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a b s t r a c t
Vegetation exerts a strong control on water balance and key hydrological variables like evapotranspiration, water yield or even the ﬂooded area may result severely affected by vegetation changes. Particularly,
transitions between tree- and herbaceous-dominated covers, which are taking place at increasing rates
in South America, may have the greatest impact on the water balance. Based on Landsat imagery analysis,
soil sampling and hydrological modeling, we evaluated vapor and liquid ecosystem water ﬂuxes and soil
moisture changes in temperate Argentina and provided a useful framework to assess potential hydrological impacts of vegetation cover changes. Two types of native vegetation (grasslands and forests) and three
modiﬁed covers (eucalyptus plantations, single soybean crop and wheat/soybean rotation) were considered in the analysis. Despite contrasting structural differences, native forests and eucalyptus plantations
displayed evapotranspiration values remarkably similar (∼1100 mm y−1 ) and signiﬁcantly higher than
herbaceous vegetation covers (∼780, ∼670 and ∼800 mm y−1 for grasslands, soybean and wheat/soybean
(Triticum aestivum L., Glycine max L.) system, respectively. In agreement with evapotranspiration estimates, soil proﬁles to a depth of 3 m were signiﬁcantly drier in woody covers (0.31 m3 m−3 ) compared
to native grasslands (0.39 m3 m−3 ), soybean (0.38 m3 m−3 ) and wheat/soybean rotation (0.35 m3 m−3 ).
Liquid water ﬂuxes (deep drainage + surface runoff) were at least doubled in herbaceous covers, as suggested by modeling (∼170 mm y−1 and ∼357 mm y−1 , for woody and herbaceous covers, respectively).
Our analysis revealed the hydrological outcomes of different vegetation changes trajectories and provided valuable tools that will help to anticipate likely impacts, minimize uncertainties and provide a
solid base for sustainable land use planning.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Through their inﬂuence on water demand and supply, plants
exert strong controls over many key hydrologic variables. In consequence, changes in land cover can affect the water balance and
the quantity and quality of water resources. Aerodynamic roughness, albedo and leaf area seasonality are examples of key plant
variables that affect water demand and shape evapotranspiration
patterns, especially under relatively wet conditions (Calder, 1998).
Under drier conditions, aspects of water supply, dictated in part by
root extent, dominate over atmospheric water demand and help
determine water use patterns by vegetation. The combination of
deep root systems (Canadell et al., 1996), high aerodynamic rough-
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ness (Calder, 1998) and low albedo (Jackson et al., 2008) of forests
usually allow them to maintain higher evapotranspiration rates and
lower deep drainage ﬂuxes in dry and wet conditions compared to
herbaceous plants (Zhang et al., 2001).
The inﬂuence of vegetation on the partitioning of precipitation
between wet (i.e., deep drainage and runoff) and dry (evapotranspiration) water ﬂuxes controls water exchange with the atmosphere,
streams, ground water, and the soil. Evapotranspiration, both as a
component of the energy balance and a source of moisture to the
atmosphere, may affect mesoscale circulation patterns and regional
weather (Kelliher et al., 1993). Transpiration, the principal component of evapotranspiration over land, is tightly coupled with
vegetation productivity in most ecosystems (Monteith, 1988). Deep
drainage is the main water source that feeds groundwater bodies
and, together with surface runoff, determines the water yields of
watersheds. Changes in plant cover affecting the balance of liquid
and vapor water can have a strong impact on ecosystem functioning, with important consequences on ecosystems services such as
water, food, and hydroelectric power provision as well as hydrological and climatic regulation.
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The effects of changes in plant cover on hydrological processes
have been studied globally using various approaches and different
plant transitions. Transitions between tree- and herbaceousdominated covers, which are taking place at increasing rates in
South America (Paruelo et al., 2006), have shown the greatest
impact on the water balance (Farley et al., 2005). For instance,
native forest clearing for crop production in Australia and the
Sahel has led to increased groundwater recharge and a raising of
water-table levels because of the lower evapotranspiration rates
of croplands (Schoﬁeld, 1992; Leblanc et al., 2008). In the opposite
case, grassland afforestation usually increases evaporative water
ﬂuxes and reduces water yields (Farley et al., 2005; Nosetto et al.,
2005). Transitions between structurally similar vegetation types,
such as tree plantations from native forests or from grasslands to
crops, have received much less attention, although the hydrological
impacts could be large.
Tree plantations and crops are expanding rapidly in temperate South America, including Argentina, Uruguay and Paraguay.
In Argentina, the area covered by annual crops increased at a
rate of 0.27% per year between 1988 and 2002 (Paruelo et al.,
2006), with 21 million hectares devoted to the production of rainfed soybeans, wheat, maize, and other grains nowadays (MAGP,
http://www.minagri.gob.ar/). Similarly, rates of land conversion to
tree plantations, particularly fast-growing species such as eucalypts
and pines, jumped from 23,000 to 125,000 ha per year during the
1992–2001 period (SAGPyA, 2002). The native grasslands of the
Pampas and the native dry forests of the Espinal and Chaco districts have been the primary source of these expansions (Paruelo
et al., 2006). Facing a rising global demand for food and ﬁber, a
further expansion of croplands and afforestations seems likely. In
addition to the direct economic beneﬁts, the hydrological consequences of such vegetation changes should be considered for
land-use planning, particularly in the context of an increasing
frequency and intensity of extreme climatic events (drought and
ﬂooding) that could magnify vegetation change impacts (Viglizzo
and Frank, 2006).
In this paper, we explore the hydrological effects of replacing
native grasslands and native dry forests with crops, such as soybean and wheat/soybean systems, and eucalyptus plantations. We
focus on the transition zone between the Pampas and the Espinal
districts in temperate Argentina (Cabrera, 1976), where remaining
patches of native grasslands and forest coexist with growing areas
of grain crops and eucalypt plantations. We evaluated evapotranspiration patterns ﬁrst for the 2000–2001 growing season in 60
plots of native grasslands, native forests, eucalyptus plantations,
and annual crops, including soybean and wheat/soybean rotations,
based on the thermal information provided by 13 Landsat images.
We complemented these data with long-term estimates (11 years,
1994–2004) of water ﬂuxes, including transpiration, soil evaporation and deep drainage, based on a water balance model (HYDRUS
1D, Šimůnek et al., 2005). Additionally, we characterized soil moisture proﬁles in detail at one location that encompassed adjacent
stands of native grassland, dry forest, eucalyptus plantation, soybean and wheat/soybean system.
2. Materials and methods
2.1. Study region
We performed our study in the transition area between the Pampas and the Espinal districts in the Entre Ríos province (Argentina,
Fig. 1). The study region lies between latitudes −32.11◦ and −31.69◦
and longitudes −60.57◦ and −60.06◦ . The area has a rolling landscape, with elevation that varies between 30 and 110 m a.s.l.
The climate is humid temperate and the mean annual temperature is ∼18.5 ◦ C. Mean temperatures for the coldest (July) and
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Fig. 1. Location of the study region showing the original grassland distribution of
the Pampas (light gray) and the original dry forests of the Espinal and Chaco districts
(dark gray).

