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Abstract Karst aquifers provide large parts of the water supply for Mediterranean countries, though cli-
mate change is expected to have a significant negative impact on water availability. Recharge is therefore a
key variable that has to be known for sustainable groundwater use. In this study, we present a new
approach that combines two independent methods for karst recharge estimation. The first method derives
spatially distributed information of mean annual recharge patterns through GIS analysis. The second is a
process-based karst model that provides spatially lumped but temporally distributed information about
recharge. By combining both methods, we add a spatial reference to the lumped simulations of the
process-based model. In this way, we are able to provide spatiotemporal information of recharge and sub-
surface flow dynamics also during varying hydroclimatic conditions. We find that there is a nonlinear rela-
tionship between precipitation and recharge rates resulting in strong decreases of recharge following even
moderate decreases of precipitation. This is primarily due to almost constant actual evapotranspiration
amounts despite varying hydroclimatic conditions. During the driest year in the record, almost the entire
precipitation was consumed as actual evapotranspiration and only little diffuse recharge took place at the
high altitudes of our study site. During wettest year, recharge constituted a much larger fraction of precipi-
tation and occurred at the entire study site. Our new method and our findings are significant for decision
makers in similar regions that want to prepare for possible changes of hydroclimatic conditions in the
future.

1. Introduction

Even though a large part of the water supply of Mediterranean countries is provided by karst aquifers [e.g.,
Andreo et al., 2008b; COST, 1995], there is limited knowledge about their sensitivity to climatic change. Cli-
mate simulations suggest that in the next 90 years Mediterranean regions will be exposed to higher temper-
atures and lower precipitation [Christensen et al., 2007]. In addition, an increase of hydroclimatic extremes
can be expected in the Mediterranean, both in terms of hydrological droughts [Milly et al., 2005] and floods
[Hirabayashi et al., 2013]. The impacts of these changes on karst water resources are difficult to assess [Hart-
mann et al., 2014].

For sustainable water use, groundwater recharge is the most important variable. It is the key to assess the
maximum volume of water that can be used for water supply without over-exploiting the aquifer [Seiler and
Gat, 2007]. Measured time series of groundwater levels were often used to quantify recharge over time
[Scanlon et al., 2002], but the heterogeneity of karstified rock [Bakalowicz, 2005] makes this method unreli-
able for karst regions. The water balance method [Carter and Driscoll, 2006; Jocson et al., 2002; Sheffer et al.,
2011] or tracer techniques [Aquilina et al., 2005; Lange et al., 2010; Plummer et al., 1998] were found to be
more reliable to determine groundwater recharge for the time period when observations were taken. Using
environmental tracers (e.g., chloride, CFCs the 3H/3He ratio, etc.) information about past recharge in karst
regions can be gathered [Dunkle et al., 1993; Wood and Sanford, 1995]. GIS-based methods that use spatial
information about geology, soil types, vegetation, mean annual precipitation, etc., are often used to derive
time-averaged spatial distribution of karst recharge [Allocca et al., 2014; Andreo et al., 2008b; Radulovic et al.,
2011]. All these methods may provide information about present or past recharge but for assessing future
water resources availability their application is critical because they do not take into account changing
boundary conditions, for instance, due to changes of climate or land use [Hartmann et al., 2012].
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Numerical simulation models may provide better temporal information about future recharge rates. Preceding
studies showed that for reliable simulations karst processes have to be considered in the model structures
[Andreu et al., 2011; Ireson and Butler, 2013]. Theoretically, they are capable to simulate the spatial and tempo-
ral distribution of flow processes within a karst system including recharge. However, a lack of information
about the spatial variability of karst system properties often prohibited the use of spatially distributed models
[Le Moine et al., 2008] and only permitted the application of lumped approaches [Jukic and Denic-Jukic, 2009;
Rimmer and Salingar, 2006] that provide a single time series of recharge rates without any spatial information.

In this study, we use the spatially averaged information obtained by a GIS-based recharge estimation
method and combine it with the temporal information about recharge dynamics provided by a lumped
process-based karst simulation model. We compare spatial distributions of recharge rates provided by the
GIS-based method with those of the calibrated simulation model and translate the static GIS information
into time-dependent recharge maps. We then use these maps combination to assess the sensitivity of
recharge and its spatial distribution to hydroclimatic extremes; in our case an extremely wet and an
extremely dry year from historical records. We finally develop 3-D conceptual models about the system
functioning under average, extremely wet, and extremely dry conditions.

