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Abstract
Karst ecosystems are one of the ecologically sensitive areas most affected by the dramatic 
harmful effects of the desertification process due to their structural, geomorphologic, and 
ecologic characteristics. The objective of this study was to assess and mapping ecologically 
sensitive areas (ESAs) for monitoring desertification and improving degraded forest areas 
in karst ecosystems. Sensitive ecological areas were evaluated using the Mediterranean 
Desertification and Land Use Methodology (MEDALUS) by considering soil quality, veg-
etation quality, climate quality, and management quality. Three new parameters (exposed 
rocky surface index, soil organic carbon index, and depression area index) were added spe-
cifically to karst ecosystem were evaluated using the Analytic Hierarchic Process (AHP) 
to determine ecological sensitivity. The study area is Sarimsak Karstic Mountain located 
in Andirin, Kahramanmaras. Soil organic carbon exposed rocky surface and depression 
area indices were evaluated over 110 soil samples. Values of each indices were determined 
according to the AHP methodology. The new SQImodified map, which was generated using 
new indices unique to karstic ecosystems provided a more precise spatial distribution. The 
results indicated that 44.49% of the study area is Critical, 51.94% is Fragile, and 3.58% 
is Potential in terms of desertification levels. In areas identified as Critical; agricultural 
fields, rangelands, and rocky surfaces cover 71.54%. Urban areas were evaluated as 100% 
Fragile class. Forested areas were evaluated in the Fragile and Potential class. The for-
est cover class affects Fragile and Potential status very closely. With the increase in for-
est cover rate, it has reduced fragility. The most critical ESAi classification area (C3) was 
detected in rangelands. Specific indices should be created to provide a realistic perspective 
in the combat to desertification in karst ecosystems.
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1  Introduction

Desertification is defined as “land degradation in arid, semi-arid and sub-humid regions 
affecting human activities and climate change and resulting from various factors” accord-
ing to by the United Nations Convention to Combat Desertification (UNCCD, 1994). 
Desertification is a global issue that poses a threat to the environment’s long-term sus-
tainability, especially in arid areas (Salvati, 2014). Desertification is one of the threats to 
environmental sustainability. Environmental sustainability is linked to the balance between 
ecosystem dynamics and the quality of landscapes that contribute positively or negatively 
to the functioning of ecosystems (Zuindeau, 2007). Desertification brings many prob-
lems including food supply decline, poverty, creation of an unhealthy environment, and 
eventually migration (Rossi, 2020). Drought, deforestation, unplanned agricultural activi-
ties, overgrazing, urbanization and soil pollution, climate change etc., cause and acceler-
ate desertification (Haktanır et al., 2004; Smith et al. 2019). Combating desertification is 
very important to preserving complex ecological relationships, as it affects the productivity 
of the soil. Therefore, identifying environmentally sensitive areas in terms of ecological 
relationships is very important (UNEP, 2007). Desertification processes can be caused by 
poor land management. The presence of a natural desert environment by itself cannot be 
considered an indicator of desertification. Unfortunately, data that need to follow deserti-
fication processes are limited. Whether desertification is permanent, as well as when and 
how it can be stopped are some of the questions that scientists are trying to answer (USGS 
1997). Almost 71% of dryland areas all over the world are estimated to be at risk of deser-
tification (Dregne & Chou, 1992). Desertification causes significant negative changes in 
the physical, chemical, and biological properties of the soil (Puigdefabregas, 1998; Okin 
et  al., 2001; Gonzalez, 2001; Cabral et  al., 2003; D’Antonio and Vitousek, 1992). With 
increasing droughts in the USA, southern Europe, the Mediterranean, and the Middle East, 
desertification is expected to have a significant effect on human movement (Seager, 2007). 
Some results of the conversion of natural vegetation to arable land are accelerated soil ero-
sion and nutrient loss, which are important indicators of desertification (Okin et al., 2001; 
Sharma, 1998; Dismed, 2005).

Although karst areas are gaining importance because they have rich water and mineral 
resources, unique habitats and magnificent views (Veni et  al., 2001; Febles et  al., 2012; 
Peng et  al., 2013; Bai et  al., 2013) desertification effects due to incorrect land use and 
global warming in karstic regions, it has emerged as heavy soil erosion, and vegetation 
degradation (Guo et al., 2013). It is very important to evaluate the spatial distribution of 
desertification of karst ecosystems (Huand & Chai 2007). Xu and Zhang (2014) evalu-
ated karst rocky desertification using such features as lithology, soil type, road buffer zone, 
physiographic factors, settlement influence, gross domestic product density, and population 
density. In some studies, it is claimed that extreme human pressure caused by agricultural 
activities in sloping areas may be responsible for rock desertification due to limited crop-
lands in karst areas (Wu et al., 2011). The spatial traces of the karstic ecological corridors 
can be restored and rock desertification can be minimized in order to combat the ineffi-
ciency caused by the fragile karstic ecosystem (Dindaroglu, 2020).

