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Abstract

The dry forests of South America are a key player of the global carbon cycle and the regional water
cycle but they are being intensively deforested. We used eddy covariance measurements to compare
the temporal patterns of CO and water vapor fluxes and their relationships with environmental
variables in dry forest and pastures sites of central Argentina. Ecosystem fluxes showed clear
contrasts in magnitude, timing, and response to environmental controls between ecosystems. The dry
forest displayed higher daily gross primary productivity (GPP, 10.6 vs. 7.8 g CO. m?d?) and
ecosystem respiration (Reco, 9.1 vs. 7 g CO, m2 d?) and lower net ecosystem exchange (NEE, -1.5 vs.
-0.7 g CO, m?d?) than the pasture. These differences were explained by a lower tolerance of the
pasture to cool temperatures and drought. The lowest NEE rates were observed between 26 and 34 °C
in the pasture but below this range NEE increased sharply, switching to a carbon source with
temperatures < 20 °C. By contrast, the dry forest remained as a strong carbon sink down to 18 °C. The
pasture also showed a stronger drop of GPP with drought compared to the dry forest, becoming a
carbon source with soil wetness < 25% of soil available water. Rainfall was strongly coupled with
GPP in both ecosystems but the dry forest responded to longer rainfall integration periods. This study
helps to understand how ecosystems can respond to climate change, improve global scale modelling
and increase the productivity and resilience of rangelands.
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1. Introduction

Arid and semi-arid ecosystems (hereafter drylands) cover 45% of Earth’s land surface (Pravilie,
2016; Schimel, 2010). Despite showing a relatively low mean annual primary productivity, they are a
key player of the global carbon cycle (Huston & Wolverton, 2009; Jung et al., 2011). Global scale
studies show that while the mean carbon sink is dominated by highly productive regions, drylands
drive the inter-annual variability and trend of carbon sinks over recent decades (Ahlstrom et al., 2015;
Jung et al., 2011; Poulter et al., 2014). Moreover, this influence is mostly mediated by changes in
gross primary productivity (Ahlstrom et al., 2015; Jung et al., 2011) which means that the growth of
vegetation in drylands is the most important factor governing the global inter-annual variability and
trend of carbon sinks. In this context, it is important to highlight that dryland ecosystems are subject
to high transformation pressures from the, often interactive, effects of agricultural use and climatic
change (Reynolds et al., 2007; Wang et al., 2012).

Understanding the patterns and drivers of CO, and water vapor fluxes of ecosystems becomes relevant
in a global change context, for instance, to predict expected feedbacks or to improve models relating
carbon fluxes to environmental variables. However, most studies have been biased towards more
humid systems, whereas studies in (semi)arid ecosystems are not that widespread (Baldocchi, Chu, &
Reichstein, 2018; Chen et al., 2015). While most of our current understanding of the patterns and
drivers of ecosystem fluxes in drylands has been based on remote sensing studies, coarse-scale
atmospheric inversion models, empirical regression models, or terrestrial biosphere models, they are
still poorly constrained by field measurements (Biederman et al., 2017). The eddy covariance
technique allows for quasi-continuous measurements of whole-ecosystem fluxes of CO,, water vapor
and energy, offering a valuable approach to fill this gap (Baldocchi, 2003; Law et al., 2002). The use
of this technique in South American drylands is more recent but the few existing studies (e.g. Garcia
etal., 2017; Silva et al., 2017) have provided key findings on the functioning of these ecosystems.

In drylands, water availability has been identified as a key control of CO- fluxes in both native and
cultivated ecosystems (Biederman et al., 2016; Newman et al., 2006). For instance, droughts generally
lead to a higher drop in gross primary productivity than in ecosystem respiration (Atkin & Macherel,
2009; Schwalm et al., 2010), and consequently, switch ecosystems from carbon sinks to sources
(Biederman et al., 2017; Ciais et al., 2005; Scott, Biederman, Hamerlynck, & Barron-Gafford, 2015).
Beyond these broad patterns, the finely tune response of ecosystem to fluctuating water inputs is
ultimately dependent on their species composition and their adaptations to cope with water shortages
(Garcia et al., 2017; Reynolds, Kemp, Ogle, & Fernandez, 2004). Given the ongoing climatic change,
where a higher frequency of extreme climatic events (more intense rainfalls and longer droughts) are
expected for the dry forests of southern South America (Barros et al., 2015; Labraga & Villalba,
2009), a better understanding of the relationship between CO- fluxes and water availability is
warranted.

The response of CO- fluxes to air temperature variability is a critical aspect of ecosystems
functioning, particularly in a global warming context. This is crucial, for instance, to understand
whether temperature feedbacks on the carbon balance can speed up (or not) the process of global
warming (Zeng, Qian, Munoz, & lacono, 2004). In mesic ecosystems, where rainfall is not the main
limiting factor to vegetation growth, temperature increases usually translate into higher ecosystem
productivity (Law et al., 2002) and stronger carbon sink (Yi et al., 2010). In drylands, instead, a
negative linear relationship between mean annual temperature and vegetation productivity has been
observed, both spatially (among sites) and temporally (among years) (Biederman et al., 2017). This
would imply that global warming can be accelerated by the aforementioned sink-to-source switches in
drylands (Anderson-Teixeira, Delong, Fox, Brese, & Litvak, 2011). Understanding the effects of
temperature on CO, fluxes of native and cultivated ecosystems in semi-arid regions of South America
is important to assess the role of these ecosystems in current and future potential impacts on source-
sink dynamics, particularly since this ecosystem type strongly impacts the interannual dynamics of
global carbon sinks.
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The dry forests of Chaco and Espinal, in southern South America, expand over 1.4 million km? and
they are the second biggest forest in the continent after Amazonia. This region is one of the few dry
forests in the world that still has a large fraction of its natural vegetation (Houspanossian, Giménez,
Baldi, & Nosetto, 2016). However, deforestation rates have accelerated dramatically in recent decades
reaching top records globally (Hansen et al., 2013). The implementation of perennial pastures for
cattle grazing, mainly based on African C4 grasses, is the main fate of deforested land in the drier
zones of these forests (Houspanossian et al., 2016). Taking into account the potential area of
expansion of this transformation, it becomes crucial to understand how land-use changes from forest
to pasture affects CO, and water vapor fluxes, which in turn influence national and global C
inventories, regional atmospheric circulation and subsurface hydrology, among other critical
biophysical processes. In addition, given that dry forest and planted pasture differ both functionally
and structurally (e.g. C4 vs. C3 species, mono- vs. multi-species composition, deep-rooted vs.
shallow-rooted plants), this transformation offers a valuable large scale experiment to analyze how the
relevance and strength of environmental drivers on ecosystem fluxes shift with vegetation types.

