However, a high correlation between PPT and productivity has been demonstrated
spatially across ecosystems, but a low correlation has been observed temporally,
with annual PPT explaining a low amount of interannual variability of intra-site
productivity (Sala et al., 2012).

Global circulation models forecast for the end of the 21st Century a 10 and a 20%
reduction of summer and winter precipitation, respectively, for the arid and semiarid
regions (Christensen et al., 2007) under current CO2 emission scenarios.
Moreover, stronger and more spaced precipitation events with long rainless
periods, are expected within this overall annual precipitation decreased scenario
(Houghton et al., 2001; Easterling et al., 2000). So that, changes in the
characteristics and functioning of these ecosystems are likely to occur, in particular
modifications to the carbon and water cycle as a consequence of alterations in the
energy balance. This imposes new challenges for scientist to elucidate the role of
arid lands as C sinks or C sources as well as the mechanisms controlling C and
water fluxes at short and long temporal scales. In particular to predict how these

ecosystems will respond to future scenarios of climate change.

The contribution of ecosystems as either C sources or C sinks as well as their
environmental and biotic drivers at different timescales can be evaluated through
net ecosystem C exchange (NEE) studies. The NEE represents the balance
between the carbon captured by plants from the atmosphere through the process
of photosynthesis (gross ecosystem production, GEE) and the carbon released to
the atmosphere by respiration of roots and associated microorganism (autotrophic
respiration, Ra), fungi and soil microorganisms, which altogether is named
heterotrophic respiration (Rh; (Law et al., 2002; Reichstein et al., 2005; Chapin et
al., 2002; Nieder and Benbi, 2008). The sum of Ra and Rh results in the total
ecosystem respiration (ER), which in contrast to photosynthesis is a process that

remains poorly understood (Trumbore, 2006).



In this study, four years of continuous EC measurements in the southernmost part
of the semiarid grassland in North America were analyzed. The aim of the study
was to determine biotic and environmental drivers of NEE and its components to
explain the large seasonal and interannual variability of C fluxes in this ecosystem.
In particular, to understand which environmental conditions favor the uptake or the
release of C in the semiarid grassland. Special emphasis was paid to NEE

responses to precipitation and time delays at different time scales.

In Chapter 1, annual C balances and biotic and environmental drivers of NEE at
different timescales were determined. Also, delayed effects of precipitation on NEE,
GEE and ER were analyzed under the legacy precipitation effect hypothesis (Sala
et al., 2012).

In Chapter 2, short-term effects of precipitation events on NEE, GEE and ER were
evaluated. The Threshold-Delay model (Ogle and Reynolds, 2004) was used as
the framework for describing immediate C effluxes following PPT events. Under
this framework, time delays, thresholds and a priori conditions (base of the T-D

model) between the GEE and the ER were contrasted.
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Chapter 1

Precipitation legacy effects and environmental drivers on C fluxes of a

semiarid grassland in Mexico
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Introduction

Photosynthesis and respiration of terrestrial ecosystems are the largest carbon (C)
fluxes between the biosphere and the atmosphere. Terrestrial plants take up
globally about 120 Tg C y"' from the atmosphere through photosynthesis, but
release a similar amount of CO; to the atmosphere through ecosystem respiration
(115 Tg C y"', Houghton and Woodwell, 1982, Raich and Schlesinger, 1992). Even
though, the residual of this balance, a fraction of about 5 TgC y", still
counterbalances the growing anthropogenic emissions of C to the atmosphere
coming from cement production, fossil fuel burning and land use change (~7 Tg C
y'1, Friedlingstein et al., 2010, Running, 2008). Nowadays, studies quantifying
ecosystem C fluxes and their environmental drivers are relevant to provide data for
model assessment and improve forecasting accuracy of climate change models in

addition to understand their role in the regional and global C cycle balance.

Long term and wide spatial net ecosystem exchange (NEE) measurements by
eddy covariance (EC, Baldocchi et al., 1996; Loescher et al., 2006) have allowed
identify different set of environmental factors controlling C fluxes across biomes at
different timescales. The NEE is the balance between C uptake by photosynthesis
(GEE, gross ecosystem exchange) and the C released via respiration (ER,
ecosystem respiration) in such way that gross primary productivity (GPP) is
estimated as GPP = GEE = -NEE + ER (Loescher et al., 2006). The NEE is mainly
controlled by temperature in mid and high latitude ecosystems with mean annual
temperatures (MAT) lower than 16 °C, whereas precipitation and water deficit are
the dominant controls in warmer ecosystems (Yi et al., 2010). Quality of light, and
the timing and magnitude of precipitation also have effects on ecosystems ability to
take up C, by for instance doubling light use efficiency under diffuse light conditions
(Hollinger et al., 1994; Gu et al., 2002), and allowing more soil water storage with
larger or more frequent precipitation pulses (Knapp et al., 2002;Thomey et al.,
2011). Because photosynthesis and respiration responds differentially to

environmental drivers makes it difficult to understand how climate affects net
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ecosystem C balance, thus it is imperative partitioning NEE into its components
(Anderson-Teixeira et al., 2011). For instance, temperature has a secondary role
controlling GPP in dryland ecosystems (Noy-Meir, 1978), ER is more responsive to
air and soil temperatures but always modulated by soil water availability (Conant et
al., 2003; Amudson et al., 1988).

Semiarid grasslands are water limited ecosystems where productivity is subjected
to seasonal and annual variability of precipitation (Sala et al., 1988; Sala and
Lauenroth1982). This imposes a strong seasonal pattern in plants and
microorganism activity, restricting growth to the season with the largest occurrence
of precipitation (summer in semiarid tropical grasslands with monsoon influence). A
strong correlation between precipitation (PPT) and aboveground net primary
productivity (ANPP) has been shown to occur spatially but not temporally in
ecosystems (Lauenroth and Sala 1992, Briggs and Knapp 1995, Hsu and Adler
2014). These results are argued to be a consequence of precipitation lag effects of
the previous year (Oesterheld et al., 2001). For instance, Sala et al. (2012) showed
that a previous-dry year lead to a decrease in annual productivity in the following
year, and a previous wet year amplified the expected productivity of the next
growing season (Linear-positive legacy hypothesis, Sala et al., 2012, Lauenroth
and Sala 1992). These legacies of either pre-dry or pre-wet years have been
suggested to be caused by; 1) structural changes of the ecosystem due to either
plant mortality following a severe drought or by the increase of tillers at the end of a
wet year (Yahdjian & Sala 2006, Sherry et al., 2008, Reichmann et al. 2013), 2)
throughout biogeochemical processes that increase nutrient availability due to
larger litter inputs from previous wet years (Sala et al. 2012), or 3) some

combination of the two.

The lack of temporal relationship is also observed when NEE data have been
analyzed with respect to PPT (Archibald et al. 2009; Wu et al. 2011). In this case,
lagged PPT effects are also plausible causes of the inability of PPT to explain NEE
rates in arid systems. Following this logic, the capacity for ecosystem C uptake is

enhanced by a previous wet year, or by the contrary, reduced by a previous dry
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year. On the other hand, the asymmetric responses of NEE components, GPP and
ER to precipitation, could potentially alter precipitation-productivity relationships as
suggested by legacy effects hypothesis (Figure 1). First, both experimental and
synthesis studies have shown that ecosystem C balance (NEE) is determined by
differential responses of carbon uptake (GPP) and respiration (ER) to the
environment, i.e. NEE, is more affected by precipitation reduction than ER alone,
indicating a differential effect of PPT on GPP and ER (Anderson-Teixeira et al.,
2011; Shi et al. 2014, Yang and Zhou 2013). Although respiration is highly
correlated to productivity, with autotrophic respiration (R;) dampening after the
short-term photosynthesis substrates decline (Bahn et al. 2008). These studies
also showed that C assimilation was more sensitive to changes of PPT than
respiration. Thus, it is likely that the long-term soil C sources change slowly,
preventing heterotrophic respiration (Ry; ER = Ry + Ry) to change just after a multi-
year drought (Shi et al. 2014), in turn making ER less responsive to short-term PPT
changes. However, in the sort-term, the large soil water availability on extreme wet
years can suppress soil respiration due to CO, and O, diffusion mechanisms.
Second, revisions of Knapp and Smith (2001) and Wu et al. (2011) have also
showed that ecosystems are more sensitive to a PPT increment (event) than to an
overall decrease in PPT relative to mean annual PPT (MAP), allowing ecosystems
relatively to gain more C in wet favorable years than C losses on dry years. And
third, nitrogen limited ecosystems are impeded to assimilate C in very wet years
(LeBauer et al., 2008). Adaptations to dry environments such as a relative low
growth rate (Grime, 1977) make ecosystems incapable to take advantage of
extremely wet conditions. Thus, it is likely that C uptake remains asymptotic on
very humid years, whereas respiration could remain ascending or also could

dampen due to soil CO; and O, diffusion phenomena.

The response of C balance to PPT would coincide with the low PPT sensitivity
observed in the temporal model in comparison with the general spatial model.
Carbon uptake in ecosystems experiencing a transition from previous dry to wet
years should be lower for a temporal compared to a spatial model, and C uptake

should be larger than the expected due to a wet legacy when change occurs from
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wet to dry years, coinciding with Sala et al. (2012) legacy effects hypothesis (H1

and H3-4, see below).

Figure 1.Asymmetric sensitivity hypothesis. Differential responses of C uptake and
respiration to PPT can cause the attenuation of the positive C balance response at
wetter years, which coincides with lower slopes observed in temporal annual
precipitation-productivity models when are compared to general spatial models
(lower left panel). While ecosystem C uptake increases linearly, asymptotically, or
stepper on wet years with precipitation, ecosystem respiration does it almost
linearly but with a lower change rate. Temporally, C balances in ecosystems
experiencing changes from pre-dry to wet years are lower than the expected by the
spatial model, coinciding with Sala et al. (2012) legacy effects hypothesis (H1 and
H3, see below). If C uptake and respiration equally respond to PPT change, no
additional effect on C balance of previous year PPT should be expected (a). A
stepper response of C uptake than respiration to PPT should induce similar
additional effects on C balance (b); whereas asymptotic response of C uptake at
extreme humid years should display lower positive effects on C balance of
previous wet years (c); or if C uptake is more sensitive to wet than dry years, larger

positive effect on C balance should be expected by previous wet years (d).

Direct continuous measurements of net ecosystem C exchange (NEE) and remote
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sensing have shown that semiarid grasslands annually exchange between -164
and 210 g C m? y" and behave as either small carbon sinks (Propastin and
Kappas, 2009), net C sources (Emmerich, 2003;Mielnick et al., 2005), or even as
both across years with contrasting precipitation rates (Archibald et al. 2009,Rajanet
al., 2013). Thus, it is possible that semiarid grasslands at the interannual and
decadal time scale (Sierra et al 2009) are carbon neutral, such that; i) the same
amount of carbon captured via photosynthesis is released via respiration
regardless of the abiotic environment, ii) in terms of the abiotic environment, in
favorable growth years grasslands can behave as small C sinks, whereas in
unfavorable environmental conditions, grasslands perform as small C sources.
However, when we consider legacy effects of precipitation, it is likely that iii)
precipitation of the previous year influences the annual C balance of the grassland,
decreasing C uptake with previous dry year or increasing C uptake after previous
wet years. Different sensitivities of the sum of -NEE + ER and ER to precipitation
could lead semiarid grassland to release more C than expected at both severe dry

or wet years.

Thus, the objectives of this study were; First, we hypothesized that the annual C
balance of grasslands, as either a net C sink or C source will be mainly controlled
by precipitation; however total precipitation from the previous year should modify
this balance with respect to expected productivity under current year precipitation
(H1). Thus, when annual PPT changes from a severe drought to a wet year the
grassland should exhibit a reduction on net C gain (Hz), whereas a transition from
a wet year to a dry or similar wet year the grassland should display an increase on

net C uptake rate (Hs).

Separation of NEE into its flux components should provide insights into
mechanisms of precipitation legacies on C balance. If both GPP and ER respond
equally to PPT, NEE and GPP should be related linearly to current and previous
year precipitation (Hs) with equal slopes. Moreover, if NEE components respond

asymmetrically to precipitation, we should expect GEE to be more sensitive to
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reductions of PPT than ER (Hs), and behave exponentially or asymptotically in very

wet years (e.g. wetter than the MAP).

Materials and Methods

Site description

The study site is located on a shortgrass steppe, within the Llanos de Ojuelos
subprovince NE of Jalisco state, Mexico. The shortgrass biome in Mexico extends
from the North American Midwest along a strip that follows the Sierra Madre
Occidental through the Chihuahuan Desert into the sub-province Llanos de
Ojuelos. Vegetation is dominated by grasses, with Bouteloua gracilis H.B.K. Lag ex
Steud (blue grama) as the key grass species, forming under well preserved
conditions near mono-specific stands. The region has a semiarid climate with mean
annual precipitation of 424 mm += 11 mm (last 30 years; INIFAP, Rancho
experimental Vaquerias. Unpublished data) distributed mainly between June and
September and exhibits 6 to 9 month period of no rain. Winter rains account for <
5% of the total annual precipitation (Aguado-Santacruz, 1993, Garcia, 2004). Mean
annual temperature was 17.5+ 0.5 °C, with mean temperature extremes ranging
from 2.2°C for the coldest to 26.8 °C for the warmest month, respectively. The
topography is characterized by valleys and gentle rolling hills with soils classified
as haplic xerosols (associated with lithosols and eutric planosols), and haplic
phaeozems (associated with lithosols) (Aguado-Santacruz, 1993). Soils are
shallow with average depth of 0.3-0.4 m containing a cemented layer at ~ 0.5 m in
depth, with textures dominated by silty clay and sandy loam soils (Aguado, 1993,
COTECOCA, 1979).

The study site is a fenced area of ~64 ha of semiarid grassland divided into 16
paddocks of ~4 ha each that are subjected to different grazing regimes and fire
management. A 6 m high tower was placed at the center of the area of interest to
estimate carbon-energy flux (NEE) and associated meteorological instruments.
That location allowed an ever-changing and integrated measurement footprint of
320 m, 410 m, 580 m, and 260 m from the tower according to the N, E, S, and W

orientations, respectively. The footprint model (Kormann and Meixner, 2001)
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revealed that on average >80% of cumulative fluxes came from these integrated
distances and area of interest. Eddy covariance (EC) instruments were placed at 3

m high to cover a fetch of 300 m.
Meteorological and soil measurements

Meteorological data was collected continuously at a rate of 1 s and averaged at 30
min intervals using a datalogger (CR3000, Campbell Scientific Inc., Logan, Utah).
Variables measured included; air temperature and relative humidity (1000 Q PRT,
HMP45C, Vaisala, Helsinki, Finland ) housed into a radiation shield (R.M. Young
Company Inc., Traverse City, MI), incident and reflected shortwave and longwave
solar radiation (NRO1, Hukseflux, Netherlands), photosynthetic photon flux density
(PARLITE, Kipp and Zonen, Delft, the Netherlands). Soil variables were measured
at a 5 min frequency and averaged at 30 min intervals. These included soil heat
flux with a self-calibrating system buried at 8 cm deep (HFP01SC, Hukseflux,
Netherlands), volumetric soil water content (CS616, Campbell Sci., Logan, Utah)
positioned horizontally to 2.5 cm and 15 cm deep, average soil temperature of the
top 8 cm soil profile, and soil temperature at 5 cm deep (T108 temperature probes,
Campbell Scientific Inc., Logan, Utah). Soil temperature variables were acquired by
a CR510 datalogger (Campbell Scientific Inc., Logan, Utah). Precipitation was
measured with a bucket rain gauge installed 5 m away from the tower (FTS,
Victoria, British Columbia, Canada). When air temperature, relative humidity, solar
radiation, or photosynthetic photon flux density variables were not available
because of sensor or datalogger operational failures, they were calculated by linear
regression using data from a weather station mounted on the same tower (FTS,
Victoria, British Columbia, Canada) that acquired information at 10 s sampling rate,

and averaged every 10 min.
Net ecosystem CO, exchange measurements

An open path EC system was used to measure NEE over the semiarid grassland.
The system consisted of a three-dimensional sonic anemometer (CSAT-3D,