Several models are used to assessed and monitored the vulnerability of desertification pro-
cesses. In the Mediterranean region, the vulnerability of the land to desertification has been 
associated with drought, unsustainable land use, and ecological (edaphic, climatic, and topo-
graphic) conditions unique to the region (Feoli et  al., 2003; Kosmas et  al., 2000). Specific 
sensitive components of an ecosystem can accelerate desertification processes where they 
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originate (Akbari et al., 2020). The success of many methods aiming to combat desertification 
in practice depends on a good understanding of complex and variable environmental condi-
tions (Botoni et al., 2010). The Mediterranean Desertification and Land Use model (MEDA-
LUS) developed for the Mediterranean region was used in this research. The desertification 
sensitivity index is determined on the basis of main indicators such as soil, climate, vegeta-
tion and land management, and sub-indicators (Kosmas et  al., 1999). In the Karst regions, 
the MEDALUS approach has also been used to detect environmental problems such as land 
desertification, soil erosion, soil salinization, and rock desertification (Liu et al., 2015). The 
MEDALUS approach is one of the most widely used methods for calculating the land’s vul-
nerability to desertification. This approach allows land classification based on sensitivity level 
with flexible input variables (Ferrara et al., 2012) and sensitivity to different land degradation 
processes can be assessed (Besser & Hamed, 2021). In the world and Turkey, MEDALUS 
methods have new parameters are added or different methods to re-scoring studies. Symeo-
nakis et al., (2014), assessment of ESAi on Lesbos Island (Greece), soil erosion, groundwater 
quality, etc., estimated through a modified ESAi with different parameters.

GIS is a highly preferred method in determining and monitoring desertification (Dindaro-
glu, 2015). GIS methods can reveal spatial information temporally, creating new and more 
sophisticated images that can aid decision-making. The characteristics of the lands can be 
determined precisely by using appropriate methods and using certain criteria (Griffiths & 
Dushenko, 2011). Many researchers have experienced that multi-criteria decision-making 
is a useful method for understanding complex ecological relationships in natural sciences. 
These models use an analytical hierarchy process (AHP) of Saaty (1990) to determine the 
relationship between soil and other ecological factors for sustainable environmental manage-
ment (Agnihotri et al., 2021; Aksu & Küçük, 2020; Basu & Pal, 2020; Hornero et al., 2016; 
Jhariya et al., 2017). AHP is chosen because it can evaluate multiple data sets and makes the 
decision-making process more efficient by comparing each criterion pair-wise (Langemeyer 
et al., 2016). Budak et al., (2018) scored again MEDALUS indicators in a study conducted by 
the AHP method in Mesopotamia, Turkey.

Like every natural ecosystem, Karst ecosystems have complex ecological relationships. 
Although poor soil quality and scarce vegetation appear to be mainly the result of unstable 
ecological conditions, the contribution of unsustainable land use and poorly understood com-
plex ecological relationships must also be demonstrated (Hamdouch & Zuindeau, 2010). 
Complex habitat factors need to be analyzed to determine the potential of ecosystems’ avail-
able resources and environmental carrying capacities. These factors can directly or indirectly 
affect sustainable development. Therefore, enrichment of index systems of models such as 
resource and environmental carrying capacity and adaptive improvement of their application 
are the necessary steps for the sustainability of ecosystems (Zou & Ma, 2021). The aim of this 
study is to create spatially more precise models of ecological sensitivity specific to the karst 
ecosystem within the scope of combating desertification. For this purpose, some indicators 
specific to Karst ecosystems (soil organic carbon, depression area, and exposed surface rocky 
area) were added to the MEDALUS and the sensitivity of the new model was evaluated.

2 � Material and method

This research was carried out around Sarimsak Mountain, which is located in the Medi-
terranean city of Kahramanmaraş, Turkey. The bounding geographical coordinates of the 
study area are 37°33´09´´−37°35´56´´ north latitude and 36°22´22´´−36°22´21´´ east lon-
gitude (Fig. 1). The research area covers 1431 hectares of land.
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2.1 � Climate, topograpy and geology

Sarımsak Mountain, which is the research area, has an average altitude of 1050 m (Dindaro-
glu and Vermez 2019). Located in the northeast of the Mediterranean region, Andirin dis-
trict of Kahramanmaraş is located in the transition zone of Mediterranean climate and con-
tinental climate. It is seen that the hottest month in the region is August at 22.3 °C. It is 
seen that the coldest month is in February at 2.8 °C. Annual average rainfall is 1427 mm in 
Andirin. The least precipitation occurs in August with 14.9 mm (MGM, 2017).