warmest (January) months are 12.4 ◦ C and 25 ◦ C, respectively.
Mean annual rainfall is 1100 mm and it has a summer-dominant
distribution, with 65% of which occurs during spring and summer (October–March). Mean annual potential evapotranspiration
(Penman–Monteith) is 1150 mm and 71% of it occurs during spring
and summer. The rolling landscape together with relatively high
rainfall has led to a high density of rivers and streams in the area.
Soils in the area developed from loessic materials and are dominated by Mollisols (∼85%) and Vertisols (12%) in a lesser extent.
Among Mollisols, Acuic Argiudol is the dominant soil subgroup, followed by Vertic Argiudol but in much less proportion. These soils
are well drained and have a silt–loam or silty–clay–loam texture
in the surface layers. Clay content in the surface layer is usually
between 25% and 30%. Iron and manganese mottles and calcium
carbonate concretions may be found in the soil proﬁle. Organic matter content varies between 2% and 4% in the surface layer (INTA,
1998).
Since our study region is located in the transition zone between
the grasslands of the Pampas and the dry forests of the Espinal
district (Fig. 1), remaining patches of both covers could still be
found in the area, but they are being converted to croplands at
rapid rates (Paruelo et al., 2006). Although it is not very certain,
the limit between both phytogeographical districts seems to be
related with a climate switch towards a negative water balance
during part of the year; conditions that favor the competitive ability of the grasses (Soriano et al., 1991). An alternative hypothesis
suggests that a high ﬁre frequency during the pre-Columbian time
destroyed original scrubs and forests, promoting the prevalence of
grasses in the Pampas (Soriano et al., 1991). C3 and C4 grasses of the
genera Paspalum, Axonopus, Stipa, Bromus, and Piptochaetium dominate the grassland areas, while trees of the genera Prosopis, Acacia,
Jodina, Celtis, Schinus, Geoffroea are the most common components
of the dry forests. Currently, most of the study area is devoted to
the rain-fed production of soybean (Glycine max L.), wheat (Triticum
aestivum L.), maize (Zea mays L.) and sunﬂower (Helianthus annus
L.). Average yields of soybean and wheat, the two dominant crops,
are 2.5 and 3 tonnes ha−1 (SAGPyA), respectively. Eucalyptus plantations are not a dominant vegetation cover, but the afforested area
in the whole province of Entre Ríos now approaches 90,000 ha and
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is growing rapidly (Braier, 2004). A prospective carbon sequestration market and an increasing demand for wood products is likely
to continue the rapid expansion of this land-use option.

Table 1
Structural and functional characteristics of the different vegetation covers simulated
in HYDRUS 1D.

