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Abstract
Managed aquifer recharge (MAR) is essential for enhancing groundwater storage and 
ensuring long-term water sustainability, particularly in semiarid regions. This study 
focuses on identifying and mapping suitable MAR areas in the Chiba watershed, Tunisia, 
by integrating hydrogeophysical, hydrological, and socioeconomic criteria. The method-
ology combines geographical information systems (GISs), multicriteria decision analysis 
(MCDA), and hydrological modeling. A stakeholder-driven analytical hierarchical process 
(AHP) is used to assess the MAR suitability criteria. To capture seasonal variability, the 
feasibility assessment is conducted separately for wet and dry periods. Three thematic lay-
ers are considered: the intrinsic hydrogeophysical conditions of the site (IS), water avail-
ability (WA), and water demand (WD). The results indicate that water availability is the 
dominant factor (49.3%), followed by water demand (30%) and site conditions (20%). 
MAR feasibility maps show that areas classified ‘highly’ to ‘very highly feasible’ repre-
sent 19% of the total watershed area. The maps highlight also the coastal areas as highly 
suitable because of their optimal hydrogeological characteristics, surplus water resources, 
and high agricultural and ecological demands. In contrast, upstream areas are less feasi-
ble because of their limited recharge potential and lower water availability. The maps also 
suggest specific MAR typologies, such as using treated wastewater in coastal areas and 
infiltration basins upstream. In conclusion, this study provides a replicable framework for 
integrating MAR into water policies by aligning site selection with recharge objectives, 
available water sources, and socioeconomic factors. The findings emphasize the critical 
role of stakeholder engagement in MAR planning and its embedding in existing water poli-
cies, providing a replicable framework for improving groundwater management in semiarid 
regions.

Highlights   
•    Managed aquifer recharge (MAR) suitable areas are identified and mapped.
•	 A participatory decision-making process is proposed to select feasible MAR areas.
•	 MAR-related criteria are grouped into three thematic layers.
•	 The recharge problem is formulated in terms of MAR typology.
•	 Stakeholders are engaged in different components of the decision-making process.
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1  Introduction

Users of natural water resources are finding that optimal management of freshwater stocks 
is becoming crucial in light of current global changes (Ingrao et al. 2023). Because of the 
intense water demands that emerge in highly populated coastal zones, as well as their prox-
imity to seawater, the water quality of existing coastal aquifers is often degraded due to the 
intrusion of seawater (Werner et al. 2013; Panagiotou et al. 2022b). The reuse of treated 
water is a practical way to increase water availability for irrigation while reducing direct or 
indirect water stress in these areas (Kumar and Yadav 2025; Huang et al. 2024; Çiftçioğlu-
Gözüaçık et al. 2023; Neto et al. 2018). For example, treated wastewater effluent is often 
intentionally infiltrated into underlying aquifers for future retrieval or for environmental 
benefits, a technique known as managed aquifer recharge (MAR) (Dillon et al. 2019). Con-
sequently, MAR is a nature-based solution aimed at enhancing the replenishment of aqui-
fers via a wide range of infiltration techniques, such as infiltration ponds, injection wells, 
and dam water release. The storage of water in aquifers is a key factor in the effective 
management of surface and subsurface porous systems and buffers the impacts of extreme 
hydroclimatic events, especially those associated with alternating flood and drought cycles, 
whereas it preserves and improves the quality status of an aquifer (Dillon et al. 2019). Cur-
rently, MAR is widely used on a global scale (Panagiotou et  al. 2022a, b, c; Stefan and 
Ansems 2018) because of its ability to adapt to specific local contexts and needs (Fernán-
dez Escalante et  al. 2022). However, there are a series of challenges related to the cor-
rect assessment of its technical, economic, environmental and social feasibility, which cur-
rently hinders further penetration of these nature-based solutions into the Integrated Water 
Resources Management (IWRM) framework. Among these bottlenecks, the identification 
of optimal locations for MAR implementation is crucial, as it depends on a plethora of 
interlinked criteria that must be balanced to maximize the potential benefits while mini-
mizing the costs and resources needed for implementation and sustainable operation.

Numerous hydrogeological studies have combined MCDA with geographic informa-
tion systems (GISs) (Rahman et al. 2012; Ravichandran et al. 2022; Sallwey et al. 2019; 
Slimani et al. 2024) to identify feasible regions for MAR installation. On the other hand, 
GIS makes it easier to visualize and analyze intricate spatial linkages, whereas MCDA 
offers a systematic decision-making framework for assessing the relative impact of vari-
ous factors concerning a prespecified problem. GIS-based MCDA has been widely used to 
address groundwater problems, such as the identification of groundwater potential zones 
(Antonakos and Lambrakis 2021; Tiwari et al. 2017; Fathi et al. 2020; Sahu et al. 2022; 
Wijesinghe et  al. 2023; Zghibi et  al. 2020), groundwater quality assessment (Kavurmaci 
2016; Srivastava et al. 2024), aquifer vulnerability assessment (Saravanan et al. 2023; Teix-
eira et  al. 2023), and MAR suitability (Aloui et  al. 2022; Sallwey et  al. 2019; Soliman 
et  al. 2022). It has also been applied in California, USA, where it effectively integrates 
biophysical and socioeconomic criteria to identify and prioritize suitable agricultural man-
aged aquifer recharge (Ag-MAR) sites (Marwaha et al. 2021). However, the study lacked 
a participatory weighting process, which could have strengthened the analysis by incor-
porating stakeholder insights and local water management priorities. Similar studies have 
also been conducted in some European countries, such as in agricultural areas in northern 
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Greece (Papadopoulos et al. 2022). However, it does not consider any specific MAR typol-
ogy, such as recharge objectives, techniques and water sources, which are essential for tai-
loring MAR feasible locations to local conditions and ensuring their practical feasibility.