The main goals of this work were to compare the temporal patterns (weekly, daily and hourly) of CO,
and water vapor fluxes and to analyze their relationships with air temperature, soil wetness and
rainfall under two typical alternative vegetation covers of drylands in central Argentina: native dry
forests and planted pastures of the African grass Cenchrus ciliaris. For these purposes, we carried out
quasi-continuous measurements of these fluxes using the eddy covariance technique in two
representative sites of the region during two growing seasons in the case of the dry forest and one
growing season in the case of the pasture.

2. Materials and methods
2.1. Region and study sites

The study-area is located in the central part of the dry forests region corresponding to the Dry Chaco
phytogeographical province (Fig. 1, Cabrera, 1976). The region is dominated by a forest matrix with
some patches of pastures, roller-chopped stands, and grain annual crops (mostly soybean and maize)
(Marchesini, Fernandez, & Jobbagy, 2013; Steinaker et al., 2016). Extensive cattle raising is the
dominant economic activity in the region (Magliano et al., 2019a). The replacement of dry forests by
cultivated pastures is the most common strategy of farmers to enhance animal production (Blanco et
al., 2005; Kunst et al., 2012). Most pastures are based on C4 grasses such as Cenchrus ciliaris,
Panicum maximum and Eragrostis curvulla. The stocking rate increases significantly from 0.05
calving units per hectare in native forests to 0.3 in pastures (Karlin, Karlin, Coirini, Reati, & Zapata,
2013). Given that livestock activity may continue to intensify in the future in the region, it is also very
likely that this land-use transformation will also increase (Paruelo, Guerschman, Baldi, & Di Bella,
2004). Firewood extraction is restricted to homesteads and it is unusual in the study site (Rueda,
Baldi, Gasparri, & Jobbagy, 2015).

The dry forest and pasture sites were 300 km apart in a north-south direction (Fig. 1). The mean
annual rainfall in the dry forest site (33.46 S; 66.46 W) is 492 mm y* and Penman-Monteith-FAO
reference evapotranspiration approaches 1450 mm y*, what yields a climatic water balance of -958
mm y . The mean annual temperature is 18 °C and for the coldest (July) and warmest (January)
months the mean monthly temperatures are 10.3 °C and 25.4 °C, respectively (1960-1990, Climatic
Research Unit, New, Lister, Hulme, & Makin, 2002). The mean annual rainfall and reference
evapotranspiration in the pasture site (30.51 S; 66.10 W) are 453 mm y* and 1423 mm y*
respectively, which results in a water balance of -970 mm y*. The mean annual temperature is 20.3
°C. The mean temperatures for the coldest (July) and warmest (January) months are 12.5 °C and 27.1
°C, respectively. In both sites, rainfall occurs mostly in late spring and summer (~75% between
November and March). (1960-1990, Climatic Research Unit, New et al., 2002). Soils in the study
region are derived from fine loessic sediments deposited through the Holocene with some alluvial
reworking (Iriondo, 1993). Topography is gentle and slopes are <1.5%. Dominant soils are Typic
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Torriorthents, well-drained, with 15% clay, 53% sand, and a low organic matter content in the top soil
layer (Pefna Zubiate, Anderson, Demmi, Saenz, & D’Hiriart, 1998; Zuzek, 1978).

The dry forest site has a plant composition typical of the native vegetation of the Dry Chaco
(Magliano et al., 2016). Aspidosperma quebracho-blanco and Prosopis flexuosa are the dominant tree
species. The understory is dominated by shrub (e.g. Senna aphylla, Moya spinose, Larrea divaricata)
and grasses species (e.g. Stipa eriostachya, Aristida mendocina). The relative canopy covers of trees
and shrubs are 82% and 51%, respectively. Aspidosperma quebracho-blanco is the tallest tree (12 m),
followed by Prosopis flexuosa (9 m). The average canopy height in the dry forest approaches 6 m.
The pasture site was a former dry forest that was cleared in 1991 to establish a pasture of buffel grass
(Cenchrus ciliaris L. cv. Texas 4464). After pasture establishment, maintenance practices were
performed periodically to avoid woody encroachment. The average canopy height in the pasture
during the study period approached 0.30 m. The site was managed with rotational grazing with
Aberdeen Angus cattle with a stocking rate of ~0.3 calving unit per hectare. The surface cover by
buffel grass approached 85%.

Buffel grass is a C4 perennial bunchgrass, native to subtropical and tropical arid regions of western
Asia and Africa (Marshall, Lewis, & Ostendorf, 2012). It is widely distributed in many arid and semi-
arid regions of the world as it adapts to a wide range of climates and soils and because it is tolerant to
heavy grazing and drought (Marshall et al., 2012). In the study region, buffel grass has a summer
growth, beginning to regrow with the first rains of spring (Sep-Oct) and senescing in autumn with the
first frosts (Jun-Jul) (Namur, Tessi, Avila, Rettore, & Ferrando, 2014). Its primary productivity is
highly dependent on rainfall occurring during the growing season, presenting a forage production rate
of 8-10 kg mm™ ha*(Avila, Ferrando, Molina, Escribano, & Leal, 2011; Ferrando, Namur, Blanco,
Berone, & Vera, 2005).

