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Abstract: Costa Rica’s annual mean precipitation is above 3300 mm, but this precipitation is not evenly
distributed in time or space, producing clear differentiated wet and dry seasons in most of the country.
Droughts are also common phenomena which greatly affect the availability of water resources.
Managed aquifer recharge (MAR) schemes are being taken into consideration to enhance the
underground water storage capacity of the country. The present study constitutes the first assessment
for the identification of suitable sites for the implementation of MAR technology spreading methods
(SM) in Costa Rica. The suitable sites are identified by means of a geographic information system
multi-criteria decision analysis (GIS-MCDA) based on four criteria: hydrogeological aptitude, terrain
slope, top soil texture and drainage network density. Four steps are performed in order to identify
these sites: problem definition, screening for suitable areas, suitability mapping, and sensitivity
analysis. The suitability map was divided in two zones after the screening: suitable and unsuitable,
the first zone was further divided in five classes according to the weighted linear combination (WLC)
ranking. The results indicate that 61% of the country is suitable for conducting SM. This map is a tool
for future implementation of MAR techniques in the country.

Keywords: Costa Rica; managed aquifer recharge; spreading methods; geographic information
system multi-criteria decision analysis; suitability mapping; multi-influence factor

1. Introduction

Costa Rica is located in the Central America isthmus in the northern hemisphere tropical
zone, between the Pacific Ocean and the Caribbean Sea with a total surface area of 51,100 km? [1].
The country’s climate is tropical, dominated by trade winds and its mountain systems [2]. This leads
to a mean annual rainfall of over 3300 mm—of which two-thirds become runoff [3]. This amount of
water is not equally distributed, neither in time nor space. In the Pacific and Central regions there is a
marked difference between the wet and dry season, the latter with almost no rain during four months
of the year [2].

The country presents a complex geology [4] and topography [5]. The mountain ranges are
composed mainly of volcanic formations, while the Northern and Tortuguero lowlands and the
coastal areas are mostly alluvial depositions from eroded material transported from the elevated steep

Water 2016, 8, 391; d0i:10.3390/w8090391 www.mdpi.com/journal /water


http://www.mdpi.com/journal/water
http://www.mdpi.com
http://www.mdpi.com/journal/water

Water 2016, 8, 391 20f19

mountain areas [4]. The spatial distribution of these features is shown in Figure 1 while a detailed
description of the country’s geological formations is given elsewhere [4,6,7].

Topographically, the country presents lowland plains, valleys, plateaus, and mountains over
3000 m in height; that favors the development of different climatic regions. Three mountain ranges
(Guanacaste, Central, and Talamanca cordilleras) cross the country from northwest to southeast which
is the principal orographic feature [5]. The river discharge variations are driven by the seasonal
rainfall differences, especially in the Pacific watersheds, where the relatively short distances from the
Guanacaste and Aguacate cordilleras to the oceans limit the length of river system and triggers the
quick response to rain events [4].
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Figure 1. Main geomorphic features of Costa Rica based on Bundschuh and Alvarado [4] with base
digital elevation model by the USGS [8].

The abundance of water in the wet season, the fast runoff into the oceans, and the touristic
high season coinciding in time with the dry season, make managed aquifer recharge (MAR) a viable
approach to overcome the drought issue, especially for the water supply systems in Costa Rica.
According to Dillon [9], MAR is defined as the intentional banking and treatment of water in aquifers;
moreover, it may also be applied for the recovery of falling water levels in the aquifer as well as
preventing saline water intrusion or land subsidence [9]. MAR methodologies are classified in five
main categories: (a) spreading methods; (b) induced bank infiltration; (c) well, shaft, and borehole
recharge; (d) in-channel modifications; and (e) rainwater and run-off harvesting; these are subdivided
in specific MAR types [10,11]. This study aims to identify and rank the suitable sites for applying the
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MAR category spreading methods (SM), which aim to recharge an unconfined aquifer at or near the
ground surface by infiltration through permeable materials at the surface [10].

The main objective of this work is to identify the areas in Costa Rica that present the best intrinsic
conditions (environmental and physical criteria) to conduct further research on MAR—rather than
sorting out the unsuitable sites for it. Other factors (land use, existing infrastructure, water sources,
and economics, among others) are not taken into account as these factors can change with time, while
the intrinsic factors tend to be more or less constant. Nevertheless, for the implementation of specific
MAR schemes, socioeconomic variables should be analyzed.

