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A B S T R A C T

Covering 16% of global land surface, dry forests play a key role in the global carbon budget. The Southern
Hemisphere still preserves a high proportion of its native dry forest cover, but deforestation rates have increased
dramatically in the last decades. In this paper, we quantified for the first time the magnitude and temporal
variability of carbon dioxide and water vapor fluxes and their environmental controls based on eddy covariance
measurements in a dry forest site of central Argentina. Continuous measurements of CO2 and water vapor ex-
changes spanning a 15-month period (Dec. 2009 –March 2011) showed that the studied dry forest was a net sink
of carbon, with an overall integrated net ecosystem exchange (NEE) of−172 g C m−2 (−132.8 g C m−2 for year
2010). The cool dry season (May–Sept.) accounted for a quarter of the total annual NEE of year 2010 with low
but steady CO2 uptake rates (1 g C m−2 d−1 on average) that were more strongly associated with temperature
than with soil moisture. By contrast, in the warm wet season (Oct.–April), almost three times greater CO2 uptake
rates (2.7 g C m−2 d−1 on average) resulted from a highly pulsed behavior in which CO2 uptake showed sharp
increases followed by rapid declines after rainfall events. Cumulative evapotranspiration (ET) during the whole
study (595 mm) accounted for most of the rainfall inputs (674 mm), with daily water vapor fluxes during the wet
season being four times greater compared to those observed during the dry season (1.7 mm d−1 vs.
0.45 mm d−1). Modeling of the partition of all evaporative water losses suggested that transpiration was the
dominant vapor flux (67% of ET), followed by interception (20%) and soil evaporation (13%). The influence of
air temperature on half-hourly CO2 fluxes was notably different for the dry and wet seasons. In the 11–34 °C air
temperature range, CO2 uptake rates were higher in the warm wet rather than the cool dry season, yet this
difference narrowed with temperatures> 26 °C. The dry forest became a net CO2 source at 40 °C. Our study
provides new insights about the functioning of dry forests and the likely response of their CO2 and water vapor
exchange with the atmosphere under future climate and land use/cover changes.

1. Introduction

Dry forests cover ∼16% of global land surface (Olson et al., 2001)
and because of land-use changes, fires and climate regime shifts
(Fischer et al., 2012; Houspanossian et al., 2016; Smith et al., 2000) are
one of the most threatened ecosystems worldwide (Hoekstra et al.,
2005). The South American dry forests of Chaco and Espinal, extending
over 1.4 million km2, are no exception to these trends. This region
encompass the second forest extension in South America after Ama-
zonia, still preserving most of their area (∼70%) covered by native

vegetation (Houspanossian et al., 2016). However, deforestation rates
have sped up dramatically in the last two decades, achieving record
rates worldwide (Hansen et al., 2013; Vallejos et al., 2015). The region
is also experiencing noticeable climatic changes which interact with
technological and socioeconomic factors to drive land use changes (Zak
et al., 2008). The understanding of carbon dioxide and water vapor
fluxes patterns and their controls over such vast forests, is particularly
important given the size of the carbon stocks that they host and the
significance of their water fluxes shaping landscape hydrology and
continental climate (Marchesini et al., 2016; Saulo et al., 2007).
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In the last decades, there has been much effort to understand carbon
dioxide and water vapor fluxes and their controls based on eddy cov-
ariance towers (Baldocchi et al., 2001). However, the majority of these
studies have investigated systems that were expected to be more pro-
ductive and/or have greater potential for carbon sequestration, such as
moist forests and crops (Running et al., 1999), while water-limited
ecosystems, like dry forests, have been underrepresented (Buchmann
and Schulze, 1999). Particularly in South America, CO2 flux measure-
ments are rather sparse and have been mostly devoted to the Amazo-
nian forests. Recent studies have shown that dry forests, and particu-
larly those from South America and Australia, can have a strong
influence on the global carbon budget, even stronger than tropical
rainforests (Poulter et al., 2014).

As in most water-limited ecosystems, rainfall, and consequently soil
moisture, is a key driver of biological activity of South America dry
forests (Contreras et al., 2011; Ferrero et al., 2013). However, the in-
dividual responses of different CO2 fluxes (i.e. Gross Ecosystem Pro-
ductivity, GEP; Ecosystem Respiration, Reco) to rainfall and soil
moisture are unknown in this kind of ecosystems, as well as their re-
lative responsiveness to water inputs during dry and more dormant vs.
wet and more active seasons. It is generally believed that in water-
limited ecosystems, the net ecosystem exchange (i.e. NEE = Reco – GEP)
is positive during the dry season (i.e. carbon source), which means that
respiratory CO2 losses are higher than CO2 accumulation fluxes; while
the opposite occurs during the wet season (i.e. carbon sink) (e.g.
Hastings et al., 2005; Luo et al., 2007; Scott et al., 2006). However,
some evergreen shrubs (e.g. Larrea divaricata) and deep-rooted tree
species which can be very abundant in the dry forests of southern South
America (e.g. Aspidosperma quebracho blanco) may use water stored
deeply in the soil (Gimenez et al., 2016; Jobbágy et al., 2008) being
able to sustain low photosynthesis rates during rainfall shortage per-
iods. Moreover, although it is acknowledged that higher rainfall inputs
translate into higher primary productivity rates, the responses of re-
spiration and photosynthesis fluxes to discrete and infrequent rainfall
events (i.e. pulses, Schwinning and Sala, 2004) are not completely
understood when shorter timescales (e.g. days, weeks) are considered,
as they are highly dependent on the timing and magnitude of pre-
cipitation events (Huxman et al., 2004; Scott et al., 2009). Such

knowledge is critical to improve global carbon budgets and ecosystem
modeling, to predict climatic change impacts and to design manage-
ment strategies.