2.2. Environmental and eddy covariance measurements

Environmental and eddy covariance measurements were performed in the centre of paddocks of 1420
ha and 100 ha for the dry forest and pasture, respectively. Net radiation (NR) was measured above the
vegetation canopy with net radiometers (NR-Lite, Kipp & Zonen, Delft, The Netherlands). Heat flux
was estimated at 5 cm depth (G) with soil heat flux plates (HFP01, Campbell Scientific, Logan, UT,
USA) installed under the ground surface in representative locations. Heat storage between the soil
surface and the level of eddy covariance measurements was not considered, since its importance is
expected to be low in sites with low biomass and short canopies as the ones we studied (Wilson et al.,
2002). All additional sources and sinks of energy were considered negligible (Wilson et al., 2002).

Precipitation was measured with tipping-bucket gauges (TE525, Campbell Scientific, Logan, UT,
USA) mounted in the measurement towers. Soil volumetric water content was measured with FDR
type sensors (ECH-O probes, Decagon Devices, Pullman, WA, USA). Sensors were installed at 5, 10,
20 and 50 cm of depth in the dry forest, while in the pasture they were installed only at 10 cm of
depth. Given the low precipitation amount that characterizes (semi)arid regions, deep soil layers are
more hardly reached by rainfall events, so shallower layers show the greatest temporal variability of
soil wetness (Castellanos, Celaya-Michel, Rodriguez, & Wilcox, 2016; Marchesini et al., 2013). Also,
it has been observed that soil wetness in surface layers is closely correlated with soil wetness of
deeper horizons (r2 = 0.90, for soil wetness at 10 cm vs. 50 cm depth; p= <0.0001, from Marchesini et
al., 2013). In addition, surface soil layers usually show the highest concentration of plant roots,
particularly in grasslands (Jackson et al., 1996). For all this, soil wetness at 10-cm depth in the pasture
is a reasonable indicator of soil available water for vegetation. In the case of the dry forest, we
calculated the average soil wetness (0-50 cm depth) by weighting by the thickness of each soil layer.

To homogenize soil wetness measurements in both sites, we calculated the percentage of available

water for vegetation based on measurements of water contents at field capacity and permanent wilting
point. This relative water content has been proved to be a successful indicator of soil drought
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(Reichstein et al., 2002). The water contents at field capacity and wilting point were determined in an
empirical way. Field capacity was defined by analyzing soil wetness values 24 hours after
precipitation events and permanent wilting point was defined considering the minimum soil wetness
registered after more than 2 months with no rainfall. We did not use the standard agronomic
permanent wilting point of -1.5 MPa because it is expected that plant species adapted to drought
conditions tolerate much more negative water potentials (Chaieb, Floret, Floc'h, & Pontanier, 1992;
Marchesini et al., 2013). This approach uses the “plant extraction limit” concept (Seyfried & Wilcox,
2006) and it is assumed that this point coincides well with the lowest soil wetness reading
(Castellanos et al., 2016).

Sonic anemometers (CSAT-3, Campbell Scientific, Logan, UT, USA) and open-path infrared gas
analyzers (L1-7500, LI-COR, Lincoln, NE, USA) were mounted 10 m and 2.5 m above the ground in
the dry forest and pasture sites, respectively. Data of the three components of wind velocity vectors
(u, viand w), the sonic temperature, and the CO; and water vapor air concentrations were sampled at
20 Hz, controlled by Campbell Scientific data loggers (Campbell Scientific, Logan, UT, USA).
Instruments were calibrated during the study period and maintenance operations were performed
following manufacturer’s recommendations. We used the EVEDDY software (Posse et al., 2014) to
compute half-hourly eddy fluxes as the covariance between air concentrations of CO- (or water vapor)
and vertical wind velocity (w). We rotated the coordinate system by using the planar fit method for
sonic anemometer tilt correction (Wilczak, Oncley, & Stage, 2001). We used the Webb-Pearman-
Leuning procedure to correct for density fluctuations due to water vapor and temperature (Webb,
Pearman, & Leuning, 1980).

We used EVEDDY to process eddy covariance data (Posse et al., 2014) and we followed standard
FLUXNET procedures, which include: despiking, filtering, u* correction, flux partitioning and gap
filling of half-hourly fluxes (Pastorello et al., 2020). We firstly filtered half-hourly data when rainfall
occurred or when poor quality data was detected based on a stationary analysis (Foken et al., 2004).
Secondly; we removed half-hourly data higher than two standard deviations from the respective 30-
minutes mean determined for a 28-days period centered at the day being considered. Fluxes under
calm conditions were removed using a threshold for the critical friction velocity (u*) (Reichstein et
al., 2005). To determinate the u*-threshold, the data set was divided into six temperature classes of
equal sample size. For each temperature class, the data set is split into 20 classes of u* of equal size.
For each u* class, the average flux is calculated, as well as the average flux of all the classes above
the u* class being considered. The threshold was defined as the u*-class where the average night-time
flux reaches more than 95% of the average flux at the higher u*-classes. The threshold u* of each
temperature class was only accepted if there was no correlation between temperature and u*. The final
threshold value was calculated by computing the median of the (up to) six u* values corresponding to
each temperature class (u* = 0.2 m s%). Ecosystem respiration (Reco) Was discriminated from the net
ecosystem exchange (NEE) by applying a flux partition approach (Reichstein et al., 2002). After that,
we estimated the gross primary productivity (GPP) as the difference between Reco and NEE. Finally, a
gap filling procedure (Reichstein et al., 2005) was implemented in order to estimate CO; fluxes at
time scales higher than a half-hour. In this procedure, missing values are replaced by the average
value estimated under similar meteorological conditions within a time-window of + 7 days. Similar
meteorological conditions are satisfied if global radiation, air temperature and vapor pressure deficit
do not deviate by more than 50 W m2, 2.5 °C, and 500 Pa, respectively. If similar meteorological
conditions could not be found within the + 7-days time window, the averaging window was increased
to + 14 days (Reichstein et al., 2005). We used the standard sign convention for NEE, with positive
values indicating net loss of CO. to the atmosphere (ecosystem is acting as a net source) and negative
values indicating CO. uptake by the ecosystem (ecosystem is acting as a net sink). Reco and GPP have
always positive values.

