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[11 Most sedimentary plains occupied by semiarid woody ecosystems have low
groundwater recharge rates and high vadose zone salt accumulation. Their cultivation has
often led to drainage of water below root zone, displacement of solutes, and rising
water tables, affecting, in most extreme cases, long-term viability of agriculture. To
explore this possibility in semiarid plains of South America, we characterized vadose flow
using chloride data in dry forests of central Argentina, in an area that has been subject
to intense deforestation and agricultural expansion during the last century. We selected

five paired stands under natural dry forests and dryland agriculture (sites deforested
>30 years ago) and sampled sediments (n = 3 boreholes) down to 6 m depth. Profiles
were consistently dr3y and salty in forest stands with chloride inventories (0—6 m) of

150 g/m* to 9 x 10

g/m”. Under cultivation 78% to 99% of the chloride stock was

leached, and total water storage was >30% higher than in the dry forest, with soil
water content close to field capacity. Estimates of groundwater recharge rates based on
residual moisture flux approach (cumulative chloride versus cumulative water curves)
suggested maximum values of 0.33 to 128.4 mm/yr for dry forest and agriculture,
respectively. At agricultural stands recharge was also estimated using chloride front
displacement, yielding minimum values >5.3 mm/yr. While the long-term impact of
cultivation on regional groundwater hydrology is still unclear in the region, our findings
suggest that land salinization processes are possible and need careful monitoring in areas

with high agricultural expansion.

Citation: Santoni, C. S., E. G. Jobbagy, and S. Contreras (2010), Vadose zone transport in dry forests of central Argentina: Role
of land use, Water Resour. Res., 46, W10541, doi:10.1029/2009WR008784.

1. Introduction

[2] Human activities can leave a strong imprint on the
hydrological cycle of dry regions, not only through direct
consumption and diversion of water resources [Postel et al.,
1996; Alley et al., 2002], but also through their widespread
impact on vegetation structure and functioning [Vérosmarty
etal., 2000; Alley et al., 2002; Baron et al., 2002; Eberbach,
2003; Scanlon et al., 2007a]. Vegetation regulates the water
balance of terrestrial ecosystems, influencing the partition-
ing of precipitation inputs into vapor (interception, soil
evaporation, and plant transpiration) and liquid outputs
(runoff and deep drainage below the root zone) [ Wainwright
et al., 2002; Seyfried et al., 2005]. Vegetation changes can
have a strong effect on groundwater resources through their
impact on recharge rates and vertical solute transport, affect-
ing both the quantity and quality of water resources [Seyfried
et al., 2005]. In this article we explore how replacement of
native dry forests by dryland annual crops in semiarid plains
of South America affects the hydrological cycle, focusing on
deep water and salt storage and transport.
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[3] In arid and semiarid regions where water is the main
limiting resource for vegetation development, ecosystems
tend to maximize net productivity and plant water use,
reducing liquid water outputs [Specht, 1972; Hatton et al.,
1997; Eagleson, 2002]. Under these conditions, particu-
larly where deep rooted woody plants are dominant and
soils have no barriers for root development, evapotranspi-
ration matches rainfall inputs, leading to negligible deep
drainage (i.e., losses of water beneath the root zone).
Groundwater recharge in landscapes subject to these con-
ditions is often restricted to intense rainfall and runoff events
that result in focused recharge in low areas such as playa
lakes (recharge features) [Wood and Sanford, 1995; Wilcox
et al., 2003; Seyfried et al., 2005; Small, 2005]. Extremely
low deep drainage and recharge rates have been reported in
several dry forest and grassland ecosystems of Africa,
Australia, Asia and North America. These studies were
based on deep soil/sediment observations [Rambal, 1995;
Eberbach, 2003; Scanlon et al., 2005; Seyfried et al., 2005;
Scanlon et al., 2006], saturated zone analysis [Leaney and
Allison, 1986; Salama et al., 1993], modeling techniques,
and isotopic tracers such as *H, '*C and *°Cl [Favreau et al.,
2002; Harrington et al., 2002]. In these systems, salt and
moisture profiles suggest no leaching below the root zone
and continuous buildup of atmospheric salts for long periods
[Cook et al., 1989; Allison et al., 1990; Edmunds and Gaye,
1994; Phillips, 1994; Walvoord et al., 2003; Scanlon et al.,
2006].
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[4] The onset of recharge and associated changes in water
levels and water quality may take place when dry forests are
replaced by nonirrigated crops [Scanlon et al., 2006, 2007a].
A widely observed pattern of deep drainage initiation and
gradual, but steady, rise of water levels and extensive sali-
nization of soils has been described for areas of expanding
dryland agriculture in southeast and southwest of Australia
[Cook et al., 1989; George et al., 1997], and in the Sahel plains
(but here without a clear process of salinization) [Leduc
et al., 2001; Leblanc et al., 2008]. Initial stages of this pro-
cess could be taking place also in the Great Plains of North
America [Scanlon et al., 2005, 2006, 2007a, 2007b]. Shal-
lower root systems, poorer plant diversity, shifts in phe-
nology, and/or repeated disturbance cycles following crop
establishment and harvest are some of the most likely causes
of this general pattern [Hatton and Nulsen, 1999; Schenk
and Jackson, 2002; Jobbagy et al., 2008]. Slight evapotrans-
piration declines can be sufficient to trigger this hydrolog-
ical switch and the “nondrainage” assumption of dry forests
can be reversed with a few sporadic episodes of deep drain-
age that represent a relatively small percentage of long-term
rainfall inputs [Cook and Walker, 1990; Kennett-Smith et al.,
1994]. In the cases reported above, increases of groundwater
recharge occurred under conditions without increases in
precipitation or shifts in the climatic water balance, pointing
to land use as the central cause [George et al., 1997; Leduc
et al., 2001].

