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Abstract

Vegetation changes, particularly transitions between tree- and grass-dominated states,
can alter ecosystem water balances and soluble salt fluxes. Here we outline a general
predictive framework for understanding salinization of afforested grasslands based on
biophysical, hydrologic, and edaphic factors. We tested this framework in 20 paired
grassland and adjacent afforested plots across ten sites in the Argentine Pampas. Rapid
salinization of groundwater and soils in afforested plots was associated with increased
evapotranspiration and groundwater consumption by trees, with maximum salinization
occurring on intermediately textured soils. Afforested plots (10-100 ha in size) showed 4-
19-fold increases in groundwater salinity on silty upland soils but <twofold increases
on clay loess soils and sand dunes. Two years of salinity and groundwater measurements
at a 40ha Eucalyptus camaldulensis plantation revealed that the plantation reduced
groundwater recharge, underwent groundwater discharge on >50% of the days, and
depressed the water table 38 cm on average compared to the adjacent grassland. Soil
cores and vertical electrical soundings indicated that ~6kgm > of salts accumulated
close to the water table and suggested that salinization resulted from the exclusion of
fresh groundwater solutes by tree roots. Groundwater use with afforestation in the
Pampas and in other regions around the world can enhance primary production and
provide a tool for flood control. However, our framework and experimental data also
suggest that afforestation can compromise the quality of soils and water resources in
predictable ways based on water use, climate, and soil texture.
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Introduction

Changes in vegetation, particularly transitions between
grasslands and forests, alter ecosystem water balances
and soluble salt fluxes. Compared with grasslands,
forests often have greater leaf area and canopy rough-
ness as well as root systems that access deeper water
sources (Kelliher et al., 1993; Canadell et al., 1996;
Calder, 1998; Jackson, 1999; Schenk & Jackson, 2002).
These changes usually result in higher evaporative
water losses (Kelliher et al., 1993; Zhang et al., 2001),
lower moisture content in the soil and vadose zone
(Calder et al., 1993, 1997; Chen et al., 2003), and reduced
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groundwater recharge (Le Maitre et al, 1999). At
watershed scales, these ecological differences can also
affect water yields from tree- and grass-dominated
catchments. Paired watershed experiments typically
show increased streamflow when forested watersheds
are replaced by pastures and grassland (Sahin & Hall,
1996) and decreased streamflow when grassland water-
sheds are afforested (Scott & Lesch, 1997).

By affecting the amount of water that moves through
the vadose zone (i.e. groundwater recharge), grassland—
forest transitions can also alter patterns of salt
accumulation and transport from stands to regional
scales. The most well-known example is the salinization
that accompanied the large-scale conversion of wood-
lands and forests in Australia. In vast areas the
replacement of native Australian trees by herbaceous
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species raised the water table and mobilized deeply
stored salts to the topsoil (Schofield, 1992; Pierce et al.,
1993). Current estimates suggest that the reversion of
this process would only be achieved by reforesting 70—
80% of the watershed (George et al., 1999). A similar
large-scale salinization mechanism has been proposed
for deforested areas of the Sahel (Culf et al., 1993).

The opposite transition, a vegetation shift from
grassland to forest, also has the potential to alter
groundwater and salt dynamics (Jackson et al., 2000).
Afforestation and tree invasion or encroachment affect
many grasslands globally (Jackson et al., 2002), espe-
cially in the Southern Hemisphere (Rudel & Ropel,
1996; Richardson, 1998; Geary, 2001), but the effects on
groundwater and salt fluxes remain poorly understood.
Soil and groundwater salinization have been linked to
tree establishment on grass-steppes in Russia and
pastures in Australia (Heuperman, 1999; Vertessy
et al., 2000; Sapanov, 2000), with recharge interruption
and groundwater use by trees proposed as potential
causes (Heuperman, 1999; Sapanov, 2000). In this paper,
we report rapid soil and groundwater salinization with
the afforestation of humid grasslands in the Pampas of
Argentina. We use this system to evaluate a general
ecohydrological framework that predicts the conditions
and mechanisms under which tree establishment in
grasslands leads to salinization. This general predictive
framework should also help researchers predict the

ET > P

f1ed

conditions under which both grassland afforestation
and deforestation can lead to salinization.