This study uses the methodology proposed by Rahman et al. [12]. The MAR suitability map is
calculated and displayed at 1:500,000 scale for the whole country. This map is a first level screening
tool that serves as a basis for decision making where detailed investigations should be carried out.
The applied approach can easily be supplemented with additional data.

2. Materials and Methods

2.1. Geographic Information System Multi-Criteria Decision Analysis (GIS-MCDA)

GIS-MCDA is defined as a collection of methods and tools for transforming and combining
geographical data and preferences (value judgments) to obtain information for decision making [13,14].
GIS offers the capabilities to automate, manage, and analyze a variety of spatial data—while MCDA
comprises a wide range of methodologies, techniques, and procedures that guide the decision making
process [13]. GIS-MCDA is used to rank the available areas based on decision rules that define how
the standardized criteria are integrated. For a detailed description of GIS-MCDA and the concepts it
involves see [13,14].

According to Rahman et al. [12] the ranking of potential MAR sites may be performed more
comprehensively and at a lower cost using a MCDA integrated into GIS. GIS-MCDA for the
identification of MAR suitable sites has been applied to entire countries such as Australia [15]
and Spain [16], as well as in many regions of the world, for example in India [17-23], Iran [24-27],
Jordan [28,29], Portugal [12,30], Tunisia [31,32], and the United States [33,34]. The general process
for MAR site suitability analysis proposed in [12] is: problem definition, screening of feasible
areas, suitability mapping—including the classification of thematic layers or criteria, standardization,
weighting of the criteria and layers overlaying—and sensitivity analysis.

2.1.1. Problem Definition

The recognition of the decision problem is the first step in all decision processes (as GIS-MCDA
for MAR) [13]. The objective of site selection is to identify the best site for a given activity which is
done by the ranking the basic analysis units in which the study area is subdivided [14]. Suitable site
selection for proper MAR technologies is one of the primary requirements for a successful MAR
implementation [12].

2.1.2. Screening Suitable Areas

Areas that are not feasible for MAR (or not available) are screened out by means of Boolean logic
algebra [12]. Boolean logic involves the logical combination of binary maps (only zero or one values
are assigned to each unit area) by “AND” and “OR” operators [25]. In Boolean logic, an area is either
accepted or rejected based on a given threshold value [35]. The criterion value that satisfy the threshold
are assigned with a value of 1, otherwise 0 is assigned; if all the criteria for a specific location contain
a value of 1 the resulting map will contain a value of 1 for this location, if only one on the criterion
contains a value of 0, the location will also be assign a 0 [12].
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2.1.3. Suitability Mapping

Suitability mapping is done to estimate the ability of the study area to support a specific use [36]
defined in the problem definition. The suitability map is built to identify the areas with high infiltration
rates as well as the terrains where the conditions are favorable for the construction of the infrastructure
necessary to enhance the recharge process. This is the most important step in GIS-MCDA [12].
The Weighted Linear Combination (WLC) method is the decision rule applied in this work to overlay
the criteria to identify the suitable site. A short description of the suitability mapping components and
concepts are listed below:

e  Decision rule—WLC

The decision rule is the fundamental part of the suitability mapping and therefore GIS-MCDA
dictates how to rank the alternatives [13]. WLC is one of the most popular decision rules [12-14,37].
It consists of the linear aggregation of the product of criterion weights and values [14].
A comprehensive approach to the critical elements of the WLC is presented in [37], these are weight
assignment to the criteria and the procedure to commensurate them (normalizing the criteria).

° Criteria

The environmental factors that govern the groundwater recharge, occurrence, and movement in
a region depend upon geology, geomorphology, land cover, and natural precipitation [38]. The term
criterion involves both the concepts of objectives and attributes [13,14,37]. A criterion refers to the
desire state of geographical system (objective) and any property that distinguishes it (attribute) [13].
According to Malczewski [13] every criterion has to be compressive and measurable. Furthermore, it is
recommended that the criteria be complete, operational, decomposable, non-redundant, and minimal.

e Standardization

A common scale is needed to describe the relative level of the criteria. This is achieved by the
transformation of the criterion to comparable units; ergo, standardization [13]. Step-wise and linear
functions are the two standardization methods. In accordance with Rahman et al. [12] step-wise
functions are used to standardized aggregation criterion.

o  Weight assignment—multi-influencing factor

The assignment of different weight for the integration of the criteria is necessary as not all them
have the same degree of influence [39]. Weight assignment is one of the critical elements in the
WLC [37]. In this work, the multi-influencing factor (MIF) is used for the explanation and assignment
of the weight. The MIF method is described in [39,40] where the relationships between the criteria are
established in a graphical way.

