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Abstract
Given the arid climatic conditions and the frequent long dry episodes in southwestern Tunisia, the sustainability of agricul-
tural activities in this region depends entirely on the presence of sufficient quantities of accessible groundwater of suitable 
quality for agriculture. Hence, preserving the agrosystems that cover more than 7% of the fertile area of this region, which are 
of huge socioeconomic value, requires a critical assessment of the groundwater available to these systems. In this context, the 
present study was performed to determine whether deep groundwater resources are suitable for irrigating more than 54,000 ha 
of the Nefzaoua Oasis in southern Tunisia. The calculated values of ionic indices (SAR: 3.83–23.6; TH: 17.39–147.65; PI: 
35.57–74.81; PS: 5.–79.29) and quality indices (IWQI: 17.14–83.39; CWQI: 17.64–63.96) for these highly mineralized 
waters indicate that they are unsuitable for irrigation purposes. The risk of land degradation in the Nefzaoua Oasis due to 
the use of unsuitable irrigation water are being amplified by inappropriate agricultural practices (inefficient drainage and 
excessive irrigation), mismanagement (the utilization of traditional irrigation techniques, irregular water distribution, and 
uncontrolled expansion of irrigated lands and water exploitation), and the harsh natural conditions present. The combined 
impact of these natural and anthropogenic constraints on the local environment necessitate the implementation of a detailed 
management scheme that utilizes detailed and flexible planning of rehabilitation activities to preserve the ecological and 
economic value of the agrosystems in this region.
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Introduction

Water scarcity is a major problem that continuously threat-
ens human survival, especially in semi-arid and arid regions, 
where increasing water demand from the local population 
and industries in the area tends to lead to uncontrolled 
abstraction from deep confined and semiconfined aquifers. 
Hence, ensuring the availability of a sufficient permanent 
water supply of suitable quality for particular uses in hot, 
dry regions represents a huge challenge, given the unpredict-
able climate variability in these areas (Cudennec et al. 2008; 
Hamed 2015). Careful management of the resources that 
are available in such regions is therefore necessary to sup-
press water stress due to the degradation of water in terms of 
both quality and quantity. Indeed, in agricultural areas, the 
livelihoods of residents and economic development greatly 
depend on the ability to maintain agricultural production 
and preserve crop quality, which in turn require the system-
atic assessment of numerous factors such as irrigation water 
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quality, agricultural practices, and drainage systems (Zam-
mouri et al. 2007; Dhaouadi et al. 2015, 2020).

Tunisia, like most arid and semi-arid regions of the 
Mediterranean Basin, is facing a growing crisis over water 
resources, especially in the southern province, which is char-
acterized by a dry continental climate and a scarcity of sur-
face water (Guendouz et al. 1997; Hamed 2015; Besser et al. 
2018; Dhaouadi et al. 2020). Hence, there is a steady linear 
rate of exploitation of semiconfined and confined aquifers in 
this region in order to buffer drought conditions, regardless 
of any interannual and interseasonal climatic disturbances. 
This ongoing abstraction generally exceeds the capacity of 
the aquifers for sustainable exploitation, leading to irrevers-
ible water withdrawal (Edmunds et al. 2003), progressive 
quality degradation (Hamed 2015; Besser et al. 2017), and a 
high risk of pollution (Besser et al. 2019; Besser and Hamed 
2019), making the water resources in the region unsuitable 
for agricultural activities. This is hugely important consider-
ing that most of the population in southern Tunisia depend 
on the agricultural sector for work, and that this region prin-
cipally produces high-quality Deglet Ennour dates.

In addition to its social and economic importance in the 
development of this region of Tunisia (Carpentier 2017), 
the cultivation of date palms has major religious and cul-
tural value, especially during the month of Ramadan. This 
value encourages farmers to invest in this agricultural sector, 
despite the multiple natural, institutional, and political con-
straints on date palm cultivation in this region, especially the 
scarcity of high-quality groundwater resources, the length 
of time that it takes to develop irrigated areas, and the con-
siderable investment required (Hamed 2015; Mokadem et al. 
2016; Besser et al. 2017; Haj Ammar et al. 2014). It should 
also be noted that date palm cultivation has an ecological 
benefit, since the expansion of irrigated land suppresses soil 
degradation due to desertification in southern Tunisia (Dha-
ouadi et al. 2015, 2017, 2020).

However, agricultural sustainability in southern Tunisia is 
increasingly being challenged by the threat of soil infertility 
and degradation (Hachicha and Ben Aissa 2014; Ben Hass-
ine et al. 2016). Various rehabilitation measures (Stratégie 
Nationale sur le Changement Climatique (SNCC), conser-
vation des eaux et des sols (CES)) have been implemented 
that mainly relate to the amount of irrigation water used in a 
plot, the area of a cultivated plot, and institutional and finan-
cial actions. However, the suitability of water for irrigation 
purposes still receives relatively little attention despite its 
multiple effects on the development of agrosystems. Thus, 
assessing the irrigation water in the Chotts Basin (Nefzaoua 
region, southwestern Tunisia) is a crucial step towards deter-
mining the optimal method of safeguarding the oasis system 
in this region and thus maintaining the livelihoods of the 
local population. Therefore, in the study reported here, the 
effects of natural and anthropogenic constraints on the state 

of water resources in the Chotts Basin were investigated, as 
were the impacts of various environmental factors on soil 
fertility and the economic value of the agrosystems in this 
region (which produce three types of agricultural crops with 
various tolerance limits). More specifically, based on data 
obtained from sampling campaigns, field investigations, and 
hydrogeological and other data analyses, this work aimed to 
(1) assess the suitability of the water in the study area for 
agricultural purposes, (2) estimate the detected and/or poten-
tial impacts of water quality on water resources and oasis-
based agrosystems in the study area, (Edmunds et al. 1997, 
Hamed et al. 2018) and (3) highlight the natural resource 
management actions required to optimize crop production 
and ensure economic, social, and environmental stability 
in the Nefzaoua region (Ben aissa et al. 2013; Ncibi et al. 
2020).

