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Abstract: Global forest plantations are expanding, causing land-use changes and impacting the
water cycle. This study assesses whether eucalyptus plantations reduce groundwater levels com-
pared to grasslands in paired subtropical watersheds. The hydrological dynamics of surface and
subsurface water were compared in three small watersheds in southern Brazil, mainly occupied by
Eucalyptus saligna (Es-W, 79.9 ha), Eucalyptus benthamii (Eb-W, 82.1 ha), and degraded anthropized
natural grassland (G-W, 109.4 ha). Rainfall, flow, and piezometric levels were monitored. Runoff,
evapotranspiration, and water balance in the soil profile were estimated, and the subsurface environ-
ment was characterized using electrical resistivity tomography. During higher accumulated rainfall,
water surplus increased for all watersheds. In the wet period (accumulated rainfall of 1098.0 mm),
evapotranspiration was higher for eucalyptus (624.3 mm for Eb-W and 512.5 mm for Es-W) than
for the grassland watershed (299.5 mm), resulting in the highest runoff in G-W (649.6 mm). During
the dry period (accumulated rainfall of 478.5 mm), water deficit and withdrawal were mainly ob-
served in forested watersheds, decreasing groundwater. Combining water balance and electrical
resistivity tomography estimations results in a better understanding of the hydrological dynamics in
paired watersheds with different land uses. This information is useful for developing best-practice
management strategies for sustainable water resource use and forest production.

Keywords: forest hydrology; subsurface water; water balance; water recharge; southern Brazil

1. Introduction

Global forest plantations are expected to double by 2050 in response to increasing
demand for forest products [1], with changes in land use and management [2] and impacts
on various components of the water cycle [3,4]. Even though forest plantations positively
contribute to ecosystem services and the conservation of native forests [5], the impact of this
expansion is controversial, mainly regarding the effects on local communities [6], the use of
exotic species with invasive potential [7,8] that impact on biodiversity [9], and alteration in
water availability [10,11].

Understanding water use by forest plantations and the impact of this dynamic on
the landscape is crucial for sustainable forest management [12]. Currently, most of the
studies focus on surface hydrology, investigating the role of forest plantations in rainfall
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interception by a canopy and contribution to water flow regulation [3,4,13,14], erosion,
and sediment yield [15,16], the establishment of guidelines for forest management, such as
tillage [17] and planting density [18], moisture and permeability in distinct soils [19], and
water quality monitoring [20].

Groundwater behavior is complex and depends on interactions among physical, geo-
chemical, and biological aspects [21]. The association of surface and subsurface hydrology
under different land uses contributes to integrating hydrological processes more com-
prehensively. Geophysical techniques have been applied to diverse environments and
conditions to evaluate subsurface hydrology [22-26], providing information about aquifer
dynamics concerning seasonal variations and anthropic effects.

Electrical resistivity tomography (ERT) is a non-invasive tool for subsurface investi-
gation. Electrical resistivity values are influenced by soil properties such as porosity, clay
content, moisture, and pore water conductivity [27], which helps in imaging subsurface
structures and hydrogeological processes [28]. In South America, ERT has been applied to
different geological conditions [29,30], but the effect of changing land use from grasslands
to commercial forests on groundwater has not been addressed.

Characterizing subsurface hydrology in forest plantations and integrating this infor-
mation with water balance estimation allows for a better understanding of water dynamics.
With climate change, increases in temperature and variations in precipitation patterns are
occurring, potentially leading to longer drought periods [31]. Under drought conditions,
trees can switch water uptake from superficial to deeper soil layers, which may affect
groundwater [32]. Knowing the ecophysiological behavior of different species under en-
vironmental conditions is also important for forest management operations. Water use
efficiency tends to vary for different eucalyptus species under the same environmental
conditions [33]. A clear comprehension of this variability can help alleviate the impact
of water scarcity by selecting more water-efficient species that decrease water use on the
watershed scale.

Thus, studies evaluating groundwater resources in forest plantations are crucial for
understanding the effects of silvicultural activities on hydrological variables. The study
objective was to assess whether eucalyptus plantations reduce groundwater levels in paired
subtropical watersheds compared to grasslands.

