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A B S T R A C T

Although the strong influence of vegetation shaping the hydrological cycle is increasingly recognized, the
effects of land-use changes in very flat regions (i.e., hyperplains, regional slope <0.1%) are less understood
in spite of their potentially large magnitude. In hyperplains with sub-humid climates, long-lasting
flooding episodes associated to water-table raises are a distinctive ecohydrological feature and a critical
environmental concern. We evaluated the hydrological impacts caused by the replacement of livestock
systems, dominated by perennial alfalfa pastures, by grain production systems, dominated by annual
crops, that have been taking place in the Pampas (Argentina). For this purpose, we combined remote
sensing estimates of vegetation transpiration and surface water coverage with long-term (1970–2009)
hydrological modeling (HYDRUS 1D), and water-table depth and soil moisture measurements. The NDVI
derived from MODIS imagery was 15% higher in dairy systems than in grain production ones, suggesting
higher transpiration capacity in the former (852 vs. 724 mm y�1). Even higher contrasts were found
among individual cover types, with perennial pastures having the highest NDVI and transpiration
potential rates (0.66 and 1075 mm y�1), followed by double winter/summer crops (0.55 and 778 mm y�1)
and single summer crop (0.45 and 679 mm y�1). Significantly deeper long-term average water-table
levels in dairy system compared to single and double cropping (4 m, 1.5 m and 2.1 m, respectively) were
suggested by the hydrological modeling and confirmed by field observations at nine paired sites (pasture
vs. cropland, p < 0.05) and two transects. At two additional paired sites, continuous water-table depth
monitoring with pressure transducers, provided insights about the mechanisms behind these contrasts,
which included enhanced groundwater recharge in the cropland and direct groundwater discharge by
the pasture. Soil profiles, being notably drier under pastures (316 vs. 552 mm stored at 0–3 m depth,
p < 0.05), prevented the recharge episodes experienced by agricultural plots after an extraordinary rainy
period. Our study highlights the key role of land-use on the hydrology of subhumid hyperplains,
supporting the linkage of groundwater level raises and flood frequency and severity increases with the
expansion of grain production systems in the Pampas. Given the spatial connectivity imposed by the
hydrologic system and the strong association observed between the plot water balance and regional
flooding, it is highly relevant to improve the quantification of the hydrological responsibility and
interdependence of land use decision across plots and farms. This further step should support territorial
policies that optimize the hydrological services of the region.

ã 2015 Elsevier B.V. All rights reserved.

1. Introduction

There is growing evidence about the strong imprint that
vegetation has on hydrology and, as a result, about the effect that
profound land-use changes can have on the water services of
ecosystems. Some of the most striking examples come from the
deforestation of woody watersheds, where increased flash floods
and erosion are among the most harmful consequences (Bradshaw
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et al., 2007), or the establishment of tree plantations in non-woody
watersheds, where decreased water yield has been an issue of
concern (Farley et al., 2005). In very flat sedimentary landscapes
(i.e., hyperplains, regional slope <0.1%), however, in which river
networks are absent or poorly developed, and vertical water fluxes
dominate over horizontal ones, the hydrological outcomes of
vegetation changes are less evident and are usually mediated by
the groundwater system (Usunoff, 2009). Hyperplains, and
particularly those with sub-humid climates, tend to display
long-lasting flooding episodes associated to water-table raises
that are a distinctive ecohydrological feature and a critical
environmental concern for their inhabitants (Aragón et al.,
2010; Lóczy, 2010). Understanding the role of vegetation and
land-use regulating these highly dynamic hydrological systems
becomes increasingly important in the context of growing climate
variability and competing ecosystem service awareness.

Hyperplains cover a large area of the planet and particularly
those with sub-humid climate play an important role as global
food sources (Imhoff et al., 2004; Fan et al., 2013). However, the flat
topography and low river density of these landscapes combined
with a subhumid climate define a fragile hydrological equilibrium
where dry years lead to deep water-tables and droughts, while
water excesses easily turn into flooding episodes (Viglizzo and
Frank, 2006; Aragón et al., 2010) which rather than displaying high
frequency and short duration (i.e., flash floods), show slow
initiation and even slower retraction times (i.e., slow floods).
The hyperplains of the Pampas and Chaco in Argentina, central
Canada, eastern Hungary, northern Caspian basin, western Siberia,
and northeastern China among others, are all areas that share this
particular topographic/climatic setting (Jobbágy et al., 2008).
Under poor river networks and low topographic gradients, flood
retraction is mostly driven by direct evaporation from sporadic
lagoons and water bodies, soil evaporation and transpirative
discharge by vegetation when water-tables are shallow enough to
be reached by root systems (Aragón et al., 2010; Florio et al., 2014).
Vegetation thus plays a key role on the hydrology of these
landscapes, as it can affect not only groundwater recharge rates
(Kim and Jackson, 2012), as in most landscapes, but discharge rates
as well (Nosetto et al., 2007).

