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Abstract: Land use change is a crucial driving factor in hydrological processes. Understanding its
long-term dynamics is essential for sustainable water resources management. This study sought
to quantify and analyze land use change between 1985 and 2021 and its impacts on the hydrology
of the Sejnane watershed, northern Tunisia. Remote sensing and a SWAT model using the SUFI-2
algorithm to identify the most sensitive parameters were used to achieve this objective. Land use
maps were developed for 1985, 2001 and 2021. For the last 37 years, the watershed experienced
a slight decrease in forest, scrubland and forage crops, a significant reduction in grassland, and a
conspicuous expansion of olive trees and vegetable crops. Given the scarcity of observed discharge
data, a SWAT model was calibrated for the period 1997-2010 and validated for 2011-2019. Model
performance was good for both calibration (NSE = 0.78, PBIAS = —6.6 and R? = 0.85) and validation
(NSE = 0.70, PBIAS = —29.2 and R? = 0.81). Changes in land use strongly affected the water balance
components. Surface runoff and percolation were the most influenced, showing an increase in
runoff and a decrease in percolation by 15.5% and 13.8%, respectively. The results revealed that the
construction of the Sejnane dam, the extension of irrigated perimeters and olive tree plantations were
the major contributors to changes in hydrology.

Keywords: water resources; SWAT model; land use change; Tunisia

1. Introduction

Water resources are crucial in promoting socio-economic growth in developing coun-
tries. Nevertheless, over recent decades, water availability has been increasingly threatened
by the combined effect of climate change and human activities, which has become a major
constraint for economic progress [1,2]. In Europe, for instance, several studies on extreme
hydrological events have indicated a smaller number of floods in the last century, but
more severe, and more unprecedented, summer droughts [3,4]. Thus, adaptation to these
changes in climate will be vital economically, socially and culturally, not only from an
environmental perspective, but in terms of setting political strategies [5].

Human activities affect land cover and resource usage due to a growing population,
urban settlements, natural resource use, pressures on land for agriculture, deforestation, de-
sertification, desalination, global warming, and many others which are among the primary
driving factors for environmental change in developing countries. From a hydrological
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viewpoint, land use and land cover (LULC) are important in understanding watershed
hydrological response and soil disturbances [6,7]. Thus, changing land use could have
major impacts on water availability and safety, especially in fragile arid and semi-arid areas
with high population pressure [7-10].

This research topic has attracted the attention of many researchers in recent decades;
several studies have documented the impact of land use changes on hydrological patterns
at river basin scale using paired catchment experiments, multivariate statistics, remote
sensing and hydrological modeling [11-15]. Yet, the impact of LULC on watershed hy-
drology, as shown by various studies, is still conflicting and case-dependent. Guzha et al.
(2018) [16] indicated that land change alone is not an accurate predictor of hydrological
fluxes in east African catchments and supported the need for long-term field monitoring to
better understand catchment responses and to improve the calibration of currently used
simulation models. They found that there was no significant difference in stream discharge
for forest loss between bamboo and pine plantation catchments, and between cultivated
and tea plantation catchments, despite forest cover loss. Other studies have indicated that
measurable changes in water yield are obtained when there is forest cover change [17].

Further, numerous hydrological models have been employed to understand the inter-
action between land use and hydrologic behavior, ranging from simple models to assess
the relation between land use pattern and different components of the water balance to
distributed physically based models, such as SWAT [18], VIC [19], TOPMODEL [20], and
MIKE SHE [21,22]. The latter type of model considers the heterogeneity of complex wa-
tersheds and provides a better understanding of the relationship between hydrological
processes and global changes [12,23-26]. Among these models, the soil and water as-
sessment tool (SWAT), a distributed agro-hydrological model, which has been reported
in several studies documenting its application in this context throughout the world, has
demonstrated its effectiveness at different catchment scales and under different climate
conditions. For instance, Gashaw et al. (2018) [27] reported acceptable results for LULC
changes on hydrology, ecosystem functions and services in the upper Blue Nile basin of
Ethiopia. Boongaling et al. (2018) [28] applied the SWAT model to assess the effects of
land use change on hydrologic processes and the use of landscape metrics for watershed
management in an ungauged catchment in the Philippines. The results showed that there
was a strong correlation between landscape pattern and hydrology. Sertel et al. (2019) [29]
applied the SWAT model to evaluate the impact of rapid urbanization on the Buyukcekmece
water basin of Istanbul metropolitan city in Turkey. The results showed that, among the
different hydrological components, percolation, evapotranspiration and base flow were the
most sensitive to LULC changes. Zhang et al. (2020) [30] used a coupled SWAT-MODFLOW
model to analyze the response of surface runoff and recharge rate to land use change; their
results provided useful information for water resources management under the situation of
rapid urbanization. Halima et al. (2022) [31] determined the hydrological response to land
use and land cover change on the slopes of Kilimanjaro and the Meru Mountains in Kenya.