The estimation of the weights between the criteria is done based on the effect that they have
among each other and the objective; the weighting for each criterion depends upon the interrelations
between each—it can have either a major or minor effect [39]. According to Shaban et al. [39] a major
effect is given 1 point while the minor effect is given 1/2 of a point. From the cumulative score of
both major and minor effects for each criterion the relative rate is calculated which is further used to
compute the weight of each influencing criterion [40].

2.1.4. Sensitivity Analysis

Sensitivity analysis in MCDA is defined by Malczewski and Rinner [14] as a set of methods for
assessing uncertainty in the multi-criteria model output and the importance of the model input factors
as the criterion values and weights. These factors (criterion values and criterion weights) are the main
sources of uncertainty in the GIS-MCDA [14]. Performing a sensitivity analysis makes a more robust
decision rule for the selection of site suitability [41].
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Methods and instructions for the sensitivity analysis are available in [12-14,19,35,41].
These include “one-at-a-time” methods and “variance-methods” [14]. Sensitivity analysis has been
carried out to demonstrate the effect of changes of the criterion weights on the spatial distribution the
suitability mapping in [12,35,41]. A sensitivity analysis completed by changing the criterion values is
given in [19]. As in [35], in this study the sensitivity analysis is done on the criterion weights; ergo
the MIF method. The criterion weight sensitivity analysis is done by changing the weight by a small
amount and evaluating its effect, in this case; the amount of the change was defined by adding or
erasing relationships between the criteria; thus, altering the decision rule by small variations in the
MIF method.

2.2. Criteria Used in the GIS-MCDA

Four spatial parameters in the form of thematic layers are chosen as criteria to identify the suitable
sites for applying SM in Costa Rica. These are: hydrogeological aptitude, terrain slope, soil texture,
and drainage network density. The screening of suitable areas is done by the integration of two of
these thematic layers by means of a Boolean logic: terrain slope and soil texture. The hydrogeological
aptitude and drainage network density are not considered restrictive criteria; hence, they are not
used for the screening map but are used for the suitability analysis. Each criterion is explained in the
next sections.

2.2.1. Hydrogeological Aptitude

The aquifer type, extent, water-holding capacity, and depth are relevant information for the
site selection, as well as the distance to a water source and to the potential users [15]. Astorga and
Arias [42] defined hydrogeological aptitude as the characteristic of a geological rock formation that
expresses the potential to have an unconfined aquifer that may be used for various human activities.
The hydrogeological aptitude for Costa Rica is based on the identified geological formations in
the Costa Rica Geological Map in a 1:500,000 scale [7] and it takes into account the rock formation
attributes—lithology, extension, and general physical characteristics. The geological formations are
classified as: with potential or without potential [42].

The objective of the work by Astorga and Arias [42] was to identify which areas of the country
have a higher vulnerability of contamination of the unconfined aquifers from anthropic activities, and
not to represent the actual aquifers that exist in Costa Rica, ergo, it represents the rock formations
that have the potential to hold an unconfined aquifer. A volcanic or sedimentary formation without
potential does not limit the existence of aquifers by the fracture system of each formation [42]. The most
important aquifers for public water supply of the Costa Rica exist in this type of formation [1].

The first category (areas with potential), is further divided in three sub-categories: areas with
high potential, moderate potential and low potential. Figure 2 shows the hydrogeological aptitude
defined in [42]. In Figure 2, parts of the Santa Elena, Nicoya and Osa peninsulas are classified as
without potential [42] which corresponds to gabbro and ocean floor rocks mafic and ultramafic
igneous complexes [4,7]. Astorga and Arias [42] also identified the mountain range between
the Guanacaste and Central cordilleras (dissected remnants of stratovolcanoes—locally known as
Monteverde Formation [7]) and the granite intrusive in Talamanca [7] as without potential.