A general framework for predicting salinization

We propose that the salinization of afforested grass-
lands results from shifts in the water balance and
groundwater flow patterns (Fig. 1). In humid grass-
lands like those in the Pampas, evapotranspiration (ET)
< precipitation (P) and hydrological recharge takes
place through deep drainage (Fig. 1; surface run-on or
runoff are negligible in the Pampas, but our framework
can easily be adapted to include these terms). After
trees establish and ET increases, hydrological recharge
is substantially reduced. Where groundwater is avail-
able, trees reverse the relationship between ET and P,
initiating a net discharge regime (ET>P) in which
groundwater use exceeds deep drainage. The discharge
regime is sustained by groundwater recharge and
lateral transport from the surrounding grassland.
Groundwater use through transpiration leaves dis-
solved salts behind, either through root exclusion in
the soil or in the trees after absorption. If this net
discharge regime is sustained, salts accumulate in the
system, including the plants, soil, vadose zone, or
groundwater. We propose that this process will occur
only if three conditions are met: (a) grasslands allow a
moderate net hydrological recharge that can be re-

ET: Evapotranspiration
P: Precipitation

Fig. 1 Hypothetical mechanism of soil and groundwater salinization following the afforestation of grasslands. Tree establishment
reverses the net vertical flux of groundwater when groundwater absorption exceeds recharge. Groundwater exits the system through
transpiration leaving its salt load in the afforested stand. This process is predicted to occur if the following ecohydrological conditions
are met: (a) grasses allow a moderate net hydrological recharge that is fully interrupted by trees, (b) the terrain allows a sustained
horizontal flow of groundwater and dissolved salts towards the tree stand, (c) trees access groundwater. The framework described here
does not include surface run-on or runoff because these terms are negligible at our sites in the Pampas but can easily be adapted to

include them.
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versed after tree establishment, (b) the terrain and soil
conductivity allow a sustained horizontal flow of
groundwater and dissolved salts towards the tree
stands, and (c) trees access groundwater (Fig. 1).

Using this framework we test predictions locally and
regionally in afforested grasslands of the Pampas. At
the regional scale, we predict that salinization will be
greatest in intermediately textured soils which are most
likely to fulfill conditions (a) and (b) simultaneously.
Under the humid climate of the Pampas (800-
1000mmyr ' mean annual precipitation), condition
(a) is unlikely to be met in coarse-textured soils where
groundwater recharge and salt-leaching rates can be
high. Condition (b) is unlikely on fine-textured soils
where poor saturated hydraulic conductivity constrains
the lateral transfer of groundwater and accompanying
salts from grasslands to plantations. Groundwater
access, condition (c), is common in the Pampas with
water tables typically <6 m below the surface. Species
effects may also be important, particularly those species
able to take up water directly from saturated soils (e.g.
Eucalyptus camaldulensis and Populus deltoides). How-
ever, salinization may be more general if capillary
transport moves sufficient groundwater to the unsatu-
rated soil above the water table.

To evaluate these predictions we assess salinization
across 10 afforested sites (20 grassland-plantation pairs)
with different soil/sediment types and tree species. At
three of these sites representing a sediment texture
gradient, we explore aspects of groundwater transport
and use by plants. At the local scale we then evaluate
the mechanisms of salinization and predict that tree
stands will have drier soil, reduced water table
recharge after rain, and deeper water table levels than
adjacent grasslands. We expect maximum salt accumu-
lation in the zone of groundwater absorption by trees at
depths close to the water table.

Methods

The study region

The Pampas occupy a vast sedimentary loess plain in
South America (Zarate, 2003). The native vegetation of
this temperate humid region is dominated by grasses
and was originally treeless (Soriano, 1991; Prieto, 1996).
The extremely flat topography and the imprint of wind
erosion during the Quaternary created a poor drainage
network which, combined with the current humid
climate (800-1000mm mean annual precipitation),
results in shallow groundwater across most of the
region (Tricart, 1973). Saline/sodic soils are frequent in
low areas of groundwater discharge but are absent in
uplands (Tricart, 1973; INTA, 1989; Soriano, 1991). Most

of the region is still dominated by a combination of
native grasslands, pastures, and annual crops. Tree-
dominated stands, however, are present as a result of
European settlement. Starting in the 1800s, plantations
ranging from 0.1 to 100 ha were established across the
region primarily for shade, windbreak, and aesthetics.
Such plantations were rarely fertilized or irrigated.
Today, commercial afforestation with pines and eu-
calyptus is increasing rapidly, with counties in Argen-
tina and Uruguay near the Uruguay River having as
much as 30% of their area covered by trees (MAGP,
1998; SAGPyA, 2000). Afforestation rates are expected
to increase dramatically in the coming decades (Wright
et al., 2000).

