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The present study contributes to the understanding of agricultural water stress in the southern Mediterranean 
basin. Despite the effectiveness of dynamic multivariate analysis using principal component analysis (PCA) for 
identifying the potential causes of agricultural water scarcity, its application in this context has received limited 
attention in the existing literature. By applying this methodology to the Safsaf irrigated perimeter (North-East-
ern Algeria) from 1992 to 2018, our research aims to investigate the causes driving irrigation deficits, which are 
typically attributed to climatic constraints. The results reveal a strong association between institutional failures 
and agricultural water scarcity, where institutional governance factors (52.33%) and management dysfunctions 
(24.38%) together explain approximately 76% of the observed irrigation deficits. This study demonstrates the 
value of dynamic multivariate analysis as a powerful tool for deconstructing the multidimensional temporal as-
pects of this composite issue. The challenge is not merely in implementing solutions that address physical water 
scarcity in agriculture, but in diagnosing its systemic accumulated root causes in order to achieve sustainable 
management and develop comprehensive, effective strategies.
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Introduction
The Mediterranean basin is among the world’s regions 
most vulnerable to climate change (IPCC, 2023). Recent 
decades have witnessed a marked increase in drought 
frequency and a sustained decline in precipitation, es-
pecially in the southern basin (FAO, 2023).  These cli-
matic trends have intensified water scarcity, a situation 
compounded by the high concentration of urban settle-
ments and industrial activities, which place additional 
pressure on limited water resources (Noto et al., 2023; 
IPCC, 2023). Since the early 2000s, North African coun-
tries like Algeria, Egypt, Morocco, and Tunisia have ex-
perienced significant increases in irrigation water de-
mand (IPCC, 2023). Agriculture remains the dominant 
water-consuming sector, accounting for approximately 
70% of global water consumption and 80–90% of total 
water withdrawals in arid to semi-arid regions where 
competition for freshwater is intense (FAO, 2023). This 
scale of use underscores a deeper reality: agriculture’s 
fundamental dependence on water makes securing its 
reliable supply a vital priority for global food securi-
ty. Yet, this critical dependence coincides with persis-
tently low irrigation efficiency, often due to outdated 
infrastructure and climate stress (MedECC, 2020). 

The  understanding  of water scarcity is increasingly 
framed not only as a physical limitation but also as 
a  governance challenge, stemming from institution-
al fragmentation, inadequate meta-governance, and 
weak adaptation mechanisms. Comparative studies il-
lustrate this paradigm across diverse contexts: in Eng-
land and Wales, scarcity reflects failures of ecological 
modernity and meta-governance despite shifts toward 
economic efficiency (Walker, 2014); in the United States, 
institutional responses emphasize adaptive govern-
ance to build  greater  resilience (Saleth, 2014); and in 
China, severe northern shortages stem from resource 
constraints, pollution, and the need for stronger insti-
tutions and market instruments (Jiang, 2009). Despite 
the complex, multidimensional nature of agricultural 
water scarcity, the majority of studies from 2010 to 
2025 have focused on isolated factors, such as climate 
indicators (e.g., the Standardized Precipitation Index) 
(Noto et al., 2023), physical-economic determinants 
(Laoubi and Yamao, 2009), or specific institutional as-
pects including, poor coordination, lack of participatory 
governance (Feola, 2015; Mvongo et al., 2022; OECD, 

2014), and infrastructure degradation (MedECC, 2020; 
Jamin et al., 2011). This fragmented approach, often 
reliant on univariate methods, has largely overlooked 
critical  interactions among hydroclimatic, agricultural, 
and demographic variables, as well as their  temporal 
dynamics. Consequently, findings often remain static, 
yielding fragmented solutions, such as promoting wa-
ter-saving crops or isolated climate policies, that fail to 
address the systemic roots of scarcity.

To address this gap, this study advances a dynamic an-
alytical framework using Principal Component Analy-
sis (PCA) to trace the temporal evolution of key drivers 
of irrigation water scarcity. By reducing dimensionality, 
PCA reveals underlying, interacting factors that static 
models fail to detect. Applied to the Safsaf irrigated pe-
rimeter in North-Eastern Algeria (1992–2018) across 
16 hydroclimatic, agricultural, and demographic vari-
ables, this method identifies not only the root causes 
of water scarcity but also how these drivers have shift-
ed over time. This study underscores the critical value 
of  multidimensional temporal analysis  for diagnosing 
cumulative failures in the irrigation systems, identify-
ing key factors, and providing a robust foundation for 
sustainable management strategies.