Despite significant advancements, existing studies still exhibit key limitations that hin-
der the optimal contribution of MAR solutions to sustainable water resource management. 
First, many approaches focus primarily on the intrinsic characteristics of MAR schemes, 
such as topography and hydrogeology, while often overlooking critical socioeconomic, 
institutional, and environmental factors that influence MAR feasibility and long-term suc-
cess. Second, most studies fail to integrate decision-maker perspectives into the evaluation 
process, missing an opportunity to minimize potential conflicts and enhance stakeholder 
engagement during MAR implementation. Third, existing frameworks tend to apply a 
standardized set of criteria across the three components of MAR typology — the recharge 
objective, water source, and recharge techniques — despite their distinct regional varia-
tions and challenges. As a result, many recommendations lack adaptability and context-
specific relevance.

To address these gaps, this study introduces an integrated and participatory GIS-MCDA 
framework that enhances MAR suitability assessments by: (1) incorporating both physical 
and nonphysical aspects, stakeholder-driven weighting, and region-specific criteria, ensur-
ing a more robust and adaptable methodology; and (2) embedding a participatory approach 
that actively involves multiple actors at different stages of decision-making, improving 
acceptance and facilitating real-world implementation. Unlike previous studies, this study 
explicitly considers MAR typology in the suitability mapping process, offering a more 
nuanced and transferable methodology. By bridging hydrological science with stakeholder-
driven decision-making, this research contributes a replicable framework that can be 
adapted to diverse hydrogeological and socioeconomic contexts worldwide, making it rel-
evant for an international audience concerned with sustainable groundwater management.

2 � Description of the Study Area

The Chiba watershed is located in the northeastern part of Tunisia, on the eastern side 
of the Cap-Bon peninsula (Fig. 1a). It covers an area of 204 km2, with terrain elevations 
varying from 2 to 483 m above sea level (m.a.s.l.). The region is characterized by a subhu-
mid climate, with strong spatiotemporal variations in precipitation patterns. According to 
ground-based rainfall stations in the Chiba watershed, the average annual precipitation was 
468.7 ± 75.6 mm/year from 2009 to 2021. The Chiba Wadi serves as the primary drainage 
channel, extending from the mountains to the Mediterranean Sea. The Chiba dam, built 
in 1963 primarily for surface water retention for irrigation, covers 64 km2 of the upstream 
area, which is in a natural state. Korba Lagoon runs along the coast and is approximately 
8.5 km long, with erratic banks and a width that varies from 180 to 320 m. The lagoon sur-
face area varies between 170 and 210 ha. The lagoon is isolated from the sea by a barrier 
beach. A channel that connects to the Sidi Othmane wadi is formed as the northern portion 
narrows (Fig. 1b).

The Chiba watershed has a complex geological morphology characterized by various 
sedimentary formations. The upper and middle-marine Pleistocene deposits (Tyrrhenian 
deposits) dominate large portions of the region, consisting primarily of sands and clays. 
Adjacent to these deposits, continental Pleistocene deposits include fluviatile and aeolian 
sediments, contributing to the stratigraphic diversity of the region. The Marine Pliocene is 
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composed of alternating marls and sandstones, which form significant aquifer units. Fur-
ther inland, the Upper Miocene consists of conglomerates, sands and clays, whereas the 
late to mid-Miocene formations are predominantly marls and sandstones. The Aquitanian 
unit is characterized by clayey sandstone flysch, indicative of a more consolidated geo-
logical history. Older deposits include the Upper Oligocene sandstones, which form deeper 
aquifer layers, and the Luthetien-Priabonien marls, which serve as more compact and less 
permeable substrate (Fig. 2).

The Chiba watershed is characterized by intensive agricultural activities that rely heav-
ily on groundwater extraction from the Korba aquifer, with approximately 579 wells cur-
rently pumping nearly 54 Mm3/yr from the shallow unconfined aquifer (Ben Hamouda 
2008; Ennabli 1980; Zghibi et al. 2013). The majority of this water is used for irrigation, 
placing significant pressure on the aquifer and leading to its overexploitation. The meas-
ured piezometric levels in the Korba aquifer revealed a pronounced decline, particularly in 
the downstream and coastal areas (Fig. 2). Historical data indicate a significant decrease 
from 0 m.a.s.l. in 1963 to − 15 m.a.s.l in 2018, highlighting the effects of overexploitation 
(Gaaloul 2012; Chekirbane et al. 2013; Zghibi et al. 2019). This depletion has intensified 
seawater intrusion, particularly in coastal areas such as the Diar Hojjej zone, where rising 
salinity levels have significantly deteriorated water quality. Recent studies indicate that the 
saltwater front has already migrated 0.8 km inland as of 2014, and projections suggest that 
by 2050, it could extend up to 1.8 km inland, advancing an additional 1 km over a 43-year 
period if current trends persist (Zghibi et al. 2019).

