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AbstractAbstractAbstractAbstract    
    
Coastal dune landscapes are subject to morphological and ecological changes. In many parts of the world, 

coastal dunes are under severe pressure. The present study illustrates an integrated remote sensing and 
Geographical Information System (GIS) approach, i.e., geospatial techniques for assessing land-cover dynamics 
in Zouaraa coastal dunes, located in northwest Tunisia. As a main result, the analysis of the situation in the past 
six decades indicates that the dune area showed a decreasing trend with up to 31% (i.e., 6198 ha) in favour of 
forest area, which has increased by up to 6485 ha. The geo-spatial analysis revealed that restoration works have 
positively contributed to stabilize coastal dune systems with a substantial increase in vegetation cover. An 
increase in drought frequency and intensity was detected during the 1952-2017 period using the SPEI index, 
which enhanced the vegetation activity and growth in the study area. The SPEI significantly correlated with 
vegetation greenness on the 12- and 24-months’ time scales. The croplands, water and buildings in the study 
area have increased respectively by 6% (i.e., 1256 ha), 13% (i.e., 3073 ha) and 3% (i.e., 719 ha). In contrast, land 
cover like shrub and bare soil has decreased respectively by 13% (i.e., 3073 ha) and 2% (i.e., 1831 ha) during the 
same period. Furthermore, this study highlights the importance of the revegetation techniques undertaken for 
conserving coastal dune systems. The findings of this study allow land-use planning decision makers to manage 
and improve situations in similar coastal regions. 
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IntroductionIntroductionIntroductionIntroduction    
 
Analysing the changes that occurred on earth’s surface use is essential for better understand the 

interactions between natural resources and anthropozoic pressure. It is also a necessity to improve decision-
making strategies for the sustainable management of our worlds’ capacities (Lu et al., 2004; Seif and Mokarram, 
2012). The detection of land-cover changes involves applying multitemporal remote sensing (RS) information 
to analyse the historic quantitative evolution that has occurred in space, and to help to understand the effects 
of these changes on land-cover properties in a spatio-temporal situation (Zoran, 2006; Ahmad, 2012; Seif and 
Mokarram, 2012; Liu et al., 2018). 

Many studies focusing on land cover have emerged and pose an important research question as it can 
cause environmental modification on a larger scale. Information on land cover can play a vital role in natural 
resources management (Iqbal and Khan, 2014; Kantakumar and Neelamsetti, 2015; Lin et al., 2019). Climate 
change and drought events could change land-cover types. However, a general theory of the effects of drought 
on land vegetation is lacking and is subject for scientific debate (Knapp and Smith, 2001; Samanta et al., 2010; 
Touhami et al., 2020). For example, farmers in agrarian areas could leave their lands during drought. Climate 
change can convert many agricultural areas and forests into barren lands, which forces rural communities to 
abandon their lands (Cheng et al., 2018; Jagarnath et al., 2019). Applying the RS method allowed land-cover 
development to be studied in a shorter time, at a lower cost and more accurately. Landsat images have been 
used to classify different landscape components on a larger scale (Ozesmi and Bauer, 2002; Singh and Dubey, 
2012; Sathya and Deepa, 2017). Recently, several changes in detection techniques and algorithms have been 
developed and reviewed for their advantages and disadvantages. Of these techniques, including unsupervised 
classifications or clustering, supervised classification, principal component analysis, hybrid classification and 
fuzzy classification, are often the most widely applied land-cover classification techniques (Zhang et al., 2000; 
Rundquist et al., 2001; Lu et al., 2004; Muke and Haile, 2018; Mohamed and El-Raey, 2018).  