Campbell Sci., Logan, Utah) for measuring wind velocity on each polar coordinate
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(u, v, w) and sonic temperature (8s), and an open-path infrared gas analyzer
(IRGA, Li-7500, LI-COR Inc., Lincoln, NE) to measure CO, and water vapor
concentrations. Instruments were mounted in a tower at 3 m above soil surface
oriented towards the prevailing winds. Because prevailing winds change along the
year, EC was oriented SW in winter and turned East during summer on the last two
years. The IRGA sensor was mounted at the same height as the midway between
the two arms of the anemometer transducers, and tilted 45° to avoid dust and
water accumulation in the IRGA optical path. Digital signal of both sensors were
recorded at a sampling rate of 10 Hz in a datalogger (CR3000, Campbell Scientific
Inc., Logan, Utah). Instruments were installed in December 2010 and were
continuously operating during four years (2011-2014). Several episodes of power
failure throughout the study period and a lightening in 2012 caused data gaps in
the time series, but on average 60% of half-hour data periods per year were

available (42247 30-min averaging periods after quality filtering were used)

NEE was estimated as:
NEE = w'CO, (1)

Overbar denotes time averaging and primes are the deviations of instantaneous
values (at 10 Hz) from a block-averaged mean (30 min) of vertical windspeed (w,
m s') and molar fraction of CO, (umol CO, mol"), respectively.
Micrometeorological convention was used, where negative NEE values stand for
ecosystem C uptake. We did not estimate a storage flux because of the low
ecosystem stature, and we assumed it would be 0 over a 24-h period (Loescher et
al. 2006)

Data processing, gap filling methods and statistical analysis

Raw eddy covariance data were processed in EdiRe (v1.5.0.10, The University of
Edinburgh). Wind velocities, sonic temperature, [CO,], and [HO] signals were
despiked, considering outliers those values with a deviation larger than 8 standard

deviations. A 2-D coordinate rotation was applied to sonic anemometer wind
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velocities to obtain turbulence statistics perpendicular to the local stream line. Lags
among horizontal wind velocity and scalars were removed with a cross-correlation
procedure to maximize the covariance among signals. Carbon and water vapor
fluxes were estimated as molar fluxes (mol m? s™) at 30 min block averages, and
then they were corrected for air density fluctuations (WPL correction, Webb et al.
1980). To account for frequency loss on NEE, frequency response correction was
done considering the cospectra of w6’ as ideal, and then comparing the summed
cospectral density in the inertial subrange to that of the total spectra of w6’ and
w'CO,’ (Baldocchi and Meyers, 1989). Sensible heat flux was estimated from the
covariance between fluctuations of horizontal wind velocity (w') and sonic
temperature (0's). This buoyancy flux was corrected for humidity effects (Schotanus
et al. 1983, Foken et al., 2012) and momentum fluctuations (cross wind correction,
Schotanus et al. 1983).

Fluxes were subjected to quality control procedures, i) stationarity (<50%), ii)
integral turbulence characteristics (<50%), iii) flags of IRGA and sonic anemometer
(AGC value < 75, Max CSAT diagnostic flag=63) which are strongly related with
advices of problem measurement due to rain events, iv) range tests (20 pmol CO,
m? s™7) (Taylor and Loescher 2013), and v) a threshold u*= 0.1 m s™ was used to
filter nighttime NEE under poor developed turbulence. This threshold was defined
through the 99% threshold criterion after Reichstein et al. (2005), where data are
split into six temperature classes of equal sample size, and then each temperature
class is split into 20 u*-classes. The threshold is defined when the u* class average
reaches the 99% of the night-time flux average of the higher u*-classes. The mean
of u* thresholds of at least 6 temperature classes is defined as the final threshold.
The procedure is done for subsets of three months per year (J-M, A-J, J-S, and O-

D) to account for seasonal variation of vegetation structure.
Ecosystem measures of productivity were derived such that,
NEP = -NEE (2)

GPP = GEE = -NEE + RE (3)
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where NEP is net ecosystem productivity (umol CO, m? s™), GPP is gross primary
productivity (umol CO, m? s™), GEE is gross ecosystem exchange (umol CO, m™

s™), and ER is ecosystem respiration (umol CO, m?s™).

The energy balance closure was the method used for assessing the reliability of

the NEE measurements. The energy budget was estimated as:
H+LE=Rn+G+S (4)

Where H is the sensible heat flux (W m?), LE is the latent heat flux (W m?), Rn is
the net radiation (W m?), G is the heat flux into the soil (W m?), and S is the

energy stored in the soil (W m™).

Sensible and latent heat flux were calculated as:

H = p,C,WT' (5)
PIPLNLIT o

where p, is the air density (g mol™), Cp is the specific heat of air at constant
pressure (units), w’, T" and €’ are the instantaneous deviations from a running
mean of vertical air velocity (m s™') and air temperature (°C), and the molar fraction

of water vapor (mmol mol™), respectively, and A is the energy of vaporization (J g

.

The soil heat flux was measured with the autocalibrating soil heat flux plates
(Huksefflux) buried at 8 cm depth. The energy stored in the layer above the heat
flux plates was calculated as the specific heat of the soil (Cs) and the change in

soil temperature (ATs) over the output time interval (t),

_AT.Cd
t

S (7)

Where d is the depth of the soil heat flux measurement (8 cm).
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The soil heat capacity was calculated as,
C8=pb*Cd+9v*Pw*Cw (8)

Where pyis the soil bulk density (1.5 g cm™), Cqis the heat capacity of the soil (840
J kg'K™), 6, is the volumetric soil water content (v/v), py is the density of water (1 g
cm™®), and C,,is the heat capacity of water (4.1796 J cm™ K™).

Gap filling methods and flux partitioning

Data gaps shorter than two hours were linearly interpolated. Gaps larger than two
hours in flux data were filled with the Marginal Distribution Sampling algorithm
(MDS) (Reichstein et al., 2005), which is an enhancement of the method used by
Falge et al. (2001). The MDS method is a combination of the Mean Diurnal
Variation and the “Look-Up” Table methods, but takes into account the covariation
of fluxes with meteorological variables and the temporal autocorrelation of fluxes. It
consists in building tables of average NEE values under similar conditions of global
radiation (Rg, #50 Wm™?), air temperature (+2.5°C), andvapor pressure deficit
(VPD, 5.0 hPa) for data windows of 7, +14, £28 and 56 days. The online MPI
Jena tool http://www.bgc-jena.mpg.de/REddyProc/brew/REddyProc.rhtmlbased on

the ReddyProc R package (The R project, 2014) was used for the gap filling

procedure.

Flux partitioning of NEE was done with the same online MPI Jena tool. Nighttime
NEE data is fitted to the Loyd and Taylor (1994) respiration model to estimate the
ER component. Then, ER is modeled for observed air temperature along the day

and is extracted from daytime NEE data and the residual is the GEE.
Environmental drivers

Daytime and nighttime NEE was modeled with a rectangular hyperbolic response
function to PPFD (Ruimy et al. 1995) modified with the exponential model of

respiration (Gilmanov et al. 2010)
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* * T—Tref
NEE _ [04 PPFD Anax n Rb*Qlo( ) (9)
a*PPFD+ A

Where a is the apparent quantum vyield (umol CO, m? s™/umol PPFD m? s™),
Amax is maximum photosynthetic capacity (umol CO, m? s7), R, is basal
respiration at reference temperature (15 °C, umol CO, m s'1), Qo is the
temperature sensitivity coefficient, depicting the increase of respiration rate with a
10 °C of temperature increment (calculated parameter, unitless), and T is air
temperature (°C). Similar to the procedure employed by Gilmanov et al. (2010),
daytime and nighttime NEE were used to fit the model. This approach accounts for
the hysteresis effect observed commonly in grasslands where NEE declines
afternoon even at similar PPFD values than at the morning. The model assumes
that the hysteresis effect is due to the enhancement of ER as soil temperature is
dephased forward from PPFD; however, other factors like vapor pressure deficit
(VPD) or plant internal hydraulic constraints could be implicated on NEE reductions

(Reichsteinet al., 2005). Implications on parameter estimation will be discussed.
Vapor pressure deficit was estimated as

VPD = ((1— RH)/100) *e, (10)

Where VPD is the vapor pressure deficit (hPa), RH is the relative humidity (%), and

es is the saturation vapor pressure (hPa), and

*
e.= 6.1121*exp( 17.50277 )

Where T is the air temperature.

Only gap filled values were used for nonlinear regressions between NEE and
environmental drivers. Data were fitted by 1-week time window with the PROC
NLIN of SAS (The SAS system, Logan, Utah, USA) using the Marquardt method. A
bootstrapping procedure with replacement (Efron and Tibshirani, 1993, 1000

resamples) was used to estimate the 95% bias corrected confidence intervals of
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hyperbolic response function parameters. Overlap of confidence intervals were
used to detect significant differences of physiological parameters among weeks

and years.

Linear models were used to test the relationship between NEE, GEE, ER and
precipitation. Carbon fluxes and precipitation were integrated at different time-
windows from one week to one year, and residuals of observed and calculated C
fluxes of the temporal linear model were used to proof the influence of precipitation

legacy effects at different time-scales.
Legacy = NEE rodeted — NEEobserved (12)

This differs from analysis in other studies (e.g., Sala et al. 2011, Reichmann et al.
2013) where legacies (residuals) are calculated from a modeled ANPP of a global
trend or a long-term record of ANPP in the site. We adopted this approach
because of the lack of long-term data in our site, and because we wish to advance

this approach considering the overall lack of long-term NEE data around the world..

Enhanced vegetation index (EVI) data
Enhanced vegetation indices (EVI) from NASA’s MODIS (Moderate Resolution

Imaging Spectro radiometer) instruments were obtained for the site throughout the
study period to estimate growing season length (GSL) as an estimation of green
biomass. Enhanced vegetation index data of 250 m spatial resolution and 16 day
time-resolution was used. A smoothing procedure with the Savitsky-Golay
(Savitsky and Golay, 1964) filter was used to eliminate outliers of EVI derived from
adverse atmospheric conditions (e.g. clouds and dust). Then, EVI data were
linearly interpolated to coincide with daily or weekly time scales of NEE data used

in the other analysis.

A similar analysis to Zhang et al. (2003) was performed to determine phenological
aspects of the EVI data like the start and the end of the growing season. Each
growing and senescence cycle was fitted with a pair of sigmoidal functions on

smoothed EVI data, the first describing the passage of dormant vegetation to the
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beginning of the growing season until a maximum of vegetation, and the last

describing the senescence process from the peak of vegetation.

EV|t=A°_t_A;1+Al (13)

l1+ed

where, Ay is the initial background EVI value (basal EVI), A is the maximum EVI
value, tis the time (days), {, is the center of the curve, and dt is related to the slope

of the curve with larger slopes indicating shallower curves.

The rate of change in the curvature of EVI; function was used to identify
phenological transition dates (Eq. A1, A2). Maximum and minimum change rates
were related to transitions from approximately stable linear stages to another (e.g.,

the starting and the end of the growing season).

Ecosystem water use efficiency

The ecosystem water use efficiency was calculated as the inherent water use
efficiency (IWUE) after Beer et al. (2009), which is equivalent to the leaf level
intrinsic water use efficiency (WUE;), as a proxy of carbon uptake-surface
conductance relationship. This parameter has shown better coupling between C
and water fluxes as an insight of being a more ecologically meaningful parameter
(Kuglitsch et al., 2008).

IWUE = GEE,; * VPD, / ET; (14)

Where i denotes an integration time period, one day for this study. VPD; is the
vapor pressure deficit average at daylight, and ET; is the integrated
evapotranspiration (mm d”'). Gross ecosystem exchange was preferred to NEE for
calculating EWUE due to ER is not tightly coupled to water fluxes (Kuglitsch et al.,
2009). Moreover, in the logic of deriving an analogous parameter to WUE;, carbon
assimilation is approximated by GPP from NEE partitioning (and GEE=GPP, Beer
et al., 2009).
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To avoid an over representation of evaporation from the bare soil in ET
measurements, data of rainy days and up to two days following the event were
excluded from the analysis (Beer et al. 2009). Only days with complete half-hourly
data or gap-filled with high confidence were used (Reichstein et al. 2005). Weekly
IWUE estimates were obtained by averaging daily integrated IWUE. The linear
relationship between weakly averaged GEE*VPD and ET was used to compare
IWUE among years, being the slope the IWUE of the whole year. A homogeneity of

slopes test (a = 0.05) was used to compare IWUE conditions.

Hydroecological years

Since biological activity in semiarid grasslands is controlled by precipitation and
soil water availability, in addition to the precipitation seasonality, we decided to use
the concept of hydroecological year (HEY, Thomas et al. 2009) instead of calendar
year, to evaluate interannual variability of C fluxes and their environmental drivers.
This approach is based on the premise that there are environmental signals such
as, mean air temperature or the beginning of summer precipitation that triggers
changes in phenology (Thomas et al. 2009). At the study site, the first freeze in the
year generally occurs in November with average minimum temperatures < 0 °C,
concomitantly with a significant precipitation decrease. Thus, we decided to
consider this month as the end of the growing season and to start the HEY
calendar in December. Precipitation events at the end of December can stimulate
C uptake at the beginning of the following year, as was the case for 2014. Even
though environmental clues that triggered the beginning and ending of the growing
season are not observed at the same time each year. Displacing the beginning of
the year by one month was enough to account for the winter rains at the end of
2012 and 2013, keeping years of similar length, and keeping the time-step of the
analysis. Since EC measurements started in January 2011, this year only had 11
months of data; however, the absence of precipitation since August 2010 until April
2011 kept the ecosystem dormant in cold months, thus we believe that there was
no significant bias in comparing 2011 as a whole year discounting the contribution
of December 2010.
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Seasonal time-scales separation was done dividing HEY in dry and humid
seasons. The dry season comprises from December to May and the humid season
from June to November. Hereafter, these time periods will be referred as winter
(dry) and summer (humid) seasons. Carbon fluxes and environmental variables at

each season were considered separately for legacy effects analysis.

Results

Energy balance

Closure of energy balance was > 70% for all years, with exception of the period
before October, 2011, where storage and soil heat flux were not included in the
balance (first slope of Fig. 2a, slope = 0.46) because soil heat flux sensors were
not installed at that time. The addition of storage and soil heat flux data improved
the energy closure by 10 — 46% and was better in humid than in dry conditions
(data not shown). Observed slopes lower than 1 indicated that eddy covariance

measurements underestimated sensible and/or latent heat fluxes.
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Figure 2.Energy balance for each year during the study period, including all
available data. Points represent half hour energy flux data. The line represents the
linear fitting between available energy and sensible and latent energy fluxes. The
two lines for 2011 describe the energy balance without the addition of storage and

soil heat flux (slope 1), and with the inclusion of both terms (slope 2).

Environmental variables

Daily and seasonal patterns of environmental variables were similar among years.
The peak of maximum PPFD was reached at midday, whereas air temperature and
VPD where dephased by 4 hours (Figure 3). Maximum daily averaged PPFD
values were reached in summer (780 umol m? d™') and the minimum was observed
in winter. Mean air temperature was 16.1 £ 0.04, 15.9 + 0.04, 16.3 + 0.04 °C, and
15.9 + 0.04 for 2011, 2012, 2013, and 2014, respectively (annual average * 1

S.E.), agreeing with the historical average. The first year showed both the lowest

21



Chapter |

and the highest air temperature (-4.4 and 31.2 °C, respectively), and the largest

VPD values where observed during the hottest and driest months of the year.

Figure 3 Interannual variation of air temperature (°C), photosynthetic photon flux
density (PPFD), and vapor pressure deficit (VPD) for the study period (values are
daily means). Lines represent daily mean values (a — ¢) and points are the average

daily cycle (annual means by hour + 1 S.E.).

The summer rain regime resulted in 95% of the rain fell during the July-September

period with characteristic low fraction (~5%) during winter. However in this study,

2012 and 2014 where an exception to this historical winter precipitation pattern

because winter rain accounted for 20% of total annual precipitation (Figure 4a).