In Tunisia, although land use changes are significant, studies on the impact of LULC
dynamics on the hydrology regime are limited. In particular, the Sejnane river basin,
located in the northeast of Tunisia, has experienced important land use changes in the last
few decades. The main driving factor has been the construction of a dam leading to the
extension of agricultural lands and irrigated areas. Indeed, the Sejnane dam has been of
great importance in the water supply scheme as it provides annually about 50 Mm? for
drinking water and irrigation for local and regional inhabitants. Another important factor
has been population growth and the resulting development of human activities, which has
had noticeable consequences on land use patterns. Further the Sejnane catchment is the
major freshwater contributor to the ecosystem of the Ichkeul Lake, a RAMSAR site and a
UNESCO biosphere reserve [32].

Hence, this paper provides a case study from the Sejnane watershed to test the perfor-
mance of the SWAT model in predicting surface runoff under scarce observed discharge
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values and in assessing the impact of land use changes on hydrologic components over the
last 40 years.

2. Materials and Methods
2.1. Study Area

The study site was the Sejnane watershed located in the north of Tunisia, in the large
Ichkeul catchment (2230 km?); it covers an area of 367 km? (Figure 1). The main river flows
over 52 km, originating in the El Krab and Fayjel mountains. The Sejnane river crosses a
temporary wetland (Garaat Sejnane) and discharges into the northwestern part of Ichkeul
lake, feeding it with freshwater. In 1977, this lake was declared a UNESCO World Heritage
Site [32]. The topography of the Sejnane basin is characterized by variation from flat to
mountainous terrain (Djebel el Krab and al Fayjal), the altitude ranging between 61 and
610 m above the sea level.
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Figure 1. Location of the Sejnane river basin.

The study area has a Mediterranean sub-humid climate with mild winters. It is
characterized by high rainfall variability. During the period 1990-2019, mean annual
precipitation was 906 mm; the wettest year was 1996 (1331 mm) and the driest year was
1993 (402 mm). At a monthly scale, November and December were the wettest months
(140 mm and 144 mm, respectively). The monthly air temperature ranged between 10 °C in
February and 27 °C in August. The Sejnane watershed has undergone significant changes
in land use and land cover occupation. In 2021, the basin was dominated by hardwood
forests (25%), olives (22%), vegetable cropping (14%), scrubland (13.7%), and annual crops
(10.6%), while the rest of the basin consisted of bare land (7.9%), grassland (3.6%), water
bodies (1.8%) and urban land (1.5%) (Table 1).

The dominant soils are reddish sandstone and silty clays. The Sejnane dam was
constructed at the outlet of the basin in 1994 with a capacity of 138 Mm?®. This dam supplies
water for drinking and irrigation as it is a part of the water transfer scheme.
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Table 1. LULC classes and SWAT code for 2021.

Value LULC Classes SWAT Code Area (%)

1 Forest FRSE 24.95
; Scrubland GRAR 13.67
Z Grassland PAST 3.54
4 Forage crop HAY 10.51
2 Vegetable crops AGRL 14.07
6 Olives OLIV 22.04
7 Bare land BARR 7.92
8 Urban land URML 1.49
9 Water bodies WATR 1.8

2.2. SWAT Model Description and Performance Evaluation

SWAT is a continuous time, physically based, distributed hydrological model de-
veloped to simulate the impact of land management practices on water resources, sedi-
ment, and agricultural chemical yields in large complex watersheds [33,34]. Hydrological
processes, such as precipitation, surface runoff, infiltration and evapotranspiration, are
simulated by the SWAT model.

Three statistical criteria were used for model performance evaluation: the Nash—
Sutcliffe efficiency (NSE) to indicate the degree of fitness between simulation and observa-
tion results; the percent bias (PBIAS) to measure the tendency of simulated values to be
higher or lower than observed values; and the coefficient of determination (R?) to express
the ability of the model to predict the outcome in a linear regression setting.