Data analysis

Site description

The study area is located in southwestern Tunisia (Fig. 1), 
and covers an area of 22.454 km2. It corresponds to a vast 
plain bounded by the endoreic depressions of the Chotts 
Basin (El Fedjej, Djerid, and El Gharsa) to the north, the 
Dahar plateau to the east, and the sand dunes of the Grand 
Erg Oriental (Tunisian territory) and the Occidental (Alge-
rian territory) to the south and west, respectively. It is 
characterized by a semi-arid to arid climate with low and 
irregular rainfall that exceptionally exceeds 100 mm, a high 
evapotranspiration rate of around 2500 mm, and high tem-
peratures that exceed 40 °C by 6/7 °C during the summer 
period (Bryant et al. 1994; Ferchichi 1996; Kadri and Van 
Ranst 2002; Ben Boubakar 2007).

Given the dry climatic conditions in the region, the 
expansion of irrigated cultivation (the oasis system, green-
house cultivation) and, consequently, economic and envi-
ronmental stability are closely linked to the abundance and 
accessibility of groundwater resources.

Groundwater resources. As well as a shallow aqui-
fer in Plio-Quaternary deposits (lumino-clayey and marly 
sands) that is fed by the rare precipitation in the region and 
ascending flows from deep water tables and is character-
ized by low water quality, the hydrogeological system in 
the study area includes one of the largest aquifer systems in 
the world, the SASS, with an area of 1 million  km2 and a 
depth exceeding 3 km (OSS 2014). This transboundary sys-
tem, which is shared between Libya, Tunisia, and Algeria, 
is a multi-aquifer system consisting of two main aquifers: 
the Terminal Complex hosted in Upper Cretaceous carbon-
ate deposits, and the sandy formations of the Miocene and 
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the Continental Intercalaire in Lower Cretaceous deposits. 
These aquifers were mainly charged during humid periods 
of the Quaternary (Hamed et al. 2015; Besser et al. 2019).

Soil resources. The soils covering the oases consist of 
gypsum, gypsum sands, and alluvial deposits. They are 
often capped with gypsum crusts. These soils are classified 
as poorly evolved alluvial soils (Mtimet 2001), also known 
as aridisols or halpic gypsosol limestone (AFES 2008). 
To maintain the fertility of these lands and increase water 
infiltration, a sandy layer 20–100 cm thick is periodically 
added. Agriculture in the study area focuses on three main 
types of products: date palms (high-quality Deglet Ennour), 
fruit trees, and vegetables (Ben Mohammed 2015). There 
are almost 24,897 ha of cultivable land and 479 ha of forest 
in the region of interest (CRDA 2018).

Data collection

During field investigations, a detailed survey of farmers 
and government institutions responsible for agricultural 
activity was performed across the study area to identify the 
main problems that are imposing constraints on sustainable 
regional development and negatively impacting the environ-
ment. The survey focused in particular on the agricultural 
techniques practiced and the remediation and rehabilitation 
methods employed by the local population. The findings of 

this survey were used to evaluate the individual practices of 
local farmers, institutional control (insufficient vulgariza-
tion, inefficient control), landowner satisfaction with local 
services (e.g., conflict assessment, investment-to-benefits 
ratio, irrigation water scheduling, irrigation network disrup-
tion, traditional distribution methods, and traditional control 
and maintenance techniques), indigenous knowledge, and 
water quality. A literature review was also carried out to 
evaluate the suitability of the water in this region for agri-
cultural activities and to estimate its potential impacts on 
soil fertility and land productivity based on various ionic 
ratios for the water, water quality indices, and graphical rep-
resentations of the region. The data collected and the results 
from field investigations and the questionnaire along with 
published data obtained from Haj Ammar et al. (2014), OSS 
(2014), and Dhaouadi et al. (2020) on samples from deep 
groundwater wells were analyzed and interpreted using spa-
tial data distribution software, hydrochemistry, and statistics.

Results and discussion

Water chemistry

According to water samples, the electrical conductivity 
(EC) of groundwater resources in the Nefzaoua region range 

Fig. 1  a, b: Localization of the study area; c. Soil types of the study area
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from 2.78 to 8.53 ms cm−1. The lowest total dissolved solids 
(TDS) values are on the order of 2000 mg/L, while the high-
est exceed 5 g/L. In the two sampled aquifers, saline waters 
were mainly found in the discharge zones (Chott depres-
sions), consistent with the groundwater flow direction, the 
long residence times, the water–rock interactions, and the 
vertical and lateral transfer of water between aquifer levels. 
This variation in salinity between neighboring boreholes 
may be explained by the presence of hypersaline water that 
circulates in deep reservoirs below the hydrogeological sys-
tem after entering the aquifer system through particular lith-
ological and/or tectonic pathways (Besser et al. 2017, 2018, 
2019). The analyzed waters present a mixed facies character-
ized by permanent hardness.  Cl− and  SO4

2− dominate over 
calcium and sodium, although there is relative enrichment 
in  Na+ or  SO4

2− for some boreholes (Fig. 2).

Quality of the irrigation water Omrani et al. (2011)

Assessment of the suitability of the water for irrigation

Classification based on ionic ratios: The groundwater sam-
ples analyzed in previous works were categorized based on 
selected ionic indices.

– Salinity hazard. The studied samples showed a wide 
range of electrical conductivity values. According to 
guidelines from Richards (1954) and the FAO (2007), 
not all of the samples analyzed in previous works were 
suitable for irrigation purposes. The spatial distribution 
of electrical conductivity values showed good agree-
ment with the TDS distribution, which peaked in the 
southern part of the study area. The salinity hazard was 
also evaluated on the basis of the potential salinity (PS) 
index. The results showed that, in the short and medium 
term, the soil salinization risk was generally moderately 
low, but it was significant in some localized areas (PS 
values of around 79 and 41 meq/L). For continuously 
irrigated areas, the estimated values showed a progres-
sively increasing risk of lost soil fertility.