2. Study Area

The study area, the Villanueva del Rosario karst system, is located approximately 30 km north of the city of
Malaga, Southern Spain (Figure 1). The terrain in this area is rugged, with altitudes ranging from 600 to
1640 m ASL. Prevailing climate is temperate Mediterranean, with a marked seasonal pattern in the annual
distribution of precipitation. Rainfall mainly occurs in autumn, winter and, to a lesser extent, in spring time,
associated with wet winds coming from the Atlantic Ocean. Mean annual precipitation recorded in the
study area during the historic period (1968/1969–2009/2010) was 760 mm [Mudarra, 2012]. An air

Figure 1. Map of the study site and its location in Southern Spain.
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temperature record for the northwest boundary of the system (over 700 m ASL) shows a mean annual tem-
perature of close to 14�C [Mudarra, 2012]. From a geological standpoint, the study site consists of 400–
450 m thick Jurassic dolostones and limestones (Figure 1), which are enveloped by Upper Triassic clays and
evaporite rocks (mainly gypsum) at the bottom, and by Lower Cretaceous-Paleogene marly limestones and
marls on the top [Mart�ın-Algarra, 1987; Peyre, 1974]. The geological structure is formed by ENE-WSW lying
folds, from which overthrusts have developed with vergence toward S-SE (Figure 1). The system is sur-
rounded by outcrops of Flysch-type clays and sandstones. The entire structure has been affected by more
recent fractures, in a mainly NW-SE direction.

In hydrogeological terms, the Villanueva del Rosario system has an approximate recharge area of 13.85 km2

and is composed of fractured and karstified Jurassic carbonate rocks. The karst system is limited at almost
all its borders by low permeability materials (Triassic and Flysch clays and Cretaceous-Paleogene marls). The
only exception is the southwest border, corresponding to an open limit and delineated by geological and
hydrogeological characterization of the system and by dye tracer tests [Mudarra et al., 2014]. Recharge
occurs by direct infiltration of precipitation, while discharge occurs mainly through Villanueva del Rosario
spring (260 L/s annual mean discharge rate) situated at 770 m ASL, at the northern border of the carbonate
outcrops (Figure 1). The Villanueva del Rosario karst system is of great importance, as it constitutes the
main source of drinking water for an urbanized area nearby. Additional background information about the
hydrogeological characteristics of Villanueva del Rosario system has been described in previous works
[Mudarra and Andreo, 2011; Mudarra et al., 2014]. Karst features have developed mainly on Jurassic lime-
stones, with large karrenfields, dolines, and uvalas. There are also swallow holes, which become active dur-
ing large storm events. Epikarst features are formed within bare carbonate rock. A patchy soil cover exists
up to 10–15 cm thick, and located especially in karst depressions and where slopes are low. There, only
scant vegetation of the Mediterranean type can be found. Except for some slight farming activities, the
study area is influenced by human activities [Mudarra and Andreo, 2011].

3. Methodology

3.1. Spatial Distribution of Recharge (Averaged Over Time)
We used the APLIS method [Andreo et al., 2008b] to estimate the average spatial distribution of recharge is.
APLIS estimates the mean annual recharge of carbonate aquifers, expressed as a percentage of precipita-
tion. Input parameters are average annual precipitation, its spatial distribution, and a combination of the
physical variables that have found to be most influential [Dur�an et al., 2004]: altitude (A), slope (P), lithology
(L), infiltration landforms (I), and soil type (S). To obtain a map of the average recharge rate, available infor-
mation about A, P, L, I, and S is transformed by a ranking system into dimensionless values from 1 to 10
[Andreo et al., 2008b] and combined by:

Rj 5
Aj1Pj13Lj12Ij1Sj

0:9
� Fh;j (1)

where Ri is the mean annual recharge rate at a location j, and Fh,j acts as a correction factor between 0.1
and 1 depending on the permeability of the aquifer [Mar�ın, 2009]. A summary of the APLIS input variables
and their description are provided in Table 1. The APLIS method was successfully applied to eight carbonate
aquifers in Southern Spain, representative of a wide range of climatic and geologic [Andreo et al., 2008b]
and worldwide [Farf�an et al., 2010; Gerner et al., 2012; Zagana et al., 2011].