In the last 20 years, some authors (Cracknell, 1999; Taramelli et al., 2018) have provided an initial 
overview of the capabilities of RS for coastal zone studies. Environment changes, ecological studies and land 
cover are currently some of the most well-covered topics for which RS techniques are used (Liu et al., 2018; 
Valdez et al., 2019; Tajbakhsh et al., 2020). One of the most interesting ecosystems to study is coastal dune 
ecosystems, as they present a complex biotic and abiotic interactions mostly vulnerable to environmental 
conditions. These ecosystems are extremely variable because of the shifting substrate, sand movement, rare 
fauna and flora, high soil porosity and poor organic matter content (Maun, 2009; Nehren et al., 2016). Several 
studies worldwide focus on coastal dunes restoration. Many different and contrasting actions have been 
followed during restoration activities (Pickart and Sawyer, 1998; Provoost et al., 2011; Martínez et al., 2013). 
However, very little attention has been paid to assess and monitor long-term land-cover changes in coastal dune 
ecosystems (Kutiel et al., 2000; Muñoz-Reinoso et al., 2013; Pickart, 2013). By considering available data, 
existing vegetation cover types and the possibility of assessing the results of a restoration project in the long 
term, the Zouaraa coastal dunes in northwest Tunisia were selected for monitoring the land-cover changes that 
occurred before and after the restoration project carried out over the 1952-2017 period. This study intends to 
analyse the effects on the land-cover changes corresponding to a dune restoration project 65 years later. This 
original study allows to: (1) know the changes that have occurred on a long-time scale in changes to vegetation 
cover types in a coastal dunes ecosystems in the Mediterranean Region; (2) contribute knowledge regarding the 
spatio-temporal land-cover dynamics in a study area using RS and GIS tools to improve the decision making to 
manage and plan coastal dunes ecosystems. In this context, the main objective of the present study was to assess 
the spatio-temporal dynamics of land-cover changes from 1952 to 2017 in the coastal dunes area using RS and 
GIS tools. 
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Materials and MethodsMaterials and MethodsMaterials and MethodsMaterials and Methods    
 
Study area    
The study area, which corresponds to the Nefza forest subdivision, is located in the Northwestern part 

of Tunisia on the North African and Southern bound of the Mediterranean Basin (Figure 1). The Zouaraa 
coastal dunes, which belong to the study area, cover about 200 ha, and are considered one of the most important 
and well-preserved coastal systems of the western Mediterranean Basin (DGF 2005). According to the Tabarka 
(36°57N; 8°45E) meteorological station database (From 1952-2017), the bioclimate in the study area is 
Mediterranean subhumid, characterized by hot summers and mild winters. Precipitations occur mainly from 
September to March, and a drought period extends from May to August. The average annual precipitations is 
1113 mm year-1. The mean annual temperature is 19.3 °C and fluctuates between a minimum of 10 °C in 
January and a maximum of 26 °C in August. Seasonal temperature variability is marked by the effect of distance 
from the coast. The reference evapotranspiration is about 1244 mm year-1 according to the Penman method 
(1948). Land-surface elevation varies between 0 and 606 m. a. s. l., with a slope range between 5-30%. Prevailing 
winds arrive particularly from the northwest and are expected to blow mainly from December to the end of 
March. The natural vegetation in this coastal area is essentially composed of a low cover of degraded shrub 
formations with Pistacia lentiscus L., Phillyrea media L., Erica multiflora L., Quercus coccifera; Retama raetam, 
etc. Soil texture is typically sandy. The first 40 cm of soil is composed of 82% coarse sand, 8.5% silt, 4% fine 
sand and 3.5% clay, with small amounts of organic matter (between 0-2.5%). 

 

Figure 1.Figure 1.Figure 1.Figure 1. Location map of the study area, and the altitudinal profile and location of the different species 
used in the fixation and reforestation of the natural Zouaraa coastal dune systems. The number (1, 2, and 
3) describes the spatio-temporal process of dune fixation 
 
Restoration project: historic data  

The first restoration projects in the region started at the beginning of the 1960s and were carried out by 
Tunisian forest services (Motte, 1963; DGF, 1996). The objective of this restoration project was to stabilize 
the movements of 50000 ha of sandy masses, which threaten the spontaneous forest, pastoral vegetation 
formations, and human habitats and activities in the town of Ouechtata (DGF, 1996; Farnole, 2000). Figure 1 
illustrates a synthetic profile to describe the practical process followed during the fixation and revegetation of 
the Zouaraa natural dunes in this project. The coastal dunes fixation process was divided into physical (primary 
fixation) and biological (final fixation) steps (Motte, 1963). The physical step consisted of installing a 
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branching hedge of varieties of natural species, for example, Quercus coccifera, Juniperus oxycedrus, Retama 
monosperma, and Saccharum aegyptiacum at the top of the beach along a parallel line to the coastline. As sand 
was covered, a new hedge was installed on the first. The equilibrium profile was reached at a height of 14 m. 
Several trenches were then made, but the dune remained alive. It was, therefore, necessary to fix it by always 
using branches and a weaving system, whose dimensions depended on exposure to wind and slope (varying from 
10mx10m up to 40m x 20m). The biological step consisted of planting the dune with two principal acacia 
species: Acacia cyclopis (resistant to sea spray) less than 1 km from the sea; Acacia cyanophylla more than 1 km 
because is sensitive to sea spray. Acacia cyanophylla was exploited for between 8 and 10 years. Plantation density 
lay between 400 and 600 plants per hectare. These two species, called pioneer or temporary, were the first to be 
established by either direct sowing in pockets or planting to first improve soil, and then to serve as a sublevel 
for the final afforestation. After stabilizing dunes, most restoration actions were taken using Eucaluptus (E. 
gomphocephala and E. camaldulensis) and Pine species (Pinus pinea, Pinus pinaster, and Pinus halepensis) 
(Figure 1). These plantings were carried out during the 1960-1975 period at an average density of 2500 plants 
per hectare. Several spontaneous species were established after stabilizing coastal dunes, such as Juniperus 
phoenicea; Juniperus oxycedrus subsp. macrocarpa; Quercus coccifera; Retama raetam; Ammophila arenaria subsp. 
australis, etc. (Gounot and Schoenemberger, 1967). Today several parts of the dune system have been stabilized 
by major forest recovery (Figure 2). 

