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Abstract Land cover, land use, soil salinization, and sand
encroachment, which are desertification-indicating features,
were integrated in a diachronic assessment, obtaining
quantitative and qualitative information on the ecological
state of the land, particularly degradation tendencies. In arid
and semi-arid study areas of Algeria and Tunisia, sustainable
development requires the understanding of these dynamics
as it withstands the monitoring of desertification processes.
Both visual interpretation and automated classification
approaches have been set up for salt and sand features
extraction using historical and present Landsat imagery. The
automated one includes a decision tree classifier and an
unsupervised classification applied to the principal compo-
nents extracted from Knepper ratios composite. New spec-
tral indices are employed in the decision tree classifier for the
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extraction of features of interest. The validation of the
classification methods showed that the decision tree had an
overall accuracy over 85% in both areas. Integrating results
with ancillary spatial data, we could identify driving forces
and estimate the metrics of desertification processes. In the
Biskra area (Algeria), it emerged that the expansion of irri-
gated farmland in the past three decades has been con-
tributing to an ongoing secondary salinization of soils, with
an increase of over 75%. In the Oum Zessar area (Tunisia),
there has been substantial change in several landscape
components in the last decades related to increased anthropic
pressure and settlement, agricultural policies, and national
development strategies. One of the most concerning aspects
is the expansion of sand-encroached areas over the last three
decades of around 27%.

Mongi Ben Zaied
benzaied_m@yahoo.fr

Amor Jlali
jlali_amor @hotmail.com

Hanen Jarray
jarray_hanen@yahoo.fr

Giorgio Ghiglieri

ghiglieri @unica.it; nrd @uniss.it

Department of Chemical and Geological Sciences, Lab.
TeleGis, University of Cagliari, Via Trentino 51,
09127 Cagliari, Italy

Desertification Research Center-NRD, University of Sassari,
Viale Italia 39, 07100 Sassari, Italy

> Institutes des Région Arides- IRA, Route du Djorf Km 22.5,
Meédenine, Tunisia

@ Springer


http://orcid.org/0000-0002-0387-5932
http://orcid.org/0000-0003-0970-1244
http://orcid.org/0000-0001-9334-0722
http://crossmark.crossref.org/dialog/?doi=10.1007/s41207-017-0021-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s41207-017-0021-1&amp;domain=pdf

14 Page 2 of 19

Euro-Mediterr J Environ Integr (2017) 2:14

Keywords Salinization - Sand encroachment - Change
detection - Landsat imagery classification - Land cover/use
mapping - Decision tree

Introduction

Desertification phenomena and land-degradation processes
threaten the sustainability and reliability of economic growth
and monitoring is an indispensable requirement for review-
ing and improving resource management. Natural and
anthropic factors have a strong impact on the ecological state
and quality of soils, especially in drylands where agricultural
and animal husbandry practices are intensive, being the main
branches of the local economy. Two major land-degradation
phenomena interest the two arid and semi-arid study sites of
Algeria (Biskra area) and Tunisia (Oum Zessar area): soil
salinization and sand encroachment, respectively.

Indicators generally simplify reality to make complex
processes quantifiable, thus the achieved information can
be communicated (Jan et al. 2012). Common indicators of
desertification include loss of biodiversity or declining
habitat, loss of water-retention capacity, reduced soil fer-
tility, and increasing wind and water erosion (Asfaw et al.
2016; De Waele et al. 2004; Lamchin et al. 2016).
Therefore, soil salinization, sand encroachment, and veg-
etation cover changes are optimal land-degradation indi-
cators and their monitoring is fundamental for the
understanding of desertification dynamics. This paper
focuses on the assessment of customized and replicable
methodology and methods for the multi-temporal mapping
of land-degradation indicators as high potential tools for
monitoring and driving factors identification. Furthermore,
the vast spatial and temporal coverage required for moni-
toring, the limited or no access to ground verification, and
the need to cope with spectral confusion issues of desert
land features require a proper approach (Eyal et al. 2008;
Sheng et al. 2010; Muller and van Niekerk 2016a).

Salinity build-up is a concerning, increasing problem
that has rendered impracticable extensive agricultural land,
whereas soil salinization is present to different extents in
more than 50% of the irrigated drylands (Fu et al. 2014;
Masoud 2014; Singh 2015). It is a worldwide environ-
mental issue that adversely affects plant growth, crop
production, soil and water quality. Soil salinity is, in a first
instance, a natural feature, an environmental hazard, but
soil salinization is mainly a human—induced process, a
form of land degradation that potentially leads to deserti-
fication (Gorji et al. 2015; Scudiero et al. 2015). Soil
salinity and especially secondary salinization represent the
main threat for sustainable agriculture in the Biskra region
of Algeria.
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As another form of land degradation, mainly reflecting
excessive human activities and climate change in arid,
semi-arid, and part of sub-humid region (UNCCD 2004),
sand desertification has become worrying in the last dec-
ades especially in prone arid and semi-arid areas. Aeolian
desertification is also one of the most devastating envi-
ronmental and socio-economic problems in drylands,
destroying land resources, reducing ecosystem productiv-
ity, depressing ecosystem services, and exacerbating pov-
erty (Duan et al. 2014; Wang et al. 2015; Ge et al. 2016).
Sand encroachment is one of the most serious environ-
mental problems in south Tunisia and previous research
shows that several unwary human activities have con-
tributed to the intensification of this process, namely
overgrazing, change in land use, and disturbances triggered
by inappropriate agricultural practices or changes in socio-
economic policies. In the Oum Zessar study area of south-
eastern Tunisia, sand encroachment represents the main
threat for the agro-pastoral activities, being the main
branch of the economy of the whole Dahar-Jeffara Plain
Medenine area (Ouessar 2007; Hanafi and Jauffret 2008;
Sghaier et al. 2010; Ouerchefani et al. 2013; Ouessar et al.
2004; Afrasinei 2016). Since soil salinization is the second
most important land-degradation indicator in this area, it
was also taken into account in the classification analysis of
this study.