The performances of both systems were assessed by statistically examining the energy balance closure
during the studied period (Wilson et al., 2002). Half-hourly values of sensible heat flux (H) plus latent
heat flux (LE) were compared against the available energy (NR - G) by performing linear regression
analysis. In the pasture site, the coefficient of determination was 0.93 with an intercept of 24 W m
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and a slope of 0.6 (p<0.01). In the case of the dry forest, the coefficient of determination during the
study period approached 0.76 with an intercept of -17 W m and a slope of 1.07 (p<0.01). The daily
energy closures, evaluated with the relation between H+LE and NR-G, approached 90% and 96% in
the pasture and dry forest sites, respectively. These values are similar to those reported for other sites
(Wilson et al., 2002) and evidence a good performance of both systems.

2.3. Data analysis

In the pasture site, the measurement and analysis periods was four months, from December 2016 to
March 2017, which corresponds to most of the pasture growing season. Unfortunately, due to system
failure, the study period could not be extended for a longer time. In the dry forest site, the
measurement period extended from December 2009 to March 2011. A first analysis of the patterns
and drivers of CO, and water vapor fluxes in this site was performed by Garcia et al. (2017). Because
the aim of the current study was to compare both systems, we worked with a data subset of this site,
so the analysis period in the dry forest corresponded to December 2009 — March 2010, and December
2010 — March 2011.

In order to better describe the study period, we compared it meteorological conditions against long-
term data from the nearest meteorological station of each site. At the nearest meteorological station to
the pasture site (Chamical Station, 1990-2020, 24 km from the measurement site), the average
temperature and precipitation approached 26.3 °C and 307 mm, respectively, during the study period.
These values were similar to long-term means (26.1 °C and 314 mm) and were within the confidence
intervals (o = 0.05). At the nearest meteorological station to the dry forest site (San Luis Station,
1990-2020, 22 km from the measurement site), the average temperature and precipitation approached
23.6 °C and 453 mm, respectively, during the study period. These values were also similar to long-
term means (23.3 °C and 425 mm) and were within the confidence intervals (o = 0.05).

A similaranalysis was performed to compare the ecosystem functioning of both sites during the study
period against the long-term behavior. For this purpose, we compared the average values of the
satellite variables NDV1, EVI, and surface temperature (Ts) derived from MODIS sensor with long-
term values (2009-2020). The NDVI and EVI are suitable indexes to assess the condition of the
ecosystem, given their connection with primary productivity and green biomass (e.g. Goward & Dye,
1987; Sims et al., 2006). Likewise, Ts is closely associated with the heat exchange of vegetation
canopies with the surrounding atmosphere and particularly with evapotranspiration (e.g. Milkovic,
Paruelo, & Nosetto, 2019; Rotenberg & Yakir, 2010). For NDVI and EVI, we used the MOD13Q1
product and for Ts we used the MYD11A2 product. Satellite data was downloaded from the Oak
Ridge National Laboratory Distributed Active Archive Center (DAAC, 2018). We selected two areas
of 1 x 1 km centred at the measurement towers of the pasture and the dry forest. The means of NDVI,
EVI and Ts for the study period approached 0.51, 0.25 and 34.0 °C respectively in the dry forest,
which were within the confidence intervals made with the long-term values (0.49 - 0.55 for NDVI,
0.24-0.28 for EVI, and 33.3 - 34.6 °C for Ts, o = 0.05). In the pasture, the means NDVI, EVI and Ts
for the study period approached 0.38, 0.23 and 37.4 °C respectively and were also within long-term
confidence intervals (0.36 - 0.44 for NDVI, 0.22 - 0.28 for EVI, and 35.1 - 38.1 °C for Ts, a = 0.05).
This analysis suggests that the behavior of both studied ecosystems during the study period did not
depart from their normal long-term behavior. However, we must be cautious when comparing the
absolute values of ecosystem fluxes between both sites since study periods did not overlap.

In addition, we performed another satellite analysis in order to determine the spatial
representativeness of our two sites respect to other dry forests and pastures of the area. For this
purpose, we selected 10 stands (1 x 1 km in size) covered by dry forests and 6 with pastures along 30-
km radius from our two sites (Fig. 1) and we computed the average monthly values of NDVI, EVI and
Ts for the period 2009-2020. We found that our two study sites were representative of the ecosystems
of the region based on the fact that NDVI, EVI and Ts values were into the confidence intervals (o <
0.05, Fig. 2).
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We evaluated the effects of environmental conditions on CO; fluxes and hydrological variables at
different temporal scales. At the sub-hourly scale (i.e. 30-minute data), we evaluated the influence of
air temperature (measured at ~2.2 m and ~3.5 m above pasture and forest canopies, respectively) on
NEE, GEP and Rec. In order to remove the effect of solar radiation intensity on stomatal opening,
only those measurements performed in the time range of 10:00-17:00 hours were considered in this
analysis. In addition, in order to exclude stressful conditions for the vegetation, we filtered out those
data with high vapor pressure deficit (VPD > 3 MPa) and low soil wetness (available water < 50%).
LOWESS curves were adjusted in order to represent the general trend of the data (Chambers,
Cleveland, Kleiner, & Tukey, 1983). At the daily scale, we analyzed the influence of soil wetness on
NEE, GEP and Reco. Linear regression models were fitted between available water (%) and CO>
fluxes. We also evaluated the influence of soil wetness on daily evapotranspiration (ET), Bowen ratio
(BW = Sensible heat flux / latent heat flux) and water use efficiencies (WUE) of the ecosystem,
computed as NEE / ET (i.e. WUEnee) and as GPP / ET (WUEgep). Linear and exponential models
were fitted and compared with the Akaike’s information criteria (Akaike, 1974). At the weekly scale,
we calculated the correlation coefficients between GPP (and ET) and rainfall. In order to assess the
time period in which rainfall most strongly influences GPP (and ET), a series of analyses was
performed using accumulated precipitation over various periods of time. The integration periods
ranged from the current analyzed week to the 10 previous weeks, incremented at one-week intervals.
Finally, we analyzed the influence of rainfall events on daily fluxes of NEE, GEE and Rec, and we
obtained the general data trend with LOWESS curves (Chambers et al., 1983).