3.2. Temporal Distribution of Recharge (Avergaged Over Space)
3.2.1. Model Structure
The process-based VarKarst model is used to assess the temporal evolution of recharge (Figure 2). The
model was previously developed for another karst system in Southern Spain [Hartmann et al., 2013a] and it
was already applied to various settings in the Mediterranean, Middle Europe, and the Middle East [Hart-
mann et al., 2013b]. Similar to the Probability Distributed Model (PDM) [Moore, 2007] or the variable karst
recharge model [Hartmann et al., 2012], VarKarst includes the spatial variability of (i) soil and epikarst
depths, (ii) fractions of concentrated and diffuse recharge to the groundwater, (iii) epikarst hydrodynamics,
and (iv) groundwater hydrodynamics using the Pareto functions that are applied to a set of N model com-
partments (Figure 2). A detailed description of the model is provided in the supporting information and a
list of the model parameters is provided in Table 1.
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3.2.2. Model Calibration and Evaluation
Preceding studies showed that hydrochemical data can be useful for the calibration and evaluation of
hydrological models for karst systems [Hartmann et al., 2013a, 2012]. Here we assess the usefulness of
hydrochemical data by comparing the results of a first model calibration by discharge with a second calibra-
tion using both discharge and hydrochemical information (Cl, NO3, and SO4). We use a modified version of
the Kling-Gupta efficiency KGE [Gupta et al., 2009] as measure of efficiency, which is defined by

KGE512

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr21Þ21ða21Þ21ðb21Þ2

q
(2)

with a5
rS

rO
and b5

lS

lO
(3)

Hereby, r is the linear correlation coefficient between simulations and observations, ms/mo and rs/ro are the
mean and standard deviation of simulations and observations, respectively. a represents the variability; b
stands for the bias. The recharge area of our studied system, which mainly controls the water balance of the
karst system [Hartmann et al., 2013b], is already known (13.85 km2, see section 2) and KGE can be simplified
as follows (likewise to Hartmann et al. [2013a]):

KGEQ512

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr21Þ21ða021Þ2

q
(4)

In order to exclude water balance completely, the standard deviations in a are normalized by the means of
simulated and observed discharges:

a
0
5

rS=lS

rO=lO
(5)

An analog procedure is
applied for hydrochemistry to
ignore effects of contamina-
tion due to slight farming
activities in the region
[Mudarra and Andreo, 2011].
Hartmann et al. [2013a]
showed that for hydrochem-
istry the standard deviations
in a have not to be
normalized:

KGEQ512

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr21Þ21ða021Þ2

q

(6)

Table 1. List of APLIS Input Variables and Description

Input
Parameters Description Rank Values Source

A Altitude 1 (low), . . .,10 (high) DEM; MDT05/MDT05-LIDAR, Centro Nacional de
Informaci�on Geogr�afica, Instituto Geogr�afico
Nacional, Ministerio de Fomento, Gobierno de
Espa~na

P Slope 1 (high), . . .,10 (low)
L Lithodology 1 (low permeability rock), . . .,10

(high permeability rock)
National geological map; serie MAGNA, scale

1:50,000, Spanish Geological Survey
I Infiltration

landforms
1 (not abundant), . . .,10

(many dolines sinkholes, etc.)
Field survey [Mudarra, 2012]

S Soil 1 (vertisols), . . .,10 (leptosols) Regional soil maps; project LUCDEME ‘‘Proyecto
de Lucha contra la Desertificaci�on en el Medi-
terr�aneo,’’ scale 1:100,000

Fh Aquifer storage
capacity

0.1 (low), . . .,1 (high) National geological map; serie MAGNA, scale
1:50,000, Spanish Geological Survey

Figure 2. Structure of the VarKarst Model (Hartmann et al. [2013a], modified).
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a5
rS

rO
(7)

A 3 year record (hydrological years 2006/2007–2008/2009) spring discharge Cl, NO3, and SO4 concentrations (of
precipitation and discharge) was available for calibration. Model parameters are found by the Shuffled Complex
Evolution Metropolis algorithm SCEM [Vrugt et al., 2003]. During the first calibration (discharge only) KGEQ is
used as objective function. During the second calibration (discharge and hydrochemistry), equal weights for
KGEQ and KGEC are applied (1=4 each). To obtain reasonable initial conditions, we perform a 3 year spin-up.

3.3. Evaluation of the Recharge Estimation Methods
A split sample test [Kleme�s, 1986] with discharge observations beyond the calibration period is performed
(hydrological years 1991/1992–1998/1999) to evaluate the prediction capabilities of VarKarst. This period
also evaluates the model performance for the two extreme years that are analyzed later (section 3.5). For
the evaluation of annual recharge rates given by APLIS and VarKarst, we look at the differences of their
recharge rates for the entire calibration period (2006/2007–2008/2009), and its first (2006/2007) and last
year (2008/2009) that had less and more precipitation than the average (Table 2).

