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Abstract: The Propopis tamarugo Phil, also known as Tamarugo, is an endemic and protected tree
that survives in the Atacama Desert—a hyper arid and highly saline environment. The Tamarugo is
threatened because of groundwater overexploitation, and its preservation depends on the soil moisture
in the vadose zone, as many of the tree roots do not reach the current water table levels. To improve
the estimation of soil moisture available for the Tamarugo trees, we applied a hydrogeological
model that couples the unsaturated and saturated zones. The model was used to represent different
groundwater exploitation and recharge scenarios between February 2006 and September 2030 to
predict simultaneously groundwater levels and soil moisture. The model results show that even
at locations where water table depletion is relatively small (~1–1.5 m), soil moisture can drastically
decrease (0.25–0.30 m3/m3). Therefore, Tamarugo survival can be better addressed, as the applied
model provides a management tool to estimate response of Tamarugo trees to changing soil moisture.
To further improve the model and its use to assess Tamarugo survival, more field data, such as
soil hydrodynamic properties and soil moisture, should be collected. Additionally, relationships
between the state of the Tamarugo trees and soil moisture should be further constructed. In this
way, the developed model will be able to predict future conditions associated to the Tamarugo’s
health state.

Keywords: coupled hydrogeological model; MODFLOW; HYDRUS; unsaturated zone; saturated
zone; Tamarugo

1. Introduction

Arid and semi-arid regions cover approximately 32.4% of the world’s land area and are inhabited
by more than 2500 million people [1]. In these regions, groundwater-dependent environments
endangered by natural or anthropogenic causes are common [2–5]. The Prosopis tamarugo Phil, also
known as Tamarugo tree, is found in groundwater-dependent ecosystems, and are adapted to extreme
arid environments [3]. It is one of the few species that lives in the Atacama Desert, Chile, in a zone
comprised by many salt flats that is known as Pampa del Tamarugal [6–8].

The Tamarugo tree is one of the 44 Prosopis species in the world [9]. This legume tree is an endemic
and protected flora that survives in hyper arid and highly saline environments [10]. It lives in zones
where the water table is relatively shallow (4–20 m depth) [3], and near areas where groundwater is
extracted for mining purposes [10,11]. The preservation of the Tamarugo tree depends on the soil
moisture in the vadose zone, because in many of these trees, the roots do not reach the water table
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levels [12,13]. The Tamarugo root system is composed by a root mat at less than a meter depth from
the soil and by long pivoting roots that reach the water table [10]. To protect the forests of Tamarugo,
the Chilean government imposes environmental monitoring plans where different parameters must be
periodically measured to ensure the sustainability of these systems. For instance, in the Resolution N◦

890/2010 of the Chilean Environmental Assessment System, the moisture profile in the Llamara salt
flat basin near the Tamarugo trees is among the six biophysical parameters that must be monitored in
the following decades. Different studies have quantified the environmental risk to which the Pampa
del Tamarugal is exposed due to the exploitation of aquifers and how this affects the survival of the
Tamarugo tree [3,10,14,15].