Dry forests play also a key role in regional hydrological balances.
Several studies worldwide have shown that evaporation from dry for-
ests almost balances precipitation inputs, resulting in negligible deep
drainage fluxes, deep water-table levels and large salt stocks in the
vadose zone (Santoni et al., 2010; Scanlon et al., 2005; Seyfried et al.,
2005). When crops or pastures replace dry forests, declines of eva-
poration rates and increases of deep drainage flux are commonly ob-
served. In the long term, this has triggered the onset of groundwater
recharge, water-table rise and soil salinization over large extensions
(George et al., 1997; Leduc et al., 2001; Scanlon et al., 2005). Recent
studies in Argentina confirm the exhaustive use of rainfall inputs in the
long term leading to the presence of dry soil profiles with large salt
stocks under dry forests (Amdan et al., 2013; Gimenez et al., 2016;
Jayawickreme et al., 2011; Santoni et al., 2010). Yet, the short term
behavior of water vapor fluxes in these ecosystems, their response to
rainfall and soil moisture pulses and their link with the ecosystem CO2

exchange are still poorly understood.
The main goals of this study were: a) to quantify for the first time

the magnitude and temporal variability of CO2 and water vapor ex-
change with the atmosphere from eddy covariance measurements in a
dry forest of central Argentina, and b) to analyze how CO2 and water
vapor fluxes respond to different environmental factors, with focus on
soil moisture and temperature. Given the arid conditions of the studied
dry forest (mean rainfall is less than a quarter of mean potential eva-
potranspiration, PP/ETo = 0.23), we hypothesize that soil moisture is
the main driver of CO2 and water vapor fluxes and that this influence
exacerbates during the dry season. We also expected the forest to switch
from a carbon source under the extreme aridity of the dry season (PP/
ETo = 0.09) into a carbon sink during the wet season (PP/ETo = 0.34).
We performed continuous measurements of CO2 and water vapor
during a 15-month period (Dec. 2009 –March 2011) in a representative
dry forest stand in central Argentina. These measurements were com-
plemented with field and satellite observations in order to evaluate the
main environmental drivers of CO2 and water vapor fluxes and to assess
the leaf area seasonality of the site.

Fig. 1. Location of the study region in the dry forests
of central Argentina. The original extension of the
dominant biomes of the region is indicated on the
map on the left. On the right, a Google Earth image
(bottom) and a photograph taken at the field (top)
show a typical dry forest stand. The red dot on the
Google Earth image indicates the location of the
measurement tower. (For interpretation of the re-
ferences to colour in this figure legend, the reader is
referred to the web version of this article.)
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2. Materials and methods

2.1. Site description

The dry forest site (33.464 S; 66.459 W) is located in the centre of
the San Luis province (Argentina) at an elevation of 500 m above sea
level (Fig. 1), in the south extreme of the Chaco Dry Forest, close to the
ecotone with the Monte (southern creosote bush) to the west and the
Espinal (Southern mesquite woodland) to the south (Cabrera, 1976).
The region presents a dry forest matrix with isolated patches of altered
vegetation that include rainfed pastures of Cenchrus ciliaris and Era-
grostis curvula, roller-chopped stands (only shrubs and small trees are
removed), and to a much lesser extent irrigated plots of maize, sorghum
and soybean (Marchesini et al., 2013; Steinaker et al., 2016). Extensive
cattle raising represents the main economical activity in the region
(Magliano et al., 2015c), with stocking rates of 0.05 and 0.2 calving
units per hectare in native forest and pastures, respectively (Ser Beef
S.A., personal communication). Firewood extraction is limited to
homesteads and is rare around the study site.

2.2. Vegetation

The woody canopy of mature dry forest is principally dominated by
two species, Prosopis flexuosa and Aspidosperma quebracho-blanco; the
understory presents several shrub species such as Larrea divaricata and
Senna aphylla, and perennial grasses such as Stipa eriostachya and
Aristida mendocina (Table 1). We estimated a relative canopy cover of
82% and 51% for woody and grass species, respectively. The largest
tree is Aspidosperma quebracho-blanco which can reach up to 12 m in
height, followed by Prosopis flexuosa with 9 m. In the herbaceous layer,
Trichloris crinita and Setaria leucopila are the preferred species for live-
stock, followed by the Pappophorum caespitosum and Aristida mendocina.
Prosopis flexuosa and, to a lesser extent, Larrea divaricata are the woody
species typically used as firewood. The large plant species diversity
reported in Table 1, which is typical pattern of dryland ecosystems

(Bisigato et al., 2009; Ludwig et al., 2005), is usually found in a small
fraction of the landscape (< 1 ha) (Bogino and Bravo, 2014; Steinaker
et al., 2016). It is also important to note that the species of Table 1 are
also representative of the vegetation of other dry forests of central
Argentina (Alvarez and Villagra, 2010; Britos and Barchuk, 2008).

2.3. Climate and soils

The climate is semiarid with a mean annual rainfall of
360 mm year−1 (1967–2009; Salinas del Bebedero, 15 km west from
the study site and 2009–2017 own data on the study site) and Penman-
Monteith-FAO potential evapotranspiration approaches
1500 mm year−1 (CRU, New et al., 2002). A typical year has 40 rainfall
events, with the 8 largest ones (> 20 mm) accounting for 60% of total
rainfall and the 22 smallest ones (< 5 mm) accounting for 7% of total
rainfall (Magliano et al., 2015b). The mean annual temperature is
17.8 °C. The hottest (January) and coldest (July) months have average
temperatures of 24.8 and 10.3 °C, respectively. The number of ground-
frosts approaches 38 events per year, occurring typically between April
and September (CRU, New et al., 2002).

Soils are well-drained and derived from fine loessic sediments de-
posited throughout the Holocene with some alluvial reworking
(Iriondo, 1993; Tripaldi et al., 2013). Soils are Typic Torriorthents and
Entic Haplustols with 53% sand, 15% clay, and 1.4% organic matter in
the top 10 cm of the profile (Peña Zubiate et al., 1998; Toby Pennington
et al., 2000). Topography is gentle with slopes< 1.5%. Water table is
30-m depth at the study site. Soil water monitoring (0–3 m depth) in
dry forests of the study area show low and stable moisture levels in the
dry winter and higher and more variable levels in the wet summer
(Magliano et al., 2016; Marchesini et al., 2013). A list of soil and ve-
getation attributes derived from in-situ measurements in three forest
stands at our study site are shown in Appendix Table A1.

Table 1
Relative frequency of species present in the studied dry forest grouped by layers according to their height: herbaceous (< 0.5 m), shrub (0.5–2 m) and tree (> 2 m). Species frequency was
determined by interception transect lines (three 36-m lines for each layer). As this determination was based on the height of the plants, one species can appear in two different layers.

Bold letter indicates evergreen shrubs and trees. Other species present in the study site, but not intercepted by transects, are the trees Geoffroea decorticans and Bulnesia retama.
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2.4. Environmental measurements

Eddy covariance and environmental measurements were performed
in the centre of a paddock of 1420 ha, which represents the typical dry
forests of the region. Northwest to South winds (320° and 180°) prevail
(87% of the time), offering a full dry forest cover fetch condition for
about 1 kilometer. Upwind distance accounting for 80% of measured
surface flux ranged between 76 and 334 m, as computed with Kljun’s
et al. footprint model (2004), indicating that the tower was well in-
cluded in the fetch of the targeted cover. The study site belongs to a
commercial ranch in which native forests are used for cattle grazing.