An agreement of recharge rates obtained by the independent methods will provide some indication for a
realistic values taking into account that both methods were developed and evaluated for the Southern
Spanish karst environment before. However, there is still some probability that both methods are wrong at
this particular site. To avoid that, we evaluate both methods with 3 years of observed recharge rates. They
are obtained by dividing mean annual observed discharge during the calibration period [transformed into
(mm/a) using the recharge area, section 2] by annual observed precipitation (mm/a). Comparing both meth-
ods with real recharge rates for individual years and the entire 3 year period will provide stronger indication
for their performance than their intercomparison.

3.4. Combination of Spatial and Temporal Recharge Distributions
During the 3 years of the calibration period, around 750 mm/a of precipitation was measured, which almost
represent the long-term annual average of 770 mm/a. This similarity can be used to combine the spatial

Table 2. VarKarst Model Parameters, Descriptions, and Ranges for Calibration and Uncertainty Analysis

Parameter Description Unit

Parameter Ranges Data Used for Calibration

Lower Upper Q Q, Cl, NO3, SO4

Vmean,S Mean soil storage capacity mm 0 500 394.7 207.9
Vmean,E Mean epikarst storage capacity mm 0 500 498.4 387
aSE Soil/epikarst depth variability constant 0 2 1.77 0.35
Kmean,E Epikarst mean storage coefficient day21 1 50 1 1.06
afsep Recharge separation variability constant 0 2 1.84 1.14
KC Conduit storage coefficient day21 1 20 6.1 8.2
aGW Groundwater variability constant 0 2 1.57 2
log GeoCl Equilibrium concentration of Cl in matrix mg L21 0 5 4.8 0.8

logGeoSO4

Equilibrium concentration of SO4 in matrix mg L21 0 5 1.6 1.6

aGeo Equilibrium concentration
variability constant

0 2 1.87 0.67

KGEall Performance concerning all data
used for calibration

0 1 0.91 0.7

KGEQ Performance concerning discharge 0 1 0.91 0.89
KGEC,Cl Performance concerning Cl 0 1 0.7

KGEC; NO3

Performance concerning NO3 0 1 0.45

KGEC; SO4

Performance concerning SO4 0 1 0.75

Water Resources Research 10.1002/2014WR015685
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average distribution of recharge obtained by APLIS with the temporal distribution of recharge obtained by
the VarKarst model. Using frequency distributions of the APLIS average recharge rates and of the mean
recharge rates of the N VarKarst model compartments, the VarKarst model compartments can spatially be
attributed the APLIS raster cells:

i����!
spatial

attribution

jðRÞ 8 jðRÞ : ri21
< R � ri ; i51:::N (8)

i.e., VarKarst model compartment i is attributed to all APLIS raster cells j(R) with the recharge rate R that is
between the recharge rates ri21 and ri of the VarKarst model compartments i 2 1 and i. For example, if
model compartment i 5 25 provides recharge rates of 35%–40%, then it represents all APLIS raster cells that
fall in the same range of recharge rates j(R): 35%< R� 40%. Since each of these raster cells have a spatial
reference, model compartment i 5 25 can be attributed to all their locations. By the same procedure (equa-
tion (8)), each of the N model compartments can be attributed to a set of APLIS raster cells that all together
cover the entire study area (Figure 5) and a spatial reference to the temporally dynamic simulations of the
VarKarst model can be provided.

To evaluate the value of hydrochemical data this procedure is performed twice, once with the parameter
set obtained by calibrating the VarKarst model with discharge only, and a second time by calibrating with
discharge and hydrochemical data. Having attributed each VarKarst model compartment to a set of APLIS
raster cells, recharge maps for the whole calibration period and for individual years can be obtained.

3.5. Spatiotemporal Sensitivity of Recharge on Hydroclimatic Extremes
The validation time series contains one of the wettest (1995/1996, 1560 mm) and one of the driest (1998/
1999, 275 mm) hydrological years recorded in the region since the 1950s. For these years, maps of recharge
rates are produced by calculating the annual recharges of each of the N VarKarst model compartments and
attributing them to their locations within the study site. For comparison, we also create a map of recharge
rates during average conditions (2006/2007–2008/2009, 750 mm of mean annual precipitation).

Each model compartment provides simulations of all water balance components (precipitation, actual evap-
otranspiration, diffuse recharge, concentrated recharge, groundwater flow, and spring discharge). Using
them and the spatial attribution procedure, allows us to develop a conceptual models of the hydrological
behavior of the karst system during the selected years that can be used as tool of communication for deci-
sion makers and water management.