Materials and Methods
The study area
The Safsaf irrigated system is located in the Skikda 
region, North-Eastern Algeria (Fig. 1). The perimeter 
extends over more than 56.54 km2 and is divided into 
four sectors: I (Ramdane Djamel, currently non-oper-
ational), II (Salah Bouchaour), III (El Harrouch), and IV 
(Emdjez Edchiche). The study area is characterised by 
a Mediterranean climate; defined by hot, dry summers 
and mild, wet winters. The average annual rainfall is 
approximately 731.90 mm in the northern coastal zone 
and 564.77 mm in the southern inland zone of the prov-
ince. The hot and dry season typically lasts from late 
May to late September, although it can occasionally 
extend to November or December. The Safsaf irrigated 
perimeter was designed to support intensive agricul-
tural production and was placed under the supervision 
of the Office of Irrigated Perimeter (OIP) in 1992. In 
2005, its management was transferred to the National 
Office of Irrigation and Drainage (NOID) for Large Irri-
gation System (LIS). 
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The irrigated system operates on a flat rate “on demand” 
regime, where the amount of water is determined by 
the crop type. However, the volume of irrigation water 
that is allocated remains significantly lower than the 
theoretical requirements.

The processing of drinking water consumption and 
supply in the Safsaf irrigated system, demonstrates a 
substantial increase in potable water withdrawals from 
the Guenitra and Zerdaza reservoirs compared with 
agricultural irrigation withdrawals (Fig. 2). A growing 

competition for resources is emerging as urban demand 
for potable and domestic use increasingly outpaces agri-
cultural requirements. Although the Guenitra dam serves 
as the primary supply, supplemented marginally by the 
Zerdaza dam, these trends reveal a chronic structur-
al deficit in water supply. This imbalance highlights the 
urgent need for integrated water resource management 
to reconcile conflicting sector demands. Accordingly, the 
Safsaf irrigation system provides a highly representative 
case study for investigating these dynamics.

Fig. 1. The location of the Safsaf irrigated system 

Fig. 2. Drinking water consumption and supply in the Safsaf irrigated system
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This study used empirical data collected from official 
institutions in the study area.

The National Office of Irrigation and Drainage (NOID), 
particularly the Safsaf operational service in the Skikda 
region, provided annual reports detailing hydro-agricul-
tural management, irrigated areas, water distribution 
volumes, network losses, and operational constraints.

The  dam authorities  for Zerdaza and Guenitra provid-
ed annual hydraulic balance sheets, containing data on 
inflow, release, consumption, loss, filling rate, rainfall, 
and evaporation. Missing data for the Guenitra dam in 
the 1990s were retrieved from archival records.

The Agricultural Hydraulic Department of the Water Re-
sources Directorate of Skikda contributed data related 
to Small and Medium Hydraulics (SMH).

The Directorate of the Agricultural Sector in Skikda fur-
nished statistical data on regional agricultural production, 
while the demographic data for the municipalities within 
the Safsaf perimeter were obtained from the Directorate 
of Programming and Budget to track population trends.  

The analysis is based on a longitudinal dataset from 
1992 to 2018, comprising 16 variables categorized as 
hydroclimatic, agricultural, or demographic. After sys-
tematic processing and quality verification, the data 
were analysed using Principal Component Analysis 
(PCA) in XLSTAT 2025. This method was employed to 
conduct a comprehensive assessment of the causes of 
irrigation water scarcity.

Selection and definition of variables 
Sixteen variables were selected based on the availabil-
ity of authoritative data and the completeness of their 
time series over the study period. These variables are 
fundamentally linked to the annual agricultural water 
quota established by the ministerial committee respon-
sible for allocating water across drinking, agricultural, 
and industrial sectors in the Safsaf basin.   The perfor-
mance of the irrigation water quota is measured using 
three variables: the irrigated area (IRR. area), dam wa-
ter withdrawals (IRR. Zerd, IRR. Gueni), and the volume 
of water distributed to farmers (Vol. IRR). 

Table 1. The main and supplementary variables used in study

Variables Variable description Unit

M
ai

n 
va

ria
bl

es

IRR. area Total irrigated area recorded annually by the managing institution m2

IRR. Zerd Annual volume of water withdrawn from the Zerdaza dam for irrigation hm3

IRR. Gueni Annual volume of water withdrawn from the Guenitra dam for irrigation hm3

Trib. Gueni Total inflow/tributaries recorded at the Guenitra Dam hm3

Ws. Zerd Average annual end-of-month water storage at the Zerdaza dam hm3

Pop. Population of the municipalities in the Safsaf Valley Number of inhabitants (hab)

Yield I Vegetable crop yield for Ramdane Djamel municipality kg/m2

Yield II Vegetable crop yield for Salah Bouchaour municipality kg/m2

Yield III Vegetable crop yield for El Harrouche municipality kg/m2

Yield IV Vegetable crop yield for Emdjez Edchiche municipality kg/m2

Su
pp

le
m

en
ta

ry
 v

ar
ia

bl
es

Fill. R. Dams Average filling rates of Zerdaza and Guenitra dams %

% DWS. Zerd
Proportion of water allocated for Drinking Water Supply (DWS) relative to 

total consumption from Zerdaza dam
%

% DWS. Gueni
Proportion of water allocated for Drinking Water Supply (DWS) relative to 

total consumption from Guenitra dam
%

Vol. IRR Volume of water distributed to Irrigators during the agricultural year hm3

Aver. Pro
Average annual vegetable Production in Safsaf Valley municipalities 

(Ramdane Djamel, Salah Bouchaour, El Harrouche, Emdjez Edchiche)
kg

Wet, Dry, and 
Severely dry year

Qualitative variable determined by the Standardised Precipitation Index 
(SPI)

/
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Based on the current state of water management, allo-
cation decisions are fundamentally dictated by two core 
principles: resource availability and the national priority 
of meeting domestic drinking water demand.