Regarding the areas with hydrogeological potential, Astorga and Arias [42] assigned a low
potential to the andesitic lava flows in the Northern Lowlands [7] as well as most of southern Costa Rica
which correspond more significantly to the Talamanca extrusive rocks, the Caribbean interbedded
limestones, and Central and Fila Costefia dendritic series among others [7]. Ignimbrites to the east
of the Guanacaste cordillera and sandstone, marine sands, conglomerates, and turbidite beds in the
south of the Nicoya Peninsula (Nicoya complex), the Caribbean and the Osa and Burica peninsulas
identified in [4,7] are classified as with moderate potential in [42]. The stratovolcanoes of the Central
cordillera and the quaternary deposits in the Northern and Tortuguero lowlands; the Tempisque and
General valleys; and coastal Pacific and Caribbean shores are classified with high potential [42].
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Figure 2. Hydrogeological aptitude for Costa Rica based on Astorga and Arias [42].

2.2.2. Terrain Slope

Mainly referred as slope in previous works, the terrain slope is one of the main criteria that
control natural recharge in a basin water balance; it is considered the most important attribute of
terrain topography governing groundwater infiltration [12]. The slope describes the inclination of
a direct line between two landmarks and their respective heights. It is suggested [43] that under steady
conditions with a rainfall rate much greater than the saturated hydraulic conductivity, the subsurface
flow decreases with increasing slope angle. Thus, slope has a substantial influence on infiltration rates.
Furthermore, water velocity is directly related to the terrain slope.

On steep slopes, runoff is more erosive, thus easily removing and transporting detached sediments
down the slope [25]. Consequently, soil instability can occur. This could risk safety of an infiltration
pond [32]. Moreover, steeper slopes do not permit the implementation of infiltration basins. Therefore,
gentle slopes (<5%) increase infiltration rates and are suitable for aquifer recharge [12], while high
slopes have poor groundwater infiltration conditions, thus are unsuitable for SM [19]. The slope
classification for the country presented in Figure 3 is based on the Digital Elevation Model (DEM)
with a 30 meter pixel size published in the Costa Rica Digital Atlas by the Tecnolégico de Costa Rica
(TEC) [44].
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Figure 3. Terrain slope for Costa Rica based on the DEM by the TEC [44].

2.2.3. Top Soil Texture

Soils texture was identified as the main influence parameter of the soil capacity to support
infiltration of water into the subsurface [20,22]. Coarse-texture soils (such as sands) have large pores
that facilitate water drainage in contrary to the fine pores in clay that retard drainage [45]. The higher
the clay content in the soil, the lower the permeability (thus inhibiting the infiltration). Therefore,
a low clay fraction (<10%) is favorable for infiltration [32]. The soil data collected by the Ministerio de
Agricultura y Ganaderia of Costa Rica (MAG) at 1:500,000 scale digitalized by TEC [44] is shown in
Figure 4 with the respective soil texture classes.
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Figure 4. Soil texture based on the soil data collected by the Ministry of Agriculture of Costa Rica
(MAG;, in Spanish) digitalized by TEC [44].

2.2.4. Drainage Network Density

According to Shaban et al. [39], one of the most important morphometric properties of a drainage
system is the drainage density. Drainage network density or drainage density is an indicator for the
natural infiltration of a terrain—a higher drainage network density reflects a higher runoff, hence
less infiltration; or as stated in [39] the denser the drainage network, the lower the recharge rate.
Infiltration depends upon surface runoff and permeability [17]; less permeable soil formation allows
less infiltration whereas permeable ground leads to a low drainage density. Thus, areas with low
drainage densities are considered favorable for MAR. Drainage network density is calculated from the
division of the length of all the rivers in the basin divided by the area of the basin [45].

The river network was obtained from the cartography maps (1:50,000) compiled by the Costa Rica
National Geographic Institute. Small inconsistencies—such as hydraulic structures, channels,
aqueducts, and river banks in the original maps were removed before further processing the river
networks, in order to obtain rivers consisting of only one line per river. The drainage network thematic
layer is presented in Figure 5.
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Figure 5. Drainage network density for Costa Rica based on the cartography maps (IGN) on a 1:50,000
scale digitalized by TEC [44].