 

 
Figure 2.Figure 2.Figure 2.Figure 2. Photographs of the costal dunes’ fixation process in the Zouaraa region. (Photography 2019) 
 
The datasets used in the analysis    
GIS and RS software, such as QGIS, were used to analyse the spatio-temporal dynamics of land-cover 

changes. The ENVI 4.1 software (ENVI User’s Guide 2000) was employed to change the detection analysis. 
The data herein utilized were based on multitemporal satellite imagery and topographic maps. Aerial 
photographs (1952 and 1963) and Landsat satellite images from different dates (1984, 2000, 2010, and 2017) 
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were used (Table 1). Because aerial photography dates back before satellite imagery, it represents a valuable 
source of historic landscape data. The processes of ortho-rectified of the aerial photographs consist in spatial 
manipulation of digital photographs by adding a reference coordinate (x, y, and z), which is commonly derived 
from existing topographic maps, GIS (geographic information system) data sets (Lillesand et al., 2004).  

 
Table 1.Table 1.Table 1.Table 1. The aerial photographs (AP) and Landsat imageries used in the analysis and their characteristics 

Datasets 
A.P. 
1952 

A. P. 
1963 

Image 84 
(Landsat 5) 

Image 2000 
(Landsat 7) 

Image 2010 
(Landsat 5) 

Image 2017 
(Landsat 8) 

ID 
Tun10

-11 
Tun 

X/250 
LT519203419
84248XXX01 

LE71920342000
348EDC00 

LT51920342010
223MPS00 

LC819203420
17002LGN01 

Date  1952 1963 04-09-1984 13-12-2000 11-08-2010 02-01-2017 

Type of sensor  - - 
TM (Thematic 

Mapper) 
ETM TM OLI 

Number of bands - - 7 8 7 11 
Resolution (m) 12.5 12.5 30 30 30 30 

Source - - 
U.S. Geological 

Survey 
U.S. Geological 

Survey 
U.S. Geological 

Survey 
U.S. Geological 

Survey 
Ortho-
rectification 

Yes 
 

Yes 
 

Yes 
 

Yes 
 

Yes 
 

Yes 
 

Number of aerial 
photographs and 
images used 

12 17 1 1 1 1 

 
Landsat Thematic Mapper (TM), Landsat Enhanced Thematic Mapper (ETM) and Operational Land 

Imager-Thermal Infrared Sensor (OLI_TIRS) were applied to investigate land-cover changes. However, the 
TM, ETM and OTI_TIRS data were obtained from USGS Earth Explorer (https://glovis.usgs.gov/) and the 
Global Land-Cover Facility (http://www.landcover.org/). Two Landsat_5 TM images were taken on 
September 4, 1984 and on August 11, 2010. There were seven spectral bands with a 30-meter spatial resolution 
for bands 1 to 5 (wavelength range of 0.45-1.75 µm) and seven (wavelength range of 2.08-2.35 µm). The spatial 
resolution for Band 6 (thermal infrared) was 120 m, but it was resampled to 30-meter pixels (wavelength range 
of 10.40-12.50 µm). A Landsat-7 ETM image was taken on December 13, 2000 (Table 1) with eight spectral 
bands and a 30-meter spatial resolution for Bands 1 to 7 (wavelength range of 0.45-2.35 µm). The resolution 
for Band 8 (panchromatic) was 15 m (wavelength range of 0.52-0.90 µm). A Landsat-8 OLI_TIRS image 
covering the study area was taken on January 2, 2017 (Table 1), which had nine multispectral bands with a 30-
meter spatial resolution for Bands 1 to 7 (wavelength range of 0.43-2.29 µm) and 9 (wavelength range of 1.36-
1.38 µm). New band 1 (ultra-blue) is useful for coastal and aerosol studies, while new band 9 is useful for cirrus 
cloud detection. The resolution for Band 8 (panchromatic) was 15 m (wavelength range of 0.50-0.68 µm). Two 
thermal infrared bands (10 and 11) are helpful for providing more accurate surface temperatures, collected at 
100 m (wavelength range of 10.6-12.51 µm). 