Above-canopy net radiation (NR) was measured using a net radio-
meter (NR-Lite, Kipp & Zonen, Delft, The Netherlands) mounted at
∼4 m above the canopy. Also at this height, a photosynthetic photon
flux density (SQ-110, Apogee Instruments, Logan, UT, USA) and solar
radiation sensors (LI200S, LI-COR, Lincoln, NE, USA) measuring down
welling radiation fluxes were installed. Ground heat flux (G) was
measured using a soil heat flux plate (HFP01, Campbell Scientific,
Logan, UT, USA) installed 5 cm below the surface in a representative
location inside the patchy vegetation. The canopy heat storage (air and
biomass) between the soil surface and the level of the eddy covariance
instrumentation was not taken into account, since its importance is
expected to be small in sites with short canopies and low biomass
(Wilson and Baldocchi, 2000; Wilson et al., 2002) as the one we stu-
died. The sum of all additional energy sources and sinks were also as-
sumed to be negligible (Wilson et al., 2002).

Precipitation was quantified with a tipping-bucket gauge (TE525,
Campbell Scientific, Logan, UT, USA) mounted at the top of the tower.
We took advantage of an additional tipping-bucket gauge located
∼1.9 km away from the tower to check the accuracy of precipitation
measurements. Soil volumetric water content was measured by using
FDR type sensors (ECH2O-10 and EC-5 probes; Decagon Devices,
Pullman, WA, USA) at 5, 10, 20 and 50 cm of depth beneath the tree
canopy and in the proximity of the soil heat flux plate. These sensors
did not work continuously and some gaps (∼30% of the time series)
were generated. Because the roots density declines with depth and roots
extract water from soil in a non-uniform manner, we computed a re-
presentative metric of available soil moisture from 0 to 50 cm by
weighting soil moisture by the probability distribution of roots by depth
as proposed by Baldocchi et al. (2004). Root distribution by depth were
taken from Marchesini (2011).

2.5. Eddy covariance measurements

A three-dimensional sonic anemometer (CSAT-3, Campbell
Scientific, Logan, UT, USA) and an open-path infrared gas analyzer (LI-
7500, LI-COR, Lincoln, NE, USA) were mounted 4 m above the dry
forest canopy to measure the three components of wind velocity vectors
(u, v and w), the sonic temperature, and the CO2 and water vapor air
concentrations. Measurements were undertaken for 15 months (12/21/
2009 to 03/26/2011). Data were sampled at 20 Hz, controlled by
Campbell Scientific CR1000 data logger (Campbell Scientific, Logan,
UT, USA). The instrument was calibrated twice during the study period
and its maintenance operations were performed following
manufactureŕs recommendations. Half-hourly eddy fluxes were com-
puted as the covariance between vertical wind velocity (w) and CO2 (or
water vapor) air concentrations using EVEDDY, a VBA (Visual Basic for
Application) based software (Posse et al., 2014). Corrections for density
fluctuations due to temperature and water vapor were applied by using
the Webb-Pearman-Leuning procedure (Webb et al., 1980). The co-
ordinate system was rotated using the planar fit method for sonic an-
emometer tilt correction (Wilczak et al., 2001).

Following FLUXNET standard procedures, data were post processed
using EVEDDY (Posse et al., 2014), and including the following steps:
despiking, night-time correction, flux partitioning and gap filling of
half-hourly eddy fluxes. Firstly, half-hourly fluxes were filtered

following two qualitative criteria: data were removed when precipita-
tion events occurred, and/or when a stationary analysis indicated poor
quality (Foken et al., 2004). Secondly, despiking was performed by
removing half-hourly fluxes that were outside of a month to month
variable range, and using quadratic regressions over a 10-day moving
window. Thirdly, a three month period based critical friction velocity
(u*) threshold was used to exclude fluxes computed under calm wind
conditions (Reichstein et al., 2005). After that, data rejection was
57.4%, 46.7% and 58.8% for carbon dioxide, latent heat and sensible
heat fluxes, respectively. Fourth, a flux partitioning method was applied
(Reichstein et al., 2005) to discriminate the ecosystem respiration (Reco)
from NEE, in order to quantify gross ecosystem productivity (GE-
P = Reco – NEE). Finally, the gap filling procedure proposed by
Reichstein et al. (2005) was implemented to allow computation of NEE,
GEP and Reco fluxes at time scales greater than a half-hour. The gap
filling and random errors approached 1.6 and 1.8 g C m−2 for annual
NEE, respectively and 2.9 and 2 MJ m−2 for the annual latent heat flux.
The standard sign convention for NEE was used, whit NEE > 0 in-
dicating net loss of CO2 to the atmosphere (ecosystem acting as a
source) and NEE<0 indicating CO2 uptake by the ecosystem (eco-
system acting as a sink), being Reco and GEP always positive.

The system performance was assessed by statistically examining the
energy balance closure (Wilson et al., 2002). The half-hourly values of
latent heat flux (LE) plus sensible heat flux (H) were compared against
available energy (net radiation (NR) minus soil heat flux (G)) by per-
forming linear regression analysis. For the whole study period, the
correlation was 86% (r2 = 0.74) with an intercept value of 10.3 and a
slope of 1.05 (slope of 1.07 with regression forced through origin), not
statistically different from 1 (p < 0.001). The daily energy closure,
evaluated as (H + LE)/(NR-G), approached 90%, similar to values re-
ported for other sites (Wilson et al., 2002), evidencing a generally good
performance.

2.6. Data analysis

In order to examine the association of CO2 and water vapor fluxes
with the environmental variables, the full dataset was divided into two
seasons (i.e. dry and wet season) based on the monthly rainfall dis-
tribution. This distinction was done by taking into account the longest
precipitation data set (1967–2009; Salinas del Bebedero meteorological
station) located about 15 kilometers to the SW. There is a distinct dry
season during the southern autumn and winter from May to September.
During this 5-month period total precipitation represents on average an
8% of the annual total, with high interannual variability (temporal
coefficient of variation of 122%). The rainy season extends from
October to April; however, appreciable rain pulses are normally limited
to November-March period, accounting on average for an 80% of the
annual total. Intermittent dry spells are common during the wet season.