3. Results

In this GIS-MCDA analysis, the problem is defined as the identification of sites with the best
intrinsic conditions for SM in Costa Rica based on four criteria. The main result of this work is the
suitability map presented in Section 3.4 (3.4. Suitable Areas).

3.1. Screening of Suitable Areas

Two criteria were considered for the screening of suitable areas: terrain slope and soil texture.
According to the Costa Rican Forest Law 7575 [46], terrains with a slope higher than 40% are considered
steep terrains. Also soils in a protected area are not available to any other activity other than
conservation purposes (Organic Environmental Law 7554 [47]) and have no soil texture information
as well. Soils falling into wetlands and beach classes are also excluded from further analysis in the
screening process.

Suitable areas are considered regions where the terrains have a slope lower than 40% and with
any soil type other than protected areas, wetlands and beaches. These areas were assigned the value of
1 while all other areas were assigned a value of 0. Both thematic layers are joined by an “OR” connector.
This means that only when both values are 1, the screening map will obtain a value of 1. In any other
combination, the assigned value is 0, thus, rendering the area not suitable for SM. The final screening
map is shown in Figure 6, where suitable areas are shown in blue and unsuitable areas in grey.
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Figure 6. Screening suitable sites for SM in Costa Rica based on the terrain slope lower than 40% and
protected areas, beaches, and wetlands.

The results indicate that more than half (61.0%) of the country’s surface is suitable for direct
surface recharge techniques. It can be appreciated in Figure 6 that the Northern and Tortuguero
lowlands, as well as the Tempisque River Valley and the Nicoya Peninsula present the majority of
available areas. Also along the Caribbean and Pacific coast and the Central and General valleys some
large areas are identified as suitable. It is important to point out that more than a quarter of the country
is under some kind on protection, thus, only conservation and investigation activities are allowed.
The main mountain ranges systems (Guanacaste, Central, and Talamanca cordilleras) are excluded
both due to their steep terrain and protection category.

3.2. Standardization

The four thematic layers were standardized in order to be implemented in the WLC. Step-wise
functions are used for the hydrogeological aptitude and soil texture; for the terrain slope, a series
of linear functions between the threshold values was used, and for the drainage network density a
linear function throughout the range of the criterion values was used. Figure 7 shows the graphics for
the standardization of each criterion. A short description of each criterion and their threshold values
are given.
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Figure 7. Standardization of the four criteria used in the WLC. (a) hydrogeological aptitude; (b) terrain
slope; (c) soil texture; and (d) drainage network density.

The step-wise function is used for the hydrogeological aptitude maintaining the original
classification (see Figure 7). Areas classified in [42] as without potential are assigned a value of 0;
while areas with high, moderate, and low potential are equally distributed between 0.0 and 1.0.
High potential areas are assigned a value of 1.0, moderate potential areas are assigned a value of 0.67,
and low potential a value of 0.33. It is important to keep in mind that areas classified as “without
potential” can still hold aquifers (e.g., fractured aquifers) [42].

Several different approaches to classify the suitability of the slope are available in the
literature [12,16-19,21-23,25-34,41]. The linear function for the standardization of the slope is used
in [12,41], all the others use the step-wise function (slope classes). A slope from 0 to 3% is considered
optimum for infiltration schemes followed by three more classes (3% to 5%, 5% to 10%, and above
10%) [17,21,22]. Based on these classes, three breaking points are chosen for the terrain slope: from 0 to
3% a value of 1.0 is assigned, the next breaking point is at a slope 5% with a value of 0.67 and 10% with
a value of 0.33, finally, values above 30% are assigned a value of 0.0. The standardization is given in
Figure 7b.

The soil texture classification used is based on [20,22,30]. As it is shown in Figure 7c, the first
class consists of sandy soils as sand (S), loamy sand (LS), and sandy loam (SL) which represent “High”
infiltration capacity, thus a value of 1.0 is assigned. Sandy clay loam (SCL) is assigned a value of 0.67;
clay loam (CL) and loam (L) a value of 0.33; and “Unsuitable” soils, which consist of sandy clay (SC),
clay (C), silty clay loam (SiCL), silty loam (SiL), and silty clay (SiC) are assigned a value of 0.0.

