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Abstract: Groundwater plays a vital role in human consumption and irrigation in many parts of
Bolivia; yet, the absence of policies to regulate its extraction and protect groundwater recharge areas
has led to a decline in water tables and threatened food security. Some municipal initiatives have
been implemented to develop regulations, but the lack of reliable hydrogeological data (such as
aquifer geometry, groundwater level data, location of potential groundwater recharge zones, and
flow dynamics) hinders their effective implementation. The case study presented herein focuses on a
municipal policy in Tiraque, Bolivia, aimed at protecting groundwater recharge zones, in addition
to the need for a reliable methodology for their technical identification. The EARLI approach (an
acronym for “Enhanced Algorithm for Recharge based on the Rainfall and Land cover Inclusion”)
is suggested as a participatory-simplified multi-criteria decision method to address the absence
of hydrogeological data. This approach was adjusted to the basin’s specific conditions, including
local vegetation communities and their influence on infiltration, and was applied as a pilot study
in the Virvini micro-basin. The EARLI model emphasizes the spatial distribution of rainfall as an
input indicator for potential recharge in addition to the biophysical characteristics of the catchment
area. The methodology successfully mapped the degree of groundwater recharge potential and
was validated by traditional hydrogeological models, field infiltration measurements, and the local
community’s application of the tool. Therefore, the results of this study provide the necessary
technical bases for groundwater-integrated management in Tiraque.

Keywords: groundwater recharge; groundwater protection; vegetation/groundwater relations;
decision making; socio-hydrogeology; Bolivia

1. Introduction

The demand for water in Bolivia, destined almost exclusively for agricultural use (86%)
and human consumption (11%) [1,2], has increased steeply in recent years due to population
growth, agricultural expansion, and climate variability [3–5], which is expected to result in
a 12-fold increase in demand and a 30% decrease in supply by the end of the century [6,7].
This situation compromises entire ecosystems, public health, water, and food security [8,9],
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and is exacerbated by a lack of comprehensive hydrological data. To achieve adequate water
security, regulatory policies should be implemented to protect all water sources [10,11],
including groundwater. Until a few years ago, its importance was underestimated by
decision makers, but it has slowly been overcoming its status as a “hidden resource” in
recent times [12–15]. Groundwater is a fragile reservoir which is usually overexploited,
especially in arid zones [8,16–18], and vulnerable to external pressures associated with
land use changes and pollution processes [19–21], particularly if recharge areas are not
identified nor protected [8,22,23]. When water is extracted from aquifers more quickly than
it can be replenished, the groundwater resources are depleted [15,18]. This groundwater
depletion can reduce water availability and quality and, thus, agricultural productivity
and food security [15,24,25]. Groundwater depletion is not limited to Bolivia alone, but is a
widespread global problem [15,26]. A notable example of this can be seen in the United
States, where the High Plains aquifer system has experienced a depletion of water resources,
resulting in decreased agricultural productivity and heightened energy expenses incurred
due to the need to pump water from deeper wells [27–29]. Similarly, India and Iran in Asia
have also encountered comparable challenges. India’s severe water scarcity can largely
be attributed to excessive groundwater withdrawal for agriculture, resulting in depleted
groundwater reserves and the need for deeper drilling [30–32]. Conversely, Iran is among
the world’s top countries facing groundwater depletion, leading to several complications
which are accentuated in groundwater settings with high salt concentrations [18,33]. Under
these scenarios, the potential for social conflicts increases [34,35], as has occurred in the
Valle Alto basin in central Bolivia, whose inhabitants have faced several conflicts in recent
decades related to competition for water use (in the upper basin) and the lowering of the
water table (in the lower basin) [34,36,37].

To deal with these adverse circumstances and adopt a more progressive attitude to-
wards the integrated management of water resources, the municipality of Tiraque (in the
northeast of the Valle Alto basin) has been trying unsuccessfully to implement a public
policy aiming to protect groundwater recharge zones and water sources. The policy was
initially rejected due to discrepancies between local stakeholders [38] and the lack of a
technical hydrogeological component to fulfill its objective of identifying potential ground-
water recharge zones as a primary and fundamental step to protecting them [16]. This
aspect is especially relevant considering that, unlike most of the municipalities in the Valle
Alto basin, the hydrological context of Tiraque (located in the upper basin) has necessitated
a greater focus on exploiting water through springs and superficial sources [39–41]. As a
result of this lack of dependence on groundwater, few efforts have been made to study
hydrogeological processes, and factors controlling groundwater in this region are unclear.

Various quantitative and qualitative approaches are available for identifying ground-
water recharge zones [42,43], including water balance modeling and isotopic
analysis [11,21,44,45]. However, these methods often require too many input variables
and can be restrictive for their use in developing countries. Matus et al. [46] suggested
a participatory approach for identifying these zones, which is helpful for basins where
reliable information is unavailable. Nevertheless, the exclusion of meteorological criteria
and the lack of specificity in the land cover characterization could limit its optimal use to
the latitudes at which it was initially developed (Central America).