Regional study

To evaluate the ecohydrological conditions favoring
salinization after tree establishment, we measured
groundwater salinity in 20 adjacent plantations and
grassland pairs at 10 sites with different soil/sediment
types including pure loess on plains, loess/granite
sequences on hills, and quartz-calcareous sand dunes
on the coast, as well as multiple tree species (Table 1).
Our sites covered a broad range of soil textures,
including loess with silty-clay to clay texture in the
Rolling Pampas (Chascomts and La Plata), loess with
silty to sandy loam texture in the Flooding and Inner
Pampas (Castelli, San Narciso, Guerrero, Dolores, and
América), and Atlantic coastal sand dunes (Pinamar
and Carild). (INTA, 1989; Zarate 2003). Sites were ~2
to ~550km away from the Atlantic Ocean. We
included one site on a hilltop at Tandil where a thin
layer (<0.5m) of silty loess overlays Precambrian
granite, preventing access of roots to groundwater. We
sampled plantations of Eucalyptus camaldulensis and
Populus deltoides with the capacity to take up water from
saturated soil (Tewari, 1993; Bell & Williams, 1997). We
also included pine species such as Pinus halepensis,
P. taeda, and P. pinaster which are intolerant to anoxic soil
environments and unable to use water from saturated
soil (Richardson, 1998). All sites were located in
uplands and served as hydrologic recharge zones
before afforestation, except for two Populus deltoides
plantations in lowlands at San Narciso (Table 1).
Plantations were >10ha in size and were never
fertilized or irrigated, as confirmed with land managers
and consistent with regional practices. Biomass was not
harvested from the stands except at Guerrero and
Pinamar, where 20-50% of the Eucalypts were cut
previously. Grassland stands were neither fertilized nor
irrigated but were typically grazed (see Jobbagy &
Jackson, 2003 for further details). We sampled ground-
water in grassland/forest pairs 50-100m on each side

© 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 1299-1312
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SALINIZATION IN AFFORESTED GRASSLANDS 1303

of the boundary, making boreholes with a hand auger
(10cm outside diameter) that were 50-100cm deeper
than the water table. Salinity was measured with an
electric conductivity meter automatically corrected for
temperature. To evaluate salinization at Tandil where
groundwater was inaccessible, we sampled soils for
salinity down to bedrock and also water in two
ephemeral streams that originated on the plantation
and in a nearby grassland 48 h after rainfall.

We evaluated the effect of afforestation on ground-
water fluxes and its interaction with soil texture in E.
camaldulensis and grassland stands at Chascomus (silty-
clay loess), Castelli (silty loam loess), and Pinamar
(sand dunes). There, we measured groundwater levels
during late spring and summer of 2001 in paired
boreholes located in the tree and grassland stands
100m from the plantation boundary. Surface elevation
measured using a water level was used to calculate the
absolute gradient of groundwater depth between grass-
land and plantation boreholes. We examined diurnal
fluctuations in groundwater levels as an indicator of
groundwater absorption (White, 1932; Freeze & Cherry,
1979). For this purpose we monitored water levels with
high temporal (30 min) and altitudinal (<3 mm) resolu-
tion during 2—4-week periods without rainfall using
pressure transducers (model PS9800, Instrumentation
Northwest, Kirkland, WA, USA) connected to perma-
nent dataloggers (CR10, Campbell Scientific Instru-
ments, Logan, UT, USA). At all sites we measured
saturated hydraulic conductivity of the sediments in
situ using well tests (auger-hole method, Amoozegar &
Warrick, 1986). We bracketed the potential rates that

capillary rise could achieve under tree plantations at
each site with a simple simulation model (Upflow, Raes
& Deproost, 2003). The inputs for this model were
vegetation type, root distribution, soil textural class,
saturated hydraulic conductivity, atmospheric water
demand, water table depth, and topsoil moisture
content. To examine scenarios of capillary rise, we
selected forest vegetation and limited rooting depth to
1m, assuming no direct access of tree roots to ground-
water. We ran parallel simulations using two different
root distributions, a depth-decreasing function reported
by Jackson ef al. (1996) and a homogeneous distribution.
Soil texture was obtained from soil surveys and
saturated hydraulic conductivity from our field mea-
surements. We assumed a high water demand
(5mmday ") in order to find potential rates of capillary
transport with soil water at —1.5MPa. Capillary rise
was simulated for a hypothetical water table located 1
or 3m below tree roots.

Mechanistic local studies

To explore the mechanism of salinization after tree
establishment (Fig. 1), we studied changes in soil
moisture, groundwater levels, and salt accumulation
for 2 years in a 40ha plantation and surround-
ing grasslands at Castelli, Buenos Aires province
(=36°02.0’, —57°50.3’). The site has a mean annual
temperature of 15.3 °C and mean annual precipitation
of 980 mm. This upland, loamy site was planted with E.
camaldulensis in 1951 at 3 x 2m spacing (Table 1, Fig. 2),
with trees neither thinned nor managed after planting.

Grassland & )
Pasture

Agri-
culture

Grassland

b

Grassland

500 m

.....Level & salinity
transects

Soil sampling
transects

Permanent
monitoring wells

O Boreholes

¥ Windmills

Fig. 2 Plantation and grassland groundwater sampling points at Castelli. Groundwater level and salinity were recorded in 45
boreholes along transects (dotted lines). Two permanent sampling wells were monitored during a 2-year period. Other sampling points
for water salinity involved additional boreholes and existing windmills pumping water from 6 to 15m depth.
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Current density is 783 stemsha ' with a mean tree
height ~ 45m. There is a very sparse understory of the
small tree Celtis tala. The surrounding area is covered
by native grasslands and improved pastures with the
typical composition and structure of upland commu-
nities in the Pampas, a mixture of C3 and C4 grasses
and no bare soil (Perelman et al., 2001). We recorded
rainfall throughout the study period with a tipping
bucket pluviometer connected to a datalogger in the
native grassland. Longer term precipitation records
beginning in 1950 were obtained from the town of
Castelli, 7km from the study site.