– Alkalinity hazard. The water samples contained moder-
ately high levels of sodium in comparison to the total 
cations, or high sodium levels in some localized areas. 
This indicates that the water is only suitable for irriga-
tion under certain conditions of use, since irrigation with 
this water could lead to increasing relative enrichment 
in sodium in the direction of the depression of El Fedjej. 
Figure 3 presents the distribution of water samples in 
Wilcox (1955) and Riverside (Richards 1954) diagrams. 
The figure indicates that these waters should only be used 
to irrigate plants with a high sodium tolerance, and only 

Fig. 2  Chadha diagram
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when there is a special soil management scheme and an 
adequate drainage system. Likewise, the exchangeable 
sodium percentage (ESP) and soluble sodium percent-
age (SSP) values indicate that the samples are of doubt-
ful quality and that systematic salinity monitoring is 
required. On the other hand, the sodium adsorption ratio 
(SAR) values of the groundwater in the Chotts Basin 
range between 3.83 and 23.6, greatly exceeding the 
acceptable range of SAR values, even for the most toler-
ant plants (FAO 2007). Thus, irrigation with the ground-
water in the Chotts Basin will lead to a high risk of soil 
salinization and alkalinization. According to the Wilcox 
and Riverside classifications, a gradual loss of perme-
ability, pore clogging, crop toxicity, and impermeability 
of the topmost soil horizons are the main challenges that 
would result from the continued use of this groundwa-
ter. These cumulative and progressive negative impacts 
on the productivity of the agricultural land in the study 
area were also confirmed by the values of Kelly ratio 
(KR) (between 0.46 and 2.67) and potential permeability 
observed for soils in this region.

– Residual sodium carbonate and residual sodium bicar-
bonate. According to the published data, the waters had 
residual sodium carbonate (RSC) and residual sodium 

bicarbonate (RSBC) levels that were well below the 
safety thresholds for irrigation (Fig. 3).

– Magnesium hazard. The groundwater samples had total 
hardness and corrosivity ratios values that far exceeded 
the maximum limits, indicating the need for a prelimi-
nary examination of groundwater treatment before use.

Multivariate statistical results. Water quality was also 
classified by agglomerating a wide spectrum of water qual-
ity indices using statistical methods. Table 1 shows the 
correlation matrix of the various criteria considered in this 
combined classification scheme. The matrix indicates that 
the salinity and ionic indices are well correlated. The first 
two factors resulting from the application of the principal 
component analysis (PCA) method (Fig. 4) to the data were 
found to represent about 85% of the total variance. Consist-
ent with previous results, the results obtained here for the 
Nefzaoua samples point to an increasing risk of soil degra-
dation. The distribution of the calculated ionic ratios on the 
factorial plane reveals the presence of two principal factors 
that govern the chemistry of the water and its suitability for 
agricultural purposes. The first refers to the alkalinity hazard 
and the related permeability and infiltration issues, while the 
second relates to the influence of increasing magnesium and 

Fig. 3  Distribution of the calcu-
lated ionic ratios
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Table 1  Pearson correlation 
matrix

**Significant correlation

HCO3
− Cl− NO3

− SO4
2− Na+ K+ Mg2+ Ca2+ TDS

HCO3
− 1

Cl− 0.709** 1
NO3

− 0.342 − 0.148 1
SO4

2− 0.201 0.367 − 0.577** 1
Na+ 0.742** 0.806** − 0.174 0.614** 1
K+ − 0.285 0.158 − 0.142 − 0.391* − 0.178 1
Mg2+ 0.435* 0.635** − 0.341 0.599** 0.783** 0.167 1
Ca2+ 0.668** 0.668** − 0.256 0.715** 0.900** − 0.296 0.790** 1
TDS − 0.255 0.205 − 0.191 − 0.272 − 0.148 0.964** 0.222 − 0.215 1
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calcium concentrations on soil fertility and the clogging of 
the irrigation network. The strong correlation of the meas-
ured salinity values of the sampled waters with the second 
factor indicates that water hardness is the parameter that 
has the greatest impact on soil fertility in the study area. 
Likewise, the results of hierarchical cluster analysis (HCA; 
Fig. 5) prove that there is a hierarchy of influences on the 
risk of salinization (Tables 2, 3, 4).      

Classification according to quality indices. Aggregating 
multiple physicochemical parameters into a single water 
quality index is a more rigorous method of judging the 
suitability of water resources for particular purposes. The 
spatial distribution of the resulting integrated water quality 
index (IWQI) values coincides with the spatial distribution 
of the previous water quality classification based on ionic 
ratios, and indicates that water quality decreases in a south-
erly direction in the study area. IWQI was found to range 
between 17.39 and 83.39. More than 92% of the samples 
were categorized into the IWQI classes corresponding to 
water that should be highly or severely restricted for use in 
irrigation (69.57 and 23.91%, respectively), indicating poor 
water quality. The utilization of such water for irrigation 
requires systematic monitoring and appropriate practices, 
especially when it is used for long periods. The water sam-
ples were also classified according to another aggregated 
water quality parameter, the Canadian Water Quality Index 
(CWQI). Based on their CWQI values, about 97% of the 
water samples in the Nefzaoua area were unsuitable for use 
in irrigation. The spatial distributions of these indices illus-
trate the variability in water quality in the study area accord-
ing to these two indices. The similarity of the distributions 
obtained for the two indices is due to the fact that both indi-
ces are constructed from many of the same variables; in 
particular, the total salinity of the water defines its suitability 
for various uses, and the elements dissolved in the water as 
well as the ionic ratios of these components are important 
influences on the fragile water–soil–climate equilibrium.