This research aims to develop an accessible, affordable, and dependable methodology
for identifying potential groundwater recharge zones in the Virvini micro-basin, as well
as to test its accuracy and applicability through various means, including (i) in situ mea-
surements, (ii) simulated recharge through the WetSpass-M model, and (iii) stakeholder
workshops. The methodology incorporates scientific and local knowledge to empower
rural communities to govern their water resources, and aligns with the Sustainable Devel-
opment Goals [47,48]. The results demonstrate that this approach is able to successfully
identify groundwater recharge areas in the study region, providing a solid foundation for
future hydrogeological management in the Tiraque municipality.
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2. Materials and Methods
2.1. Study Area

This study was carried out in the Virvini micro-basin in the municipality of Tiraque.
Geographically, this micro-basin is located between south latitudes 17◦25′ to 17◦28′ and
west longitudes 65◦41′ to 65◦44′, northeast of the Valle Alto basin and 60 km east of
the municipality of Cochabamba, capital of the department of the same name (Figure 1).
The study area is characterized by annual precipitation of up to 1000 mm [49,50]. The
hydrological cycle in the region commences in October and persists until February, while
the dry season endures from May through September [50]. The annual relative humidity is
approximately 40%, with a relative humidity of 30% in dry periods and the wettest period,
spanning from September to February, reaching a relative humidity of 70% [50]. The average
temperature in the basin is registered at 15 ◦C, with the highest temperatures observed
during the rainy season at 25 ◦C and the lowest during the dry season at 0 ◦C [49,50].
The Millu Mayu River is recognized as the most significant surface water body in the
micro-basin, accompanied by seven springs primarily located in the lower section towards
the western region of the basin [49].
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Figure 1. Location of the study area. (a) The Valle Alto basin, located in the Cochabamba Department
in the central part of Bolivia; (b) The Virvini micro-basin, situated northeast of the Valle Alto basin
within Tiraque Municipality.

The selection of this 7 km2 micro-basin as a case study is a response to the sociopolitical
particularities of the region; even though the proposed policy was at the municipal level,
the different rural communities of Tiraque showed different levels of openness to allowing
scientific research within their administrative limits. Therefore, after several workshops
and meetings with community leaders, the Virvini community agreed to collaborate with
the study and was selected as the pilot territory for this research. Consequently, the study
micro-basin was delimited so that it fitted as closely as possible to the administrative limits
of the Virvini community. To do this, the Pfafstetter tool for the ArcGIS 10.8.2 software was
used [51], obtaining the delimitation in Figure 2.

The Virvini micro-basin consists mainly of mountain ranges and plains (alluvial
Altiplano or high plateau) formed by thick fluvial glacial sediments with fine alluvial
dispositions [49]. On the other hand, horizontal alluvial formations with peat beds can
be found around the northern part of the basin, as well as wavy terraces among several
plains to the south [50,52]. This micro-basin is located between three different altitudinal
belts: the head of the valleys, between 3100 and 3350 m.a.s.l.; transition areas, from 3500 to
3650 m.a.s.l.; and, finally, puna areas, ranging from 3650 to 4500 m.a.s.l. [50].
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Figure 2. The delimitation of the Virvini micro-basin, based on the administrative limits of the
Virvini community.

According to the International Terrestrial Ecological Systems Classification (ITESC),
the potential (or ideal) vegetation in the study basin consists of a matrix dominated by
hygrophytic shrubby grasslands of variable density, often combined with forest vegetation
(mainly Polylepis yungueño forests, with series of Styloceras columnare and Polylepis lanata) [53].
As an important feature, the Virvini micro-basin contains important forest areas for intro-
duced species such as Eucalyptus spp., and, to a lesser extent, Pinus spp., mainly in privately
owned forests used for logging purposes [49,50]. However, during recent decades, vege-
tation cover has decreased due to the expansion of urban areas, lack of soil conservation
management, and inappropriate activities related to agriculture, such as overgrazing and
monocultures [49].

2.2. Data Collection and Procedures

As seen in the methodology flowchart (Figure 3), a review of the literature was
conducted to select the appropriate methodology for the case study. As a result, a GIS-
based Analytic Hierarchy Process (AHP) proposed by Matus et al. [46] was chosen as
the base approach due to its particular usefulness in scenarios of little available data and
because it offers the possibility of incorporating the knowledge and participation of local
stakeholders. Additionally, many case studies in Latin America have successfully applied
this method [13,35,42,54].

Then, following the guide provided by Matus et al. [46], a series of thematic maps
of the study basin (with a spatial resolution of 15 × 15 m) were collected and developed,
corresponding to the five variables that this methodology considers for the identification of
groundwater recharge zones (Figure 4):

• A slope map created from the digital elevation model (DEM) downloaded from the
Shuttle Radar Topography Mission, NASA [55];

• A land use map [56];
• A soil textural map [56];
• A lithological map [56];
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• A map of the percentage of vegetation cover. To obtain this input, the normalized
difference vegetation index (NDVI, from the Sentinel-2 satellite) was used to derive
the fraction of vegetation coverage (FVC) using the relationship proposed by Carlson
and Ripley [57]:

FVC =

(
NDVI − NDVIbare

NDVIveg − NDVIbare

)2
(1)

NDVIbare and NDVIveg are values obtained from field observations of the NDVI patterns.
In this sense, NDVIbare represents the NDVI threshold value for completely raw pixels,
while NDVIveg is the minimum value for fully vegetated pixels.
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Subsequently, the input maps were rasterized using the ArcGIS 10.8.2 software, also
recategorizing their attributes (with values from 1 to 5) according to the classification
criteria proposed by Matus et al. [46] based on their aptitudes regarding water infiltration
(Figure 5).
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Figure 5. Example of the recategorization process used on each input map to calculate the potential
groundwater recharge, according to the evaluation tables proposed by Matus et al. [46]. In this case,
the slope map of the Virvini micro-basin is shown to be recategorized.