[5] Soil texture can be an important modulating factor
of the hydrological response of dry forests to cultivation
thorough its influence on water retention, uptake, and ver-
tical transport rates [Hillel, 1998; Fernandez-Illescas et al.,
2001; Sperry et al., 2002]. To exhaustively consume all
precipitation water inputs in soils of increasingly coarser
texture, ecosystems require deeper and denser root systems.
Under a similar climatic setting, increasing sand content
results in deeper wetting fronts and a less conductive matrix
under unsaturated conditions, where deeper and denser root
systems would be required for an exhaustive use of pre-
cipitation inputs [Jackson et al., 2000; Schenk and Jackson,
2002; Sperry et al., 2002; English et al., 2005]. The behavior
of deep drainage and salt accumulation/leaching under dry
forests and crops across soil texture gradients has been
explored [Kennett-Smith et al., 1994; Petheram et al., 2000]
and it is a key requirement to assess groundwater degrada-
tion risks following agriculture expansion.

[6] Multiple approaches have been used to assess vege-
tation impacts on deep drainage and groundwater recharge
[Walker et al., 2002; Scanlon et al., 2002]. Characterization
of vadose chloride/moisture profiles in pairs of natural and
disturbed stands has yielded some of the most valuable
insights on dry regions [Walker, 1998; Scanlon et al., 2007b,
2008]. Chloride is an environmental tracer with an atmo-
spheric origin supplied to ecosystems by atmospheric (wet
and dry) deposition. Its widespread absence in soil minerals
and its relatively low uptake by plants make it valuable for
water flow tracing. Once in the soil, chloride concentrations
tend to increase with depth in response to the coupled effects
of water uptake and chloride exclusion by roots. According
to this process chloride concentration peaks give an indica-
tion of the fraction of precipitation that becomes deep
drainage [Allison and Hughes, 1978].

[7] Agricultural production is currently expanding at very
rapid rates in South America, as a result of strong global
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commodity markets, technological changes, land use poli-
cies, and rising precipitation levels. Dry forests are one of
the most important biomes hosting this expansion [Programa
de las Naciones Unidas para el Medio Ambiente, 2003; Grau
et al., 2005] and central Argentina is a clear example of
that, where semiarid woody ecosystems known as “Chaco”
and “Espinal” are increasingly replaced by nonirrigated
annual crops [Solbrig, 1999; Zak et al., 2004; Paruelo et al.,
2005; Grau et al., 2008]. According to Grau et al. [2008] in
the most cultivated areas, the region has lost ~20% of its
forest cover in the last 30 years. Agricultural expansion in
central Argentina has accompanied (and likely responded
to) a period of rising precipitation levels that reached as
much as 30% during the last century, particularly between
the seventies and late nineties [Barros et al., 2008]. In addi-
tion, land use changes have occurred across gradients of soil
texture that could likely shape their ultimate influence on
deep drainage. Understanding how the rapid expansion of
cultivation in these dry forests alters groundwater recharge
rates across soil types will not only support the long-term
protection of local water and soil resources, but open the
possibility to explore whether the nondrainage assumption
of dry forests takes place and persists under increasing
rainfall rates. This study aims (1) to test the “nondrainage”
assumption and evaluate the magnitude of vadose salt stor-
age in the Espinal dry forests and (2) to quantify the impact
of dry forest replacement by annual crops on deep drainage
and salt transport to aquifers. Our work is based on the
description of the vertical distribution of moisture and
solutes throughout deep soil/sediment profiles across a net-
work of paired systems occupied by dry forests and nonirri-
gated annual crops. With the aid of atmospheric deposition
estimates for the region, we use the natural abundance
of chloride in soils as a tracer to estimate deep drainage/
groundwater recharge rates.