The reason for choosing these two study areas, Biskra
(Algeria) and Jeffara-Medenine-Dahar (Tunisia) is given
by the fact that they reflect the main types of economic
activities of high importance in North Africa: agro-pastoral
activities, date palm monoculture-dominated (Occidental
Zab, Biskra), open-field and industrial cultivation-domi-
nated (Oriental Zab), and agro-pastoral, olive groves, small
farming, fruit trees cultivation (Jeffara-Dahar). However,
even if these activities are slightly different, these areas are
similar in many aspects: similar bio-physical conditions,
climatic and geomorphological characteristics (transition
zone from lowlands to mountains, from rough desert to
semi-arid conditions, though, in the case of Jeffara-Dahar
area, the Mediterranean influences must be considered);
similar geological features (predominance of carbonate
rocks, formations rich in gypsum and halite, and similar
continental deposits), both being characterized by the
presence of chotts and sebkhas, even if, in one case, the
situation is related to endorheic features (e.g., Chott Mel-
rhir, Biskra) and, the other one, to coastal features (e.g.,
Sebkha Oum Zessar, Jeffara area). Another reason for
choosing these areas regarded the fact that, despite simi-
larities, they presented two different main types of land-
degradation phenomena, being the most representative
ones for arid and semi-arid environments worldwide: soil
salinization (secondary) and sand encroachment.
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Remote sensing and the employment of geospatial tools
have been confirmed as valid instruments and methods for
diachronic analyses of desertification-indicators in order to
support decision-makers. Salt and sandy features can be
delineated and characterized spectrally based on the high
content of main minerals when mapping using multi- or
hyperspectral satellite imagery. The employment of change
detection analysis offers the possibility to quantitatively
and qualitatively estimate change rates and, therefore,
argue driving factors (Fichera 2012; Melis et al. 2013;
Vacca et al. 2014; Vogiatzakis and Melis 2015; Zewdie
2015). Common and acknowledged digital image classifi-
cation methods, such as supervised, unsupervised, or
spectral mixture, have been widely applied for the delin-
eation of salt features, but no agreed-upon and replicable
technique has been acknowledged to be optimal. The state-
of-art reports problems regarding misclassification and
spectral mix-up of salty features with other land cover
types, especially urban features, bare land, and areas that
have a high content of carbonate minerals (Khan et al.
2005; Fares and Philip 2008; Elnaggar and Noller 2010;
Afrasinei et al. 2015a).

Various remote-sensing techniques and several spectral
indices are proposed in the existing literature for the
extraction of salt features in different types of areas,
including drylands (Bouaziz et al. 2011; Sidike et al. 2014;
Yahiaoui et al. 2015), but when these indices were applied
in our study areas, results were not satisfactory, presenting
problems of misclassification and spectral confusion.
Consequently, in this study, we propose a customized
decision tree classifier (Elnaggar and Noller 2010; Mat-
thew 2012; Srimani and Prasad 2012) that copes with these
issues, managing to delineate correctly 12 land cover
classes and differentiate between two types of salt-affected
areas: highly and moderately saline. We propose new
indices to be employed in the decision tree classifier, which
aim to cope with the issues risen by the study areas, in
terms of well-known spectral confusion of highly reflective
land features in semi-desert/desert areas.

A limited number of studies have been conducted in arid
and semi-arid areas of Tunisia that approach sand
encroachment and soil/groundwater salinization (Trabelsi
et al. 2012; Lorenz et al. 2013; Ouerchefani et al. 2013;
Msadki et al. 2014; Afrasinei et al. 2015b; Triki et al. 2016;
Dhaou and Belghith 2009; Essifi et al. 2009; Afrasinei et al.
2017a; Triki Fourati et al. 2015), but they are employed at
either local test sites or on a regional scale. Furthermore,
results on driving forces and trends need more insight. The
problem of differentiating desert sand from other sand
surfaces from a spectral and mineralogical point of view
was not approached until now. In this study, this distinction
helped strengthen the understanding of their genesis, nature
of driving factors, and environmental implications. We

argue that the contributing factors of sand encroachment
expansion within the Jeffara Plain of northern Medenine
governorate are primarily of anthropogenic nature and not
of natural, windborne nature. We also argue that the Grand
Oriental Erg is not the main source area of the inner-plain
sandy areas of the Jeffara. In this sense, other studies argue
that the aeolian sand transport in southern Tunisia is
influenced by the predominant active winds (u > 3 m_l),
coming from the east, southeast, and north, thus inducing a
movement towards Sahara and not the opposite (Khatelli
and Gabriels 2000). However, but more research needs to
be undertaken and the results need further validation.
Therefore, the same classification methods assessed and
tailored for this study were applied in this second area, the
Oum Zessar area of Tunisia. The particular aspect is that
the same approach of decision tree construction provided
valid results, successfully delineating two types of sandy
features (desert sand and the inner-plain one). Furthermore,
salt-affected areas and five other land-cover classes are
identified, thus aiming at a rather high differentiation
among land features. New indices are proposed also in this
case, since the sandy features extraction was the main
objective.

Band ratios are simple but highly efficient band opera-
tions that have been used also by the geological remote
sensing community in order to identify hydrothermally
altered minerals, hydrated sulfates and carbonates, and
other types of land features. Specific red—green—blue
(RGB) composites have been defined through the combi-
nation of various ratios, among which Knepper ratios. Up-
to-date literature show that Knepper ratios have been used
only in geological remote sensing until now (Mia and
Fujimitsu 2012; Langford 2015; Afrasinei et al. 2017b). In
this study, we propose its employment for salt and sand
features extraction. In fact, the two automated classification
schemes that are developed in this work comprise both
(a) supervised multi-stage decision tree classifier (DT), and
(b) unsupervised Iterative Self-Organizing Data (IsoData)
classification applied to Principal Components (PC) of
Knepper ratios (IsoData of Knepper PC). The reason why
the latter one was also employed was to evaluate its
potential as an approach of fast, automated, user-indepen-
dent classifier, as opposed to decision tree analysis that
needs thorough computation for rules choice and threshold
calculation.

The methodological approach proposed in this study
was also conceived because it is meant to be replicable in
areas where historical data is scarce and the access to
acquire field data is limited, either because the areas are
remote/large or because of socio-political restrictions. In
fact, due to the political and social context in Algeria, field
survey was difficult to undertake personally and the
amount of in-field acquired data was insufficient for a
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proper validation. Therefore, in the case of the Biskra site,
different stages of the analysis employed a large and
complex set of auxiliary (NRD WADIS-MAR 2011), either
extracted from pre-existing literature or employing com-
munity-generated data (Google Earth). In the Tunisian
area, on the other hand, we were able to acquire thorough,
systematically collected ground truth (GT) data, which
supported both the visual and automated classification
phases.