Cumulative precipitation for 2011 (288.5 mm) was below the 30-years average for
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the site (420 mm), while 2012 was a slightly dry year (355.2 mm), 2014 was the
wetter year (528.5 mm) compared to the MAP, and 2013 was the wettest year from
all with 601 mm, just 100 mm below the highest historical record (700 mm in 1978).
The frequency of precipitation differed across the 4 y of this study, but they were
similar in the magnitude of individual rain events with more than 60% of
precipitation events <5 mm (Fig. 5a); however, precipitation events > 10 mm
accounted for most of the annual precipitation. The largest number and magnitude
of precipitation events were observed during 2013. Volumetric soil water content at
both 2.5 and 15 cm depth varied with precipitation. Maximum soil VWC (0.3, Fig.
5b) was reached several times in the 4 years within summer and at the end of
winter season in 2012, but maximum VWC was maintained for short time periods.
More variation in VWC was observed at shallow depths (2.5-5.0 cm), where moist-

dry cycles were faster than those at 15 cm (Figure 4b).
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Figure 4.Seasonal and interannual variation of daily precipitation and cummulative
precipitation (a), and volumetric soil water content at 2.5 cm and 15 cm depth (gray

and black line, respectively, b).

Figure 5.Distribution of precipitation events (a) and cumulative precipitation by

precipitation events classes (b).

Diurnal and seasonal patterns of NEE

Diurnal patterns of NEE were characterized by a net carbon release during the
night and a net carbon uptake during the day, with maximum C uptake before
midday (10:00 — 11:00 h), which coincided with colder temperatures and lower
vapor pressure deficit (Figure 6). During the dry months net carbon release

occurred at midday.
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Figure 6.Whole year averaged daily course of net ecosystem exchange among

years (NEE, pmol m?s™, mean + 1 S.E.).

A marked seasonal pattern of NEE was observed for the four years. Null or net C
release was observed in winter and spring where dry and hot conditions were
prevalent. Some rains in May produced a net C release but not C uptake.
However, a large precipitation event at the end of winter in both 2012 and 2014
triggered an important CO, efflux to the atmosphere, but this was followed by a net
C uptake following the reactivation of grasses. In contrast, a short precipitation
pulse at the start of 2013 did not trigger plant activity; instead, a large pulse of C

release was observed (Figure 7).
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Using hydroecological years instead of calendar years

The use of hydroecological years (HEY) as a more biologically—and synoptically
meaningful division of time showing a slightly different result than the calendar
year. Annual C balances in calendar years remained approximately similar among
years, however annual precipitation differed significantly among years. Thus, while
2011 was the driest year it was the largest C source, whereas 2013 the wettest
year (600 mm), it still was a net C source of 32.8 g C m? y'. This balance was far
(-400%) from the C uptake estimated for 2014 that received 50 mm less PPT. The
largest differences in the study comparing temporal schemes (calendar vs. HEY)
were observed in the C balance-annual precipitation relationship. Thus, under a
calendar year schema, NEE was poorly explained by precipitation (R? = 0.26, Fig.
A1), whereas GEE and ER exhibited a close relationship (0.65 and 0.85 for GEE
and ER, respectively, Figure A1). With the HEY scheme all these relationships
resulted in more explained the variance (R2 = 0.62, 0.92, 0.90 respectively, Fig. 8).
However, analysis of residuals in both schemes did not show relationship with

previous-year precipitation (Figs. 9, A2).
CO2 balance and precipitation legacy effects

A high precipitation variability throughout the years caused contrasting annual
balances. The driest year (2011 hydroecological year, 288.5 mm) exhibited the
largest C emissions with 93.82 g C m? y™'. A slight net C uptake was observed in
2012 with -15.85 g C m™ y'of C uptake, with a precipitation 50 mm below the
historic MAP. Surprisingly, a very wet year (2013, 523.4 mm) showed a net C
release of 16.37 g C m™ y'1, even though the site received 70 mm above MAP, and
120 mm more than 2012, whereas the wettest year (2014, 610.4 mm) coincided
with the largest C uptake of about -121.02 g C m? y™' (Fig. 7). Annual precipitation
was linearly correlated to annual C balance, explaining 63% of NEE variability, but
the individual NEE components displayed better correlation. Annual precipitation
explained more than 90% variability of GEE and ER (Fig. 8).The response of GEE
to precipitation was 50% greater than the one observed for ER (slope = 1.539 g C
m?y" mmT'and 1.084 g C m?y"' mm™ for GEE and ER, respectively).
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The relationship between NEE residuals (legacies) and previous year precipitation
was not significant (R* = 0.041, P > 0.05. Fig. 9). A similar scenario was found for
GEE and ER legacies, where relationship between GEE and ER residuals were
also not correlated with previous-year precipitation (R?> = 0.016 and 0.031, for ER
and GEE, respectively P >0.05). In contrast, when data was at the seasonal-HEY
time-scale (Dec-May and Jun-Nov) current PPT explained only 34% of NEE
variability (Fig. 10a), and 95% and 85% for ER and GEE, respectively (Fig. 11a),
which were similar to annually-integrated C fluxes-PPT relationships. Residuals of
NEE, ER and GEE during the summer season were strongly correlated with the dry
season PPT that corresponds to winter PPT (First slope of Fig. 10b and 11b).
Precipitation of the winter season strongly controlled the C balance of the following
summer season. Hence, a wet winter enhanced C uptake (negative NEE) of the
2012 and 2014 summers, while dry winters decreased C uptake (from expected
precipitation) in 2011 and 2013. This occurred even though summer 2013 was the
wettest period of the four years (466.3 mm). In contrast, residuals of winter NEE
were not correlated with precipitation of the previous summer season, but C-fluxes
were more related to current PPT (Fig. 10a and second slope of Fig. 10b and 11b).
Slopes for ER and GEE for half HEY followed the same pattern than for whole
years. Ecosystem respiration responded slower than GEE to PPT, but the pattern
was most linear than hyperbolic as was hypothesized (Figure 11a). The difference
between slopes was more evident for residuals, where summer GEE rose faster to
winter PPT than ER (Fig. 11b).
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Figure 7.Seasonal and interannual variation of integrated NEE (black bars, g C m™
d™"), and cumulative NEE for each hydroecological year (HEY, dashed lines) and
across the calendar year (solid lines). Vertical solid lines represent the division

between calendar years, whereas dashed vertical lines stand for HEY divisions.

Figure 8.Linear relationship between annual precipitation and annually integrated

NEE (a) and NEE partitioned fluxes (GEE and ER) (b).
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Figure 9.Legacy effects of previous precipitation year. Points represent legacies
calculated with Eq. 9, and lines show the linear fitting between legacies and

previous-year precipitation.

Figure 10.a) Relationship between NEE and current PPT for half hydroecological
years (Dec — May, and Jun — Nov), and b) relationship between residuals of NEE-
current PPT model and previous half-HEY period PPT. White dots stand for
December-May period (winter-spring), and black dots stand for June-November
periods (summer-fall).
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Figure 11. a) Relationship between Ecosystem respiration (ER), gross ecosystem
exchange (GEE) and current half-hydroecological year PPT, and b) relationships of
residuals of ER and GEE and previous half-HEY period PPT. White dots refer to

winter-spring and black dots refer to summer-fall periods.

Environmental drivers

The modified light response curve (Eq. 8) at week time-step intervals explained >
60% of NEE variability for all years. The lowest correlation was observed in 2011
with a R?= 0.67 increasing along the years until reaching a value of 0.9 in 2014
(Fig. 12). Slopes < 1 for all years indicated underestimation of photosynthesis and

respiration, dampening the peaks of both fluxes.
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Figure 12.0bserved and modeled NEE fluxes for each year. Solid gray lines
represent the linear fit between observed and modeled NEE whereas the dashed

lines stand for the 1:1 relationship.

Apparent quantum yield (a) followed a similar course through time for all 4 years

(Fig. 13a). Maximum a values were observed at the peak of the growing season at
week 33 for 2011 — 2013 and week 27 for 2014 (-0.04267 %%, —0.0266 3%,
~0.0216 oo, and —0.024700%  for 2011, 2012, 2013, and 2014, respectively.
Mean values with BICs). All these values were lower than the mean alpha (a =
0.06 mol mol™"; Ehleringer and Pearcy, 1983) measured in C4 grasses at leaf level
at 30 °C. Notwithstanding the wet winter periods of 2012 and 2014, a did not
increase, in contrast with maximum photosynthetic capacity (Fig. 13b) and basal
respiration (Rp, Fig. 13d). Overall, 2014 showed an earlier increase of the
parameter response starting at week 20 with the largest Amax and Ry, of the four

years. .. Lower respiration rates were recorded in 2011 and 2012, however, they
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exhibited some similarity, e.g., stimulated by precipitation pulses as the ones
observed at the start of 2014.. The sensitivity of respiration to temperature (Q4o)
remained almost invariable around a value of 2 across time and did not differ
among years (Fig. 13c). Some peaks of Qo > 4 were likely a result of enhanced
respiration rates that followed precipitation pulses. Since these respiration pulses
are transient, lasting only for a couple of days, the time step of one week of the
analysis produced very large confidence intervals suggesting no significant

difference respect to the mean trend.

Figure 13.Seasonal and interannual variation of physiological parameters obtained
from the modified light response curve (Eq. 8). Points are weekly mean values * 1
S.E. of apparent quantum yield (a, a), maximum photosynthetic capacity (Amax, b),
respiration sensitivity to temperature (Q1o, ¢), and basal respiration at 15 °C (Ry, d).
Vertical dashed lines stand for the end of the hydroecological year (HEY, at week

48) and the beginning of the next year.
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Enhanced vegetation index (EVI)

The enhanced vegetation index showed a positive linear correlation with GEE,
explaining more than 70% of GEE variability (P <0.05, Fig. 14). The HOS test
showed differences in the response of GEE to EVI with the largest rate of change
observed in 2014 (19.83 + 0.92 g C m? d™' EVI™"), which was larger than 2012 and
2013, and similar to 2011 (15.3 + 1.38, 16.29 + 0.79, and 19.70 + 1.83 g C m? d”’
EVI', respectively). Years presenting winter precipitation showed a clear initial
larger slope during this wet period that stands out for the rest of the year (Fig. 14).
Ecosystem respiration also showed a positive linear relationship with EVI (p<0.05,
R?>0.70, data not presented), but the rate of change did not differ among years.
Even though NEE was significantly correlated with EVI (p<0.05, except for 2011),
correlation coefficients were overall low 0.58, 0.18, and 0.17, for 2014, 2013 and
2012, respectively. Whereas, length of the growing season was negative-linearly
correlated with annual NEE (p<0.05, R?=0.81), with a rate of change of -1.6 g m?y’
! of C uptake per additional day of growing season (Fig. 15).
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Figure 14.Relationship between Enhanced Vegetation Index (EVI) and gross
ecosystem exchange (GEE, g C m? d™) for eachr year. Points indicate weekly
means (1 S.E.), and lines are the lineal fittings. The shortest line with steeper
slope in light gray colour that stands out from the rest, describes the trend of the

relationship observed during the winter growing season of 2012 and 2014.
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Figure 15.Relationship between the growing season length (GSL, days) and the

annual net ecosystem exchange (NEE, g C m?y™).

Inherent water use efficiency

The semiarid grassland was more efficient for water use in 2012 (IWUE = 21.6
0.74 g C hPa / kg H,0) and 2014 (19.5 £ 0.83 g C hPa / kg H20) during winter and
spring, however IWUE was similar in summer among all years, except 2014 that
showed the largest IWUE values (maximum IWUE = 22.44 + 0.83g C hPa / kg
H,0O, Fig 16a). The grassland ecosystem reached highest efficiency at the middle
of the growing periods regardless of whether it was winter or summer (Fig. 16a).
The homogeneity of slopes analysis revealed that 2014 exhibited more water use

efficiency compared to the other years (F=97.04, p<0.05, Figure 16b).
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Figure 16.Seasonal and interannual variation of inherent water use efficiency
(IWUE, g C hPa / kg H2,0, means by week £ 1 S.E.). Vertical dashed line in plot
represents the division of hydroecological years (a). Relationship between the
weekly averaged GEE * VPD (g C m? d'hPa + S.E.) and ET (mm H,O d™' + S.E.)
for 2011 ___, 2012 _ _ _, 2013_.._, and 2014 .... (b). Only IWUE values for

growing periods are shown.

Discussion

Energy balance

The energy balance in the site underestimated the amount of total available energy
during the four years of the study; however, the energy closure was just slightly
below the mean reported by FLUXNET sites (0.79 + 0.01, Wilson et al. 2002; 0.84
+ 0.2, Stoy et al. 2013) with estimates ranging from 0.53 to 0.99 (Wilson et al.
2002). Lack of closure is a common problem in eddy covariance systems and it
has been recognized as some combination of; i) different footprints measured by
EC and radiation sensors, ii) low frequency transport (Malhi et al. 2005), iii) heat
storage above the heat flux plates, iv) convection and coherent structures effects
on coordinate rotation of anemometer (Foken et al. 2005), v) wave phase
differences between soil surface heat flux, net radiation, and turbulent heat fluxes
(Gao et al. 2010), vi) different eddy diffusivities for water, temperature and other
scalars, i.e., CO2 (Shaw 1985), and vii) all the error terms in the sonic vector
calculations are included into the vertical velocity (w) component (Frank et al
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2013). In this study, closure of energy fluxes improved as years became wetter
(higher fraction of LE) and with the addition of soil heat flux and storage, therefore
it is likely that the largest bias was caused by soil heat fluxes. Heat flux
measurements using soil heat flux plates just below the soil surface (buried ~1 mm
depth) increased the energy balance closure by 20% in a sandy desert
(Heusinkveld, 2004).

Environmental drivers

Solar radiation, measured as photosynthetic photon flux density, and air
temperature explained in the short time the largest proportion (>70%) of NEE
variability for the semiarid grassland (half hourly fluxes in a weekly scale). Both
climatic factorshave shown to largely contribute toNEE variabilityat the short-
temporal scalein a diversity of ecosystems from drylands to humid forests (Lal et
al., 2002; Gilmanov et al. 2010; Yi et al., 2010). Interestingly, diurnal peaks in NEE
were observed before the largest PPFD incidence (around midday), with larger C
uptake during the morning than after midday even when similar PPFD conditions
occurs, suggesting more water limitations in the afternoon (stomatal closure). This
hysteresis effect has been observed elsewhere and is owed to; 1) high air
temperature and VPD, and lack of available surface water produces stomata
closure and subsequent photosynthesis dampening, or 2) the stimulation of soil
respiration due to increased soil temperature that is out-of-phased from PPFD
driven rates of photosynthesis (Lasslop et al. 2012, Phillips et al. 2011). Some
reports indicate that grasslands around the world experience diurnal hysteresis
(Gilmanov et al. 2010). Also Delgado-Balbuena et al. (2013) reported the same
effect, however it was argued to be a consequence of the large abundance of
herbaceous plants, with Cs-metabolism and a trend for photorespiration at high
temperatures (~35 °C, as observed in summer) (Lambers et al. 2008). In this study
for 2012 and 2014, we also observed a massive germination and growth of
herbaceous Cj3 plants during the growing season; however, there was no evidence
of decreased apparent quantum yield and maximum photosynthetic capacity
(Figure 13), implying that additional growth in C3 plants did not contribute to the
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observed hysteresis. The use of the modified light-response model (Eq. 8)

incorporated the hysteresis effect.