2. Materials and Methods

2.1. Regional Setting

[8] We focused our study in the dry forests of central
Argentina in the province of San Luis (Figure 1). The region
hosts the western edge of a vast late Pleistocene to early
Holocene loessic system with some alluvial deposits. Sedi-
ments are composed by fine to very fine sand of yellow to
yellowish brown color. Feldspars, volcanic glass, and quartz
are the dominant minerals [Iriondo, 1997; Zdrate, 2003].
Markgraf [1989] revised the palaeoclimatic characteristics
of this latitudinal belt (30°-34°) suggesting cooler condi-
tions and winter-concentrated precipitation between 18 and
12 ka, when substantial temperature increases and a shift to
summer-concentrated precipitation took place. A reduction
of effective moisture suggested by the dominance of xeric
tree taxa occurred at 9 ka and the modern vegetation began
to dominate after 3 ka.

[s] In our study area, these plains host several alluvial
fans (age >25 ka) that originate in the hills of San Luis and
which are partially interbedded and covered by more recent
loessic deposits [Zarate, 2003; Tripaldi and Forman, 2007].
Climate is semiarid with the warmest areas toward the west.
Temperature average ranges between 22.5°C and 25.5°C
during the warmest month (January), and between 6.5°C
and 9.5°C for the coldest month (July) [Echeverria and
Berton, 2006]. Mean annual precipitation ranged from W
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Figure 1.

to E between 350 and 600 mm/yr for the 1960-1999 period
(data collected from the precipitation database managed
by the Instituto Nacional de Tecnologia Agropecuaria at
San Luis). Most of the rainfall events (80%) take place
during the summer season, occurring between November
and March. High-volume events (>60 mm) are unusual for
the region, constituting only a 0.17% of rain events along
period studied. During the last century rainfall increased by
30% in the region, with the highest increase observed
between 1970 and 2000 [Giulietti et al., 2003]. These more
humid conditions in the region have probably favored dry
forest clearing and dryland cultivation [Viglizzo et al., 1995].

[10] The study area corresponds to the Espinal phyto-
geographical province [Cabrera, 1976] characterized by the
dominance of short leguminous trees (<8 m tall) of Prosopis
caldenia, Prosopis flexuosa, and Geoffroea decorticans.
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Depending on grazing and fire history, among other pos-
sible causes, these species can form open savannas or closed
woodlands [Dussart et al., 1998]. A lower shrub stratum is
composed by Condalia microphylla, Capparis atamisquea
and Larrea divaricata among other species, with the last
specie (L. divaricata) more dominant in disturbed areas [Prose
etal., 1987; Baez and Collins, 2008]. Grasses and forbs occupy
the understory.

[11] Currently the Espinal forest in San Luis represents
the westernmost and driest edge of nonirrigated agriculture
in central Argentina. Since the beginning of the twentieth
century, these forests have been gradually replaced by crops
with rapid rates of transformation taking place during the
last three decades, in part responding to sustained increases
in precipitation [Viglizzo et al., 1997]. Nowadays, approxi-
mately 30% of the original area of the Espinal dry forest is
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Table 1. Study Sites®

SANTONI ET AL.: VADOSE TRANSPORT AND LAND USE IN DRY FORESTS

W10541

Texture
Precipitation Cl Deposition Profile Sand Silt Clay Gravel
Site (mm) (g/mzyr) Location (m) (%) (%) (%) (%)
S1 447 0.22 —33.439°, —66.538° 0-6 63 25 12 -
S2 538 0.26 —33.419°, —65.940° 0-6° 68 25 7 -
6-7.5 17.5 7.5 — 75
S3 502 0.24 —33.505°, —65.772° 0-3 66 24 10 -
3-6° 74 17 9 -
6-7.5 22.5 7.5 - 70
S4 518 0.25 —33.584°, —65.839° 0-4° 68 32 - -
4-6 73 26 1 -
0-4° 75 18 7 -
S5 542 0.26 —33.670°, —65.693° 4-6 79 14 7 -

Mean annual precipitation corresponds to the 1962—1997 period. Chloride atmospheric deposition (g/m? yr) was calculated based
on 2 years of measurement at a site located 35-80 km away from the study sites and adjusted with additional measurements from
other sites [Pifieiro et al., 2007]. Soil texture and gravel content in the sample are indicated for each distinctive sediment layer

sampled at each site.
®Approximate contact between different sediment types.

cultivated [Secretaria de Ambiente y Desarrollo Sustentable
de la Nacion, 2007], with soybeans, corn, sunflower, wheat,
and rye as the main crops, in the region. Areas planted with
perennial forage crops such as alfalfa (Medicago sativa)
and the tropical grass Eragrostis curvula, which were com-
mon until the early eighties, are gradually being replaced by
annual crops [Viglizzo et al., 1995]. Although groundwater-
based irrigated agriculture is expanding in some areas, it still
represents <1% of the cultivated area [Instituto Nacional de
Estadisticas y Censos, 2002].