Water authorities suggested creating the Korba MAR site as a solution to these prob-
lems to address the lowering groundwater levels and poor quality of the water. This pro-
ject, which is situated 1.5 km from the Mediterranean Sea and approximately 300 m north 
of the Korba wastewater treatment plant, uses secondary treated municipal wastewater 

Fig. 1   a Geographical location of the Chiba watershed; (b) general settings of the Chiba watershed includ-
ing land cover and hydrological network
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(Fig. 1b). The existing MAR site uses a soil aquifer treatment (SAT) process based on three 
infiltration ponds, each covering an area of approximately 1500 m2, designed to achieve a 
recharge rate of 1500 m3/day. However, the ability of the MAR facility to increase ground-
water levels is limited due to clogging, the use of treated wastewater with poor quality 
and the comparatively small size of the infiltration basins (Gaaloul 2012; Mekni and Sou-
issi 2016). As a result, a significant sustainability challenge plagues most MAR initiatives 
in Tunisia overall, specifically within the Chiba watershed. The main reason behind the 
failure of these initiatives stems from the fact that these initiatives have been reactionary 
responses to the demands of both quantitative and qualitative degradation as well as over-
exploitation of groundwater, without any prior evaluation of the suitability and viability of 
the MAR system.

3 � Methodology

Figure 3 shows an overview of the participatory approach. The first step is to determine the 
key components of MAR typology, namely, the recharge objective, the recharge method, 
and the available amount of water source for MAR. Relevant constraints such as wetlands 
and forest zones were used to exclude unsuitable areas within the study region.

The second step focuses on determining parameters, referred to as criteria, that are 
pertinent to the selected MAR typology across three thematic layers: intrinsic hydrogeo-
logical characteristics, water availability for MAR implementation, and the water demand 
associated with aquifer-dependent services. An initial set of criteria was determined via a 
comprehensive literature review, consultations with MAR specialists, technical reports on 
existing MAR systems in Tunisia and the perspectives of the relevant stakeholders, which 
were collected via surveys. These criteria were validated through stakeholder workshops 
held in July 2023. Ultimately, eight criteria were selected to evaluate the intrinsic suitabil-
ity of the study area: five criteria for water availability assessment and two for assessing 
water demand.

Fig. 2   Geological and hydrogeological settings of the study area
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The third step involves the harmonization of all criteria into a common grid and the 
standardization of the selected criteria to a scale of 0.2 to 1.0, ensuring consistency and 
reflecting significant variations in MAR suitability within the study area and facilitat-
ing comparison and integration in the analysis. For both continuous and discrete data-
sets, including slope, rainfall, soil texture classes or geological formations, stepwise 
discretization is used to categorize values into thematic groups. This approach allows 
for meaningful representation of diverse data types while maintaining consistency 
across the criteria. In this step, relevant stakeholders, including representatives from the 
national, regional and local water authorities, assigned weights to the criteria on the 
basis of their relevance to MAR typology. The weighting of the criteria is performed via 
an analytical hierarchical process (AHP), which adheres to the principles established by 
Saaty (1987) and was further refined in the work of Bozóki and Rapcsák (2008). These 
weights, combined with standardized maps, were used in the fourth step to produce the-
matic suitability maps. For each thematic layer, stakeholders assess the relative contri-
bution of each pair of criteria via a numerical scale ranging from 1/9 to 9. In particular, 
the acceptable levels of importance are as follows: equal (1), weak (2 to 3), moderate 
(3 to 4), strong (5 to 6), and very strong (7 to 9). According to the reciprocal property, 
inverse scaling is applied for the less important parameters, thus ranging from 1/9 to 1 
Saaty (1987). These scores are used to construct the pairwise comparison matrix, ensur-
ing that each criterion is compared against all others within the same thematic category. 
The consistency of the pairwise comparisons is evaluated by the consistency ratio (CR) 
(Saaty 1987)

where CI denotes the consistency index, and RI denotes the random index.
According to the literature (Bozóki and Rapcsák 2008; Saaty 1987), a CR value 

below 0.1 is considered acceptable, whereas higher values indicate the need to repeat 
pairwise comparisons. In the present work, all the CR values were lower than 0.1.

The pairwise elements are normalized via the following equation:

(1)CR =
CI

RI

Fig. 3   Flowchart of the stakeholder-tailored feasibility process
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where aij is an element of the pairwise matrix and nc is the total number of rows (equal 
to the total number of criteria). Next, the weights ( wi ) are calculated via the following 
expression:

For each thematic layer, the suitability index (SI) is calculated by multiplying the 
weighting coefficients with their respective standardized scores (SS) at each grid location 
( ua ) via weighted linear combination (WLC):

The suitability indices of the three thematic layers are then combined to evaluate the 
MAR feasibility index at each location:

The thematic weights ( ̃wj ) were jointly determined with the relevant stakeholders during 
a dedicated workshop in July 2023.

4 � Results and Discussion

4.1 � Problem Definition, Constraints, and MAR Typology

An initial evaluation of key criteria was conducted on the basis of existing suitability maps 
for MAR, as well as other MCDA applications documented in various studies (e.g., Aloui 
et al. 2022; Bonilla Valverde et al. 2016; Rahman et al. 2012). The selection of criteria was 
motivated by a comprehensive database recently compiled by Panagiotou et al. (2022a, b, c).

The primary objectives of MAR in the Chiba watershed are twofold: 1) to enhance 
groundwater quality; and 2) to secure long-term groundwater storage. Stakeholders also 
played a pivotal role in identifying the most suitable MAR techniques for the region, par-
ticularly the use of ponds and infiltration basins, soil-aquifer treatment (SAT), and regu-
lated water discharge from dams (Table 1).