We compared soil moisture dynamics in the grass-
land and Eucalpyt plantation using time domain
reflectometry (TDR). We randomly located three soil
pits (Im wide x 1m deep) 50m from the grassland-
forest edge in each stand and measured soil volumetric
water content at 5, 15, 30, 50, and 100 cm depth using a
TDR sensor with four 6-cm-long probes (ML2x Theta-
Probe, Delta-T Devices, Burwell, UK). We took five mea-
surements horizontally at each depth along the wall of
the soil pit. One time measurements were repeated in
six opportunities (June 2001 — January 2002).

Changes in groundwater depth between the grassland
and plantation were characterized using a network of 45
boreholes located in three parallel 350m transects in
September 2002 (winter) and along the central transect
in January 2003 (summer) (Fig. 2). These measurements
were complemented with a 2-year-long record of
groundwater levels in boreholes in the grassland and
plantation along the central transect 100m from the
boundary (Fig. 2). At several intervals during this 418-
day period we monitored water levels with high
temporal (30min) and altitudinal (<3 mm) resolution
using pressure transducers calibrated every two months.

Salt accumulation in groundwater, soil, and vadose
zone was evaluated in three ways. Groundwater
salinity was measured just below the water table in
the network of 45 boreholes described above and was
further quantified using 11 deeper boreholes and
windmills within the plantation and adjacent grassland
(Fig. 2). Groundwater salinity at greater depth along
grassland-plantation transects was characterized using
vertical electrical soundings (VES). In VES, a current is
introduced into the ground using electrodes and the
corresponding electric field is measured. Resistance
values are obtained from Ohm’s law, R =V /I, where V
is the measured Potential difference and I is the
introduced current. These soundings, which character-
ize the resistance of the terrain to the flow of electrical
current, have a variable depth of integration that is
controlled by shifting the horizontal spacing of two
emitting electrodes. In addition to substrate type, the
resistivity of the terrain is negatively associated with

groundwater salinity. We used a Schlumberger arrange-
ment of electrodes with 180m of maximum aperture
(~ 90m of penetration). We performed 26 VES along
three grassland-forest transects in January 2003 with 50-
m VES spacing in distal zones of the transects and 10m
spacing close to the plantation edge (Fig. 2), using an
inverse 1-D modeling routine to estimate the thickness
and resistivity of the terrain assuming a three-layer
structure (SchlumBG software, MicroFEM Develop-
ment and Support, Amsterdam, The Netherlands).

At a more detailed scale, we quantified the amount
and location of salts in the soil/vadose zone of adjacent
grassland and plantation stands. Mineral soil was
sampled between January and March 2003 in 0.5m
intervals to 6 m depth with a 10cm diameter auger at
four positions in each stand. Sampling points were
randomly located along transects parallel to the
plantation boundary, 50 m towards the grassland and
forest interior (Fig. 2). Bulk density, estimated every
50 cm, ranged from 1.31-1.45 Mg m~2 and did not differ
significantly between stands. We obtained clean sam-
ples of 6-m deep groundwater after casing and sealing
the soil sampling holes with PVC pipe and bentonite
plugs. Approximately 30L of water were pumped
before each water collection. Root presence/absence
was recorded using soil cores and during borehole
drilling. Soil samples were analyzed for electrical
conductivity and Cl concentration using a 1:2 soil/
water ratio shaken for 5min and equilibrated 24h.
Chloride was measured in the laboratory using an ion-
selective electrode (Frankenberger et al., 1996).

Results

Regional study

As predicted by the ecohydrological framework in
Fig. 1, groundwater salinization in afforested stands
was greater in intermediately textured sediments and
lower in coarse and fine soils (Table 1). All upland sites
had fresh groundwater (<1.4dSm ') under grass-
lands, confirming the non-saline nature of the original
environment. These sites experienced different degrees
of salinization according to their soil texture (Table 1).
Along a textural gradient, the ratio of groundwater
salinity of E. camaldulensis plantations compared to
adjacent grasslands increased from 1.2 in clay soils
(Chascomus and La Plata) to 14-30 in sites with silty to
sandy loam sediment (Castelli, Guerrero, América), and
back to only 1.9 in the sand dunes (Pinamar) (Table 1).
At the hilly site (Tandil), where massive bedrock and
topography impeded groundwater use, E. camaldulensis
showed no salinization of stream water (Table 1) or
soils (data not shown — see Jobbagy, 2002).