2.2. Satellite estimates of evapotranspiration
We evaluated the inﬂuence of vegetation cover on evapotranspiration (ET) based on Landsat data. We selected 60 plots, each >10 ha
in size, occupied by native dry forests (n = 17), native grasslands
(n = 10), eucalyptus plantations (n = 6), repeated soybean cultivation (one crop per year, n = 11) and wheat/soybean rotation (two
crops per year, n = 16). All tree plantations were >15 years of age.
To avoid edge effects on the data from satellite images, we used
core pixels at each plot excluding a ∼60 m-wide edge zone.
We used 13 Landsat 7 ETM+ images (scenes 226/82 and 227/82)
that cover our study region. Selected images encompassed the
whole 2000/2001 growing season and were acquired at 10:30 h
(local time) on June 25, July 27, September 6, November 16, and
December 2 and 18 of year 2000 and January 12, February 4 and 20,
March 8, April 2 and 26, and June 28 of year 2001. Landsat images
were downloaded from the Earth Resources Observation and Science (EROS) Center using the USGS Global Visualization Viewer tool
(http://glovis.usgs.gov/). To minimize atmospheric effects, nonthermal bands were corrected using a dark object subtraction (DOS)
as described by Chavez (1989). The thermal band was corrected
using the mono-window algorithm proposed by Qin et al. (2001).
We estimated actual daily ET using surface radiant temperature
measurements based on the so-called “simpliﬁed method” (Carlson
et al., 1995). This method has a strong physical basis and has been
successfully applied for different vegetation types (crops, grasslands, and forests). In this approach, actual daily ET is calculated
considering the net radiation received by the surface and its temperature difference with the surrounding air mass based on the
following equation (Carlson et al., 1995):
ET24 = Rn24 − b(Ts − Ta)n
(mm day−1 )

(1)
(mm day−1 )

and Rn24
are the integrated
where ET24
actual ET and net radiation over a 24 h period, respectively, Ts (K)
is the surface radiant temperature, Ta (K) is the air temperature,
and b (mm day−1 K−1 ) and n are parameters derived from NDVI
that vary with vegetation type. Since stress factors like soil moisture deﬁcit, soil salinity or plant diseases are implicitly captured by
the surface temperature, albedo and NDVI, the evapotranspiration
estimates derived with this approach correspond to actual values
of evapotranspiration.
Net radiation (Rn), which arises from the sum of the net
short-wave and net long-wave components, was computed from
meteorological data registered in a station located at the geographic
center of the study area. Albedo values were derived from Landsat imagery according to Liang (2000). The incoming short-wave
radiation measured in the meteorological station and the albedo
data were used to compute the net short-wave radiation. The net
long-wave radiation was estimated from air temperature, humidity and solar radiation according to Allen et al. (1998). Temperature
difference estimates (Ts − Ta) were based on the surface temperature (Ts), derived from band 6 of Landsat images according to the
algorithm proposed by Qin et al. (2001), and the air temperature
(Ta) measured at the meteorological station. The “b” coefﬁcient represents an average bulk conductance for daily-integrated sensible
heat ﬂux and the “n” coefﬁcient is a correction for non-neutral static
stability. Both coefﬁcients were obtained from a scaled vegetation
index (NDVI*) computed from bands 3 and 4 of Landsat images
according to the procedure described by Carlson et al. (1995). The
effects of vegetation cover on evapotranspiration rates were analyzed using one-way analysis of variance (ANOVA), followed by
Duncan’s test.

Native forests
Native grasslands
Tree plantations
Soybean
Wheat/soybean

Maximum
rooting depth
(m)

Annual potential
transpiration
(mm y−1 )

Annual potential
evaporation
(mm y−1 )

4
2
4
1.8 (1.15)
1.8 (0.63)

1040
758
1077
654
804

162
233
144
280
236

Maximum rooting depth was set constant throughout the simulation period in
native forests, grasslands and tree plantations but varied for annual crops (see Section 2). The bracketed values showed the annual average maximum rooting depth.

2.3. Soil water modeling
To complement the satellite estimates of ET, we used the
HYDRUS 1D software (Šimůnek et al., 2005) to simulate the effect
of vegetation cover on soil water dynamics. HYDRUS 1D simulates
water, heat, and solute transport in one-dimensional, variablysaturated media. Water ﬂow modeling is based on the Richard’s
equation and incorporates a sink term to account for water uptake
by plant roots (Feddes et al., 1978). This model has been successfully used in numerous hydrological studies and under different
climatic and agricultural conditions.
In this study, we deﬁned a ﬂow domain of 4 m of depth encompassing six soil layers, corresponding to a typical Mollisol proﬁle
of the study region (INTA, 1998). We chose a typical Mollisol proﬁle for the modeling experiments since this is the dominant soil
type of the study area (∼85% of areal coverage in the region) and
the target of most of the agricultural expansion (INTA, 1998). This
soil developed on loessic sediments and has a silty–loam texture.
In the surface layers, organic matter approaches 2.5% and the texture is silty–clay–loam. Ground water is usually deeper than 20 m
(INTA, 1998). Hydraulic properties of van Genuchten’s function
(1980) were determined with the pedo-transfer functions of Rosetta
software (Schaap et al., 2001) based on sand–silt–clay contents.
Pedotransfer functions in Rosetta were developed from more than
2000 soil samples, with a large proportion of them corresponding to
the same soil textural class of the soil proﬁle we modeled. Because
of the lack of cracks and fractures in these soils, we used the van
Genuchten’s model (van Genuchten, 1980) of hydraulic properties
instead of a dual-permeability model. Daily values of precipitation,
potential transpiration and potential evaporation were deﬁned
as upper boundary conditions, and free drainage was allowed at
the lower boundary. A simple rainfall interception model, relating
interception loss to the surface leaf area index, is applied in HYDRUS
(Šimůnek et al., 2005). Surface runoff ﬂuxes were estimated with
the curve-number method (USDA, 1986) and were subtracted from
rainfall inputs. The hydrological soil group D (silty–clay–loam texture) was used for the calculation, while the runoff curve numbers
for each vegetation cover were obtained from USDA (1986). Simulations involved the repetition of an 11-year period (1994–2004).
The ﬁrst run was initiated with intermediate soil moisture levels
(intermediate between ﬁeld capacity and wilting point) and its
ﬁnal moisture levels were used as the initial conditions for the second run, which was the only one considered in our analysis of the
results.
The effects of vegetation cover on water dynamics were considered in HYDRUS by changing the maximum rooting depth, potential
transpiration, and potential evaporation on modeling exercises
(Table 1). We deﬁned the maximum rooting depth of native forests,
grasslands and tree plantations according to previous research
(Nosetto, 2007) and direct observations of soil proﬁles in the ﬁeld.
For native forests, grasslands, and tree plantations, we used a
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Fig. 2. Seasonal dynamics of NDVI and Kcb (basal crop coefﬁcients used for transpiration scaling) for different vegetation covers. Kcb values were obtained by scaling NDVI
values from MODIS imagery between minimum and maximum Kcb values of 0.1 and 1.15, respectively, and then corrected for vegetation height, air humidity and wind
speed. NDVI was characterized from MODIS images for the period 2001–2003 in plots occupied by native dry forests (n = 7), native grasslands (n = 5), eucalyptus plantations
(n = 6), soybean (n = 14) and double wheat/soybean system (n = 13). See Section 2 for additional details.