Large uncertainty of ER estimation has been a common problem of different
modeling approaches and several ecosystems (Moffat et al. 2007, Yan et al. 2015).
Low correlation coefficients between ER and temperature, particularly in the dry
season, suggest that soil water content was the main ER driver, leaving
temperature as a secondary control when the ecosystem is not water limited. For
instance, Delgado-Balbuena et al. (2013) showed that both soil volumetric water
content (VWC) and air temperature acted as main controls for ER at monthly
scales. The inclusion of VWC as additional factor for the light response curve of
this study did not improve ER estimates. Soil water content was correlated with
nighttime NEE (=ER) at larger time-scales (e.g. weakly) as used for light-response
curves (Fig. A5) and the relationshipwas strongest in humid conditions. EVI
however, as a proxy of plant biomass, was more correlated to ER than the one
observed to VWC (Table A2), and both variables explained more than 80% of
nighttime NEE variability for all years (Fig. A5). This implies that in this semiarid
ecosystem during the growing season, either; 1) autotrophic ER component was
dominant, or 2) root exudates stimulated the heterotrophic ER component. In this
way, soil moisture exerted an indirect control that stimulated soil microorganisms
activity at short-time scales making nutrients available and also triggering delayed
plant (Vargas et al. 2010). The paradigm of temperature as main driver of soil
respiration has been recently challenged in several studies, suggesting that
nutrients (Huang et al. 2015), soil organic matter quality (Billings and Ballantyne,
2013), and plant biomass (Chen et al. 2014) are the key controls of soil respiration
rates (biotic factors). This notion was supported when the light-response curve was
fitted to monthly time steps using EVI as an additional variable. The model
explained >60% of NEE variability, which was slightly lower than the model using

weekly timesteps (data not shown).
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Implications for the use of whole day data in light-response curve models

Several modifications to the light response model have been carried out since
Ruimy et al. (1995) first proposed it. Including the addition of temperature into the
respiration model considers the diurnal variability of ecosystem respiration as a
function of the diurnal cycle of air or soil temperature. This is an improvement to
the model because respiration is not constant throughout the whole night but varies
with temperature. However, the model does not address the differences in daytime
and nighttime respiration rates when 1) ER is overestimated at daytime because of
light inhibition of leaf mitochondrial respiration (Kok effect, Heskel et al. 2013), 2)
high VPD reduces photosynthesis, however it is interpreted by the model as an
increase of respiration, overestimating ER at the time when it is extrapolated to
night time, and 3) photosynthates allocation from shoots to roots is a delayed
process that positively impacts ER at the end of the day (Vargas et al. 2011),
further stimulating ER, but results in a potential bias during the night. These
phenomena were likely observed at the site for all four years as a slight peak of
positive NEE (efflux) just before falling the night (18:00-19:00 h, Fig. 6). By using
the whole day NEE to fit the light-response curve we likely adjusted for differences
between daytime and nighttime ER; nevertheless, ER was underestimated in all

years (Figure 12).

NEE responses to PPT

The semiarid grassland showed a large range in interannual NEE. The ecosystem
behaved as C source (1017.3and 299.7 kg C ha' y', for 2011 and 2013,
respectively), sink (-1040 Kg C ha™' y', 2014) and almost neutral (-31.5 kg C ha™ y’
' 2012) during the study period. These annual C flux rates are low but are in the
range of values reported for other grassland ecosystems including from the short
grass to tall grass (+400 to -800 g C m? y', Novick et al., 2004), and just in the
range of other semiarid grasslands (-164 to 210 g C m-2 y-1, Emmerich, 2003,
Mielnick et al., 2005, Archibald et al. 2009, Rajan et al., 2013). Annual carbon
balance differences among years resulted from the large differences in both annual

total precipitation as well as precipitation distribution (Figs. 4, 5). In examining the
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role of precipitation closer, we had a precipitation gradient going from the lowest
(2011) to almost the wettest in modern records (2013 and 2014). In addition, we
also observed distinctive precipitation distributions with two years exhibiting dry
winters (2011 and 2013) and two years with wet winters (2012, 2014). In synthesis,
highest C emissions were recorded during the drought year (2011); however, the
other year with a dry winter (2013) also contributed with 300 Kg C ha™ y™ to the
atmosphere despite of having the highest precipitation record during the study (Fig.
4). While years with wet winters behaved as either a neutral (2012) or as C sink
(2014), in this last case capturing around 1 ton C ha y'. Thus, in a broad temporal
view balancing wet and dry years, this semiarid grassland comply more to a neutral

system agreeing with global trends for grasslands (Novick et al., 2004).

Precipitation legacies

Since we argue that precipitation is the main driver of interannual productivity, then
it should also control C fluxes in dryland ecosystems. In our site, NEE was
negatively related to annual precipitation with highest C capture occurring in the
wettest years (Fig. 8), while GPP and ER were positively related to annual PPT
displaying highest rates in wettest conditions. Still, examination of annual C
balances in relation to previous years precipitation showed that two drought years
(2010 and 2011, the last being the most severe drought in the past 70 years) did
not appear to negatively affect C uptake for 2012 (Fig. 7). In fact, these previous
dry years apparently stimulated C uptake by the grassland, contrary to
expectations from our H, (Fig. 9a). In opposition, the C balance for 2013, the
wettest year, that was preceded by an average precipitation year turned out to be a
small C source (30 g C m?y”, Fig. 7). Whereas, a wet to wet transition from 2013
to 2014 contributed to enhance C uptake in 2014, which is more in agreement with
the positive PPT — C balance effect (H2, Sala et al., 2015). Discrepancies that
have been reported between spatial and temporal scales of the productivity-PPT
relationship have being attributed to legacy effects. Precipitation legacy
hypotheses proposed carry over effects of precipitation from one year to the next

either reducing or enhancing current year relative to expected productivity
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estimated with current year precipitation. In this study, when analyzing residuals
(legacy effects) of C balance (NEE, GEE and RE) - annual PPT relationship,
resulted in non-linearly correlated when using previous year PPT as it should be

expected from legacy effects hypothesis 1 suggested by Sala et al. (2012) (Fig. 9).

However, when PPT legacy effects were considered at seasonal scale, winter PPT
showed a negative relationship with summer C balances as was hypothesized
(H1); in contrast, winter C balances were not responsive to the preceding summer
PPT (Figure 10). Similar close relationships were observed on NEE components,
as GPP and ER maintained a close relationship to preceding winter PPT (Fig.
11).Winter precipitation in these predominantly summer-rain ecosystems turned
out to be more important than thought, based on the average 6% of winter rain

contribution to the total annual precipitation.

According to these results, wet winters promote C uptake in the following summer
as postulated by the wet to dry transition (H2, Sala et al., 2013). For instance, the
very wet winters of 2012 and 2014 promoted net C uptake in the following dry and
wet summers, whereas the small winter precipitation of 2011 and 2013 diminished
C uptake for the following summers (2011 and 2013). This response corresponds
to the hypothesized (H3) switch from dry to wet conditions (Sala et al., 2013). The
effects of these legacies are likely related to changes in green biomass and plant
cover. For instance, the enhanced vegetation index (a surrogate of green biomass)
showed a quasi-continuum period of growing vegetation, all the way from the
occurrence of winter rain to the beginning of summer PPT (Fig. A4). Also, basal
EVI values (A parameter of summer curves of Eq. 4, Table A1) were higher when
they were preceded by a winter growing period, indicative of remnant green/active
vegetation. The lowest A, observed between the summers of 2012 and 2013 (as
no winter growing season was observed) can be interpreted as the full senescent
vegetation state. During this period, the basal EVI was lower than that observed in
2011, likely as a consequence that senescent leaf biomass reflecting more
radiation than bare soil as was observed in spring 2011 as a result of plant cover

lost. These results agree with Sala et al. (2012) and others (Reichmann and Sala
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2013, Reichmann et al., 2012) that suggest the legacy precipitation effects are a
consequence of structural and community composition changes. Larger shoot and
root biomass as well as plant recruitment after a wet year persists and then assist
for a better exploitation of resources on the next year, in contrast to dry years that
cause biomass lost due to plant mortality and slower plant growth. Another
evidence for precipitation legacies comes from previous studies at this site showing
slight correlation of plant cover with winter PPT, but null relationship with annual or
summer PPT (Aguado-Santacruz, 1993). Reports on other semiarid grassland
sites, have showed strong correlation between winter PPT and productivity
(Robertson et al., 2008), while Robertson et al. (2010) also exhibited control of

winter PPT on grass cover density in the same ecosystem.

What are the possible mechanisms that explain this clear effect on productivity due
to this small amount of rain that is received when the vegetation is dormant? The
strong seasonal characteristics of native grasses from semiarid grasslands,
contributed to the evolution of mechanisms of carbohydrates translocation from
shoots to crown and roots before entering dormancy of the aboveground biomass
at the end of summer and early fall at the end of November, used as criteria to set
the hydroecological years; Sarath et al. 2014). First, this mechanism prevents
dehydration that could lead to grasses death in a prolonged drought. The amount
of reserves will depend on the amount of humidity from the preceding winter-spring
period since that would greatly determine productivity the next growing season
because these reserves are used for refoliation (Volaire and Norton, 2006).
Bouteloua gracilis, the dominant species of the semiarid grassland, withstands
seasonal drought through an incomplete dormancy or partial senescence
(Arredondo, personal communication) leaving active green tissue at the tussock
base. This characteristic also observed in other grass species (Volaire and Norton,
2006) allows rapid plant responses following a rain pulse. Thus, it is likely that
winter rains acts as a mechanism to “ameliorate the decaying of physiological
conditions” permitting grasses to maintain their meristems alive for up to 6-7
months of drought. At the same time, it allows grasses a rapid refoliation response

after summer precipitation starts.
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These differences in the refoliation response to the start of PPT were evident with
the parameters of Eq. 4 that describe the rate of change of EVI (interpreted here as
refoliation rates), in the transition from senescence to the peak of the growing
season (dt, and the slope of the curve at t,, Table A1). Here, refoliation rates for
the 2011drought period and for the two wet winter periods in 2012 and 2014,
showed 5-fold lower rates than the ones observed for the summer-growing
seasons of 2012 — 2014. Rates of change for winter EVI likely were also limited by
temperature or other environmental factors (e.g. amount of PPT, temperature)
since summer EVI slope in 2013 was large, similar to summer 2012 and 2014 even

when winter rains were almost absent.

Dynamics of soil water content at 15 cm depth are another factor that may be
implicated in differences of C balances among years. Winter precipitation in 2012
and 2014 was large enough to recharge deep soil layers, to the point that it was
available for plants at depths were grasses have their largest root biomass
(between 10 and 30 cm; Medina-Roldan, 2007; Delgado-Balbuena et al., 2013). In
addition to promote plant growth in winter-spring seasons, winter PPT contribute to
maintain VWC at lower stresslevels for plants (e.g. above 10%), likely helping to

the large refoliation rates as discussed above.

Soil biogeochemical changes between dry-wet or wet-dry transitions are other
plausible causes of precipitation legacies in this ecosystem. Soil nutrients
particularly nitrogen are scarce in semiarid grasslands (Lauenroth and Burke,
2008) and their availability is also controlled by soil water (directly related to
precipitation). The dynamics of soil nitrate (NO3’) content in our site shows an
increase at the end of the summer growing season, whereas ammonium (NH4")
decreases (Mufioz-Flores et al., 2014). Nitrogen mineralization is not dependent on
soil moisture but its mobilization, thus NO3™ accumulates in the soil during drought.
No evidence for this legacy mechanism was found for winter — summer seasons
(or is negligible respect to structural changes), but a slight effect is likely to occur
from summer to winter seasons (Fig. 10ab). Accumulation of nitrate in soil during

droughts and between summer-winter periods serves to increase efficiency of
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green biomass to fix C as was observed in the 2-fold larger slopes of EVI-GEE
relationship in winter 2012 and 2014 (largest slopes of Fig. 14). This higher C
uptake per EVI unit was due to the maximum photosynthetic capacity (Amax) of
winter that was similar to the one achieved in summer 2011 — 2013 (Fig. 13b) even

when winter EVI peaks are half and a third of summer peaks .

Moreover, a high inherent water use efficiency (IWUE, Fig. 16a) in winter appears
to be related to a larger N availability, as a consequence of major plant investment
in their photosynthetic apparatus rather than in reductions of water loss as was
evidenced by the high Amax (Ripullone et al., 2004). Thus, since maximum
photosynthetic capacity and IWUE are plant traits linearly related to leaf nitrogen
content (Lambers et al., 2008; Livingston et al., 1999), these results suggest a
nutrient mediated slight negative legacy precipitation effect of wet summers to
winters that is in agreement with linear negative hypothesis of Sala et al. (2012).
The opposite trend for the slopes (no statistically significant) between summer
season PPT — winter C fluxes (positive for NEE and negative for GEE and ER, Fig.
10b and 11b) describe this legacy effect. Also, the fast revegetation rates reported
for summer 2013 were likely influenced by nitrogen accumulation in soil after six
months of drought. We can conclude that is likely that biogeochemical legacies
operate in this ecosystem, but structural vegetation changes (in leaf area) are
dominant and mainly determine the dynamics of PPT — C balance response in the

semiarid grassland.

Shorter than one year precipitation legacies observed in this study are in
agreement with other studies; for instance, Craine et al. (2012) reported short-
lasting effects of drought and heat waves on productivity of a humid grassland (<4
months for the former and 25 days for the last) with no clear effects at the end of
the growing season. In another study in the mixed-praire, precipitation has the
strongest effects on NDVI just after 40 days (Li and Guo, 2012). Jobbagy et al.
(2002) on the other hand, showed two months delay of PPT legacies on above
ground net primary productivity (ANPP) on a semiarid steppe. Robertson et al.

(2010) also observed PPT legacies from previous winter season on density and
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species richness on a semiarid grassland of the Chihuahuan Dessert. Considering
species characteristics, B. gracilis can recover photosynthetic capacity within 24h
from a prolonged interpulse PPT period (Thomey et al., 2014) and it is also able to
initiate new root growth just 48h after PPT occurrence (Medina-Roldan et al.,
2013). Thus, the dominant species at our site has the capacity of a fast recovery to

long lasting droughts.

Precipitation legacies: NEE components

Even when annual balances of GEE and ER were strongly correlated with APPT,
similar to NEE balance, they were better explained at seasonal rather than annual
time-scale. Thus, winter precipitation controlled GEE and ER balance of summer
(agreeing with our H4), suggesting the capability of the ecosystem to response to
rapid (seasonal) changes in the environmental drivers. We attribute to similar
mechanisms of structural changes and soil nutrient accumulation for the effect of
PPT legacies on GEE and ER, with larger effects on the autotrophic component of
ER. This is inferred from the stronger correlation observed between ER, basal
respiration (R,) and EVI than the relationship with soil volumetric water content
(data not shown), suggesting a strong control of ER variability by root biomass, and
photosynthates allocation from shoots to roots (Vargas et al., 2011). Gross
ecosystem exchange was more sensitive to current PPT than ER as was
hypothesized (H5), and this difference was even larger for the PPT legacy effect
(three-fold larger, Fig. 11b). Both GEE and ER were more linearly related to
seasonal PPT and previous-seasonal PPT contrary to the asymptotic response
that was expected for GEE as suggested by other studies (e.g. Shi et al., 2014).
Differences in sensitivity to PPT are consequence of asymmetric control of
environmental drivers on fluxes. Even though ER is controlled by soil water
availability, this process is less sensitive to a precipitation reduction due to the
strongest control (i.e. the heterotrophic component) of C from recalcitrant soil
organic matter that changes very slowly (Medina-Roldan et al 2008, Schmidt et al.
2011). For example, Shi et al. (2014) showed that ER is less sensitive to a

precipitation decrease because it only responds to long-term controls. Thus, a
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significant heterotrophic ER reduction would occur only after a multi-year drought
that could reduce soil carbon (a source limiting effect). In this semiarid grassland,
only slight soil C reduction has been observed after decades of plant cover change
(Medina-Roldan et al. 2008).

Several studies have repoted the role of winter precipitation in productivity and ER
in arid ecosystems with summer season PPT. For instance, Chimner and Welker
(2005) ina mixed grass prairie with B. gracilis as the dominant summer (C4) grass,
obtained larger summer ER rates followingaddition of PPT or snow in winter. More
recently, Verduzco et al. (2015) found high relationship between the amount of
winter precipitation and ER, whereas ecosystem productivity was more related with
summer PPT in a tropical dry forest in the North of Mexico.In addition, Li et al.
(2015) showed a high dependence of growing season NDVI of previous year
fall/winter PPT in a arid-semiarid desert. These studies coincide with our general
findings,however our results clearly demonstratedand quantitatively determinedthe
contribution of winter PPT to summer net ecosystem productivity (as NEE=NEP).
We showed that both ER and GEE are largely controlled by winter PPT. On the
other hand, using the approach of Sala et al. (2012) with Eqg. 9, we confirmed the
PPT legacy hypothesis but with the legacy mechanisms operating at seasonal
scales, in contrast with the annual scales as have been proposed (Reichmann et
al., 2013).