© 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 1299-1312
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More detailed observations of groundwater dy-
namics helped to reveal how sediment texture inter-
acted with salinization. Although tree plantations
affected groundwater water levels at all sites, signifi-
cant groundwater use occurred only in the intermedi-
ately and coarse-textured sites (Table 2). Saturated
hydraulic conductivity was lowest at the fine-textured
site (Chascomus), increased ~25-fold in the interme-
diately textured site (Castelli) and increased =500-fold
in the coarse-textured site at Pinamar (Table 2).
According to Darcy’s law, groundwater flow increases
linearly with the saturated hydraulic conductivity of
the phreatic aquifer and the hydraulic gradient or water
table depression developed by the trees. Therefore, the
larger water table depression observed in the fine-
textured site was not sufficient to compensate for its
low saturated hydraulic conductivity. Only with a
water table depression of ~15m would the tree
plantation at this site have matched the conditions for
lateral groundwater and salt transport (and for ground-
water use and salt accumulation) observed in the
intermediately textured site (condition (b), Fig. 1).

Diurnal fluctuations of groundwater levels were
evident only under plantations in the intermediately
and coarse-textured sites (Table 2). No fluctuations
were observed under grasslands at any site. The
consistent pattern of nighttime rise and daytime decline

in groundwater depth under E. camaldulensis planta-
tions was sustained during 2-week summer periods
without rain at Castelli and Pinamar and averaged 62
and 15mm daily fluctuations at each site, respectively
(Table 2; actual water fluctuations are lower, as adjusted
for the specific yield of the soil). Simulations of capi-
llary flow suggested that intermediate- and coarse-
textured sediments were able to convey water to tree
roots in unsaturated soil 1 m above the water table at a
speed that matches typical transpiration rates in forests
(Table 2). Mean annual increments of wood biomass
increased from 8.1Mgha 'yr ' at the fine-textured to
12.6 and 11.4MgHa 'yr ' or ~ 50% at the intermedi-
ately and coarse-textured sites, respectively, also sug-
gesting higher water consumption at these sites (Table 2).

The comparison of plantations with different tree
species indicated that salinization can occur under tree
species of contrasting tolerance to anoxic soil condi-
tions. In all upland sites with intermediate sediment
texture (Castelli, Guerrero, America), salinization was
detected under every tree species sampled, including
Pinus halepensis and other species that are unable to take
up water from saturated soil (Table 1). Repeated
groundwater measurements of tree plantations in
Castelli provided information about the reversibility
of the salinization process. We found no changes in
groundwater salinity between active and dormant

Table 2 Observed and expected effects of tree plantations on groundwater dynamics along a sediment texture gradient

Site

Variable Units Chascomuis Castelli Pinamar
Sediment texture Silty clay Silty loam Sand
Salinization of groundwater * EC ratio Low (1.2) High (20) Low (2)
Saturated hydraulic conductivity mday—1 0.04 1 20
Groundwater depression’ m 1.72 0.6 0.1
Groundwater fluctuation®

Tree plantation mm no 80 15

Grassland mm no no no
Capillary rise (simulated)

Water table 1m below roots mm day 0.7 4.1 >5

Water table 3m below roots mmday 0.1 0.4 0.5
Plantation age Years 47 50 41
Timber biomass® Mgha ™! 383 632 467

Eucalypus camaldulensis plantations at three sites illustrate the gradient (see Table 1 for plantation details). Saturated hydraulic
conductivity (K), and depression, diurnal fluctuations, and salinization of groundwater under tree plantations are shown. Capillary
rise for each sediment type was calculated assuming two depths between groundwater and roots using the Upflow model (see

Methods and Raes & Deproost, 2003).

*Salinization characterized as plantation:grassland groundwater electrical conductivity ratio.

TAbsolute grassland-forest level difference in boreholes located 100 m away from the plantation edge and 200 m from each other.
Values recorded in 1/12/2002, 1/8/2003, and 11/7/2001 at Chascomus, Castelli, and Pinamar, respectively.

*Mean level differences between night-time maximum and day-time minimum in plantation boreholes.

SObtained from tree diameter, height, and wood density measurements at each site (see Jobbagy & Jackson, 2003).
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Fig. 3 Soil moisture in the grassland and plantation stands at Castelli. Volumetric water content values were measured at six dates and
five soil depths using time domain reflectometry (see Methods). Bars correspond to standard deviation (n =3 in all cases).

periods in two plantations of the deciduous Populus
deltoides (Table 1), suggesting that the interruption of
groundwater use during the winter was not sufficient
to leach or dilute salts. In contrast, a decline of
groundwater salinity was noticed 2 years after a E.
globulus stand was felled by wind, indicating a partial
reversion of salinization in longer time frames (Table 1).