3. Results and Discussion

Over the whole study period, the dry forest displayed higher daily gross primary productivity (GPP)
and ecosystem respiration (Reco) than the pasture. Hourly fluxes of CO, showed similar temporal
dynamics-in the dry forest and the pasture, although differences in the absolute values were observed.
The dry forest started assimilating CO; at 7:00 h local time, one hour after sunrise, and reached a
maximum value of 7 pmol CO, m? st around noon, coinciding with the highest incidence of solar
radiation (Fig. 3a and 3b). While the pasture began its assimilation of CO; at 8:00 h local time, it
reached a lower maximum rate of 5.5 umol CO, m? s at an earlier time, after which a slow decline
proceeded. Bath sites stopped assimilating CO, around 20:30 h, coinciding with the sunset (Fig. 3a
and 3b). During most of the day, GPP was higher in the dry forest than in the pasture, with differences
of ~1.6 umol CO, m? s (+30%) at noon (Fig. 3a). During the study period GPP was higher in the dry
forest, averaging 10.6 g CO, m2 d* for both growing seasons (10.45 and 10.71 g CO, m2 d?* for first
and second growing season, respectively) versus 7.8 g CO, m?2d?in the pasture. Ecosystem
respiration (Reco) rates were rather stable throughout the day, varying between 1.8 and 3 pmol CO, m
stin the dry forest and between 1.6 and 2.3 umol CO, m s in the pasture (Fig. 3a). During most of
the day, Reco-Was also higher in the dry forest than in the pasture, with maximum differences observed
between 14:00 and 16:00 h. On average, Reco approached 9.1 g CO,m2 din the dry forest (8.9 and
9.3 g CO2m2 d* for first and second growing season, respectively) and 7.0 g CO, m2 dtin the
pasture. During the study period both sites behaved as net carbon sinks (Fig. 3c). The dry forest was a
net carbon sink (negative NEE values) between 8:00 h and 18:30 h, reaching the minimum rate of -4.3
umol CO, m? s at noon. The pasture was a net carbon sink between 8:30 h and 19:00 h, and reached
the minimum rate of -3.4 umol CO, m s before noon. On average for the study period, the daily
NEE of the dry forest more than doubled the NEE of the pasture (-1.50 vs. -0.70 g CO, m2 d1).

The daily minimum NEE rate is a key ecosystem parameter, similar to the maximum photosynthesis
rate at the leaf level (Buchmann & Schulze, 1999). The minimum rates of NEE of both the dry forest
and the pasture observed in this study were in a low position in the wide range of CO; uptake by
ecosystems worldwide. The mean minimum NEE rates were only lower than boreal grasslands (-1.6 —
-2.3 umol CO, m2s1), similar to some mediterranean evergreen forest (~ -6.8 umol CO, m2s?), a
shrub ecosystem (-2.9 — -5.9 umol CO, m2 s?) and a boreal spruce forest (-6.3 umol CO, m? s1), but
higher than temperate evergreen conifers (-9 — -20 umolCO, m s), temperate grasslands (-9 — -25
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umol CO, m2 s?), and annual crops (-20 — -45 umol CO, m? st), among others (Eamus, Hutley, &
O'Grady, 2001; Falge et al., 2002; Fan et al., 1995; Hastings, Oechel, & Muhlia-Melo, 2005). The
very low leaf area indexes of the studied ecosystems, as suggested by MODIS imagery (0.9 and 0.8
m2 m2, for the dry forest and pasture, respectively; data not shown; Abraham et al., 2007; DAAC,
2018; Myneni & Park, 2015) might explain the low CO. assimilation capacity recorded in this study
(Buchmann & Schulze, 1999; Hinojo-Hinojo et al., 2019).

Air temperature was strongly correlated with hourly CO; fluxes in these warm-temperate ecosystems
(Fig. 4). Note that in this analysis only those measurements performed in the time range of 10:00-
17:00 hours were considered. In the pasture, the lowest NEE rates (highest carbon gains) were
observed between 26 and 34 °C (-5.5 umol CO, m? s); below this temperature range NEE increased
sharply (lower carbon gains), switching to carbon source with temperatures < 20 °C (Fig. 4a). In the
forest, the lowest NEE rates occurred between 22 and 28 °C (-4.9 umol CO, m? s%), with
temperatures above and below this range leading to slight NEE increases. This different behavior of
both'ecosystems resulted in NEE being lower in the forest at low temperatures but in the pasture at
high temperatures. The effects of air temperature on NEE were mostly mediated by changes in GPP
rather than in Reco (Fig. 4b). Maximum GPP rates in the pasture were registered between 26 and 34 °C
(8.1 umol CO, m? st) but it decreased sharply with cooler temperatures reaching nil rates at 18 °C. In
the dry forest, maximum GPP rates were observed between 23 and 28 °C (7.8 umol CO, m?2s?);
beyond this range, GPP dropped faster with cooler temperatures (Fig. 4b).