The first criterion was measured using precise indica-
tors derived from the annual hydraulic balance of the 
watershed. These indicators include water flow into the 
Guenitra dam (Trib. Gueni), the average annual reserve 
in the Zerdaza dam (Ws. Zerd), and average reservoir 
filling rates for the Zerdaza and Guenitra dams (Fill. 
R.Dams). Additionally, the Standardised Precipitation 
Index (SPI), a qualitative variable representing climatic 
variability, was incorporated into the analysis. 

The second criterion integrates variables such as pop-
ulation (Pop) and the proportion of drinking water sup-
ply within total dam withdrawals (% DWS. Zerd and % 
DWS. Gueni) to evaluate the escalation in domestic de-
mand.

Furthermore, indicators for vegetable crop yields (Yield 
I, II, III, and IV) and average production in the Safsaf 
Valley (Aver. Pro) are employed to assess agricultural 
productivity in regions characterised by intensive vege-
table cultivation. These variables provide a framework 
for assessing the impacts of water scarcity on ground-
water and surface water systems and sustaining pro-
duction levels. The analytical procedure commenced 
with an initial examination of the database. This was 
followed by descriptive statistical analysis and tests to 
verify PCA suitability. Ten variables designated as ac-
tive were included in PCA, and six variables were treat-
ed as supplementary and projected onto PCA space 
post-analysis to support result interpretation, Table 1.

The Standardised Precipitation Index (SPI) was calcu-
lated for the period from 1992 to 2018 using precipita-
tion data from the Zerdaza and Guenitra stations. The 
average of these two indices was adopted to determine 
the SPI for the study area. The SPI formula (1) is as 
follows:

 

4 
 

supplementary and projected onto PCA space post-analysis to support result interpretation, Table 1. 148 
 149 

Table 1. The main and supplementary variables used in study 150 

 151 
The Standardised Precipitation Index (SPI) was calculated for the period from 1992 to 2018 using 152 

precipitation data from the Zerdaza and Guenitra stations. The average of these two indices was adopted to 153 
determine the SPI for the study area. The SPI formula (1) is as follows: 154 

 155 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)

𝜎𝜎𝜎𝜎
 (1) 156 

where 𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃 – is the interannual average precipitation (mm); 𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃  – is the average precipitation series (mm); 𝜎𝜎𝜎𝜎 – is 157 
the standard deviation of the precipitation series (mm). 158 

 159 
For clarity, the SPI was categorised into three groups of values by year, as shown in Table 2.  160 
 161 
Table 2. Categories of SPI values 162 

SPI values Group 
0 to 1.49 Wet year 

0 to −1.49 Dry year 
−1.5 to −1.99 Severely dry year 

 163 
Descriptive analysis, tests of PCA adequacy and K-Means clustering procedure 164 

 165 
Descriptive statistics, including the mean, median, standard deviation, minimum, and maximum values, were 166 

calculated to characterise the variables and assess their nature, comparability, and suitability for further analyses. 167 
Skewness and kurtosis coefficients were used to evaluate the shapes of the statistical distributions. The results 168 

of this descriptive analysis were essential in selecting the most appropriate method for the principal component 169 
analysis of this study. 170 

The database consists of quantitative variables with non-normal distributions. Consequently, Principal 171 
Component Analysis (PCA) was performed on the Spearman correlation matrix, which is based on centred and 172 
normalised ranks, making variable standardisation unnecessary. Data suitability for PCA was confirmed by a 173 
significant Bartlett’s test of sphericity (p < 0.0001) and the Kaiser-Meyer-Olkin (KMO) test. Following the 174 
classification of the KMO, values above 0.5 are acceptable, with values of 0.5–0.7 considered averages, 0.7–0.8 175 
good, 0.8–0.9 very good, and > 0.9 excellent (Naseer et al., 2019). The period from 1992 to 2018 was analysed to 176 
track the long-term shifts in water management challenges within the Safsaf irrigation system. This was achieved 177 
by applying the K-means clustering technique to the PCA scores, specifically the coordinates of the observations 178 

Variables Variable description Unit 

M
ai

n 
va

ria
bl

es
 

IRR. area Total irrigated area recorded annually by the managing institution m2 

IRR. Zerd Annual volume of water withdrawn from the Zerdaza dam for 
irrigation 

hm3 

IRR. Gueni Annual volume of water withdrawn from the Guenitra dam for 
irrigation 

hm3 

Trib. Gueni Total inflow/tributaries recorded at the Guenitra Dam hm3 
Ws. Zerd Average annual end-of-month water storage at the Zerdaza dam hm3 
Pop. Population of the municipalities in the Safsaf Valley Number of 

inhabitants (hab) 
Yield I Vegetable crop yield for Ramdane Djamel municipality kg/m2 