The present work proposes a versatile methodology for
the qualitative and quantitative estimation of spatio-tem-
poral variations of desertification phenomena in roughly
accessible drylands. It comprises auxiliary, ground truth
data, and remote-sensing methods.

The scope of this study was not only to map the land
cover and soil conditions for a certain point in time but also
to construct a customized and replicable methodology in
order to repeat this investigation in different moments in
time in similar environmentally sensitive areas and mini-
mize previously reported issues of misclassification.

Consequently, we propose customized classification
methods involving remote-sensing techniques and land
cover and land use (LCLU) mapping through both visual
interpretation and automated image classification methods.
We put forward this approach in order to cope with limited
access to ground truth data and minimize misclassification
issues reported in the literature regarding the correct
delineation of land cover features in desert areas. Fur-
thermore, we needed to satisfy the requirement of
extracting a higher number of land-cover classes than the
average low number of classes (commonly between four
and seven classes) usually obtained through traditional
classification schemes at local-regional scales (Ceccarelli
2013; Nutini et al. 2013; Avelar and Tokarczyk 2014; Li
2014; Marconcini et al. 2014; Zhang et al. 2014). More-
over, several researchers have emphasized the importance
of a polyvalent or hybrid methodological approach for
mapping and detecting changes spatially and temporally
with an increased accuracy (Aleksandrowicz et al. 2014;
Olofsson et al. 2014; Zhu and Woodcock 2014).

The current research was undertaken in the framework
of the Water Harvesting and Agricultural Techniques in
Dry Lands: an Integrated and Sustainable model in
MAghreb Regions (WADIS-MAR) Demonstration Project
(www.wadismar.eu), funded through the Sustainable Water
Integrated Management (SWIM) Programme, by the
European Commission (www.swim-sm.eu). This project
aims to achieve an integrated, sustainable, and participative
water harvesting and water and agriculture management in
the in the Biskra region of Algeria and the Dahar-Jeffara
area (Oum Zessar study area) of central-eastern Tunisia, in
the context of climate change, water scarcity, and human
pressure  accelerating  ongoing land  degradation
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phenomena. Therefore, the purpose of this paper is to
evaluate this latter aspect of indicators of land degradation,
namely their delineation and spatio-temporal evaluation
through proper classification methods.

Study sites
Wadi Biskra study area, Algeria

This study site, of approximately 5000 km?, is located in
the wilaya of Biskra, located at 500 km southeast of the
capital Algiers (Algeria). Representing a vast piedmont
area, it is delimited by the Aures mountainous domain in
the north and by the Sahara plain in the south (Fig. 1a).

The area is also known as the Zibans (meaning oasis in
Berber language), being possible to distinguish two agri-
cultural sub-zones, the Occidental Zab or the Zibans pal-
meraie (meaning palm groves), based on date palm
plantations and the Oriental Zab centered on open-field and
industrial cultures. These latter cultures do not require a
shallow aquifer (unlike phoeniciculture) and this favored
their expansion in the past 30 years, but instead they
require deep pumping of groundwater that has a higher
salinity than the shallow aquifers of the Occidental Zab.

In the Occidental Zab, the highly productive and
superficial aquifers (average salinity of 2—4 g/1) provide the
conditions for a high production of high-quality dates,
Deglet Nour. The irrigated area of around 70,000 ha has
been reported to require the drawing of more than 600
million m® per year (NRD WADIS-MAR 2011).

Various studies have focused on obtaining qualitative
and quantitative parameters of these aquifers, some of
which have employed up-to-date approaches of three-di-
mensional (3D) modeling, bringing to the attention of end-
users their limited and fragile features (Buttau et al. 2013;
Da Pelo et al. 2015; Arras et al. 2016).

From the geological point of view, the Biskra area is
located at the southwestern boundary of the Aures Moun-
tains (Saharan Atlas), between the folded Atlas domain in
the northern part of the area and the Saharan desert and flat
domain in the south. Its main lithological characteristics
are given by the presence of Quaternary and Mio—Plio-
cene sands and clays, Mid-Eocene gypsum clays and
evaporitic deposits, Lower Eocene limestone, gypsum
clays and halite, Turonian dolomitic limestone and dolo-
mites, and Cenomanian clay, marlstone and gypsum.

The economy of the Biskra region is agricultural-based
and it represents one of the most important date palm
producer and exporter at national but also international
scale. In order to cope with increasing production demand
and population needs, agricultural activities intensified,
over-soliciting already fragile soils. Moreover, the climatic
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Fig. 1 Study areas: Biskra,
Algeria (a) and Oum Zessar,
Tunisia (b). Base map modified
from Google Earth
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setting predisposes the concentration of salts in ephemeral
surficial and slow-flowing underground waters that even-
tually are brought to surface through seepage due to
excessive evapotranspiration, thus favoring salt crust for-
mation (Fares and Philip 2008).

The climatic regime of this area is hot and dry, with an
average annual temperature of about 22 °C, with a total
annual rainfall average of approximately 150 mm. How-
ever, the average rainfall within a year is less than 20 mm.
The minimum rainfall is almost zero in the months of July
and August and the maximum occur in March and
November.

Oum Zessar study area, Tunisia

The area of about 4000 km? mainly overlaps the northern
part of the Médenine Governorate and stretches from the
Great Oriental Erg in the west and crosses the Dahar Pla-
teau and Jeffara Plain, reaching the Mediterranean Sea to
the east (Fig. 1b). In this paper, for easiness of expression,
it is denominated generically “Oum Zessar area” because
it comprises the whole Oum Zessar watershed (of about
35,000 ha, in the north-western part of the study area), and
it bares its name due to its importance for optimal char-
acteristics for water supply in the surrounding area.

The main land-use types include extended rangelands,
extended olive groves (mainly in the Jeffara Plain), local-
scale arboriculture, episodic cereals, and small-farming
irrigated agriculture. Crop sites, mainly arboriculture, are
mainly found within torrential bodies behind water-har-
vesting structures: jessour and tabias (Graaff and Ouessar
2002; Schiettecatte et al. 2005), which are favored by the
geomorphological context of the area, such as a high
presence of alluvial landforms and paleo-valleys (Marini
et al. 2008; De Waele et al. 2004).