2.2. Study Sites

[12] Five paired sites (Figure 1) with neighboring plots
occupied by dryland agriculture (A) and dry forest (DF) were
selected across a NW-SE soil textural gradient typical of the
region (i.e., from loamy sand to sandy loam soils). Paired
plots at each site were at the same topographic position
and with the same soil type. Topographic microdepressions,
slopes, interfluvial areas, roads or borders with other land
coverage were avoided. At all sites, water tables were deeper
than 15 m (from 15 m to 45 m depth). Agricultural stands
were cultivated for 30-90 years, depending on the site. An
overgrazed dry forest (ODF) stand was included in the com-
parisons at one of the sites.

2.3. Measurements and Data Analysis

[13] Soil/sediment profiles were obtained at three posi-
tions in each stand. We established paired coring positions
along transects running parallel to the contact line of both
land cover types, and 50-75 m toward their interior. With
this spacing we looked for a compromise between envi-
ronmental similarity within each pair, favored by proximity;
and spacing from the contact line to avoid edge effects. Bulk
sediment samples were collected at intervals of 50 cm, with
a 10 cm diameter hand auger, reaching 6 m depth below the
land surface. Samples were homogeneized over the sam-
pled interval and immediately sealed in polyethylene bags
(double bag for each sample). A subsample was air dried
and used for physical and chemical analysis; and the another
one reserved for a gravimetric moisture measurement per-
formed <48 h after sampling.

[14] A total of 390 soil samples were collected. Before
physical and chemical analysis soil samples were hand

sieved to break up soil aggregates and remove soil particles
and plant fragments larger than 2 mm. Gravel and pebble-
size particles were found only at depths >4 m (second
sediment layer) at some sites (Table 1). Gravimetric water
content was measured by weighing subsamples before and
after oven drying at 105°C to constant weight. Soil texture
was measured by using the Bouyoucos method [Elliot et al.,
1999]. Chloride content was measured in soil water extracts
(1:2; soil-water ratio) with a solid-state ion-selective elec-
trode [Frankenberger et al., 1996] and a five point calibra-
tion scheme that included additional references and spikes.
Standards calibrated with more precise ion chromatography
equipment suggested a detection limit of 0.3 ppm and typ-
ical precision ranging from approximately 5% to 2% of the
readings as concentration became higher. Nitrates and car-
bonates were measured at some depth intervals (0.5 — 1 —
3 — 5 m). A spectrophotometer was used to measure nitrate
concentration [Marban and Ratto, 2005] while carbonates
were estimated by volumetric differences in a Scheibler
calcimeter [Allison and Moodie, 1965]. Because of the dif-
ficulty of collecting undisturbed soil samples at depth, bulk
density was measured at different depths in an open wall
profile with exposed sediments. Soil samples were taken
carefully at one meter intervals down to five meters using a
special auger to avoid disturbance of soil structure. The
average value (SD) of 1.2 g/em® (+0.027) was obtained as
the reference value required to estimate the volumetric water
content and field capacity of the different soils under study
[Saxton and Rawls, 2006].

[15] To better constrain our chloride budgets we esti-
mated the age of the top sedimentary layer found at most
sites through luminescence dating [Forman, 1989]. On an
open wall close to the town of Fraga (Figure 1) we obtained
three samples from the top homogenous sediment stratum
(04 m), corresponding to that found down to 2 to 4 m in
sites S2, S3, S4 and S5 (see Table 1). We used light tight
5 cm diameter and 15 cm long sections of black ABS pipe
which were hammered into the desired sampling level (see
Forman [1989] and Tripaldi and Forman [2007] for method
details). The age of this sedimentary layer at its deepest edge
was 9890 (£1125) years, coincident with the onset of drier
conditions in the region suggested by Markgraf [1989] that
may have favored aeolian deposition over an older, water-
dissected sedimentary surface [Prado et al., 1998].
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Figure 2. Chloride wet deposition (mg/m?) of single events
measured at La Punta (—33.18°, —69.32°) throughout a 2 year
period (October 2005 to September 2007). The linear fit-
ting equation (y = 0.3x, r* = 0.69) was used to calculate
annual deposition rates on the basis of long-term precipita-
tion records.