Suitability and impact of the quality of the irrigation water

Upon reviewing the published data on groundwater 
resources in southern Tunisia, it became clear that the spa-
tial variability of the water chemistry in this region can be 
explained by the influences of various processes that control 
the chemistry—dissolution, water–rock interactions during 
long residence times, drainage, and evaporation—as well 
as the effects of the overexploitation of the aquifers in this 
region. Reviewing the data also highlighted that the ground-
water used for irrigation in the study area was almost poor 
in quality, and was saline or of medium alkalinity, so it was 
unsuitable for agricultural purposes. In fact, using this warm 
saline groundwater for irrigation leads to the neoformation 
of salt layers (gypsum screens) in the soil (Hamed 2015). 
Thus, the soils in the study area are saline soils. This salt 
accumulation constitutes a physiological threat that hinders 
the development of agricultural activity in cultivated areas 
(Nezli et al. 2007) and has repercussions for the entire eco-
system: the osmotic potential of the soil solution decreases, 
the soil structure deteriorates, the properties of the soil are 
heavily influenced by the high sodium content, the sur-
face layers become impermeable, oxygen levels in the soil 
decrease, and certain ions in the salts are toxic (Person 1978; 
Beradaï 2009; Ben Hassine 2005; Marlet 2004). These char-
acteristics suppress or even impair the productivity of the 
soil by reducing the uptake of nutrients by vegetation, thus 
disrupting their development. Salt stress exerts its effects, 

Table 2  PCA results

Principal component

1 2 3

HCO3
− 0.165 − 0.103 0.389

Cl− 0.181 0.140 0.210
NO3

− − 0.062 − 0.170 0.522
SO4

2− 0.169 − 0.047 − 0.377
Na+ 0.219 0.007 0.080
K+ − 0.055 0.413 0.121
Mg2+ 0.188 0.170 − 0.039
Ca2+ 0.218 −0.028 − 0.029
TDS − 0.038 0.419 0.087

Table 3  IWQI and CWQI values for water samples in the study area, 
as reported in the literature

Data source CWQI IWQI

Min. Max. Min. Max.

Dhaouadi et al. (2020) 27.15 49.33 33.93 48.8
OSS (2014) 17.64 63.96 17.14 83.39
Haj Ammar et al. (2014) 20.65 27.54 25.13 50.27

Table 4  Water quality classification based on IWQI and CWQI val-
ues (CCME 2001; Meireles et al. 2010)

Water quality indices Range Water usage recom-
mendations or water 
quality

IWQI 85–100 No restriction
70–85 Low restriction
55–70 Moderate restriction
40–55 High restriction
 < 40 Severe restriction

CWQI 95–100 Excellent quality
60–75 Poor quality
0–59 Very poor quality
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Fig. 4  Statistical analysis using 
PCA. Naper Napercentage

Fig. 5  Statistical analysis using 
HCA. Naper Napercentage
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and the soil gradually becomes infertile (Ben Hassine 2005). 
The irrigated area will then be abandoned in favor of new 
plots and/or the type of crop cultivated will be changed, most 
likely making the plot unprofitable, especially considering 
the severe weather conditions in this region (Hamed 2015).

Agricultural practices and the irrigation system

In addition to the climatic conditions of the region and 
the agricultural practices used there, soil fertility depends 
on the quality of the irrigation water available. The use of 
highly mineralized water that is enriched in salts along with 
an insufficient drainage system and inappropriate farming 
practices will lead to increased soil degradation, loss of soil 
fertility, waterlogging, the formation of gypsum crusts, and 
an increasing risk of alkalinization and salinization in an 
oasis-based agrosystem, challenging the survival of the local 
population. However, since water policy is closely linked 
to regional socioeconomic challenges, the sustainable man-
agement of water resources can play a leading role in solv-
ing problems relating to rural poverty, unemployment, and 
environmental issues, as these issues are directly linked to 
the degradation of the quality of the water used for irrigation 
and/or its indirect impacts on water productivity and soil 
fertility (and consequently on agricultural yields) (Fig. 6).

In the study area, a combination of the effects mentioned 
above has resulted in a progressive loss of landscape and 
a reduction in its economic and ecological value. The tra-
ditional techniques used in irrigation (e.g., flooding and 
gravity) have enhanced the development of gypsum crusts, 
reducing soil aeration and water infiltration. These issues are 
amplified by the poor quality of the water used for irrigation, 
which necessitates adequate drainage and respect the crop 
water requirements. Given the individual behavior of land-
owners and the inefficient institutional control in this region, 
the poor quality of the irrigation water has led to increasing 
overexploitation of aquifers and progressive degradation 
of natural water resources, threatening the environmental 
sustainability and the socioeconomic security of the area. 
Figure 7 presents photographs that illustrate the observed 
impact of the low-quality irrigation water on various oasis-
based agrosystems. A number of water management plans 
have been adopted since the end of the 1990s, including the 
Tunisian Decennial Strategy for Mobilizing Water Resources 
and the Regional Master Plan for the Use of Southern Waters 
(Hamdane 2015), but the predicted benefits of these plans in 
terms of water productivity are yet to materialize at the oasis 
farm level (Dhaouadi et al. 2020).

To combat land degradation, a sustainable manage-
ment scheme for natural resources is required. In such a 

Fig. 6  Water quality classification according to the Riverside and Wilcox diagrams
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scheme, certain measures are implemented to protect natu-
ral resources from various sources of contamination and/
or degradation. In fact, even though the region is greatly 
influenced by its natural and geomorphologic features, the 
data collected show that factors relating to human pressure 
on resources are the main influences on the intensity of pro-
gressive land degradation and, in particular, the development 
of illegal oases and the uncontrolled expansion of private 
wells. Rehabilitation efforts should target severely degraded 
areas as well as non-high-risk areas in order to minimize 
the devastating effects of soil salinization and alkalization, 
which can increase desertification.