This work provides a methodological framework by integrating RS, GIS and spatial analyses tools to 
facilitate the assessment of the spatio-temporal dynamics of land-cover changes in the Zouaraa coastal dunes 
from 1952 to 2017. There are many methods for detecting land-cover changes. Choosing one method over 
another depends, among other things, on landscape, and the types of changes, and the spatio-temporal 
resolutions, of the data to be used. Of existing methods, post classification processing is often the most 
appropriate (Lu et al., 2004; Yang and Lo, 2002; El-Hattab, 2016). The land-cover maps developed for the 
study years 1952, 1963, 1984, 2000, 2010 and 2017 were subjected to a post classification change detection 
technique. The methodology adopted for this study is illustrated in Figure 3. 
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Figure 3.Figure 3.Figure 3.Figure 3. The methodology used for the study area 
 
Supervised Classification: maximum likelihood classification 
Image classification is one of the ancient basic tasks of applied RS. Several classification techniques 

attempt to satisfy certain RS product conditions and use requirements. The most frequent supervised 
classification techniques are the Maximum Likelihood Classifier (MLC) for parametric input data. The MLC 
method was herein chosen for data processing (Landsat imagery). It represents one of the most widespread 
methods to classify satellite imagery. Maximum likelihood classification assumes that the statistics per class in 
each band are normally distributed, and calculates the probability of a given pixel belonging to a specific class. 
Unless a probability threshold is selected, all pixels are classified. Each pixel is assigned to the class with the 
highest probability (i.e., the maximum likelihood). If the highest probability is below a specified threshold, the 
pixel remains unclassified (Hagner and Reese, 2007; Vorovencii and Muntean, 2013). MLC is performed 
according to the method proposed by Richards and Jia (1993). 

The method consists of choosing the training samples for each desired class from the colour composite 
image. In the training phase, 35 training sites were selected by the on-screen digitization of specific polygons (5 
training samples per thematic class). The obtained files were saved and used for the image classification. Each 
training field was assigned a number from 1 to 7 to represent land-cover classes, including water body, urban, 
agriculture, sand, bare soil, forest and shrubs (El Garouani et al., 2017). 

ENVI applies an MLC to calculate the following functions per pixel in the image by the following 
equation proposed by Richards (1999). 
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��  (1) 

 
where i is class, x is the n-dimensional data (where n is the number of bands), p(ωi) is a probability that 

class ωi occurs in the image and is assumed to be the same for all classes, |Σi| is a determinant of the covariance 
matrix of the data in class ωi, Σi-1 is its inverse matrix and mi is the mean vector. 

Classifying and mapping coastal dune systems by RS frequently relies on the data from regions of interest 
(ROIs) tools (Poldrack, 2007; Rujoiu-Mare and Mihai, 2016). After image classification, which was based on 
the land-cover categories of forest, shrub area, sand, bare soil, crops, built-up area and water body, relevant map 
layouts were generated. 

 
Land-cover transition matrix    
In order to achieve the overall objective of performing land-cover change detection, a post-classification 

detection technique was employed. This method has been successfully applied by many researchers for its 
efficiency in detecting the location, nature and rate of changes (Hardin et al., 2007). Change detection 
employed the simple overlay procedure for the 1952-2017 period. A two-way cross-matrix was obtained by 
applying this procedure, used to describe the main types of change in the study area. To determine the number 
of conversions from one particular land-cover category to another, and their corresponding area over the study 
period, a cross-tabulation analysis was conducted on a pixel-by-pixel basis. 

After transforming the link between the two different land-cover periods, the obtained results could be 
used in the quantitative analysis of a land-cover transition matrix, with access to land transition cases for each 
period (Chun et al., 2018). Thus:  

 

��� = ���� ���   ⋯ ������ ���   … ���…��� …���   … …���
� (2) 

 
where n is a land-cover type number, and Aij refers to the area with i land types during period K by 

shifting to the j land types during period K+1. 
In order to validate the classification results, a comparison with Google Earth was made to collect certain 

reference points to be compared to the results produced by the classification. Field visits were also organized in 
April 2017 to collect reference points, spread over the entire study region, which were recorded by GPS. These 
points served as a basis to validate the classification results. 