In 2012, in the Pampa del Tamarugal and its surroundings, a total water withdrawal equivalent to
four times the estimated natural recharge of the aquifer was registered [3]. This aquifer overexploitation
constitutes a real threat to the survival of the Tamarugo and the local flora. Hydrogeological models
that simulate the groundwater flow in the Pampa del Tamarugal have been developed primarily
for environmental assessment studies [11,14,15], and recent studies have updated the conceptual
hydrogeological model of the Pampa del Tamarugal aquifer [6,7]. Furthermore, it has been demonstrated
that anthropogenic pressures are the dominant factor of the affecting water table fluctuations, which
has resulted in an overuse of the aquifer [8]. A relationship between the water table depth and the
vital state of the trees has been proposed by [15], in which the water table depth below the trees in
the Llamara salt flat was obtained from monitoring wells, and the state of the Tamarugo trees was
estimated using high-resolution satellite images. Based on a statistical analysis, it has been determined
that water table depths of more than 13.3 m increase the probability of finding an ill-conditioned
Tamarugo tree [15]. Satellite indices, such as the green canopy fraction (GCF) [16] and the normalized
difference vegetation index (NDVI) [17], have been used for analyzing the health of the Tamarugo trees.
The GCF is the ratio between the volumes of green canopy and total canopy and corresponds to an
indirect measurement of the photosynthetic activity of the trees [16], whereas the NDVI represents
the fraction of photosynthetically active radiation absorbed by the vegetation [17]. Chávez et al. [18]
proposed a relationship between water table depth and the vital state of the Tamarugo tree in which the
GCF is integrated along with the NDVI, the 18O isotope enrichment in foliar tissue and the twig growth
to determine a range of tree damage as a function of water table depth. In this way, they estimated
that for a water table depth of 6 m, the Tamarugo tree begins to suffer damage that increases until the
water table depth reaches 20 m, where the tree dies [13]. Decuyper et al. [3] studied two Tamarugo
plantations that were exposed for 25 years to a decrease in the water table level in the Pampa del
Tamarugal. Plantation A had an approximate decline of 3 m in 25 years (high descent) in the water
table level, whereas plantation B experienced a decrease of 0.4 m in the same 25 years (low decline).
The effect on trees of this groundwater depletion was quantified using the GCF. Their results showed
that plantations A and B had 60% and 47% of the trees in poor condition, respectively. Despite the
large difference in water table depletion observed between the plantations, the percentage of trees in
poor condition did not differ substantially. This suggests that depth to groundwater may not be the
best proxy for assessing soil water status for Tamarugo trees. Therefore, in order to correctly assess
the amount of water that the Tamarugo trees will have due to a decrease in the groundwater level,
it is essential to further simulate the evolution of the volumetric water content (or the suction) in the
unsaturated zone, which is what supplies water to the roots of these trees [13,19,20].

The aim of this work was to improve the estimation of the volumetric water content available for
the Tamarugo trees in an arid basin through the development of a hydrogeological model that couples
the unsaturated and saturated zones. The model combines a three-dimensional MODFLOW model to
simulate the saturated flow with a one-dimensional model developed in HYDRUS to represent the
unsaturated flow. This hydrogeological model represents the response of the aquifer to an intensive
exploitation or to fluctuations in groundwater recharge and, at the same time, it predicts the evolution
of the volumetric water content in the vadose zone. Thus, with a better understanding of the behavior
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of the entire system in which the Tamarugo trees subsist, more informed decisions could be made for
its sustainable exploitation.

2. Study Zone

The study was conducted in the Llamara basin, in the southern section of the Pampa del Tamarugal,
located in the Atacama Desert, northern Chile (Figure 1). According to the Köepen climatic classification,
the study site is a subtropical marine desert [21] with almost absolute absence of precipitation, low
relative humidity and a large daily thermal amplitude. For the warmest and coolest months, the
minimum absolute temperatures are of −5 and −12 ◦C, the maximum absolute temperatures are of 35
and 36 ◦C, and the mean temperatures are of 32 and 0 ◦C, respectively [13]. Annual evaporation in the
Llamara basin is of ~2.680 mm [15].
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3. Materials and Methods  

Figure 1. (a) General location of the study site. (b) Boundaries of the model developed for the Llamara
salt flat basin, location of pumping (PW1, PW2, PW3, PW4 and PW5) and monitoring wells (MW1,
MW2, MW3, MW4 and MW5) and of the Tamarugo forest. The location of the selected trees (T1, T2, T3
and T4) are also shown. (c) Zoom into the Tamarugo forest to show the location of the selected trees
and of the pumping and monitoring wells. The green stars depict monitoring wells in which water
levels are presented throughout this paper and the red circles are other monitoring wells that were
used to calibrate/validate the hydrogeological model.

The delineation of the basin was kept from that presented in an environmental impact study
carried out at the study site [15]. The Tamarugo forest is located at the north of the study area, as shown
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in Figure 1. The location of the four monitoring sites used in the calibration of the unsaturated model
is also presented in Figure 1. These sites correspond to the soil that is beneath the canopy of the T1, T2,
T3, and T4 Tamarugo trees [15]. The location of the pumping wells in the study area is also shown in
Figure 1.