Mechanistic local studies

We evaluated the mechanisms of salinization in a E.
camaldulensis plantation and its surrounding grassland
at Castelli (Table 1). In agreement with the hypothesis
that tree plantations increase evapotranspiration, we
found significantly drier soils in the plantation com-
pared to the grassland during most of the sampling
time (Fig. 3). Volumetric moisture contents converged
for the grassland and the plantation only in November
2001, when soils of both stands approached field
capacity at the end of spring rains, and in January
2002, when the topsoil dried out in both stands (Fig. 3c).
Soil at 1m depth remained close to field capacity
( ~0.38m~>m™>) most of the time for both stands.
Despite the slightly higher elevation of the plantation
(10cm on average), absolute groundwater levels were
30-60cm lower than in the grassland (Fig. 4a). The
water level gradient was greatest at the plantation edge,
where it achieved 1cmm ™' slope during summer (Fig.
4a). During the 2-year measurement period ground-
water depth was lower by an average of 38 cm under
the tree plantation (Fig. 5). This period was much wetter
than normal, with rainfall of 1502 and 1243 mm yrfl in
years one and two, compared with a mean annual
precipitation for 1950-2002 of 987mmyr71 (Fig. 5a).
Groundwater levels attained maximum height and
minimum differences between grassland and planta-
tion after periods of heavy rainfall in the spring of 2001

Transect A
NNW SSE
Grassland ” Plantation

0 cecoeea  ONd o iacaceeemomeacd
. —0.57
E ] %
£ -
o E 12-Sep-2002
| s
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16 5
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fE\ 121 %& % g %
» 107
81 o
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i & 2 a8
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Fig. 4 Groundwater levels and salinity along the grassland-
forest transect at Castelli. In the winter (September 2002),
sampling values from three parallel transects 50 m apart were
averaged and standard deviations are indicated. In the second
date only the central transect was measured. Ground levels
correspond to the central transect.

and fall of 2002 (Fig. 5b). However, even in these very
wet years, water levels dropped during summer, when
maximum differences between grassland and planta-
tion were observed.

We hypothesized that salinization occurred because
trees initiate a net discharge regime in which ground-
water use exceeded recharge. Detailed time courses of
groundwater levels measured between August 2001

© 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 1299-1312



SALINIZATION IN AFFORESTED GRASSLANDS

2001 . 2002

—
2

1307

2003

winter spring

Precipitation (mm/week)

T
"

summer  Fall

L4

summer  Fall

winter spring

0.0
E 051 Grassland
= =107
2 151 .
= 15 TForest
2 220
Z 251
2 -3.0
g
) -1.5 T T T T
el S Ly
3 3
Flé
e

—_—
Q)
—

Girassland

Groundwater level (m)
L
=

Grassland

Fig. 5 Precipitation and water table dynamics at Castelli. (a) Weekly precipitation (bars) and 4-week moving average (grey line). (b)
Water table levels were measured at permanent monitoring wells (see Fig. 1). Levels correspond to the absolute elevation of the water
table with respect to the ground level at the plantation edge. (c—e) Water table levels from permanent monitoring wells measured with
high temporal resolution (30 min). (c) Depicts the typical responses after large rain events. (d) Shows the only event after which both
grassland and plantation wells showed immediate rise of the groundwater. E. Shows the diurnal fluctuation pattern observed in the

plantation during ~50% of the recording period.

and April 2003 showed that trees reduced groundwater
recharge and initiated a sustained discharge regime
that was absent under grasses (Fig. 5c—e). Recharge
interruption was shown by the patterns of groundwater
rise following large rainfall events (>20mmday ).
After these events, groundwater depth increased
immediately in the grassland but not in the forest, as
shown for October 2001 (Fig. 5¢). During 306 days of
paired high-frequency measurements of water table
depth, 16 recharge events were detected in the grass-
land but only one in the tree plantation. In this recharge
event, groundwater rose simultaneously in both stands

after the rain of November 10, 2001, at the end of the
wettest spring on record (Fig. 5d).

Discharge of groundwater by trees was shown by
sustained diurnal fluctuations of the water table only
under the plantation (Fig. 3e). Consistent patterns of
nighttime increase and daytime decrease of at least
10mm were observed on 65% of the 418 days of
measurements. These fluctuations averaged 49mm
over the whole period (33 and 62mm during winter
and summer days, respectively). Small rain events, as
on December 31, 2001, interrupted fluctuations and
caused daytime groundwater levels to rise in the tree

© 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 1299-1312
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plantation without recharging the grassland (Fig. 3e),
most likely due to a cessation of groundwater use by
trees.

Groundwater was 10-20 times saltier beneath the
plantation than in surrounding grasslands (P <0.00001;
paired t-test). Electrical conductivity measured at the
water table averaged only ~ 0.7dSm™" in the grass-
land but was 6-15dSm ™" under the plantation (Fig. 4b).
Additional samples from two boreholes and five
windmills in the surrounding grassland ranged from
0.6-0.8 and 1.1-1.2dSm™}, respectively. In contrast,
samples from four boreholes inside the plantation were
7-19dSm™". VES revealed that the terrain under the
grassland had uniformly high resistivity and fresh
groundwater down to 20-35m depth (Fig. 6). In
contrast, the plantation had a ~ 4m thick layer of
low-resistivity saline groundwater under it (Fig. 6).
Below 20-35m and down to the maximum sounding
depth of ~90m, resistivity was uniformly low,
indicating deep brackish water under both vegetation
types (Fig. 6). The salty layer found at the surface of the
aquifer in the plantation overlaid a freshwater layer
and was not connected with deep salty water. It is
important to note, however, that VES obtained at the
core of the plantation on transects A and C indicated
higher salinity in the intermediate layer and a shal-
lower upper boundary for the salty aquifer in the
innermost sampling point.