At the daily scale, we evaluated the association between CO2 and
water vapor fluxes with different environmental variables (soil
moisture at different depths, soil temperature, air temperature, photo-
synthetically active radiation) using linear and non-linear regression
models. We computed the Bowen Ratio (BR) and the Evaporative
Fraction (EF), as the relationship between actual evapotranspiration
and potential evapotranspiration (ETactual/ETo), as indicators of ve-
getation water stress and analyzed their relationships with soil
moisture. We evaluated the association between monthly CO2 and
water vapor fluxes with cumulative rainfall integrated over the current
up to three previous months trough linear regression models.

We quantified the individual components of evapotranspiration
(soil evaporation, transpiration and interception) using a simple hy-
drological model empirically derived from data collected in our study
site (Magliano et al., 2017b). The model solves the ecosystem daily
water balance considering the average canopy interception of dry forest
of our study site (Magliano et al., 2016), and evaporation and tran-
spiration dynamics (Magliano et al., 2017b). We run the model for the
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15-month period covered by the eddy covariance measurements.

3. Results and discussion

3.1. Meteorological conditions during study period

Precipitation during 2010 amounted to 421 mm, 15% more than the
long-term annual average. Summer 2011 was the rainiest period, with
February 2011 having a total monthly rainfall of 122 mm (twice the
long-term monthly average; Fig. 2a). The 2010 dry season accounted
for 24% of annual rainfall. An exceptional monthly rainfall of 57.4 mm
was recorded in May 2010 (the 2nd for the period 1967–2010), which
explained ∼14% of annual rainfall.

Soil water content (SWC) between 0 and 50 cm of depth peaked
following large precipitation events, with maximums reaching
0.20 m3 m−3 and 0.26 m3 m−3 during wet and dry seasons, respec-
tively. During the wet season, SWC peaks were followed by steep de-
creases down to 0.03 m3 m−3 at the end of April 2010 (Fig. 2b). By

contrast, during the dry season one high rainfall event at the end of May
of 37.2 mm, plus another moderate rainfall event six days later
(17.2 mm), were enough to recharge the soil profile and keep SWC
above 0.06 m3 m−3 for the whole winter (Fig. 2b).

Photosynthetic photon flux density (PPFD) and air temperature
(Tair) showed a strong seasonality (Fig. 2c and d). PPDF for clear days
ranged between about 500 and 1300 μmol m−2 around winter and
summer solstice, respectively. Frequency of overcast days was similar
during the wet and dry seasons, with about 25% of days having clear-
ness index KT (ratio of measured vs. expected clear sky global solar
radiation) lower than 0.8. Mean daily Tair ranged between 0 and 34 °C
for the entire study period (Fig. 2d). The mean annual temperature for
2010 was 17.8 °C, very similar to the long-term average.

3.2. Annual and seasonal CO2 and water vapor fluxes

The forest was a moderate carbon sink during the study period.
Throughout 2010, the yearly integrated NEE approached

Fig. 2. Environmental conditions throughout the
whole study period. (a) Daily total and cumulative
precipitation (PP). (b) Daily soil water content for
0–50 cm depth (SWC0–50). (c) Photosynthetic photon
flux density (PPFD). (d) mean daily air temperature
(Tair). In (d), air temperature with black line shows
the daily mean and gray lines indicate daily
minimum and maximum values. DS and WS at the
top of the figure and vertical grey lines over each
panel denote the extent of dry and wet seasons, re-
spectively.

A.G. García et al. Agricultural and Forest Meteorology 247 (2017) 520–532

524



−132.8 g C m−2 y−1 (−172.2 g C m−2 for the whole study period).
The seasonal patterns of NEE revealed an unexpected, steady and sig-
nificant sink of carbon during the cool dry season, accounting for a
quarter of the total annual NEE of year 2010 (Fig. 3c). During this
period, NEE ranged between −1.1 and 0.61 g C m−2 day−1 and aver-
aged −0.23 g C m−2 day−1 (Fig. 3c) During the warm wet season, a
highly variable but stronger (average = −0.44 g C m−2 day−1) net
CO2 uptake was observed, yet frequent switches to net source were
observed (Fig. 3c).

This first estimate of net CO2 exchange for the second largest forest
in South America after Amazonia should be considered with caution,
given the less-than perfect energy balance closure, likely caused by
measurement uncertainties, and also the limited time-span of the study.
However, it is worth noting that the mean values of EVI (a surrogate of
primary productivity derived from MODIS imagery, e.g. Sims et al.,
2006) and soil moisture recorded during the study period (0.205 and
8.8%, for EVI and soil moisture, respectively) were similar to long-term

means (0.21 and 8.5%, for EVI 13-years-average and soil moisture 5-
years-average, respectively), which suggests that we captured a
“normal” period in our study. In addition, results are comparable with
aboveground primary productivity data estimated by biomass harvest
at a similar site (NPP = 160 g C m−2 y−1) (Braun et al., 1979). Besides,
our NEE estimate is also comparable to other few estimates of annual
carbon gains of semiarid woodlands in the world with similar annual
rainfall: −96 to −155 g C m−2 y−1 for a semiarid chaparral in
Southern California (Precipitation, PP = 349 mm y−1, Luo et al.,
2007); −212 g C m−2 y−1 (March to December only) for a semiarid
riparian shrubland in Arizona (PP = 313 mm y−1, Scott et al., 2006);
−230 g C m−2 y−1 for a pine forest in southern Israel
(PP = 285 mm y−1, Rotenberg and Yakir, 2010); and
−374 g C m−2 y−1 for a tropical dry forest in Northwest Mexico (May
to November only, PP = 712 mm y−1,Perez-Ruiz et al., 2010).

The dry forests of the Southern Hemisphere, like the one we studied,
are an important component of the global carbon balance. Recent

Fig. 3. Seasonal cycles of daily: (a) gross ecosystem
productivity (GEP); (b) ecosystem respiration (Reco);
(c) net ecosystem exchange (NEE); and (d) pre-
cipitation and evapotranspiration (ET). Solid lines
for each plot represent the data smoothed with a non
parametric method for estimating regression surfaces
(LOESS, performed in Sigma Plot 8.0, Systat
Software, Inc.). DS and WS at the top of the figure
and grey vertical lines over each panel denote the
extent of dry and wet seasons, respectively.
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studies suggest that interannual variation on net CO2 fluxes in semiarid
areas of the Southern Hemisphere can have a superlative influence on
the global carbon budget, explaining up to ∼90% of global net primary
productivity anomalies (Poulter et al., 2014). However, semi-arid eco-
systems usually show high sensitivity to rainfall (Le Houerou et al.,
1988) and drier periods may convert these areas in carbon sources
(Verduzco et al., 2015), which is particularly important considering
that many semi-arid ecosystems are experiencing decreasing rainfall
trends (Biasutti, 2013; Cai and Cowan, 2012). These processes seem to
be poorly represented in Earth System Models so far (Poulter et al.,
2014).