3. Materials and Methods

3.1. Description of the Unsaturated/Saturated Coupled Hydrogeological Model

MODFLOW-2000 [22] was used to represent water flow under saturated conditions. MODFLOW
is a widely used numerical model that represents groundwater flow [23,24]. MODFLOW is a
three-dimensional model that uses finite-difference equations to solve mass conservation in confined
and unconfined aquifers [22,25]:
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where Kx, Ky, and Kz [L T−1] are the hydraulic conductivities in the x, y, and z directions, respectively;
H [L] is the hydraulic head; W [T−1] is a volumetric sink/source term; Ss [L−1] is the specific storage;
and t [T] is the time.

HYDRUS 1D [26] was employed to represent the vertical movement, i.e., z direction, of water
through the vadose zone. HYDRUS 1D solves the Richards’ [27] equation in the vertical direction:
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where θ [L3 L−3] is the volumetric water content; h [L] is the soil water pressure head; S [T-−1] is a
volumetric sink/source terms that is typically used to represent root water uptake [26]; K(h) [L T−1] is
the unsaturated hydraulic conductivity curve; and all the other parameters were previously defined.
Using the Richards’ [27] equation to represent water movement in the vadose zone allows incorporating
processes such as precipitation, infiltration and evapotranspiration, among others [26,28]. To solve
Equation (2), it is required to know the soil hydrodynamic characteristics. In this work, we used the
water retention curve, h(θ) (Equation (3)), proposed by van Genuchten [29], and the K(h) (Equation (4))
described by Mualem [30]:
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where θs and θr [L3 L−3] are the saturated and residual volumetric water contents, respectively; α [L−1]
is the inverse of the bubbling pressure; l [-] is the pore-connectivity parameter, assumed to be 0.5 [30];
n and m [-] are empirical parameters; Ks [L T−1] is the saturated hydraulic conductivity; and Se = (θ −
θr)/(θs − θr) [-] is the saturation degree.

The HYDRUS package [26,28] was used to couple MODFLOW as a variable-flow boundary
condition imposed at the vadose zone of each MODFLOW cell, at each time-step. As these models
are fully coupled, the HYDRUS package provides MODFLOW with recharge fluxes into the aquifer,
whereas MODFLOW provides HYDRUS with the position of the water table. Note that there are other
MODFLOW packages that have been developed to couple the flow in the vadose and saturated zones,
such as the Unsaturated Zone Flow (UZF1) [31] and the Variably Saturated Flow (VSF) [32] packages,
but the HYDRUS package was selected as it is highly applicable to represent the water flow through
the vadose zone in arid and semiarid areas, with moderate computational efforts [28].
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3.2. Model Implementation in the Llamara Salt Flat Basin

The flow in the saturated zone was represented using a previously developed MODFLOW
numerical model freely available for the Llamara salt flat basin [15]. This numerical model was
approved by the National Water Authority; hence, it is the model that should be used by stakeholders
interested in groundwater characterization in the area. For this reason, the conceptual model to represent
the flow in the saturated zone was based on the information included in the approved numerical
model (Figure 2) and on publicly available information [15]. A horizontal spatial discretization of
250 × 150 cells (236 m × 236 m) and a vertical distribution of two strata of variable thicknesses were
defined. The hydrogeological properties of the model, such as saturated hydraulic conductivities and
storage coefficients, were also obtained from the MODFLOW model. Nonetheless, as described below,
the model was completely reviewed, and the hydraulic conductivities were recalibrated to improve its
initial calibration.
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Groundwater recharge was estimated using a hydrological model based on the soil moisture
accounting (SMA) algorithm [33]. This hydrological model was carried out for an environmental
impact study of the study area [15]. The hydrological model represents precipitation, runoff, actual
evapotranspiration, infiltration and deep percolation using the hydrological response units of the
basin. The historical hydrological data to estimate model recharge were available between January
1978 and January 2006 [15]. The groundwater recharge comes mainly from precipitation that falls into
the neighboring basins of Guatacondo, Maní, Sipuca, Mal Paso and Sama (Figure 2). This recharge
enters the study zone as a lateral groundwater input and corresponds to a total of 465 L/s (estimated
average recharge based on the historical data). Since there is almost absolute absence of precipitation
in the study area, there is no recharge from the top of the model domain. The groundwater discharge
of the aquifer is comprised by 2 L/s of transpiration from the Tamarugo forest; 325 L/s of bare soil
evaporation, which is calculated using the potential evaporation rate (4.6 mm/day on average over the
historical time period); a spring discharge of 128 L/s in the Amarga ravine, and an estimated discharge
of 10 L/s towards the Loa river; and an extinction depth that varies between 1.5 and 6.0 m depending
on the soil texture, as estimated by [15]. The extinction depth corresponds to the depth below land
surface below which groundwater evapotranspiration does not occur. When the water table is above
the extinction depth, groundwater evapotranspiration is represented in an exponential way, ranging
between zero (at the extinction depth) and the potential evapotranspiration rate (at the soil surface).
When the water table is deeper than the extinction depth, the groundwater evapotranspiration flux is
set to zero.