The fact that carbon fluxes in the dry forest and the pasture showed contrasting responses to air
temperature is likely explained by the origin (native vs. exotic) and photosynthetic pathway
(predominantly C3 vs. C4) of both systems (e.g. Hinojo-Hinojo et al., 2019). The pasture, being
composed by the C4 African Cenchrus ciliaris, showed higher carbon gains at high temperatures than
the dry forest, which is mostly composed by native C3 woody species of the genus Aspidosperma,
Prosopis and Larrea (Chaves et al., 2016; Garcia et al., 2017). A similar contrasting pattern between a
C4 bunchgrass and mesquite forest was observed by Barron-Gafford et al. (2013). Interestingly, GPP
fell so strongly with cool temperatures that the pasture became a carbon source with temperatures <
20 °C. This low tolerance to cool temperatures strongly constrains the length of the growing season of
the pasture and therefore its annual productivity, as observed with biomass cutting approaches
(Namur et al., 2014). Because of the temperature effect, the establishment of pastures of Cenchrus
ciliaris cannot extend much further south than the analysis region (Jerry et al., 1988). It is important
to note in this regard that the pasture site has a mean annual temperature two degrees higher than that
of the dry forest, being 300 km northward. In addition, the lack of vegetation activity in the pasture
during large part of the year increases soil moisture and the chances of deep drainage to occur
(Castellanos et al., 2016; Gimenez, Nosetto, Mercau, Paez, & Jobbagy, 2016), which is the main
cause of increasing ecosystem salinity in the region (Marchesini, Gimenez, Nosetto, & Jobbagy,
2016). In the dry forest, GPP also dropped with cool temperatures but to a much lesser extent than in
the pasture; in fact it has been observed that even in the cold dry winter (T = 10.3 °C, mean of the
coldest month) the studied forest is able to keep a low but stable carbon assimilation rate (Garcia et
al., 2017). The large diversity of plants, which may include complementary thermal niches,
characterizing the dry forest of the region (Bogino & Bravo, 2014; Garcia et al., 2017) probably
explains the buffered response of GPP to cooler temperatures. From the point of view of forage
management, this analysis suggests that the association of buffel grass with C3 species, particularly
deep-rooted ones, would be beneficial in order to increase primary productivity (e.g. Glatzle, 2008).

As expected for semi-arid regions, rainfall events triggered large fluxes of CO, especially in the
pasture site (Fig. 5). After rain events preceded by dry periods, fast increases in Reco and GPP were
observed and after a few days (~2 - 3) the pasture switched from source to sink behavior (Fig. 5a).
Reco quickly stabilized after rainfall events (at ~3.3 g C m? d*), remaining stable for several days and
declining afterwards. GPP showed a more abrupt response, increased over a longer time period until
a maximum rate of 7 g C m2d* was reached, decreasing steeply after that (Fig. 5a). In the dry forest,
it was not possible to identify such clear pattern, although a similar trend can be seen (Fig. 5b). After
rainfall events, Reco tended to stabilize at ~2.5 g C m d, showing a more gradual decline than GPP,
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which reached slightly lower maxima (5-6 g C m2 d!) than the pasture. Excluding periods with dry
soil (available water < 50%), days in which both ecosystems behaved as carbon source were mostly
associated with cloudy conditions.

Soil wetness strongly affected daily CO- fluxes in both ecosystems (Fig. 6). Increases in available
water (AW) led to higher CO; fluxes (GPP and Reco) in the pasture and the dry forest. While in the dry
forest variation rates of Rec, and GPP as a function of AW were similar (slopes of 0.035 and 0.046 g
C m2d? per 1% of AW, respectively), in the pasture GPP varied more strongly than Reco (slopes of
0.087 and 0.033 g C m2 d* per 1% of AW, respectively). The fitted linear model suggested that the
pasture becomes a net carbon source with soil wetness below ~25% of total AW and that GPP
approaches zero with 10% of AW. In contrast, in the dry forest, the linear model suggested that it
becomes carbon neutral only when complete soil drying was achieved, while GPP was always >1.2 g
C m2din the full range of AW.

Weekly GPP was associated with rainfall occurring in previous weeks in both ecosystems, but clear
differences were observed between them (Fig. 7a). In the forest, the correlation was significant with
integration periods ranging from two to nine weeks (p < 0.01, n= 28). But in the pasture, significant
correlations were only observed when rainfall was integrated over the previous three or four weeks
(p<0.01, n=14). Longer and shorter rainfall integration periods showed weaker and non-significant
correlations. In addition, the linear models adjusted for the period with the highest correlation showed
that the slope was higher in the pasture than in the dry forest (p<0.10, Fig 7b, inset). This pattern
suggests that the pasture presents higher weekly GPP than the dry forest with plenty rainfall, while
with meager rainfall GPP is higher in the forest.

The relationships between water availability and carbon assimilation evidence differential functioning
between both ecosystems (Figs. 6 and 7a). Despite being considered as a drought tolerant species well
adapted to semiarid areas (Marshall et al., 2012), buffel grass showed a stronger fall of net carbon
assimilation with drought than the native dry forest, which was explained by a faster drop of gross
primary productivity than ecosystem respiration. This contrasting behavior is probably due to the fact
that some of the dry forest species have deeper root systems (Canadell et al., 1996; Marchesini et al.,
2013) than the pasture which would allow them to use deeper water (Jobbagy, Nosetto, Villagra, &
Jackson, 2011) and sustain a certain carbon gain during rainless periods. There are three main
mechanisms that favor water storage at greater depth in the studied dry forest, which include (i)
runoff-runon water redistribution that concentrates rainfall and favors percolation in a minor fraction
of the area (Magliano, Breshears, Fernandez, & Jobbagy, 2015; Magliano, Fernandez, Florio, Murray,
& Jobbagy, 2017b), (ii) large amounts of stemflow generation by some dominant shrubs such us
Larrea divaricata (Magliano, Whitworth-Hulse, Florio, Aguirre, & Blanco, 2019c) and (iii) the low
atmospheric demand at the soil surface level caused by canopy shade and litter that maintains wet soil
conditions increasing the probability that the next rain event reaches greater depths (Magliano et al.,
2017a). In addition, deep soil layers (> 1 m) under dry forests of the region are typically salty because
of long-term accumulation of atmospheric salts resulting from an exhaustive use of rainfall inputs by
plants (Santoni, Jobbagy, & Contreras, 2010). This salty condition may constrain water absorption by
tree roots, avoiding a complete drying of the soil and lengthening the use of such water source
(Marchesini et al., 2013). Likewise, the response of GPP in the pasture to only short periods of rainfall
integration (Fig. 7a) suggests a stronger dependence on a small water reservoir, supporting our
previous thoughts. Considering an expected climatic scenario of increasing drought episodes
(Huntington, 2006; Trenberth et al., 2007), this change of the ecosystem functioning becomes even
more relevant given that planted pastures might be more vunerable and have greater productivity
losses under these conditions.

