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HIGHLIGHTS

The effect of Eucalyptus afforestation on soil electrical conductivity (EC) was studied in 
grassland soils.

EC increased in forested plots compared to grasslands or herbaceous crops only in 
finetextured soils and when the forest was not managed (old abandoned plantations).

Secondary salinization was not linked to site water balance.

Proper silvicultural management, particularly regular thinning, could decrease salt
accumulation in soils.

ABSTRACT

Land-use change from herbaceous to woody cover -or vice versa- largely affects water 
fluxes, which in turn can mobilize existing salts dissolved in the soil, and thereby negatively
affect soil and/or water quality and site productivity. Secondary salinization was observed
after afforestation at the Northern and Eastern subregions of the Río de la Plata Grassland.
Based on this, our objective was to determine the degree of association between the 
climatic (e.g. water balance), edaphic (e.g. texture, presence of petrocalcic horizons) and 
biological factors (age of plantation, stand density and stand basal area) with the secondary 
salinization processes under the particular environmental conditions of the Austral 
Pampas. The lowest electrical conductivity (EC, μS.cm-1) values were found in sites with 
sandy-textured soils and negative water balance, regardless of tree canopy cover. When 
EC differences did occur between land uses of the same site (50% of the sites), in most 
cases – but not in all of them – the highest EC was measured under tree cover. When 
salinization was significant, no pattern was observed in the salt distribution along the soil 
profile. An increase of EC was associated with the oldest-unmanaged plantations, with 
mean age of 40 years, a period much longer than the productive rotation recommended. 
Under similar edaphic conditions where salinization was observed (i.e. clayed soils, with 
naturally high salt level), salinization was not significant in relatively young plantations 
(<rotation period), demonstrating the key role of forest management to decrease its 
negative impacts on soils.
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INTRODUCTION 

The Río de la Plata Grassland (RPG) in Argentina, 
South America, is an important area due to its high 
capacity to produce food products from agriculture 
(mainly soybean, sunflower, wheat, and maize) for a 
human growing population. This is possible because the 
original grassland was replaced by croplands during the 
last century (Baldi and Paruelo, 2008). In addition, but 
in a much lower magnitude than annual crops, forest 
plantation with species of Eucalyptus and Salicaceae were 
introduced in soils that present different limiting factors 
for agriculture in this region (Baldi and Paruelo, 2008). 

Land-use change from herbaceous to woody cover 
-or vice versa- largely affects water fluxes in a degree that 
depends on the interaction between the precipitation level 
and the vegetation cover. This interaction determines the 
partition between transpiration, deep drainage and runoff 
(Jobbágy et al., 2008; Viglizzo et al., 2015). The movement 
and accumulation of salts in the soil is in turn linked to those 
water fluxes, showing rapid changes in time (e.g. Morris and 
Collopy, 1999) and even large differences in close horizontal 
distances (e.g. Cao et al., 2020). It is well documented the 
process of salt accumulation in the root zone and in the 
groundwater in originally grassland sites that were converted 
to forest plantations with tree species that reach the water-
table (Engel et al., 2005; Jobbágy and Jackson, 2007; Nosetto 
et al., 2013; Thóth et al., 2014). In these sites, salts are 
accumulated in the rizosphere and aquifers due to the tree 
roots capacity to exclude solutes and the higher amount of 
groundwater used by the afforestation. This promotes the 
lateral movement of the groundwater from the surrounded 
sites to the tree planted area (Jobbágy and Jackson, 2007; 
Nosetto et al., 2013). 