The Argentinean Pampas is a characteristic hyperplain with
subhumid climate where recurrent floods and drought episodes
have historically threatened the agricultural production and social
welfare (Viglizzo and Frank, 2006). The Pampas, extending across
600,000 km2 of temperate Argentina, is one of the most important
food-producing regions of the world (Hall et al., 1992). The region
was originally dominated by native grasslands, and since the late
19th century, a livestock industry started growing, based firstly on
natural grasslands and incorporating alfalfa pastures later. With
the arrival of European immigrants in the 1880’s and the
development of the railroad network, a grain cropping culture
started expanding in the Pampas which coexisted with the
livestock industry under a grain crop-pasture rotation system
(Hall et al., 1992). In the last two decades, however, a widespread
replacement of livestock systems by grain production systems is
taking place, motivated principally by the combination of a low
profitability of beef industry and high grain price (Viglizzo et al.,
2009). Extensive livestock activities (cow-calf operation) moved to
other regions that have marginal suitability for cropping, while
more intensive livestock activities (dairy and steer fattening) could
still be found in the Pampas but in a much lesser extent than in
previous decades.

The expansion of grain production systems over mixed
livestock-grain systems involved an extensive replacement of
perennial pastures, dominated by alfalfa, by annual crops (Paruelo
et al., 2006). For instance, the area of perennial pastures declined
from 4.6 million ha in 2001 to 2.6 million ha in 2005 in Buenos

Aires province (INDEC, www.indec.gov.ar). By contrast, the area
covered by annual crops increased by 30% in the same province,
from 8.5 million ha for the period 1996–2000 to 11 million ha in
2011–2012, being soybean (50%), wheat (20%) and maize (15%) the
dominant crops (MAGPyA, http://www.minagri.gob.ar). Alfalfa
pastures have strong structural and functional contrasts compared
to annual crops which include deeper root systems and steadier
leaf areas (Ridley et al., 2001; Keating et al., 2002). While the lower
leaf area of annual crops may result in higher soil evaporation rates
(Nosetto et al., 2012), studies show that the higher transpirative
capacity of alfalfa pastures compensates for these differences,
generating higher evapotranspiration rates that can exceed by 30%
those of annual crops (Ridley et al., 2001; Keating et al., 2002). In
addition, alfalfa shows higher tolerance to salinity than some crops
(e.g., maize and wheat, Bresler et al., 1982).

In this paper, we evaluated the hydrological impacts caused by
the replacement of mixed livestock-grain production systems by
systems exclusively devoted to grain production across a range of
nested spatial scales in the Inland Pampas region of central
Argentina, focusing on the water-table dynamics and flooding. We
hypothesized that the replacement of mixed systems, dominated
by alfalfa pastures, by grain production systems leads to shallower
water-tables and increases the risk of flooding. The shallower
rooting system and lower leaf area of annual crops compared to
alfalfa pastures, together with the presence of fallow periods with
no vegetation cover, will reduce transpiration rates and increase
soil moisture, which would translate into increased aquifer
recharge. In addition, the reduced transpirative capacity, rooting
depth and tolerance to salinity of annual crops (e.g., maize and
wheat), will constrain direct groundwater discharge in comparison
with alfalfa pastures. Consequently, shallower water-tables and
higher soil moisture levels under annual crops will reduce the
capacity of the system to buffer water excesses, increasing the
frequency of flooding episodes in the long term.

2. Materials and methods

2.1. Study region and study sites

We performed our study at the vicinity of the town of Trenque
Lauquen (Buenos Aires province, Argentina), located in the core of
the Flat Inland Pampa. The region was covered by eolian sediments
that were shaped during the last glaciations (Iriondo, 1999). The
vast majority of soils developed from fine sand and silty sediments
deposited during the late Quaternary (E1 and E3 formations,
according to Tricart, 1973). In most cases, soil profiles were fully
developed from one of the two materials (E1 or E3) resulting in
Entic and Typic Hapludolls. It is also common to find the contact
between these two materials within the top meter of soil profiles,
often in the form of a Paleo B horizon (thapto-argilic or thapto-
natric Hapludolls). Generally, it is difficult to differentiate the two
units because of their similarities in terms of mineralogy and grain
size; however, in the Paleo B cases, where the E3 material suffered
illuviation and erosion before the deposition of E1 materials the
differentiation becomes clearer (INTA, 1989).

The landscape is a very flat plain with a regional slope <0.05%
where sediments deposited by SW–NE winds favored the
formation of sand dunes ridges perpendicular to this orientation
(Jobbágy et al., 2008). Due to this configuration of the landscape,
soil depth is variable, being deeper than a meter in most of the
landscape (�92%), but reduced to �50–60 cm in local depressions
located between dunes ridges (INTA, 1989).

The region was originally occupied by native grasslands
(Soriano et al., 1991) that were subject to extensive cattle grazing
until the beginning of the twentieth century when the onset of
cultivation took place. Since that time, the rotation of rainfed
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