Partitioning NEE into its component fluxes showed that the dry
forest had a year-round growing season. It showed low but constant
gross ecosystem productivity (GEP) rates during winter (July −
September) that averaged 1 g C m−2 day−1 and peaked during spring,
summer and early autumn (Fig. 3a). During the dry season, the GEP
accounted for a quarter of the annual gross CO2 uptake of the eco-
system. Ecosystem respiration (Reco) followed GEP patterns throughout
the year with minimums during winter season (on average
0.73C m−2 day−1) and maximums during summer months (Fig. 3a and
b). Reco during the dry season represented 23% of the annual flux.

Evergreen species are likely making a larger contribution to the
annual gross ecosystem productivity than deciduous ones. We esti-
mated the contribution of deciduous and evergreen species to the gross
CO2 uptake through two different approaches. On the one hand, we
took into account the leaf area seasonality (LAI, derived from MODIS
imagery, product MOD15A2) and assumed that the leaf area observed
during the dry season (which is only associated to evergreen species)
remains constant during the wet season and that the increase in LAI
during this season corresponds to the contribution of the deciduous
species. On the other hand, we used data of canopy cover of these two
vegetation groups estimated during the wet season. Both approaches
yielded similar results and suggested that evergreen species accounted
for between 56% (LAI method) and 67% (canopy cover method) of
gross annual CO2 uptake.

Cumulative ecosystem water vapor flux during the study period
accounted for most of accumulated rainfall. Precipitation (PP) over the
study period was 674 mm, and more than 88% of it returned to the
atmosphere through evapotranspiration (ET = 595 mm) (Fig. 3d).
Given that no differences were observed in stored soil water for the first
0.5 m of the profile between the beginning and end of the study period,
it is possible that the difference between both water fluxes (PP –
ET = 79 mm) indicates an increase of soil water below that depth and/
or runoff. The first possibility is very likely considering that the be-
ginning of the study period was preceded by a dry period (PP 35%
below the average in the previous 9 months) and that in two rainfall
event the wetting front reached 0.5 m depth of the soil profile (Fig. 2b).
Runoff water losses are likely minimal in the study site, even during
high precipitation events, as shown by existing field studies close to the
study site (Magliano et al., 2017a; Magliano et al., 2016).

A simple hydrological model suggested that transpiration was the
main process contributing to evapotranspiration. Vegetation tran-
spiration accounted for 66.9% of total evapotranspiration, followed by
canopy interception (19.7% of total ET) and soil evaporation (13.4% of
total ET). These results are consistent with other studies in dry forests
(Köstner, 2001; Raz-Yaseef et al., 2010) and shrublands (Scott et al.,
2006; Stannard and Weltz, 2006) showing that transpiration is the
largest component of ET. The dominant role that transpiration plays in
the water losses of these ecosystems is already evidenced by the strong
hydrological consequences generated by deforestation and transpira-
tion reductions in the region (Contreras et al., 2013; Gimenez et al.,
2016).

Daily CO2 fluxes during the 2009–2010 wet season mirrored rainfall
trends. At the start of the measurement period, by the end of December
2009, the dry forest consistently showed NEE rates of up to
−2.4 g C m−2 day−1. The highest rates of GEP and Reco

(6.2 g C m−2 day−1 and 5.1 g C m−2 day−1, respectively) were ob-
served during this period (Fig. 3a and b), probably associated to four
precipitation events that accounted for a total of 112 mm (75.3% higher
than the long-term average for December) just in a 12-day time interval
(Fig. 2a). After these heavy rains, GEP and Reco decreased steeply fol-
lowing the reduction in soil water content (Fig. 2b). The more pro-
nounced reduction in GEP than in Reco determined an increasing NEE
that turned the dry forest from a near neutral to a slight source of
carbon (up to 0.85 g C m−2 day−1) many days during midsummer. Just
after rainfall became more regular by early February 2010, and the soil
was wetted again, GEP and Reco stopped declining so steeply. During
March and April, a steeper reduction of Reco than GEP resulted in a
consistent sink of carbon during late wet season, even when leaf fall of
some tree species had started and available soil water had been de-
pleted (Fig. 2b).

Daily CO2 fluxes during the dry season showed much lower varia-
bility than during the wet season. At the onset of the dry season, and
triggered by a large rainfall event at the end of May (Fig. 3d), there was
a short period when the ecosystem was a small source of carbon to the
atmosphere (with maximum fluxes of 0.37 g C m−2 day−1; Fig. 3c).
Just after that and even when leaf area and photosynthesis activity have
already reached their minimums (0.7 g C m−2 day−1, respectively), the
ecosystem was a small but significant and constant sink of carbon, with
maximum uptake rates of around −1.1 g C m−2 day−1 (Fig. 3a and c).
This net uptake of CO2 remained so until the leaf development onset
and the arrival of first heavy rains by October, when Reco peaked and
dominated the carbon balance for a few days (Fig. 3c and d).

A more detailed scrutiny of daily pattern shed light on the effects of
rain pulses on CO2 fluxes. During summer, dry spells of several days
accompanied by high vapor pressure deficits caused declines in GEP
and positive NEE (e.g. at the end of January 2010, Fig. 3). Rain events
during the summer intensified CO2 release by a few days, due to an
immediate increase in respiration plus a drop in GEP because of the low
radiation, but then reversed them, switching the dry forest to sink, due
to a later increase in GEP (e.g. from mid to end of February, Fig. 3).
During winter, long dry spells did not cause declines in GEP nor turn the
dry forest into a net carbon source as seen during summer, and most of
positive values in NEE during this period corresponded to cloudy days
(Fig. 3).