2. Materials and Methods
2.1. Study Watersheds

The study area is located in southern Brazil, at a latitude of 30°19'51” S and a longitude
of 54°19'32" W. According to Képpen's classification, the regional climate is Cfa, which
corresponds to a subtropical climate. The mean elevation, annual temperature, and annual
rainfall are 114 m, 18.6 °C, and 1356 mm, respectively [34,35].

The study area comprises three paired small rural watersheds (Figure 1). Two wa-
tersheds consist predominantly of eucalyptus plantations for cellulose production: one
under cultivation with Eucalyptus saligna (Es-W) since 2006, which underwent a partial
harvest of 30% in February 2014; and another watershed had a prior rotation of E. saligna
clear-cut in 2014 and subsequent planting of E. benthamii (Eb-W) [36]. The third watershed
is composed mainly of degraded natural and anthropized grassland (G-W) for extensive
cattle production [4]. The paired watersheds approach assumes similar characteristics
between watersheds to assess the effects of land use change on water resources. The Es-W,
Eb-W, and G-W are second-order watersheds and were chosen because of their similar
areas (0.83, 0.80, and 1.10 km?), altitudes (271, 258, and 284 m), and slopes (7.7, 6.2, and
3.9%), differing mostly in their land use.
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Figure 1. Study area with three watersheds predominantly under Eucalyptus benthamii (Eb-W),
Eucalyptus saligna (Es-W), and grassland (G-W), showing the transects in the watersheds: G-W (L1 to
L3), Es-W (L4, L5 and L7), and Eb-W (L6, L8, and L9) for electrical resistivity measurements, where
each transect had a length of about 90 m and a dipole-dipole arrangement with an electrode spacing
of 5m.

Land use in Es-W is composed of clonal E. saligna plantations (61%) with a tree stocking
of 1225 trees ha~!, native grassland and shrubs (30%), roads (6%), and rock outcrops (3%).
In Eb-W, land use comprehends E. benthamii plantations (65%) with a tree stocking of
1225 trees ha~!, native grassland and shrubs (32%), and roads (3%), while in G-W, land use
is based on degraded anthropized natural grasslands (71%), pasture (24%), grassland and
shrubs (2.6%), an artificial dam (1.4%), and roads (1%). The eucalyptus plantations in Es-W
were planted in 2006 (65%) and 2014 (35%), with a tree spacing of 3.0 x 3.3 m, resulting in
a tree stocking of 1225 trees ha~! and stand age of approximately 14 and 6 years. In Eb-W,
the eucalyptus plantation was established in 2014, with a tree spacing of 3.0 x 2.2 m, a tree
stocking of 1515 trees ha!, and a stand age of approximately 6 years.

Local geology consists of orthogneisses, metadiorites from the Cambai Complex strati-
graphic unit, sandstones, and siltstones from the Rio Bonito Formation [4]. According to
Soil Taxonomy [37] and the Brazilian Soil Classification System [38], the soils in the study
area are classified as Udults (Argissolos Vermelhos), predominant on gentle interfluves,
and higher landscape areas, Orthents (Neossolos Regoliticos) on steep slopes, and Aquults
(Planossolos Haplicos) on lowlands [14]. The soils in all watersheds are considered physi-
cally fragile due to the predominant sandy texture and fast water infiltration, resulting in
high susceptibility to surface erosion [14].
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2.2. Hydrological Monitoring

Hydrological monitoring was conducted for each watershed from 1 January 2019 to
4 June 2020. Automatic tipping-bucket rain gauges (TB4 model from Campbell Scientific
Instruments) were installed at each fluviometric station [14] and calibrated according to
Reichert et al. [36]. Flow measurements were taken at automated streamflow purpose-built
gauging stations, which include spillways equipped with water level sensors (Float-type
water level sensor—Thalimedes, OTT Hydrometrie). Streamflow was calculated based on
hydraulic equations considering the water depth in each spillway [36] and converted into
millimeters based on the watershed area and time. Groundwater level data were collected
from piezometers positioned in each watershed’s upper and lower sections, totaling two
piezometers per watershed. Water levels were recorded hourly using dataloggers.