4. Results

4.1. Individual Estimation of Spatial and Temporal Distribution of Recharge
By APLIS (equation (1)), mean annual average recharge rates between 20% and 80% were found in the
study area (Figure 3a). The lowest recharge rates occurred in Tertiary, Cretaceous-Tertiary, and Triassic areas
(Figure 1), while Quaternary regions showed moderate recharge rates. Medium to high recharge rates were
found in Jurassic areas increasing with higher altitude. During the 3 years of calibration, the VarKarst model
showed daily recharge rates ranging from 0% up to 100% depending on the varying hydroclimatic condi-
tions over time (Figure 3b). Mostly after longer dry periods, the first rainfall event created no or just little
recharge. After longer wet periods, very high recharge rates were simulated. The strong seasonality of rain-
fall reflects itself in a strong seasonality of recharge. On average, APLIS and the VarKarst model produced
recharge rates of 46.6% and 51.5%, respectively (Table 2).

4.2. Evaluation of the Recharge Estimation Methods
With and without using hydrochemical information, calibration of VarKarst reaches high performance con-
cerning spring discharge (Figure 4 and Table 1, KGEQ 5 0.89–0.91). However, when hydrochemistry is added
to the calibration, optimized parameter values change (Table 1) and a multiobjective fit for discharge
(KGEQ 5 0.89) and hydrochemistry (KGEC,CL 5 0.70, KGEC; NO350:45, and KGEC; SO450:75 ) was achieved.
During the validation period, this is also supported by a superior KGEQ of 0.74 using the parameter set that
includes hydrochemistry, compared to the parameter set whose calibration only considered discharge
(KGEQ 5 0.65). Both APLIS and the VarKarst model slightly under-estimate observed recharge (Table 2) but
deviations were <10%. However, considering individual years, VarKarst model clearly outperforms the

Water Resources Research 10.1002/2014WR015685

HARTMANN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 6512

 19447973, 2014, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2014W

R
015685 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [22/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



APLIS, because the latter cannot reflect changes of recharge conditions during years that deviate from aver-
age conditions.

4.3. Combination of Spatial and Temporal Distribution of Recharge
There is acceptable agreement between recharge rate frequencies by APLIS and by the N 5 50 VarKarst
model compartments for probabilities >0.3 in their recharge frequency distribution (Figure 5a) provided
that VarKarst calibration used discharge and hydrochemistry. Below probabilities of 0.3, APLIS shows lower
recharge rates than the VarKarst model. The areas of deviation represent �4.15 km2 of the whole recharge
area (13.85 km2). Using only discharge for calibration, there was only little agreement between the two
methods, which was another indicator for the reliability of simulations obtained by the VarKarst calibration
including both discharge and hydrochemistry.

Figure 3. (a) Average spatial distribution of recharge obtained by APLIS and (b) lumped annual time series obtained by the VarKarst model
(averaged over the 50 model compartments for each time step).

Figure 4. Observed versus simulated (a) Cl, (b) NO3, (c) SO4, and (d) discharge obtained by calibration of the VarKarst model using equally
weighted discharge, Cl, NO3, and SO4 observations.
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Using equation (24), each VarKarst model compartment was provided a spatial reference using the APLIS
raster cells with corresponding recharge rates. Figure 5b shows that there is a nonuniform abundance of
attributed model compartments over the study area. All regions with low to moderate recharge rates (Terti-
ary, Cretaceous-Tertiary, Quaternary, and Triassic areas, Figure 1) were attributed to the VarKarst model
compartments with greater soil and epikarst thickness (i � 45–50). These were mostly the regions with devi-
ations between APLIS and VarKarst (probabilities �0.3 in the recharge frequency distribution, Figure 5a).
Areas attributed to model compartments i � 1–20 corresponded to the limestone and dolostone areas with
decreasing soil and epikarst depths and increasing altitude (Jurassic, Figure 1). Only few locations are attrib-
uted to compartments i � 21–44.

4.4. Spatiotemporal Sensitivity of Recharge on Hydroclimatic Extremes
During the average period (2006/2007–2008/2009), a slightly larger part of the recharge entered in diffuse
form at the model compartments with lower soil and epikarst depths (i< 28, Figures 6a, 6d, and 6g). Evapo-
transpiration increased at areas with greater soil and epikarst depth. A significant fraction of the spring dis-
charge was provided by low permeability groundwater compartments (matrix, i<N). Unlike diffuse
recharge, the contributions of the matrix reach their maximum at around i 5 6. In accordance to the fraction
of concentrated recharge, slightly less than half of the spring discharge was provided by preferential flow
through the high-permeability domains (conduits, i 5 N).