The replenishment of the groundwater used by 
the afforestation to feed trees´ transpiration depends on 
the hydraulic conductivity of the soil, which is related to 
its texture (proportion of clay, silt and sand). Moreover, 
the magnitude of the vegetation transpiration depends on 
the interplay between its physiological capacity and the 
potential evapotranspiration. In this regard, secondary 
salinization under afforestation was higher in the drier 
than in the humid sites in the Northern and Eastern 
subregions of the Río de la Plata Grassland (Nosetto et al., 
2008; 2013). In addition, a positive relationship has been 
found between the magnitude of accumulated salts in soil 
and groundwater and several biological variables such 
as salinity tolerance, maximum aboveground biomass 
developed and the age of the tree species (Morris and 
Collopy, 1999; Nosetto et al., 2008; Thóth et al., 2014). 

Most of the antecedents about the impact of 
afforestation on pampas grasslands come from studies 

developed in the Flooding and the Rolling pampas, which 
present particular edaphic and climatic characteristics that 
differ from the southern located- subregions. In this regard, 
the Austral Pampas present ancient rocky hills and soils 
with a relatively good drainage that impedes extensively 
flooded events (Paruelo et al., 2007). The soils in the plain 
landscape in this subregion is related to the eolian deposition 
of loess over a petrocalcic horizon (CaCO3 – cemented 
layer locally called “tosca”), generating a wide variability in 
soil depth (Paruelo et al., 2007; Blanco et al., 2007; Dietrich 
et al., 2014). These petrocalcic horizons could modify the 
soil water flow patterns and the available water for plants 
because they are generally considered as a barrier to root 
growth and water vertical movement (Dietrich et al., 2014; 
Weil and Brady, 2017). A recent study in the Austral Pampas 
has showed that trees´ water consumption was restricted to 
the soil layer above the petrocalcic horizon, with almost no 
connection to the groundwater (Mujica et al., 2019). In this 
regard, the presence of a tosca horizon would inhibit soil salt 
accumulation (Jobbágy and Jackson, 2004). This particular 
environmental condition of Austral Pampas would imply, 
therefore, a different impact of vegetation replacement on 
water fluxes and the probability of occurrence of secondary 
salinization of soils compared to other subregions. 
Determining where and how the salinization phenomenon 
may occur is important since it is invoked as a limiting 
factor for sustainable forestry development in these original 
grassland areas (Jobbágy and Jackson, 2004; 2007; Jobbágy 
et al., 2008). 

Based on this background, the objective of this 
study was to determine the occurrence of the soil 
salinization process associated to the replacement 
of grassland by afforestation in the Austral Pampas, 
considering the differences in climate conditions, soil 
texture and the presence of the petrocalcic horizons 
that differ from the previous studies at the Northern 
and Eastern subregions of the RPG. In addition, we 
also considered the biological characteristics of the 
plantations in the region (e.g. age, canopy cover, stand 
density) as another potential driver of the secondary soil 
salinization process. 

MATERIAL AND METHODS 

Environmental characteristics of the study sites 

We established a 500 km East-West transect in 
the Austral Pampa, closer to the southern limit of the 
Flooding Pampa, with 16 measurement sites in the 
center-south of Buenos Aires Province (approx. from 
36 to 37 °S to 58 to 62 °W; Figure 1, Table 1). Average 
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annual temperature is 15.2 °C, with average minimum 
and maximum of 9 and 21.4°C, respectively (Barros et al., 
2013). A slight gradient of decreased mean temperature 
is observed from the East-North to the West-South. The 
annual precipitation ranges from 1,000 mm year-1 at the 
Eastern and lower than 800 mm year-1 at the Western 
end of the studied transect (see below), distributed more 
homogeneously throughout the year at the East than at 
the West of the region (Paruelo et al., 2007; Barros et al., 
2013; Figure 1). This pattern determines a water balance 
(difference between mean annual precipitation and Penman-
Monteith modified by FAO potential evapotranspiration) 
gradient along the transect, from positive values or near 
zero in the East to negative values around -200 mm year-1 at 
the West (Nosetto et al., 2008; Figure 1). 