The drainage density indicator is standardized using a step-wise function in [17,19,21,22,29].
The classification system used in [17,21] ranges from “good” or “excellent” (0-0.75 km/km?) to “poor”
(>2.5 km/km?), with class limit increments of 0.75. Slightly lower limit values between the classes
are given in [22], ranging from 0 to 0.5 km/km? as “good” to above 1 km/km? as “poor” and class
limit increments of 0.5. In [19] a drainage density under 2 km/km? is considered favorable for MAR.
A lower drainage network density category is used in [29] where values higher than 1 km/km? are
unsuitable for MAR. All the classification systems discussed show linear increments in the class limits.
Based on the linear distribution of the limits and the fact that the drainage network density is an
indicator of terrains with good infiltration rate, but not of unsuitable infiltration sites, a linearization
was done (see Figure 7d): a value of 1.0 was assigned to a 0 km/km? drainage network density and
0.0 to the maximum drainage network density (4.03 km/km?).
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3.3. Multi-Influencing Factor (MIF)

According to the MIF methodology, the more influence a criterion has on the other criteria and
the objective, the higher is its score and higher the weight obtained. A total of six major effects and two
minor effects where identified between the criteria (as well as between the criteria and the objective)
and visualized in the diagram in Figure 8. The total cumulative score of 7 points is presented in Table 1
as well as the computation of the weights by the MIF method.

The hydrogeological aptitude criterion has three major effects: on the soil texture, on the drainage
network density, and on the recharge process; the major effect on the soil texture is explained as the soil
type is decisively influenced by the geologic parent material [42] while the major effect on the drainage
density is due to the fact that the geology influences the development of river networks [21,22,39].
The terrain slope has two major effects: on the drainage network density and on the recharge itself;
the steeper the slope, the higher is the drainage density in an area [22]. Soil texture has a major effect
on the recharge process as well as minor effects on the drainage network density through erosion and
deposition processes [21,22]. Drainage network density is considered as an indicator of the infiltration
capacity of a specific area, thus, it only has a minor effect on the recharge process.

Hydrogeological Terrain slope
aptitude
Spreading methods
I
I
|
1
Soil texture Drainage density

Figure 8. Interaction between the criteria for the MIF method (solid arrows represent major effects and
dash arrows minor effects).

Table 1. Computation of the criterion weight using the MIF method.

Criterion Score Weight
Hydrogeological aptitude 1+1+1=3 43%
Terrain slope 1+1=2 29%
Soil texture 1+05=15 21%
Drainage density 0.5 7%
Total 7 100%

3.4. Suitable Areas

WLC is used in this work to overlay the criteria in order to identify and rank suitable sites for
SM. The direct result of the WLC is shown in Figure 9, where the previously screened suitable areas
(see Figure 6) are assigned values from 0 to 1 according to the WLC (color range from orange to green).
The screened out or unsuitable areas in Figure 6 are also presented in grey in Figure 9.
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Figure 9. Costa Rica’s areas ranking of site suitability for SM calculated by the WLC based on
hydrogeological aptitude, terrain slope, soil texture, and drainage network density.

For a better interpretation of the identification of suitable areas for conducting the SM, the WLC
map was categorized into five suitability classes according to the ranking value—the range is inside
the parenthesis: “very high” (1.0-0.8), “high” (0.8-0.6), “moderate” (0.6-0.4), “low” (0.4-0.2), and “very
low” (0.2-0.0). The percentage of both the suitable and total country area by class is shown in Table 2.

Table 2. Percentage area by category for the suitable areas and total country area.

Percentage from the Percentage from the

Class (GIS-MCDA Range) Total Suigtable Area Total Co%mtry Area
Very high (1.0-0.8) 20.4% 12.4%
High (0.8-0.6) 29.4% 18.0%
Moderate (0.6-0.4) 22.2% 13.5%
Low (0.4-0.2) 16.2% 9.9%
Very low (0.2-0.0) 11.8% 7.2%

Areas classified as “very high” and “high” suitable for SM in Costa Rica represent almost half of
the suitable area previously screened in Section 3.1. This constitutes more than 30% of the total country
area. “Moderate” suitable areas constitute more than one-fifth of the suitable area (13.5% of the total



Water 2016, 8, 391 14 of 19

country) and areas classified with “low” and “very low” suitability constitute 28% of the suitable areas,
which represents 17% of the total country area.