Akbari et al. (2016) developed a series of remediation 
plans for agricultural lands in semi-arid and arid regions in 
order to reduce vulnerability to desertification processes. 
The land was categorized according to the plant cover and 
farming practices applied. Data collected from field inves-
tigations and a literature review suggest that remediation 
plans for the studied area should focus on risk minimization 
(II-b/III-a) and control measures (III-b/III-c) (Akbari et al. 
2016). These plans involve two main activities to bring soil 
degradation under control in the study area. The first activity 
is to intensify vegetation cover by cultivating plants that are 
resistant to high salinity and frequent droughts. The second 
activity is to implement comprehensive technical manage-
ment and institutional control. Indeed, systematic investi-
gation and monitoring at the plot scale limits uncontrolled 
expansion and illegal practices. Implementing scientifically 
based management along with technical tools and govern-
mental supervision should improve drainage systems and 

water infiltration and reduce gypsum crust formation, thus 
increasing agricultural production. Over the last few dec-
ades, in order to increase the yield of dates and the amount 
of dates exported, agricultural policies have been modified 
according to modern strategies based on maximizing the 
land area, reducing tree density, crop specialization (mono-
culture), and doubling the quantity of water used for irriga-
tion (Besser et al. 2017). This new approach has adversely 
affected the physicochemical properties of the soil and 
caused intensive degradation: fluctuations in the shallow 
water table, the creation of new salt lakes in the oases, clog-
ging of the irrigation network, and increased soil saliniza-
tion (Ben Aissa et al. 2004; Hachicha and Ben Aissa 2014). 
Irrigated plots are generally abandoned after 10 years, while 
the creation of new oases is limited by the scarcity of fertile 
land between the salty depressions and sand dunes and the 
limited water resources available (Hachicha and Ben Aissa 
2014; Ben Hassine et al. 2016). The drastic increase in pro-
duction without considering the environmental stability of 
the region has caused the uncontrolled proliferation of palm 
groves, leading to overexploitation of water resources and 
soil fatigue, thus exposing the oases to an increased risk of 
endorisation (Besser et al. 2017).

Soil degradation in the study area

In southwestern Tunisia, about 50% of the agricultural land 
is irrigated with water with a salinity of more than 3 g L−1, 
and about a third of the agricultural land is affected by sur-
face fluctuations in the saline water table (Hachicha and 

Fig. 7  Photos illustrating the observed land degardation issues in the study area
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Ben Aissa 2014; Ben Hassine et al. 2016). In a large part 
of the study area, the original environment has already been 
degraded by the climatic conditions, the proximity of salt 
depressions, the overexploitation of water resources, poor 
irrigation practices, and because most of the water sources 
have dried up (Mtimet 2001; Zammouri et al. 2007; Hachi-
cha and Ben Aissa 2014; Ben Hassine et al. 2016). Indeed, 
the application of the farrow and basin technique, an irri-
gation method in which water is directed to flow through 
narrow channels between rows of palm trees, has adversely 
affected land productivity. Although this method is less 
expensive and easy to manage in flat landscapes, it is not 
well suited to sandy soils as it results in high water losses 
due to leaching and evaporation processes. The depletion of 
water resources is clearly a major problem in the southern 
oases of Tunisia. Private initiatives to illegally extend oases 
and increase access to water by digging wells has led to the 
overextraction of renewable groundwater and an accelera-
tion of saline water intrusion from saline areas (e.g., Chott 
Djerid in Kebili) (Omrani and Ouessar 2008). Developed 
on sandy clay and gypsum soils (AFES 2008; Ben Hassine 
et al. 2013, 2016) near salt lake depressions, the oases of 
southwestern Tunisia suffer from salinization and increas-
ing congestion (Zammouri et al. 2007; Ben Hassine et al. 
2013, 2016; Hachicha and Ben Aissa 2014). In addition, the 
stagnant water used for irrigation is laden with salts, leading 
to increasing salt concentrations in the soil. Such conditions 
make it more difficult for plants growing in the soil to absorb 
moisture and nutrients, so they eventually die from dehydra-
tion (Marlet et al. 2009). As well as these problems due to 
the soil type present in the study area and the cumulative 
effects of applying highly mineralized water to the soil for 
irrigation purposes, the maintenance of the oasis system and 
soil productivity are also threatened by the rapid deteriora-
tion of the environment caused by the contamination of the 
main regions of the IC aquifer with hydrocarbons (the water 
from this aquifer is extensively used for agricultural activi-
ties in the Kebili field; see Fig. 5).

Drainage problems

The impact of the irrigation water on soil fertility and the 
chemical composition of the agricultural lands in the region 
of interest was monitored in the winter and summer of 2018. 
This monitoring also examined the effects of development 
by assessing oasis quality based on the quantity of drainage 
water. Salinity levels in the water showed a significant sea-
sonal variation, which is obviously due to climatic variations 
in addition to the irrigation scheme implementation and the 
quality of the water used. The distribution of salinity in the 
winter showed two separate groups. The first group showed 
increasing salinity despite the amount of water drained from 

the plot. This group demonstrates that the land is becoming 
highly salinized, and that the frequency of gypsum crusts 
in the soil is independent of the proportion of the irrigation 
water that was leached and drained. These are signs of deep 
degradation of the oases. The second group shows a clearly 
visible correlation between the salinity content and the quan-
tity of water; a proportional change was also discerned for 
the summer measurements. This interdependence shows the 
strong enhancing effects of the climatic conditions in the 
region of interest and human activity on the risk of salin-
ity. While this salinity risk can be explained by high evapo-
transpiration in summer, it is due to insufficient irrigation 
water drainage in winter. The two problems are amplified 
by the poor quality of the water used for irrigation. Govern-
mental institutions must deal with various aspects of water 
contamination, including land use, biological diversity, the 
disruption of natural cycles, the need to reduce greenhouse 
gas emissions, and the production of products and toxic by-
products (Miquel 2001).

Despite the spatiotemporal variability of the published 
data, a general trend for water quality degradation in the 
region of interest is indicated by various calculated indi-
ces, field investigations, and by the cumulative impacts of 
the irrigation systems and farming practices used in the 
study area. A steady decrease in land productivity leading 
to a continuous drop in crop quality is predicted. About 
407.3 Mm3 per year of groundwater are exploited, but there 
are only 236.7 Mm3 of available resources, which corre-
sponds to an exploitation rate of > 172%. Consequently, any 
water management plan for this region must be based on a 
diagnosis of the factors that affect the environment in the 
study region, as well as on guidelines for treatment based 
on environmental responsibility.