Conclusions

Carbon fluxes in the semiarid grassland showed high diurnal, seasonal and
interannual variability. Changes in C flux rates were controlled by environmental
variables (solar radiation and temperature) at short time scales, whereas were
driven by changes in biomass at longer time-rates. We demonstrated that there is
a legacy between the summer C balance and the previous winter precipitation;
however, there is not a significant precipitation legacy of summer to the next
winter. Also, we argued that these legacy effects are driven by changes in the
structure of the ecosystem as an indirect response of soil water availability, such

as an increase of biomass and leaf area from EVI data was observed after large
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winter precipitation, with biogeochemical changes as secondary drivers (e.g. soil
nitrogen accumulation after drought). The strong relationship between winter
precipitation and the C balance found in this study is highly relevant for the tropical
semiarid grasslands under climate change scenarios. Global circulation models for
this ecosystem forecast 10% and 20% reduction for summer and winter
precipitation, respectively, and 3.0 - 3.5 °C increase of mean air temperature for
the end of the 21st Century (Christensen et al. 2007). Notwithstanding
aboveground productivity between 100 - 800 g DM m™ reported for semiarid
grasslands is low compared to mesic and humid ecosystems, still these
ecosystems allocate 75-90% of their total productivity belowground in the form of
root biomass (250-1000 g DM / m2; Gibson, 2009, Medina-Roldan et al., 2007),
contributing to the formation of large organic and inorganic C pools in soils (15 to
110 Tha™', Schlesinger, 1985). Mobilization of this C could be increased due to
precipitation patterns. In regard to results presented here, we can expect more C
release under summer PPT reduction scenario that will be potentiated by the larger

reduction of winter precipitation.

Appendix

Phenological phases calculations with EVI

w_da_ Ty 2(AZ-AZ)z+D - Az-AZ)dtP(z+D)")" (Ea-A1)
O et I L[~ -A))
dt(z +1)°
7=e (t-t0)/dt

Where K is the curvature of the function (Eq. 10).

(A=A 67 (A-A) 67°(A-A)
dt*(z+1)?>  dt’(z+1)°  dt*(z+1)*
(A=A )

dt’(z +1)*

K'=
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3 22° (A - A) 42°(A-A) Y228 (A -A)  2(A-A)
dt®(z+1)* dt®(z+1)° dt’(z+1)°%  dt?(z+1)?
Z(zZ(Ao -A)’ +1}
dt®(z+1)*

J(Eq. A2)

Figure A 1. Linear relationship between annual precipitation and annually

integrated NEE (a) and their partitioned fluxes (GEE and ER, b) by calendar years.
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Figure A 2. Linear relationship between previous-year precipitation and residuals of
current-year PPT - integrated NEE relationship (a) and their partitioned fluxes
(GEE and ER, b) by calendar years.

Figure A 3. Cumulative seasonal precipitation, where w stands for winter and s for

summer season.
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Figure A 4. Enhanced vegetation index (EVI, uniteless) values for the entire

measurement period. DOY stands for day of year since 01/01/2011.

Table A 1. Calculated parameters for EVI curves from Eq. 10. AO stands for basal
EVI, A1 is the maximum EVI, t0 is the center of the curve (date), dt is related to the
slope of the curve with larger slopes indicating shallower curves, and slope at t0 is
the calculated slope at the center of the curve (EVI/day). Values are means * 1
S.E. Uppercase acronyms after year mean S for summer and W for winter
seasons, and lowercase s and e stand for the start and the end of the growing

seasons, respectively.

Year Ao A, to dt Slope t,

2011-Ss  0.117 +£2.99E-03 0.199 *4.15E-03 08/07/11 £+4.75 34.00 +5.17 6.00E-04
2011-Se 0.125 +2.10E-03 0.195 *2.20E-03 22/11/11 £+2.15 -15.03 +2.05 -1.16E-03
2012-Ws 0.126 +9.48E-04 0.155 +1.23E-03 23/02/12 +1.87 10.74 +1.78 6.72E-04
2012-We 0.134 +3.14E-03 0.154 +8.72E-03 22/04/12 -0.29 -1.64E-02
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2012-Ss 0.123 +7.50E-03 0.312 +£9.09E-03 06/07/12 +2.48 18.84 +2.85 2.50E-03
2012-Se 0.107 +2.17E-03 0.310 +5.15E-03 15/10/12 +1.68 -21.69 +1.48 -2.34E-03
2013-Ss 0.110 +£2.42E-03 0.288 +2.78E-03 21/06/13 +£1.22 18.41 +1.24 2.41E-03
2013-Se 0.130 +2.67E-03 0.301 +5.18E-03 06/11/13 +1.67 -18.81 +1.59 -2.27E-03
2014-Ws 0.132 0.152 17/02/14 8.52 5.72E-04
2014-Ss 0.143 +2.05E-03 0.360 +2.71E-03 10/06/14 +0.78 14.96 +0.73 3.62E-03
2014-Se 0.088 + 1.31E-01 0.361 +4.29E-02 11/10/14 +20.77 -25.36 +18.2 -2.68E-03

Figure A 5. Bivariate relationship among weakly means of soil volumetric water

content (VWC, v/v) at 2.5 cm depth, enhanced vegetation index (EVI), and
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nighttime NEE (g C m-2 s-1). The plane describes the fitting of the model
NEEnighttime = y0 + a*VWC + b*EVI. Parameters of models in Table A2.

Table A 2. Calculated parameters for bivariate curves among soil volumetric water
content (VWC, v/v) at 2.5 cm depth, enhanced vegetation index (EVI), and
nighttime NEE (g C m s'1) in the form, NEEngntime = Yo + @*VWC + b*EVI. All

regressions were significant at a = 0.05.

Year Parameter Mean +S.E. t P R?

Yo -0.215 0.503 -0.427 0.6724 0.78
2011 a 9.878 1.329 7.433 <0.0001

b -0.728 3.491 -0.209 0.8364

Yo -1.093 0.087 -12.617 <0.0001 0.9
2012 a 3.919 0.825 4.749 <0.0001

b 8.929 0.561 15.903 <0.0001

Yo -0.904 0.110 -8.197 <0.0001 0.9
2013 a 5.276 0.722 7.307 <0.0001

b 7.964 0.802 9.925 <0.0001

Yo -1.226 0.152 -8.049 <0.0001 0.89
2014 a 2.274 0.859 2.647 0.0110

b 11.615 0.750 15.484 <0.0001
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Chapter 2

Drivers and dynamics of CO, fluxes following precipitation events in the

semiarid grassland

Keywords: Priming effect, Birch effect, net ecosystem exchange, ecosystem respiration,
gross ecosystem exchange, eddy covariance.
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Introduction

Arid lands comprise a wide range of ecosystem types covering more than 30% of
terrestrial land (Lal, 2004). These ecosystems share a main characteristic; annual
potential evapotranspiration is greater than annual precipitation due to atmospheric
high pressure zones (Hadley cells), continental winds, cold ocean winds and
orographic effects (rain shadow effect) that reduce the rainfall amount (Maliva and
Missimer, 2012). Precipitation (PPT) usually occurs as infrequent, discrete and
largely unpredictable events (Noy-Meir, 1973; Loik et al, 2004). This results in
water-limited ecosystems where biological activity is restricted to periods of water
availability (Lauenroth and Sala, 1992). In consequence, the productivity and
stability of these ecosystems are more likely prone to changes in climate, in
particular, changes to the historic amount and periodicity (frequency) of mean

annual precipitation (MAP).

Precipitation patterns are defined by the characteristics of individual PPT events in
terms of its magnitude (size of PPT event) and its frequency (inter-event time
period) (Loik et al.,, 2004). Dry ecosystems share PPT patterns that are
characterized by small PPT events < 5 mm d" with short inter-event periods (<10
days) (Loik et al., 2004). The quantity of PPT fundamentally influences grassland
ecosystem productivity (Hao et al.,, 2010). An increase in the amount of
precipitation above the mean annual precipitation (MAP) on wet years enhances
both ecosystem productivity and respiration, favoring carbon (C) sequestration. In
contrast, reduced PPT suppresses both of these fluxes resulting in a net C loss
(Knapp and Smith, 2001; Wu et al., 2011). Changes of precipitation patterns (i.e.
timing) on the other hand, act differentially on C uptake and respiration processes,
which are dependent on vegetation type and soil characteristics (Bates et al., 2006,
Robertson et al., 2009). For instance, larger and more infrequent PPT events
reduce both productivity (<10%) and soil respiration (<16%, in both autotrophic and
heterotrophic fractions) in a mesic grassland (Knapp et al., 2002). In contrast,
more frequent but smaller PPT events with short inter-event periods favored C

uptake in a semiarid grassland within the Chihuahuan Desert (Robertson et al.,
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2009).

For short-term responses, carbon and nitrogen mineralization rates increase
following a PPT event, as a result of soil microorganisms becoming active with the
increase of soil water content (Turner and Haygarth, 2001). This “priming effect”
(Borken and Matzner, 2009) also called the Birch effect (Birch, 1964), describes
the soil carbon released mainly from heterotrophic sources to the atmosphere
following soil rewetting, as a result (and possible combination) of several
processes that include; 1) deterioration of soil aggregates caused by drying and
rewetting cycles that expose organic substrates not previously available for
biogeochemical activity (Huxman et al., 2004), 2) decomposition and releasing of
nutrients from death soil microorganism due to the effects of drought (Jarvis et al.,
2007), and 3) releasing of intracellular osmolytes that were accumulated by soil
microorganisms under drying conditions for osmotic protection (Killham and
Firestone, 1984), but that are released after wetting up to avoid cellular lysis
(Halverson et al., 2000). All these processes make available a large amount of
labile C and nutrients that stimulate immediate microbial and fungal hyphae
biomass growth after soil wet up. In addition, replacement of CO, enriched soil
pore spaces by infiltrated water also enhances soil C efflux following a PPT event
(Huxman et al., 2004a).

Size and timing of PPT events also have shown to modify the magnitude and
duration of the Birch effect by modulating soil wet-dry cycles. The size of a
precipitation event may determine the temporal duration and the biota components
that is stimulated (Huxman et al., 2004a), and thus, defines the magnitude and
direction of CO, efflux (Chen et al., 2009). It is not clear however, how different
size PPT events influence CO, flux responses. Overall, small precipitation events
(e.g., 2 mm) that induce changes in soil humidity at the soil surface do not induce
plant growth but activate soil microorganisms, i.e., the biological soil crust (BSC;
Collins et al., 2008). For instance, PPT events <10 mm d'ona short-grass steppe
promoted only net loss of C by soil respiration. It is unclear however if the ‘lower’

threshold is biological meaningful, or if becomes just a detection limit. In contrast,
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larger events resulted in C gain because plant photosynthesis was activated
(Parton et al., 2012). On the other hand, the preceding soil condition (i.e. the soil
respiration rate and soil moisture before the PPT event) in the ecosystem also
controls the magnitude and duration of C flux. Carbon mineralization rates are
sequentially reduced with successive rewetting cycles as the amount of available
organic labile carbon declines due to plant and microorganisms uptake on
favorable soil water conditions (Jarvis et al., 2007). Thus, precipitation events after
long drought periods (several months in seasonal ecosystems) may trigger large
soil respiration episodes compared to consecutive PPT events (e.g. inter event-
periods <10 days), because long lasting droughts allow accumulation of labile C
and nutrients in soils, as plants and microorganisms do not have access to them

because of limited water availability (Reichmann et al., 2013).

At the ecosystem scale, ecosystem respiration (ER) that includes soil respiration
(autotrophic and heterotrophic) and above ground plant respiration, both
maintenance and growth respiration (Randerson et al., 2002) is also affected by
the processes described above. In general, deserts and grasslands have shown
larger CO, efflux rates after rewetting compared to other temperate ecosystems
and croplands (Kim et al., 2012). Thus, ecosystems can turn into net C sources
after rain events, because ER is stimulated immediately (Huxman et al., 2004a).
Field observations in an oak and C; grass savanna reported between 60 and 80-
fold increase of the basal respiration rate (Xu et al., 2004) after PPT events.
However, there was only 0.5-fold increase reported for a controlled experiment in
semiarid C4 grassland (Thomeyet al., 2011). The dynamics of the net ecosystem
exchange, the balance between ER and the gross ecosystem exchange (GEE)
depend also in the amount of the rainfall event. For instance, a small PPT event
only stimulate ER derived from microorganisms located directly on or beneath the
soil surface, resulting in a net C loss. In contrast, large precipitation events trigger
plant responses (increase GEE) turning the ecosystem up in a net C sink (Huxman
et al., 2004a). This suggests that daily precipitation size and distribution are key
factors that modify the C balance of arid and semiarid ecosystems (Kim et al.,

2010) that on the other hand, are not considered in current modelling approaches.
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The characteristics and dynamics of short-term C fluxes induced by PPT events
were addressed by Ogle and Reynolds (2004) into their “Threshold-Delay” model
(T-D model) where they argue for a low and upper threshold based on PPT event
size corresponding to stimulation of biota responses (the threshold component of
the model). Precipitation events smaller in size than a PPT threshold does not
promote any respiration or plant photosynthesis response (low level). In contrast,
PPT events larger than the upper threshold saturate the respiration or
photosynthesis response; however this will be a function of the physiological
characteristics of plant-microorganisms functional types or soil structural
constraints. The T-D model also suggests that plant-microorganisms functional
types respond differently in magnitude, and their responses are separated in time
(a delay component in the model). Moreover, the model also includes the effects of

previous conditions of the response variable (C flux, Fig. 1a).

The T-D model may be used to describe short-term ecosystem scale processes
such as net ecosystem C exchange (NEE) at diel timescales, when it is affected by
a PPT event. Huxman et al.,, (2004a) related in a conceptual framework the
dynamics of the NEE and its components with characteristics that can be
described with parameters of the T-D model (Fig. 1b). According to Huxman et al.
(2004a), the affect of the precipitation on ecosystem C fluxes is based on the
relationship among PPT amount, depth of PPT infiltration, spatial separation of
roots and microorganism across the soil profile, and lag times between the soil
microorganism and plant mediated processes. Similar to the T-D model, GEE and
ER also have different PPT event size thresholds, with ER responding to smaller
PPT events; and again it is unclear if these thresholds are biologically meaningful
or whether they are just a detection limit. In addition, both GEE and ER have
asymptotic responses to large PPT events (the upper PPT thresholds), being the
upper ER threshold lower that in GEE.
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Figure 1. The Threshold-Delay model (Ogle and Reynolds, 2004). a) The
magnitude of the increase in the response variable (At, e.g. carbon flux, y;) is
determined by the size of PPT event and by the previous state of the response
variable. The decreasing rate of the response following the stimulus is denoted by
—k. The low PPT threshold (R") indicates the minimum size PPT event to stimulate
a response, and the upper PPT threshold (R") indicatesPPT events that do not
cause additional increment in the response variable. The time interval between the
stimulus and the response is described by 1. b) The response of the net ecosystem
exchange (NEE), that is the balance between the gross ecosystem exchange
(GEE) and ecosystem respiration (ER), vary in response to changes of GEE and
ER. According to the T-D model, GEE and ER have different PPT thresholds
(doted band and mesh stand for effective PPT events size for ER and GEE,
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respectively), with ER responding to smaller size PPT events than GEE, therefore,
small PPT events favor C release whereas large PPT events stimulate net C
uptake by the ecosystem. Differences of time responses between soil
microorganisms and plants to soil wet up led GEE and ER to differ in time delays
(1), with shorter time delays for ER than GEE (Huxman et al., 2004a). The
hypothetical curve for NEE and its components was calculated introducing arbitrary

parameters in the T-D model equations of Ogle and Reynolds (2004) (Eq. A1-A3).

The semiarid grassland in Mexico is characterized by small PPT events with > 60%
of the annual PPT events being < 5 mm d”' (Unpublished data). In addition,
precipitation is characterized by short inter-event dry periods (inter-event periods <
10 days), but also include long dry periods lasting from six to nine months. These
long dry periods may allow for nutrients and C resources to accumulate in soils,
becoming available with the first summer rains. Thus, small size PPT events are
likely to activate BSC on the soil surface covering up to 60% of plant interspaces
(Concostrina-Zubiri et al., 2014), stimulate ER instead of C uptake, particularly after
long dry periods (between wet-dry seasons). Bouteloua gracilis the keystone
species in the semiarid grassland of Mexico (Medina-Roldan et al., 2007, 2013)
may contribute however, to C uptake considering its adaptations to small PPT
(Sala and Lauenroth, 1982). This is specially important since global circulation
models forecast a 10% and 20% reduction of summer and winter precipitation,
respectively at the end of the 21%' Century (Christensen et al., 2007). Moreover,
while these forecasts a predict fewer PPTs events, they also predict these events
depositing more precipitation per storm (Solomon et al.,, 2007, Easterling et al.,
2000).