The areas subjected to natural or regulatory constraints, such as regions where MAR 
is legally prohibited or where it is physically unfeasible (e.g., lakes), are identified and 
excluded from further consideration during the decision-making process. At this point, it 
is important to differentiate between constrained areas assigned zero values of the feasi-
bility index and those with low feasibility levels. While low-feasibility areas may present 
technical, intrinsic, or socioeconomic challenges, they are not entirely unsuitable for MAR; 
rather, they offer a reduced likelihood of achieving the desired MAR objectives. In the case 

(2)bij =
aij

∑nc
k=1

akj

(3)wi =

∑nc
q=1

biq
∑nr

j=1

�
∑nc

k=1
bjk

�
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p
∑

k=1
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)
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of the Chiba watershed, only land use constraints, specifically dense urban zones, forests, 
and protected areas, were considered.

4.2 � Criteria Selection

Expert opinions and stakeholder feedback were gathered through questionnaires and sur-
veys to identify the relevant MAR feasibility criteria in the Chiba Basin. To ensure com-
prehensive coverage of the watershed, the most relevant physical criteria were selected on 
the basis of available spatial data for both the dry and wet seasons to capture seasonal vari-
ability. These criteria were then grouped into the three thematic layers.

Eight criteria were selected to assess the intrinsic suitability (IS) of the study area. 
In particular, topographic data were collected from Shuttle Radar Topography Mission 
(SRTM) with 30 m resolution, supplemented by drainage density, lineament, and terrain 
slope data. Agricultural and soil texture data were obtained from the Nabeul Governorate 
database, whereas geological data, provided by the Office of Mines, included fault density 
and subsurface lithology.

Regions in the Chiba watershed with salinity levels above 3 g/L are deemed suitable for 
MAR. However, several studies (Ennabli 1980; Kerrou et al. 2010; Paniconi et al. 2001) 
report that excessive groundwater extraction exceeding 50 million m3 annually has intensi-
fied seawater intrusion, degrading the Korba aquifer (MARHP and DGACTA 2022).

Lithology strongly influences aquifer recharge by affecting permeability, porosity, land 
use, and drainage density (Al-Djazouli et al. 2021; Fathi et al. 2020; Zhang et al. 2023). 
The lithology of the watershed is categorized into five types, with sand and gravel depos-
its being highly suitable for MAR and unfractured/clayey formations being least suitable. 
Vadose zone thickness also plays a critical role in MAR, with zones thinner than 20 m 
rated highly suitable, as they increase infiltration but may limit storage (de Vries and 
Simmers 2002). The terrain slope, ranging from 2 to 20 degrees, influences runoff and 
infiltration. Steep slopes greater than 20 degrees lead to runoff, whereas low-slope areas 
downstream of the Chiba dam favor infiltration (Moharir et al. 2023; Zhang et al. 2023). 
Drainage density, varying between 0.1 and 0.32 km/km2, indicates recharge potential, with 
higher density near rivers being more favorable. Land use significantly affects infiltration 
and runoff (Aloui et al. 2022). Categories such as arable land and pasture promote infiltra-
tion, whereas artificial areas and wetlands reduce infiltration due to increased evaporation 
and runoff (Arumugam et al. 2023). The soil type also influences recharge, with calcareous 
brown soils covering 35.93% of the watershed (MARHP 1998). Finally, lineament density, 
ranging from 0 to 2  km/km2, improves groundwater movement and recharge, enhancing 
MAR suitability (Al-Djazouli et al. 2021; Rath and Hinge 2024) (Supplementary Material 
(SM), Fig. SM1).

Two key categories of water availability (WA) are considered: proximity to source water 
and hydrometeorological parameters. MAR systems depend on recharge water sources, 
which vary seasonally (Fig. SM2). In the Chiba watershed, potential sources include fresh-
water transfers from the Medjerda Basin to the Cap Bon canal, local dams (Korba, Diar 
Elhojjej, and Tafelloune, operational since 1999), and treated wastewater from the Korba 
plant (MARHP 2006). Hydrometeorological factors, such as precipitation, evapotranspira-
tion, and direct runoff, influence natural water availability. Rainfall ranges from 300–500 
mm in the wet season and decreases to less than 45 mm in the dry season, with heavy rains 
concentrated in the northwest, northeast, and central-southern areas. While evapotranspira-
tion reduces water availability, direct runoff contributes positively to the MAR by flowing 
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into stream channels. A SWAT model (1985–2021) revealed maximum direct runoff near 
Chiba Wadi and decreased evapotranspiration from downstream to upstream. Runoff above 
0.1 m3/s indicates high availability, whereas evapotranspiration above 900 mm suggests 
low availability.

The water demand (WD) criteria are selected on the basis of the agricultural and eco-
logical water needs of the Chiba watershed, where water shortages are significant. Approx-
imately 8,000 hectares of irrigated farmland depend on reliable water supplies. Spatial 
analysis of crop water needs versus actual irrigation supply revealed high water demand 
during the dry season in coastal areas dominated by market gardening and moderate 
demand in upstream orchards during the wet season (Fig. SM3). Korba Lagoon, a ground-
water-dependent wetland and natural aquifer outlet, requires a minimum water depth of 
25 cm to maintain ecological balance and offset evaporation (Baccar et  al. 2001). Con-
sequently, MAR implementation near lagoons is essential for sustaining their habitat and 
ecological functions.