Once the input maps were set up, a map algebra process was executed using Equation (2)
as the base algorithm [46], where each assigned cell value of each input map was multiplied
by its corresponding weight factor according to the methodology proposed by Matus [8,46].
Finally, the elements were summed:

RP = [0.27(S) + 0.23(T) + 0.12(R) + 0.25(CV) + 0.13(LU)] (2)

where:

• RP = groundwater recharge score
• S = slope
• T = soil texture
• R = rock type (from the lithological map)
• CV = % of vegetation cover
• LU = land use

Lastly, the map obtained from this process was then classified within the range of
groundwater recharge probability proposed by Matus et al. [46], as detailed in Table 1:

Table 1. Potential for groundwater recharge according to the numerical results of the proposed model.

Groundwater Recharge Probability Range

Very high 4.1–5
High 3.5–4.09

Moderate 2.6–3.49
Low 2–2.59

Very low 1–1.99

To better understand the local water-related context, participatory workshops were
carried out with the participation of local stakeholders, represented mainly by the com-
mittee leaders in irrigation and farming. The workshop outlined basic concepts about
groundwater recharge zones and some elements to be used to identify said zones. In
addition, the water springs in the basin were identified, georeferenced, and stored on a
database.
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2.2.1. Adjustment of the Initial Methodology to Local Conditions

This study will present a detailed explanation of the modifications made to the pro-
posed Matus et al. [46] approach to better conform with the distinct local conditions of the
Virvini micro-basin in Sections 3.2 and 3.3 of the results and discussion section. Specifically,
the land use variable was expanded to incorporate particular plant communities within
the basin, creating a more comprehensive land use and land cover (LULC) map. Addi-
tionally, the study basin’s differing latitudinal location and precipitation patterns from the
Caribbean basins in which the Matus model was developed prompted the inclusion of
a spatial rainfall distribution variable in the proposed model. Data related to these two
elements were collected to improve the model. Therefore, the specific plant communities in
Virvini were described during field surveys performed at ten points within the micro-basin,
located in differentiated patches of vegetation, and chosen based on previous observa-
tions and the information provided by local stakeholders and satellite images (Figure 6a).
Regarding the meteorological information, the average yearly precipitation data were
obtained from the National Meteorological Service database of six nearby stations for ten
years (2010–2019) [58]. These stations included: Arani (2749 m.a.s.l.), Colomi (3309 m.a.s.l.),
Kaspi Kancha (3915 m.a.s.l.), Koari (3704 m.a.s.l.), San Benito (2710 m.a.s.l.), and Tiraque
(3304 m.a.s.l.) (Figure 6b).
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To fill the gaps in the meteorological data, a multiple linear regression calculation was
performed using the HEC-4 2.3 software [59]. This statistical method, widely validated
and more sophisticated than a simple interpolation, generates more accurate estimates of
missing data even when the missing station is not closely aligned with the neighboring
stations [60,61]. To achieve this, it was first verified that the conditions the World Meteo-
rological Organization recommended were met, including (a) having at least 80% of the
annual records and (b) not having more than three consecutive years of missing data [62].

In this sense, rainfall data were used as input to develop a spatial distribution map for
the precipitation. In the corresponding literature, different authors propose several different
methodologies for data interpolation of the unsampled locations in the basin, the simplest
one being to use the data from the nearest meteorological station [63,64]. Even though,
in this case, the closest meteorological station was less than one kilometer from the study
basin (Tiraque station, Figure 6b), the local altitude gradient of more than 500 m within the
study basin required a more realistic representation of the rainfall distribution. It is essential
to consider that terrain’s effects on rain distribution, such as altitude or the obstruction
and uplift of flow patterns by the topography, necessitate a three-dimensional approach
when interpolating data [63]. Considering these aspects, a raster map corresponding to
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this meteorological variable was generated using a very straightforward interpolation
approach, which was derived from a linear regression between the DEM and the yearly
average precipitation. This methodology is endorsed in low-density networks of rain gages
with correlations greater than 0.75, such as the case of the present study [63].

2.2.2. Incorporating Academic and Non-Academic Knowledge through the Delphi Method

Since the original methodology proposed by Matus et al. [46] was adjusted for
this study by adding a new variable to the equation, the weighting of the variables in
Equation (2) had to be redistributed for the adjusted approach. In addition, the upgrade
and inclusion of new specific categories of LULC have implied new recategorization of the
corresponding evaluation tables. To achieve these adjustments to the original methodology,
it was decided to integrate the knowledge of several groups of experts through the Delphi
method [65,66]. This method aimed to achieve a consensus based on discussion among
the experts through an interactive process consisting of questionnaires and interviews
related to groundwater recharge. The decision to use this tool was based on its usefulness
in complex problems with high levels of uncertainty and subjectivity [67,68]. By soliciting
feedback from multiple experts, the Delphi method can capture diverse perspectives and
insights which may not be apparent from a single individual’s viewpoint [69–71]. This
approach provides a more objective and systematic approach to assigning weights to
variables, leveraging the expertise of multiple participants and ensuring a rigorous and
objective process [68–70]. In this case, the consultation was carried out with three different
groups: ten Bolivian experts with vast experience in the study area, eight international
hydrogeology experts who provided their general knowledge on recharge processes, and,
finally, five members of the Virvini community who were consulted so that local ancestral
knowledge was also considered. The first two groups included scientists and technicians
specialized in hydrology, hydrogeology, geology, ecology, agronomy, environmental engi-
neering, and civil engineering. The survey included questions about the influence of land
use and vegetation cover on the recharge process, the weighting of the categories of those
two variables concerning their effect on infiltration, and the weighing of the six variables to
be included in the proposed adjusted algorithm.