On average and during drought conditions, the dry forest was a stronger carbon sink; however, during
periods with high soil wetness the pasture showed the highest net carbon assimilation rates (Fig. 6).
For instance, the mean NEE for the first decile (i.e. for the 10% of the days with the lowest NEE
values) was almost doubled in the pasture compared to the dry forest (-3.1 vs. -1.7 g C m?2 d?). Daily
NEE rates of the dry forest were similar to other dry ecosystems (Scott, Jenerette, Potts, & Huxman,
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2009; Silva et al., 2017; Wohlfahrt, Fenstermaker, & Arnone 111, 2008). However, the rates in the
pasture during humid periods exceeded them greatly, likely evidencing the higher capacity of CO;
assimilation of C4 species compared to C3 species (Gowik & Westhoff, 2011; Sage & Zhu, 2011).
This contrast between native C3 vegetation and C4 pastures has already been observed in other
ecosystems (e.g. Hinojo-Hinojo et al., 2019; Silva et al., 2017) and it is explained by an enhanced
primary productivity of the pasture given that when soil was wet (AW > 50%) GPP of the pasture
exceeded the dry forest by a quarter, but when soil was dry (AW < 25%) GPP in the dry forest was
four-times higher than in the pasture. In other words, the dry forest is more productive than the
pasture in the long run as a result of a better performance during (more frequent) dry periods that
overcompensates a lower performance during (less frequent) humid periods. However, it is interesting
to note that the establishment of pastures in the region allows a notable increase in the carrying
capacity of the ecosystem (from ~0.05 to ~0.3 calving unit per hectare), which is probably due to the
fact that carbon gains in the pasture are mainly destined to more consumable/palatable plant
structures.

Soil wetness.not only affected the daily magnitude of ecosystem carbon uptake but also the hourly
dynamic in the case of the pasture (Fig. 8). In the dry forest, daily maximum rates of GPP decreased
by a third (5.7 vs. 8.4 umol CO, m? st for periods with AW < 50% and AW > 50%, respectively)
during periods with soil water shortage (AW <50%), but the hourly pattern of GPP did not change
(Fig. 8a). In fact, maximum GPP rates were observed in both dry and wet periods close to noon. In the
pasture, daily maximum GPP rates decreased more steeply in dry periods than in the forest (-55%, 3.8
vs. 8.6 umol CO, m? s for periods with AW < 50% and AW > 50%, respectively) and took place
earlier in the day (Fig. 8b). With high soil wetness GPP peaked around noon (13:00 — 14:00 h.), while
during dry periods the peak occurred in the morning (9:30 — 11:30 h) (Fig. 8b). After this peak, there
was a sharp fall of GPP that stabilized around 13:00 h at 2.3 umol CO, m* s and remained stable
until 18:30, decreasing later until sunset.

Hydrological variables were also strongly affected by water availability but different responses were
observed in both vegetation covers (Fig. 9). During the study period, evapotranspiration (ET) was
~30% higher in the dry forest compared to the pasture (1.85 vs 1.4 mm d) and in both systems it was
linearly related to soil wetness and rainfall (Fig. 9a and Fig. 7b inset). In the dry forest, weekly ET
was significantly correlated with rainfall occurring up to nine previous weeks (Fig. 7b). In the pasture,
significant correlations between weekly GPP and rainfall were observed when rainfall was
accumulated over shorter periods (2 — 5 weeks, p<0.01, n=14, Fig. 7b). The Bowen Ratio (BR), a
measure of the partition of surface heat fluxes, showed contrasting behaviors at both sites. As the soil
dried, the proportion of heat dissipated in the sensible form increased (higher BR) in both ecosystems
but, while inthe dry forest it increased linearly, in the pasture it did exponentially (Fig. 9b). In the 5-
15% range of AW, only 15% of dissipated heat was in the latent form in the pasture, while in the
forest this value averaged 25%. Fitted model suggested that the proportion of heat dissipated in latent
and sensible forms was similar (i.e. BR = 1) at 60% of AW in the pasture and at 69% in the dry forest.

Evapotranspiration contrasts between the pasture and the dry forest were mostly observed
immediately after rainfall events and also after a few days since the event (Fig. 10). For instance, the
ET in the dry forest exceeded the pasture by 30% on average for the three days that followed a rainfall
event and by 22% for the period between the ninth and fourteenth days after the rainfall event (Fig.
10). By contrast, no differences were observed during the period between the fourth and eighth day
after rainfall..Forests usually show higher ET rates than grasses because they have a better access to
deep water sources (i.e. water supply effect) because of deeper roots (Jackson et al., 1996) and/or an
enhanced evapotranspiration capacity (i.e. water demand effect) because of higher net radiation,
advective energy, or increased evaporating surface (Calder, 1998; Jackson et al., 2008). In our study,
we suggest that this last effect was the most important factor driving ET contrasts between the dry
forest and the pasture for days immediately after rainfall occurred, because it would have increased
interception water loss in the former. It has been observed that interception, which occurs after rainfall
events, can be a relevant component of the water balance in (semi)arid regions (Magliano, Whitworth-
Hulse, & Baldi, 2019b), particularly in ecosystems with high aerial biomass like the studied dry forest
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(Houspanossian, Nosetto, & Jobbagy, 2013). For instance, interception rates of up to four times higher
have been measured in dry forests of the region compared to pastures (Magliano et al., 2016).
Likewise, the deeper root system would have allowed the dry forest to sustain higher ET rates than the
pasture during drought, pattern already observed in grassland areas that were afforested (Milkovic et
al., 2019; Nosetto, Jobbagy, Brizuela, & Jackson, 2012).