The objective of this study was to evaluate the effect of PPT patterns (periodicity)
and magnitude of individual PPT events on daily ecosystem C balance (NEE) for
the semiarid grassland in Mexico. Over a four year study period, we examined
event-based PPT amount, the period between PPT events, a priori daytime NEE
rate and a priori soil moisture content as the main drivers of daily mean NEE

change rate. Because we were interested on short-term NEE change and its
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components, only short-term NEE change within days following a PPT event were
evaluated. Effects on daily mean GEE (GEE = -NEE + ER) was also evaluated at
the beginning of the growing season. Based on the T-D model (Ogle and
Reynolds, 2004), we expected that; 1) semiarid grassland should exhibit a quick
response (short time-delay) to PPT events through positive NEE fluxes (C release,
H1), 2) even small PPT events (<56 mm) should positively enhance the daily mean
NEE rates (Low PPT threshold, H2). However, ER and GEE should differ in their
time response and PPT thresholds, with shorter time-delays and lower PPT
thresholds for ER than GEE (H3). This response is based on the fact that small
PPT events should enhance ER mainly through heterotrophic respiration of soil
surface microorganisms that are activated within one hour after wet up (Placella et
al., 2012), whereas larger PPT events are required to reach roots at deeper soil
profiles and plants require longer times for growing. Finally, we expected that, 4)
the daily NEE rate change should be determined by the size of the PPT event, but
the response should be modified by the previous soil moisture condition or

previous NEE rates of the ecosystem as predicted by the T-D model (H4).
Materials and methods

Site description

The study site is located on a shortgrass steppe, within the Llanos de Ojuelos
subprovince NE of Jalisco state, Mexico. The shortgrass biome in Mexico extends
from the North American Midwest along a strip that follows the Sierra Madre
Occidental through the Chihuahuan Desert into the sub-province Llanos de
Ojuelos. Vegetation is dominated by grasses, with Bouteloua gracilis H.B.K. Lag
ex Steud (blue grama) as the key grass species, forming under well preserved
conditions near mono-specific stands. The region has a semiarid climate with
mean annual precipitation of 424 mm + 11 mm (last 30 years, unpublished data)
distributed mainly between June and September and exhibiting 6 to 9 months of no
rain. Winter rain accounts for < 5% of the total annual precipitation (Aguado-
Santacruz, 1993, Garcia, 2004). Mean annual temperature varies between 17.5 +

0.5 °C, with mean temperature extremes ranging from 2.2°C for the coldest to 26.8
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°C for the warmest month, respectively. The topography is characterized by
valleys and gentle rolling hills with soils classified as haplic xerosols (associated
with lithosols and eutric planosols), and haplic phaeozems (associated with
lithosols) (Aguado-Santacruz, 1993). Soils are shallow with average depth of 0.3-
0.4 m containing a cemented layer at ~ 0.5 m deep, with textures dominated by
silty clay and sandy loam soils (Aguado-Santacruz, 1993, COTECOCA, 1979).

The study site is a fenced area of ~64 ha of semiarid grassland divided into 16
paddocks of ~4 ha that are subjected to different grazing regimes and fire
management. A 6 m high tower was placed at the center of the area of interest to
support carbon-energy flux measurements and meteorological instruments as well.
That location allowed an ever-changing and integrated measurement footprint of
320 m, 410 m, 580 m, and 260 m from the tower according to the N, E, S, and W
orientations, respectively. Eddy covariance instruments were placed at 3 m high to

cover a fetch of 300 m.
Meteorological and soil measurements

Meteorological data was collected continuously at a rate of 1 s and averaged at 30
min intervals using a datalogger (CR3000, Campbell Scientific Inc., Logan, Utah).
Variables measured included; air temperature and relative humidity (1000 Q PRT,
HMP45C, Vaisala, Helsinki, Finland) housed into a radiation shield (R.M. Young
Company Inc., Traverse City, MI), incident and reflected shortwave and longwave
solar radiation (NRO1, Hukseflux, Netherlands), photosynthetic photon flux density
(PARLITE, Kipp and Zonen, Delft, the Netherlands) where measured at 2 m.a.g.l.
Soil variables were measured at a 5 min frequency and averaged at 30 min
intervals. These included volumetric soil water content (CS616, Campbell Sci.,
Logan, UT) positioned horizontally to 2.5 cm and 15 cm deep, average soil
temperature of the top 8 cm soil profile, and soil temperature at 5 cm deep (T108
temperature probes, Campbell Scientific Inc., Logan, UT). Soil temperature
variables were acquired by another datalogger (CR510, Campbell Scientific Inc.,
Logan, UT). Precipitation was measured with a bucket rain gauge installed 5 m
away from the tower (FTS, Victoria, British Columbia, Canada) at 1 m.a.g.l.
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Net ecosystem CO, exchange measurements

An open path eddy covariance system was used to measure NEE over the
semiarid grassland. @ The system consisted of a three-dimensional sonic
anemometer (CSAT-3D, Campbell Sci., Logan, UT) for measuring wind velocity on
each polar coordinate (u, v, w) and sonic temperature (0s), and an open-path
infrared gas analyzer (IRGA, Li-7500, LI-COR Inc., Lincoln, NE) to measure CO,
and water vapor concentrations. Instruments were mounted in a tower at 3 m
above soil surface oriented towards the prevailing winds. Because prevailing winds
change along the year, EC was oriented SW in winter and turned East during
summer on the last two years. The IRGA sensor was mounted next to—and 10 cm
offset from the anemometer transducers, the center of the IRGA optical path was
centered with the distance between the vertically oriented sonic transducers, and
tilted 45° to avoid dust and water accumulation in the IRGA optical path. Digital
signal of both sensors were recorded at a sampling rate of 10 Hz in a datalogger
(CR3000, Campbell Scientific Inc., Logan, UT). Instruments were installed in
December 2010 and were continuously operating during four years (2011-2014).
Few power failures throughout the study period and a lighting in 2012 were the
main causes of gaps in the data time series, but on ~ 60% of half-hour data periods
per year were available (and 42247 30-min averaging periods after quality filtering

was used).

NEE was estimated as:

NEE = w'CO, (1)

overbar denotes time averaging and primes are the deviations of instantaneous
values (at 10 Hz) from a block-averaged mean (30 min) of vertical windspeed (w,
m s7) and molar fraction of CO, (umol CO, mol"), respectively.
Micrometeorological convention was used, where negative NEE values stand for
ecosystem C uptake. We did not estimate a storage flux because of the low
vegetation stature and well mixed conditions, therefore we assumed it would be 0

over a 24-h period (Loescher et al. 2006).
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Data processing

Raw eddy covariance data were processed in EdiRe (v1.5.0.10, The University of
Edinburgh). Wind velocities, sonic temperature, [CO;], and [H2O] signals were
despiked, considering outliers those values with a deviation larger than 8 standard
deviations. A 2-D coordinate rotation was applied to sonic anemometer wind
velocities to obtain turbulence statistics perpendicular to the local stream line.
Lags among horizontal wind velocity and scalars were removed with a cross-
correlation procedure to maximize the covariance among signals. Carbon and
water vapor fluxes were estimated as molar fluxes (mol m? s™) at 30 min block
averages, and then they were corrected for air density fluctuations (WPL
correction, Webb et al. 1980). To account for frequency loss on NEE, frequency
response correction was done considering the cospectra of w8’ as ideal, and then
comparing the summed cospectral density in the inertial subrange to that of the
total spectra of w8’ and w'CO;’ (Baldocchi and Meyers, 1989). Sensible heat flux
was estimated from the covariance between fluctuations of horizontal wind velocity
(w') and sonic temperature (0's). This buoyancy flux was corrected for humidity
effects (Schotanus et al. 1983, Foken et al., 2012) and momentum fluctuations

(cross wind correction, Schotanus et al. 1983).

Fluxes were submitted to quality control procedures, i) stationarity (<50%), ii)
integral turbulence characteristics (<50%), iii) flags of IRGA and sonic anemometer
(AGC value<75, Max CSAT diagnostic flag = 63) which are strongly related with
advices of problem measurement due to rain events, iv) screening of flux values
into a logical magnitudes (20 pmol CO, m? s™), and v) a threshold u*= 0.1 m s™
was used to filter nighttime NEE under poorly developed turbulence. This
threshold was defined through the 99% threshold criterion after Reichstein et al.
(2005), where data are split into six temperature classes of equal sample size, and
then each temperature class is split into 20 u*-classes. The threshold is defined
when the u* class average reaches the 99% of the night-time flux average of the
higher u*-classes. The mean of u* thresholds of at least 6 temperature classes is

defined as the final threshold. The procedure is done for subsets of three months
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per year (J-M, A-J, J-S, and O-D) to account for seasonal variation of vegetation

structure.
Ecosystem measures of productivity were derived such that,
NEP = -NEE (2)

GPP = GEE = -NEE + ER (3)

where, NEP is net ecosystem productivity (umol CO, m s'1), GPP is gross primary
productivity (umol CO, m? s™), GEE is gross ecosystem exchange (umol CO, m™
s™), and ER is ecosystem respiration (umol CO, m? s™). Temporally integrated
estimates are noted throughout this Chapter. Because of GEE cannot be measured
directly, it is estimated from the right hand of Eq. 3. The ER was estimated in two
ways, 1) it was estimated from light-response curves (see below), and 2) it was
determined from nighttime NEE data (under PPFD < 10 pmol m? s light
conditions). Different ER estimation method is indicated throughout the Chapter.
Micrometeorological convention is used, thus, negative fluxes stand for C uptake

by the ecosystem, whereas positive fluxes indicate C losses to the atmosphere.

For identifying changes induced by PPT events on GEE and ER, daytime and
nighttime NEE data on a one day-window was adjusted with a rectangular
hyperbolic response function to PPFD (Ruimy et al. 1995) modified with the

exponential model of respiration (Gilmanov et al. 2010),

* * T—Tref
NEE = % PPPD™Aw | g s (59

. (4)
a*PPFD+ A,

where, a is the apparent quantum yield (umol CO, m? s™'/umol PPFD m? s™), Anmax
is maximum photosynthetic capacity (umol CO, m? s™), R, is basal respiration at
reference temperature (15 °C, umol CO, m? s™), Q¢ is the temperature sensitivity
coefficient, depicting the increase of respiration rate with a 10 °C of temperature
increment (calculated parameter, unitless), and T is air temperature (°C). Similar to
the procedure employed by Gilmanov et al. (2010), daytime and nighttime NEE

were used to fit the model. This approach accounts for the hysteresis effect
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observed commonly in grasslands where NEE declines afternoon even at similar

PPFD values than at the morning.

In calculating parameters, Amax is obtained at infinite PPFD values that are not
realistic, thus, NEE rate was estimated at PPFD=2500 pmol m? s™, and 25 °C of

air temperature NEE 50 25), such that,

T-Tref
)

+ Rb *QlO( .

a*2500% A_,

NEE =
205 %2500+ A,

()

Changes and transitions from ER dominated NEE fluxes to C-gain processes
(GEE) were verified with the form of the light response curve. Linear models were

used to identify environmental drivers of C fluxes at one-day intervals.

Gap filling procedures and characterization of PPT events

Data gaps shorter than two hours were linearly interpolated, whereas gaps larger
than two hours were left as empty data. Only daytime-NEE data were used for
most of the analysis. Even though effects on ecosystem respiration should be
better observed in nighttime NEE, this data generally is subjected to quality
problems. These include poor developed turbulences causing little data availability
and deviation from NEE averages if the whole night cycle is not similarly
represented among days. Daily mean ER derived from nighttime NEE data were
used for analysis only when more than 50% of the data was available after QA/QC
procedures. NEE related PPT events were selected for analysis based on data
quality and availability to evenly cover the daytime cycle (on average more than
85% of NEE data) and then averaged through the day. The daytime-scale was
selected to avoid confounding diurnal NEE variability and to get better analysis
robustness. Even when physical CO, displacement and microorganisms activation
has been observed to start within less than one hour after a precipitation pulse
(Placella et al., 2012; Unger et al., 2010), maximum C efflux was recorded between
9 and 24 h following the PPT. This allowed us to quantify these peaks in our
analysis.  Precipitation events occurring at night and early morning were

considered to affect C fluxes the next immediate day (i.e. the same day for early
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morning PPT). The C flux one day before the PPT event was taken as the
reference C flux. In the case of a continuous PPT for a whole day, that made that
day NEE data useless or unavailable. Precipitation events effect was not evaluated
when previous or next-day data after PPT event was not available due to
equipment’s malfunction, quality problems, previous day-time PPT, etc. Event-
response effect (“priming NEE effect”) was measured as the difference between

mean daytime NEE post-event and mean daytime NEE pre-event, such that;
ANEE = NEEpost-event_ NEEpre-event
where NEE is the daytime NEE average (umol m?s™).

The micrometeorological convention was followed in this study, thus, negative NEE
fluxes stand for ecosystem C uptake, whereas positive NEE fluxes indicate C
release to the atmosphere. Similarly, positive ANEE indicate reduction of C uptake

by the ecosystem following the PPT event.

Intervals between PPT events (hereafter days since last event, DSLE) were

counted in days from the last PPT event, regardless its magnitude.
Statistical analysis

Simple and multiple correlation analysis were employed to determine factors
controlling C efflux after PPT events; these included PPT event size, inter event-
periods (DSLE), a priori, current, and change of volumetric water content (VWC) at
two depths (2.5 and 15 cm), soil temperature, previous daytime NEE, and
enhanced vegetation index (EVI). Quadratic and multiplicative terms of
independent variables were included in the analysis after the exploration of
univariate relationships if this suggested a type of quadratic curve. The best model
was selected based on the highest R?® and adjusted R? and the biological
significance of the model. All analyses were performed in SAS V8.0 (The SAS
System, Cary Inc., CA, USA) at the [chade0évelknif

Results
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Precipitation pattern

Precipitation during the four years of the study differed in amount and timing.
Cumulative precipitation for 2011 (288.5 mm) was below the 30-years average for
the site (420 mm) and was the worst drought of the last 70 years, whereas 2012
was a slightly dry year (355.2 mm), 2014 was a wetter year than the MAP (528.5
mm), and 2013 was the wettest year with 601 mm (Fig. 2). The 4 years differed in
precipitation frequency, but they were similar for the proportion of rain event
categories, including a 60% of precipitation events fewer than 5 mm (they differed
in less than 10%, Fig. 3a). Precipitation events larger than 10 mm however,
accounted for most of the annual precipitation at all years (Fig. 3b). Overall, large
PPT events were more frequent in the wettest years, with shorter inter-event
periods than in dry years. Dry years in contrast were conformed by small PPT
events with large inter-event periods (10% inter-event periods < 5 days, Fig. 3a, c).
Volumetric soil water content dynamics followed the precipitation pattern, reaching
saturation after large or recurrent PPT events. Largely, soil moisture was
maintained over a 10% in the wettest years, with the largest peak reaching a 40%
in summer 2014 (Fig. 2b). Most VWC variability was observed at 2.5 cm depth
rather than 15 cm depth and it was better correlated with precipitation amount per
event (p<0.05, R?> = 0.72, Fig. 4b), increasing 0.3 % per mm of precipitation.
Precipitation events as small as 0.25 mm changed VWC,5 in ~1-2% but this
increase lasted for less than one hour (data not shown), whereas VWC ;5 increased
only after PPT ~5 mm. For instance, a PPT event of 5 mm immediately increased
VWC,5 by 1.6%; in contrast, VWC;5 increased by 0.5% with the peak delayed 6
days from the PPT event (Fig. A2).
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Figure 2. Seasonal and interannual variation of daily precipitation and cummulative
precipitation (a), and volumetric soil water content at 2.5 (black line) and 15 cm

depth (gray line; b).
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Figure 3. Distribution of precipitation events (a) and cumulative precipitation by
precipitation events classes (b). c) Distribution of inter-event periods (days) for the

four years study.