2.3. Water Balance
2.3.1. Water Balance at the Watershed Scale

The water balance was estimated using the mass conservation method [4], which
calculates the water balance by comparing precipitation inputs and outputs such as evapo-
transpiration, runoff, and changes in soil water storage. Surface and subsurface drainage
boundaries were assumed to coincide, with no subsurface exchange with adjacent areas.
The temporal series considered for this study spanned from 1 January 2019 to 4 June 2020.
However, to align water balance data with ERT results, 197 days were chosen. This period
represents the difference between two geophysical surveys defined as wet (5 June 2019 to
19 November 2019) and dry (20 November 2019 to 4 June 2020) periods.

Reference evapotranspiration (ETo) was calculated using the FAO Penman-Monteith
method [39], assuming grass as the reference crop. Climate data were obtained from a
weather station owned by the Brazilian National Institute of Meteorology, located approx-
imately 20 km from the study area. Due to the mature stage of the eucalyptus stands,
leading to little change in leaf area and consequently in the rainfall interception by the
plants, plant interception (INT) was estimated based on percentages reported by Ferreto
et al. [3] for Es-W (26.8%), Eb-W (22.7%), and G-W (13.6%) during the period from October
2014 to September 2018. The available water capacity of the soil down to the root-system
effective depth was 98.2 mm for Eb-W, 88.4 mm for Es-W, and 64.2 mm for G-W, previously
defined by Ferreto et al. [3].

For water balance calculation on the watershed scale, rainfall was considered the only
input into the system, while evapotranspiration, water intercepted by vegetation, soil water
evaporation, plant transpiration, and runoff were the main outputs (Equation (1)).

Pyr — Qyr — ETayr — INTyr &+ ASyr =0, (1)

where Pyr: total precipitation in the year i (mm), Qyr: runoff in the year i (mm), ETayr:
soil evaporation and plant transpiration in the year i (mm), INTyr: water intercepted by
vegetation in the year i (mm), and ASyr: variation of water storage in the watershed for the
year i (mm).
By assuming ASyr = 0, the actual evapotranspiration (ETa) was calculated using
Equation (2).
ETayr = Pyr — Qyr — INTyr =0, )

where ETayr: soil evaporation and plant transpiration in the year i (mm), Pyr: total
precipitation in the year i (mm), Qyr: runoff in the year i (mm), and INTyr: water intercepted
by vegetation in the year i (mm).

2.3.2. Water Balance in the Soil Profile

Water balance in the soil profile was determined using a sequential method adapted
from Thornthwaite and Mather [40], covering the period from 1 January 2019 to 15 June
2020. Input parameters included total monthly precipitation (Pt), runoff (Q), reference
evapotranspiration (ETo), and water intercepted by vegetation (INT).
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As the main output parameters in this method, monthly evapotranspiration demand
of vegetation not met due to water deficit (DEF), water surplus after satisfying evapotran-
spiration demand (EXC), replacement of water storage within the root zone (REP), soil
water storage (S), and withdrawal of water that was previously stored in the soil to meet
evapotranspiration demand (RET) were obtained.

2.4. Subsurface Characterization

Electrical resistivity tomography (ERT) was employed near piezometers of the study
area to gather information on subsoil composition, particularly water content. Two geo-
physical monitoring campaigns were conducted: the first, called the wet period, on
19 November 2019, represents the rainy period, and the second, called the dry period,
on 4 June 2020, represents a below-average rainfall period. ERT was performed using a
Syscal Pro resistivity meter (IRIS Instruments®, Orléans, France) with 72 channels, follow-
ing the method proposed by NBR 15.935/2011 [41]. Nine transects were scanned, each with
a maximum length of 90 m, using a dipole-dipole arrangement with an electrode spacing
of 5 m (Figure 1).

Data pre-processing was performed with Prosys II software (V3.14) from Iris
Instruments® for data transfer, profile topography insertion, and raw data quality control.
During the quality control process, negative resistivity values were removed from raw
data, and the standard deviation of resistivity was controlled. Subsequently, Res2Dinv®
software (V3.53) was used for data processing, which involved the inversion of appar-
ent electrical resistivity values. The inversion process efficiently transforms the data into
parameters that model subsurface structures. A technique for inverting resistivity data
based on least squares and smoothness-constrained methods was employed [42,43]. This
technique creates a 2D subsurface model from resistivity data obtained through electrical
imaging surveys.