Z?:l(Qiobs - Qisim)z

NSE=1- ¢y
Z?:](Qiobs - Qmean.obs)2
PBIAS = Z?—l(z%’fs@;fis"m) x 100 )
2
R2 Z<Qiobs - Qmoyobs) X (Qisim - Qmoysim) (3)

B \/Z?:l(Qiobs - Qmean.obs)2 X \/Z?:l(Qisim - Qmean.sim)2

where, Q; ;s is the observed streamflow, Q. is the simulated streamflow, Q,0u.0s 1S the
average observed streamflow, Q,eu,.5im 1S the average simulated streamflow and # is the
total number of observed data.

2.3. Methodology
2.3.1. Model Setup and Input Data

The model setup requires meteorological data, topography, land use and soil types.
Daily precipitation (1980-2018) was obtained from six rain gauge stations provided by
the hydrological service of the Water Resources Directorate in the Ministry of Agriculture.
Daily minimal and maximal temperature were collected for the same period by the National
Institute of Meteorology (INM) from the Bizerte meteorological station and were used to
provide evapotranspiration using the Hargreaves formula [35]. The 30 m digital elevation
model (DEM) was downloaded from the portal of https:/ /earthexplorer.usgs.gov (accessed
on 1 April 2021) and was used to calculate the slope (Figure 2a). A soil map and soil-related
parameters were obtained from the Soil and Agriculture Land Authority [36] (Figure 2b).
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Figure 2. Slope classes (a) and soil map (b) of the Sejnane river basin.

The spatial distribution of soil types showed that brown soils represented the dominant
soil class with 54% followed by fluvisols (21%). Multidate land use maps (1985, 2001 and
2021) were elaborated using different remote sensing techniques and simulated separately
without considering climate change. The main land use types in the Sejnane watershed
were forest, scrubland, agricultural land, and grassland (Table 1). The used dates were not
chosen arbitrarily: the land use map of 1985 was used to show the landscape pattern of the
basin before the construction of the dam; the 2001 map reflects the land use change after
the impoundment of the dam; the 2021 land use map illustrates the recent land use in the
Sejnane watershed. Based on the topography of the basin, the model divided the watershed
into 23 sub-watersheds, which were further sub-divided into 985 hydrologic response units
(HRUs). Each HRU consists of a homogeneous soil type, land use and slope [33].

2.3.2. Sensitivity Analysis, Calibration, and Validation

Sensitivity analysis and calibration were performed using the Sequential Uncertainty
Fitting version 2 (SUFI-2) algorithm in SWAT-CUP software [37]. The parameter uncer-
tainties were quantified by a measure referred to as the P-factor, which is the percentage
of measured data bracketed by the 95% prediction uncertainty (95PPU), and the R-factor,
which is the average thickness of the 95PPU band divided by the standard deviation of the
measured data [37].

Given the scarcity of daily discharge values, the Sejnane dam inflows were used for
comparison with simulated values. The model was calibrated for the period 1997-2010 after
a two-year warming-up period, while the period 2011 to 2019 was selected for validation.
The historic period 1980-1996 was not taken into consideration for calibration purposes
given the lack of observed flow.

2.3.3. Land Use Assessment

Land cover changes in the Sejnane watershed were monitoring using multi-temporal
remote sensing data from the Landsat multispectral image Thematic Mapper (Landsat5-
TM) and Sentinel 2. Landsat data were download from the United States Geological Survey
(USGS) website (http://glovis.usgs.gov (accessed on 1 June 2021)). The Multispectral
Instrument (MSI) Sentinel 2A for 2021 (Path/Row: 102/026 and 029) was freely downloaded
from the portal https:/ /catalogue.theia-land.fr (accessed on 1 August 2021).

To assess the spatial and temporal variation in LULC, three different dates were
selected (1985, 2001 and 2021). In each year, four images were carefully chosen for the same
season and combined to reduce cloud cover and to consider LU seasonal changes.

For Landsat5-TM, the visible and near bands were used with 30 m resolution. On
the other hand, bands 2, 3, 4 and 8 for Sentinel 2 were used with 10 m resolution. All
images were pre-processed by geometric correction with a UTM WGS84 UTM Zone 32N
projection and atmospheric correction using dark object subtraction. Table 2 summarizes
all the satellite image characteristics and acquisition dates.
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Table 2. Satellite image acquisition dates.