constant maximum rooting depth throughout the whole simulation period. We considered variable rooting depths for annual
crops, with maximum rooting depth increasing at a rate of 0.18 cm
per degree-day from 0.1 m at sowing to a maximum value of
1.8 m (Dardanelli et al., 2008). In this calculation, we used a base
temperature (above which degree-days are counted) of 7.8 ◦ C
and 0 ◦ C for soybean and wheat, respectively (Dardanelli et al.,
2008). Root distributions were assumed to decline linearly from
the surface to the maximum rooting depth in all vegetation covers. The van Genuchten’s (1987) function was used as root water
uptake model.
Potential transpiration and potential evaporation were determined as the product between the reference potential evapotranspiration (ETo) and the basal crop coefﬁcient (Kcb) and evaporation
coefﬁcient (Ke), respectively (Allen et al., 1998). Penman–Monteith
potential evapotranspiration was determined from temperature,
humidity, wind speed and solar radiation data (Allen et al., 1998).
Ke values were computed according to Allen et al. (1998) using precipitation data as the main input. Kcb values were obtained scaling
NDVI values from MODIS imagery between minimum and maximum Kcb values of 0.1 and 1.15, respectively, and then corrected
for vegetation height, air humidity and wind speed (Allen et al.,
1998) (Fig. 2). Potential transpiration, as well as potential evaporation, is transformed into actual values in HYDRUS by affecting it by
a stress factor determined by soil moisture. No osmotic stress was
considered in the modeling.
The NDVI index has proved to be highly correlated with net
primary productivity and leaf area index. We characterized the seasonal pattern of NDVI in 45 plots occupied by native dry forests
(n = 7), native grasslands (n = 5), eucalyptus plantations (n = 6), soybean (n = 14) and double wheat/soybean system (n = 13). For the
period 2001–2003, we used the MOD13Q1 product (Collection 5),
which derives from the daily surface reﬂectance product (MOD09
series), corrected for molecular scattering, ozone absorption, and
aerosols. It represents a 16-day composite with a pixel size of 250 m.
Subsets of the images of the study region were downloaded from
Oak Ridge National Laboratory (http://daac.ornl.gov/). Tree plantations showed the highest mean annual Kcb value (0.88) followed
by native forests (0.82), grasslands (0.59), double wheat/soybean

system (0.61), and soybean (0.44). Crop systems showed a typical seasonal pattern of highest Kcb values (∼1) during the peak of
the growing season and minimum values (∼0.15) during the fallow
period (Fig. 2).

2.4. Soil sampling for moisture assessment
To provide an independent characterization of land cover effects
on hydrological properties, we selected nearby ﬁve stands occupied by native forests, grasslands, eucalyptus plantation, soybean
and double-cropped wheat/soybean system where mineral soils
were sampled for moisture analysis. All stands were located on
the same topographic position and shared the same soil type, as
conﬁrmed by direct observation in the ﬁeld. Soils, developed from
calcareous loess, are Acuic Argiudols, moderately drained and with
a silty–clay–loam texture in the top horizon. Clay content in the
top layer ranges from 28% to 32%. No shrinking–swelling signs
were observed at this site. As evidenced from soil chemical analysis (data not shown), there were no salinity/sodicity problems and
topographic slopes were <0.5%.
The native forest stand was 3 ha in size and was dominated
by species of the genera Prosopis, Geoffroea, Celtis and Acacia. Current tree density approached ∼3800 trees ha−1 and basal area was
35 m2 ha−1 . Tree height approached ∼4 m and the understory was
sparse. The 3-ha grassland stand was typically grazed and was dominated by species of Stipa, Bromus, Piptochaetium and Paspalum. It
was neither fertilized nor irrigated. The eucalypt plantation, which
was established in 1976 and was 33 years of age at the time of
our measurements, was originally a native dry forest. The plantation was 2 ha in size and was never harvested, fertilized, or
irrigated. Current tree density approached ∼760 trees ha−1 , tree
height ∼28 m, and basal area 65 m2 ha−1 . An understory was absent.
Wheat/soybean (13 ha in size) and soybean (7 ha) stands were also
originally dry forests but have been planted as crops for at least
50 years. No-tillage management is widespread in the region and
was used in both stands. Weeds were controlled with herbicides,
particularly glyphosate. Stands are usually weed-free managed
throughout the whole seasons.
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Table 2
Thermal, radiometric, and evapotranspirative characteristics obtained from Landsat images for different vegetation covers.
n