The interpretation of ERT sections considered electrical resistivity values of materials
present in the study area, along with the porosity and permeability of sedimentary rocks
(sandstones of the Rio Bonito Formation) and clayey layers. Electrical resistivity values
were categorized into four zones based on the acquisition area and resistivity values:

1. Saturated zone: electrical resistivity ranges from 33 to 180 ()-m (colors from deep blue
to light blue). Low resistivity indicates the presence of subsurface water layers found within
sedimentary rocks with high porosity and low permeability, enabling fluid percolation.

2. Intermediate zone I: electrical resistivity ranges from 180 to 1700 (3-m (colors from
light blue to moss green). This zone typically represents the contact area between the
saturated zone and rocks with lower water content amid grains or areas with medium-
grained sandstones. This zone may also relate to sandy-clay soils acting as a sealant for the
strongly saturated zone.

3. Intermediate zone II: electrical resistivity ranges from 1700 to 5022 ()-m (colors from
moss green to orange). This zone comprises medium to fine unsaturated sandstones and
serves as a transitional area with unsaturated igneous rocks at its base.

4. Unsaturated zone: electrical resistivity ranges from 5022 to 11605 ()-m (colors
varying between orange and purple). This zone is associated with unsaturated sandstones
and/or rocks from the rock base, possibly granites.

To quantify each zone of the four zones, proportional ratios were applied to each
line, delineating each section using AutoCAD® (Version 2020, Autodesk). This approach
allowed the comparison of geophysical survey lines.

3. Results and Discussion
3.1. Surface Hydrology
3.1.1. Water Balance at the Watershed Scale

The hydrological variables—rainfall, runoff, water intercepted by vegetation, soil
evaporation, and evapotranspiration (Table 1)—varied between the dry and wet periods
and among the watersheds. During the wet period, the accumulated rainfall in the paired
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watersheds was 1098.0 mm. Evapotranspiration was higher in the eucalyptus watersheds,
resulting in 624.3 mm for Eb-W and 512.5 mm for Es-W. Evapotranspiration for the grass-
land watershed was almost half the observed for the eucalyptus watersheds (299.5 mm).
Despite higher evapotranspiration, water intercepted by vegetation was higher for Es-W
(356.1 mm) than for Eb-W (248.4 mm), while runoff was similar among the forest wa-
tersheds. As observed for evapotranspiration, water intercepted by vegetation for the
grassland watershed (149.4 mm) was also almost half that observed in the eucalyptus
watersheds, resulting in the highest runoff among the evaluated watersheds (649.6 mm).

Table 1. Water balance components—rainfall (P), runoff (Q), water intercepted by vegetation (Int),
and soil evapotranspiration (ETa)—for the wet period (5 June 2019 to 19 November 2019) and the dry
period (20 November 2019 to 4 June 2020), both consisting of 197 days for the Eucalyptus benthamii
(Eb-W), Eucalyptus saligna (Es-W), and grassland (G-W) watersheds.

Eb-W Es-W G-W
Variable
Wet Dry Wet Dry Wet Dry
P (mm) 1098.50 478.5 1098.50 478.5 1098.50 478.5
Q (mm) 225.8 22.7* 229.8 ** 66.6 649.6 *** 84.7 ***
Int (mm) 248.4 108.3 356.1 154.9 149.4 65.1
ETa (mm) 624.3 347.5 512.6 257 299.5 328.7

Notes: * Only from 11 July 2019 to 4 December 2019; ** From 23 July 2019 to 20 August 2019; *** From 26 July 2019
to 29 July 2019 and from 30 November 2019 to 19 December 2019.

During the dry period, the accumulated rainfall in the paired watersheds was 478.5 mm.
The lower precipitation resulted in higher evapotranspiration in Eb-W (347.6 mm) com-
pared to Es-W (257 mm), while water intercepted by vegetation was higher for Es-W
(153.4 mm) compared to Eb-W (108.3 mm). For the grassland watershed, despite the lower
water intercepted by vegetation (65.1 mm) compared to the eucalyptus watersheds, evap-
otranspiration (328.7 mm) exceeded that of Es-W. As observed during the wet period,
runoff for the grassland was higher than for the eucalyptus watersheds (Table 1). The
evapotranspiration for the grassland was slightly higher during the dry period (328.7 mm)
than during the wet season (299.5 mm), which may be attributed to the occurrence of
summer months in the southern hemisphere affecting seasonal plant behavior.