Soil depth and texture also change from East to 
West in this region, from clay loam relatively shallow 
soils (due to the presence of a petrocalcic horizon) to 
deep sandy soils (Table 1). Along this East- Eest gradient 
across Pampas, soils shift from Mollisols with high clay 
accumulation in subsurface horizons, presenting sodic 
and/or hydromorphic soils (natric and aquic Mollisols to 
Alfisols) in the flattest portions of the region, to Entisols.

FIGURE 1 Measured sites (black dots) were grouped in three 
districts of Buenos Aires Province, Argentina: (G) 
Guaminí, (A) Azul and (B) Balcarce-Lobería. Water 
balance was estimated as average annual precipitation 
minus Penman-Montheith potential evapotranspiration 
(modified following Nosetto et al., 2008), and is 
marked with dotted lines. Diagrams of monthly average 
precipitation and evapotranspiration at the extreme sites 
of the transect are shown.

TABLE 1 Measured sites (black dots) were grouped in three 
districts of Buenos Aires Province, Argentina: 
(G) Guaminí, (A) Azul and (B) Balcarce-Lobería. 
Water balance was estimated as average annual 
precipitation minus Penman-Montheith potential 
evapotranspiration (modified following Nosetto et al., 
2008), and is marked with dotted lines. Diagrams of 
monthly average precipitation and evapotranspiration 
at the extreme sites of the transect are shown.

Districts
Plot
code

Location
Soil

depth
(cm)

Soil
Texture

Guaminí 

G1 S 37° 6'29.24" W 62°26'42.1" 60 Clay loam 
G2 S36°50'49.12" W 62°21'35.4" 200 Silt loam 
G3 S36°50'56.96" W 62°17'1.86" 200 Sand 
G4 S36°50'29.34" W 62°19'5.01" 200 Sandy 
G5 S36°50'15.69" W 62°15'42.2" 200 Silt 
G6 S36°50'42.67" W 62°16'40.9" 200 Sandy loam 

Azul 

A1 S 37° 07.944' W 60° 03.769' 40 Clay loam 
A2 S 37° 07.833' W 60° 03.735' 40 Clay loam 
A3 S 37° 08.138' W 60° 03.786' 40 Clay loam 
A4 S 37° 03.364' W 59° 54.563' 40 Clay loam 
A5 S 37° 03.117' W 59° 55.436' 60 Clay loam 
A6 S 36° 44.491' W 59° 47.666' 80 Clay loam 
A7 S 37° 08.377' W 59° 41.517' 80 Loam 

Balcarce 
-Lobería 

B1 S 37° 45.699' W 58° 17.264' 120 Loam 
B2 S 37° 45.667' W 58° 17.313' 60 Clay 
B3 S 38° 14.636' W 58° 42.993' 100 Clay loam

Experimental design and measured variables 

Two paired plots in each site were measured (32 
different plots): an Eucalyptus spp. plantation plot (E. globulus 
Labill., E. viminalis Labill., or E. camaldulensis Dehnh.) and a 
herbaceous plot (annual crop or grazing pasture-grassland). 
Each plot was located at least 50 m from the afforested/ 
herbaceous boundary to avoid edge effects. 

Soil samples were collected, using an auger, at 5 
randomized points per plot during winter (August) 2015. 
Samples were taken every 20 cm of soil depth down to 200 
cm or to the greatest depth possible due to the presence of a 
petrocalcic horizon. We analyzed the electrical conductivity 
(EC, μS cm-1) in each soil sample (n=5 per plot and soil 
layer) in 1:2.5 dilutions with distilled water, by means of an 
OAKTON PC700 scanner with an EC-temperature 35608-
74 probe. We used EC as a proxy for Na+ concentration, 
following Bosch Mayol et al. (2012), who found a significant 
relationship between them for these soils. We determined 
the soil texture of each sample by the Bouyoucos method 
(e.g. Bouyoucos, 1962; Elliot et al., 1999). 