No Satellite Aquisition Date Used Band Spatial Resolution (m) Produced Landuse Map
1 4 September 1984 30
; 26 January 1985 30 1985
3 Band 1
4 21 July 1985 Band 2 30
4 LANDSAT5 31 March 1985 Band 3 30
5 Band 4
6 16 September 2000 Band 5 30
6 5 December 2000 30 2001
7 7 March 2001 30
8 15 June 2001 30
9 SENTINEL2A 9 November 2020 Band 2 10
10 SENTINEL2A 12 January 2021 Band 3 10 091
11 SENTINEL2A 15 March 2021 Band 4 10
12 SENTINEL2A 31 August 2021 Band 8 10

The 2021 SENTINEL 2A images were classified based on 200 field observation data
and using the random forest algorithm [38,39] and OTB 7.0.0 and QGIS 3.10. A confusion
matrix was adopted to evaluate the agreement between the result and the classified image;
hence, the Kappa coefficient and the overall accuracy percentage were calculated. In land
use map 2021, the Kappa coefficient value was 0.82 and the overall accuracy was 84.3%,
indicating significant land use accuracy (Table 3). Nine land use classes were identified:
Forest; Scrubland; Grassland; Forage; Vegetable crops; Olives; Bare land; Urban area and
Water bodies).

Table 3. Field observation data and validation for 2021.

Value LULC Classes Field Used Observation Field Used Observation  Precision

Data for Classification Data for Validation (%)

1 Forest 35 30 70
g Scrubland 24 17 294

i Grassland 20 10 50
4 Forage crop 20 9 100

2 Vegetable crops 36 22 55
6 Olive trees 45 35 48.5
7 Bare land 20 8 100
8 Urban land 46 42 88.1
9 Water bodies 25 18 100
KAPPA index 0.82

Given the absence of ground truth during 1985 and 2001, the unsupervised classifi-
cation and the k-means classifier for Landsat data were implemented. The 1985 land use
yearly map was classified into six (Forest; Scrubland; Grassland; Forage; Bare land and
Urban area). While, for the 2001 map, eight major land classes were identified (Forest;
Scrubland; Grassland; Forage; Vegetable crops; Bare land; Urban area and Water bodies).

The evaluation of unsupervised classification remains a difficult task to undertake.
Hence, the method of invariant objects was used to evaluate the classified maps. In this case,
the selected invariant objects were forest, water, and bare soil. In addition, the following
tasks were carried out: (i) choosing training areas in a GIS (Google Earth); (ii) projecting
the digitized training areas on the elaborated land use map, and (iii) visually evaluating
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the percentage of overlap. A Kappa-based index was then calculated for each yearly map
(Table 4).

Table 4. Validation of 1985 and 2001 maps using the invariant method.

Field Used o cpe o i e
Value LULC Classes Observation Data % Identification for % of Identification
e 1985 Image for 2001 Image

for Classification

1 Forest 95 100 87

2

3 Scrubland 70 80 79.1

3

4 Grassland 75 75 85

4 Forage crop 70 83 70

2 Vegetable crops - 70 -

6 Olive trees - - -

7 Bare land 80 82 90

8 Urban land 100 100 100

9 Water bodies - 100 20

Kappa index 81.6 86.25

2.3.4. Methodological Framework

The adopted methodology consisted of two main parts: (i) calibration of the SWAT
model parameters, and (ii) simulations using different land use maps to assess their impact
on the hydrological processes (Figure 3).
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e e ———— ‘ Landuse classification ‘
 (mehe g Subbsasins and HRUs
definition | 0 000 iesaemesie { __________ o
] 1
! Landuse maps : !
Vs i
PSR
1 Calibrated Run SWAT
{ \ l i parameters
; 2 |
Observed Simulated g v v
runoff runoff Water balance Water balance
scenario 1 scenario3
(LU_1985) (LU_2021)
Sensitivity analysis h A
7 Water balance
scenario 2
Calibration and (LU_2001)
validation \ &
¥ g
Results analysis Impact of landuse change on water
balance of Sejnane river basin
b % I\ ’
AN P14 L ’

~ 4 ~ -7

Figure 3. The methodological framework for model calibration and land use change assessment.