Yield II Vegetable crop yield for Salah Bouchaour municipality kg/m2 

Yield III Vegetable crop yield for El Harrouche municipality kg/m2 
Yield IV Vegetable crop yield for Emdjez Edchiche municipality kg/m2 

Su
pp

le
m

en
ta

ry
 

i
bl

 

Fill. R. Dams Average filling rates of Zerdaza and Guenitra dams % 
% DWS. Zerd Proportion of water allocated for Drinking Water Supply (DWS) 
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/ 

(1)

where Pi – is the interannual average precipitation 
(mm); Pm– is the average precipitation series (mm); 
σ  is the standard deviation of the precipitation series 
(mm).

For clarity, the SPI was categorised into three groups of 
values by year, as shown in Table 2. 

Table 2. Categories of SPI values

SPI values Group

0 to 1.49 Wet year

0 to −1.49 Dry year

−1.5 to −1.99 Severely dry year

Descriptive analysis, tests of PCA adequacy and 
K-Means clustering procedure
Descriptive statistics, including the mean, median, 
standard deviation, minimum, and maximum values, 
were calculated to characterise the variables and as-
sess their nature, comparability, and suitability for fur-
ther analyses.

Skewness and kurtosis coefficients were used to eval-
uate the shapes of the statistical distributions. The re-
sults of this descriptive analysis were essential in se-
lecting the most appropriate method for the principal 
component analysis of this study.

The database consists of quantitative variables with 
non-normal distributions. Consequently, Principal 
Component Analysis (PCA) was performed on the 
Spearman correlation matrix, which is based on centred 
and normalised ranks, making variable standardisation 
unnecessary. Data suitability for PCA was confirmed by 
a significant Bartlett’s test of sphericity (p < 0.0001) and 
the Kaiser-Meyer-Olkin (KMO) test. Following the clas-
sification of the KMO, values above 0.5 are acceptable, 
with values of 0.5–0.7 considered averages, 0.7–0.8 
good, 0.8–0.9 very good, and > 0.9 excellent (Naseer et 
al., 2019). The period from 1992 to 2018 was analysed 
to track the long-term shifts in water management 
challenges within the Safsaf irrigation system. This was 
achieved by applying the K-means clustering technique 
to the PCA scores, specifically the coordinates of the ob-
servations following a Varimax rotation.

The typology reconstructs key periods of crisis and tran-
sition within the perimeter, providing valuable insights 
into the dynamic nature of hydro-agricultural conditions 
over time (Apollin and Eberhart, 2012). The multivar-
iate statistical approach allows for a comprehensive 
analysis of the complex interrelationships among mul-
tiple variables (Tabachnick and Fidell, 2019). PCA was 
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Results and Discussion
Descriptive statistics results and (PCA) adequacy 
tests
The descriptive statistical analysis indicates that for 
most variables, the marked disparity between the 
mean and median suggests a non-normal distribution 
as detailed in Table 3.

Table 3. Descriptive statistics results of main variables

Main variables ‘enter 
PCA’

Mean Median
Standard 
deviation

Kurtosis Skewness Minimum Maximum

IRR. area (m2) 8,978,892.59 9,173,400 3,968,635.98 −0.29 -0.70 0.00 14,120,000

IRR. Zerd (hm3) 1.79 1.68 1.32 −0.25 0.48 0.00 4.45

IRR. Gueni (hm3) 5.34 5.78 3.50 −0.81 0.14 0.00 13.18

Trib. Gueni (hm3) 40.53 36.74 21.12 0.03 0.69 3.04 86.28

Res. Zerd (hm3) 9.44 9.41 2.81 0.17 -0.56 3.26 14.43

Pop. (hab) 131,385.26 130,384 19,437.09 −1.05 0.04 98,535 164,773

Yield. I (kg/m2) 1.60 1.26 0.75 −1.21 0.57 0.73 2.96

Yield.II (kg/m2) 1.48 1.40 0.44 −1.10 0.16 0.81 2.17

Yield.III (kg/m2) 1.88 1.66 1.01 −0.35 0.68 0.39 4.03

Yield.IV (kg/m2) 2.33 2.00 0.93 −0.13 0.77 1.18 4.48

Furthermore, non-zero Skewness values and neg-
ative kurtosis coefficients indicate asymmetric and 
non-normal distributions. While Pearson’s correlation 
coefficient assumes symmetrical distributions and a 
linear relationship, Spearman’s correlation coefficient 
was chosen because it is more appropriate as it is not 
affected by the asymmetry of the distribution and is 
based on ranks rather than raw values. The suitability 
of the data for factor analysis was validated by a sig-
nificant Bartlett’s test of sphericity (p < 0.0001) and a 
Kaiser-Meyer-Olkin (KMO) measure of 0.82, indicating 
‘very good’ sampling adequacy. The first three principal 
components cumulatively explained 86.81% of the total 
variance, achieving the objective of data reduction. For 
this study, the interpretation focused on the first two 
axis only.