To analyse the structural features of each forest stand, 
we established sampling areas of different size according to 
the stand density and tree spatial distribution. We established 
circular plots 10 or 30 meters in diameter, depending on the 
distance among the trees, in sites with irregular stand density 
(sites A3, A4, A5, A6 and G3; Table 1). On the contrary, in sites 
with regular distributed trees (sites A1, A2, A7, B1, B2, B3, G1, 
G2, G4, G5 and G6; Table 1), we established areas defined by 
4 by 10 rows of trees, measuring the final area a posteriori 
(Figure 2). After that, stand density was upscaled to the 
hectare counting the number the trees in each plot. 
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FIGURE 2 Delimitation of the sampling plots inside the forest 
plantations (black dots represent trees). Plot size was 
variable, depending on the stand density and the spatial 
distribution of the trees.

We used a diameter tape to measure the diameter 
at breast height (130 cm above the ground; DBH, cm) of 
all living trees (with DBH > 3 cm) within each sample plot, 
and a Suunto PM-5/360PC clinometer (Suunto, Finland) to 
measure the height of the 5 dominant trees (H, m). Stand 
basal area (AB, m2ha-1) was calculated from the sum of all the 
individual cross-sectional areas obtained from their DBH and 
upscaled to the hectare (Table 2). We estimated forest cover 
by analyzing five flat photographs of the canopy in each plot 
taken by placing a horizontal camera pointing upwards, 
and then using ImageJ 1.48v software (Wayne Rasband, 
National Institutes of Health, US). Other characteristics of 
the afforested sites such as plantation age, harvesting history, 
or other interventions were provided by the owners of the 

TABLE 2 Description of the plantation stands: Sites (code letters 
indicate districts: G-Guaminí, A-Azul and B-Balcarce- 
Lobería, and numbers indicate the plot identification), 
stand density (D) diameter at breast height (130 cm 
above the ground; DBH), basal area (BA), dominant 
height (H), canopy cover (Cov) and years since 
plantation establishment (Age).

Sites
D

(trees ha-1)
DBH
(cm)

BA
(m2 ha-1)

H
(m)

Cov
(%)

Age
(years)

G1 889 24.3 46.5 28.1 61 16 
G2 1625 18.4 46.2 18.2 51 8 
G3 1056 11.8 13.3 11.9 34 6 
G4 311 51 74.9 30.3 62 54 
G5 1037 24.3 54.3 28 60 17 
G6 917 13 13.6 12.2 31 6 
A1 1852 17.0 47.0 28.8 47 16 
A2 2037 21.0 83.2 23.05 61 16 
A3 283 46.0 52.1 33.1 52 >33 
A4 923 24.0 47.5 30.4 54 >33 
A5 1655 15.0 34.9 25.3 55 >33 
A6 3438 12.1 50.2 21.3 56 >100 
A7 700 33.6 70.9 26.8 65 >33 
B1 1370 21.6 56.3 31.4 56 19 
B2 1975 14.7 53.5 26.9 69 17 
B3 2433 7.7 15.4 14.0 46 >33

plantations. Stand density ranged from 283 to 3438 trees ha-
1, and plantation age ranged from 6 to more than 100 years 
(Table 2). The non-forested plots were identified as crop 
species, natural grassland or seeded pasture. 

Statistical analysis 

Initially, we compared the soil layers between paired 
plots in order to describe the spatial distribution of EC at 
different soil depths (n=5 per soil depth per plot). We 
compared the different soil layers between plots at similar 
soil depth, so the maximum depth studied at each site 
corresponded to the maximum depth reached in one of the 
paired plots. In both cases (i.e. average EC of the soil profile, 
and EC of each soil layer), we applied one-way ANOVA 
after checking ANOVA assumptions using InfoStat version 
2011 (Di Rienzo et al., 2011) free software. 