 
The Standardized Precipitation-Evapotranspiration Index (SPEI) 
In order to assess the sensitivity of drought evolution in the Zouaraa coastal-dune ecosystems from 1952 

to 2017, we calculated the Standardized Precipitation-Evapotranspiration Index (SPEI) value on different time 
scales. The SPEI is a multiscale drought index based on climate data that combines the advantages of the SPI 
and Palmer drought index (PDSI; Vicente-Serrano et al., 2010). It is based on a monthly climate water balance 
that describes the degree of deviation of regional dry and wet conditions from the climatological mean ones by 
standardizing the difference between precipitation and potential evapotranspiration (PET). The SPEI was 
calculated for different time scales (3, 6, 12 and 24 months). The different time scales of the SPEI demonstrated 
differences in the magnitude and duration of droughts. The temporal evolution of the SPEI with a 3-month 
lag reflects short- and mid-term moisture conditions, and provides seasonal drought estimation. The 6-month 
lag contains moisture conditions from the current month and the past 5 months. SPEI 12 and 24 reflect long-
term water balance patterns. Longer time scales (> 3-month SPEI) showed greater severity and longer duration 
for droughts than the short-time scales (Begueria et al., 2014; Potop et al., 2014). 
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ResultsResultsResultsResults    and Discussionand Discussionand Discussionand Discussion    
 
Land-cover category identification and change assessment from 1952 to 2017    
A range of land-cover changes (forest, shrub area, sand, bare soil, crops, built-up area, water body), which 

occurred from 1952-2017, was identified in the study landscape (Figure 4). The results indicated that the sandy 
area (yellow; Fig. 4) decreased significantly between 1952 (i.e., 32% of the total area; Figure 4-1952-a’) and 
2017 (i.e., 1% of the total area; Figure 4-2017-a’). In contrast, the forest land cover (green; Figure 4) increased 
significantly by about 31% (+6487.5 ha; Figure 4-2017-a’) during the defined period.  

 

 
Figure 4.Figure 4.Figure 4.Figure 4. Overview of the different images before (a) and after classification (a’) for the 1952-2017 period 
(Part 1) 
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Figure 4.Figure 4.Figure 4.Figure 4. Overview of the different images before (a) and after classification (a’) for the 1952-2017 period 
(Part 2) 
 
The findings of land-cover changes in this study indicate that vegetation cover significantly expanded 

between 1952 and 2017. Regional forest service reports a perfectly natural evolutionary trend after revegetation 
actions for the Zouaraa coastal dunes given lack of human impact or anthropic interference (DGF 1996). 
Nevertheless, in other regions, several authors have reported the negative impact of human activities on dune 
vegetation communities (e.g. Heslenfeld et al., 2004; Carboni et al., 2009). It is necessary to emphasize that in 
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many dune systems worldwide, such as Spain (Muñoz-Vallés et al., 2011), the USA (Pickart, 2013), Wales 
(Rhind et al., 2013), the Netherlands (Arens et al., 2013); New Zealand (Hesp and Hilton, 2013), and many 
other countries, the stabilization of natural dunes results in loss of space or habitat for native species (reduced 
natural diversity). Therefore, many Mediterranean coastal dunes ecosystems have been converted into 
protected areas or nature reserves which limits the most destructive activities that threaten these habitats 
(Guilcher and Hallégouët, 1991). 

As argued by many studies, land-cover changes are considered an inevitable process to better 
comprehend land dynamics (Hyandye and Martz, 2017). Land-cover changes do not only have the capability 
to analyse and predict the spatio-temporal changes occurring in the landscape, but can also be used as a decision 
support tool to enable planners and managers to make more sustainable decisions, particularly for the 
conservation of coastal dune ecosystems (Flores-Casas and Ortega-Huerta, 2019; Paegelow et al., 2013). 

 
Land-cover change detection    
The results of the land-cover classification allowed the spatio-temporal land-cover changes in in the 

study area to be monitored. According to the results shown in Tables 2 and 3, and in Figure 5, positive and 
negative changes are distinguished based on the land-cover change pattern in the Zouaraa coastal dunes during 
the study period. Following the imagery classification from individual years, a multidate post-classification 
comparison change detection was used to determine land-cover changes within the 1952-2017 interval.  