The greater evapotranspiration and interception observed for Eb-W and Es-W result
from the higher evapotranspiration demands of tree species compared to grasslands. Sim-
ilar results were observed in previous studies, where Es-W and G-W were compared in
the initial rotation [14], resulting in a higher runoff for G-W. Even though grassland is the
native vegetation for this environment, grazing activities result in soil compaction and a
reduction in aboveground biomass, favoring the occurrence of erosion processes.

Variations in evapotranspiration and water intercepted by vegetation in Eb-W and
Es-W result from stand traits. Despite the similar tree spacing among the forest watersheds
(1225 and 1515 trees ha~! for Es-W and Eb-W, respectively), Eb-W has approximately half
of the stand age observed in 65% of the total area of Es-W, which may result in stand
productivity differences [44]. However, intrinsic species characteristics may also contribute
to differences in water use. Eucalyptus species have significant morphological differences,
such as leaf inclination, shape, and stomatal index [45,46]. These factors impact species’
ecophysiology. Under the same site and climatic conditions, three different eucalyptus
species used resources differently, resulting in tree transpiration rates of 1249, 928, and
733 mm y_1 for E. saligna, E. benthamii, and E. dunnii, respectively [33].

3.1.2. Water Balance in the Soil Profile

The sequential water balance, adapted from Thornthwaite and Mather [40], was cal-
culated for each watershed (Figure 2). This approach encompasses measurements of the
components’ excess water after satisfying evapotranspiration demand (EXC), replenish-
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Figure 2. Sequential water balance, adapted from Thornthwaite and Mather (1955), and monitoring
flow levels for Eb-W (left), Es-W (center), and G-C (right). The lower piezometers were located at
elevations of 243.5, 236.4, and 260.8 m a.s.l. for Eb-W, Es-W, and G-C, respectively, while the upper
ones were at elevations of 298.3, 266.3, and 291.8 m a.s.l,, respectively. Data used until 15 June 2020.

Rainfall effect on water fluxes was observed for all watersheds (Figure 2). During
months with higher accumulated rainfall, such as January, July, and October 2019, water
surplus increased for all watersheds, with higher EXC for G-W, Es-W, and Eb-W, respec-
tively. The highest water surplus was observed in the G-W watershed during the whole
study period, with water deficit and water withdrawal occurring only during three months
of lower rainfall in the current and previous months, in the summer and autumn of the
southern hemisphere.

There was a significant base flow contribution to streams from groundwater during
the wet season at the site G-W. This is corroborated by the observation that the water table
remained shallow (<2 m) during this period, as indicated in Figure 3. The ERT results
show zones of low resistivity along the profiles, indicating the presence of water and,
consequently, the interaction between the water table and streams, contributing to base
flow during the rainy months.

For the eucalyptus watersheds, excess water after satisfying the evapotranspiration
demand was higher for Es-W compared to Eb-W. This behavior is confirmed by the greater
frequency and more negative values of water deficit and water withdrawal for Eb-W than
for Es-W. Increased evapotranspiration reduces subsurface water recharge, and plants
use groundwater to develop [47]. This behavior is characterized as a drought-avoidance
strategy and varies between species. Species that are more conservative in water use tend to
invest more energy in fine root production than in leaf area [48]. Therefore, forest managers
should consider climatological zoning and develop strategies based on regional water
balance, considering interannual variation in rainfall, to plan sustainable practices related
to forest water consumption and water inflow into the system [49].

The elevation differences of the piezometers corresponded to 54.8, 29.9, and 31.0 m,
respectively, for Eb-W, Es-W, and G-C. By comparing these significant differences in upper-
lower piezometer elevations (greater than 29 m) with the depths to the water table (less than
10 m during the studied period) in all three watersheds (Figure 2), we expect groundwater
flow direction to move from the upper to the lower portion of the watershed.
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Figure 3. Electrical resistivity values (()-m) for the transects evaluated at the end of the wet period on
19 November 2019 (left) and at the end of the dry period on 04 June 2020 (right).