Once the interviews were carried out, contingency tables were prepared for each
group to determine whether there were significant differences between their answers. In
the analysis, the non-parametric statistic Kruskal–Wallis test was used on the XLSTAT
extension for Microsoft Excel, with a significance level of 95%. Frequency tables were
generated for every consulted group to determine the opinion frequency for each variable,
category, and consulted group. For this, a null hypothesis (H0) and an alternative hypothesis
(H1) were proposed:

H0. There are no significant differences between the criteria of the three consulted groups.

H1. There is a significant difference between the criteria of the three consulted groups.

2.2.3. Application of the Adjusted Approach for the Identification of Groundwater
Recharge Zones

Once it was statistically demonstrated that the three groups shared all the adjust-
ment criteria, a new process of modeling was carried out. Using this method, potential
groundwater recharge zones were determined again by following the distribution of the
new weights for the variables and categories in the adjusted approach. Once this was
complete, considering the results of the previous calculation, both procedures and their
results were compared.

2.2.4. Validation of the Adjusted Approach

Several procedures were applied to validate the results obtained by applying the
newly adjusted algorithm in the Virvini micro-basin to overcome subjectivity related to the
attribution of weights through the Delphi method. In this sense, the results were evaluated
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in three different ways: (i) using in situ measurements; (ii) using simulated recharge of
a widely used, spatially distributed water balance model; and (iii) through stakeholder
workshops. This multi-aspect evaluation increased the reliability of the results obtained
through the adjusted method.

The in situ observations were made using a double-ring infiltrometer to measure the
infiltration curves and base infiltration rates in the areas of interest. These measurements
were taken during the dry season (August) to avoid water-saturated soils. The diameters
of the rings were based on the specifications suggested by Soilmoisture Equipment [72]:
0.28 m for the inner ring and 0.52 m for the outer one. The sampling points were selected
based on the recharge probability categories obtained for the Virvini micro-basin with both
methodologies, choosing areas where the two procedures coincided (as a control) and areas
where they did not, in order to compare them.

Additionally, a conventional hydrogeological methodology was applied in the study
basin to validate the performance of the adjusted model. A semi-physically based, spatially
distributed water balance model, WetSpass-M [73,74], was used to simulate, once again,
the spatially distributed monthly groundwater recharge in the Virvini micro-basin. The
WetSpass-M model estimates the groundwater recharge as a residual of the water balance,
splitting each raster cell into four different fractions—impervious, vegetated, open-water,
and bare soil—to allow land cover heterogeneity [75]. The model’s input includes spatially
distributed maps of land cover, soil texture, topography, climatic data (rainfall, wind speed,
temperature, evapotranspiration, and the number of rainy days), and groundwater depth.
A reference value of 20 m was used as a constant for the last input due to the lack of current
groundwater depth information in the Virvini micro-basin. The characteristics of the model
inputs are summarized in the study conducted by Mustafa et al. [75].

Finally, the Virvini community validated the proposed method through a series of
workshops in which the participants were asked to illustrate the characteristics and ratings
of the basin on maps based on the model. The maps obtained for the six variables were
digitized and rasterized to apply the adjusted method based on local perception. It is
important to acknowledge that the inputs used to validate the methodology were solely
based on the community’s perception of their territory, which may not always be accurate.

3. Results and Discussion
3.1. Initial Identification of Groundwater Recharge Zones

Figure 7 illustrates the initial results obtained by applying the Matus equation to the
Virvini basin. The figure shows that potential groundwater recharge zones are mainly
located in the basin’s flat, highly vegetated areas. These results are reasonable, since the
variables that best explain water infiltration according to this method are, precisely, low
slopes and high vegetation cover. In contrast, the areas classified with low recharge prob-
ability values mostly coincide with steep slopes, poor vegetation cover, and unfavorable
land uses.

Although the Matus et al. [46] model has already provided us some insights into the
dynamics of groundwater recharge in the basin, specific observations can be made on the
proposed model, especially by reviewing other studies on the subject.