The MODFLOW model was built to simulate 300 stress periods. The first stress period
corresponded to a steady state simulation using the historical groundwater recharge. The groundwater
levels obtained in the first stress period were used as initial conditions for the following stress periods,
in which a transient simulation between February 2006 and September 2030 was performed. In absence
of available hydrological data between October 2012 and September 2030, the historical groundwater
recharge was used for this time period, although different simulations were performed to account for
this issue (this is described below).

The model calibration was performed in two stages. The first stage consisted in the recalibration
the saturated zone model developed by [15], which was performed for the time-period between
January 2006 and March 2012, whereas the second calibration used the saturated/unsaturated coupled
model for the period May–July 2006. The validation period for the saturated zone model was between
February 2006 and March 2007; whereas the validation period for the saturated/unsaturated model
was between November 2007 and January 2008.

In the recalibration of the saturated zone model, the saturated hydraulic conductivity distribution
of the study zone was adjusted by comparing simulated and observed groundwater levels at 75
observation wells located in the aquifer (Figure 1). An isotropic aquifer was assumed in the horizontal
directions, whereas the hydraulic conductivity in the vertical direction was assumed to be 10% of the
horizontal hydraulic conductivity, i.e., Kz = 0.1 Kx = Ky [34]. The calibration process was performed
using the PEST software [35]. PEST is a public domain code that uses an uncertainty analysis for
parameter estimation [35]. Note that the recalibration only modified saturated hydraulic conductivities
as it is considered that the specific storage distribution estimated by [15] is representative of the aquifer,
as the obtained values were consistent among the different pumping tests performed throughout the
basin. PEST develops a calibration process that minimizes the sum of the squared errors between
simulated and observed groundwater levels, i.e., the objective function (Equation (5)), as a function of
the model response to a value of the hydraulic conductivity:

min
∑

ε2
i = (X(pi) −Oi)

2, (5)

where εi is the difference between the observed and simulated value of a variable at position i in the
model domain, X(pi) is the function that represents the model (i.e., the simulated hydraulic head),
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pi is the parameter that will be calibrated at position i (i.e., the saturated hydraulic conductivity),
and Oi is the observation performed at position i (i.e., the observed hydraulic head). The initial
hydraulic conductivity distribution was that reported by [15] and it was improved using the pilot
points approach [36]. In this approach, instead of creating a homogeneous zone and finding its
hydraulic conductivity using inverse modeling, the value of the parameter is interpolated from the
pilot points (locations where the parameter values are known). Then, an inverse model is used to
adjust the hydraulic conductivity at the pilot points, and the surface defining the variation of hydraulic
conductivity throughout the domain is warped until the objective function (Equation (5)) is minimized.
Note that PEST interpolates the hydraulic conductivity distribution using the Kriging method [35].
In this way, the regions of the model with more groundwater level observations had a continuous
distribution of the hydraulic conductivity.

The calibration process in the unsaturated/saturated coupled model was performed manually and
aimed to replicate the observed volumetric water content profile beneath the canopy of the T1, T2, T3
and T4 Tamarugo trees (Figure 1). The calibration consisted in adjusting the θs, θr, α, and n parameters
of the van Genuchten [29] water retention model, and assuming m = 1 − 1/n [29]. The observed
volumetric water contents were measured between May and July 2006, as part of the environmental
monitoring plan. These data are public and can be found in the Chilean Environmental Assessment
Service (https://bit.ly/31fOeFe). Additionally, the soil hydrodynamic characteristics were validated
using volumetric water contents measured between November 2007 and January 2008. Unfortunately,
the data available for calibration and validation of the unsaturated model were collected for a very
brief period (6 months). For simplicity, we considered a uniform distribution of the water retention
parameters throughout the model domain. Additionally, at each cell of the model, the vertical hydraulic
conductivity, Kz, obtained from the calibration of the saturated zone model, was used as the saturated
hydraulic conductivity in the vadose zone, i.e., Ks = Kz. Therefore, the relative hydraulic conductivity,
K(h)/Ks, was determining by using the calibrated water retention curve parameters and Equation (4).