 

 
Figure 5.Figure 5.Figure 5.Figure 5. Histogram of land-cover classes for years 1952, 1963, 1984, 2000, 2010 and 2017 in relation to 
the Zouaraa coastal dunes. Values are expressed as ha 
 
According to the results in Table 2 and Figure 5, the changes detected between 1952 and 1963 in sand 

use are only a few. From 1963/1984, we recorded a marked decrease in sand class (-4756.1 ha) in favour of the 
forest and agriculture class, which increased about +5972.9 ha and +1158.7 ha, respectively. We also noted an 
increase in the water bodies and built-up area class, especially for the 1984/2000 period, of about +1289.5 ha 
and +362.3 ha, respectively. The increase in water bodies was justified by the construction of the “Sidi El 
Barrak” dam in 1999 (Zairi et al., 1999).  
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Table 2.Table 2.Table 2.Table 2. State of the land-cover changes between 1952 and 2017 in hectares (ha) 
Land cover/Years 1952/1963 1963/1984 1984/2000 2000/2010 2010/2017 

Water body -7.49 +426.78 +1289.45 +1239.98 -324.44 
Shrubs -399.4 -837.94 -1306.62 -32.23 -498.23 
Forest -47.69 +5972.86 +772.56 -370.38 +160.21 
Sand +34.38 -4756.08 -1074.94 -625.87 +14.47 
Bare soil +199.63 -2101.95 +181.5 +130.53 -240.24 
Agriculture +124.47 +1158.72 -222.25 -576.77 +794.57 
Built-up +5.34 +5.75 +362.34 +262.87 +98.57 

Positive and negative values indicate increases or decreases in this land cover, respectively, for the corresponding date 

 
The results in Figure 5 reveal a major decline in sand cover and increased forest area over the study 

period. These land-cover changes were due to the fixation and ecological restoration actions applied to coastal 
dunes by the regional forest services since 1960 (DGF 1996). However, several studies conducted in world 
regions have reported contrasting results. In KwaZulu-Natal (South Africa), Van Aarde et al. (1996) obtained 
similar results. They concluded that the rehabilitation of a coastal dune forest ecosystem was successful based 
on species richness and species diversity. In the Lanphere and Ma-le’l dunes in Northern California (USA), 
Pickart (2013) pointed out that the restoration goals for these projects focused on monitoring biotic variables, 
such as vegetation cover, species diversity and endangered plant recovery. Both projects were carried out over a 
5- to 6-year period. This author reported that the vegetation in the Ma-le’l dunes is currently lower in cover 
than the Lanphere restoration, and offers lower species diversity than both the earlier restoration project and 
non-invaded dunes. At Guardamar del Segura (Spain), Pagán et al. (2019) indicated that restoration works 
have not had the desired effect. Their study detected increased erosion in the study area between 2001-2017.  

Relative land-cover changes were assessed based on the data presented in Table 3. The present study was 
conducted to obtain an overview of the spatio-temporal dune area extension trend (sand) on the one hand, and 
its impact on other land-covers types on the other hand. We are more interested in sand dynamics over the 
period, and before and after the restoration project, including other land occupations like forest and shrub 
areas. The land-cover change from 1952 to 2017 involved negative changes in sand, shrub and bare soil areas 
(Table 3).  

 
Table 3.Table 3.Table 3.Table 3. Detection of changes between 1952 and 2017 

Land cover Area in 1952 (ha) Area in 2017 (ha) 
Variation in 65 years 

(ha) (%) 
Water body 1485 4127.49 2642.49 177.94 

Shrubs 7381.44 4308.48 -3072.96 -41.63 

Forest 1725 8210.34 6485.34 375.96 
Sand 6516.36 318.24 -6198.12 -95.11 
Bare soil 2228.04 397.08 -1830.96 -82.17 
Agriculture 1500.93 2756.52 1255.59 83.65 
Built-up 12.6 731.61 719.01 5706.42 
Total area  20849.37 20849.37 - - 

Values in hectares (ha). Positive and negative values indicate increases or decreases in this land cover, respectively, for 
the corresponding date 

 
These results of the changes occurring between 1952 and 2017 (Table 3) indicated that the increases in 

forest (+6485 ha; +375.96%), agriculture (+1256 ha; +83.65%), water bodies (+2642 ha; +177.94%), and 
built-up (+719 ha; +5706.42%) areas came mainly from the conversion of the sand (-6198 ha; -95.11%), shrubs 
(-3073 ha; -41.63%), and bare soil (-1831 ha; -82.17%) areas during the 1952-2017 period. To further evaluate 
the results of land cover conversions, a matrix of land cover changes from 1952 to 2017 was created (Table 4). 
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The cross-tabulation matrix shows the nature of change of different land cover classes. These results indicate 
that increases in forest (+6485 ha), agriculture (+1256 ha), water bodies (+2642 ha), and building (+719 ha) 
areas mainly came from conversion of the sand (-6198 ha), shrubs (-3073 ha), and bare sol (-1831 ha) areas 
during the 1952-2017 period. Consistently with these findings, Van Aarde et al. (1996) found a natural 
increase in species richness for most taxa, together with soil enrichment 30 years after the restoration planning 
in the coastal dune systems of northern KwaZulu-Natal. The revegetation of the Zouaraa dunes provides 
important protection functions against storm surges and wave action, and prevents accelerated coastal erosion 
by stabilizing the shoreline. Dunes also protect the freshwater dam of “Sidi el Barak” that provides many towns 
in north Tunisia with domestic water (Zairi et al., 1999). Nowadays, the restoration of the Zouaraa dunes is an 
important habitat for rare plants and animal species, and is also a stopover site for migratory birds (FAO, 2012). 
These coastal dunes are considered multiuse areas that must be managed according to their natural 
characteristics and potential. 