2.4. Chloride Budgets and Recharge Estimates

[16] In order to estimate chloride deposition rates at our
sites we combined direct wet deposition measurements with
adjusting and scaling procedures based on meteorological
records and total (wet and dry) deposition measurements in
another site. Mean annual precipitation for each site was
calculated based on data for the 1960-1999 at Villa Mer-
cedes (Instituto Nacional de Tecnologia Agropecuaria at
Villa Mercedes, —33.65° —65.43°). Wet chloride deposition
was measured in San Luis during a 2 year period using a set
of three funnel collectors placed when the precipitation
event starts, at 1 m above the ground (to avoid any soil
contribution). Samples were collected after each individual
rain event and the funnels replaced. A total of 25 rainfall
events ranging between 1 and 65 mm and involving 26%
of all the precipitation inputs during a 2 year period were
captured. Chloride concentration in rainfall water was ana-
lyzed using an ion chromatograph. Chloride concentration
in rainfall ranged 0.03 mg/L to 1.14 mg/L, with an aver-
age (£SD) of 0.392 mg/L + 0.292. Although we did not
measured dry deposition, a year of wet plus dry and wet
deposition measurements at the town of Pergamino in the
Pampas (—33.89° —60.60°) indicated that a ratio of total to wet
deposition of 1.6 [Pifieiro et al., 2007], that we applied to our
measurements. Based on the linear positive relation found
between deposition and event size at San Luis (Figure 2),
long-term deposition rates were estimated based on daily
precipitation records for 1960-1999 at Villa Mercedes
(Figure 1). Long-term deposition estimates for the study
sites were finally adjusted to the ratio of their mean annual
precipitation and that measured at Villa Mercedes (Table 1).
This approach assumed that deposition was directly pro-
portional to precipitation (i.e., same average chloride con-
centration), which is partially supported by the fact that the
closest deposition records that we have for comparison,
obtained in Pergamino with a mean annual precipitation of
900 mm/yr, showed reasonably similar chloride concentra-
tion values in precipitation (0.27 mg/L [Pirieiro et al., 2007]).
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[17] Recharge estimates based on chloride data were based
on the assumption that (1) chloride transport is well approx-
imated by piston flow, (2) all inputs to the ecosystem origi-
nate from atmospheric deposition, with rock weathering
supply being negligible, and (3) plant uptake and storage
in biomass and organic matter are negligible components
of the chloride balance [A4llison et al., 1985]. This conser-
vative behavior enables the calculation of the residual mois-
ture flux [Phillips, 1994]:

P x Cl
R= P
Clsw

% 1000 (1)

where R is the net downward residual flux at the depth of
measurement (mm/yr), P is the precipitation (mm/yr), Cl,, is
the chloride rain concentration (mg/L) (CI” deposition rate:
g/m’yr, see measurement methods above and values at
Table 1), and Clg,, is the measured Cl~ concentration in the
soil water (mg/L). The value of Clg,, was determined by plot-
ting cumulative Cl* content (mass Cl per unit volume of
soil) with depth against cumulative water content (volume
water per unit volume soil) at the same depths. In all cases
straight/line segments were found once the rooting zone was
discarded (0-2.5 and 0—1 m in dry forests and agriculture,
respectively). The slope of these plots was used as the Clg,,
value of equation (1) [Phillips, 1994]. This method was used
to estimate recharge at both dry forests and agriculture
stands.

[18] At sites that were converted from natural dry forests
to dryland agroecosystems, recharge was also estimated
using the tracer front displacement method [Walker et al.,
1991], from the velocity of the tracer front (v) as follows:
Z1 — 22
P—s ()

R=v=20

where R is the recharge (mm/yr), 6 is the average water
content over this depth interval, and z; and z, are the
depths of the chloride fronts corresponding to times t; and t,
related to the new (t;: dryland agriculture) and old (t,: range-
land) land uses (see Table 2 for agriculture times). Values
of 1 m and 6 m were used for z; and z,, respectively, in

Table 2. Vadose Zone Water Accumulation, Chloride Storage,
and Recharge Estimates®

Water Chloride Recharge
Vegetation/ Storage Storage _ (mmiyn)
Site Use (mm) (g/m?) RMF CFD
S1 DF 756 + 137 9294 + 3700 0.02
S2 DF 431 +92 2044 + 1556 0.04
A (~40) 898 + 235 441 + 696 13.2 104
S3 DF 400 + 42 1560 + 786 0.05
A (~40) 447 + 62 1795 6.9 >7.9
S4 DF 233 +£28 203 + 42 0.14
ODF 298 + 105 198 + 144 0.21
A (~90) 570 + 19 30+ 30 10.8 >5.3
S5 DF 312+ 78 154 + 204 0.33
A (~35) 464 + 49 0.8+0.2 128.4 >9.6

#Vegetation is characterized as typical dry forest (DF), overgrazed dry
forest (ODF), and agriculture (A). Time under cultivation is indicated in
parentheses (in years). Water and chloride storage values correspond to
the total pools hosted by the top 6 m of the profiles (plus or minus
standard deviation). Recharge was estimated based on two methods:
Residual Moisture Flux (RMF) [see Phillips, 1994] and Chloride Front
Displacement (CFD) as minimum recharge when the peak does not appear
in the profile for dryland agriculture.

5of 12



W10541

equation (2) when no chloride peak was present (yielding
minimum estimate).