The Northern and Tortuguero lowlands still present most of the “very high”, “high”, and
“moderate” areas in the country, while the Nicoya Peninsula is considered as having “low” and
“very low” suitability as it is covered mainly by the Nicoya complex formation. Still, both banks of the
Tempisque River are considered in the Northern Pacific with “very high” and “high” suitability. In the
Caribbean coast, some areas are classified under the “very high”, “high”, and “moderate” suitability
classes near the coast, but they change into “low” and “very low” when moving from the inland to the
south. This behaviour is observed also in the Pacific coast where the lowlands fall into the “moderate”
suitability category. The General valley mostly presents areas of “low” suitability for SM.

3.5. Sensitivity Analysis

The value range of the criterion weight by adding or erasing relationships in the MIF method is
shown in a boxplot diagram in Figure 10. The original criterion weight obtained by the MIF method in
Section 3.3 is presented as a blue line inside the boxplot, the new value for each criterion obtained by
adding or erasing a minor effect are represented through the box and the major effects via the whiskers
(extending vertical lines from the boxes) in Figure 10.
60%
50%
40%

30%

20%

Criterion weigth range

10%

0%
Hydrogeological Terrain slope Soil texture Drainage network
aptitude density

Criteria

Figure 10. Range of weights used for the sensitivity analysis by adding or erasing one minor or one
major effect between the criteria for the MIF methods.

By adding or erasing one minor or one major relation between the criteria in the MIF method,
a total of eight scenarios with different decision rules are obtained. The changes in the weight of one
criterion affect all the other criteria, thus, adding a relation to a criterion increases its weight and
decreases all the other criteria weights, and the opposite occurs when one relation is erased. The eight
scenarios are compared with the original reclassified WLC and the analysis is done by the areas that
shift between classes.

The switch of classes or the percentage of the areas that change from one class to another is given
in Figure 11 for each scenario, by adding and erasing one minor relationship. This change can be in any
direction or not at all (e.g., no change)—the last being the ideal situation. Figure 12 shows the spatial
distribution of the classes switch. A switch from a class with lower suitability to a higher suitability
class is called a positive switch and from a higher suitability class to a lower is called a negative
switch. Positive and negative switches are used in a directional context and not in a qualitative context:
a suitability change from very high to high is a negative switch, but is not necessarily considered as
a completely negative impact in the decision making.



Water 2016, 8, 391 15 0f 19

In Figures 11 and 12 the “+” sign (a—d) stands for adding a minor effect and the “—" for erasing
a minor effect (e-h), whereby HA represents the change in hydrogeological aptitude (a,e), TS in terrain
slope (b,f), ST in soil texture (c,g) and DD changes in drainage density (d,h). The sensitivity analysis
shows the hydrogeological aptitude as the criterion with less classes switch either by adding or erasing
a minor relationship in the MIF, with the “no change” scenario representing 93.1% (a) and 94.5% (e) of
the analyzed area, respectively. Hydrogeological aptitude is the criterion with the highest weight
(see Table 1 and Figure 10).

I N 4 {

93.1% 88.8% 90.5% 92.3%
a) HA# b) TS+ ¢) ST+ d) DD+
94.5% 92.9% 70.6% 90.3%
e) HA- f) TS- g) ST- h) DD-
B Very uighto high  ®1hgh tomoderate 8 Moderate to low 8 Low to very low No change Very low tolow B Low to moderate 8 Moderate to igh 8 1high to very high

Figure 11. Classes switch for the sensitivity analysis on the criteria weight by the MIF method.

There are six scenarios where there is no change in the classes in more than 90% of the analyzed
area (Figure 11a,c—f,h). The two scenarios where the switch between classes is higher than 10% (ergo no
change under 90%) are when a minor effect is added to the terrain slope criterion (11.2% in Figure 11b)
and when a minor effect is erased from the soil texture criterion (29.4% in Figure 11g). In the last
scenario (ST—), erasing one minor effect from the soil texture criterion, almost half of the switch is
from high to very high suitability (14.4%) which is a positive switch. This is not considered as critical
as the objective of the study is to point out the areas that offer the best conductions for conducting SM.
In other words, this work is inclusive, it is done to further research the areas classified as with very
high, high, and moderate suitability, instead of being exclusive, were the objective will be to exclude
study areas.