Reasonable accommodation of sustainable 
development

The degradation of groundwater resources in the study area 
remains a major concern given the sensitive nature of the 
deep aquifer system, which is closely linked to the vulner-
ability of rural farmers in the region, as their livelihoods 
mainly depend on agricultural activities (greenhouses, palm 
trees, etc.). However, the possibility of developing an accu-
rate and relatively rapid preparation and response system 
depends on the local specifics of exploitation-conservation 
factors. More work is needed to assess the most feasible 
alternative water management schemes for the study area 
(Wong et al. 1997; Bass et al. 1999; Ishaku et al. 2011; 
Kuppi 2011). It should be noted that the results of this study 
fill an important gap in the characterization of a serious 
environmental problem in Nefzaoua that is strongly linked 
to water consumption. This study has also generated very 
precise data for those interested in proposing a concrete 
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remediation project, especially for water degradation. Cer-
tain actions could be proposed to improve irrigation water 
quality and reduce risks to human health. Certain manage-
ment project, instead of amelioration of the current situation 
of natural resources, may adversely affect their resilience 
and sustainability.

Conclusions and recommendations

Groundwater resources in the Nefzaoua region show a 
chemical facies that is dominated by chloride, sulfates, 
and sodium, suggesting that irrigating the land with these 
resources leads to a high risk of salinization. A review of 
relevant published works indicated that there has been a 
progressive degradation of water quality in the study area, 
such that water resources are now of doubtful quality or are 
locally unsuitable for agricultural purposes. The continuous 
use of these waters along with inappropriate farm practices 
can explain the progressive degradation of land productiv-
ity and soil fertility in the Nefzaoua region. A field survey 
indicated that natural resource exploitation in this region 
is not sufficiently controlled, as illegal oases were found 
to be much larger in number and extent than legal oases. 
The exploitation of water resources was found to have been 
underestimated, which—along with the number of private 
wells—further highlights the degradation of groundwater 
resource quality. These waters are also unusable for agricul-
tural purposes, as they have harmful effects on soil fertility, 
vegetation development, agricultural profitability (dates), 
and on the ecosystem in general (and therefore on human 
health). The area is suffering from an irreversible loss of 
natural resources, economic value, and cultural heritage, and 
the landscape will be lost to desertification and soil infertil-
ity unless a scientifically based remediation plan is adopted.

This study highlights the need to utilize interesting meth-
odological approaches to perform detailed analyses rather 
than to use a large number of them superficially to manage 
the current situation and/or prevent further water resource 
degradation due to intense exploitation that jeopardizes the 
sustainability of local agrosystems.

Author contributions All of the authors participated in the develop-
ment and revision of the manuscript.

Funding This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors.

Data availability The data will be made available on request.

Compliance with ethical standards 

Conflict of interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

References

Akbari S, Nour A, Jamari S, Rajabi A (2016) Demulsification of water-
in-Crude oil emulsion via conventional heating and microwave 
heating technology in their optimum conditions. Australian J 
Basic Appl Sci 10(4):66–74

Association Française pour l‟Etude du Sol (AFES) (2008) Référentiel 
pédologique français. Editions Quæ, Versailles, pp 196–200

Bass L, Liebert CA, Lee MD, Summers AO, White DG, Thayer SG, 
Maurer JJ (1999) Incidence and characterization of integrons, 
genetic elements mediating multi-ple-drug resistance, in avian 
Escherichia coli. Antimicrob Agents Chemother 43:2925–2929

Ben Boubaker H (2007) Evaluation des systèmes d’alerte précoce de 
sècheresse en Tunisie (SAPS). Project report

Ben Mohamed M (2015) Geothermal energy development: the Tuni-
sian experience. In: Proc World Geothermal Congr, Melbourne, 
Australia, 19–25 April 2015

Ben Aissa I, Bouksila F, Bahri A, Bouarfa S, Chaumont C, Hichri W 
(2004) Gestion de l’eau et des sels au sein d’une oasis du Sud 
tunisien. In: Proc Modernization of Irrigated Agriculture, Rabat, 
Morocco, 19–23 April 2004

Ben Aissa I, Bouarfa S, Vincent B, Chaumont C, Perrier A (2013) 
Drainage performance assessment in a modernized oasis system. 
Irrig Drain 62:221–228. https ://doi.org/10.1002/ird.1710

Ben Hassine H (2005) Effets de la nappe phréatique sur la salinisation 
dessols de cinq périmètres irrigués en Tunisie. Étude et Gestion 
des Sols 12:281–300

Ben Hassine H, Ben Slimane A, Mlawah M, Albouchi L, Gandouzi 
A (2013) Effects of underground water on soil salinity and dates 
production in Kebili Oases Area (Tunisia): the case of El Bahaier 
Oasis. IOSR J Environ Sci Toxicol Food Technol 4:51–58

Ben Hassine H, Ben Slimane A, Mlawah M, Albouchi L, Gandouzi 
A (2016) An assessment of the impact of underground water 
level on soil salinity and date palms production. Int J Agric Sci 
6:1059–1066

Berdaï A, Douaoui A, Marlet S (2009) Qualité des eaux souterraines 
utilisées en irrigation et risqué de dégradation des sols dans la 
plaine du Bas-Cheliff, Algérie. In: Actes du 4ème atelier régional 
du projet Sirma, Mostaghanem, Algeria, 26–28 May 2008

Besser H, Hamed Y (2019) Causes and risk evaluation of oil and brine 
contamination in the Lower Cretaceous Continental Intercalaire 
aquifer in the Kebili region of southern Tunisia using chemical 
fingerprinting techniques. Env Pol 253:412–423

Besser H, Mokadem N, Redhouania B, Rhimi N, Khelifi F, Ayadi Y, 
Omar Z, Bouajila A, Hamed Y (2017) GIS-based model evalua-
tion of groundwater quality and estimation of soil salinization and 
land degradation risks in arid Mediterranean site (SW Tunisia). 
Arab J Geosci 10:350. https ://doi.org/10.1007/s1251 7-017-3148-0

Besser H, Mokadem N, Redhouania B, Hadji R, Hamad O, Hamed Y 
(2018) Groundwater mixing and geochemical assessment of low 
enthalpy resources in the geothermal field of southwestern Tuni-
sia. Euro-Mediterr J Environ Integr 3:16. https ://doi.org/10.1007/
s4120 7-018-0055-z