3.2. Inclusion of a Meteorological Variable in the Adjusted Approach

Much of the current literature on the delimitation of potential groundwater recharge
zones pays particular attention to meteorological variables to more accurately design
models that represent reality [45,73]. Usually, the meteorological variables primarily used in
this topic include evapotranspiration, radiation, relative humidity, and precipitation [76–78].
The number of such variables can be quite significant, depending on how precise the
modeling process and the data availability for the study zone are desired to be. Considering
that the methodology proposed by Matus was developed for a primarily permanent
thermal summer (Costa Rica), it is reasonable that climatic conditions have not been
considered as a determining factor for prioritizing recharge zones. However, the Bolivian
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inter-Andean high valleys (where the Virvini sub-basin is located) are characterized by
a pluvioseasonal climate determined spatially by orography and altitude gradients [79].
Therefore, to represent the conditions of the study basin more accurately, a climatic variable
was included in the algorithm. However, considering that this study aims to develop
an accessible methodology for rural stakeholders, the selected variable was the spatial
distribution of rainfall. Considering the premise, this variable is ideal, as it is relatively
easy to characterize and qualify even by non-specialists. Moreover, the differences in the
spatial distribution of precipitation between one point and another can be a crucial factor,
especially when prioritizing potential groundwater recharge zones for their protection.
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Regarding the availability of meteorological data for the study area, only two of the six
selected stations presented a complete annual precipitation series for the study period. The
series of all four remaining stations required completion using HEC-4 software, with the
Kaspi Kancha station being the one with the most presented gaps (30 missing months in
total). Under this premise, only Colomi and Tiraque stations had complete annual records,
followed by Arani and San Benito stations, with fewer than three missing months each.

While performing a linear regression between the elevation and yearly average rainfall
values corresponding to the six stations, the statistical R2 yielded a value of 0.896. This value
shows a significant correlation between both variables, as precipitation increases linearly
with increasing elevation. According to the literature, the correlation occurs because the air
is vertically lifted due to the orographic effect of mountainous terrain, and the following
condensation process is caused by adiabatic cooling [63].

This elevation and average rainfall trend is typical of mountainous zones [80,81], and
can be significant, especially in arid, semi-arid, and sub-humid zones such as the study
basin [21]. Past studies in the Valle Alto basin have detected the same trend as that observed
in this research (Figure 8), where precipitation increases continuously in the northeast
direction of the Valle Alto basin, where the Virvini micro-basin is located [52,82–84].
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Once the interpolation map for the rainfall distribution had been developed, the criteria
to classify the values in ranges congruent with the proposed methodology was established.
In this sense, the thresholds for the classification categories are based on the typical annual
precipitation values for the inter-Andean dry valleys, whose precipitation values range
between 50 and 700 mm per year−1 [53]. As shown in Figure 8, 4 rainfall categories
were bounded, considering the following values: 450–500 mm = 3; 500–550 mm = 3.5;
551–600 mm = 4; and >600 mm = 4.5.

3.3. Considerations Regarding the Vegetation Cover and Its Influence on the Recharge Process

Returning to Figure 7, an in-depth analysis of the study area based on field observa-
tions revealed that most of the potential groundwater recharge zones, according to the
Matus et al. [46] methodology, were located in plots of introduced forest species of the
genus Eucalyptus. Afforestation using introduced species is a common practice of land
use change applied in different ecosystems worldwide, aiming to improve environmental
services such as erosion control and flood regulation [85,86]. As in the case of the study
basin, these practices often prioritize the use of fast-growing timber species with high
commercial value [86], such as Eucalyptus and, on a smaller scale, pine trees [50].

However, several authors have warned about the possible adverse effects of these
practices (especially in the case of Eucalyptus trees), which are related, among other effects,
to water losses in the water balance of a basin [85–87]. Other adverse effects of Eucalyptus
trees may include water repellency, which affects the hydraulic properties of the soil [88]
and water losses in the system due to evapotranspiration [85,89]. In addition, due to the
depth of their roots, these species can reduce groundwater recharge and river discharge
rates compared to grasslands and crops [90–92].

Thus, the application of the Matus equation under the specific conditions of the study
area could be overestimating the infiltration capacity by simplifying the influence of the
vegetation cover to only the percentage of covered surface, leaving aside the different
characteristics of the existing plant communities, which, in this case, are dominated by
Eucalyptus plantations. Indeed, this overestimation based on only a few variables can
be explained, since this methodology primarily exists as a simple procedure by which
local stakeholders can carry out the integral management of the basin. However, the
oversimplification of the effect of plant communities on infiltration in the study area can
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lead to misinterpreting the variables and, therefore, to incorrect water management in the
basin.

It is important to note that the controversy surrounding vegetation’s influence on
groundwater recharge is not only limited to a single species or genus. Vegetation cover is
probably the most debated variable regarding groundwater recharge, as studies worldwide
have not agreed on the benefits or harms that this variable can exert. The corresponding
paradigm seems to have been shifting from one extreme to the other. There are sev-
eral examples of the benefits of floristic characteristics on the storage and infiltration of
water [23,86,93,94], but more recently, a more critical vision has been adopted in which vari-
ous elements of the vegetation cover are considered factors to the detriment of groundwater
recharge (trade-off theory) [85,87,95].

Due to all the points discussed, it was evident and necessary to update these aspects
in the adjusted method to reflect the effect of vegetation on groundwater recharge more
realistically. Therefore, the next section of the paper (Section 3.4) discusses how these
modifications were included in the proposed methodology.

3.4. Results of the Recategorization and Reweighing of the Algorithm’s Variables through the
Delphi Method

By applying the Delphi method, it was possible to review the original methodology
proposed by Matus et al. [46] so it could be made congruent with the local characteristics. These
adjustments necessitated the reweighing of the algorithm coefficients, considering that a new
variable was included, and the reclassification of the land use and percentage of vegetation
cover categories were also altered based on their influence on the infiltration process.