Principal component analysis (PCA) results
The PCA applied to hydroclimatic, agricultural, and de-
mographic variables in the Safsaf irrigated system re-
veals the following results:

Correlation matrix 
The monotonic relationships among the ten variables 
used in the PCA are illustrated in the Spearman corre-
lation matrix in Table  4, which highlights the intricate 
and interdependent relationships among demographic 
growth, water resource use, and agricultural productivity. 

A notable finding showed the strong positive correla-
tion observed between population size and the four 
variables of vegetable crop productivity (r = 0.90 for 
Pop, Yield I and II, and r = 0.95 for Pop, Yield III). These 
results suggest that as the population grew, vegetable 
production increased accordingly. This strong correla-
tion indicates that agricultural activity was likely driven 
by both rising demand and the increased availability of 
labour. Among the hydroclimatic variables, the volume 
of water withdrawn from the Guenitra dam (IRR. Gueni) 
had a strong positive impact and correlation with agri-
cultural crop variables (r = 0.71 for Yield II) and popula-
tion (r = 0.68), underscoring its central role in sustain-
ing local agricultural activity.

explicitly chosen for its ability to reduce the dimension-
ality of large datasets while preserving the most signifi-
cant sources of variation (Abdi and Williams, 2010; Wold 
et al., 1987; Lever et al., 2017). This reduction enhances 
the interpretation of patterns and trends by grouping 
correlated variables and identifying the principal com-
ponents that explain the variability within the system 
(Abdi and Cadima, 2016; Abdi and Williams, 2010). 
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Baseline Scenario

Table 4. Descriptive statistics results of main variables

Variables IRR. area IRR. Zerd IRR. Gueni Trib. Gueni Res. Zerd Pop Yield I Yield.II Yield. III Yield. IV

M
ai

n

IRR. area 1

IRR. Zerd 0.58 1

IRR. Gueni 0.47 0.40 1

Trib. Gueni 0.18 0.35 0.41 1

Res. Zerd 0.16 0.55 0.23 0.53 1

Pop 0.17 −0.08 0.68 0.16 −0.19 1

Yield. I 0.22 −0.06 0.68 0.25 −0.08 0.90 1

Yield.II 0.20 −0.01 0.71 0.14 −0.15 0.90 0.82 1

Yield.III 0.14 −0.09 0.68 0.17 −0.23 0.95 0.89 0.87 1

Yield.IV 0.01 −0.08 0.61 0.09 −0.22 0.92 0.83 0.89 0.91 1

Su
pp

le
m

en
ta

ry

Fill. R. Dams 0.04 0.31 0.27 0.58 0.71 −0.22 −0.03 −0.21 −0.17 −0.22

% DWS Zerd −0.69 −0.87 −0.38 −0.17 −0.36 −0.03 −0.02 −0.11 0.00 −0.06

% DWS Gueni −0.18 −0.41 −0.81 −0.44 −0.43 −0.59 −0.57 −0.60 −0.59 −0.57

Vol. IRR 0.81 0.68 0.72 0.25 0.20 0.40 0.42 0.48 0.39 0.33

Aver. Pro 0.26 0.02 0.73 0.23 −0.15 0.96 0.94 0.88 0.94 0.90

The analysis revealed a moderate correlation was ob-
served between variables pertaining to irrigated areas 
and agricultural water for dams (e.g., r = 0.58 for IRR. 
area, IRR. Zerd, r = 0.47 for IRR. area, IRR. Gueni). In 
contrast, the relationship between the irrigated area 
and the supplementary variable of agricultural water 
distribution was very strong (r = 0.81 for IRR. area – Vol. 
IRR). The most probable explanation for this discrep-
ancy is a miscalculation of the irrigated area, as the 
recorded and declared areas by the farms do not corre-
spond to reality. However, by wasting water through the 
main irrigation channels, according to NOID’s weekly 
monitoring reports, the rate of water loss through the 
supply network reached 28% in 2014. Aging pipes and 
inefficiently used hydraulic equipment result in signifi-
cant water losses within the distribution network, partly 
due to inadequate maintenance. This problem is fur-
ther compounded by illegal withdrawals from the main 
pipeline. These taps compromise a system that must 
simultaneously meet both irrigation and drinking water 
demands.

The analysis showed moderate relationships between the 
agricultural water variables of dams and the variables re-
garding the condition of the water resource (e.g., r = 0.55 
for IRR. Zerd, Res. Zerd; r = 0.41 for IRR. Gueni, Trib. Gueni). 