The second highest switch is achieved when adding a minor relation to the terrain slope criterion
(11.2% in Figure 11b) which is also an increase in the classes, with 7.5% of the area changing from low
to moderate suitability. This positive switch is also not considered critical as this work is inclusive.
Two other switches present values above 5% (Figure 11g,h); both represent a negative switch from
moderate to low suitability and both occur in 5.7% of the analyzed area. They are achieved when
erasing a minor effect of the soil texture criterion and the drainage density criterion. All other switches
represent less than 4% of the analyzed area. Based on this analysis, the uncertainty of the assign
weights by the MIF method is considered acceptable.

In all the scenarios, the switch between classes is distributed all over the country (see Figure 12).
The distribution of the switch classes is reciprocal within the criterion; they tend to be opposite for
each pair scenarios per criterion, e.g., positive switch (blue regions) in Figure 12a turn to negative
switch (green) in Figure 12e and vice versa. The reciprocal effect is a correspondence on a regional
scale and not a “one to one” relationship per pixel.
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Spatial distribution of the sensitivity analysis

Coordinates: WGS 1984
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Figure 12. Spatial distribution of the sensitivity analysis scenarios.

The geographical distribution of the class title “without potential” for the hydrogeological aptitude
criterion (see Santa Elena and Nicoya peninsulas in Figure 2) can be identified in Figure 12a,e.
When a minor effect is added to the hydrogeological aptitude (HA+), the weight of the criterion
increases, causing a negative switch in the mentioned region in Figure 12a. This is because this region
has a value of zero in the criterion due to the standardization process (Figure 7a). The same outcome
can be seen in the mountain ranges of the Guanacaste and Central cordilleras with the terrain slope in
Figure 12b,f where slopes in the range of 10% to 40% have the lowest values (see Figures 3 and 7b).

The opposite occurs with a criterion characteristic with a high standardization value. The soil
texture classes loamy sand, sand, and sandy loam concentrate in the General valley in the south of the
country (see Figure 4). These classes are standardized with the higher value (1.0) within the criterion
in Figure 7c. With the addition of a minor effect to the soil texture (ST+) the weight of the criterion
increases, thus, areas with a higher value will show a positive switch as the General valley in Figure 12c.
In Figure 12g, a predominance of negative switches in the same region can be noticed when a minor
effect is erased (ST—).

The drainage density values are distributed all over the country (Figure 5) and no clear distribution
can be observed in Figure 12d,h.

4. Discussion

The identification of the sites that present the best physical conditions in Costa Rica for the
application of SM schemes is based on four criteria: hydrogeological aptitude, terrain slope, soil
texture, and drainage network density. The results obtained in this study are an indicator of the
suitability of an area in comparison to other areas in the country, but it does not mean that it is
not possible to conduct infiltration schemes to increase the recharge in an area with a low ranking,
e.g., “very low” or “low” suitability. It only means that it is plausible to have a better infiltration
process in an area with a higher ranking.
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Based on two criteria (terrain slope and soil texture), the suitable areas in Costa Rica for SM were
screened. The suitable areas constitute almost two-thirds of the country’s area (61%). The suitable areas
were grouped in five classes for a better interpretation. Most of the country is classified as “highly”
suitable for SM (18% of the country, 29% of the suitable areas).

The areas with higher suitability for SM implementation are located in the Northern and Caribbean
lowlands, as well as in the Tempisque River Valley in Guanacaste, the former being also the region
with most water scarcity problems reported in the last decade in the country [2]. Other areas with high
suitability to hold recharge structures are in the Central and South Pacific coastal areas.

The suitability map is a tool for the decision maker, it should be used as a base map where other
variables—such as water demand, availability of water resources, waste water facilities, etc. can be
integrated to prioritized the sites for MAR implementation in Costa Rica. For example, this map can
be used to identify the suitable areas for SM in a radius around the production wells of systems that
need to increase their production in order to set the priorities for applying this method.

The scale and information used to assemble the suitability map is large and general, as it is
the first attempt to classify and prioritize areas for further studies. Soil texture and hydrogeological
aptitude maps limited in the working scale of the final map (both thematic layers were only available
on a 1:500,000 scale); hence, this is the prevailing scale of the suitability map.

This map should only be used to emphasize the areas that possess the best physical characteristics
for SM. Before any full-scale application is implemented, more precise and detailed information is
needed, as well as working on a more appropriate scale, which will depend on the scope of the
subsequent studies.
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