In this sense, the results obtained from applying the Delphi interviews determined
the reclassification of the vegetation cover categories, revealing a slight variation from
the original classification and granting a greater quality of infiltration to areas moderately
covered by vegetation (Table 2). This modification is likely because the original categories
proposed by Matus et al. [46] do not entirely coincide with what has been found in the
most recent literature. Nowadays, experts seem more inclined towards the optimal tree
cover theory, especially in tropical areas with a dry season [95]. This theory assumes that
the potential groundwater recharge is enhanced in situations of intermediate vegetation
cover, as opposed to entirely open land or areas covered by canopies of trees. As can be
seen in Table 2, the consulted experts in this study seem to agree with this theory, since
they suggest that scenarios with 70 to 80% vegetation cover constitute the most favorable
situation for groundwater recharge (Figure 9a).

Table 2. Adjusted weighting and probability of groundwater recharge according to the percentage of
permanent vegetation cover.

Permanent Vegetation Cover
(Percentage) Recharge Probability Weighting

70–80 Very high 5
>80 High 4

50–70 Moderate 3
30–50 Low 2
<30 Very low 1

Additionally, considering the remarks regarding the potential impact of specific types of
plant communities on infiltration, the Delphi method allowed us to establish that the variable
defined as “land use” appeared to be limited. Therefore, the need to add the term “land
cover”, referring to the observed (bio) physical coverage on the surface of the earth, became
evident [96]. Although, in some cases, the literature on this topic tends to classify land cover
into general categories that can be identified from satellite images (e.g., forests, agriculture,
wetlands) [97], several authors include specific vegetation and floral characteristics in their
definition [96,98] as is the case in this study. Thus, the term “land use and land cover (LULC)”
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seemed to be adequate to include the nature of the basin surface, and, in this way, the apparent
deficiency in the original model could be remedied (Figure 9b).
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Regarding LULC, the most representative plant communities in the study area mainly
included homogeneous or heterogeneous Eucalyptus plantations, as previously explained.
However, it was also possible to identify some reduced patches of endemic plant communi-
ties in the area, which had not yet been replaced by for human-related land uses activities.
These small patches of native vegetation were, therefore, differentiated and reclassified
based on their influence on water infiltration.

Some of these plant communities found in Virvini consist of successional shrublands
of the Kewiña forest (Polylepis spp.), considered one of the most endangered ecosystems in
the region [99]. These patches of native vegetation also include deciduous species such as
Schinus andinus, allowing soil horizon A to be rich in organic matter, thus contributing to
water infiltration [10]. The interviewed experts agreed to qualify this type of land cover as
an ideal category for groundwater recharge (Table 3).

Table 3. Adjusted weighting and the probability of groundwater recharge according to specific land
use and land cover categories found in the Virvini basin.

LULC Categories Recharge Probability Weighting CORINE Land Cover Classes 1

Successional shrubland of the Kewiña forest (Polylepis spp., native species) Very high 5 3.2.3 Sclerophyllous vegetation

Successional scrubs of riparian species High 4 3.2.1.1.2.2 Dense grassland flooded
with trees

Temporary potato farming;
Pastoral use;

Land without a current use
Kewiña successional shrubs interspersed with Eucalyptus plantations

(Eucalyptus spp.)
Plantations of exotic species (Pinus spp.)

Open successional scrub/grassland of Tola (Baccharis tola, native species)

2.1.5.1 Potato farming

Moderate 3
2.3.1 Pastures, meadows, and other

permanent grasslands under
agricultural use

3.3.3 Sparsely vegetated areas
3.1.3 Mixed forest

3.1.5.1 Coniferous forest
3.2.1 Natural grassland

Plantations of exotic species (Eucalyptus)
Open successional scrub/scrubland of Tola interspersed with

Eucalyptus plantations
Intensive potato farming

Low 2
3.1.1.1.1 Tall, dense mainland forest

3.1.3 Mixed forest
2.4.1 Crop mosaic

Urban ground Very low 1 1.1.2 Discontinuous urban fabric

Note: 1 Based on Kosztra et al. [100] and IDEAM [101].
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Regarding the general algorithm, the answers to the Delphi interviews determined
the following updated weights:

RP = [0.17(S) + 0.18(T) + 0.10(R) + 0.17(CV) + 0.16(LULC) + 0.22 (P)] (3)

In contrast to the original algorithm, the weights of the variables in the adjusted
equation are much more balanced, since the slope, vegetation cover, LULC, and soil texture
present similar values. Variables with less similar weights are the rock type and the spatial
distribution of precipitation (symbolized as P in Equation (3)). Regarding the geological
variable, the proposed methodology also includes an area of influence around geological
faults of a 50 m radius within the category of “Very high recharge probability” due to their
importance as groundwater recharge channels [8]. According to the Delphi results, the
newly included variable (P) had the highest weight and, therefore, was the most decisive
for delimiting recharge zones. This qualification is logical since precipitation is the initial
input on which groundwater recharge depends, which will eventually be determined by
local characteristics [22,102]. In the case of Virvini, this should be more evident because
rainfall in this basin is generally weak but continuous, factors that favor the infiltration
process [21]. Consequently, due to the modifications described above, the model presented
in this investigation was denoted as the EARLI approach, an acronym for “Enhanced
Algorithm for Recharge based on the Rainfall and Land cover Inclusion”.