These findings suggest that hydraulic potential is not 
the sole determinant of water scarcity. Agricultural wa-
ter use exists within a context of competing demands, 
where domestic water supply is prioritised over other 
sectors. This highlights the significant role of manage-
ment and governance in shaping scarcity conditions. 
Furthermore, the results reveal significant inverse cor-
relations (very strong negative associations) between 
irrigation water variables and drinking water supply 
indicators as additive variables (e.g., r = −0.87 for IRR. 
Zerd, %DWS. Zerd and r = −0.81 for IRR. Gueni, %DWS. 
Gueni). Conversely, the analysis shows a negligible to 
very weak association between irrigation water use 
and vegetable productivity yields (for example, r = 0. 01 
for Yield. IV, IRR. Area; r = 0.22 for Yield. I– IRR. area). 
This indicates that the expansion of irrigated land is not 
governed solely by the volume of allocated water, but 
is influenced by a complex array of factors, including 
traditional irrigation methods and institutional ineffi-
ciencies.

Correlation circle
The principal component analysis (PCA) of the correla-
tion circle revealed a clear two-dimensional structure 
that explained 76.71% of the total variance, Fig. 3. 
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Axis  1 (52.33%) reflects, ‘agricultural productivity and 
demographic pressure’. This axis is strongly defined 
by a 92% cumulative contribution of agricultural yields 
(Yield.I, II, III, IV) population (Pop), and Guenitra dam 
irrigation (IRR. Gueni) clustering in the positive quad-
rant. Temporally, a clear shift is observed: the period 
from 1992 to 2003 and 2005 occupy the negative quad-
rant, characterised by a  low  production-water profile. 
Conversely, 2004 and 2006–2018  cluster in the pos-
itive quadrant, reflecting a significantly  higher  pro-
duction-water profile and synchronised demographic 
growth. This represents a governance failure to regu-
late land use in alignment with water limits.

Axis 2 (24.38%) captures ‘water resource management 
and dam potential’ by placing domestic water supply 
allocations (% DWS. Zerd, % DWS. Gueni) in the neg-
ative quadrant and irrigation usage variables for Zer-
daza dam (Res. Zerd, IRR. Zerd) and reservoir storage 

dam-filling with a 73% contribution rate (Fill. R. Dams) 
in the positive quadrant reflecting  institutional man-
agement dysfunctions. Four distinct clusters emerged: 
Socio-Demographic and Yields, where this correlation 
indicates a reactive policy where agricultural output is 
driven by population demand rather than sustainable 
resource planning;Hydraulic infrastructure (Guenitra), 
where the 28% water loss in the Guenitra system serves 
as a direct ind icator of governance failure, resulting 
from inadequate maintenance and a lack of institutional 
accountability; Water availability (Zerdaza), where the 
Zerdaza dam demonstrates institutional inertia as a 
siltation escalates into crises due to fragmented man-
agement and a failure to act proactively; Urban priority, 
where the prioritisation during deficit periods reveals a 
centralised crisis-management model. 

This approach prioritises short-term social stability over the 
equitable distribution of water to the agricultural sector.

The group of years (2000–2010) reveals increased dis-
persion with positive values on Axis 2. This distribution 
does not affect the favourable hydrological conditions 
characterising this period. 

The group of years (2011–2018) is concentrated with-
in positive Axis  1, demonstrating the maturation of 
Guenitra dam-supported agricultural intensification 
and demographic growth. 

Climate stratification reveals systematic patterns: humid 
years align with positive Axis  2 values, while dry and 

Analysis of individuals projection
The factorial analysis revealed a two-dimensional 
framework structuring the regional hydroclimatic and 
agricultural systems over 26 years, Fig. 4.

The temporal analysis reveals three distinct phases in 
the evolution of the Safsaf irrigation system: 

The group of years (1992–1999) positioned on the neg-
ative side of Axis 1, reflects a stage of lower agricultur-
al productivity and smaller population centres before 
full infrastructural maturation.

Fig. 3. PCA correlation circle
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severe drought years correspond to negative Axis 1 and 
Axis 2 values, confirming the water scarcity impacts. 

Critical years illustrate the system’s vulnerability to 
hydroclimatic variability and the evolving balance be-
tween agricultural development and water resource 
sustainability: 2002 (severe water constraints, Axis  
2 = −3.24), 2005 (exceptional water abundance, Axis 
2 = +2.75), and 2017 (high productivity with emerging 
water stress).

PCA-based chronological typology
Based on the Elbow method shown in Fig. 5, the 
K-means analysis confirms an optimal cluster count of 
k = 5. This finding is further corroborated by the high-
est coefficient of variation of 0.54. The five groups of 
years represent the main periods of the evolution of 
agricultural water shortage in the Safsaf irrigated sys-
tem. Based on the intra-class variance value, as shown 
in Table 5 and the year clustering shown in Fig. 5.