Besser H, Redhouania B, Bedoui S, Ayadi Y, Khelifi F, Hamed Y 
(2019) Geochemical, isotopic and statistical monitoring of 
groundwater quality: assessment of the potential environmental 

https://doi.org/10.1002/ird.1710
https://doi.org/10.1007/s12517-017-3148-0
https://doi.org/10.1007/s41207-018-0055-z
https://doi.org/10.1007/s41207-018-0055-z


 Euro-Mediterranean Journal for Environmental Integration (2021) 6:36

1 3

36 Page 12 of 13

impacts of the highly polluted CI water in southwestern Tunisia. 
J Afr Earth Sci 153:144–155

Bryant RG, Drake NA, Millington AC, Sellwood BW (1994) The 
chemical evolution of the brines of Chott El Djerid, Southern 
Tunisia, after an exceptional rainfall event in January. In: Renaut 
RW, Last WM (eds) Sedimentology and geochemistry of modern 
and ancient saline lakes. SEPM Special Publication no. 50. Soci-
ety of Sedimentary Geology, Tulsa

Cudennec C, Leduc C, Koutsoyiannis D (2008) Dryland hydrology 
in Mediterranean regions—a review. Hydrolog Sci J. https ://doi.
org/10.1623/hysj.52.6.1077

Carpentier I (2017) Diversité des dynamiques locales dans les oasis 
du Sud de la Tunisie. Cah Agric 2017(26):35001. https ://doi.
org/10.1051/cagri /20170 17

Canadian Council of Ministers of the Environment (C.C.M.E) (2001) 
Canadian Water Quality Guidelines for the Protection of Aquatic 
Life: CCME WaterQuality Index 1.0. Technical Report, Canadian 
Council of Ministers of the environment winnipeg, MB, Canada

CRDA (2018) Kebili en chiffres: Internal report, commissariat regional 
du developement agricole, Kebili. http://www.ods.nat.tn/uploa d/
CHIFK EBILI .pdf?fbcli d=IwAR1 jUt2I FYGgh qSe--IPZyE bVt5f 
mCndz fTP9f bqdB-wDtLP AcQWE UivFo g

Dhaouadi L, Ben Maachia S, Mkademi C, Oussama M, Daghari H 
(2015) Etude comparative des techniques d’irrigations sous palm-
ier dattier dans les oasis de Deguache du Sud Tunisien. J New Sci 
Agric Biotechnol 18(3):658–667

Dhaouadi L, Boughdiri A, Daghari I, Slim S, Ben maachia S, Mkad-
mic C (2017) Localised irrigation performance in a date palm 
orchard in the oases of deguache. J New Sci Agric Biotechnol 
42(1):2268–2277

Dhaouadi L, Besser H, Wassar F, Kharbout N, Ben Brahim N, Wahba 
M, Kang Y (2020) Comprehension of the kinetics of water in the 
soil from an irrigation test with a bubbler under date palm tree. J 
New Sci Agric Biotechnol 77(6):4533–4542

Edmunds WM, Shand P, Guendouz AH, Moulla AS, Mamou A, Zouari 
K (1997) Recharge characteristics and groundwater quality of the 
Grand Erg Oriental basin. Final report. British Geological Survey, 
London

Edmunds WM, Guendouz AH, Mamou A, Shand P, Zouari K (2003) 
Groundwater evolution in the Continental Intercalaire aquifer of 
southern Algeria and Tunisia; trace element and isotopic indica-
tors. Appl Geochem 18:805–822. https ://doi.org/10.1016/S0883 
-2927(02)00189 -0

FAO (2007) Proceedings of the Workshop on Irrigation of Date Palm 
and Associated Crops, Damascus, Syrian Arab Republic, 27–30 
May, 2007. Food and Agriculture Organization of the United 
Nations, Rome. ISBN 978-92-5-105997-5

Ferchichi A (1996) Etude climatique en Tunisie présahrienne. Medit 
7:46–53

Guendouz A, Moulla A S, Edmunds W, Shand P, Poole J, Zouari K, 
Mamou A (1997) Paleoclimatic information contained in ground-
water of the Grand Erg Oriental, N. Africa. In: Proc Int Symp on 
Isotope Techniques in the Study of Past and Current Environ-
mental Changes in the Hydrosphere and the Atmosphere, Vienna, 
Austria, 14–18 April 1997, p 349.

Hachicha M, Ben Aissa I (2014) Managing salinity in Tunisian 
oases. J Life Sci 8(9):775–782. https ://doi.org/10.17265 
/1934-7391/2014.09.007

Haj Ammar F, Chakir N, Zouari K, Hamileon B, Deschamps P, Agoun 
A (2014) Hydro-geochemical processes in the complexe terminal 
aquifer of southern Tunisia: an integrated investigation based on 
geochemical and multivariate statistical methods. J Afr Earth Sci 
100:81–95

Hamad A, Baali F, Hadji R, Zerrouki H, Besser H, Mokadem N, 
Hamed Y (2018) Hydrogeochemical characterization of water 

mineralization in Tebessa-Kasserine karst system (Tuniso-Alge-
rian Transboundary basin). Euro-Mediterr J Environ Integr 3:7

Hamdane A (2015) Changement climatique et securite alimentaire cas 
des oasis de Tunisie. INAT report. Institut national agronomique 
de Tunisie (INAT),Tunis

Hamed Y (2015) Les ressources hydriques en Tunisie et impact des 
changements climatiques. Éditions universitaires européennes, 
Sarrebruck. ISBN 978-9938-12-961-8

Hamed Y, Hadji R, Redhaounia B, Zighmi K, Bâali F, El Gayar A 
(2018) Climate impact on surface and groundwater in North 
Africa: a global synthesis of findings and recommendations. Euro-
Mediterr J Environ Integr 3(1):25

Ishaku JM, Ahmed AS, Abubakar MA (2011) Assessment of ground-
water quality using chemical indices and GIS mapping in Jada 
area, northeasternNigeria. Earth Sci Geotech Eng J 1(1):35–60

Kadri A, Ranst V (2002) Contraintes de la production oasienne et stra-
tégies pour un développement durable Cas des oasis de Nefzaoua 
(Sud tunisien). Secheresse 13(1):5–12