Finally, the weighting of the variable’s categories showed congruence between the
three interviewed groups. The p-values from the Kruskal–Wallis bi-lateral non-parametric
analysis were more significant than the significance level alpha = 0.05, so the null hypothesis
(H0) could not be rejected. Therefore, it is safe to state that there were no significant
differences between the criteria of the three consulted groups, meaning that it was safe to
apply the adjustments to the model.

3.5. Application of the EARLI Model to the Virvini Micro-Basin

Once the adjusted algorithm was applied using the new inputs for the study basin,
the map in Figure 10a was obtained. At first glance, it is possible to appreciate that, in
general, the Virvini micro-basin seems to be dominated by zones of at least a moderate
level of groundwater recharge probability (87% of the total area). It is also possible to
find zones with a high probability of recharge occurrence (6%), low probability zones
(5.5%), and very low probability zones (1.5%). Therefore, the whole study basin could
be classified as a favorable area for groundwater infiltration and recharge considering
its physical characteristics, since 93% of the total area is located within the categories of
moderate and high possibility of occurrence of water recharge.
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In that regard, when comparing the resulting maps for Virvini by using both the
Matus model and the EARLI one, it is possible to observe that the latter appears to be
much more conservative (6% of the total basin surface in the adjusted model against 12%
in the Matus model for a high probability of recharge), with fewer and more focused
high-probability groundwater recharge zones. In this sense, the relative balance between
the new weights and the reclassifications of the variables probably determined that the
extreme values decreased considerably compared to the results obtained while using the
Matus algorithm. Consequently, in several areas of the basin, attributes strongly favorable
for infiltration and groundwater recharge are counterweighted by negative attributes.
This is especially the case in the southwest area of the basin, where the low slope and
advantageous geological characteristics are counteracted by average rainfall values and
less propitious LULC categories for groundwater recharge.

Precisely, one of the aspects that may contribute the most to the updated distribution
of groundwater recharge is the reclassification of LULC categories and the higher weight
assigned to this variable in the adjusted algorithm. In this sense, several authors mainly
interested in the influence of this variable on groundwater recharge have concluded that
land use and land cover are so relevant to this process that changes in them may be
considered the most pertinent driving force influencing the fluctuations in groundwater
levels in several regions of the world [103–106].

In general, the reclassification of land use and land cover has been less propitious
for recharge since several categories, previously considered positive for infiltration, were
reclassified as unfavorable. This is especially true for the Eucalyptus plantations in most
of the study area. In contrast, the more detailed identification of plant communities has
also allowed for the recognition of vegetation patches, the characteristics of which have
led to a positive reclassification in their contribution to groundwater recharge. Most
areas of high recharge probability are located in plots of highly qualified native plant
communities, coinciding with other propitious characteristics such as the percentage of
adequate vegetation cover.

Regarding the practical aspect of applying the results of this study, although almost
the entire basin would have at least a moderate capacity for infiltration, the conservative
results of the EARLI method may imply an advantage when proposing protection measures
for groundwater recharging zones in Virvini. This can be explained because most of the
territory of Tiraque is considered private land, resulting from the dynamics by which
colonial properties have been inherited and transferred over time [107]. This situation
has made it challenging to conserve natural spaces in the municipality, since farmers will
always choose to obtain the most economic benefit from their land [108,109]. Thus, having
fewer high-potential groundwater recharge areas that could be prioritized for protection
within a policy framework makes conserving such sites more feasible (Figure 10b).

Concerning the discharge (springs) and recharge system in the basin, there seem to
be some connections between both components, although this should be appropriately
determined by subsequent analysis. As there is at least a moderate infiltration and recharge
probability according to the EARLI approach, each spring in Virvini may be fed by the
surrounding elevated areas, possibly with a higher probability in the blue regions of the
map. In any case, to be sure, these results should be complemented later with flow path
analysis through chemical and isotopic analysis of the water, for example, or through
the use of geophysical methods to obtain a better understanding of the processes of the
groundwater system.

3.6. Validation of the EARLI Model

In general, the application of the EARLI algorithm seems to be validated by the results
of the double-ring tests, showing better performance than the results from the Matus model.
According to the revised methodology, the highest base infiltration rates coincided with
sampling points in areas with a high recharge probability (47.58 mm h−1, 63.47 mm h−1,
88.77 mm h−1, and 140.94 mm h−1). Similarly, areas in which the EARLI method predicted
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a low probability of groundwater recharge showed base infiltration values of 21.37 mm h−1

and 8.67 mm h−1. Moreover, this last measurement was taken at a point in the basin at
which the Matus model predicted a high recharge probability, demonstrating, once again,
better accuracy in the results of the EARLI model.

Another interesting result from the in situ validation stage corresponds to the Euca-
lyptus plantation area, for which the original methodology predicted a high probability
of groundwater recharge. However, the value obtained from the base infiltration rate
(14.13 mm h−1) seemed more congruent with the EARLI approach that projected only an
intermediate recharge probability. This situation shows that, despite the organic matter that
a Eucalyptus forest contributes to the soil, its other floristic characteristics seem to damage
the infiltration process. In this sense, studies carried out in the Páramo (high-altitude
ecosystems in the Andes) have also shown that afforestation with introduced forest species
can sometimes limit infiltration capacity, at least initially, and even decrease water yield
by up to 50% in comparison of those areas in which the heterogeneous matrix of native
vegetation (of Polylepis spp., as in the case of Virvini) is conserved [110,111].