4.3 � Standardization Approach

All criteria maps were first sampled onto the same numerical grid with 30 m resolution 
and then standardized to the same scale, ranging from 0.2 to 1.0. Two techniques were 
employed (Rahman et al. 2012). Particularly, linear functions were used to standardize the 
criteria that contain continuous data. With respect to discrete data, such as soil textures 
or geological formations, the ‘progressive discretization’ method was used instead. The 
details of the standardization scheme for each criterion are presented in Table 2.

Figure 4 presents the spatial distribution of the standardized criteria across all thematic 
layers. The aquifer characteristics, such as geochemistry, lithology, and depth, predomi-
nantly highlight the coastal region, where the shallow aquifer consists mainly of suffi-
ciently porous media and is influenced by seawater intrusion, making it suitable for MAR.

Land surface attributes, including slope, drainage density, and lineament density, have 
high suitability scores in coastal areas and near the hydrological network. The LULC map 
identifies small-scale regions with very low scores, notably in urban areas, surface water 
bodies, and forests, which are excluded from the feasibility map after applying constraint 
factors.

In terms of water availability, precipitation and evapotranspiration exhibit high suitabil-
ity scores, mainly in the northeastern section of the watershed (to the west of the Chiba 
River). In contrast, high direct runoff scores are present in the central part of the watershed, 
emphasizing the critical role of the existing hydrological network. As expected, regions 
close to the recharge sources received higher suitability scores than did more distant 
regions.

The zones most favorable for water demand, encompassing both agricultural and eco-
logical needs, are located primarily in the coastal areas of the watershed. These areas fea-
ture intensive irrigation activities and include the Korba Lagoon, a groundwater-dependent 
ecosystem that serves as the natural outlet for the aquifer.

4.4 � Criteria Weighting

The weighting results for the MAR feasibility criteria are summarized in Fig. 5. The intrin-
sic site suitability criteria exhibit relatively uniform weights, ranging from 9 to 12%, with a 
slight emphasis on aquifer geochemistry, vadose zone thickness, and drainage density. This 



A Participatory GIS‑based Multicriteria Decision Analysis… Page 11 of 24  28

Ta
bl

e 
2  

V
al

ue
s f

or
 c

rit
er

ia
 st

an
da

rd
iz

at
io

n

C
rit

er
ia

D
at

a 
ty

pe
D

es
cr

ip
tio

n
St

an
da

rd
iz

at
io

n 
ap

pr
oa

ch

In
tri

ns
ic

 su
ita

bi
lit

y
A

qu
ife

r g
eo

ch
em

ist
ry

D
is

cr
et

e
C

om
pu

te
d 

ba
se

d 
on

 p
ub

lis
he

d 
sa

lin
ity

 v
al

ue
s o

f 
gr

ou
nd

w
at

er
A

ss
ig

ne
d 

va
lu

es
 0

.2
 to

 1
 fo

r e
ac

h 
of

 th
e 

pa
ra

m
-

et
er

s a
nd

 c
om

pu
te

d 
th

e 
av

er
ag

e 
re

su
lti

ng
 in

 a
 

si
ng

le
"A

qu
ife

r g
eo

ch
em

ist
ry

"r
ep

re
se

nt
at

iv
e 

m
ap

A
qu

ife
r l

ith
ol

og
y

D
is

cr
et

e
Li

th
ol

og
ic

al
 d

es
cr

ip
tio

n 
cl

us
te

re
d 

in
to

 m
ai

n 
lit

ho
-

lo
gi

ca
l g

ro
up

s (
e.

g.
, s

ed
im

en
ta

ry
, f

ra
ct

ur
ed

, e
tc

.)
A

ss
ig

ne
d 

va
lu

es
 0

.2
 to

 1

Th
ic

kn
es

s o
f t

he
 v

ad
os

e 
zo

ne
D

is
cr

et
e

So
il 

th
ic

kn
es

s g
ro

up
ed

 in
to

 in
te

rv
al

 c
la

ss
es

 (e
.g

., 
<

 20
 m

)
A

ss
ig

ne
d 

va
lu

es
 0

.2
 to

 1

La
nd

 sl
op

e
D

is
cr

et
e

Sl
op

e 
co

m
pu

te
d 

fro
m

 su
rfa

ce
 to

po
gr

ap
hy

 (U
SG

S-
SR

TM
30

 m
); 

re
cl

as
si

fic
at

io
n 

as
su

m
ed

 th
at

 a
bo

ve
 

20
%

 sl
op

e 
fe

as
ib

ili
ty

 re
m

ai
ns

 a
s 0

.2

A
ss

ig
ne

d 
va

lu
es

 0
.2

 to
 1

La
nd

 su
rfa

ce
 a

re
a

D
is

cr
et

e
A

gr
ic

ul
tu

ra
l d

at
ab

as
e 

of
 N

ab
eu

l g
ov

er
no

ra
te

 w
as

 
us

ed
 to

 g
en

er
at

e 
th

e 
LU

LC
A

ss
ig

ne
d 

va
lu

es
 0

.2
 to

 1

D
ra

in
ag

e 
de

ns
ity

D
is

cr
et

e
C

om
pu

te
d 

fro
m

 su
rfa

ce
 to

po
gr

ap
hy

 (U
SG

S-
SR

TM
30

 m
); 