3.2. Subsurface Characterization: Groundwater

Three profiles per watershed were characterized geophysically at the end of the dry
and wet periods. The color scale ranged from 33 to 11,605 ()-m, with root mean square
(RMS) errors ranging from 7.1% to 39.5% for the wet period and 5% to 34% for the dry
period (Figure 3). Most errors were observed for lower resistivity values, while in transects
with higher resistivity values, the errors were lower, thus requiring less data smoothing.

Electrical resistivity profiles (Figure 4) and quantification zones (Table 2) were created
for the nine transects. During the evaluation period, an expansion of the saturated zone
was observed in transects L4 and L7 in the Es-W watershed. These changes in features,
boundaries, and geometry are closely linked to the soil profile water balance (Figure 2).
The model with the lowest RMS error sometimes indicates large and unrealistic changes in
resistivity values [43] and may not always be the best model from a geological perspective.
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The most prudent approach is to select the model interactively, after which the RMS error
does not change significantly. This may apply to sections where resistivity values were not
consistently low.
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Figure 4. Zoning of transects evaluated at the end of the wet (left) and dry periods (right).

The Es-W watershed (transects 4 and 7) experienced water deficits in November 2019.
Consequently, due to the evapotranspiration demand not being satisfied because of water
deficit (DEF), the water demand of eucalyptus was likely higher, resulting in a reduced
amount of soil water. In transect 9, the zones were similar across both fields (Figure 5). The
soil saturated zone reduced from the wet to the dry period in all transects evaluated in the
G-W watershed (Table 2). This decrease is potentially explained by water deficits observed
in March and April during the dry period.

In Es-W, despite an increase in the saturated zone for profiles L4 and L7 and variations
in the proportions of zones 1 and 2, there was no unsaturated zone in these profiles. In
L5, the occurrence of an unsaturated zone was observed only in the measurements for
the dry period, ranging from 0 to 12.9%. Similar behavior occurred in Eb-W, where the
unsaturated zone ranged from 0 to 34.9% in L6 and from 0 to 13.6% in L8. The presence of
an unsaturated zone during the dry period resulted from the contribution of percentages
previously representing zone 2, characterized by medium to fine unsaturated sandstones.
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Table 2. Relative proportion (%) of saturated zones, zones 1 and 2, and the unsaturated zone for
each of the nine transects at the end of the wet and dry periods for the Eucalyptus benthamii (Eb-W),
Eucalyptus saligna (Es-W), and grassland (G-W) watersheds.

End of Wet Period (19 November 2019) End of Dry Period (4 June 2020)

Transection 1 (%) G-W

Transection 1 (%) G-W

Saturated zone 12.7 Saturated zone 5.3
Zone 1 294 Zone 1 33.0
Zone 2 28.3 Zone 2 374

Unsaturated zone 29.6 Unsaturated zone 24.3
Transection 2 (%) G-W Transection 2 (%) G-W

Saturated zone 33.9 Saturated zone 22.2
Zone 1 15.5 Zone 1 40.3
Zone 2 35.8 Zone 2 21.5

Unsaturated zone 14.8 Unsaturated zone 16.0
Transection 3 (%) G-W Transection 3 (%) G-W

Saturated zone 33.8 Saturated zone 5.8
Zone 1 47.5 Zone 1 40.3
Zone 2 18.7 Zone 2 53.9

Unsaturated zone -

Unsaturated zone -

Transection 4 (%) Es-W

Transection 4 (%) Es-W

Saturated zone 53.3
Zone 1 32.1
Zone 2 14.6

Unsaturated zone -

Saturated zone 64.6
Zone 1 15.0
Zone 2 20.4

Unsaturated zone -

Transection 5 (%) Es-W

Transection 5 (%) Es-W

Saturated zone -

Saturated zone -

Zone 1 6.8 Zone 1 9.6
Zone 2 93.2 Zone 2 77.5
Unsaturated zone - Unsaturated zone 129
Transection 6 (%) Eb-W Transection 6 (%) Eb-W
Saturated zone - Saturated zone 6.9
Zone 1 13.7 Zone 1 13.7
Zone 2 86.3 Zone 2 445
Unsaturated zone - Unsaturated zone 34.9
Transection 7 (%) Es-W Transection 7 (%) Es-W
Saturated zone 18.5 Saturated zone 29.5
Zone 1 33.7 Zone 1 26.9
Zone 2 47.8 Zone 2 43.6