3.3. Impact of Groundwater Withdrawal and Recharge Rates on Water Table Levels and Soil Moisture Beneath
the Tamarugo Trees

To investigate the impact of groundwater withdrawal on the survival of the Tamarugo trees,
the coupled model was used to simulate the water flow in both the unsaturated and the saturated
zones of the study site between February 2006 and September 2030. Specifically, the model was used
to assess the impact of groundwater extraction from five pumping wells, as well as of groundwater
recharge, on the water table level and the volumetric water content profile in the Tamarugo forest.

Four simulations were performed with the aim of observing the aquifer response to different
water scarcity scenarios. Simulation 1 considers the impact of the five pumping wells located in
the study site and their corresponding groundwater withdrawal rates, according to the water rights
granted by the Chilean water authority. Simulation 2 considers that the groundwater withdrawal
rates increase in 25% with respect to the water rights granted. Simulation 3 uses the groundwater
withdrawal rates of simulation 1, but with a 20% reduction in the groundwater recharge that enters the
model domain, i.e., a total of 372 L/s, between October 2012 and September 2030. Finally, simulation 4
also uses the groundwater withdrawal rates of simulation 1, but the groundwater recharge imposed
in the model for the period October 2012 and September 2030 was that estimated using the last year
with reliable data for the calculation of groundwater recharge, i.e., the monthly groundwater recharge
time series estimated between October 2011 and September 2012 was repeated until September 2030.
Simulations 3 and 4 provide possible future climate scenarios. The groundwater withdrawal rates and
the groundwater recharge used in each simulation are presented in Table 1.

https://bit.ly/31fOeFe
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Table 1. Groundwater withdrawal rates (L/s) in the pumping wells and groundwater recharge (L/s)
used in the simulations.

Pumping Well Simulation 1
(Baseline)

Simulation 2 (25% Increase
in Withdrawal)

Simulation 3 (20%
Decrease in Withdrawal)

Simulation 4 (Recharge
Maintained)

PW1 60 75 60 60
PW2 65 81 65 65
PW3 35 44 35 35
PW4 30 38 30 30
PW5 31 39 31 31

Total 221 277 221 221

Groundwater recharge 465 465 372 80

4. Results

4.1. Model Calibration and Validation

To assess model calibration and validation, among many calibration metrics, we selected the root
mean squared error (RMSE) [37]. For the saturated zone model, the RMSE between the simulated
and observed groundwater levels of the initial distribution of the hydraulic conductivity in the study
site was of 19.9 m, and the hydraulic conductivity was represented in approximately 40 zones that
had uniform hydraulic conductivity [15]. These zones were based on the geological characteristics of
the study site [15]. After the calibration of the saturated zone model, the RMSE between simulated
and observed groundwater levels was of 15.2 m (24% reduction). The final hydraulic conductivity
distribution of the study site is shown in Figure 3 and the drawdown at selected monitoring wells for
the validation period is presented in Figure 4. The worse representation of the water table was observed
at MW1 and MW4 (Figure 1), which are located north of the selected Tamarugo trees. In general, in all
the other locations in the aquifer, the water table levels were represented fairly well. Moreover, the
simulated flows at the Amarga ravine springs and at the discharge towards the Loa River were of 128.6
and 10.6 L/s, respectively, which are very similar to those observed (see Figure 2).
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The results of the unsaturated/saturated model calibration are shown in Table 2 and Figure 5.
Table 2 presents the calibrated parameters of the van Genuchten [29] water retention curve, whereas
the simulated and observed volumetric water contents beneath the canopy of the Tamarugo trees are
shown in Figure 5. The simulated and observed moisture profiles agree well with root-mean squared
errors (RMSEs) ranging between 0.007 and 0.026 m3/m3, with an average value of 0.014 m3/m3 for the 12
volumetric water content profiles used in the calibration process. The break in the soil moisture profile
of the T3 tree at a depth of ~0.2–0.5 m is due to root water uptake from the zone where the highest root
density was defined. Note also that the variations in soil moisture at the Tamarugo trees are small.
As the period of available data to calibrate/validate the unsaturated conditions of the model was short,
caution must be taken when interpreting the transient behavior of the flow in the vadose zone.