In order to detect patterns associated to mean 
environmental conditions, we made two different data 
groupings. First, we grouped the plots according to districts 
(Balcarce-Lobería, Azul and Guaminí, Figure 4A), which 
varies mainly (but not only) in their water balance. Then, 
we grouped sites according to their soil texture (clay, loam, 
silt, sandy, Figure 4B). The independent variable was the 
average EC of each plot, which resulted from the average 
of all soil depths in all 5 sampled points per plot. This results 
in one EC value for the forested plot and one EC value for 
the non-forested plot in each site. Two-way ANOVA was 
applied using district/soil texture and land use as factors. It 
is important to note that there are no combinations of all 
factors (climate, species, soil texture) because climate and 
soil vary at the same time along the sampled transect, so it 
was not possible to separate each individual factor. 

In order to test the effect of the biological factors 
describing the forested plots over the salinization process, 
we classified the studied 16 sites in two groups: those 
sites with significant differences in soil EC between the 
forested and the non-forested paired plot, and those with 
no significant differences. Then, we compared by One-way 
ANOVA, the mean values of plantation age, canopy cover 
and stand basal area between the two groups. 

RESULTS 

Tree plots structure and canopy cover 

In general, the studied plantation plots lacked 
silvicultural treatments (pruning and thinning). Stand basal 
area (BA) ranged approximately from 13 to 83 m2 ha-1 
(Table 2; Figure 3), with no clear relationship with stand 
density (Figure 3A). Even with relatively large differences 
in BA between the plots, tree canopy cover was generally 
around 60% (Figure 3B). 
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FIGURE 3 Relationship between stand density (trees ha-1, 
A) and canopy cover (%, B) with basal area (BA, 
m2 ha-1) in Eucalyptus spp. stands (E. viminalis, E. 
globulus and E. camaldulensis).

Soil variables 

Due to the presence of a petrocalcic layer, soil was 
shallower in the center of the transect in Azul district (40 to 
80 cm depth; sites A) than in Balcarce-Lobería (60 to 120 
cm depth; sites B) and Guaminí (60 to >200 cm; sites G; 
all in Figure 1 and Table 1). These results indicate that the 
deepest and most sandy soils were found in Guaminí district 
(Western side of the transect, Table 1), which also showed 
negative water balance (Figure 1). On the other hand, 
shallower soils with clay texture (Table 1) and more positive 
water balance were found at the center (Azul) and at the 
Eastern of the transect (Balcarce-Lobería). 

Average EC of the soil profiles (from soil surface to the 
maximum depth in each site) ranged from 50 to 800 μS cm-1 
in soils under the forest plantations, and from 50 to 350 μS 
cm-1 in soils under herbaceous vegetation (Table 3), increasing 
with the percentage of clay in the soil texture (insert in Figure 
4B). Average soil EC was lower at the West, Guaminí district 
(mean around 75 μS cm-1) compared to the other sites (mean 
value of 235 μS cm-1 considering Azul and Balcarce-Lobería 
districts; Figure 4A). No significant differences were observed 
between forested and non-forested plots grouping the data 
by both the district and soil texture (Fig 4A and B).

TABLE 3 Soil electrical conductivity (EC, μS cm-1, average ± 
s.d) in each paired afforestation and herbaceous plot 
(Eg= Eucalyptus globulus, Ev= Eucalyptus viminalis, 
Ec= Eucalyptus camaldulensis, Ng= natural grassland, 
F= fallow, W= wheat). Asterisks in the site code 
denote statistical differences between paired plots in 
at least one depth along the soil profile..