3. Results

3.1. Chloride and Water Profiles

[19] A consistently dry and salty zone was found below
2 m depth in all dry forest stands, suggesting that they
experienced very low deep drainage (Table 2 and Figure 3).
In dry forests stands, chloride pore water displayed peak
concentrations of 1080 to 19400 mg/L, with peak values
at depths (in average) of 1.5 m (S1), 2.5 m (S3), 4 m (S5),
5.5 m (S4) or at the base of the profile of the cores (S2)
(Figure 3). Maximum chloride storage to 6 m depth reached
~9 x 10° g/m* at S1 (Table 2).

[20] In dry forests, high chloride accumulation zones
coincided with low water content depths (Figures 3 and 4).
Gravimetric moisture in dry forests had low values, ranging
from 2.4% to 15.5% (average) (Figure 4). In sites under dry
forest cover, soil water accumulation down to 6 m was
between 233 and 756 mm (Table 2). Values of gravimetric
water content in dry forests were below 50% of field
capacity in most of the situations (Figure 4).

[21] The overgrazed dry forest stand at S4 showed lower
pore water chloride concentrations than its nonovergrazed
counterpart, with a peak at 5 m (average: 2040 mg/L), but
differences were not statistically significant (p > 0.05). Chlo-
ride concentrations were lower in this profile down to 3.5 m
(between 50 and 400 mg/L) and increased below 3.5 m
depth approaching 5000 mg/L at base of the profile. Chlo-
ride storage was more variable and water storage higher in
the overgrazed dry forest compared to its nonovergrazed
counterpart (Table 2).

[22] In contrast to dry forests, agriculture stands had
wetter profiles and lower chloride pore water concentrations
(p < 0.05) with peaks of 2.7 to 2510 mg/L (averages for S5
and S2, respectively). Concentrations differed by at least
1 order of magnitude from those in dry forests, except for
S2, that showed high chloride values below 4.5 m of depth
(Figure 3). Agricultural profiles contained 1% to 22% (for
S5 and S2, respectively) of the accumulated chloride mass
(0—6 m depth) found in dry forests, suggesting intense salt
leaching with increased recharge (Table 2). A couple of
individual boreholes at dryland agriculture stands S2 and
S4, showed high chloride accumulation at the bottom of the
profiles (Table 2 and Figure 3), and were presumably not
fully leached since the land use change occurred. Soil mois-
ture content under agricultural sites was higher (p < 0.05)
than that in dry forests and was close to field capacity at
most sites (Figure 4). Water storage under agricultural areas
down to 6 m depth duplicated that of dry forests (S2 and S4,
Table 2). In the case of S3, the presence of an alfalfa pasture
(a deep rooted, perennial species) may explain a drier soil
profiles under cultivation, contrasting with those found under
annual crops in the other sites. Water content exceeded 50%
of field capacity in all situations at some depth intervals:
between 3 m to 5.5 m (S2), 0.5 mto 1.5 (S3), 5.5 m (S4) and
6 m (S5).

3.2. Nitrate and Carbonate Salts

[23] Low nitrate-N concentrations were found in the
vadose zone of both dry forest and cultivated sites, with
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average values that ranged from 0.34 mg/L to 2.15 mg/L,
respectively. In dry forest stands, nitrate-N concentrations
ranged from 0.39 mg/L at 5 m in S3 to 2.09 mg/L in the top
0.5 m depth in S5. In agricultural stands, values ranged
from 0.34 mg/L at 3 ms depth in S3 to 2.15 mg/L in the top
0.5 m depth in S4. Carbonates were present in all profiles
below 1 m and their concentration did not vary between
dry forest and agricultural stands. Mean values (+SD) for
dry forest and agricultural stands were 1.31% (+0.91) and
1.70% (£0.95), respectively. Highest carbonate concentra-
tions were found between 2 and 3 m depth reaching 2.5%.

3.3. Recharge Estimates

[24] Annual recharge rates are extremely low in dry for-
ests (<1 mm/yr), and only slightly altered by overgrazing,
while at dryland agriculture this situation changes consid-
erably (Table 2). Conversion of natural dry forest ecosys-
tems to dryland agriculture, increased deep drainage, with
recharge rates of 1 or 2 orders of magnitude higher, sug-
gesting substantial flushing of salts throughout the measured
sections of the vadose zone (Table 2 and Figures 3 and 4).

[25] Recharge estimates with the residual moisture flux
approach showed characteristic slopes for the dry forest and
agricultural stands. In the case of dry forests, cumulative
chloride versus cumulative water curves had increasing
slopes down to the rooting zone at approximately 2.5 m
depth, and remained stable for the rest of the profile. Under
agriculture, slopes were lower than those found in dry for-
ests, and stable below the top meter. This approach showed
differences with the front displacement method at agricul-
tural stands, which offered a minimum boundary since in
most cases the displaced peak was likely below the studied
depth. At site S2-A, where the displaced peak was found,
recharge estimate with this method were closer to those
derived from the residual moisture flux model (Table 2).