The geological setting is given by the (1) Mesozoic
deposits outcropping mainly in the Dahar domain, under-
lining for the current study the importance of the Creta-
ceous carbonate deposits with gypsum intercalations and
(2) Mio-Pliocene continental deposits and Quaternary

alluvial and aeolian deposits found mainly in the Jeffara
Plain. The shallow aquifers of the Mio-Plio-Quaternary
deposits and the Turonian dolomitic limestone are exploi-
ted for the domestic use, with a salinity that ranges from
0.6 to 5 g/l. The water table ranges from 30 to 2-3 m near
the coastal plain. The area receives between 150 and
240 mm of total annual rainfall and is defined by mild to
cold winters and warm to very hot summers (up to 48 °C),
with almost no rainfall from June to August.

Methodology and dataset
Methodological workflow

There are two commonly used remote-sensing mapping
methods. One involves visual interpretation based on pro-
fessional knowledge, and the other one is represented by
automated classifications based on the use of computers.
Visual interpretation focuses more on the applications and
the automated method more on technological research
(Zhang et al. 2014). In this study, the methodological
approach was tailored considering several criteria based on
the objectives of this work and the issues aimed to solve. It
has been approached from both the theoretical and empir-
ical perspectives. The theoretical one refers to the existing
environmental problem of salinity and sand encroachment.
It also refers to the analysis approach that the state-of-art
literature recommends when attempting to define current
state, driving forces, and the trends of these phenomena.
These approaches are usually hybrid, and can include
geospatial data, spectral/mineral laboratory and field mea-
surements, ground data, remote-sensing data and tech-
niques, geo-statistics, etc. The empirical perspective refers
to the more technical part, thus image processing, classi-
fication method, and spectral analysis techniques. This
latter one is necessary because it addresses the spectral
confusion issue that is very common among desert features,
as they are very reflective. Our methodological approach
infers also the availability of ancillary data, the difficulty or
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impossibility to acquire ground data, and misclassification
issues.

In the present study, the visual interpretation particularly
infers the lack of updated cartography at the local scale (or
the regional scale), as well as the lack of spatial coverage
of pre-existing cartography. Therefore, the mapping
schema refers to the employment of two different classi-
fication approaches (visual and automated) or, in other
words, three different classification methods: (a) on-screen
visual interpretation mapping and (b) two automated clas-
sifications, namely a supervised one and an unsupervised
one.

The first phase of this research consisted of the visual
interpretation mapping land cover/land use features, and
the creation of a nomenclature according to acknowledged
guidelines in the literature. This phase was essential for the
comprehensive knowledge of the areas and the generation
of detailed LCLU maps (37 classes, scale 1:70,000), used
as support and base map for the following analysis phases.

Secondly, two different automated -classifiers were
assessed, designed and applied, in accordance to reported
limitations of various experimented classification methods
in similar case study contexts by the scientific community
(Pal and Mather 2003; Elnaggar and Noller 2010): (a) the
decision tree classifier (DT) and (b) a customized unsu-
pervised classification method (IsoData of Knepper PC).
These were applied to the Landsat data acquired in 1984
and 2015 in the Biskra area, and in 1984 and 2014 in the
Oum Zessar area in order to evaluate the change in land
cover types over a maximum time span possible. In this
sense, the aim was to employ the oldest and the most recent
scenes available. In both areas, the 1984 Landsat scenes
were the oldest available ones in terms of quality and
lowest cloud coverage. In the Biskra area, the most recent
one and the most adequate in terms of quality was the 2015
one (at the starting point of this research) and in the Oum
Zessar area, the June 2014 scenes were chosen because
their perfect overlap with the ground truth campaign that
took place in June 2014.

Thirdly, the visual and automated classification maps
were validated in both areas applying a confusion matrix
(table of contingence calculated by comparing the results
of the classification and the verification samples) using
ground truth regions of interest (ROIs). In the Biskra area,
the validation phase employed ground truth data composed
of: (a) 46 field points acquired in 2013 (through the
Algerian WADIS-MAR Project), (b) 83 points of soil
profiles (each sampling site containing information on
land-cover types, morphology, type of vegetation, soil
texture, structure, soil type, soil group, etc.) and (c) 30
Google Earth points. In the Oum Zessar area, the 400
ground truth points were collected personally during the
field campaign of June 2014. Half of these were employed
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for the definition of training areas and the other half for the
validation of the three classification methods.

In the last phase, change detection analysis was applied
in both cases. The results are discussed through correlation
to social and economic ancillary data. The ESRI ArcGIS
(version 10.2) software was employed for geoprocessing
and spatial data analysis and ENVI ITT VIS Exelis version
5.2. for digital image management (pre-treatment, pro-
cessing, and post-classification). A schematic flowchart is
illustrated in Fig. 2.

Dataset

A comprehensive database of various data types (contain-
ing either spatial data or non-spatial) was put together
within the WADIS-MAR project, having homogeneous
geometries and projections (NRD WADIS-MAR 2011;
NRD WADIS-MAR 2012; NRD WADIS-MAR Project
2012). For easiness of interrogation, manipulation, overlay,
and geoprocessing, hard-copy information was digitalized
and stored within a database in a GIS environment, com-
prising agricultural calendars, pedological surveys, and
well reports, as well as topographical maps, geological
maps, and aerial photographs Arras et al. 2017. These
consisted of the support data used for the first phase of
analysis and LCLU mapping through visual interpretation.

Most of the data were made available by the WADIS-
MAR local partners such as the National Agency of
Hydraulic Resources of Algeria (ANRH), the Technical
Institute of Development of the Sahara Agronomy
(ITDAS), Arid Regions Institute (IRA), and the Observa-
toire du Sahara et du Sahel (OSS). Google Earth and its
community-based ground truth data was also used as
ancillary information and, partially, for the validation of
the classified images (in the case of Biskra area).

In addition to this, field data were collected in both
areas, though at different extents and with different pro-
cedures. The visual interpretation phase allowed us to
correctly and efficiently plan the field campaigns in both
areas. Cartographic material was generated containing
daily itineraries and doubt points to be verified. In the
Biskra area, the WADIS MAR project Algerian partners
eventually performed the field survey. In the Oum Zessar
area, the field campaign was conducted personally, from
April to July 2014, according to a strict protocol. These
observations served as ground truth data for the adjustment
of the previously interpreted LCLU maps and as field data
on salt-affected areas and sand encroachment areas.