District Site code EC of forested plot EC of herbaceous plot

Guamini 

G1 Ev 169.40±95.23 W 94.49±11.96 
G2 * Ev 49.65±2.24 W 52.26±0.97 
G3 Ev 56.43±4.57 Ng 59.33±3.19 

G4 * Ev 110.53±24.11 Ng 65.00±10.89 
G5 * Ev 75.47±9.44 Ng 62.76±4.52 
G6 Ev 49.27±2.59 Ng 51.31±1.98 

Azul 

A1 Ev 350.24±286.55 Ng 153.55±37.28 
A2 * Ev 108.01±14.95 Ng 153.55±37.28 
A3 * Ec 249.20±52.93 Ng 153.55±37.28 
A4 * Ev 231.53±23.74 F 136.50±22.78 
A5 * Ev 254.23±68.94 F 129.02±14.67 
A6 * Ev 807.25±89.04 Ng 348.59±287.52 
A7 * Ec 263.05±54.92 F 122.61±75.81 

Balcarce 
B1 Eg 124.90±21.68 Ng 114.69±14.57 
B2 Eg 158.83±19.09 F 162.04±22.14 

B3 * Eg 539.91±242.40 F 125.36±8.43 

FIGURE 4 Soil electrical conductivity (EC, μS cm-1) of plots 
with herbaceous cover (crops and grasslands) and 
those with Eucalyptus afforestation, in the different 
districts (Balcarce-Lobería, Azul and Guaminí, 
panel A) and in the different soil textures (panel B) 
along the study transect. Different letters denote 
significant differences (P < 0.05).
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Comparing forested plots along the studied transect, 
the highest average EC values were observed in the sites 
with high clay content in the soil, which coincides also with 
the most positive water balance. 

Although no significant differences were observed 
between land uses considering the average of the whole 
soil profile, significant differences between afforested and 
herbaceous plots in at least one soil layer were found in 10 
out of the 16 paired plots analyzed (Figure 5). 

In Guaminí district (Figure 5 A to C), three different 
EC distribution patterns were observed between the 
herbaceous and forested plots: (1) differences in soil EC 
only in the shallowest soil portion (Figure 5A, site G2), (2) 

differences in EC throughout the entire soil profile (Figure 
5B, G4) and (3) differences in EC only at the deepest 
layers (Figure 5C, G5). Where differences were observed 
only in the shallowest part of the soil, EC was higher in the 
herbaceous (wheat) than in the afforested plot (site G2; 
Table 1, Figure 5A). 

In the center of the transect (Azul district), 
soil depth was limited by the presence of petrocalcic 
horizons at depths between 40 and 80 cm. As was 
observed in Guaminí, we found one situation in which 
EC was higher in the herbaceous plot (natural grassland) 
compared with the adjacent forested plot (Figure 5D). In 
those paired plots with statistical differences, the higher 

FIGURE 5 Soil electrical conductivity (EC, μS cm-1) at different sampling depths in plots covered by herbaceous vegetation (crops and grasslands) 
and Eucalyptus spp. in districts: Guaminí (panels A to C), Azul (panels D to I) and Balcarce-Lobería (panel J). Only the 10 plots in which 
statistical differences in at least one soil layer are depicted. Asterisks denote significant differences between soils layers between the 
two vegetation types in each site (P < 0.05).
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EC values were found at different soil layers: in the 
deepest ones (Figure 5 D, H and I; sites A2, A6 and A7), 
in the shallowest layers (Figure 5 E and F; sites A3 and 
A4), and throughout the entire soil profile (Figure 5 G; 
site A5). The greatest differences between herbaceous 
and forested plots were observed at the site where EC 
was naturally higher (Figure 5 H; site A6). 

In the Balcarce-Lobería district, located at the 
Eastern side of the transect where the water balance is 
positive, significant differences were found only in one 
paired plot (Figure 5J; site B3). In this case, significant 
differences were found in all soil layers, with the greatest 
difference in the deepest layer (Figure 5J). 

The mean age of the plantations leading to 
significant changes in soil EC was higher than the age 
of plantations with no significant differences with 
herbaceous plots (Figure 6). This suggests that a quite 
long period of about 30 years of non-management 
is needed to induce significant changes in soil EC. In 
contrast, the canopy cover and the stand basal area were 
similar in sites with and without significant changes in EC 
due to land use change (Figure 6).