On average, daily water vapor fluxes (i.e. evapotranspiration, ET)
during the wet season were almost fourfold those observed during the
dry season (1.7 mm d−1 vs. 0.45 mm d−1, respectively, Fig. 3d). Mean
daily ET always peaked in response to rainfall events, being the re-
sponsiveness higher during the warm wet season and hence the varia-
bility (Standard Deviation = 0.8 mm d−1 and 0.25 mm d−1 for wet and
dry season, respectively). During summer, maximum ET values fol-
lowed rainfall event, after which ET rates abruptly drop till the next
rainfall event. This drop was faster when the size of the rainfall event
was smaller. For example, a 15 mm event in March 2010 increased ET
for five days until reaching the pre-rain ET values, while 10 mm events
in January and February 2010 increased ET for only two days. During
the dry winter, ET peaks were also observed after rainfall event, but in
this case the falling rates after the event were lower than in the wet
season (Fig. 3d). At the end of the 2010 wet season and beginning of the
dry season, when the first 0.5 m of the soil profile were completely dry
(Fig. 2b), ET rates remained around 0.35 mm d−1 (Fig. 3d) indicating
the use of deep water sources by the vegetation.

Rainfall events generated strong responses in ecosystem fluxes evi-
dencing a pulsed behavior of them (Fig. 3). In agreement with the
conceptual pulses model (Huxman et al., 2004), after a rainfall event, a
rapid increase in CO2 release was observed, which would respond to
increase in microbial activity and physical displacement of CO2 accu-
mulated previously in the soil matrix. This CO2 flux outweighs the in-
crease in CO2 fixation by photosynthesis for a few days, but then there
is a net carbon gain. Beside this pattern already documented in other
semiarid ecosystems (Jenerette et al., 2008; Kurc and Small, 2007), it is
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interesting to note that during the longest dry spell (only 5 mm of
rainfall in three months, June-August), the dry forest was able to sus-
tain a constant and steady CO2 uptake flux (∼1 g C−2 m−2 d−1) and
behave as a carbon sink, evidencing high adaptation to arid conditions.

The observed CO2 uptake pattern suggests two combined dynamics,
whit rapid responses to rainfall events overlaid over a more stable,
baseline behavior. This likely results from the coexistence of deciduous
tree species and shallow rooted grasses (e.g. Prosopis flexuosa, Setaria
leucopila, Stipa eriostachya), with fast responses to rainfall events, and
deep rooted evergreen woody species (e.g. Aspidosperma quebracho-
blanco, Larrea divaricata, Condalia microphilla), with slower but more
stable responses during inter-pulses periods (Golluscio et al., 2009; Ogle
and Reynolds, 2004; Sala and Lauenroth, 1982). The biological activity
of these drought-adapted species determines that during the dry season
the dry forest behaves as a net and steady carbon sink, as opposed to
what has been observed in other semi-arid ecosystems (Brümmer et al.,
2008; Hastings et al., 2005). It is also likely that these species, by
sustaining transpiration during the dry season, have a key role in
generating the zero drainage condition typical of these ecosystems
(Santoni et al., 2010), as they would promote the drying of the soil
profile to deep layers. The disruption of this zero drainage condition,
which occurs both with deforestation for agriculture and with the re-
moval of shrubs with roller-chopping (Marchesini et al., 2013; Santoni
et al., 2010), is the main cause of serious dryland salinization problems
in this and other dry forest ecosystems of the world (George et al., 1997;
Marchesini et al., 2016).

3.3. Daily cycles of CO2 fluxes

Clear diurnal patterns of CO2 fluxes were observed during both the
dry and wet seasons, but stronger amplitudes were observed during the
summer wet season (Fig. 4). In the cool dry season, the dry forest
started to assimilate CO2 one hour after sunrise, at 8:00, and became a
carbon sink from 9:00 h to 18:00 h. Maximum GEP rates (0.14 mg
CO2 m−2 s−1) occurred around 13:00 h, at the same time that max-
imum PAR flux. During the wet season, CO2 assimilation peaked one
hour before the maximum PAR flux (0.29 mg CO2 m−2 s−1 at 11:30 h)
and the dry forest was a net sink of carbon from 8:00 h to 19:00 h, with
a maximum NEE rate of −0.19 mg CO2 m−2 s−1 at 11:30 h. Maximum

rates of Reco coincided with maximum air temperature in both seasons
(Fig. 4b).

Seasonal variations of daily maximum net CO2 uptake during the
day and CO2 release during nighttime provide insights about the sea-
sonality of the carbon sequestration potential of this dry forest. The
maximum uptake rate during the day remained rather stable during dry
season months (-0.1 mg C m−2 s−1, Fig. 5). With the onset of the wet
season, the maximum uptake rate increased and peaked in December
(−0.32 mg C m−2 s−1, Fig. 5). This value is lower than those observed
for deciduous forests and is located at the lower limit within evergreen
forests, being only similar to Mediterranean oaks forests (Adenostoma
ceanothus) and black spruce forests (Brümmer et al., 2008; Falge et al.,
2002; Wofsy et al., 1993). The maximum CO2 nighttime release was in
phase with the maximum CO2 uptake, showing December the highest
value (0.16 mg C m−2 s−1, Fig. 5). The maximum CO2 nighttime re-
lease was also similar to values observed for evergreen oak forests and
much lower than those of other evergreen and deciduous forests (Falge
et al., 2002). However, the lowest monthly value of the maximum CO2

uptake during the day (- 0.09 mg C m−2s−1 in July, Fig. 5) was notably
higher than rates reported for deciduous forests and similar to those

Fig. 4. Daily cycles of (a–b) net ecosystem exchange
(NEE), gross ecosystem productivity (GEP), and
ecosystem respiration (Reco); (c – d) photosynthetic
active radiation (PAR) and air temperature (Tair) for
dry and wet seasons.

Fig. 5. Seasonal variation of maximum CO2 release during the night and net uptake
during the day. Vertical lines indicate the standard deviation.
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observed in temperate evergreen forests (Falge et al., 2002).

3.4. Biophysical controls of CO2 and water vapor fluxes

As expected for a semi-arid ecosystem, soil moisture had a strong
influence on the carbon balance, with clearer effects during the warm
wet season (Table 2). During the wet season, daily CO2 fluxes (Reco and
GEP) were strongly associated with the soil moisture; the best fit was
achieved considering soil moisture of the whole soil profile (0–50 cm).
On the other hand, during the dry season the influence of soil moisture
on the CO2 fluxes was notoriously lower, while soil temperature became
an important driver, explaining up to 63% and 59% of Reco and GEP
variability, respectively. By contrast, the influence of temperature on
CO2 fluxes was not significant during the wet season. The leaf area
index (derived from MODIS imagery) and the photosynthetically active
radiation had a markedly lower influence on daily GEP fluxes than the
most important drivers of soil moisture and temperature for the wet and
dry season, respectively. In contrast to the definition of dry and wet
season, this analysis suggests that during the dry season, which includes
the southern autumn and winter (Tair mean = 11 °C), temperature is
the main control of biological activity, whereas during the wet season
(Tair mean = 22 °C) it is soil moisture.