Nonetheless, it can be argued that despite being an excellent initial approximation, the
infiltration rate measurement does not directly consider essential aspects for determining
groundwater recharge zones, such as soil heterogeneity, the spatial distribution of rainfall,
and evapotranspiration (ET), for example. Therefore, to complement these measurements,
the results obtained from validation through the WetSpass-M model are presented below.

Figure 11 shows some significant similarities in terms of recharge potentiality when
results from the EARLI method (Figure 10a) and the WetSpass-M model are compared. The
result indicates that the WetSpass-M model and the proposed methodology agree when
detecting high-potential recharge zones. However, the WetSpass-M model overestimates
the low recharge potential areas compared to EARLI. Nonetheless, the rock properties
have not been considered in the WetSpass-M simulation, nor has the input from local
stakeholders regarding the basin-specific characteristics. This might be the reason for the
overestimation by the WesSpass-M model.
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Further, it seems that the considerations made by the WetSpass-M model correspond
to the adjusted model criteria, especially when considering the influence of the LULC
categories, as, once again, patches of native vegetation stand out from the rest of the
micro-basin. Moreover, the results of the WetSpass-M model further confirm the high
recharge potential of the Virvini sub-basin, quantifying average annual values of up to 373
mm in some areas of the basin (implying 50% of total rainfall). In general, the estimated
groundwater recharge rate for Virvini coincides with what has been calculated for some
other sub-humid basins, as the studies of Scanlon et al. [112] and Lorenz and Delin [113],
where recharge rates reached more than 35% and 40%, respectively.

More specifically, concerning the study area, the results of the only similar study in
the Valle Alto basin [82] agree that the most critical recharge zones are concentrated in
the sub-basins belonging to the municipality of Tiraque. More precisely, in the Virvini
micro-basin, said authors found mean annual potential recharge values primarily qualified
as “intermediate” and “high” (80–150 mm year−1) in the context of the whole basin, which
is consistent with the primarily intermediate recharge probability found in this study.

Turning to the application of the EARLI model while using the community inputs,
the results are shown in Figure 12. Once again, most of the basin presented intermediate
recharge values, with a few points with high and low probabilities of groundwater recharge,
similar to the results obtained in previous tests. More specifically, what was obtained by
the community seems to show a more significant similarity with the results obtained by
applying the Matus model than the adjusted model. This is especially evident in the basin’s
central, eastern, and southeastern areas, where both the high- and low-probability areas
for groundwater recharge appear to coincide roughly on both maps. On the other hand,
concerning the EARLI model, the community map coincides with fewer sectors with high
and low recharge probabilities, mainly in the south–central part of the basin.
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The coincidences between the community input and the Matus model may be due to
several factors. On the one hand, it is necessary to note that specific categories related to
the Matus model are sometimes very general and do not entirely fit Virvini’s reality (which
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is why it was decided to adjust the model). In this sense, even though the community’s
knowledge remarkably coincided with maps of soil texture, LULC, slopes, and rainfall,
for example, there have been cases in which the characterization of certain variables has
also been too general. This is the case for the geological variable, undoubtedly because the
characteristics of the local geology are relatively unknown to the community compared to
other variables. Similarly, the members of the Virvini community have generally associated
areas with little or medium vegetation cover as ideal for groundwater recharge, in discrep-
ancy with what is proposed by the adjusted model. This situation demonstrates that, when
collaborating with rural communities, it is necessary to better engage in in-depth discus-
sions of complex concepts and dynamics to facilitate their integration into the community’s
knowledge, despite their existing familiarity with the biophysical characteristics of their
basins.

Nonetheless, the community’s application of the EARLI model has generally presented
positive initial results similar to those obtained using cartographic maps. Additionally,
despite not having been a social mapping process per se, the methodology developed for
the community was established in a participatory and collaborative way, allowing for the
design of an integrated water management tool that the community could directly apply.
In that sense, several authors have highlighted the usefulness of methodologies such as the
one utilized herein as valid alternatives to systematize representations and local knowledge,
especially in managing natural resources [114–116].

4. Conclusions

This study aimed to develop a methodology for identifying potential groundwater
recharge zones in the Virvini micro-basin and to evaluate its performance as a participatory
tool. The initial results showed that specific parameters proposed by the method were
unsuitable for the Virvini micro-basin. They were adjusted using the Delphi method
with input from international and local experts, including the local knowledge of rural
communities about their territory. The revised model, called the EARLI approach, showed
a better balance when weighting analyzed variables and highlighted the importance of
considering the spatial distribution of rainfall.

The study also emphasized the need to analyze the influence of land cover, specifically
vegetation cover, on groundwater recharge. Reclassifying land use/land cover categories
could be a decisive factor in delineating potential recharge zones. Field tests and compar-
isons with traditional hydrogeological tools validated the EARLI approach, and communal
application allowed for collective reflection. However, limitations exist, and this study
suggests that further analyses be conducted, including on isotopes and geophysics.

Finally, the findings of this study have several significant and immediate practical
implications. They establish the first critical technical bases for constructing a future
policy to ensure protection of groundwater recharge zones for the municipality of Tiraque.
Therefore, it is understood that the obtained results can be taken as the first steps toward
the long-term management of groundwater recourses in this region.
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