3. Results and Discussion
3.1. Land Use Change Detection in the Study Area
Using the approach adopted in the methodology, land cover maps were generated

for all three years (1985, 2001 and 2021), and area estimates and change statistics were
computed, as shown in Figures 4 and 5. The areas and associated changes for each land
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use in the Sejnane watershed between 1985 and 2021 are presented in Table 5. The results
analysis revealed that the study area has experienced conspicuous changes during the past
four decades. In 1985, the major land use classes were grasslands (28.8%), forest (27.2%),
forage crops (18.6%) and scrubland (18.2%).

(b) 2001

(a) 1985 (c) 2021

PLULC 2021
Forage crops

LULC 2001
Forage crops

LULC 1985 I Forest = ;Z:::and
Forage crops. I scrubland Grassland
N Forest Grassland Bare land
I scrubland Bare land I urban land
srass:r;d I urban land N vegetable
— UI:(. |:nd 100 Vegetable ! N Olives
0 B Water bodies I \ater bodies

Figure 4. Land use yearly maps of the study area for 1985, 2001 and 2021.

90 1

80 1985
70 #2001
5 | 2021

o ] || -

Forest Scrubland Pasture Forage Vegetable Olives Bareland Urban Water
crops crops land bodies

Figure 5. Percentage of land use classes for 1985, 2001 and 2021.

Table 5. Land use areas and percentage changes between 1985-2021 period in the Sejnane river basin.

Change Change Change
1985 2001 2021 1985-2001 20012021 1985-2021
Land Use

Yearly Map (ﬁ:‘:za) Area (%) (ﬁ::za) Area (%) (ﬁ::za) Area (%) Area (%) Area (%) Area (%)

Forest 99.33 27.16 97.47 26.68 91.19 24.95 ~048 “173 201
Scrubland 66.39 18.15 109.00 29.85 49.98 13.67 117 ~16.18 —4.48
Grassland  105.37 28.81 39.14 1072 12.95 3.54 ~18.09 —718 —2597

Forage 67.85 1855 81.15 2222 38.41 1051 3.67 1171 —8.04

Vegf;g’le - - 21.68 5.94 51.44 14.07 5.94 8.13 14.07

Olives ; ; ; ; 80.58 22,04 ; 22.04 22,04
Bare land 26.62 7.28 6.79 1.86 28.96 7.92 _5.42 6.06 0.64
Urban area 0.18 0.05 1.07 0.29 6.51 1.49 024 12 1.44
Water bodies - - 8.9 2.4 55 1.8 2.4 —0.6 1.8

From 1985 to 2001, it can be observed that scrubland (29.8%), was still the dominant
land use. Forage crops were increased by only 3.67%. The extension of urban area was
slow and estimated at 0.24%, explained by low rural population growth and high internal
migration to the large cities on the coast. Water bodies, which were absent in 1985, appeared
in 2001 with 2.4%; this was attributed to the construction of the Sejnane dam in 1994.
The presence of a water delivery system has encouraged local farmers to install irrigated
perimeters and invest in vegetable farming; hence, the vegetable crop class occupied an area
of 5.9% of the total basin in 2001. Another identified change was related to the reduction
in the pastoral area by —18% that used to be protected by the Bureau of Sylvo-Pastoral
Development for the Northwest that is no longer active in this area. In fact, this Bureau
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was created in 1981 to improve and diversify productive agricultural activities, expand
vegetation and forest cover, and develop better natural resource management practices.
The uncontrolled use of forest resources has resulted in a decrease in forest cover by 0.48%
to the benefit of scrubland.

During the period 2001-2021, olive trees have undergone a notable development;
the occupied area reached 22% of the total basin. This expansion has mainly been due
to the high economic value of olive oil and the increase in exports, which provides the
area with an additional source of income, even though there is no government or local
policy encouraging this activity. It is possible that this area could be more suitable for
other crops, such as rainfed cereals. Further, the areas occupied by scrubland, forage crops,
grasslands and forest decreased by 16.2%, 11.7%, 7.2% and 1.7%, respectively, while urban
areas continued their slow expansion by 1.2%.

Comparison between LU_1985 and LU_2021 revealed that the Sejnane river basin has
experienced considerable land use changes. A significant expansion of vegetable crops and
olives tress was observed (14% and 22%, respectively), in addition to a slight increase in
urban land and water bodies (1.4% and 1.8%, respectively). On the other hand, grassland,
the most commonly land use type in 1985, decreased by 25.3%, followed by forage crops
(8%), scrubland (4.5%) and forest (2.2%).