[26] According to our estimates of atmospheric inputs
and age of the top sedimentary layer we calculated the
fraction of the historical chloride deposit that is still found in
dry forest soils at all sites except S1, were the top sedi-
mentary layer is an older one. We found that 94.7, 55.2, 5.1
and 3.6% of the presumable historical chloride inputs are
preserved in the profiles of sites S2, S3, S5, and S4, respec-
tively. Our recharge estimates have been based on the
assumption of stable precipitation inputs, yet precipitation
raises of ~30% during the last four decades illustrate how
variable this input may have been in the past. We recalculated
recharge estimates assuming a 30% cut in rainfall and, as
a result, on chloride inputs, obtaining values from 0.13 to
0.37 mm/yr (sites S1 and S5, respectively) for dry forests
and 4.9 (S3) to 89.9 mm/yr (S5) for agriculture (see Table 2).

4. Discussion

[27] Dry forests on sedimentary plains of central Argen-
tina showed characteristic low recharge rates and high salt
accumulation patterns displayed by other semiarid woody
ecosystems in other continents [Cook et al., 1989; Allison et al.,
1990; Edmunds and Gaye, 1994; Phillips, 1994; Walvoord
et al., 2003; Scanlon et al., 2006]. Chloride accumulations
at our dry forest sites are lower than those found for semi-
arid woodlands in Australia [Cook et al., 1989], but similar
to those reported in grasslands and shrub lands of Southern
High Plains in the U.S. [Scanlon et al., 2005, 2007b]. Yet all
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these regions displayed low recharge under their natural
vegetation cover, suggesting that woody and grassland eco-
systems in semiarid sedimentary terrains are very effective
in maximizing precipitation water use [Specht, 1972; Hatton
et al., 1997; Eagleson, 2002]. The lower chloride accumu-
lation found in Argentina and the U.S., compared to Aus-
tralia, may result from lower atmospheric chloride inputs
[Allison and Hughes, 1978; Scanlon et al., 2005; Scanlon
et al., 2009].

[28] Agriculture introduced a clear change in chloride and
water storage patterns across our study sites. Agricultural
profiles lost 78%-99% of the chloride originally found in
dry forests. This, together with soil water contents close to
field capacity, indicates the onset of deep drainage and salt
flushing following cultivation. Similar situations have been
described in other dry forests converted into agriculture.
In Australia, more than a century of dryland agriculture
increased recharge, raising water tables close to the surface,
concentrating salts in evaporative discharge zones and
causing loss of 60,000 km* of agricultural land in the last
century, affecting native vegetation in some cases [George
et al., 1997; National Land and Water Resources Audit,
2001]. In the High Plains of the U.S. the replacement of
grasslands and shrub lands by dryland agriculture has trig-
gered drainage, water table rises, and slight salinity increases
in groundwater, but to a lesser extent than in Australia
[Scanlon et al., 2005, 2007b, 2009]. In many sectors of the
High Plains, the large extent and intensity of groundwater
based irrigation may have prevented some of the water
table rises expected for dryland agriculture. Dry forest
clearing for millet cultivation in the Sahel, has triggered a
decline in evapotranspiration that, in this case, seems to have
resulted in increased surface runoff rather than higher drain-
age, but have boosted groundwater recharge in the lower
parts of the landscape [Leduc et al., 2001; Favreau et al.,
2009]. At these sites, water levels have risen by 0.4 m/yr
for the last 50 years [Leduc et al., 2001; Favreau et al., 2009].
The replacement of natural dry forests and grasslands by
dryland agriculture represents a threat for the long-term
productivity of agricultural land and natural vegetation as
suggested by the Australian case. Overgrazing at one of our
dry forest sites showed small effects on drainage and salt
leaching, particularly compared to cultivation. Although fur-
ther exploration is required to clarify which disturbances and
ecological attributes need to be affected in dry forests to
generate deep drainage, these preliminary observations sug-
gest that continuous plant level pressures introduced by year-
round grazing did not release as much water as the repeated
annual disturbance of the whole ecosystem associated with
cultivation. Plant traits, such as rooting depth, plant phenol-
ogy and longevity and their integration and diversity across
all the components are additional aspects that need attention.

[29] Soil texture could influence deep drainage and salt
accumulation patterns and their response to cultivation. In
sandy soils, declining water holding capacity and/or unsat-
urated hydraulic conductivity could limit the exhaustive use
of precipitation by natural ecosystems. The depth of a soil
column that can store a given amount of moisture increases
in a more or less linear way with sand content, creating the
need of a parallel increase of rooting depth for its exhaustive
consumption. In contrast, unsaturated conductivity of soils
increases exponentially with sand content, creating a dra-
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matic constraint on the possibility of an exhaustive water
use that can only be compensated by higher root density
[Sperry et al., 1998]. Biological limits on the allocation of
plant energy to denser root systems could eventually limit
the exhaustive use of water in very sandy soils as it has been
shown for natural woody ecosystems on sand dune land-
scapes close to our study region [Jobbdgy et al., 2010].
Although sediment texture becomes coarser in sites receiv-
ing higher precipitation, this climatic difference is relatively
small (between a 6% from the minimum and a 12% from the
maximum) particularly in the context of past precipitation
changes [Giulietti et al., 2003]. We suggest that differences
in recharge rates under dry forests are more likely responding
to textural contrasts.