The results of the field campaign in the Oum Zessar area
consist of a ready-to-use geodatabase of 400 observation
points with attached geotagged photographs and attributes
obtained partly from land-cover sheets and attributes
recorded onsite in ArcPAD GIS software on Mobile
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Fig. 2 Methodological
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Table 1 Landsat scenes used for Biskra area and climate data
Landsat WRS path WRS row Year Date T ™ Tm SLP H PP \'A% Vv VM
LTS 194 36 1984 2 Sept 29.6 36.2 23.4 1017.2 29 0 13.7 10.2 259
LC8 194 36 2015 7 Aug 35.8 43 29 1010.2 28 0 11.6 9.6 22.2

Climatic data legend: T average temperature (°C), TM maximum temperature (°C), 7m minimum temperature (°C), SLP atmospheric pressure at
sea level (hPa), H average relative humidity (%), PP total rainfall and/or snowmelt (mm), VV average visibility (km), V mean wind speed (km/h),
VM maximum sustained wind speed (km/h) (Tutiempo Network)

Table 2 Landsat scenes used for Oum Zessar area and climate data

Landsat

WRS row

WRS path Year Date T ™ Tm SLP H PP \'AY Vv VM
LTS5 190 037 1984 18 Jun 28.3 34.5 17.7 1017.3 37 0 15.6 25.9
LTS5 191 037 1984 25 Jun 29 344 21.3 1015.1 49 0 19.3 259
LC8 190 037 2014 21 Jun 28.6 32.8 21.6 1013 68 0 23 11.9 18.3
LC8 191 037 2014 28 Jun 30.6 36 20.8 1017.7 47 0 249 9.6 14.8

Climatic data legend: T average temperature (°C), TM maximum temperature (°C), 7m minimum temperature (°C), SLP atmospheric pressure at
sea level (hPa), H average relative humidity (%), PP total rainfall and/or snowmelt (mm), VV average visibility (km), V mean wind speed (km/h),
VM maximum sustained wind speed (km/h) (Tutiempo Network)
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Mapper GPS. A part of these points were also used as
training data for further supervised classification and, the
other part, for validation. In the Biskra area, 46 field points
were described and photographed.

The Landsat satellite imagery (courtesy of USGS,
earthexplorer.usgs.gov) was downloaded and selected
discarding exceptionally humid years and considering
only the scenes with less than 10% cloud coverage. Cli-
mate data were taken into consideration when choosing
the imagery acquired during the dry season or at the end
of it, as it has been reported to be the most suitable period
of year for remote sensing salinity mapping (Elnaggar and
Noller 2010). Scenes starting from 1984 to 2015 were
employed in the analysis of the two study areas (Tables 1,
2). It must be mentioned that in the case of Oum Zessar
area, two scenes were needed for the full coverage of the
study area, so the closest dates as possible were chosen
for the mosaic construction of each year (with color
balancing).

Mapping methods
Visual interpretation

Visual interpretation is still one of the most widely used
methods for identifying and classifying spatial features in a
digital image. The photo-interpretation phase allowed us to
identify and delineate 37 land-cover and land-use classes.
Since base cartographic data of the two study areas were
limited or outdated (partially dating from the 1960s, in the
case of Biskra area) as well as limited in spatial coverage,
this first phase was indispensable for updating pre-existing
maps or even to create new ones. The creation of such
detailed land cover/use maps was indispensable for the
holistic knowledge and acquaintance with the study area.
The LCLU maps also served as support for the following
phases of the study. In addition, it allowed us to properly
plan the field survey in both areas.

Their quality and validity are confirmed (Elnaggar and
Noller 2010) through the use of acknowledged method-
ology (ETC/LC and Agency 1999; Melis and Pilloni
2011; Biittner et al. 2000; Feranec and Otahel 2000;
Jaffrain and EEA 2011; Melis (2012)), a large set of
ancillary data, a mapping scale of 1:40,000, and a mini-
mum mapping unit of 25 hectares (MMU). Integrating
also vast ancillary data, including geomorphological
insights (Dessi et al. 2008; Marini et al. 2008), we
managed to delineate and define classes using objective
criteria of a set of seven variables (precision of contours,
color/hue, size, texture, structure, spatial distribution, and
location) (ETC/LC and Agency 1999) and interpretation
keys. This procedure allowed us to define and describe
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the identified classes and define a customized LCLU
nomenclature, adapted to the local context with a detail
up to the 4th level of nomenclature equivalent to COR-
INE land cover, CORINE outside Europe (Sarti and ESA
Earth Observation 2012) and AFRICOVER 2000.

Automated classification methods
Pre-processing

For both areas, level L1T products were radiometrically cal-
ibrated in order to obtain the top of atmosphere reflectance and
atmospherically corrected by applying Dark Object Subtrac-
tion, thus obtaining surface reflectance. The information
contained in the metadata of each scene was used in order to
understand the level of product pre-processing undergone by
the provider. Since these products were of L1T level, meaning
that their provider pre-processing employed ground control
points and relief models, geometric correction was not per-
formed (Hamid Reza and Majid Shadman 2012).

The relevance of applying topographic correction was
determined through an assessment of its effects when
applied in arid regions such as our study areas, where land
features are very reflective and the thresholds for their
separation are very sensitive. Thus, this type of correction
was not performed, since the state-of-art literature reported
that topographic correction in desert areas are prone to
over-correct values in plain areas and lose valuable infor-
mation (Vanonckelen et al. 2014).