Table 2. Calibrated water retention curve parameters of the van Genuchten model [29].

Parameter Description Value Units

θr Residual volumetric water content 0.02 m3/m3

θs Saturated volumetric water content 0.45 m3/m3

α Inverse of the bubbling pressure 3.70 m−1

n Empirical parameter 1.68 -
m Empirical parameter 0.40 -

The simulated and observed volumetric water contents beneath the canopy of the Tamarugo trees
agree well for the validation period (Figure 6). Therefore, the calibrated hydrodynamic properties
found in the calibration process are adequate to represent the soil processes. The RMSE in the
validation period ranges between 0.006 and 0.023 m3/m3, with an average value of 0.011 m3/m3 for the
12 volumetric water content profiles used in the validation.
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Figure 5. Comparison of the simulated and observed volumetric water content profiles beneath the
canopy of the Tamarugo trees, for the calibration period (May–July, 2006). The root mean squared error
(RMSE) of each volumetric water content profile is also shown. The Field data are public and were
obtained from the Chilean Environmental Assessment Service (https://bit.ly/31fOeFe).

4.2. Impact of Groundwater Withdrawal and Recharge Rates on Water Table Levels and Soil Moisture Beneath
the Tamarugo Trees

4.2.1. Water Table Depth Evolution

The evolution of the water level depth at each pumping well for all the simulations is presented
in Figure 7. All the simulations show a water table depletion that ranges between 2 and 10 m at
the different pumping wells. In general, towards the end of the simulations, the water table levels
stabilize, except for those occurring at the 3X-14A pumping well. In addition, when the groundwater
withdrawal rates are increased in 25% (simulation 2), the water depletion is larger than that observed
for the other simulations.

Figure 8 shows the temporal evolution of the simulated water table depth at the T1, T2, T3 and T4
Tamarugo trees. In general, no significant differences of the water table levels are observed between
the simulations. When the groundwater withdrawal rates are increased (simulation 2), the water levels
in the Tamarugo forest are slightly lower than those simulated for the current water rights granted
(simulation 1). Note also that the trees T3 and T4 exhibit a recovery on the water table level that occurs
because the average groundwater recharge is larger than that estimated at October, 2006. However,

https://bit.ly/31fOeFe
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this behavior is not seen at trees T1 and T2 because they are located much closer to the pumping wells
of the study site (Figure 1).
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Figure 6. Comparison of the simulated and observed volumetric water content profiles beneath the
canopy of the Tamarugo trees, for the validation period (November, 2007–January, 2008). The root
mean squared error (RMSE) of each volumetric water content profile is also shown. The Field data are
public and were obtained from the Chilean Environmental Assessment Service (https://bit.ly/31fOeFe).

Table 3 shows the simulated drawdown at PW1 and at the T1, T2, T3 and T4 Tamarugo trees
for simulation 1 (baseline), and the distance of each Tamarugo tree to PW1. On the one hand, after
6 months of pumping, only the T1 and T2 trees are within the radius of influence of the pumping
wells. On the other hand, the T3 and T4 trees are exposed to a water table level recovery for the years
2010 and 2030. As explained before, this recovery is due to the groundwater recharge considered in
the simulations.

Table 3. Water level drawdown at PW1 and at selected trees of the Tamarugo forest for simulation 1 (baseline).