3.2. Hydrological Modeling
3.2.1. Sensitivity Analysis

A global sensitivity analysis was carried out using the SUFI2 algorithm of SWAT-CUP
to identify the most sensitive model parameters. Based on other applications of the SWAT
model on Tunisian watersheds [39-42], eighteen hydrological parameters were considered.
The results showed that eight parameters significantly affected the simulated discharge
(Table 6). Among these parameters, the SCS runoff curve number (CN2) was found to be
the most sensitive, followed by the base flow factor (ALPHA_BF), the channel effective
hydraulic conductivity (CH-K2) and parameters related to groundwater (GW_DELAY,
SLSUBBSN and RCHRG_DP). Table 6 presents these parameters, their adjusted values and
the global sensitivity results.

Table 6. Sensitive parameters for monthly flow and global sensitivity results.

Parameters Parameters Description Parameters Range Fitted Value p-Value  t-Stat
R_CN2 SCS runoff curve number for moisture condition —0.3-0.3 0.11 0.00 15.36
V_ALPHA-BF  Base flow alpha factor (days) 0-1 0.45 0.00 12.25
V_CH-K2 Channel effective hydraulic conductivity —0.1-550. 12.96 0.00 —5.67
V-GW_DELAY  Groundwater delay (days) 200-500 310.6 0.01 2.55
V_SLSUBBSN Average length of the slope (m) 30-111 31.31 0.02 —-2.17
V_RCHRG_DP  Deep aquifer percolation 0-1 0.64 0.19 -1.13
V_SURLAG Surface runoff lag time (mm) 0.05-15 2.98 0.22 —1.03
V_ESCO Soil evaporation compensation factor 0-1 0.90 0.27 —1.00

Notes: “R_" and “V_" means a relative change and a replacement based on the initial parameter values, respectively.

3.2.2. SWAT Model Calibration and Validation

The simulation results for the period (1997-2010), using the land use map of 2001,
showed good agreement between observed and estimated monthly discharge of the Sejnane
river basin. However, the model overestimated the peak flow, and, with lesser effect on
the baseflow, the values of NSE, R? and PBIAS before calibration were 0.73, 0.79 and
—31%, respectively.

The calibration results over the same period demonstrated the ability of the SWAT
model to successfully reproduce the streamflow and confirmed its sensitivity to CN2, which
influenced peak runoff as well as the groundwater parameters affecting both base flow and
soil water storage. The performance statistics for calibration were improved to 0.78, 0.85
and —6.6% for NSE, R? and PBIAS, respectively. According to Moriasi et al. (2007) [43],
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the model performance ratings are considered to be very good. The SWAT model was
also successful in reproducing streamflow during the validation period (2011-2019), with
NSE = 0.70, R? = 0.81 and PBIAS = —29.2.

The uncertainty analysis of the SWAT model for the calibration period was satisfactory;
the P-factor value, which illustrates the percentage of observations bracketed by the 95PPU
band, was 0.72. The R-factor, reflecting the average thickness of the 95PPU band divided
by the standard deviation of the observed data, was 0.87.

The calibration and validation results proved the performance of the SWAT model
in simulating the hydrologic behavior of the Sejnane river basin (Table 7). Hence, the
calibrated model was used for assessing the response of hydrologic components to land use
change over the period 1985-2021. Graphical presentations of the calibration and validation
results are shown in Figures 6 and 7.

Table 7. Performance evaluation of SWAT model.

Period NSE R? PBIAS (%)
Calibration period
(1997—-2010) 0.78 0.85 —6.6
3
Validation period
(2011-2019) 0.70 0.81 —29.2
4
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Figure 6. Measured and simulated monthly streamflow for the calibration period.
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Figure 7. Measured and simulated monthly streamflow for the validation period.
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3.2.3. Hydrological Response to Land Use Change

In this study, three multi-temporal land use maps (LU_1985, LU_2001 and LU_2021)
were used to assess the influence of land use change on the hydrological response of the
Sejnane river basin. Model runs were performed separately using the same climate data and
changing the land use input map. From the model runs, mean annual evapotranspiration,
water yield, and surface runoff data were extracted. The results showed that different
components of the water balance were affected, notably evapotranspiration, showing a
significant variation leading to a change in other hydrological processes. The main annual
water balance components for 1985, 2001 and 2021, as well as the percent change in the
hydrological parameters over the three different periods, are listed in Table 8.

Table 8. Average annual water balance components using the different land use maps (1985 to 2021).