Daily evapotranspiration was strongly associated with soil moisture
during both wet and dry seasons (Table 2). In the wet season, evapo-
transpiration was best explained (r2 = 0.78) by the water content of the
whole soil profile (0–50 cm), while in the dry season the best adjust-
ment (r2 = 0.56) was achieved considering top soil moisture (0–5 cm).
We also found that in the dry season soil temperature strongly affected
evapotranspiration (r2 = 0.50 considering measurements at 10 cm-
depth), but its influence was marginally significant during the wet
season.

The evaporative fraction (EF = ETactual/ETo) and the Bowen Ratio
(BR) were strongly associated with soil moisture, suggesting pervasive
water stress conditions in the studied ecosystem (Fig. 6). We found that
the EF was higher and strongly associated to soil moisture in the wet
season (0.28 vs. 0.19 for WS and DS, respectively) (Fig. 6a). Interest-
ingly, the relationship between EF and soil moisture during the wet
season was best explained by a bi-linear model with a breakpoint at 9%
of soil moisture. The BR can be used as an indicator of water stress
because as vegetation experiences drought, a higher proportion of
available energy dissipates as sensible heat rather than latent heat,
increasing BR. As in the case with the EF, we found a stronger and
linear association with soil moisture during the wet season (Fig. 6b).
Given that we did not find a saturation response of the EF or BR vs. soil
moisture as it would be expected if soil moisture were not the limiting

factor of ET (Bracho et al., 2008), we speculate that vegetation is in a
permanent water stress condition. We did not find any significant re-
lationship between LAI (derived from MODIS imagery) and the BR, as it
has been observed in other ecosystems (Bracho et al., 2008; Jia et al.,
2016).

At the monthly scale, rainfall had a strong influence on CO2 and
water vapor fluxes only during the wet season (Table 3). During this
period, current-month rainfall accounted for 35% of the variability of
GEP (PPmonth i vs GEPmonth i), but this amount increased notably to 65%
when the rainfall of the previous month was included in the calcula-
tions (PPmonths i+i-1 vs GEPmonth i). In the case of Reco and ET, the ad-
dition of the rain of the previous month did not produce an improve-
ment in the amount of variability explained by the models. This pattern
suggests a lag in the response of vegetation to rainfall inputs, as it has
already been observed in other arid ecosystems (Sala et al., 2012;
Yahdjian and Sala, 2006).

The efficiency of net and gross CO2 exchange relative to that of
water evaporated increased as the soil dried in both seasons, yet the
relationships were different between them (Fig. 7). This increase in the
ecosystem water use efficiency as soil moisture declines suggests a
lower relative importance of soil evaporation on total evapotranspira-
tion as time progresses after rainfall events. Interestingly, the time span
during which the carbon efficiency increases after a rainfall event is

Table 2
Coefficients of determination (r2) of linear regression models adjusted between daily CO2

(Reco and GEP) and water vapor fluxes and environmental variables. Only clear sky days
were considered in this analysis.

Wet Season Dry Season

Depth ET Reco GEP ET Reco GEP

5 cm 0.69 0.58 0.45 0.56 0.48 0.28
Soil 10 cm 0.70 0.63 0.54 0.41 0.41 0.27
Moisture 20 cm 0.50 0.50 0.57 0.33 0.35 0.29

50 cm 0.29 0.37 0.40 0.34 0.21 0.18
0–50 cm 0.78 0.77 0.73 0.44 0.40 0.28

5 cm 0.00 0.10 0.03 0.30 0.40 0.48
Soil 10 cm 0.00 0.06 0.00 0.50 0.63 0.59
Temperature 20 cm 0.00 0.06 0.00 0.31 0.35 0.46

50 cm 0.08 0.11 0.04 0.00 0.00 0.08
0–50 cm 0.00 0.07 0.00 0.30 0.36 0.46

Air Temperature 0.01 0.19 0.01 0.14 0.54 0.39

Numbers in italics indicate when models are not statistically significant (p < 0.01) and
in bolds indicate the highest coefficients.

Fig. 6. Relationships between daily Evaporative Fraction (ETactual/ETo, Panel a) and
Bowen Ratio (Panel b) with soil moisture for dry and wet seasons. Only clear sky days
were considered in this analysis.

Table 3
Coefficients of determination (r2) of linear regression models adjusted between monthly
fluxes of CO2 (Reco and GEP) and water vapor and rainfall integrated for different time
periods (from 1 up to 3 months).

Wet Season Dry Season

Rainfall ETi Reco, i GEPi ETi Reco, i GEPi

month i 0.69 0.68 0.35 0.19 0.16 0.28
month i + i-1 0.68 0.68 0.65 0.27 0.50 0.28
month i+ i-1 + i-2 0.36 0.30 0.34 0.00 0.25 0.00

Numbers in italics indicate when models are not statistically significant (p < 0.05,
n = 10 for WS and n = 5 for DS).
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remarkably long, exceeding a month (data not shown), which is in
agreement with recent observations in the study site that show low soil
evaporation rates that extend the period during which soil evaporation
occurs (Magliano et al., 2017b). On the other hand, as the period
without rains spreads and drought conditions intensify, leaf-level ad-
justments may occur (i.e. changes in leaf conductance and carboxilation
capacity) that may also increase the ecosystem water use efficiency
(Grünzweig et al., 2003; Reichstein et al., 2002).