FIGURE 6 Mean (SD) age, canopy cover and basal area of 
plantations with and without significant changes of soil EC 
compared to the contiguous herbaceous plot. Different 
letters represent statistical differences between groups of 
plantations (P < 0.05), which were only observed in the 
age of plantation.

DISCUSSION 

Regional patterns and magnitude of secondary 
salinization 

It has been proposed that planting trees in flat 
areas, formerly natural grasslands, leads to a secondary 
salinization process in the soils linked to the higher water 
consumption of the trees compared to the original 
vegetation (Nosetto et al., 2008). However, our results 
indicate that this is not a regional generalized process and 
also, that the mean values of EC were, in general, lower 

than those described for the northern region of the 
Pampas (Flooding and Inner Pampa; Engel et al., 2005; 
Jobbágy and Jackson, 2007; Nosetto et al., 2013). 

In the reported previous studies, a high proportion 
of sampled plantations led to secondary salinization, 
whereas in our study, no statistical differences in the 
average EC of the whole soil profile between land uses 
were observed in either site. However, in 10 out of the 
16 sampled sites we found significant differences in EC 
between land uses in any of the soil depths, most of them 
showing a higher EC in the forested plot. Notwithstanding 
this, there were situations in which the EC at some soil 
depths was higher in the herbaceous land use than in 
the contiguous forested plot. This last phenomenon has 
also been reported previously in the upper soil layers of 
forested and non-forested plots in Hungary grasslands 
(Tóth et al., 2014). 

Regarding the magnitude of the salinization process, 
the studies carried out in the Flooding and Inner Pampas 
reported that forest plantations present, in average, 
twice the EC of contiguous grasslands. However, in those 
studies the salinization process was associated to sites with 
relatively high EC in the original grassland (around 1000 μS 
cm-1), with no effects on EC due to land use change in 
places with EC < 1000 μS cm-1 (Nosetto et al., 2008). In 
our study, all measured sites presented lower average EC 
in the herbaceous plot than that threshold. We observed 
EC values higher than 1000 μS cm-1 in only two forested 
plots (sites A6 and B3, see next section for discussion). 
Our results of the herbaceous plots in the eastern portion 
of the studied region (in the range of 115-350 μS cm-1) 
are in agreement with EC values reported for the soils of 
the same area by other authors (180-480 μS cm-1, Peralta 
et al., 2013). In contrast, values of soil EC in the Flooding 
pampas are up to 2000 μS cm-1 in non-pastored grasslands 
but increasing to 3900 or 6850 μS cm-1 in degraded lowland 
and upland grasslands of the same region (Chaneton and 
Lavado, 1996). This contrasting soil EC values along the 
Pampas may be the main driver of the different effects of 
afforestation on soil salinization processes among studies 
and subregions. 

Environmental characteristics related to secondary 
soil salinization 

In contrast to what was expected based on the 
antecedents of salinization in afforested grasslands, in the 
present study significant differences in EC of some soil 
depths between land uses were observed in sites that 
present positive water balance and fine textured (i.e. 
with lower hydraulic conductivity) shallower soils. 
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The expected impact of a negative water balance 
on the salinization process was mediated by the limited 
available water to leach the accumulation of salts. 
However, in our study the lowest average EC values, as 
well as the lowest differences between land uses, were 
observed in the sites of Guamini district, characterized 
by a negative water balance (EVT>P) and sandy soils. 
The lack of a secondary salinization process observed in 
these sites may be due to the inherent low content of 
salts in these sandy deep soils or because there exists 
an accumulation of salts below the maximum soil depths 
explored here (> 2 m deep), as has been suggested by 
Nosetto et al. (2013). Our results are in agreement with 
a long-term monitoring of EC in shelterbelts in an arid 
area of China, where it was observed higher salinity in 
clay than in sandy soils (Zhao et al., 2013). 