Location Distance to PW1 (km) Drawdown (m) 6 Months 1 Drawdown (m) Year 2010 Drawdown (m) Year 2030

PW1 2 0.0 2.2 5.4 7.8
T1 3 1.1 0.1 0.9 1.4
T2 3 1.5 0.0 0.5 1.0
T3 3 2.7 0.0 −0.1 −0.1
T4 3 3.6 0.0 −0.3 −0.3

1 Time after pumping began; 2 Pumping well; 3 Tamarugo tree.

https://bit.ly/31fOeFe
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4.2.2. Volumetric Water Content Evolution Beneath the Canopy of the Tamarugo Trees

Using the HYDRUS package, the soil moisture evolution in the model domain was simulated.
A comparison between the volumetric water content profiles at the T1, T2, T3 and T4 Tamarugo trees
for the beginning (2006) and for the end (2030) of simulation 1 is presented in Figure 8 (baseline).
The T3 and T4 trees, which are further away from PW1 (Figure 1), show a larger volumetric water
content at depths deeper than 0.5 m, compared to the T1 and T2 Tamarugo trees (that are closer to



Geosciences 2020, 10, 1 13 of 17

PW1), which exhibit a similar volumetric water content (~0.25 m3/m3) at depths of 5 m. At trees
T1 and T2, the difference in volumetric water contents between the beginning and the end of the
baseline simulation does not exceed 0.05 m3/m3 up to 4 m deep. However, at a depth of 6 m in the T1
Tamarugo tree, the difference between the volumetric water content at the beginning and at the end of
the baseline simulation is more important (~0.3 m3/m3). Similarly, at a 6 m depth in the T2 Tamarugo
tree, at the beginning of the simulation, the soil is fully saturated (0.45 m3/m3), whereas at the end of
the simulation, the volumetric water content reached ~0.20 m3/m3.

5. Discussion

The Tamarugo trees are subject to multiple abiotic and biotic stress factors that affect plant
productivity. When a stress factor surpasses the physiological performance threshold, plant survival is
threatened [10]. Groundwater overexploitation is one factor that can damage the Tamarugos trees,
not only because as the water table drops, the roots of the Tamarugo cannot reach the saturated zone,
but also because less water is available in the unsaturated zone for root water uptake [13]. Water stress
can result in biomass reduction for an individual tree, but also in a reduction of the tree population.
Hence, the ecosystem dynamics can be permanently modified [10]. For this reason, it is important to
monitor the impacts of groundwater extraction on different variables that can be used to assess the
survival of the Tamarugo tree, as well as to develop predictive tools for water resource management
that incorporate ecological constrains.

Nowadays, there are mining projects in the study area that have water rights granted to extract
groundwater for decades. Consequently, there are environmental monitoring plans that aim for
Tamarugo survival. The state of the Tamarugo trees is being monitored using relationships that
combine the GFC, NDVI, 18O enrichment in the foliar tissue, twig growth with the water table depth.
Soil moisture is also being monitored beneath the canopy of the trees. Unfortunately, continuous
measurement of soil moisture using time-domain reflectometry or other methods is extremely complex
due to the soil’s high salinity [38] so there are only discrete observations of this key variable.
The gravimetric method, which is highly destructive and time consuming, has been used to get insights
of volumetric water content levels near the Tamarugo trees. The latter reinforces the need for tools,
such as the coupled unsaturated/saturated model presented in this work, to predict variables that are
directly associated to water stress, i.e., the soil’s volumetric water content.

Our results show that an increase in groundwater withdrawal rates results in additional drawdown
of water table levels near the selected Tamarugo trees. However, changes in future groundwater
recharge do not have a notorious influence on modeled groundwater levels near the pumping wells or
beneath the selected Tamarugo trees (Figures 7 and 8), i.e., the water table evolution in this area of
the model is similar in the four simulations investigated in this work. This behavior is explained by
the large distance between the eastern recharge boundary and the pumping wells and trees, as well
as because the simulated groundwater extraction rates are generally smaller than the groundwater
recharge. Consequently, changes in groundwater recharge and in withdrawal rates are mainly balanced
by changes in bare soil evaporation and groundwater storage. However, when groundwater extraction
rates are larger than groundwater recharge, water table levels will drop, and groundwater storage
will be depleted [34]. In simulation 4 (recharge maintained), which has a groundwater recharge that
is smaller than the overall pumping rates, the groundwater levels modeled were similar to those
simulated in the other scenarios (Figure 8). Nonetheless, near the model boundaries groundwater
storage and water table levels were slowly decreasing, which is consistent with the field evidence that
the flow at the Amarga ravine springs has been decreasing over time [15]. Therefore, caution must
be taken to ensure that the groundwater rights that have been granted do not surpass groundwater
recharge. This issue is of extremely importance in the study area because during the last 30 years,
there has been a sustained increase in groundwater withdrawal rates in the Pampa del Tamarugal
aquifer [3,8,14], and it is likely that climate change will reduce even more the groundwater recharge.
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Even when the water table levels decreased up to ~10 m at PW1 for the different simulations, water
table levels at the selected Tamarugo trees did not reach the depth that, according to [15], damages the
trees (i.e., 13.3 m). However, according to [13], the T1 and T2 could be damaged because the water
table levels are below 6 m. This depth corresponds to the first physiological threshold of the damage
scale reported in [13], in which the Tamarugo tree keeps its water status by decreasing water demand
through partial defoliation and decreased twig growth. Given the differences between these methods
to assess Tamarugo survival, which only use the water table depth to infer tree damage, other key
variables, such as volumetric water content, must be included in this analysis.