Decision tree classifier design

A complex spectral analysis was undergone in order to
determine optimal data for each decision node. Several
vegetation, water, and mineral indices were reviewed and
applied, choosing the relevant ones reported as successful
saline areas delineation (Khan et al. 2005; Immordino and
Melis 2008; FAO 2009; Mulder et al. 2011; Hamid Reza
and Majid Shadman 2012; Allbed and Kumar 2013) and
sandy ones (Sadiq and Howari 2009; Food And Agriculture
Organization of the United Nations 2010; Hadeel et al.
2011; Pandey et al. 2013; Bachir et al. 2013; Ouerchefani
et al. 2013; Boulghobra 2016), respectively, in similar
environmental and bio-geographical areas. The outcomes
of these tests showed discrepancies in terms of correct
delineation of features and accuracy of class assignment.
Nonparametric classifiers have frequently been found to
yield higher -classification accuracies than parametric
classifiers because of their ability to cope with non-normal
distributions and intra-class variation found in a variety of
spectral data sets. Decision tree classifiers can perform
automatic feature selection and complexity reduction,
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while the tree structure gives easily understandable and
interpretable information regarding the predictive or gen-
eralization ability of the data. Other advantages regard the
lack of any assumptions concerning the frequency distri-
butions of the data in each of the classes, flexibility, and
ability to handle non-linear relationships between features
and classes (Pal and Mather 2003; Rogan et al. 2004;
Otukei and Blaschke 2010; Pal 2012).

Various types of data can be used as decision nodes, but in
this study, we use specific band operations and indices. In
order to construct valid indices, the bands that were highly
uncorrelated (highest covariance), were used for band oper-
ations as they provided less redundant data and maximum of
information content. The maximum content of information
was obtained from a combination of bands that have higher
covariance among them and the higher the standard deviation
is, the more information content is derived from composite
bands. In order to identify optimum bands for indices con-
struction, the existing literature also proposes methods like
Optimum Index Factor (OIF) or correlation analysis between
measured spectral reflectance and satellite data (Yu et al.
2010; Sidike et al. 2014). In this study, this phase was
undergone through a complex spectral analysis for all scenes
of both areas. This involved 2D scatter plots, vertical and
horizontal spectral profiles assessment, band transformation
techniques with emphasis on image spectral enhancement,
among the other types (spatial and radiometric).

Principal component analysis of the Knepper composite

The principal components were extracted from Knepper
composites (Langford 2015). This gave us the input for
understanding to what degree Knepper PC can spectrally
distinguish the features of interest, namely the mineral com-
ponents and vegetation types and to assess its prospective as a
simple user-independent approach of fast classification, as an
auxiliary to decision tree classifier, which is highly dependent
on how thresholds are calculated and requires much compu-
tational labor for the determination of rules.

The IsoData classification was applied to the principal
components extracted from the Knepper ratios (Langford 2015).

IsoData of Knepper ratios’ PC resulting maps are
compared with field data, the DTA results, and with the
visually interpreted LCLU maps, and assessed for error
assessment through the application of the confusion matrix.

Results and discussions

Visual interpretation LCLU mapping

In the Biskra area, the interpretation of the June 2011
Landsat scene resulted in 37 feature classes, employing the

data described in the previous sections, given the difficulty
to undertake ground verification. For the Oum Zessar area,
the 36 classes were delineated based on the visual inter-
pretation of Landsat 8 images of 17 May 2013, path 190,
row 37 and 24 May 2013, path 191, row 37, combined with
ancillary data and the ground truth data described in the
previous section. The resulting maps were validated using
ground truth data in both areas, having an accuracy of 89
and 97%, in the Biskra area and Oum Zessar area,
respectively.

DT classifier

The complex spectral analysis resulted in identifying the
best band ratios and indices were determined through series
and scalar band mathematical operations (sum, subtraction,
multiplication, division, square root, exponent) in order to
discriminate features of interest with the highest possible
accuracy. For instance, exponential or square root func-
tions were used to force the emphasis of extreme values,
helping in delineating high or moderate saline areas (All-
bed and Kumar 2013; Allbed et al. 2014).

For example, in the case of highly saline areas class
extraction, Landsat visible bands of blue, green, and red
information are usually put together, as they present high
correlation, in order to enhance the “brightness” features.
They are subsequently divided by band SWIR2, which
presented the lowest reflectance values of salt features,
hence high covariance with the three aforementioned. The
resulting indices are thus expressed as:
sqre(((b172) + (b272) + (b372))/b7) or (bl + b2 + b3)/
b7, Salt Minerals Index and Hue Salinity Index,
respectively.

Image statistics were used in order to calculate each
node’s threshold, considering mean and standard deviation
values of each spectral index image. In order to delineate
each feature of interest, regions of interest (ROIs) were
created either from 2D scatter plots or through direct
delineation on images and consequently statistics were
extracted from each band.

Out of a total of 11 indices employed in the decision tree
classifier (Table 3), five new indices were constructed by
us for this particular type of study, through broad spectral
analysis, band transformation techniques, image statistics,
and expert-knowledge (Rao et al. 2006; Afrasinei et al.
2017b; Matthew 2012; Srimani and Prasad 2012).

The DT used for Oum Zessar area consisted of eight
indices (Table 4), two of which are proposed within this
study. All the indices were constructed differently for each
area, depending on the spectral and biophysical-geographic
particularities. The choice of the indices also depended on
the features of interest to be extracted: in Biskra area, salt-
affected areas had priority, followed by the main land
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Table 3 DT nodes and
thresholds, Biskra study site,
Algeria (decision nodes)

Decision nodes

Node expressions

Band operations

NDVI b1 GE 0.240 (NIR — R)/(NIR + R)
NDWI b2 GE 0.010 (NIR — SWIRI)/(NIR + SWIRI)

NDWI USGS b3 GE —0.390 (R — NIRY/(R + NIR)

WR b4 GE 1.01 R/NIR

SMT® bS5 GE 0.740 sqrt((BA2) + (GA2) + (RA2))/SWIR2)
MI* b6 GE 0.0280 (B x G x R)/NIR

IRL_SWIRI1® b7 GE 0.880 sqrt(((NIR”2) + (SWIR22))/SWIR1)
IRI_NIR? b8 GE 1.70 sqri(((SWIR1A2) + (SWIR2/2))/(NIRA2))
S2 b9 LE —0.320 (B — R)/(B + R)

HIS® b10 GE 1.740 (B + G + R)/SWIR2

/5 b1l GE 0.220 B/SWIRI

 Indices proposed in this study

Table 4 DT nodes and thresholds, Oum Zessar area, Tunisia (decision nodes)

Decision nodes Node expressions

Band operations

NDVI b1 GT 0.1450 (NIR — R)/(NIR + R)
Ratio 5/2 b3 GT 4.20 (NIR/B)

Diff 5 — 2 b5 GT 0.370 (NIR — B)

Ratio 6/3 b7 GT 3.10 (SWIRI — G)

Diff NDVI — NDWI b8 GT 0.260 ((NIR — RY/(NIR + R)) — (NIR — SWIR1)/(NIR + SWIR1))
MMP? b4 GT 0.60 (sqrt(R x R) + (SWIRI x SWIR1))

Modif SI* b6 GT 0.450 (sqrt(B x B) + (NIR x NIR))

NDWI b2 GT —0.050 (NIR — SWIRD)/(NIR + SWIRI)

 Indices proposed in this study

cover types, whereas in Oum Zessar area, the sandy ones
were given priority, followed by the saline ones and
eventually five other land-cover classes. In fact, the hier-
archical input order of the indices within each tree was
based on these priorities.