Half-hourly CO2 fluxes were strongly affected by air temperature,
although its effect differed between the dry and wet seasons (Fig. 8).
During the dry season, temperature increases between 5 °C and 31 °C
resulted in consistent increases in GEP and Reco, which finally de-
termined no significant variation in NEE. During the wet season, tem-
perature increases between 12 °C and 25 °C also produced similar in-
creases in GEP and Reco, and no significant trend in NEE. However,
above 26 °C GEP experienced a sharp decline from ∼7.7 mg
CO2 m−2 s−1 (at 25 °C) to 2.4 mg CO2 m−2 s−1 (at 40 °C), while Reco

showed first a slight increase, up to 32 °C (3.3 mg CO2 m−2 s−1), and
then a slow reduction that stabilized at around 2.7 mg CO2 m−2 s−1 (at
39 °C). Evapotranspiration also abruptly fell above 26 °C during the wet
season which suggests the onset of stomatal closure. The different re-
sponses for GEP and Reco determined an abrupt decline in net ecosystem
exchange rates, from −0.2 mg CO2 m−2 s−1 to 0.01 mg CO2 m−2 s−1

for temperatures between 27 °C and 40 °C.
The observed responses of CO2 fluxes to air temperature partially

agree with previous observations in other ecosystems. The switch from
carbon sink to carbon source that occurred between 26 °C and 40 °C
was not due to increased maintenance respiration as it has been ob-
served by other authors (Adams et al., 2009; Atkin and Tjoelker, 2003;Fig. 7. Relationships between carbon exchange efficiencies (GPP/ET and NEE/ET) with

soil moisture for wet (a) and dry (b) seasons. Only clear sky days were considered in this

Fig. 8. Relationships between (a) gross ecosystem production (GEP), (b) ecosystem respiration (Reco) and (c) net ecosystem exchange (NEE) with air temperature. Relationships are
shown for wet (circles) and dry (triangles) seasons separately. Vertical lines indicate the standard deviation.
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Zhao et al., 2013), since Reco changes were small in this temperature
range (Fig. 8b), but to an abrupt fall in CO2 uptake rates (Fig. 8a)
(Bernacchi et al., 2001). This pattern was not observed in the dry season
with temperatures above 26 °C. Higher soil moisture contents could
reduce the effect of thermal stress (Zhao et al., 2013) but this would not
be the case in our system since soil moisture was, on average, similar in
both seasons. Maybe, a higher relative preponderance during the dry
season compared to the wet season of the most prevalent warm desert
evergreen shrub Larrea divaricata, which is well adapted to high tem-
peratures (Salvucci and Crafts-Brandner, 2004), is explaining the ob-
served pattern. Considering our observations and the climate change
context, it results highly important to quantify carefully the effects of
temperature rise on the carbon balance of this and other dry forest
ecosystems.

4. Summary and conclusions

Based on eddy covariance technique, we provide key findings that
expand our knowledge about carbon and water dynamics and their
environmental controls in the studied ecosystem. We found that the dry
forest was a net carbon sink during the study period (15 months) even
during the very dry season, which differs from our hypothesis and from
many other studies that show ecosystems behaving as carbon sources
during drought periods. As we previously hypothesized, soil moisture
was a main control of daily fluxes of CO2 and water vapor but its in-
fluence was markedly higher during the warm wet season.
Unexpectedly, soil moisture (and rainfall) had a lower influence on CO2

fluxes during the cool dry season, with temperature becoming the
dominant driver in this period. Overall, the CO2 uptake dynamics
showed two overlapping patterns directly related with rainfall inputs.
On the one hand, we observed a CO2-pulses pattern triggered by rainfall
events, where CO2 uptake peaks immediately after rain and then de-
clines sharply. This supports the “trigger-transfer-pulse-reserve” fra-
mework, developed for water-limited ecosystems, which postulates that
the whole ecosystem depends principally on (and is triggered by)
rainfall inputs. On the other hand, we found a basal and steady CO2

uptake pattern that operates during rainless period, likely sustained by
evergreen drought tolerant species (e.g. Larrea divaricata). Interestingly,
agricultural management (e.g. grazing, prescribed fire, roller-chopping)
may change the relative proportion of plant functional groups (e.g.
Steinaker et al., 2016), and by doing this, the relative importance of
pulsed vs. basal CO2 patterns.
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Appendix A

Soil and vegetation attributes
Leaf area index above 25 cm and 150 cm height and incident radiation (n = 54) at the corresponding positions were estimated using hemi-

spherical photographs obtained with a Nikon Coolpix 5400 camera fit with a FC-E9 Fisheye lens (Nikon, Tokyo, Japan) (Breshears and Ludwig,
2010). Digital photos were analyzed using Delta-T HemiView software (HemiView 2.1, Delta-T Devices, Cambridge, UK) (Rich et al., 1999). Soil
litter cover was determined by visual interpretation of photographs of an area of 1 m2 of the ground surface. Soil litter depth was determined by
measuring and averaging the thickness of the litter layer from the mineral soil surface to the top, at eight random points. Microtopography was
determined by measuring height differences between a central point (n = 54) and four neighbors points (located 0.5 m away in the N, S, E, and W
directions), using a Ziplevel Pro-2000 altimeter, with a 2-mm resolution (Technidea, Escondido, CA). Penetration resistance was measured using an
analog pocket penetrometer (Eijkelkamp, Gelderland, Netherlands) and infiltration rate was determined with the double-ring method (Eijkelkamp,
Giesbeek, Netherlands). We report the infiltration rate in saturation conditions, a measure independent of prior soil water content (Wilson and
Luxmore, 1988). Bulk density and water holding capacity (0–10 cm) were determined using the same field samples. For this purpose, we irrigated
each patch with ∼50 mm of water and we immediately covered it with polyethylene film in order to avoid evaporation. Twenty-four hours later, we
took soil samples from the upper 10 cm using the cylinder method (Grossman and Reinsch, 2002; Hillel, 1998) and determined bulk density values in
the laboratory by dividing the dry soil weight (dried for 72 h at 105 °C) by the volume of the cylinder. We estimated the initial water content of each
soil sample as the water content at field capacity. More methodological details can be found in Magliano et al. (2015a; Magliano et al. (2015a;
2017a).

Table A1
Summary of soil and vegetation attributes of dry forests of the study area.

Biophysical attributes units mean median min max CV

LAI above 25 cm height index 1.0 0.9 0.3 2.2 41.5
LAI above 150 cm height index 0.6 0.5 0.1 1.5 56.5
Incident radiation above 25 cm height % 47.5 46.9 0.2 0.9 38.7
Incident radiation above 150 cm height % 31.0 33.0 0.3 1.0 65.6
Soil litter cover % 44.9 37.5 0.0 100.0 64.6
Soil litter depth cm 0.8 0.5 0.0 3.3 92.0
Microtopography cm 5.0 4.8 0.5 11.0 13.4
Penetration resistance kg/m2 1.9 1.5 0.6 5.0 49.3
Infiltration rate mm/h 172.0 128.0 24.0 834.0 80.6
Bulk density g/cm3 1.2 1.3 0.7 1.4 3.4
Water holding capacity 0–10 cm depth % 17.1 18.7 10.7 26.0 6.5
Water holding capacity 10–20 cm depth % 20.6 20.9 16.3 23.9 10.4
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