Fig. 4. Individuals Projection on factorial Axis 1 and 2

Fig. 5. The curve of the Elbow demonstrating the optimal number of principal components to retain

Table 5. Barycentre of classes

Class
Axis D1:  

Population-production dynamics
Axis D2:  

Water resource availability
Sum of weights  

(number of years)
Intra-class  

variance

1 −1.16 0.23 7 0.22

2 −0.83 −1.49 4 0.29

3 0.01 1.59 4 0.37

4 0.89 0.20 9 0.26

5 1.13 −1.28 3 0.40
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water resource conditions. The commissioning of the 
Zit Emba dam from 2003 to 2005 contributed to the 
replenishment of the Zerdaza and Guenitra reser-
voirs. However, irrigation expansion remained limited  
due to institutional restructuring in 2005, which re-
placed the OIP with the National Office of Irrigation 
and Drainage (NOID), requiring time and methodo-
logical adjustments. In 2009, rainfall and the estab-
lishment of the Skikda desalination plant supported 
partial reservoir recovery; however, irrigation activity 
remained weak.

Class  4 is the most homogeneous group. It contains 
the largest number of years (2006, 2007, 2010, 2011, 
2012, 2013, 2014, 2015, and 2018). This period is char-
acterised by a dynamic equilibrium cycle. 

Class 5 (2008, 2016, and 2017) is heterogeneous class 
corresponds critical drought years and severe deple-
tion of the Zerdaza dam reserves. 

Class 1 (1992–1999) is highly homogeneous, character-
ised by low agricultural productivity and restricted irri-
gated areas, with a heavy reliance on rainfed farming.  
This stagnation was a directly result of inadequate in-
vestment in hydraulic infrastructure and protracted de-
lays in completing the irrigation networks for Sectors 
I and II. Consequently, the perimeter experienced eco-
nomic water scarcity during this period. 

Class 2 (1997, 2000, 2001, and 2002) reflects a period of 
increasing drought events resulting from physical water 
scarcity in the study area. During this period, domestic 
drinking water supply became the priority for regional 
authorities. This reallocation was driven by severe wa-
ter deficits, which effectively sidelined agricultural re-
quirements during the partial operation of the irrigation 
perimeter. This class represents a trend toward domes-
tic prioritization under extreme scarcity.

Class  3 (2003, 2004, 2005, and 2009) is moderately 
homogeneous. This class shows a trend of favourable 

Fig. 6. Clustering of scores (PCA) after a Varimax rotation

Discussion
This study demonstrates that agricultural water scar-
city in the Safsaf irrigated perimeter is a composite 
phenomenon resulting from the interplay between in-
stitutional governance failures and hydroclimatic con-
straints. The results indicate that the deficit cannot be 
attributed exclusively to climate variability; instead, it 
is compounded by existing management frameworks.

Multivariate analysis reveals that the correlation ma-
trix exposes critical institutional failures. Specifically, 

the moderate correlation between irrigated areas and 
dam withdrawals (r = 0.58 for Zerdaza dam, r = 0.47 
for Guenitra dam) contrasts sharply with the strong 
relationship observed in distributed volumes (r = 0.81). 
This discrepancy highlights systematic losses, corrob-
orated by National Office for Irrigation and Drainage 
(NOID) reports indicating network leakage of 28%. 
Climatic variability functions as an amplifying factor; 
while SPI analysis identifies extremes, ranging from 
severe drought in 2002 (Axis 2 = −3.24) to water abun-
dance in 2005 (Axis 2 = +2.75), these factors account 
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for only a secondary portion (24.38%) of the total var-
iance.

Institutional dysfunction is further exemplified by the 
Zerdaza dam siltation crisis and a distorted pricing 
structure (2.5 DA/m3 ≈ 0.0138 €/m3), which creates 
perverse incentives for inefficient water use. This sys-
temic failure is corroborated by the strong correlation 
between crop yield and Guenitra withdrawals (r = 0.71 
for Yield II), which contrasts sharply with the negligible 
correlation found in irrigated areas (r = 0.01 – 0.22). 

Resolving this crisis requires a suite of integrated meas-
ures. These include the rehabilitation of the Zerdaza 
dam (Toumi and Remini, 2020) and the reclamation of 
treated wastewater from the Skikda plant, which offers 
up to 42,000 m3/day, enough to irrigate approximately 
10 km2. Additionally, the physical decoupling of potable 
and irrigation networks is essential to ensure system 
efficiency. Furthermore, the expansion of desalination 
capacity may provide indirect relief by meeting indus-
trial and domestic demand, thereby mitigating inter-
sectoral water competition. However, the long-term 
economic viability of these capital-intensive solutions 
remains uncertain. Protracted implementation delays 
have exacerbated the saturation crisis, eroding farmer 
confidence in the reliability of the National Office for Irri-
gation and Drainage (NOID). While these measures may 
offer short-term relief, they lack inherent sustainability; 
they primarily reflect a supply-side management par-
adigm that overlooks critical demand-side strategies.