[30] Our study region offered a novel climatic context that
has not been explored in other vadose moisture and salt
transport studies in dry forests. While other studies have
shown the onset or increase of groundwater recharge under
steady or even declining rainfall trends [e.g., Favreau et al.,
2009], central Argentina has experienced a 30% increase in
average annual precipitation over the last 100 years at our
study region (538 mm/yr in 1900-1950 to 649 mm/yr in
1950-2000) [Giulietti et al., 2003; Barros et al., 2008].
Although this climatic shift could be a priori considered
sufficient to cause a region-wide increase in recharge and
salt leaching, deep drainage has remained very low under
the dry forests that we examined, as found in chloride versus
water cumulative-cumulative plots based on the Phillips
[1994] method. These natural ecosystems have effectively
consumed this additional water supply such that significant
precipitation rises “per se” were unable to trigger the onset
of deep drainage. On the other hand, the observed climatic
shift, however, could have favored recharge and salt leaching
indirectly, by creating better conditions for the expansion
of dryland cultivation [Viglizzo et al., 1995]. Market sig-
nals such as raising grain to livestock prices, technological
improvements like no-till sowing, have likely converged
with higher precipitation inputs facilitating expansion of agri-
culture over dry forest ecosystems [Viglizzo et al., 1995].
Our findings highlight the importance of isolating land
use versus climate effects on hydrological systems before
straight biophysical connections like increasing precipitation
and rising recharge rates, are assumed.

[31] The widespread effects of dry forest cultivation on
groundwater levels and soil salinity found in Australia have
not been described for central Argentina so far. Isolated
cases of soil salinization, however, have been described for
dry forests in central Paraguay [Nitsch, 1995; Nitsch et al.,
1998; Jobbagy et al., 2008], and local to regional increases
on water yields have been reported for heavily cultivated
areas [Piovano et al., 2004; Jobbdgy et al., 2008], yet
assumed to be caused by secular precipitation increases by
most scientists. Our study confirms how the same eco-
system properties of dry forests versus annual dryland crops
that are responsible of dryland salinity in Australia, apply
to central Argentina, yet the rates at which they can drive
water table rises are strongly dependent on the local hydro-
geological context. Groundwater salinity is relatively high
in the area (500 to 3000 mg/L of dissolved solids [San Luis
Groundwater Resources Project, 2002]), suggesting that on
one hand the salt load leached from the vadose zone may
not have a very significant impact on water quality, yet
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rising water tables that approach the surface could still
cause intense soil salinization under the semiarid conditions
of the region. A better understanding of the role of sediment
texture affecting recharge rates and vadose salt accumula-
tion will help assess the differential risk of dryland salinity
across sediment types.

[32] Dry and salty vadose zones of arid ecosystems in the
U.S. have been shown to host large amounts of nitrate,
presumably lost from natural ecosystems [Edmunds, 1999;
Walvoord et al., 2003] (but see Jackson et al. [2004]).
Although dry forests studied by us are dominated by N-fixing
leguminous species, profiles revealed nitrate concentration
less than one thousand times lower than those reported by
Walvoord et al. [2003], suggesting that these ecosystems
have relatively small deep N outputs and that the flushing of
their soil profiles following the onset of agriculture would
not result in a large load of soluble N to groundwater, as
it has been suggested for arid ecosystems in the U.S.
[Walvoord et al., 2003] and north Africa [Edmunds, 1999].
Probably, cultivated plots at our study region had gone
through a process described in the Southern High Plains
[Scanlon et al., 2009], where soils with initial low nitrate
concentrations have shown a buildup of deep nitrate pools
resulting from mineralization and nitrification of soil organic
nitrogen [see also Portela et al., 2006].

[33] Our results indicate that vegetation is a critical control
on long-term water transport and salt mobilization across
the ecosystem—vadose zone—groundwater continuum. In
spite of a sharp increase on precipitation in the last cen-
tury, the dry forests that we studied maintained the char-
acteristic low recharge rates and high salt accumulation
patterns displayed by semiarid woody vegetation in other
regions. Replacement of native vegetation by agriculture
began a century ago and is still rapidly expanding. This land
use change could modify groundwater hydrology and salt
transport in sedimentary plains of South America. Net-
works of monitoring wells capable of recording long-term
trends in groundwater levels and salinity across cultivated
areas in plains of central Argentina are currently missing.
They are, however, crucial to detect the early onset of
regional dryland salinity processes that could cause great
damage to production and natural resources.
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