Tree plantations
Native forests
Grasslands
Wheat/soybean
Soybean

6
17
10
16
11

Ts–Ta (◦ C)

ET (mm d−1 )

Albedo

Mean

SD

Mean

SD

Mean

SD

1.66 c
1.59 c
3.73 b
4.28 b
5.44 a

0.54
0.46
0.53
0.49
0.79

0.17 a
0.17 a
0.22 b
0.22 b
0.24 c

0.025
0.008
0.014
0.013
0.013

3.12 a
3.17 a
2.13 b
2.21 b
1.85 c

0.25
0.20
0.16
0.12
0.16

Mean and standard deviation (SD) of temperature differences between the surface and the air (Ts–Ta), albedo and actual evapotranspiration rates (ET) computed from 13
Landsat images. The mean values were obtained by averaging the thirteen dates analyzed. Letters show signiﬁcant differences (p < 0.05) among vegetation covers (Duncan’s
test). The number of plots is indicated (n).

Soil samples, taken in December 2009, were collected to a
depth of 3 m (0–25, 25–50, 50–100, 100–150, 150–200, 200–250,
and 250–300 cm). At each stand we randomly located three soil
pits. Soil sampling points were spaced ∼10–15 m apart and ∼40 m
from fences to avoid edge effects. In forest plots, soil sampling
points were >1 m from tree stems. Soil samples were taken with
a hand-auger (10-cm outside diameter). Full samples from each
depth intervals were immediately mixed in the ﬁeld, sub-sampled
and stored in double plastic bags for moisture analysis. Moisture content was determined gravimetrically one to three days
after sampling (oven drying method, Gardner, 1986) and then converted to volumetric moisture by multiplying by the bulk density.
Particle size distribution, determined by the hydrometer method
(Bouyoucos, 1962), and gravimetric moisture were used to provide
estimates of bulk density (Vervoort et al., 2006). Moisture contents
were analyzed with one-way ANOVA and multiple comparisons
were performed with Duncan’s test.
3. Results
3.1. Evaporative water ﬂuxes
Vegetation cover exerted a strong inﬂuence on evapotranspiration, as demonstrated by the analysis of 13 Landsat images
(Table 2). Despite strong structural differences between eucalyptus
plantations and native dry forests, these two vegetation types displayed remarkably similar ET values that were signiﬁcantly higher
than those of herbaceous plots in our study. On average at the
annual scale, tree-dominated land covers used ∼50% more water
than the grassland or cropland plots (3.1 mm d−1 compared with
2.1 mm d−1 , respectively). Across all plant types, the maximum dif-

ference in evapotranspiration was for the native forests compared
to soybeans (1.7 times greater in the forest), the dominant land-use
transformation in the region currently. Within herbaceous covers, grasslands and the wheat/soybean double-crop system showed
similar ET values (p > 0.10) but were 17% higher than for the singlesoybean crop system.
Tree plantations and native forests had the highest ET values
computed from Landsat imagery at all analyzed dates (Fig. 3).
However, ET rates of tree-dominated covers were not signiﬁcantly
different from the wheat/soybean system at the end of winter nor
were they different from the single soybean system in the middle
of summer, denoting the high evapotranspiration capacity of grain
crops at the peak of their growing seasons. Small differences were
observed between tree plantations and native forests across the
growing season. While in the spring the native forests evapotranspired ∼10% more water than tree plantations (p < 0.05), in winter
the pattern reversed and tree plantations used ∼5% more water
(p < 0.10).
Herbaceous vegetation types displayed a 35% higher albedo than
tree-dominated covers (Table 2). This result implies an extra radiant energy input of ∼1 MJ m−2 for the latter, on average annually.
Despite this additional energy input, tree-dominated covers had
canopies that were ∼3 ◦ C cooler than for the herbaceous vegetation (1.6 compared with 4.5 ◦ C, respectively), evidence of a higher
capacity of heat transfer from canopies to the atmosphere in treedominated covers.
The HYDRUS modeling provided insight into the partitioning
of ET between transpiration and evaporation. Seasonal transpiration patterns derived from HYDRUS followed the seasonality
of vegetation cover (Figs. 2 and 4), with maximum rates at the
leaf area peaks during the growing seasons. Maximum transpira-

Fig. 3. Actual evapotranspiration estimated from Landsat images for different vegetation covers on thirteen dates. The selected plots were each >10 ha in size and represented native dry forests (n = 17), native grasslands (n = 10), eucalyptus plantations (n = 6), continuous soybean cultivation (n = 11) and wheat/soybean rotation (n = 16). Daily
evapotranspiration was estimated from Landsat 7 ETM+ images (scenes 226/82 and 227/82). Lines above bars indicated the standard deviation.
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Fig. 4. Modeled seasonal pattern of daily transpiration and soil evaporation for different vegetation covers. Monthly averages and standard deviations for eleven years of
simulation (1994–2004) with HYDRUS 1D are also shown.