The evolution of the soil’s volumetric water content was achieved by incorporating the HYDRUS
package in the MODFLOW model. Our results show that the T3 and T4 sites show a rapid increase
with depth in the volumetric water content at shallow depths. The moisture content increase deeper
into the soil is more gradual, reaching saturation values at depths of 3–4 m (Figure 9). The difference
between the initial (2006) and final (2030) soil moisture profile for these sites does not surpass 0.05
and 0.02 m3/m3, for T4 and T3, respectively. At T2, a water table drop of 1.0 m results in a moisture
reduction of ~0.25 m3/m3 at ~5.5 m depth between 2006 and 2030. Therefore, even if the water table
depletion is relatively small, soil moisture can drastically decrease. These results help explaining
what was observed by Decuyper et al. [3], in which small water table drops greatly reduced the water
available for the Tamarugo tree at a state where half of a Tamarugo forest exhibits damages.
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As described previously, the applied model was based on a previously developed MODFLOW
model available for the Llamara salt flat basin, and on public information [15]. This model was
approved by the national water authority. For this reason, we did not change boundary conditions or
groundwater recharge or discharge; however, as the water table evolution near the pumping wells and
trees was similar in all the simulations, the groundwater recharge rates should be further explored to
ensure that there are no flaws in their estimation. Our focus, instead, was to improve the hydraulic
conductivity distribution and the couple the unsaturated model to provide a management tool to



Geosciences 2020, 10, 1 15 of 17

estimate the response of the Tamarugo tree to soil moisture fluctuations. Therefore, the applied
model has limitations that can be overcome so there are many opportunities to improve it. First,
to avoid structural errors of the model, a new calibration can be implemented using lateral head
differences instead of absolute heads [39,40]. It has been recognized that as a result of uncertainties
and simplifications in the model, some parameters most likely will have values that compensate for
structural defects in the model and that are biased by incorrect model boundaries [39]. Secondly, a new
type of observational data can be used to improve the calibration. For instance, the method proposed
by Schilling et al. [41], which reduces uncertainty in model parametrization, uses tree ring growth data
and transpiration to calibrate a hydrogeological model that represents interactions between surface
water, vadose zone, groundwater, and vegetation. In our case, the Schilling et al. [41] method could be
modified to use tree distribution as another target in the model validation.

Future research should focus on improving the current unsaturated/saturated model and its
input parameters. The following are some future research directions that we foresee: (1) update
of hydrological, hydrogeological and ecological data to improve the model prediction capability;
(2) perform a new calibration that ensures minimization of structural errors of the model by using lateral
head differences [39,40]; (3) incorporate a new type of experimental data for improved calibration.
For instance, methods such as that proposed by Schilling et al. [41] could be used to reduce uncertainty
in model parametrization. In our case, this method can be modified to use tree distribution for model
validation; (4) perform an uncertainty analysis to better understand the groundwater dynamics in
the study site, which is a remote location with scarce data; (5) collect samples to improve the spatial
distribution of the soil hydrodynamic properties, as currently our model assumes that these properties
are constant; (6) maintain a monitoring program that can be used for both the Tamarugo survival and
the improvement of the coupled hydrogeological model; (6) investigate relationships between the state
of Tamarugo trees and soil moisture; and (7) integrate the different stakeholders so an integrated water
resource management that incorporates ecological constrains can be achieved.
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