In the extremely wet year (1995/1996), diffuse as well as concentrated recharge increased significantly at all
model compartments (Figures 6b, 6e, and 6h). The contribution of diffuse recharge from model compart-
ments with low soil and epikarst depths (i 5 1, . . .,28) remained larger than the contribution of concen-
trated recharge from compartments with increasing depths. Compared to the average year the amount of
evapotranspiration almost stayed the same. The peak of matrix discharge moved to i 5 12 and a minimum
occurred very close to i 5 1. Concentrated groundwater discharge (i 5 N) strongly increased. In the
extremely dry year (1998/1999), a drastic reduction of recharge could be observed (Figures 6c, 6f, and 6i):
Only at the low soil and epikarst compartments (i� 16) small recharge occurred while in remaining model
compartments almost all precipitation was consumed by evapotranspiration. Groundwater discharge from
the matrix exceeded the dry year’s recharge. Since there was almost no recharge in the compartments with
i> 16, only insignificant amounts of concentrated discharge (i 5 N) occurred.

5. Discussion

5.1. Spatial and Temporal Distribution of Recharge
The spatially averaged recharge rate found by the APLIS method (46.6%) is in agreement with other studies
in the region that found recharge rates from 32% to 54% [Andreo et al., 2008b]. Areas of low recharge corre-
spond to nonlimestone and nondolostone areas in the lower altitudes (clays, sandstones, marls). Areas of
high recharge are represented by the limestone and dolostone regions. Within these areas recharge

Figure 5. (a) spatial distributions of recharge obtained from APLIS, the VarKarst model calibrated with discharge only (blue), and the model
calibrated by discharge and all solutes (green) and (b) the result of the new spatial distribution procedure; mean recharge rates over the
whole area indicated by dashed lines in the respective color.
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increases with altitude. Such relation is realistic since the higher regions have lower soil thickness and differ-
ent vegetation. Hence, less water is lost to evapotranspiration. In another study, Heilman et al. [2014]
obtained similar results by comparing woodland and grassland evaporation at a karst region. Exceptions
are locations of preferential infiltration (sinkholes) that show higher recharge rates in moderate altitudes.
Such controls on recharge were also found in other studies in the Mediterranean [Allocca et al., 2014]. With
an average recharge rate of 51.5%, the VarKarst model results are also in the same realistic range as the
APLIS method. The simulated temporal evolution of recharge rates reflects the variability of rainfall events
and their seasonality. Depending on the preceding soil moisture conditions, time series of simulated
recharge rates reach up to 100%, which is in accordance to other recharge simulation studies [Hartmann
et al., 2013a; Ireson and Butler, 2013].

5.2. Reliability of the Two Recharge Estimation Methods and Their Combination
In general, the VarKarst model shows poorer performance for its hydrochemical simulations than for its dis-
charge simulations (Figure 4). This may partly be attributed to the simple representation of transport

Figure 6. Spatial distribution of recharge (a–c) over the whole recharge area, (d–f) spatial average of all water balance components, (g–i) their evolution among the individual model
compartments under (Figures 6a, 6d, and 6g) average conditions, (Figures 6b, 6e, and 6h) under extremely wet conditions, and (Figures 6c, 6f, and 6i) under extremely dry conditions (P:
precipitation, I: infiltration, Eact: actual evapotranspiration, Rdiff: diffuse recharge, Rconc: concentrated recharge, QGW: groundwater discharge from the individual model compartments,
Qspring: spring discharge).
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processes within the model but it may also be due anthropogenic impacts on water quality that are not
included in the model or calibration procedure. However, considering (1) the overall acceptable multiobjec-
tive agreement for discharge and hydrochemical observations at the spring, and (2) the moderate decrease
of simulation performance during the validation period that also include the extremely wet and dry years,
we can state that the VarKarst model provides an acceptable performance when both discharge and hydro-
chemical observations are used for calibration. The same was found when VarKarst was applied to another
karst system nearby [Hartmann et al., 2013a]. Compared to this study, the present calibration by discharge
and hydrochemical observations yielded similar parameter values.