tion rates were predicted in spring for native forests (2.9 mm d−1 )
and in summer for tree plantations (2.9 mm d−1 ), in agreement
with Landsat-based ET patterns. For all herbaceous covers, maximum transpiration rates were also observed in summer (2.3, 2.9
and 3.1 mm d−1 for grasslands, wheat/soybean and soybean). Two
sharp transpiration peaks (2.3 mm d−1 in October and 3.2 mm d−1
in February) were evident in the wheat/soybean system, which corresponded to the peaks of leaf area for wheat and soybean growing
seasons, respectively, as suggested by NDVI patterns (Fig. 2). At the
annual scale, maximum transpiration amounts were predicted for
tree-dominated covers (785 and 764 mm y−1 for tree plantations
and dry forests, respectively), followed by grasslands (562 mm y−1 ),
wheat/soybean double crop system (533 mm y−1 ) and soybean single crop (423 mm y−1 ). These amounts accounted for 37% (soybean)
to 69% (tree plantations) of total ecosystem water ﬂuxes (Fig. 5).
Annual soil evaporation amounts derived from HYDRUS
were the greatest for soybean (275 mm y−1 ), followed by
wheat/soybean and grasslands (∼230 mm y−1 ) and tree-dominated
covers (∼150 mm y−1 ). The highest soil evaporation rates were
observed at the end of spring (November and December) for all
vegetation covers (∼1 mm d−1 on average), mainly responding to
high rainfall inputs (290 mm) and atmospheric water demands
(∼5 mm d−1 ). A second soil evaporation peak was observed in
autumn only in herbaceous covers (∼0.8 mm d−1 on average),
driven by high rainfall amounts (250 mm) and low plant cover.
Interception losses accounted for a small fraction of total ﬂuxes,
approaching ∼4.5% in tree-dominated covers and 2.5% in herbaceous ones (Fig. 5).

3.2. Liquid water ﬂuxes
Despite lower rainfall inputs, the highest simulated drainage
ﬂuxes took place in winter for all vegetation covers, except in
the soybean-only system (∼0.3 mm d−1 , on average, Fig. 6). The

Fig. 5. The partition of ecosystem water ﬂuxes for different vegetation covers. Values were obtained by averaging eleven years of simulations. Water ﬂuxes were
modeled with HYDRUS 1D, with the exception of runoff, which was obtained with
the Curve Number method (see Section 2).
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Fig. 6. Seasonal patterns of rainfall and deep drainage ﬂux for different vegetation covers. Monthly rainfall was obtained from a meteorological station located in
the study region (period 1994–2004). The average and standard deviation of deep
drainage were modeled with HYDRUS 1D.

low atmospheric water demand of this season has likely favored
water replenishment of soil proﬁles and deep drainage ﬂuxes.
Under soybean, a deep drainage peak was observed in summer
(∼0.5 mm d−1 ), likely driven by the high rainfall inputs and low
transpiration rates of the previous months (Fig. 6). Excluding two
years with extreme rainfall events (>200 mm in a week), deep
drainage represented less than 1% of total ecosystem ﬂuxes in treedominated covers, ∼6% in grasslands and wheat/soybean and ∼9%
in soybean. Simulated deep-drainage ﬂuxes increased to 18% of
total water ﬂuxes in woody covers and 25% in herbaceous ones
during the wet 2003 year (Fig. 5). On average, annual deep drainage
ﬂuxes approached ∼45 mm y−1 in woody covers, ∼105 mm y−1 in
grasslands and wheat/soybean and 135 mm y−1 in soybean.
Surface runoff was an important component of the water balance, likely because of the ﬁne texture of surface soil layers and a
rainfall pattern with intense rainfall events. Maximum simulated
runoff amounts were estimated for soybean, where it approached
270 mm y−1 (24% of total water ﬂuxes), followed by grassland
and wheat/soybean, with ∼220 mm y−1 , and woody covers, with
120 mm y−1 (Fig. 5).
Deep soil proﬁles for all vegetation types at one location
provided support for the satellite-derived evapotranspiration
estimates and modeling outputs. Moisture proﬁles showed signiﬁcantly drier soils in tree-dominated covers compared to herbaceous
ones (Fig. 7, p < 0.05), suggesting higher water use in the former.
The average moisture content, weighted by the thickness of each
soil layer, showed that soil proﬁles under tree-dominated covers
had one-eighth less volumetric water content (0.31 m3 m−3 ) than
wheat/soybean proﬁles (0.35 m3 m−3 ) and one-ﬁfth less than grassland and soybean proﬁles (0.39 and 0.38 m3 m−3 , respectively).
Differences between woody and herbaceous covers in the total
amount of water stored to 3 m depth approached ∼190 mm. Water
stored at deep soil layers (2–3 m of depth) showed close agreement
with modeling estimates, with a mean root square error of <30 mm.
4. Discussion
Transitions in vegetation cover led to profound hydrological
changes, particularly for shifts between herbaceous and treedominated vegetation. The combination of satellite analysis, soil
water modeling, and moisture proﬁles conﬁrmed the greater evap-

Fig. 7. Water content proﬁles in the soil under different vegetation covers. The average and standard deviation of volumetric water content at one location is shown
(n = 3 per stand). The inset graphic shows total accumulated soil water down to
the maximum sampled depth of 3 m. Letters show signiﬁcant differences (p < 0.05)
among vegetation covers (Duncan’s test).