re
cl

as
si

fic
at

io
n 

as
su

m
ed

 th
at

 le
ss

 
th

an
 0

.1
 k

m
/k

m
2  fe

as
ib

ili
ty

 re
m

ai
ns

 a
s 0

.2

A
ss

ig
ne

d 
va

lu
es

 0
.2

 to
 1

Li
ne

am
en

t d
en

si
ty

D
is

cr
et

e
C

om
pu

te
d 

fro
m

 su
rfa

ce
 to

po
gr

ap
hy

 (U
SG

S-
SR

TM
30

 m
) a

nd
 L

an
ds

at
 8

 im
ag

e 
re

cl
as

si
fic

at
io

n 
as

su
m

ed
 th

at
 le

ss
 th

an
 0

.5
 k

m
/k

m
2  fe

as
ib

ili
ty

 
re

m
ai

ns
 a

s 0
.2

A
ss

ig
ne

d 
va

lu
es

 0
.2

 to
 1

W
at

er
 av

ai
la

bi
lit

y
Pr

ec
ip

ita
tio

n
D

is
cr

et
e

Sp
at

ia
l d

ist
rib

ut
io

n 
of

 av
er

ag
e 

pr
ec

ip
ita

tio
n 

(m
m

/y
r)

 
co

m
pu

te
d 

fro
m

 th
e 

N
at

io
na

l I
ns

tit
ut

e 
of

 M
et

eo
ro

l-
og

y 
(I

N
M

) d
at

a 
(1

98
0–

20
22

)

Sc
al

ed
 b

et
w

ee
n 

0.
2 

an
d 

1

D
ire

ct
 ru

no
ff

D
is

cr
et

e
Sp

at
ia

l d
ist

rib
ut

io
n 

of
 av

er
ag

e 
di

re
ct

 ru
no

ff 
(m

m
/y

r)
 

co
m

pu
te

d 
w

ith
 S

W
A

T 
m

od
el

Sc
al

ed
 b

et
w

ee
n 

0.
2 

an
d 

1

Ev
ap

ot
ra

ns
pi

ra
tio

n
D

is
cr

et
e

Sp
at

ia
l d

ist
rib

ut
io

n 
of

 av
er

ag
e 

ac
tu

al
 e

va
po

tra
ns

pi
ra

-
tio

n 
(m

m
/y

r)
 c

om
pu

te
d 

w
ith

 S
W

A
T 

m
od

el
Sc

al
ed

 b
et

w
ee

n 
0.

2 
an

d 
1

D
ist

an
ce

 to
 so

ur
ce

 (c
on

ve
nt

io
na

l a
nd

 n
on

co
nv

en
-

tio
na

l)
D

is
cr

et
e

B
as

ed
 o

n 
th

e 
cl

as
si

fic
at

io
n 

co
nd

uc
te

d 
by

 A
lo

ui
 e

t a
l. 

(2
02

2)
Sc

al
ed

 b
et

w
ee

n 
0.

2 
an

d 
1



	 A. Chekirbane et al.28  Page 12 of 24

Ta
bl

e 
2  

(c
on

tin
ue

d)

C
rit

er
ia

D
at

a 
ty

pe
D

es
cr

ip
tio

n
St

an
da

rd
iz

at
io

n 
ap

pr
oa

ch

W
at

er
 su

pp
ly

 c
on

ne
ct

io
n 

de
ns

ity
D

is
cr

et
e

B
as

ed
 o

n 
th

e 
cl

as
si

fic
at

io
n 

co
nd

uc
te

d 
by

 A
lo

ui
 e

t a
l. 

(2
02

2)
Sc

al
ed

 b
et

w
ee

n 
0.

2 
an

d 
1

W
at

er
 d

em
an

d
C

on
su

m
pt

io
n 

pe
r u

ni
t a

re
a 

fo
r a

gr
ic

ul
tu

re
 su

pp
ly

D
is

cr
et

e
C

om
pu

te
d 

ba
se

d 
on

 c
om

pa
ris

on
 b

et
w

ee
n 

cr
op

 w
at

er
 

ne
ed

 a
nd

 av
ai

la
bl

e 
irr

ig
at

io
n 

am
ou

nt
s. 

Th
e 

es
tim

a-
tio

n 
of

 c
ro

p 
w

at
er

 d
em

an
d 

re
lie

d 
on

 th
e 

N
D

V
I a

nd
 

th
e 

FA
O

 m
et

ho
d 

((
B

ro
uw

er
 a

nd
 H

ei
bl

eo
m

 1
98

6)

Sc
al

ed
 b

et
w

ee
n 

0.
2 

an
d 

1

G
ro

un
dw

at
er

 d
ep

en
de

nt
 e

co
sy

ste
m

s (
su

pp
or

tin
g 

ne
ed

s)
D

is
cr

et
e

B
as

ed
 o

n 
th

e 
di

ag
no

sti
c 

re
po

rt 
of

 c
on

se
rv

at
io

n 
si

te
s 

fo
r c

oa
st

al
 w

et
la

nd
s a

nd
 c

oa
st

al
 e

co
sy

ste
m

s i
n 

C
ap

 
B

on
 (B

ac
ca

r e
t a

l. 
20

01
)

A
ss

ig
ne

d 
va

lu
es

 0
.2

 to
 1



A Participatory GIS‑based Multicriteria Decision Analysis… Page 13 of 24  28

Fig. 4   Spatial distribution of the standardized scores for the selected criteria across the three thematic lay-
ers: intrinsic suitability (IS), water availability (WA), and water demand (WD)
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observation highlights the significance of these factors for MAR feasibility in the Chiba 
watershed, particularly when employing soil aquifer treatment (SAT) for treated wastewa-
ter (TWW) and dam water release via conventional water. For the WA thematic layer, the 
origin of recharge water emerges as a significantly more critical factor than hydromete-
orological parameters. This finding underscores its importance as a key success factor for 
MAR feasibility while highlighting the vulnerability of hydrometeorological factors to cli-
mate change, which markedly impacts their availability. With respect to WD, the weighting 
coefficient of irrigation water demand is three times greater than the weight of meeting the 

Fig. 4   (continued)

Fig. 5   Aggregated weights of physical criteria from stakeholders and experts
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ecological needs of Korba Lagoon. This disparity reflects the significant priority placed by 
farmers on enhancing water reserves through MAR to ensure the security of their agricul-
tural production.