Figure 4.Relationship between size of precipitation event (mm) and the change in
soil volumetric water content at 2.5 cm depth (v/v). The line stands for the linear
regression such that AVWC = -0.0047 + 0.0028 * PPT event (mm), R? = 0.72.

Short-term effects of precipitation events on carbon fluxes.

Only the NEE change following the first event (inter-event period > 1 day) was
analyzed due to problems of data quality in consecutive PPT events. A total of 72
events including all 4 years were used for statistical analysis, with around 20 PPT
events per year. Small precipitation events were dominant in our database,
representing the precipitation pattern of the site. The sample was integrated by
events in the range from 0.25 to 57.9 mm, and a mean of 7.3 £ 1.3 mm (I ] *1 SD).
Large PPT events occurred after short inter-event periods, and short PPT events
were preceded by long inter-event periods. Medium PPT events after long inter-

event period were rare, and extreme PPT events after long inter-event periods
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were inexistent (Fig. A3). Half-hour NEE data was used to describe dynamics of
shorter than one-day responses and to compare with other studies that use data at
shorter time-scales. Overall, the analysis of half hour fluxes revealed almost
instantaneous positive response of NEE to PPT event that exponentially decreased
over time into a half to two hours after the PPT event (Fig. A1). The minimum PPT
event to change NEE was as low as 0.25 mm, even lower than the low threshold
PPT reported for other arid ecosystems (Hao et al., 2007). At the one-day time
scale, NEE positively changed immediately (the next day) after the PPT event,
decreasing exponentially over time (Fig. 5). It was not possible to evaluate the
short-term effects of PPT events on ER data based on nighttime NEE in the same
way than daytime NEE, because of most of ER data following PPT events were

rejected due to quality issues.

Figure 5. Net ecosystem exchange (NEE) after a precipitation event showing the
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decreasing effect through time (days). The decreasing effect rate was adjusted to
an exponential negative model NEE = yo + a *exp(-k *t). The insert stands for the
relationship between the decaying rate (-k) and the PPT event that originated the
NEE change. This relationship was fitted with an exponential model (black line; -k =
yo + a *exp(-b*PPT_event). Symbols indicate different PPT event sizes that
originated the NEE change, 13.7mm d™' (A), 16.74 mm d™' (V¥), 6.86 mm d™ (o),
10.08 mm d”' (m), and 2.52 mm d™' (e). Parameters are reported in Table A1.

Flux partitioning through light-response curves at one day-time scale revealed
immediate increase of ER after PPT events as low as 0.25 mm. However to
promote a change in GEE, it was needed either a larger PPT event or multiple
consecutive events (e.g., > 40 mm, Fig. 6a). Thus, dynamics of GEE and ER
apparently were more related to changes of soil water content than to PPT event
size per se. Changes in VWC at 2.5 cm depth stimulated the ER response,
whereas the GEE increased only after VWC at 15 cm depth changed of above
~10%. (Fig. 6b). Moreover, in contrast with the almost immediate ER response, the
GEE response was delayed about 5 days after the increase in VWC at 15 cm
depth at the beginning of the growing season (Fig. 6a, b). These dynamics were

confirmed with the available nighttime NEE-derived ER data (data not shown).
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Fig. 6. Dynamics of a) precipitation (mm d™') and net ecosystem exchange (NEE,
umol m? s™, daily means + 1 SE) and its components, the gross ecosystem
exchange (GEE, pmol m? s™) and ecosystem respiration (ER, pmol m? s™) for the
transition from the dry (December — May) to the wet season (June — November) in
2013. b) volumetric soil water content dynamics (VWC, v/v) at two depths (2.5 cm

and 15 cm). Arrows indicate apparent changes in GEE and ER trends.
Drivers of the priming NEE effect
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Decreasing NEE rates varied depending on the PPT size event, with C efflux
pulses lasting longer with initial larger ANEE. However, decreasing NEE rates were
better explained by PPT event size than the initial ANEE (insert Fig. 5). For
instance, after a 13.7 mm PPT event and initial daytime NEE = 5.1 pmol m s'1, the
enhanced C flux exponentially decreased at a rate of ~50% of its earlier value
(NEE = 0.8057 + 7.4306 *exp(-0.5274*t), where t is time in days, R* = 0.99, Fig. 5)
whereas with an initial enhanced NEE ~2.5 ymol m? s™, the C flux decreased at a
rate of 100%. Finally, the initial enhancement of NEE = 1.3 ymol m? s, was
reduced by a rate of 170% (Fig. 5). Different decreasing rates were influenced by
the contribution of each particular PPT event in addition to the initial ANEE. For
instance, cumulative daytime NEE, 8 days after the initial C event indicated a C
efflux of 5.4 g C m™ after the PPT event of 13.7 mm, and 0.46 g C m? with a PPT

event of 2.5 mm.

The magnitude of NEE response (ANEE) was positively correlated with the PPT
event size (Fig. 7a), the inter-event period (Fig. 7b), and the change of VWC at 2.5
cm depth (Fig. 7e,), whereas it was negatively correlated with the previous VWC at
2.5 and 15 cm depth (Fig. 7c, d). No relationship between ANEE with previous
NEE was found, but larger change in NEE rates were observed when previous
NEE ~ 0 (Fig. 7f). Variation in ANEE was better explained with a bivariate
relationships between PPT event size and inter-event period through a quadratic
model (z=a+bx+cy+dx*+ey*+fxy, p < 0.05, R? = 0.68, Fig. 8, Table 1 and A2), and
with inter-event period and previous VWC (p < 0.05, R? = 0.66, Table 1 and A2).
Both models were equally significant due to the fact that they were related by one
variable describing the previous state of the soil (preVWC and DSLE) and the size
of the stimulus (PPT_event and AVWC). Moreover, both models showed larger C
efflux at intermediate independent variable values, and a plateau or lower efflux
rates at the highest values. Previous NEE also was related to ANEE using the
bivariate relationship with AVWC at 2.5 cm depth, however the quadratic model
explained less variability than the previous relationships (R2 = 0.54; Fig. A4; Table
A2).
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Figure 7. Univariate relationships between change of averaged daytime NEE
(ANEE, pmol m? s™) and, a) PPT event size (mm), b) inter-event period (DSLE,
days), c¢) previous VWC at 2.5 cm depth (v/v), d) previous VWC at 15 cm depth
(v/v), e) change in VWC at 2.5 cm depth (v/v), and f) previous NEE (NEE;.1, pmol

m2s™).

Table 1. Results of bivariate regression analysis among ANEE (umol m? s™) and
PPT event size (PPT_event, mm), inter-event period (DSLE, days), change of
volumetric soil water content (AVWC, v/v), and previous volumetric soil water
content (prevWWC, v/v). The selected model was ANEE =a+bx+cy+dx*+ey?+fxy,
where a, b, ¢, d, e, and f are calculated parameters and x and y are any of the

independent variables.
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Sum of Mean

Model Source squares DF square F P>F R2

Regr 82.37 5 16.47 28.61 0.000 0.69
DNEE X PPT event X Error 37.43 65 0.58
DSLE - Total 119.80 70

Regr 52.21 5 10.44 21.44 0.000 0.66
DNEE X DVWC X Error 26.78 55 0.49
PrevWWC Total 78.99 60
DNEE X DVWC X Regr 45.35 5 9.07 12.28 0 0.55
NEE, Error 36.93 50 0.74

Total 82.28 55

Figure 8. Quadratic relationship among; a) the change of the averaged daytime
NEE (ANEE, umol m? s™), the size of first PPT event (mm), and the inter-event
period (DSLE, days), and b) ANEE and change of VWC at 2.5 cm depth
(AVWC,5,v/v), and previous VWC at 2.5 cm depth (PreVWC,5, v/v). Parameters
presented in Table A2.

Parameters derived from the light-response curves varied after PPT events.
Apparent maximum quantum yield (a) showed high variability at daily time-scales

without any pattern nor relationship to environmental variables. On the other hand,
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net ecosystem exchange at PPFD = 2500 umol m? s™'and T = 25 °C (NEEasg0.25)
and basal respiration (Rb) showed similar pattern as ANEE, with an immediately
rise following wet up (Fig. 9a,c), indicating increased ecosystem respiration. The
change of NEEgs0025 and Rb was related with PPT event size, but the decrease
rate of Rb was not dependent on PPT event size in contrast to NEE decreasing
rates (Inserts of Fig. 9). Temperature sensitivity of respiration (Q1o) was highly
variable through the time, but also showed a tendency to increase after large PPT

events and eventually decreased as soil dried out.
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Figure 9. Dynamics of, a) basal respiration (Rb), b) temperature sensitivity (Q10),
and c¢) maximum C uptake at PPFD=2500 pmol m? s and 25 °C (NEEasg25)
following a PPT event. Insets in Figs. 1 and 3 show the relationship between PPT

size event and the exponential decaying rates (-k).
Variable thresholds

No clear thresholds were identified in any of the variables analyzed, with exception
of minimum PPT event size to cause a ANEE response as was shown above
(lower PPT event size threshold = 0.25 mm d’). Throughout univariate
relationships (Fig. 7) however, we could identify upper limits instead. Maximum
ANEE values were observed at; a previous low VWC in both soil depths (Fig. 7c,d),
with medium size PPT events (~20 mm d’; Fig. 7a), with intermediate inter-event
periods (DSLE ~ 40 days; Fig. 7b), and medium changes of soil VWC at 2.5 cm
depth (AVWC2.5 ~ 0.1; Fig. 7e). Finally, the larger ANEE was observed with
previously neutral C fluxes (NEE.4 ~ O; Fig. 7f). The priming NEE effect decreased
farther than these limits. For ER and GEE, low PPT event threshold differed.
Ecosystem respiration (ER) was the component of NEE that rose after small PPT
events ~0.25 mm d', whereas a change of GEE was observed only after large
PPT events or a sum of consecutive PPT events that changed the VWC at 15 cm
depth (Fig 5a,b). Upper limits of ER also were derived from univariate relationships
of derived nighttime NEE — ER and environmental variables (Fig. A6). Maximum
ER responses were observed at ~12% of VWC,5and ~20% of VWC4s. The upper
limit of ER corresponded well to the upper VWC, 5 threshold for ANEE indicated

above.
Discussion

Changes in precipitation timing and frequency are expected to occur in the coming
decades with uncertain effects on the C cycle. For this semi-arid ecosystem
studies here, carbon fluxes are going to be affected due to the tight relationship
and interactions among precipitation, plant functions and microorganisms activity.

These ecosystems that are characterized by a high interannual PPT variability, also
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exhibit a small sized, individual event, PPT pattern. Several studies have already
demonstrated increase in ER rates relative to GEE in response to changing
patterns and magnitude of PPT. They attribute this increase to either nutrient
accumulation during inter-event periods or cellular lysis after death of soil
microorganisms during the course of dry-rewetting cycles (the Birch effect, Birch,
1964 ), or expulsion of cytoplasmic solutes taken previously up to resist desiccation
(Jarvis et al., 1997). While we cannot dismiss any of these hypotheses, and likely
all three may contribute towards this overall effect on our system, but we place the

most weigh on the priming effect.
“Priming carbon flux effect” of precipitation events

In our study, NEE increased immediately after a PPT event, with half hour delays
that last until the following day. This was in accordance to our first hypothesis (H1)
proposing that NEE enhancement would follow PPT events with short-term
responses (short time delays). Overall, ER had shorter time delays than GEE as
was also hypothesized (H3). The increase of ER was observed one day after the
PPT event (Fig. 5), whereas GEE increased only 5 days after the PPT event at the
beginning of the growing season (Fig. 5). This rapid response have been observed
in other studies that examined soil respiration processes, for instance, maximum
respiration rates were reported within 10 hours after a PPT pulsed event from a
semi-arid oak forest (Unger et al., 2010), while in a Mediterranean pine forest the
highest respiration rates were observed within the first two hours after such a pulse
(Marafion-Jiménez et al., 2011). At ecosystem level, similar to our study, Huxman
et al. (2004b) observed the NEE and ER increase one day after a simulated PPT
event, whereas GEE raised three days after the event and achieved the maximum
increase, 7 days after the pulse. Causes of larger time-delays of GEE than ER
include the delay between the PPT event and the infiltration of water at a given soil
layer (e.g. 15 cm depth), and the time used by plants for growing of new roots and
leaves after the senescence (Ogle and Reynolds, 2004), promoting C losses rather
than C uptake in the early growing season (Huxman et al., 2004). In contrast, ER is

more related with soil moisture at shallow soil layers that moist immediately after
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the PPT event and can get active few hours after soil wet up. Precipitation events
and soil moisture dynamics at 15 cm depth were out of phase (up to five days
between the PPT event and the SWC;5 peak, Fig. A2), which is in accordance with

the first cause of the larger time-delay.

We suspect that immediate daytime NEE and ER responses were a flux dominated
by heterotrophic respiration. Indeed these microbial communities may very well
have evolved to take advantage of these short-term availability of water. Short-
term responses of less than half an hour have also been reported in studies
analyzing soil microorganism activity through molecular and stable isotope
techniques (Placella et al., 20012; Unger et al., 2010). Fungi and bacteria on the
soil surface have the capability for water-induced re-activation that includes very
rapid growth within 1 to 72 hours after a PPT event (Placella et al., 2012). The
immediate peak observed (Fig. A1) may have resulted from such rapid activation of
bacteria displaying highest activity 1-h after wetting (Placella et al., 2012).
Actinobacterias (e.g. actinomycetes) and cyanobacterias identified as rapid
responders are common in soil microorganism communities of arid lands, many of
these forming the biological soil crusts (BSC, Belnap, 2003). BSC at our site for
instance, covers up to 70% of plant interspaces in grazing-excluded conditions and
up to 30% in overgrazed sites (Concostrina-Zubiri et al., 2014) with dominance of
cyanobacteria BSC. This suggests that NEE peaks might also be attributed to
BSC respiration. On the other hand, physical displacement of enriched CO, air
rom soil pores is another likely source of C flux (Huxman et al., 2004a), but this is
expected to be released within the first few minutes after the PPT event as the

water infiltrates through the soil profile (rf. Marafdn-Jiménez et al. 2011).
Variable thresholds

Due to the relationship of multiple variables was not possible to identify clear

thresholds, but maximum limits and trends (Fig 7). The minimum effective PPT

event for NEE change response was as low as 0.25 mm d’, in agreement with our

H2 stating that C flux would be stimulated with low PPT events. Also, as indicated

in our H3, GEE and ER differed in the lower PPT event size threshold. The
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smallest PPT events only stimulated ER as no apparent change was observed in
GEE. Even a large PPT event of 20 mm d™' recorded in May (Fig. 5) did not induce
GEE increase. Notably the small PPT events inducing changes in VWC at the
shallow soil profile (2.5 cm) likely promoted respiration of BSC. In contrast, large
or consecutive PPT events that reached deeper soil profiles stimulated GEE
(cumulative PPT > 40mm). These results also help to explain why the a priori soil
moisture and the change of VWC on the soil surface (2.5 cm depth) better
explained ANEE than moisture dynamics at 15 cm depth (Fig 7b), which confirms
our suggestion that immediate CO, efflux is derived from soil microorganism

respiration.

The low PPT threshold stimulating ER agrees with results from other studies in arid
ecosystems or it was even lower. Precipitation events as small as 3 mm induced
respiration of BSC (Kurc and Small, 2007), equally PPT events <10 mm d' on a
shortgrass steppe promoted net loss of C (Parton et al.,, 2012). However, the
observed minimum PPT event needed to stimulate the GEE response (the low PPT
threshold) was higher than was expected. The dominant species at our site, B.
gracilis, is reported to respond to PPT events as small as 5 mm (Sala and
Lauenroth, 1982). Also, a study by Parton et al. (2012) showed that rain events >
10 mm activated plant photosynthesis in a semiarid grassland, therefore we
expected a low PPT threshold between 5 and 10 mm. Instead, in this study large or
consecutive PPT events had to occur before an affect on GEE was observed (Fig
5). Nevertheless, is interesting to note that small PPT events in arid ecosystems
may not lead to C uptake, but may alleviate stress after severe droughts,
rehydrating plant tissues and helping the plant to respond faster after larger PPT

events (Sala and Lauenroth, 1982).