otranspirative capacity of woody covers. This result may arise
from a suite of features for trees that includes deeper root systems (Canadell et al., 1996), extended growing seasons (Fig. 2),
higher gaseous exchange capacity because of higher aerodynamic
conductances (Kelliher et al., 1993), greater direct interception of
precipitation, and higher inputs of radiant energy because of lower
albedos (Table 2). The similarity of seasonal maximum evapotranspiration rates between tree-dominated covers and grain crops
(Figs. 3 and 4) highlighted the importance of the gaseous exchange
capacity and points to other evapotranspirative constraints in
herbaceous vegetation. Since albedo change only explains ∼18% of
the difference in evapotranspiration (Table 2), roots pattern and leaf
area seasonality are likely playing a major role, as suggested by soil
moisture values at deep soil layers (Fig. 7) and by the seasonal variation of NDVI and transpiration rates (Figs. 2 and 4). These results
suggest a combined control of both water demand and supply on
evapotranspiration of herbaceous vegetation (Calder, 1998).
The different approaches we used to estimate the hydrological parameters yielded convergent results, providing greater
conﬁdence in our conclusions. Annual evapotranspiration estimates showed good agreement between the satellite analysis
and HYDRUS modeling (root mean square error = 32 mm y−1 ).
Water use estimates for the single soybean crop and double
wheat/soybean crop in the region approach 500–600 mm and
750–900 mm during their growing season, respectively (Totis de
Zelijkovich et al., 1991; Andriani, 2000). These ﬁgures compare
well with our satellite (570 mm for soybean and 737 mm for
wheat/soybean) and modeling estimates (510 mm for soybean and
740 mm for wheat/soybean).
Modeling estimates of water yield (runoff + deep drainage)
also showed good agreement with hydrometric measurements performed in a watershed close to our study region.
The average water ﬂow of Nogoyá river for the 1990–2003
period averaged 29 m3 seg−1 (Subsecretaría de Recursos Hídri-
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cos, http://www.hidricosargentina.gov.ar), which corresponds to
a water yield of 220 mm y−1 (watershed area = 4200 km2 ). A rough
land-cover assessment of the watershed, based on Landsat images,
suggests that for the year 2000 the proportion of grasslands, woody
covers, wheat/soybean and soybean approached 0.22, 0.40, 0.26
and 0.12, respectively. Using these proportions and modeling outputs we estimated an average water yield of 255 mm y−1 . The
seasonal pattern of both approaches also showed a good agreement
when modeling estimates were delayed by one month to account
for the time of concentration of the watershed (r2 = 0.45, p < 0.05,
n = 12 months). A rough lineal extrapolation suggests that if half
of the remaining grasslands and woody covers (1300 km2 ) of this
watershed are converted to soybean the annual water yield will
only be increased by 20% (from 255 to 307 mm y−1 ).
The strongest hydrological contrasts were manifested between
dry forests and the single crop of soybean, which is the dominant land-use transformation occurring in the study region and
in other dry forests of Argentina today (Gasparri and Grau, 2009).
Tropical and temperate dry forests are one of the most endangered ecosystems worldwide, and the Espinal and Chaco districts of
Argentina are no exception. In recent decades, dry forest deforestation rate in the region approached 200,000 ha y−1 (UMSEF, 2008),
motivated in part by the global soybean market, technological
improvements, and a trend in increasing rainfall. According to our
analysis, the replacement of dry forests by soybean would cut evapotranspirative water ﬂuxes by one third and would almost triple
deep drainage ﬂuxes (Table 2). In this context, it is worth comparing the Australian situation where the replacement of native
dry forest by rainfed annual crops and pastures in both winter- and
summer-dominant rainfall areas more than a century ago increased
groundwater recharge, raising water-tables and moving deeply
stored salts to the surface (Schoﬁeld, 1992). Because of this hydrologic change, Australia has lost thousands of hectares of productive
agricultural lands (George et al., 1999). A similar process is also taking place in the Sahel plains, although without salinization (Leblanc
et al., 2008), and initial stage of this process could be also taking
place in the Great Plains of North America (Scanlon et al., 2005).
Whether this process is already beginning in South American countries such as Argentina and Paraguay, where agricultural expansion
is recent, is still uncertain; however such an occurrence is likely in
the future based on our results and some sparse hydrological measurements that suggest rising groundwater levels (Jobbágy et al.,
2008) and leaching of a large stock of salts in dry forest converted
to agriculture (Santoni et al., 2010).
Preferential water ﬂow through soil macropores, such as root
channels, was not considered in our modeling exercises, although it
may be inﬂuenced by vegetation cover. Because of higher root density, microfaunal activity and/or content of soil organic matter and
litter, afforestation may improve the porosity and capacity of water
transport of soils, particularly in ﬁne-textured ones (Nosetto et al.,
2007). These changes would likely lead to improved inﬁltration
and deep drainage, reduced runoff and soil erosion and eventually the leaching of soluble vadose salts, as it has been observed
after afforestation of ﬁne-textured sodic soils in the Hungarian
plains, Caspian region and India (Sizemskaya and Romanenkov,
1992; Mishra and Sharma, 2003; Nosetto et al., 2007).
Besides the strong hydrological changes generated by
woody–herbaceous transitions, less obvious vegetation changes,
such as the replacement of grasslands by crops or cultivating two
crops in a year (double wheat/soybean) instead of one crop (soybean alone), could also lead to noticeable hydrological alterations.
While the replacement of grasslands by the double wheat/soybean
crop would lead to minor hydrological changes, the use of the