In agreement with VES, soil cores showed large salt
accumulation in the rooting zone of E. camaldulensis
(Fig. 7). The deepest tree roots in the plantation were
found at 5-6m depth, coincident with the upper
boundary of a fully reduced (gley) sediment layer of
blue-greenish color present in all grassland and forest
cores, suggesting the long-term maximum watertable
depth at the site (Fig. 7b). Cl concentrations were low
(<15mgkg™") throughout the whole profile in the
grassland, but were an order of magnitude higher
between 2.5 and 3 m depth under the plantation (1300—
2200mg kg ). The plantation stored 3.8 + 0.8 kgm > Cl
in the soil column down to 6 m of depth ( ~6kgm 2 of
salts), 85% of which was between 0.5 and 3 m (Fig. 7a).
Groundwater Cl concentrations had inverse vertical
gradients in the grassland and the plantation, as
expected from recharge and discharge regimes, respec-
tively. In the grassland, groundwater had concentra-
tions of 6.5+ 1.3gm >Cl at the water table and
42 + 27gm73 at 6m depth. In the plantation, chloride
concentrations in groundwater were 2472 & 880gm73
at the water table and 264 + 50gm > at 6m depth.

Discussion

The conversion of grasslands to plantations in the
Pampas triggered intense soil and groundwater salini-
zation in areas with intermediate texture sediments, the
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Fig. 6 Resistance to the flow of electrical current in the ground (resistivity) along three grassland—forest transects at Castelli. The
location of 26 vertical electrical soundings (VES) performed in January 2003 is indicated with crosses. Each VES was used to infer a 1-D
ground resistivity profiles using an inverse modeling technique. Lines represent the modeled boundaries of layers with contrasting
resistivity and values show the range of modeled resistivities for each layer in Ohms per meter (Qm™"). Dotted lines depict three
individual VES that were not properly explained by a three-layer model (error >10%) and had lower resistivity in the intermediate

zone. Lower resistivity is associated with higher water salinity.
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most common soil type in the region. We hypothesized
that salinization occurred as a result of deep drainage
reduction and groundwater absorption by trees, some-
thing that was expected to occur where (a) initial
vegetation allowed a moderate net hydrological re-
charge that was fully interrupted by trees, (b) the
terrain allowed a sustained horizontal flow of ground-
water and dissolved salts towards tree stands, and (c)
trees could access groundwater (Fig. 1). We found
groundwater salinization in tree plantations where
these conditions were met. All tree species triggered
salinization on intermediately textured soils, including
some that do not tolerate anoxic soil conditions (Table
1). Simulations suggested that capillarity could have
conveyed sufficient groundwater (and salts) to roots in
the unsaturated soil (Table 2). Salinization was smaller
or absent where conditions (a), (b), or (c) failed,
including in sand dunes (a failed), in fine loess where
saturated water transport was probably limited by low
conductivity (b failed), or in hilltop soils overlaying
massive bedrock where groundwater was not accessi-
ble (c failed) (Tables 1 and 2).

Our mechanistic local study confirmed that tree
plantations in the Pampas have a high evaporative
potential realized through groundwater use. Despite
the extremely rainy conditions that prevailed during
the study (the wettest 2-year period in 50 years of
records), the Castelli plantation was able to reverse
vertical groundwater fluxes, maintain low levels of soil