4.5 � Development and Validation of Suitability Maps

The intrinsic site suitability map reveals that the most favorable regions for MAR instal-
lation are concentrated in coastal areas since these regions display favorable conditions 
for specific criteria. Specifically, the lithology in these zones predominantly consists of 
permeable and porous formations, which facilitate efficient water infiltration and storage. 
Furthermore, the drainage density in these areas is moderate to high, promoting the accu-
mulation and channeling of runoff into recharge zones. Additionally, the vadose zone thick-
ness is within an optimal range (less than 20 m), ensuring sufficient thickness to allow the 
purification of TWW and enough capacity for water infiltration without excessive evapora-
tion losses. This combination of factors —favorable lithology, adequate drainage density, 
and suitable vadose zone characteristics— creates an ideal environment for MAR imple-
mentation. Figure 6 shows the spatial distributions of these intrinsic criteria, emphasizing 
the high suitability of coastal regions for sustainable groundwater recharge. This alignment 
underscores the strategic importance of prioritizing MAR interventions in these areas to 
maximize recharge efficiency and mitigate water scarcity challenges.

The resulting water availability maps for both the wet and dry seasons highlight coastal 
areas as the most favorable zones for MAR, particularly near the Korba wastewater treat-
ment plant and the distribution network of the Chiba dam. These locations benefit from 
proximity to consistent water sources, supporting efficient recharge operations.

During the wet season, moderate water availability is also noted in the upstream regions, 
reflecting seasonal variability in water resources. However, upstream areas generally expe-
rience lower availability during the dry season because of limited water sources, which 
restricts MAR feasibility. This variation underscores the critical role of localized water 
infrastructure, such as dams and WWTPs, in enhancing recharge potential and addressing 
water scarcity across the watershed (Fig. 7). Prioritizing these areas for MAR initiatives 
can help optimize a region’s water management strategy.

The MAR water demand map for the Chiba watershed reveals that demand is highest 
during the dry season, particularly in coastal regions dominated by irrigated crops, such 
as market gardens (Fig. 8). This is also true in regions where Korba Lagoon’s ecological 
requirements significantly contribute to the overall demand. In contrast, moderate demand 
is observed upstream during the wet season, primarily in areas near Chiba dam, which are 
cultivated with orchards and cereals. These findings highlight a seasonal pattern, with peak 
demand occurring in the dry season in coastal areas. This underscores the urgent need for 
sustainable water resources in these regions to meet both agricultural and ecological needs 
effectively. Prioritizing MAR in these high-demand zones could help alleviate water short-
ages and support the watershed’s diverse requirements.

4.6 � Compilation and Validation of the MAR Feasibility Maps

MAR feasibility maps were created during a workshop for stakeholders held at the National 
Agronomic Institute of Tunisia (INAT) in July 2024. Specifically, participants from the 
INAT team and relevant stakeholder representatives from the national, regional and local 
levels carried out a pairwise comparison matrix exercise, which was helpful in determining 
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Fig. 6   Intrinsic site suitability map

Fig. 7   Maps of water availability for the MAR (left: dry season; right: wet season)
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the final weights of each thematic layer. Stakeholders choose the scenario prioritizing water 
availability, as it best corresponds to their preferences and priorities for MAR in the Chiba 
watershed. The obtained weights are as follows: intrinsic site suitability (IS): 19.6%; water 
availability (WA): 49.3%; and water demand (WD): 31.1% (Fig. 9).

The resulting feasibility maps exhibit similar patterns for both dry and wet seasons. 
Zones where the operation of MAR schemes is classified as feasible and highly feasible 
are located mainly near coastal regions because of favorable intrinsic site characteristics, 
the availability of conventional and nonconventional water resources for groundwater 
recharge, and high agricultural and ecosystem demands. The high feasibility levels of the 
areas close to the water supply network reflect the greater importance of water availability 
(49.34%) compared with the other thematic layers. Low feasibility zones are observed in 
the upstream part of the watershed where the intrinsic characteristics are less favorable 
(e.g., the terrain slope exceeds 20°), and recharge water is rare due to the absence of treated 
wastewater resources and limited conventional water resources, such as water from the 
Chiba dam (Fig. 10).

Fig. 8   Maps of the water demand for the MAR (left: during the dry season; right: during the wet season)

Fig. 9   Weights calculated via the pairwise comparison matrix during the validation workshop at INAT, 
Tunisia
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Considering the MAR typology of the Chiba watershed, the most relevant MAR scheme 
should consist of infiltration basins to enable soil-aquifer treatment (SAT) near the coastal 
region to mitigate seawater intrusion via treated wastewater from the Korba WWTP. How-
ever, for areas close to a dam, water release and the installation of check dams could be 
effective solutions for the long-term storage of groundwater. The existing dug wells in pub-
lic irrigated perimeters could also constitute a MAR scheme on the basis of the concept of 
injection wells.