On the other hand, one of the basis of the 
hypothesis explaining the secondary salinization of 
afforested soils is the tree transpiration coupling with the 
water table (Nosetto et al., 2008; Tóth et al., 2014). This 
led us to propose that in sites with a petrocalcic horizon 
that impedes tree roots access to this additional water 
source and vertical water fluxes (Dietrich et al., 2014), 
the salinization process would not occur. Indeed, a study 
carried out in parallel to the present one where tree 
transpiration was measured, no association was observed 
between the water-table fluctuation and the tree 
transpiration (Mujica et al., 2019), in contrast to what was 
described for other sites of the Pampean region (Engel et 
al., 2005; Jobbágy and Jackson, 2007). Under the particular 
conditions of the Austral Pampas, the trees seem to be 
constrained to use only the water hold by the soil over the 
petrocalcic layer. However, in spite of this, we did observe 
some sites with differences in EC between forested and 
non-forested plots. This suggests that there is no need 
of connection to the water table for the salinization 
phenomenon to happen. We suggest that the limited 
available water in the upper soil profile, which is most of 
the time near the soil permanent wilting point under the 
trees (Mujica et al., 2019), constrains salts leaching, which 
may be accumulated in the portion of soil immediately 
above the petrocalcic horizon. On the contrary, more 
salts would be leached in grasslands due to the surplus 
water in soils left by the relatively low transpiration of the 
herbaceous plants (Zhang et al., 2001). 

Biological characteristics related to secondary soil 
salinization 

Regarding the biological characteristics related to 
changes in EC, only the plantation age was significant. 

Neither the tree canopy cover nor the basal area of 
the stands explained the presence or not of secondary 
salinization. The higher age of plantations with increased 
soil EC was, in turn, the consequence of a lack of 
silvicultural management and harvesting. Unmanaged 
forest plantations are unfortunately common in the 
Pampean region. According to this, the previously 
reported salinization processes were all linked to old 
unmanaged plantations: 40-56 years old (Nosetto et al., 
2008) and 42, 50 and 96 years old (Jobbágy and Jakson, 
2004). This permanence time is two to five-fold longer 
than the commercial rotation period of Eucalyptus 
plantations recommended for the studied region. 
Depending on the wood destination (pulp vs solid uses), 
the rotation period is around 12 to 20 years (BA Buenos 
Aires Forestal, 2010). 

It is important to highlight that even when the 
secondary salinization due to afforestation is a cumulative 
process linked to the plantation age, it may be reversed 
when excess water can leach the cumulated salts. 
According to this, soil EC under a Pinus sp. plantation 
decreased to similar values than the contiguous 
herbaceous area two years after harvesting (Milione 
et al., 2020). In this sense, the measurements of EC in 
the rizosphere of a E. camaldulensis forest in Australia 
showed changes of 10,000 μS cm-1 over a period of 
several months, indicating the existence of mechanisms 
of rapid salt redistribution and accumulation (Morris and 
Collopy, 1999). We propose that forest management 
alternatives that increase soil water recharge, such as 
the use of caducifolious species, proper thinning and 
harvesting and/or low stand density (e.g. silvopastoral 
systems), may contribute to minimize the accumulation 
of salts in the soil. 

CONCLUSIONS 

Secondary salinization process linked to 
afforestation of grasslands is not a generalized 
phenomenon in plain landscapes. In our survey, the 
salinization process associated to forested plots, which 
was always of low magnitude but statistically significant 
at some soil depths, was observed only in soils with high 
clay content and naturally high salt level, in addition to 
old unmanaged plantations. In similar edaphic conditions, 
salinization was not significant in relatively young 
plantations (<rotation period), demonstrating the key 
role of forest management to decrease the potential 
negative impacts on soils. 

The site water balance was not a significant 
driver of the studied process, as well as there is no 
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need to a transpiration connection to the water table 
for the salinization to occur. These results challenge the 
current ideas about this phenomenon and demand new 
theoretical frameworks. 
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