The water use efficiency (WUE), considering both the net (NEE) and gross (GPP) CO; exchange,
showed contrasting behavior in both ecosystems (Fig. 9¢c and 9d). The WUE considered as the ratio
NEE / ET (WUEnee) did not show a statistically significant association with the AW in the dry forest
but in the pasture (Fig. 9c). In the later, as the soil dried, the WUEnee increased exponentially (r? =
0.66), which means that less CO, was effectively fixed by the ecosystem (or more CO, was released:;
i.e. positive WUEnee values) per liter of water evapotranspired. A similar pattern was observed for
WUEGgpp, With the amount of CO; assimilated per liter of water evapotranspired decreasing
exponentially (r>= 0.35) as the soil dried. By contrast in the dry forest, the WUEgpp increased linearly
as the AW decreased (Fig. 9d).

The WUE is a key variable that links carbon and water cycles. During drought, leaf-level WUE
usually increases since partial stomatal closure results in a stronger decrease of transpiration than
photosynthesis (Li, Li, Li, & Zhang, 2017; Liu, Andersen, Jacobsen, & Jensen, 2005; Zhang, Jiang,
Song, Jin, & Zhang, 2018). However, at the whole ecosystem level, the effect of drought on WUE is
more complex as other processes such as soil evaporation or memory effects intervene (Xu, Wang,
Zhao, & Zhang, 2019; Yang et al., 2016). In fact, we found contrasting responses between both
ecosystems, with the forest showing an increase of WUE during drought and the pasture showing a
decrease. Among the processes that could explain this pattern we believe that changes in the energy
balance triggered by stomatal closure (Fig. 8b) may be particularly relevant in our study site. During
drought, evaporative cooling is reduced and consequently leaf temperature increases (Jones, 1999;
Jones et al., 2009), what can trigger different physiological processes (e.g. leaf photodamage, xylem
embolism) that reduce carbon gain and therefore WUE (Chaves et al., 2016; Reichstein et al., 2002).
We found, for instance, that during drought the surface temperature in the pasture was up to 4.4 °C
higher than in neighboring dry forests (34.6 vs. 30.2 °C, based on MOD11A2 Modis imagery, data
not shown), which is also evidenced by the sharp increase of the Bowen Ratio (Fig. 9b). By contrast,
in the dry forest, the higher capacity of sensible heat dissipation of the canopy (Rotenberg & Yakir,
2010) would prevent surface temperature from raising so much during droughts. Likewise, WUE
could also decrease in the pasture during drought because a larger proportion of evapotranspiration
would result from abiotic evaporation, especially considering its higher surface temperature.

4. Summary and Conclusions

The dry forests of southern South America are being replaced at rapid rate by exotic grass, raising
guestions about impacts of this transformation on ecosystem CO; and water vapor fluxes. Here, we
showed that not only the magnitudes of these ecosystem fluxes, but their timing and sensitivity to
water availability and air temperature variation are affected by this land-use change. During the study
period, the dry forest had a higher net carbon gain than the pasture, mainly as a result of higher gross
primary production rather than lower respiration. This was apparently caused by a lower sensitivity of
GPP to drought in forests. This contrast was evident at multiple temporal scales, including daily (noon
effect), weekly (post-rainfall response) and seasonal (dry/wet season contrasts, Garcia et al., 2017). A
likely explanation for this behavior may be found in a higher soil water storage and a slower soil
water release in the dry forests modulated by more preferential downward water fluxes, deeper roots
and deep soil salt accumulation (Marchesini et al., 2013). In opposition, pastures had higher gross
production rates in wet periods but lower overall rates for this flux. The observed contrast suggests
that in rainier years pastures can have higher net carbon gains than forests. However, we should be
cautious extrapolating to extreme conditions (e.g. extremely wet or dry periods) given the limitation
of the data set. In relation to the effect of air temperature on ecosystem fluxes, we found a lower
tolerance of the pasture to cold temperatures, which is in agreement with the general observed failure
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of this land use towards the south of the region, suggesting that other pastures species, preferably C3,
may yield higher forage production. The dry forest seems to be better adapted to cold temperatures,
maintaining a significant CO- gain even at the low winter temperatures (Garcia et al., 2017). In the
pasture we also found that the water use efficiency decreased as the soil drought increased, an inverse
pattern to that commonly observed at the leaf level. The higher values of Bowen ratio and surface
temperature observed in the pasture compared to the dry forest during drought periods suggest that
thermal stress may be behind the observed patterns. Finally, our study showed that the dynamics of
both ecosystems are especially contrasting in their timing and response to extremes more than in their
average behavior. This marks important keys to understand (i) how they can respond to climate
changes, and (ii) how pastures with more species could be designed in order to show more stable and
resilient behaviors.
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Figure 1. Location of study sites within the dry forest domain of central Argentina. The original
extension of the dominant biomes is indicated including the Dry Chaco and Espinal
phytogeographical units within the dry forest biome. On the right, Google Earth images (a and c) and
photographs (b and d) obtained from the top of the eddy covariance towers (red dots) at each site are
shown.
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Figure 2. Temporal dynamics of NDVI, EVI and surface temperature in dry forests and pastures.
Satellite data was obtained from MODIS imagery. Lines indicate mean monthly values at each study
site and shaded areas indicate confidence intervals (o = 0.05; , n= 10 dry forest stands and 6 pasture
stands). The analyzed period was 2009-2020.
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Figure 9. Evapotranspiration (ET, a), Bowen Ratio (b) and Net and Gross Water Use Efficiency
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and permanent wilting point (0% of available water) at each site.

This article is protected by copyright. All rights reserved.



-o- Pasture == Dry forest

ET (mm d™")

G 1 1 (] 1
0 3 6 9 12

Days since last rain event
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Shaded zones indicate successive days in which the dry forest and the pastures displayed significant
differences (p<0.05).
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