The normalized vegetation index, two water indices,
existing and new salinity indices as well as simple band
ratios were employed in the DT classifier and the final map
was obtained. The choice of the indices or band operations
that were derived through the previous spectral analysis
have proven to give optimal results (Melis et al. 2013). The
threshold values of the decision nodes were derived from
each index image statistics, considering mean values and
standard deviation. The DT classifier was applied for 1984
and 2015 images in the case of Biskra area and for 1984
and 2014 for the Oum Zessar area. The example of Biskra
area is presented in Figs. 3 and 4, and the Oum Zessar one,
in Figs. 5 and 6. The DT components and class description
were tailored for each study site considering their particular
bio-physical characteristics, bearing in mind especially
their specific lithology and the main types of vegetation
cover that can be spectrally distinguished among them-
selves, respectively. The validation of the DT maps showed
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an overall accuracy of 81% in the case of Biskra and 89%
in the case of Oum Zessar.

IsoData classifier of Knepper composite PC

Principal components analysis indicated that the informa-
tion regarding the abundant salt minerals were found
within the third component in both years’ images in the
case of Biskra area. The highest amount of irredundant data
of the three input images (namely the Knepper ratios) was
related to sand minerals, emphasized by the first principal
component. Clay minerals were emphasized by the second
component, usually overlaying alluvial fans areas where
sandy, loamy, or clayey soils are usually present.
Consequently, the resulting PC bands were further
classified using unsupervised classification, IsoData in
ENVI 5.2. ITT VIS Exelis Boulder, CO, applied with 100
iterations and a 2% threshold in order to obtain a clear
delineation of saline areas and sandy areas. The seven
major classes were not delineated correctly using IsoData
classification since it presented misclassification issues in
both areas and it has given an overall accuracy inferior to
60%. Therefore, only the “saline soil” and “moderately
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Fig. 3 Decision tree applied to 1984 Landsat scene, Biskra area, Algeria

saline areas” classes have been employed for the for
change detection analysis. In the Oum Zessar area, the third
principal component contained the sandy areas information
and good results have also been obtained on the spectral
distinction between the aeolian sand West of Dahar and the
inner-plain one. IsoData has been applied on the three
resulting components, but with several issues of
misclassification.

Discussion
Soil salinity mapping issues

The observations that were made on the Biskra satellite
images during the pre-classification phase, related to the
analysis of the features of interest from the spectral point of
view, revealed that the main elements that generally
influence the reflectance of salty soils are the content and
mineralogical typology of salts. Added to these, the phys-
ical properties are also important, such as moisture content,
surface roughness, impurities, or color.

The spectral signature is influenced by the mineralogy of
the chloride, carbonate, or sulfate salts, hence elementary
anion groups (carbonate, sulfate, hydroxyl, and hydroxide).
These trigger the behavior of tones, either exciting them or
favoring combinations, which are related to the internal
vibration modes translated into the presence/absence of
absorption features (Metternicht and Zinck 2008; Muller
and van Niekerk 2016b). Given this premise, it can be
explained why we encountered difficulties in correctly
identifying the saline features, even though it must be
mentioned that the highly saline areas class has presented
the highest degree of misclassification because of spectral
similarity to areas that have a strong carbonate component
and implicitly outcropping limestone. Various tests were
conducted on the images applying salinity indices indicated
by the literature (Abbas et al. 2013; Allbed et al. 2014;
Masoud 2014), but no substantial outcomes were achieved.
This is argued by the fact that clayey soils, silty soils,
impervious surfaces, bare rock and land, as well as car-
bonate-rich areas presented high similarity to saline areas
so as to be classified altogether in one unique class.
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Fig. 4 Decision tree applied to 2015 Landsat scene, Biskra area, Algeria

We managed to minimize these issues, and the DT
classifier showed agreeable results and an overall accuracy
of over 85%. However, it must be mentioned, as an overall
observation, that from both spectral analysis and classifi-
cation phases we can determine that common drylands
features that are highly reflective may present high levels
of similarity to those of areas with high salt concentration.
Such common drylands features are braided stream beds,
eroded surfaces with skeletal soils, and non-saline silt-rich
structural crusts, as previously stated in the literature
(Metternicht and Zinck 2008).

Change detection and driving factors

In the Biskra study area, the geological setting consists of
mainly limestone, alluvial deposits, and other sedimentary
deposits with a strong component of evaporite minerals
(mainly gypsum and halite). These geological characteris-
tics give an a priori favorable background for the leaching
and mobility of soluble salts, mainly Na chlorides and Ca
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sulfates (no sodic or alkaline soils issue) and their depo-
sition in lower topographies. Secondary salinization mostly
occurs in lowland areas, where groundwater frequently
rises up through the soil profile through seepage (Yahiaoui
et al. 2015). Most soils in this region are composed of
gypseous soil, or gypsum (CaSO,, 2H,0), which is com-
mon in geologic materials, groundwater, and surface area
(Aly et al. 2016).

Previous research showed the effectiveness of employ-
ing hybrid approaches for soil mapping, and particularly
gypseous soils. In this sense, several studies used remote
sensing, field, and laboratory data in order to map gypsum
content of soil (Mostephaoui et al. 2013) or assess the
diachronic evolution of wetlands in desert areas, comparing
maximum likelihood classification, support vector machi-
nes (SVM), spectral angle mapper, and neural network
(Medjani et al. 2015). In this latter case, the SVM pre-
sented the highest accuracy for the identification of nine
classes of humid zones (five classes) and mineral surfaces
(four classes). In both cases, they obtained good results
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Fig. 5 DT classification of the 1984 Landsat mosaic image, Oum Zessar area, Tunisia

employing the chosen methods and according to the scope
of their studies. However, if aiming at a high number of
different land-cover classes, in such areas, more flexible
and controllable nonparametric classifiers should be con-
sidered, such as multi-stage decision trees (Li 2014; Sidike
et al. 2014).