Kauppi S, Sinkkonen A, Romantschuk M (2011) Enhancing biore-
mediation of diesel-fuel contaminated soil in a boreal climate: 
comparison of biostimulation and bioaugmentation. Int Biodete-
rior Biodegradation 65:359–368. https ://doi.org/10.1016/j.ibiod 
.2010.10.011

Marlet S (2004) Evolution des systèmes d’irrigation et gestion de la 
salinité des terres irriguées. Séminaire Wademed sur la moderni-
sation de l’agriculture irriguée, Rabat, Maroc, 19 Avril 2004/23 
Avril 2004. Hommes la Terre, l’Eau (130), 32-38

Marlet S, Bouksila F, Bahri A (2009) Evolution des systèmes 
d’irrigation et gestion de la salinité des terres irriguées. Sémi-
naire Wademed sur la modernisation de l’agriculture irriguée, 
Rabat, Maroc, 19 Avril 2004/23 Avril 2004. Hommes la Terre, 
l’Eau (130):32–38

Meireles A, Andrade E, Chaves LC, Frischkorn H, Crisóstomo L 
(2010) A new proposal of the classification ofirrigation water. 
Revista Ciência Agronômica 41:349-357. https ://doi.org/10.1590/
S1806 -66902 01000 03000 05

Mokadem N, Demdoum A, Hamed Y, Bouri S, Hadji R, Boyce A, 
Laouar R, Saad A 2016 Hydrogeochemical and stable isotope data 
ofgroundwater of a multiaquifer system: northern Gafsa basin e 
Central Tunisia. J Afr Earth Sci 114:174–191

Mtimet A (2001) Soils of Tunisia. In: Zdruli P, Steduto P, Lacirignola 
C, Montanarella L (eds) Soil resources of Southern and Eastern 
Mediterranean countries. CIHEAM, Bari, pp 243–262

Ncibi K, Hadji R, Hamdi M, Mokadem N, Abbes M, Khelifi F, Hamed 
Y (2020) Application of the analytic hierarchy process to weight 
the criteria used to determine the Water Quality Index of ground-
water in the northeastern basin of the Sidi Bouzid region, Central 
Tunisia. Euro-Mediterr J Environ Integr 5:19

Nezli IE, Achour SD, Jabri L (2007) Approche géochimique des pro-
cessus d’acquisition de la salinité des eaux de la nappe phréa-
tique de la basse vallée de l’Oued M’YA (Ouregla). Larhyss J 
6:121–134.

Omrani N, Ouessar M (2008) Historical and contemporary perspectives 
of water culture in Tunisia

Omrani N (2011) Historical and Contemporary Perspectives of Water 
Culture in Tunisia. CIHEAM Options Méditerranéennes : Série 
A. Séminaires Méditerranéens 83, 2008:75-84

OSS (2014) Pilotes de démonstration agricole dans le bassin du SASS: 
vers une agriculture durable et rentable au Sahara. L’Observatoire 
du Sahara et du Sahel, Tunis

Person J (1978) Irrigation et drainage en Tunisie: problème posé par 
la salinité des sols et des eaux. Bull BRGM Sér 2 III 2:143–151

Richards LA (1954) Diagnosis and improvement of saline and alkali 
soils. USDA Handbook 60. US Department of Agriculture, Wash-
ington, DC

https://doi.org/10.1623/hysj.52.6.1077
https://doi.org/10.1623/hysj.52.6.1077
https://doi.org/10.1051/cagri/2017017
https://doi.org/10.1051/cagri/2017017
http://www.ods.nat.tn/upload/CHIFKEBILI.pdf?fbclid=IwAR1jUt2IFYGghqSe--IPZyEbVt5fmCndzfTP9fbqdB-wDtLPAcQWEUivFog
http://www.ods.nat.tn/upload/CHIFKEBILI.pdf?fbclid=IwAR1jUt2IFYGghqSe--IPZyEbVt5fmCndzfTP9fbqdB-wDtLPAcQWEUivFog
http://www.ods.nat.tn/upload/CHIFKEBILI.pdf?fbclid=IwAR1jUt2IFYGghqSe--IPZyEbVt5fmCndzfTP9fbqdB-wDtLPAcQWEUivFog
https://doi.org/10.1016/S0883-2927(02)00189-0
https://doi.org/10.1016/S0883-2927(02)00189-0
https://doi.org/10.17265/1934-7391/2014.09.007
https://doi.org/10.17265/1934-7391/2014.09.007
https://doi.org/10.1016/j.ibiod.2010.10.011
https://doi.org/10.1016/j.ibiod.2010.10.011
https://doi.org/10.1590/S1806-66902010000300005
https://doi.org/10.1590/S1806-66902010000300005


Euro-Mediterranean Journal for Environmental Integration (2021) 6:36 

1 3

Page 13 of 13 36

Wang ZD, Fingas M, Landriault M, Sigouin L, Feng YP, Mullin J 
(1997) Using systematic and comparative analytical data to iden-
tify the source of an unknown oil on contaminated birds. J Chro-
matogr A 775:251–265

Wilcox LV (1955) Classification and use of irrigation waters. USDA 
Circular 969. US Department of Agriculture, Washington, DC

Zammouri M, Siegfried T, El Fahem T, Kriâa S, Kinzelbach W (2007) 
Salinization of groundwater in the Nefzaoua Oases region, Tuni-
sia: results of a regional scale hydrogeologic approach. Hydrogeol 
J 15:1357–1375


	Assessment of natural resources in tunisian Oases: degradation of irrigation water quality and continued overexploitation of groundwater
	Abstract
	Introduction
	Data analysis
	Site description
	Data collection

	Results and discussion
	Water chemistry
	Quality of the irrigation water Omrani et al. (2011)
	Assessment of the suitability of the water for irrigation
	Suitability and impact of the quality of the irrigation water

	Agricultural practices and the irrigation system
	Soil degradation in the study area
	Drainage problems

	Reasonable accommodation of sustainable development

	Conclusions and recommendations
	References