 
Table 4.Table 4.Table 4.Table 4. Classification matrix between 1952 and 2017. Values in hectares (ha) 

Years 
1952 

Class 
Water 
body 

Shrubs Forest  Sand Bare soil Agriculture  Built-up  
Total 
Class 

2017 

Water body 1382 557.82 82.53 683.64 1148.94 271.26 1.26 4127.49 
Shrubs 14.4 3525.75 1306 3109.95 94.05 157.86 2.79 8210.34 
Forest 59.8 1328.31 161.6 1983.06 293.76 477.63 4.32 4308.48 
Sand 6.39 65.16 26.37 220.32 0 0 0 318.24 

Bare soil 11.8 106.74 22.23 61.38 99.81 93.96 1.17 397.08 
Agriculture 10.4 1399.32 85.86 353.34 513.45 391.59 2.52 2756.52 

Built-up 0.18 398.34 41.22 104.67 78.03 108.63 0.54 731.61 
Total class 1485 7381.44 1725 6516.36 2228.04 1500.93 12.6 0 

Class changed 103 6053.13 419.9 6296.04 2128.23 1109.34 12.06 0 
Difference 2642 -3073 6485 -6198.1 -1831 1255.59 719.01 0 

 
Changes in the SPEI values in the Zouaraa coastal area    
The sensitivity of the SPEI values on different time scales was variable during the study period in the 

Zouaraa coastal region (Figure 6). Our results showed that the SPEI of multi-time scales can quantify water 
balance anomalies for long-term dry and wet conditions (Vicente-Serrano et al., 2010).  

Therefore, it can obtain the water resource availability status from rainfall indirectly, and can effectively 
reflect the degree and duration of drought. The SPEI values on smaller time scales, such as SPEI-3 and SPEI-6, 
indicated high-frequency [uctuations, which indicated a more obvious change between wet and dry states 
(Vicente-Serrano et al., 2010). On the contrary, the larger time scale SPEI values exhibited narrower 
variabilities and revealed long-term drought or wetness (Begueria et al., 2014; Potop et al., 2014). According to 
Figure 6, the SPEI indicated a slight decreasing trend on different time scales from 1952 to 2017. The 
fluctuation period of SPEI-3 and SPEI-6 was relatively long, which reflects the changing regularity of the wet-
dry season. SPEI-12 and SPEI-24 were relatively stable and could reflect the interannual variation 
characteristics of drought in the Zouaraa coastal area. In our study area, precipitations occurred mainly in 
winter (43%), followed by autumn (32%) and spring (21%). 
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Figure 6.Figure 6.Figure 6.Figure 6. Dynamic SPEI characteristics on multiple time scales in the Zouaraa coastal dunes from 1950 to 2017 
 
Summer remains the driest season, when rainfall rarely occurred with a low percentage of 4%. 

Precipitation was extremely important during the period preceding the growing season (spring and autumn). 
The SPEI percentage in the near-normal class (-1<SPEI<1) was about 87%. However, we observed years that 
were moderate (1.0 <SPEI<1.5) to extremely (SPEI> 2.0) wet. A positive SPEI indicated that water was 
available for plants, which led to above-normal condition yields. This result agrees with Taotao (2016), who 
reported a good correlation between vegetation growth and the SPEI. Other study revealed the effect of 
autumn and spring precipitations on the seasonality phenological changes in Mediterranean forest ecosystem 
(Touhami et al., 2022). However, the occurrence probability of severe (-1.5<SPEI<-2.0) and extreme droughts 
(SPEI<-2.0) was considerably slight (about 13%) during the study period. The drought frequency for the 1950-
2017 period was low. No drought occurred in most of the studied years. The study area is located in subhumid 
regions with a positive water balance, where the vegetation control of activity by drought was low. This favors 
the vegetation growth and, therefore, the establishment of vegetation covers in the Zouaraa coastal dunes 
(Jazzar et al., 2019; Touhami et al., 2019). Previous observational studies have reported that prolonged drought 
periods and wide variation in soil water availability could be considered as limitations for seedling establishment 
(Vicente-Serrano, 2013; Khaine and Woo, 2015). 