single soybean crop would signiﬁcantly reduce evapotranspiration
and increase liquid water ﬂow (Table 2, Figs. 5 and 6). In the Inland
Pampas of Argentina, the widespread replacement of pastures
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and grasslands by annual crops, which took place primarily in
recent decades, has been linked to an increase of ﬂooding events,
as suggested by historical water-table levels and land-use patterns
(Viglizzo et al., 2009). At the regional scale, the liquid water
excesses generated by the new land-use would be hard to evacuate
from the region because of the ﬂat topography of the landscape
(regional slopes <0.1%) and the lack of rivers and streams (Nosetto
et al., 2009; Aragón et al., 2010). Instead this liquid water would
enhance recharge and raise groundwater levels, potentially triggering ﬂooding (Aragón et al., 2010). Although this hypothesis is
still preliminary, the results of our study are consistent with this
possibility.
The hydrological changes triggered by land-use shifts could
entail positive or negative impacts on water services depending on where the changes take place. For instance, afforestation
in ﬂooding-prone landscapes like the ﬂat Inland Pampas could
be beneﬁcial, decreasing the risk of ﬂooding and helping to
deepen groundwater levels because of the higher evapotranspirative capacity of trees (Table 2; Nosetto et al., 2008). For the same
reason, however, afforestation in subhumid and semiarid regions,
such as the Sierras Pampeanas rolling hills or NW Patagonia, could
be detrimental if it decreases water yield (Farley et al., 2005) and
jeopardizes other water uses. In the opposite case, the replacement
of dry forests by agriculture could improve water yields, but at the
same time, could promote the rise of water table levels and put agricultural lands at greater risk of ﬂooding and salinization (Jobbágy
et al., 2008). According to our modeling estimates, for instance, the
replacement of dry forest by double cropping would double the
annual water yield (from 154 to 312 mm y−1 ) and decrease the seasonal variability (from 68% to 54% coefﬁcient of variation of monthly
water yield).
The contrasting evapotranspiration patterns among land uses
offer land managers different options for regulating the water balance biologically. Since the rate of replacement of pastures and
grasslands of the Inland Pampas with annual crops is unlikely to
slow down, the potentially negative hydrological impacts of this
land use transformation could be reduced if double cropping was
implemented instead of the single crop system that prevails today
or if tree plantations are incorporated in the landscape. According to our estimates, grasslands would be hydrologically similar to
wheat/soybean double cropping or to mixed landscapes with three
quarters of their area covered by single soybean crops and the rest
by eucalyptus plantations. In the case of dry forest deforestation of
the Chaco and Espinal districts of Argentina and Paraguay, the most
likely biological avenue to restore the original hydrological conditions would be the reforestation of degraded lands, which become
abandoned after few years of agriculture (Boletta et al., 2006).
This strategy has been successfully applied in deforested areas of
Australia, although estimates suggest that a large proportion of the
landscape, perhaps as much as 70–80%, must be reforested to have
a noticeable effect on regional groundwater levels (George et al.,
1999).
An increasing global demand for food and biofuels requiring
additional lands for agriculture and a prospective market for biologically sequestered carbon, suggest that land-use changes in
Argentina are unlikely to cease in the near future. In this context, anticipating the likely outcomes of land-use change on water
resources and proposing feasible ways to improve water yield
and quality are desirable (Jackson et al., 2009). A climatic change
scenario and the stochasticity of the processes that link climate,
vegetation and hydrology add complexity to that task. In the Río de
la Plata basin, the increased frequency of extreme climatic events or
a likely reversal of current increasing rainfall trends may strongly
impact water resources and ecosystem functioning, with negative
consequences for food security. While assessing these impacts is
one of the challenges to be faced in the region, an ecohydrological
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perspective that explicitly considers the connections between climate, vegetation, and hydrology would be helpful for sustainable
land use management in the region.
5. Conclusions
This research highlighted the strong effects of vegetation cover
on hydrology and suggests likely avenues for hydrological regulation through land-use planning. Native grassland and dry forest
areas of southern South America that are being intensively transformed into cropland could experience profound hydrological
changes according to our results. Because of the lower evapotranspiration of single soybean cropping schemes, their massive
expansion into the more evapotranspirative rangelands of the
Pampas will impact surface and groundwater hydrology, likely
increasing ﬂooding risks; though these impacts could be lessened
if the double wheat–soybean cropping scheme is implemented.
However, the deepest impacts are expected to happen with
tree–herbaceous transitions, such as the incipient spread of soybean into the dry forests of Chaco and Espinal districts of Argentina
and Paraguay. In this case, decreased evapotranspiration, increased
recharge, shallower groundwater levels and eventually salt mobilization are expected outcomes that may endanger agricultural
lands, as it has been documented in Australia. These costs could be
lessened, or at least delayed, if a thorough landscape planning, that
must certainly include tree plantations, is implemented. However,
solid policies that explicitly consider these hydrological contrasts
will be required, together with a long-term monitoring scheme of
key hydrological variables.
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