Land Use Detection of Change (%)
Hydrological Parameters
Change Change Change
(mm) Lu 1985 Lu2001  LU202L 4gg5 5001 2001-2021 1985-2021
Surface runoff (SurQ) (SUR_Q) 236.6 194.7 273.2 —-17.7 40.3 15.5
Water yield (WYLD) 534.3 510.3 538.9 —4.5 5.6 0.9
Evapotranspiration (ET) 387.6 427.7 394.7 10.3 -7.7 1.8
Percolation (PERC) 163.7 173.9 141.1 6.2 —18.9 —13.8

Over the period 1985-2001, the land use changed because of the construction of
the dam and the new irrigated areas for vegetable crops that induced an increase in
evapotranspiration by about 10.3%, corresponding to 93.3 mm of the average rainfall. This
led to a reduction in the amount of water yield and surface runoff, respectively, by 4.5%,
17.7%, and an increase in percolation by 6.2%.

From 2001 to 2021, the extension of olive trees, the reduction in forest and scrubland
areas, as well as in forage crops, resulted in the degradation of Garaa Sejnane, a wetland
bordering the Sejnane river, inducing a reduction in ET by 7.7%, an increase in surface
runoff and a decrease in percolation (40.3% and 18.9%, respectively).

Over the whole study period (1985-2021), changes in land use resulted in a significant
increase in surface runoff (15.5%) in the Sejnane watershed, followed by a slight overall in-
crease in water yield (0.9%) and a decrease in percolation by 13.8%. The evapotranspiration
was variable and depended on land cover.

The average monthly changes in the water balance components for the three land use
conditions are shown in Figure 8. It was found that land change affected evapotranspiration,
especially in the dry months from June to August (Figure 8d). Changes in surface runoff,
lateral runoff and water yield were most noticeable in the wet months. For instance, SurQ
in January showed the highest change and increased from 43.52 mm for LU_1985 to 49.38
for LU_2021, corresponding to an increase of 13% (Figure 8b).

In fact, these changes were due in part to the reduction in scrubland area, a Mediter-
ranean type of vegetation known for its water use efficiency and soil conservation measures,
and an increase in olive trees. The model results are in accordance with Cerda & Doerr
(2007) [44] who indicated that runoff coefficients show extremely low average values on
scrubland, but high runoff production on olive plots.

WYLD showed a decreasing trend for all dry months, notably in July, where we noticed
the maximum reduction (13%), and an increasing trend for wet months from September
to February (Figure 8a). LatQ), revealed a slightly decreasing trend with relative variation
from 4% in August and 8% in January (Figure 8c). Thus, the actual land use (2021) may
have induced a reduction in percolation, while inducing more water storage for the dam.
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Figure 8. Mean monthly water balance components for different land use conditions. (a) Water yield,
(b) surface runoff, (c) Lateral flow and (d) Evapotranspiration.

Consequently, the spatial effect of land use changes from 1985 to 2021 was analyzed to
better understand the complex nature of the watershed, as well as the relationship between
these changes and the water balance components. The average annual change in water
yield, surface runoff, percolation and evapotranspiration in the Sejnane river basin was
evaluated at sub-basin level (Figure 9).

A general trend of an increase for surface runoff in all sub-basins was observed, except
for sub-basins 1, 22 and 23 (Figure 9b). The higher surface runoff was mainly caused
by deforestation of natural cover and the conversion of 46% of forest to vegetable crops
following the construction of the dam. It ranged between +9% to +80% depending on the
land use changes within the sub-basins (Figure 9b).

The major reduction in mean annual surface runoff clearly observed in the northeast
part of the basin can be explained by the rehabilitation of 60% of the bare land to forage
crops and olive growing.

At basin level, evapotranspiration, on average, remained not that different between
1985 and 2021 with an increase of 1.8% (Table 8). At sub-basin level, the variation was more
pronounced, the values ranging between —8% and +45% (Figure 9a). The reduction in
evapotranspiration was mainly due to deforestation, such as in the case of sub-basins 11, 14
and 19. For sub-basin 2, an obvious rise in evapotranspiration was obtained reaching 45%
due, in part, to the dam construction with a reservoir covering 790 ha and the extension of
irrigated perimeters around the dam.

Percolation varied between —58.2 mm to +11 mm from 1985 to 2021. Some sub-
basins were characterized by little change (£5%), such as 8, 16 and 21 (Figure 9¢). In
1985, these sub-basins were dominated by forest cover and scrubland (100%, 78% and 44%,
respectively), which promoted the percolation. In 2021, natural forests, as well as a large
portion of scrubland, were removed in these areas and then converted to olive trees and
vegetable crops by smallholder farms to improve their sustainable livelihood opportunities.