moisture, and interrupt recharge almost completely,
discharging groundwater during more than half of the
study period (Fig. 5). The diurnal fluctuations of
groundwater level presented here showed a strong
correlation with independent estimates of groundwater
discharge based on sapflow measurements on trees and
both approaches suggested that during the study
period the groundwater consumption in the Castelli
plantation was 350 mmyr ' (Engel et al., 2004). A Cl
balance at Castelli also suggested a similar ground-
water use of 290 mm yrfl by the plantation (Engel et al.,
2004). According to our capillary rise simulations and
water table depth records, grass roots could have
absorbed groundwater from the capillary fringe during
most of the study period but did not. This suggests that
water demand rather than access/supply determined
higher evaporative water losses in tree plantations
(Calder, 1998). The high coupling of tree canopies
with the atmosphere could have interacted with
advective energy imports from surrounding areas,
increasing the evaporative potential of afforested
stands in the Pampas; such a relationship has been
suggested for forests compared to herbaceous canopies
in Britain (Calder, 1998). Nonetheless, the deeper
root systems of trees in the Pampas could enhance
access to water during dry periods as it does in regions
with lower or more seasonal precipitation inputs
(Nepstad et al., 1994; Calder et al., 1997; Kleidon
& Heimann, 1998).
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Vertical patterns of salt accumulation at Castelli
suggest that salinization was predominantly caused
by the exclusion of fresh groundwater solutes by tree
roots, whereas alternative mechanisms of salt transport,
such as salt cycling by trees or salty groundwater
intrusion from greater depth, played a lesser role. Salts
at the Castelli plantation accumulated in the vicinity of
the water table, where groundwater absorption and salt
exclusion are expected to occur (Fig. 7). Salt cycling by
trees would have developed a zone of high salinity in
surface soil, which was not observed (see Jobbagy &
Jackson, 2001). The detection of low Cl and Na
concentrations in the biomass, throughfall, and litterfall
of trees at this site in a previous study provides
additional evidence against salt cycling (Jobbagy &
Jackson, 2003). This mechanism, however, may be
important where salt-concentrating species such as
Tamarix spp. are established (Di Tomaso, 1998). Deep
salty aquifers are common in sedimentary plains and
may intrude overlaying fresh aquifers after afforesta-
tion (see Sapanov, 2000). Although vertical electrical
soundings confirmed the presence of a salty aquifer at
25-30m, they showed no connection between this
water and the salty zone close to tree roots (Fig. 6).
Direct measurements of groundwater at the base of the
rooting zone in the plantation showed that it had ~10
times less salt than at the water table (see Fig. 7 and
results section). These observations suggest that the
salinization triggered by trees was independent of salty
groundwater intrusion from greater depths throughout
most of the plantation. The core of the tree stand,
however, apparently had experienced an intrusion of
deep salty water, as suggested by the higher elevation
of the upper boundary of the salty aquifer and the
higher salinity of the intermediate zone.

How far can salinization proceed in the Pampas and
other regions of the world? We suggest that the
salinization process will ultimately face a biological
limitation based on the tolerance of tree species to
salinity. The combination of groundwater uptake, salt
exclusion, and lack of leaching, would eventually raise
groundwater salinity to a point beyond which no
further uptake is possible. This limit will depend on
the ability of individual plants to sustain water
absorption as salinity increases (e.g. through osmotic
adjustment) and may imply different maximum levels
of groundwater salinity depending on the species
involved. Remarkably, the highest groundwater salinity
levels that we found were achieved by E. camaldulensis
plantations, the most salt-tolerant tree species covered
by our study. These values were slightly lower than
20dSm™!, the salinity tolerance threshold reported for
the species (Morris et al., 1998). This negative and self-
limiting feedback of salt exclusion on water consump-

tion has been identified in mangroves, and the ability of
such trees to absorb and excrete salts is an effective
strategy to cope with the problem (Passioura et al.,
1992). A more drastic limit to salinization may be
imposed by tree death, something that can occur when
episodic stresses such as drought or waterlogging affect
heavily salinized plantations. This may have occurred
at the Castelli plantation during the spring of 2001,
when E. camaldulensis trees died extensively within a
0.5 ha depression, a week after groundwater attained its
highest level on records, reaching the surface of that
small area of the plantation interior.

The results on groundwater use and salinization
presented here are for 10-100ha tree plantations
embedded in a matrix of grassland vegetation that
subsidizes lateral groundwater replenishment. What
would the effects of more massive afforestation or tree
encroachment in the Pampas be? Extensive tree estab-
lishment could compromise groundwater replenish-
ment at the landscape scale, making its use transient
and producing a widespread depression of ground-
water. A landscape with deep and salty groundwater
would be a likely outcome of a massive tree establish-
ment in the Pampas and is what occurs naturally under
forests with similar precipitation levels in flat land-
scapes of SW Australia (Schofield, 1992; Pierce et al.,
1993). In deforested areas of SW Australia, where
groundwater has risen near the surface, widespread
watertable depressions are achieved only after >70-
80% of a watershed is reforested (George et al., 1999);
smaller scale reforestation can lead to localized ground-
water use and salinization as we found in the Pampas
(Vertessy et al., 2000; see also Heuperman, 1999 for W
Australia). Other grassland or cropland regions with
shallow groundwater, particularly those in flat sedi-
mentary landscapes like the eastern Chaco in South
America (Sayago, 1995), the steppes of western Siberia
in Russia (Bazilievich, 1970), or the Hortovagy grass-
lands in Hungary (Toth & Rajkai, 1994), are likely to
meet these conditions and could be vulnerable to tree-
induced salinization.

Our study demonstrates that vegetation change can
have a profound effect on groundwater hydrology and
salinization. In the case of grassland to forest conver-
sions in the Pampas, this ecohydrological interaction
has both positive and negative aspects. On the one
hand, groundwater use by plantations enhances pri-
mary production and could provide a tool for flood
control; on the other, plantation establishment may
compromise the fertility of soils, the sustainability of
forestry and other land uses, and the quality of water
resources. Identifying the mechanisms and environ-
mental conditions that allow sustained groundwater
use by trees is critical for achieving sustainable forestry
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in grasslands and for predicting the consequences that
this land use change will have on hydrology and climate.
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