Considering driving factors of secondary salinization of
soils, it is important to highlight the contribution of the
anthropic factors. In the Biskra area of Algeria, one of the
important aspects that has emerged from the diachronic
series analyses is that the expansion of open-field and
industrial agriculture practices in the last three decades has
led to (and continues to) contribute to a secondary saliniza-
tion of soils. The field and pre-existing literature data confirm
that the intensive irrigation uses high-salinity groundwater
(mainly exploited from the highly productive and superficial

aquifers, of an average salinity of 2—4 g/). In fact, the change
detection analysis shows that where the irrigated crops
expanded from 1984 to 2015, patches of salinized soil
appeared in the 2015 image. In the Occidental Zab, the
increase in salinized soils corresponds to the expansion of
phoeniciculture and market gardening (often greenhouse). In
the Oriental Zab, the large-scale industrial agriculture, which
also required a large number of deep wells (given the
200-300 m depth of the exploitable groundwater), has
caused sporadic local appearance of small patches of salin-
ized surfaces all along the lower slope of the alluvial fan area,
patches that were not present in the 1980s and started to
appear only after 2007. In accordance, change detection
statistics of the 1984 and 2015 years (Fig. 7) have shown an
increase of approx. 76% of the surface of salt-affected areas,
including “moderately saline areas” class, mainly in the
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Fig. 6 DT classification of the 2014 Landsat mosaic image, Oum Zessar area, Tunisia

disfavor of steppe vegetation (18%), polygenic deposits
(2%), green vegetation (around 16%), and other small per-
centages of other classes.

In the Oum Zessar area, the aeolian sand class presented
an increase of 10, 13% and the desert one, of 10, 44%,
between 1984 and 2014. The land-cover classes’ changes
are presented in Fig. 8. However, the PCA of the Knepper
composites between the same years have shown in an
increase of 21% of aeolian sand class and 19% of desert
sand class, as resulted from the change detection statistics.
The desert sand class had presented problems of spectral
confusion with another feature (possibly saline areas in the
western extremity of the image), as shown from compar-
ison to IsoData of Knepper PCA and ground truth data,
thus the index employed to extract it needs further revision.
In the DT classification map, the desert sand class was
overestimated. Thus, we have reached our goal of
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separating desert sand class from the inner plain aeolian
sand, but we cannot appreciate the change between the two
dates, as the DT classification needs further revision. It is
also important to mention that the sparse vegetation on
sand-encroached areas, mainly psammophyte species, have
decreased by 40%, which can be argued by the fact that in
the past decades the rainfed agriculture, and especially
olive plantations, overlay mostly to the inner-plain sandy
areas.

The most important aspect obtained from this analysis
was the net separation between inner-plain aeolian sandy
areas and the desert ones along paleo-valleys that converge
towards the Great Oriental Erg. Both classification methods
have shown good separability between the two classes for
both years in discussion.

The analyzed data also indicated that the salt-affected
areas have increased by 41.45% and the classification maps
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and field observations show that these areas are not located
only within or nearby the sebkha areas. These are also
spread within the Jeffara Plain, especially where irrigated
perimeters are, mostly along the Koutine-Medenine area or
west and south-west of Medenine. This is may be argued
through the presence of the faults’ system in the area
(Koutine-Medenine main one) which favors an intense
exploitation of high-salinity groundwater (Chihi et al.
2015) used for irrigation, among other usages. The pres-
ence of many wells along this alignment induces a rather
high concentration of irrigated fields in this area. Also
according to Farid et al. 2013, this may be related to the
urban and industrial development and the expansion of
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irrigated agriculture, which led to an increase and even
over-exploitation of the aquifers of the Jeffara Plain, which
has seriously degraded groundwater quality. Intensive
exploitation of the aquifer, seawater intrusion in the coastal
area, and climate aridity caused a decrease in piezometric
level and an increase in salinity.

Conclusions
Based on a vast bibliography, this work combines and

proposes a specific workflow for thematic mapping, indices
construction and classification built-up, and change
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detection analysis. The employment of two different clas-
sification approaches, of either visual interpretation or
automated, provided invaluable support for identification
and correct delineation of features of interest. The cus-
tomized decision tree classifier has proven to be more
flexible and adequate for the extraction of two types of
saline areas, two types of sandy areas and major land cover
types, as it allows multi-source information and higher user
control, with an overall accuracy of more than 85% in both
areas. Seven new indices employed in the decision tree
classifiers are proposed and validated, including a salinity
index (SMI) for the extraction of highly saline areas. The
customized classification methods can be repeated both in
space and in time. The assessment and definition of
appropriate spectral indices, as well as the construction of a
customized decision tree classifier according to study
scope, are also repeatable.

The results showed that the secondary salinization of
soils is an ongoing process in the Biskra area of Algeria
and the main driving factors are related to human activities,
namely the intensification of agriculture, through the
enlargement of date palm plantation and market gardening
fields in the Occidental Zab and the expansion of open-field
and large-scale industrial agriculture practices in the Ori-
ental Zab. In the Oum Zessar study area in Tunisia, the
analyses show a substantial change in several components
of the environment since the 1980s, related to increased
anthropic pressure, settlement, and agricultural policies and
national development strategies. One of the concerning
aspects that emerged from this study is that the Jeffara
Plain is more affected by sand encroachment over the last
decade, adding also changes in several other classes of land
cover. The anthropic factors may have substantial contri-
bution to the genesis of sand material and autochthone
sand-encroachment process of the plain of Jeffara-Me-
denine area (east of Dahar area).

This paper addresses the very important issue of accu-
rately mapping and monitoring land degradation due to
salinization and sand encroachment, respectively. They both
are highly dynamic processes and their mapping and moni-
toring are very important to establish sustainable strategies at
local level as well as regional level. Finally, the identification
of driving factors, which lead to land-cover and/or land-use
change and land degradation, are very useful for decision-
makers and stakeholders.
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