APLIS and VarKarst independently provided similar mean recharge rates and distributions (Table 3), which
indicates that either of the two-independent methods provided realistic results. The agreement of mean
annual recharge rates found by the comparison with observed spring discharges further corroborates that
both methods perform satisfactory. Since both methods were developed for the same region in Southern
Spain this is no big surprise. But it has to be kept in mind that the lack of spatial observations of recharge
rates within the system prohibits an evaluation of the spatial performance of APLIS and its combination
with the VarKarst model.

Considering the spatial distribution of recharge (Figure 5), both methods agree for probabilities >0.3, but
only when discharge and hydrochemistry were used to calibrate the VarKarst model. This further corrobo-
rates that the multiobjective calibration of VarKarst was superior to a calibration that considered discharge
only. The probabilities of �0.3 correspond to recharge rates �45% which largely constituted mostly the
non-Jurassic areas of the study site. Since the VarKarst model was developed for karstified carbonate rock
regions [Hartmann et al., 2013a] and APLIS is also capable of considering different types of lithology [Andreo
et al., 2008b] one may assume that APLIS provides the more reliable recharge estimates for low recharge
areas.

Despite the deficiencies mentioned above, the VarKarst model provides better agreement with observed
recharge rates than APLIS during individual years (Table 2). During the last year of the calibration period
(2008/2009, 932 mm of precipitation), VarKarst simulates that a 24% increase of precipitation resulted in a
35% increase of recharge rate (compared to the average period). For the first year (2006/2007, 642 mm of
precipitation), a 14% decrease of precipitation resulted in a 24% decrease of recharge. The superiority of
the VarKarst model is due to its process-based structure that allows for a nonlinear relationship between
precipitation and recharge rates that was also found in other studies [Gunkel and Lange, 2011; Mart�ınez-San-
tos and Andreu, 2010]. When annual precipitation and recharge rates during calibration and validation peri-
ods are plotted together (Figure 7), a logarithmic relationship suggests that in years with precipitation
below 250 mm/a recharge completely declines. This almost happened in the extremely dry year in 1998/
1999. Plotting annual rainfall against recharge volumes, Samuels et al. [2009] found a linear relationship at
recharge area of the springs feeding the Upper Jordan River, Israel. Transforming their recharge volumes
into recharge rates will show a logarithmic relation as in this study. In their case, recharge rates will reach
0% after rainfall falling below 400 mm/a. The increasing slope low annual precipitation indicates that
recharge rates at our study site are more sensitive to a decrease than an increase of precipitation. Hence,
the expected future decrease of precipitation over the Mediterranean [Hartmann et al., 2014; IPCC, 2007]
will have an amplified negative impact on water supply at the study area. Using historic data for this assess-
ment implies that rainfall frequencies will remain the same. If the general characteristics of rainfall change,

Table 3. Water Balance Components of the VarKarst Model for Average Conditions and the Extreme Hydroclimatic Years Compared to
the APLIS Recharge Ratesa

Year

VarKarst
APLIS

Observed

P (mm) Eact (mm) Rdiff (mm) Rconc (mm) Qspring (mm) R (%) R (%) Qspring (mm) Rb (%)

2006/2007–2008/2009
(average)

752.3 384.3 206.9 180.8 372.7 51.5 46.6 391 52

2008/2009 (wet) 932.3 330.6 341 306.2 612.1 69.4 46.6 692.3 74.3
2006/2009 (dry) 642.4 390.8 135.8 114.6 246.9 39 46.6 173.5 27

aP: Precipitation, Eact: Actual Evapotranspiration, Rdiff: Diffuse Recharge, Rconc: Concentrated Recharge, Qspring: Spring Discharge, R:
Total Recharge

bEstimated by ratio of observed precipitation (mm) and Q (mm) for the respective year.
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the shape of the logarithmic
relationship in (Figure 7) may
change. However, in a similar
study [Samuels et al., 2010]
showed that changes in the
form of precipitation are nearly
insignificant in terms of chang-
ing discharge characteristics.

5.3. Shifting System
Dynamics Under Extreme
Hydroclimatic Conditions
APLIS and VarKarst could be
combined in at least �70% of
the study area (Figure 5). This
combination could be used to
understand the karst system’s
quantitative recharge and sub-
surface flow characteristics

(Figure 6) and to establish conceptual models of the karst system dynamics under different hydroclimatic
conditions (Figure 8).