A broader comparison with international studies highlights both the strengths and areas 
for improvement in the methodology used in this research. Similar GIS-based MCDA 
approaches have been successfully applied to determine MAR feasibility in other semiarid 
regions, such as Lebanon (Itani et al. 2022), Egypt (Hani et al. 2023), Ethiopia (Yosef et al. 
2024), India (Kodihal and Akhtar 2024), and Spain (Escalante et al. 2023). However, dif-
ferences in parameter selection, weighting schemes, and stakeholder engagement processes 
suggest that methodological frameworks should be tailored to local conditions. In Spain, 
for example, Escalante et al. 2023 have employed the GIS-based MCDA to determine the 
fractional volume of water contributing to aquifer recharge from small dyke structures, 
providing valuable insights for sustainable groundwater management. In India, Jadav and 
Yadav (2023) have emphasized the integration of climate change and land cover dynam-
ics together with GIS-MCDA mapping for long-term MAR sustainability. In Australia, 
advanced hydrological modeling has been used with MCDA to enhance MAR site selec-
tion (Fuentes and Vervoort 2020).

A key uniqueness of the present study is MAR feasibility mapping, which explicitly 
accounts for a specific MAR typology, which includes the recharge objective, the tech-
nique used, and the source of water for recharge. Unlike many previous studies that focused 
solely on hydrological and geological factors, the current approach provides a more practi-
cal and operational perspective by aligning MAR site selection with the intended recharge 
mechanism and available water sources. This distinction ensures that feasibility assess-
ments are not only spatially relevant but also technically implementable, bridging the gap 
between scientific analysis and real-world application. Furthermore, the current research 

Fig. 10   MAR feasibility maps of the Chiba watershed in Tunisia during dry (a) and wet (b) seasons
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includes socio-economic aspects in the weighting process. While socioeconomic factors 
such as land ownership, governance frameworks, and financial constraints are not explicitly 
mapped as standalone layers, they are indirectly embedded in the decision-making pro-
cess through stakeholder input. By incorporating expert and local stakeholder perspectives 
in the weighting of criteria, this study implicitly reflects the influence of socioeconomic 
considerations on MAR feasibility, as highlighted in recent studies (Martins et  al. 2024; 
Panagiotou et al. 2024). This approach enhances the applicability of MAR site selection 
outcomes by ensuring alignment with local priorities, institutional capacities, and water 
management needs.

Despite the robustness of the proposed methodology, the accuracy of the MAR feasibil-
ity maps is inherently dependent on the quality and resolution of the input data. The lim-
ited availability of high-resolution hydrogeological and hydrological data may introduce 
uncertainties in spatial analysis. Future research could address this issue by incorporat-
ing advanced remote sensing techniques and in-situ monitoring to refine data precision. 
Furthermore, while the study accounts for seasonal variations by analyzing wet and dry 
periods separately, it does not fully integrate long-term climate change projections, which 
could significantly impact water availability and MAR suitability over time. The incorpora-
tion of climate models and downscaled projections in future analyses would enhance the 
resilience of MAR planning.

Future amelioration pathways can explore hybrid methodologies that combine hydro-
logical modeling with machine learning techniques to enhance predictive capabilities. 
Additionally, cross-regional comparative studies could provide insights into best practices 
for MAR implementation under varying climatic and institutional settings. By address-
ing these ameliorations and expanding the methodological framework, future research can 
further refine MAR site selection and contribute to the development of more sustainable 
groundwater management strategies globally.

5 � Conclusions

This study proposed a comprehensive methodology that integrates expert-based knowl-
edge and stakeholder opinions to map the MAR feasibility of the Chiba watershed. The 
MAR typology concept is introduced to illustrate the general applicability of the suggested 
method, which consists of the water supply, recharge mechanism, and MAR purpose. The 
perspectives of MAR experts and key stakeholders from the water sector were taken into 
consideration when selecting a set of sixteen parameter criteria that were considered in the 
multicriteria decision analysis.

The stakeholders identified water availability (~ 50%) as the most important considera-
tion for MAR development in Tunisia, followed by water demand (~ 30%), which reflects 
the need to address increasing agricultural water needs. Intrinsic site suitability (~ 20%) 
was also highlighted, emphasizing the importance of selecting locations with favorable 
geological and hydrological conditions to ensure the efficiency and sustainability of MAR 
systems. The results indicate that MAR is feasible to highly feasible in 19% of the total 
area of the watershed, especially in the coastal region of the watershed, in areas close to the 
water conveyance and supply network and to the Korba WWTP. The MAR feasibility maps 
indicate that groundwater recharge via the SAT may be implemented in coastal regions 
utilizing treated wastewater and in the upstream section of a watershed via simple injection 
wells and dam water release coupled to an infiltration basin. The accuracy of these maps 
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depends on input data quality, with limitations in high-resolution hydrogeological and 
hydrological data introducing uncertainties. Future research should refine data precision 
using remote sensing and in-situ monitoring while integrating climate models to enhance 
MAR planning resilience.

This study underscores the critical role of stakeholder engagement in the assessment 
process, as their insights significantly shape the selection of parameters and the prioritiza-
tion of criteria. By integrating local knowledge with advanced analytical techniques, this 
approach not only ensures the feasibility of MAR projects but also fosters shared owner-
ship and support for their implementation. The findings emphasize the high potential for 
MAR in the Chiba watershed, offering a replicable model for other regions seeking sustain-
able groundwater management solutions.
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