Unsaturated zone -

Unsaturated zone -

Transection 8 (%) Eb-W

Transection 8 (%) Eb-W

Saturated zone -
Zone 1 21.0

Saturated zone -
Zone 1 22.5

Zone 2 79.0 Zone 2 63.9
Unsaturated zone - Unsaturated zone 13.6
Transection 9 (%) Eb-W Transection 9 (%) Eb-W
Saturated zone 64.7 Saturated zone 63.6
Zone 1 35.3 Zone 1 36.4
Zone 2 - Zone 2 -

Unsaturated zone -

Unsaturated zone -
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Figure 5. Zoning of transect 9 (L9) evaluated at the end of the wet (a) and dry periods (b).

Overall, the highest water content observed among watersheds was in the G-W for
the wet and dry periods. Groundwater variations among the forest watersheds were not as
clear as the observed surface water variations from the water balance estimation. During
the dry period, unsaturated zones appeared in two profiles of Eb-W and only one of Es-W.
However, saturated zones were observed in two profiles of Es-W (64.6 and 29.5%) and
Eb-W (63.6 and 6.9%).

Despite the high accumulated rainfall of 199.9 mm in May 2020, this precipitation
was insufficient to expand the soil saturated zone, as observed in transects 1-3 (Figure 4),
due to drought conditions in the preceding months. In the same area, Ferreto et al. [4]
observed the occurrence of soil water replenishment during autumn and winter due to
reduced plant growth, along with increased water consumption by plants during summer,
which is the period of higher vegetative growth. This phenomenon was also observed by
Almeida et al. [50], with greater soil water depletion during summer attributed to high
evapotranspiration resulting from higher vapor pressure deficits and high solar radiation.

Water absorption by plant roots depends on water potential, as roots absorb more
water when the water potential in the root zone is more negative compared to the soil
solution. This is especially true with a more extensive root system [51] and may explain the
saturated zone in the root zone of eucalyptus (Figures 5 and 6). When water availability
in the environment is insufficient, plants experience water deficits. Christina et al. [52]
suggest that eucalyptus crops, after canopy closure, draw water from the capillary fringe,
and the soil-saturated zone acts as an additional water source that was replenished within
the first two years after clear-cutting and was only partially used after tree canopy closure.

Groundwater in forest watersheds decreased compared to those in grassland water-
sheds. This is justified by the plant’s ability in forest watersheds to acquire water from
deeper roots and soil layers during dry periods. This behavior may have occurred mainly
in profiles L5, L6, and L8, where there was no unsaturated zone during the wet periods,
which appeared after the rainfall reduction during the growing season. Predicting root
water uptake is complex due to the variability of influencing factors. Despite soil and
environmental conditions, plant species tend to regulate this behavior. For some species,
plants tend to decrease transpiration when the topsoil dries, even when the groundwater is
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available, but for others, transpiration is maintained through water uptake from bedrock
fractures [32,53]. The combination of water balance estimation and ERT better described
the hydrological dynamics in paired watersheds with different land uses.

Geophysical transect extension (m)
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Figure 6. Zoning of transect 4 (L4) evaluated at the end of the wet (a) and dry periods (b).

4. Conclusions

The study objective was to assess whether eucalyptus plantations reduce groundwater
levels in paired subtropical watersheds compared to grasslands. Geophysical methods
constituted a valuable alternative for collecting data in forested and grassland areas, allow-
ing for the characterization of different subsurface geometries and aiding in water balance
estimations. Through water balance, variations in interception, evapotranspiration, and
runoff in forested watersheds were identified in comparison with the grassland watershed.
These differences result from the physiological characteristics of each vegetation cover (e.g.,
leaf area, root system, and stomatal efficiency) and water availability (precipitation and
soil water). During winter, with reduced crop growth due to higher moisture and lower
incidence of sunlight and temperature, excess water is stored in the soil and recharging
groundwater, while during summer, plants utilize water from deeper zones, e.g., from the
saturated subsoil, due to greater evapotranspiration.
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