The highest increase in percolation was observed in sub-basins 1, 22 and 23 that, in
1985, were dominated by bare lands (35%, 42% and 38%, respectively) and converted to
forage and vegetable crops and olive trees.
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Figure 9. Spatial and temporal change in evapotranspiration (a), surface runoff (b) and percolation
(c) in the watershed between 1985 and 2021.

3.3. Discussion

Climatic extremes, in particular droughts, directly affect land use, impacting on
agriculture, livestock and forest, while heavy precipitation and inundation can delay
planting, increase soil compaction and cause crop losses. Both these climatic extremes
impact on land use. Under water scarcity, farmers try to adapt, seeking plantations that
require less water and provide a certain yearly income. In Tunisia, it seems that olive
plantations are becoming a way to adapt. Similar conditions were observed on the Siliana
catchment located in the northwestern part of Tunisia. The authors of one study reported
an increase in olive plantations (+380%), urban area (+200%), and irrigated lands (+309%)
from 1990 to 2019 [45]. These changes in LULC induced a decrease in monthly flow and in
high flows, but did not impact low flows.

Woldesenbet et al. (2017) [46] reported that the expansion of cultivated land in the Tana
and Beles watersheds of the upper Blue Nile basin increased surface runoff and water yield
components, while decreasing groundwater components and actual evapotranspiration.
The increase in the cultivated and degraded lands in the Geba basin in Ethiopia at the
expense of forest, shrubland and grazing lands, resulted in an increase in surface runoff by
72%, and a decrease in the catchment flow by 32%, between 1972 and 2003 [47].

In this study, it has been shown that land-driven changes affect hydrological model
predictions. However, LULC and climate interact in many ways and in a complex manner
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through changes in multiple biophysical conditions and at various spatial and temporal
scales. Thus, the effects of land use, such as forestation, deforestation, irrigation, and
crop and forest management on climate change and vice versa still need to be explored to
provide estimates of their relationships and their effect on each other.

4. Conclusions

The aim of this study was to evaluate the impact of land use change on water resources
over the period 1985-2021 in the Sejnane river basin, northern Tunisia, using the hydrologic
model SWAT and remote sensing techniques to generate three multi-temporal land use
maps (1985, 2001 and 2021). The results showed that SWAT was powerful in reproducing
the water balance components at a monthly time scale with good performance with respect
to criteria for both calibration and validation.

The assessment of spatial and temporal land use distribution revealed that the Sejnane
basin experienced a significant change, notably after the construction of the dam. Between
1985 and 2021, an expansion in vegetable crops and olives and a reduction in grasslands
were the major observed changes. However, a reduction in forests and scrublands, as well
as change in the area of bare land, was most conspicuous at sub-basin level.

Further, the impact of land use change on hydrological processes, including evapo-
transpiration (ET), surface runoff (SURQ), percolation (PERC) and water yield (WYLD),
were analyzed. The results showed the presence of a close relationship between land use
patterns and watershed hydrology. It was found that land use change strongly affected
surface runoff that was increased by 36.6 mm. However, percolation declined by 22.6 mm,
followed by lateral flow, with a reduction of 9.4 mm. Evapotranspiration was variable and
depended on the land cover change.

The land use changes and their effects on hydrological processes were most significant
at sub-basin level. Hence, among the 23 sub-basins, the surface runoff showed an increasing
trend in 20 sub-basins—the rate of increase reached 85.3 mm in sub-basin 17. This was
related to the reduction in forest and scrubland areas, as well as in forage crops, and
extension of olive tree production in the watershed due to the paramount importance of
their economic value and the increase in Tunisia’s exports over the last few decades.

Evapotranspiration was variable from one sub-basin to another and greatly depended
on the land use change—the increase in evapotranspiration reached 145.4 mm in sub-basin
2 due to the dam construction and extension of the irrigated perimeters around the dam.

Through this work, it was possible to evaluate land use changes over 37 years and
to simulate their impacts on the hydrologic behavior of the Sejnane basin. The results
can be used by policy-makers to implement appropriate strategies for water resources
management and to improve sustainable agriculture activities in the area. This work can
also be adopted as a basis for further research on the combined effect of future land use
and climate change on the hydrology of the basin.
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