Our results are consistent with other studies conducted in humid and subhumid regions (Knapp and 
Smith, 2001; Schuur, 2003; Touhami et al., 2021), which are characterized by a positive water balance, and also 
by vegetation not exposed to long-term water stress (Schuur, 2003; Huxman et al., 2004; Vicente-Serrano, 
2013). Nevertheless, although vegetation activity in humid areas is less determined by drought than in arid 
ones, drought events also lead to a marked reduction in vegetation activity (Huxman et al., 2004). El Khorchani 
et al. (2007) found that since the 1970s, warming in the studied area had become 3-fold faster than throughout 
the 20th century, and a significant increase in the frequency of dry years was observed during the 1978-2001 
period compared to 1954-1977. Verner et al. (2013) reported that the total annual rainfall in northern Tunisia 
had declined by 5% per decade, especially in the study area, since the 1950s. Nevertheless, these trends must be 
seen in the very wide variability context from year to year and from decade to decade (Alexander et al., 2006; 
Verner et al., 2013). 
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Correlation analysis between the NDVI and SPEI on different time scales    
Pearson’s correlation analysis between the NDVI and SPEI was characterized by a significant correlation 

on longer time scales (SPEI-12-24). The NDVI correlated positively with SPEI-24 (Figure 7; r =0.486; p = 
0.0406) and SPEI-12 (Figure 7; r =0.516; p = 0.0283), respectively. In contrast, SPEI-6 (r =0.442; p = 0.0659) 
and SPEI-3 (r =0.372; p = 0.1275) showed a non- significant correlation (p>0.05; Figure 7).  

 

 
Figure 7.Figure 7.Figure 7.Figure 7. Correlation between the NDVI and (a) SPEI-3, (b) SPEI-6, (c) SPEI-12 and (d) SPEI-24 for the 
forest land-cover class for study years 1984, 2000, 2010 and 2017. 
Linear regression lines and Pearson’s correlation are reported, along with their statistical significance. (**) p<0.01; (*) 
p<0.05; (ns): non-significant 

 
These findings agree with Vicente-Serrano et al. (2010), who reported that vegetation in the humid and 

subhumid regions tends to respond to drought on longer time scales. The vegetation of these regions is adapted 
to regularly tolerate water deficit periods and has physiological mechanisms to cope with these conditions 
(Chaves et al., 2003). Therefore, it is reasonable to assume that these plant communities must be exposed to 
sustained water deficits (i.e., recorded by long-term SPEI scales) and are negatively affected by drought. Other 
studies have identified a lagged response among drought, declining plant growth (Bréda et al., 2006) and forest 
mortality (Phillips et al., 2010) in similar humid forests. In contrast, the highest correlations between the SPEI 
and NDVI have been found on shorter drought time scales in arid areas (Lundholm, 1976; Schwinning and 
Sala, 2004; Vicente-Serrano et al., 2010). This could be linked with different mechanisms, which would allow 
plants to reduce any damage caused by water deficits in arid areas (Chaves et al., 2003). In general, arid 
ecosystems respond in a highly plastic way to soil water availability (Lundholm, 1976) because plant species are 
adapted to low soil water shortage (Schwinning and Sala, 2004) due to physiological, anatomical and functional 
strategies to reduce plant water loss, respiration costs, photosynthetic activity and growth rates (Chaves et al., 
2003). Our findings suggest that climate conditions, particularly lack of a long drought period, favour 
vegetation growth in the Zouaraa coastal dunes. 
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ConclusionsConclusionsConclusionsConclusions    
 
Based on the results obtained by employing GIS and RS applications to meet the specific research 

objectives, we conclude that the classification of images allowed the spatio-temporal dynamics of the land-cover 
change occurring from 1952 to 2017 in the Zouaraa coastal dunes to be assessed. The quality of the results was 
strongly influenced by the characteristics of the original images, mainly spatial resolution and the number of 
available spectral bands. Particularly, these limit the capacity of extracting vegetation classes. The use of the 
panchromatic band can certainly improve treatment quality. Despite these constraints, the results obtained in 
this study highlight some global trends for land-use change detection purposes. The -95.11 % decrease in the 
sand area from 1952 to 2017 is remarkable evidence. The restoration project performed on these dunes enabled 
a better control of sand’s progress. Indeed, the restoration work carried out at the beginning of the 1960s 
contributed to the fixation, revegetation and conservation of the Zouaraa coastal-dune ecosystem. In future 
works toward the integrated management of the Zouaraa dune system, it is essential to know the vegetation 
community and its evolution using tools like botanical inventories, cartography habitats and the monitoring of 
plant groups. 
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