During average hydroclimatic conditions (Figure 8b), a slightly larger part of the recharge enters as diffuse
recharge at higher-altitude Jurassic areas with lower soil and epikarst depths. Slightly less than half of the
simulated recharge occurs in concentrated form, predominantly at medium to lower altitude areas with
high subsurface permeability. Evapotranspiration increases toward areas with thicker soils at low altitudes
and in Tertiary, Cretaceous-Tertiary, Quaternary, and Triassic areas. A significant fraction of the spring dis-
charge is provided by low permeability groundwater compartments (matrix of the karst aquifer). Slightly
less than half of the spring discharge is provided by preferential flow through high-permeability domains
(conduits), with increasing fractions toward the spring outlet (compartment i 5 N). These average conditions
represent the behavior of a well karstified system as found in other studies [Fleury et al., 2009; Schmidt et al.,
2014].

Compared to the average year the amount of evapotranspiration remains almost the same for the
extremely wet (Figure 8c) and the extremely dry years (Figure 8d). Diffuse as well as concentrated recharge
increase significantly over the entire study area in the wet year, while in the extremely dry year a drastic
reduction of recharge can be observed that only shows marginal recharge at the high-latitude Jurassic
areas. Concentrated flow in the high-permeability domains (conduits) strongly increases in the extremely
wet year. During the extremely dry year the spring is mainly fed by water from the low permeability
domains (matrix).

Hence, if climate shifted toward wetter conditions, the stronger contribution of preferential flow would pro-
vide the appearance of a more dynamic hydrological system [El-Hakim and Bakalowicz, 2007; Mangin, 1974].
And if such hydroclimatic conditions remained for a very long time, carbonate rock dissolution could be
expected to increase. Hence, the dynamics of karstification would increase, too [Ford and Williams, 2007;
Hartmann et al., 2014]. On the other hand, if climate shifted to dryer conditions, the system would appear
like a matrix dominated karst system, as found for instance by Butscher and Huggenberger [2008]. However,
during high-intensity events, preferential flow paths can still produce fast flow including its threats on water
quality [Andreo et al., 2008a; Goldscheider, 2003].

6. Conclusions

In this study, we presented the combination of two independent methods for estimating karst recharge.
One of them (APLIS) is based on spatial information and provides maps of average recharge rates. The sec-
ond (VarKarst) is a process-based simulation model that considers spatial variability of karst properties by
statistical distribution functions only, but provides a time series of recharge without explicit spatial

Figure 7. Relation between annual precipitation and recharge rate simulated by the Var-
Karst model for calibration and validation period.
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information. In our study area, both methods independently provided acceptable estimates for recharge
during average hydroclimatic conditions. Thus, we combine their capabilities to estimate spatiotemporal
distributions of recharge and subsurface dynamics under extremely wet and extremely dry conditions. We

Figure 8. Conceptual model of the karst system for (b) the average period (2006/2007–2008/2009), (c) the extremely wet year (1995/1996), and (d) the extremely dry year (1998/1999)
obtained by the combination of the VarKarst model and APLIS; and (a) for comparison the mean annual recharge obtained by the APLIS method alone.
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show that the nonlinear storage and flow dynamics result in a nonlinear relationship between precipitation
and recharge rate that indicates that the recharge of our study site is more sensitive to a decrease than to
an increase of precipitation. We could show that during extremes evapotranspiration almost remains the
same compared to average conditions. Concentrated recharge and preferential flow through the conduits
strongly increases during wet conditions, while diffuse recharge at higher altitudes of our study area and
diffuse matrix flow dominate droughts. Then, the spring is fed by water from the preceding years stored in
the matrix of the karst aquifer.

Our analysis provides further evidence that the calibration of process-based models with hydrochemical
data can provide more realistic results than a calibration by discharge only [Bishop et al., 2004; Kuczera and
Mroczkowski, 1998; Son and Sivapalan, 2007]. Similar to other modeling studies that deal with hydrochemi-
cal information, our hydrochemical data set had only a coarse temporal resolution compared to discharge.
Spatial disaggregation of the signal at a spring or stream could even be more detailed and reveal more
information about process characteristics of a hydrological system if hydrochemical data was available in
higher resolution [e.g., see Kirchner and Neal, 2013].

Our new method transforms the originally lumped simulations of VarKarst into distributed simulations. Our
combination of process-based modeling and GIS data analysis allows us to circumvent the problem of data
scarcity that most distributed karst models are presently facing [Hartmann et al., 2014]. Moreover, we could
assess the impact of hydroclimatic extremes on recharge and on entire system dynamics. We are confident
that our conceptual models realistically elaborate the impact of possible changes on the recharge and on
subsurface dynamics of a typical Mediterranean karst. This might help decision makers in karst regions with
similar climate to adapt their water management strategies under possible future changes.
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