Relationships between NEE, GEE, ER, and environmental-soil variables, suggest
that both ER and GEE were more related with soil water dynamics than PPT
events per se. Thus, productivity (GEE) is sensitive to dynamics of soil water
content at deeper soil layers (e.g., 15 cm) than ER, and consequently only

responds to large or consecutive PPT pulses that increased the soil water content
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at this depth. Water infiltration in soil is controlled by soil characteristics like texture
and presence of cemented layers that affect the percolation into the soil at the
surface (Schlesinger et al., 1989). However, this can be negatively impacted by
grazing and plant cover loss that is commonly observed in these semiarid
grasslands (Medina-Roldan et al., 2007), which subsequent leads to larger runoff

amounts, and less infiltration.

The upper limit of the priming NEE effect was defined at PPT events > 20 mm
under previous dry soil. Extrapolation of decaying constants from maximum PPT
event size in the site (60 mm; Fig. A6) indicated that the “priming positive NEE
effect” last for a similar time for any PPT event greater than 20 mm d”'(lowest —k =
0.38; Fig. A5). This limit is defined by several conditions, including; 1) the largest
and most intense events did not completely infiltrate into the soil, forming abundant
runoff, hence moistening soil at similar depth than medium-size PPT events, 2)
oxygen and CO, diffusion limitation at high post event VWC (AVWC, large-size
PPT event driven) dampened soil respiration, 3) all soil aggregates were disrupted
at medium soil VWC (Lado-Monserrat et al., 2014) that likely provided no additional
nutrient and C substrates at higher VWC, and 4) a combination of any of these
three. Linear relationship between PPT event size and AVWC;5 (Fig. 4) revealed
that there was not a strong limitation of water infiltration into the soil, discarding in
some way the first condition, whereas reduction of ER derived from nighttime NEE

data after VWC,5> 12% supports the second mechanism (Fig A6)
Influence of event size and a priori conditions

The magnitude of NEE enhancement was determined by PPT event size and
AVWC as well the prior condition of the ecosystem (i.e., length of inter-event
period, previous C flux, and previous soil VWC). These results are in agreement
with H4 proposing that PPT event size would control the magnitude of the “priming
NEE effect”, and that previous conditions of the semiarid grassland would
modulate the flux. The PPT event and AVWC, 5 described the event size since they
were highly correlated (Fig. 4). The PPT event size (mm) was better correlated to
AVWC;5 (viv) (Fig. 4) than to AVWCss likely as a result of the time required for
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water to infiltrate, therefore decoupling PPT event size and AVWC at the one-day

timescale (Fig. A2).

The quadratic relationships among variables indicated the occurrence of larger C
effluxes at medium PPT event size, previous dry soil conditions, and previous
NEE~0. Several mechanisms explain these relationships; i) for instance the
accumulation of nutrients and labile C in the soil during inter-event periods
(Schimel and Bennet, 2004) may explain the rise on C efflux following large inter-
event periods or with previous dry soil conditions. In contrast, ii) soil VWC
maintained for a long period above a threshold as well as multiple dry-wet cycles
favor that labile C sources get depleted (Jarvis et al., 2007; Fierer and Schimel,
2002). Consequently, recalcitrant C sources are left for microorganisms resulting
in lower mineralization rates. And iii) repeated dry-wet cycles could over stress
microorganisms reducing the populationsize (Van Gestel et al., 1993), hence

reducing their initial respiration response.

Variables describing the ecosystem previous condition (DSLE, preVWC,5, and
NEE:.1) modified the priming NEE effect. Even though, the previous soil volumetric
water condition (preVWC) is biologically more important than the inter-event period
(DSLE), because of preVWC offers insight into the potential dry-wet shock, degree
of destabilization of soil aggregates, and degree of intracellular osmolyte
accumulation (Haynes and Swift, 1990), DSLE explained most variability of ANEE
than preVWC, it is likely that DSLE in addition to account for these factors, also
account for nutrient and labile C accumulation in soil. However, results relating the
size of PPT events and the different components of NEE also indicate that the best
way to evaluate these responses is through changes of soil water content. Since
several factors control water infiltration in soil (e.g. soil porosity, soil type, SOM),
the PPT event size per day does not predict accurately the VWC dynamic at deep
soil layers. Moreover, characteristics of PPT events such as PPT intensity (mm/t) at
shorter time scales than one day also influence water infiltration. For instance, an
intense PPT event of 57 mm d' on August, 2013, with more than 50 mm falling in

less than two hours (Fig. 2), did not produce a large change of VWC at 15 cm
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depth, however it saturated the soil surface, suggesting that most of water runoff.
On average, considering the four years of data, a cumulative PPT above 40 mm on
five days were needed for starting the response of GEE and the beginning of the

growing season.

No information about nutrient dynamics was available in this study to support the
arguments about nutrient accumulation during drought, however earlier studies at
the site have shown accumulation of nutrients after PPT events. For instance,
Munoz-Flores et al. (2014) showed N accumulation following precipitation in winter.
In another study, Medina-Roldan et al. (2013) obtained an increase of 36% and
34% of extractable NH;* and NOsin a soil column of 15 cm, respectively, after
applying a PPT event of 10mm; however, this was observed 2 days after the event.
This result is apparently in contradiction with the general knowledge reporting a
sudden nutrient availability increase after wet-up, triggering also soil respiration.
Instead, this is indicative of N immobilization by nutrient-limited microorganisms
(Austin et al., 2004), once microorganisms requirements are met N is released into

the soil matrix (Schimel and Bennet, 2004).
Decaying NEE rates

Carbon flux enhancement by rain events was not a steady state phenomenon, but
decreased with time. In agreement with the T-D model, NEE exponentially
decreased after the PPT pulse (Fig. 6) to almost the original NEE rate. The largest
C pulses slowly returned to basal C flux rates and also showed larger NEE
remnants than the small pulses (Fig. 6). This suggests that more persistent soil
moisture levels achieved with large size PPT events promoted larger and longer
lasting C fluxes. If the event is big enough to maintain VWC above a threshold (e.g.
above the wilting point for plants) for a long time, NEE is expected to remain higher
than pre-event rates until nutrient or labile C is depleted (Jarvis et al., 2007; Xu et
al., 2004.. In contrast, when the PPT event is small and the soil remains wet for a
short-time, the C flux peak will be small and last less because drying-out and
limited microorganisms activity will occur before soil nutrients are even depleted.
Thus, net ecosystem exchange (soil respiration dominated) decaying rates (-k, Fig.
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6) were more an issue of water availability than nutrient or C source depletion.
About the application of the T-D model to describe the “priming NEE effect”

The analysis of the “priming NEE effect” (Birch effect) under the frame of the T-D
model allow us to describe key features of this phenomenon. Environmental
variable threshold were low and response time delays were short, similar to other
arid ecosystems (Hao et al ., 2010; Placella et al., 2012). Unfortunately we were
unable to analyze data at shorter time scales than one day to account for dynamic
variability of microorganism functional types and physical CO, displacement as
Collins et al., (2008) suggested (The TDND model). Bacteria and fungi have
different soil moisture thresholds, time-responses and growth dynamics. For
instance, Placella et al. (2012) showed that actinobacteria responds faster than
bacilli and protobacteria, with time-delays varying from 15 min to 72 h. Different
decaying rates shown by Maranon-Jimenez et al. (2011) at shorter than one-hour
timescales depicted at least two processes, 1) a shorter and more transient
physical CO, displacement, and 2) a long lasting microbial respiration process. On
this regard, no apparent changes in the dynamic of NEE decaying through time
were observed, that could be indicative of different microorganism activity.
However, variability of decaying rates, which in this study depended on the PPT
event size, should be accounted by the model because cumulative Birch effect can
result more important in the annual C balance than the instant C flux (e.g. one day

after).
Conclusion

A low PPT threshold for respiration suggest that almost all PPT events occurring in
the semiarid grasslands will produce a C efflux, but the magnitude and time that
will last this effect will depend on PPT event size and the previous soil conditions.
In regard to the characteristics of the PPT pattern at the site, these included; 1)
large PPT events with short inter-event periods, and 2) small PPT events preceded
of large inter-event periods. Thus, extremely large and long lasting C effluxes

developed on large PPT events preceded by long inter-event periods are unlikely

97



Chapter li

to happen. Knapp et al. (2015) analyzing the predominant PPT pattern across
ecosystems concluded that wetter years are better described by large PPT events
with short inter-event periods; in contrast, large PPT events in dry years are almost
absent. Therefore in dry years, we expecte that small PPT events with large inter-
event periods would limit the Birch effect by maintaining the system below
threshold conditions. Consecutive PPT events should keep soil water content
above a threshold that will promote C uptake by photosynthesis, which in the long
term will overcome C loses from the Birch effect. In the case of wet years, the
priming NEE flux will be limited by previously high soil moisture and likely previous
high NEE (respiration) rates as a consequence of shorter inter-event periods. It is
necessary a further analysis of the effect of these PPT events on vegetation since
productivity will also depend on PPT event size and will be modulated by previous
soil conditions. Additionally, it is likely that productivity will benefit more on
accumulated PPT than respiration. Still, more analysis of projected PPT scenarios
is required to forecast accurately the PPT pattern under more frequent droughts,
and to know if the current PPT pattern of dry-wet years will prevail. Only after that,
we will be able to predict the course of the semiarid grassland as a source or sink

of C under PPT pattern changes.
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Appendix
Threshold-Delay Model equations
Ye =K- Y146, Eq. A1

were y;is the variable response (e.g. NEE rate) at time t, k describes the reduction

of the response variable over time.

max

5, = Min{ymax x(1-k), 8 x[l—y”ﬂ Eq. A2

where & is the magnitude of the response following the PPT event, and ynax is the
maximum potential value. The magnitude depends on the prior state (y:s). The

maximum potential response &;is given by,

o= (R, -RY) R'<R_, <R
S5 = 0 L <R' Eq. A3
5 R >RY

were Omax IS the maximum response that depends on the size of the PPT event, R
is the low PPT threshold, RY is the upper PPT threshold, Rt is the PPT event size

at the time ¢, and 1 is the time delay between the stimulus and the response.
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Figure A1. Dynamic of half an hour net ecosystem exchange (umol m? s™) after a
precipitation event of 8.12 mm. the arrow indicates the time of PPT event

occurrence.
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Figure A2. Dynamic of volumetric soil water content (VWC, v/v) at two depths (2.5

and 15 cm) after a small PPT event of 5 mm.

Figure A3. Bivariate relationship between precipitation event size (mm d'1) and the

inter-event period between PPT events (days).
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Figure A4. Bivariate relationship among the change of soil VWC at 2.5 cm depth,
the previous C flux and the change of NEE after the PPT event adjusted to a

quadratic function.
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Figure A5. Extrapolation of decaying rates (-k) in the full range of observed PPT
events (mm d') through the exponential model —k = 0.3821+2.1674*EXP(-
0.1785*PPT_event). Shadow section of the figure (diagonal lines) indicates the
range of PPT event size used to calculate parameters of the model, and the gray
area indicates the range of PPT event size where decaying rates reach a steady

state.

Figure A6. Relationship between nighttime-NEE derived ER and a) the soil
volumetric water content at 2.5 cm depth (VWC, 5, v/v), b) the soil volumetric water
content at 15 cm depth (VWCys, v/v), c) the enhanced vegetation index (EVI), and
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d) the air temperature (T, °C).

Table A1. Calculated parameters of exponential decay models (NEE= y, + a *
Exp(-k*t), means + 1 SE) for the daytime NEE after a PPT event. Relationship
between the PPT sulse size (mm) and the decaying rate of above regressions is
presented in the last row with the same negative exponential equation form —k =y,
+ a * Exp(-b*PPT _event), where -k = -b.

PPT event NEE_§=0 p )
(mm) (umol m™s™) Yo a -k R

13.7 55 1.1163+0.0478  4.3853+0.117 05274 +0.0309  0.99

16.74 526 0.3509+0.3148  4.6404 +0.4527 0.5028 +0.1277  0.95

6.86 2474 0.0294+0.0517  2439+0.119  0.9886+0.1189  0.99

10.08 1.947 0.0937 + 0.0433 1.8862+0.1152 0.7977£0.1109  0.97

2.52 1.3394 0.0265 £ 0.0417 1.3114 £ 0.0944 1.7682+0.4217  0.98

PPT event * -k 0.3821£0.0953  2.1674+0.1381 0.1785:0.0333  0.99

Table A2.Calculated coefficients of bivariate quadratic regressions of Eq. 2, where
ANEE stands for the change in net ecosystem exchange (umol m? s™), PPT_event
is the PPT event size (mm), DSLE is the inter-event period (days), AVWC is the
change of volumetric soil water content (v/v), prevNEE is the net ecosystem
exchange (umol m 3'1) previous to the PPT event, and prevWWC is previous

volumetric soil water content (v/v).

Model Parm Value SE t-value 95% confidence limits P>|t|
a -0.1739  0.1710 -1.0168 -0.5154 0.1677 0.3130
b 0.1648  0.0216 7.6178 0.1216 0.2080 0.0000
élr;l'FEez/(ent X c 0.0388  0.0143 2.7164 0.0103 0.0673 0.0085
DSLE d -0.0031 0.0005 -6.9453 -0.0040 -0.0022 0.0000
e -0.0004  0.0001 -2.3979 -0.0007 -0.0001 0.0194
f 0.0018  0.0007 2.6625 0.0004 0.0031 0.0098
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a 12896  0.3818 3.3782 0.5246 2.0547  0.0014
b -10.1752  6.3150 -1.6113  -22.8308 24804  0.1129
ANEE X AVWG X c 68.5215  8.7771 7.8069  50.9319 86.1111 0.0000
PrevVWGC d 24.3958 21.7722 1.1205 -19.2367 68.0283  0.2674
e 265.8927 51.6391 -5.1491 369.3799 -162.4055 0.0000
f 164.0469 42.4387 -3.8655 249.0961 -78.9978 0.0003
a 0.6098 0.1562 3.9044 0.2961 0.9235 0.0003
ANEE X AVWC X 55.7163  8.3033 6.7101 39.0387 72.3940  0.0000
PrevNEE c -0.1520  0.1079  -1.4090  -0.3687 0.0647  0.1650
260.9974 64.0923 -4.0722 389.7305 -132.2643  0.0002
-0.0467 0.0239 -1.9587 -0.0946 0.0012 0.0557
f 3.2041 1.5562 2.0589 0.0784 6.3298  0.0447
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General conclusions

Arid and semiarid ecosystems are hot spots of interannual variability of carbon
fluxes at such a degree that drive the interannual variability of the global C sink.
Similarly, our study site showed a large variation among years ((-21.6 £ 90.95 g C
m?y?, u+ S.D.). A longer monitoring assessment should be carried out before we
could define the role of the semiarid grassland as a sink or source of C. However,
this ecosystem is likely to be C neutral in the long term. On the other hand, we
identified air temperature and photosynthetic photon flux density (PPFD) as the
main diurnal drivers, whereas soil moisture and vegetation dynamics controlled
NEE at seasonal scales. More importantly we identified that the role of the semiarid
grassland as source or sink of C depends widely on precipitation but in a more
complex relationship to PPT amount and frequency. The importance of the amount
and the frequency of PPT was revealed at different time scales. Timing and
amount of daily PPT are relevant for the short term C pulses, thus small PPT
events after long inter-event periods favor large C pulses into the atmosphere. The
seasonal PPT distribution in one year largely determines the annual C uptake of
the grassland. These results highlight the interconnectedness of synoptic scale
meteorological processes affecting C uptake processes at ecosystem scale (i.e.

polar fronts that cause winter PPT with summer monsoons).

More attention should be paid to changes in seasonal PPT patterns promoted by
climate changes in arid and semiarid ecosystems, rather than only annual amount
of PPT in the growing season. That is especially important since forecasted
reductions of winter precipitation in Mexico at the end of this century might trigger
larger C release than expected by mean annual PPT reduction. Adverse climatic
conditions in the future will threaten even more the persistence of the semiarid
grassland in Mexico under the current degraded conditions that have resulted from

overgrazing and agricultural practices.
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