The analysis indicates that failures in water govern-
ance institutions have contributed to the composite 
scarcity shaped by the interaction between institutional 
constraints and climatic pressures. Centralised deci-
sion-making, institutional fragmentation, and the lack 
of participatory mechanisms (e.g., functional Water 
User Associations) have impeded the integrated man-
agement of surface and groundwater resources. This 
factor has fostered irrational water use, putting pres-
sure on ecosystems and intensified threats of water 
pollution and salinisation. Furthermore, the financial 
instability of the National Office for Irrigation and Drain-
age (NOID) and the disparity between official pricing and 
real distribution costs undermine the transition toward 
sustainable water management. This misalignment 
discourages efficient usage and hinders the adoption 
of environmentally and rational agricultural practices 
within the Safsaf Basin.”

Addressing these systemic issues necessitates a par-
adigm shift towards decentralised governance frame-
works that are inherently adaptive, inclusive, and par-
ticipatory in nature. These measures should promote 
local co-management, establish transparent water 
rights, implement volumetric pricing aligned with eco-
logical thresholds and delivery costs, and foster insti-
tutional collaboration that integrates environmental 
protection with agricultural development in the region. 
Comparative experiences from the Mediterranean re-
gion and other international contexts demonstrate the 
feasibility of these reforms. In Thailand, collaborative 
initiatives involving diverse local stakeholders, particu-
larly farmers, have strengthened participatory irrigation 
governance (Donlatip and Somboon, 2023). Similarly, in 
Algeria’s Setif Province, integrated strategic planning 
encompassing dam construction, water transfers, and 
desalination has yielded significant gains (Bouchareb 
and Morad, 2023). These cases illustrate that, while no 
universal solution exists, strengthening governance, 
enhancing data transparency, and integrating technol-
ogy are essential for transitioning the Safsaf perimeter 
from a reactive crisis management model toward one 
of sustainable, ecologically responsible intensification.

Conclusion
This study of the Safsaf irrigated perimeter (Skikda, 
North-Eastern Algeria) from 1992 to 2018 demon-
strates that water scarcity challenges in the southern 
Mediterranean basin constitute a multifaceted phe-
nomenon. While traditional discourse often attributes 
scarcity to climatic and physical constraints, this re-
search underscores deeper institutional dysfunctions 
and governance failures. To explore the root causes 
of the water scarcity crisis, this study employs a dy-
namic multivariate analysis across 16 hydro-climatic, 
agricultural, and demographic variables. By integrating 
Spearman correlation, Principal Component Analysis 
(PCA), and Varimax-rotated clustering, it identifies crit-
ical interdependencies that univariate methods fail to 
capture. This longitudinal approach provides a robust 
diagnostic framework for understanding the evolution 
of water scarcity in the region.

The main findings underscore the predominance of 
governance factors in explaining agricultural irriga-
tion water scarcity. The institutional factors account 
for 52.33% of the total system variance, while climatic 
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variability and management dysfunction contribute 
24.38%. The analysis delineates three primary drivers 
of water scarcity in the Safsaf perimeter. 

First, the temporal accumulation of failures as a pri-
mary driver of water scarcity in Safsaf, which evolved 
over three phases: economic scarcity in the 1990s due 
to incomplete infrastructure; physical scarcity in the 
early 2000s, exacerbated by droughts and limited stor-
age; and a saturation crisis in the 2010s, when demand 
exceeded supply despite infrastructural improvements. 

Second, rapid population growth and urban expansion 
have intensified socioeconomic competition for resourc-
es. This has led to a strategic shift favouring domestic 
water supply at the expense of agricultural needs. 

Third, institutional and water management dysfunc-
tions manifest through significant resource degrada-
tion, including the siltation of the Zerdaza dam and the 
unregulated expansion of Small and Medium Hydraulics 
(SMH). These factors exacerbate socioeconomic compe-
tition and drive unsustainable practices, such as informal 
groundwater extraction, as farmers seek to compensate 
for surface water shortages.” Furthermore, these physi-
cal challenges are compounded by institutional fragmen-
tation, centralised governance, and pricing inequities, all 
of which are sustained by a critical lack of participatory 
mechanisms that prevent local stakeholders from en-
gaging in sustainable resource management.

These findings require a paradigm shift toward adap-
tive, decentralised, and participatory governance, sus-
tainable water management and long-term climate 
projections together. 

In the short term, investment in supply-side infrastruc-
ture is required to stabilise the system; however, ensur-
ing long-term sustainability necessitates a shift toward 
demand-side management. These include transparent 
water rights, volumetric pricing, and the empowerment 
of Water User Associations through capacity-building 
programs, and promoting methodological approaches 
based on dynamic longitudinal multivariate analysis. 
Comparative experiences, such as integrated planning 
in Setif Province (Algeria) and participatory irrigation 
governance in Thailand, confirm that institutional re-
forms succeed when adapted to local conditions and 
supported by public investment. By addressing gov-
ernance deficits in tandem with irrigation challenges, 
the Safsaf perimeter can transition toward ecologically 
responsible intensification, ensuring food security and 
resource sustainability in the face of climate change.
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