According to Blumenthal, (1947), the presence of Upper Devonian, Permo-Carbonifer-
ous, Jurassic and Cretaceous rocks in the Andirin region was detected. Lithological forma-
tion of the area, the Cambrian process, and Paleozoic units began to be deposited. As a 
result, it was stated that it gained the present morphology with the Alpine Orogeny. The 
geological structure of the Andirin Sarımsak Mountain research area generally consists of 
limestone formations (Kozlu, 1987; Yilmaz ve Gurer 1996).

2.2 � Method

2.2.1 � Soil sampling

In total, 110 soil samples (0–20 cm depth) were collected from the study area by consider-
ing physiographic characteristics (two aspects and three altitudes) and land use types; for-
est (30), cropland (30), rangeland (30) rocky (10) and settlement (10).

According to site classification data (Dindaroglu and Vermez 2019), three altitude groups 
(870–1080 mt, 1080–1290 mt, 1290–1500 mt) and two aspect groups (South-West and 
North-East) were formed in the study area. Settlements are located in the 1st elevation group 
(870–1080 mt). Due to the distribution of rocky areas, soil sample intake was limited accord-
ing to all altitude and aspect groups.

Fig. 1   Location maps of the research area
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2.2.2 � Soil analyses and other ESA indicators

MEDALUS includes many soil analysis and other quality parameters (Table 1). Within the 
scope of this study, the basic MEDALUS parameters were embedded in the original method 
by adding three new parameters specific to karstic ecosystems using AHP.

2.2.3 � MESALUS concept; environmentally sensitive areas to desertification indices 
(ESAi)

Desertification potential was evaluated using the main ecological parameters; soil quality 
index, climate quality index, vegetation quality index and management quality index and their 
sub-parameters (Kosmas et al., 1999). Soil quality index (SQI) calculated using the following 
formula (1) (Kosmas et al., 1999). 

where SQI is soil quality index, ST is soil texture, PM is parent material, SLP is slope, 
SD is depth of the soil horizon, DRJ is drainage. SQI values were determined for all 110-
soil sampling points. Soil texture, parent material, soil depth, slope, and drainage were cal-
culated using the methods indicated in Table 1.

(1)SQIoriginal = (ST ∗ PM ∗ SLP ∗ SD ∗ DRJ)1∕5

Table 1   ESA indicators (ESAi)

Acronym Meaning Reference/Data sources

ST Soil texture Bouyoucos (1962)/Lab analyses
pH Soil reaction Gulcur (1974)/Lab analyses
SOC Soil Organic Carbon Walkley and Black (1934); Irmak (1954)/Lab analyses
PM Parent Material Blumenthal (1947)/Geology map
SD Soil Depth Gulcur (1974)/Field survey
STN Stoniness
DRJ Drainage
SLP Slope Gradient Digital surface map/SRTM data
ERS Exposed Rocky Surface Landsat 8 Satellite image/Field survey
DPRS Depression area Jenson and Domingue (1988)/D8 flow direction algorithm
RNF Rainfall Meteorological data (MGM, 2017)
ARD Aridity Meteorological data (MGM, 2017)
ASP Aspects Digital surface map
PCV Plant Cover Landsat 8 Satellite image and forest management map
EPR Erosion Protection Field survey
DRS Drought Resistance Meteorological data
FIR Fire Risk Forest management map
LU Landuse Landsat 8 Satellite image and forest management map
LUI Landuse intensity Field survey
POL Policy Field survey and forest management map
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2.2.4 � New modified SQI for specific karst ecosystem and analyzing of new Indices

Three specific new parameters; exposed rocky surface, soil organic carbon content, and 
depression areas were added into the soil quality index using the following formula (2) for 
the karst ecosystem (Fig. 2).

 
where SOC is soil organic carbon, ERS is exposed rocky surface and DPRS is depres-

sion area.
Exposed rocky surfaces (ERS) were obtained using the Landsat8 satellite images. Land 

cover/land use was determined in previous studies by Dindaroglu et al., (2019) using the 
“supervised” classification method. For various land uses in this study, different band 
combinations were used to identify areas of forest areas (6-5-4), urban areas (7-6-4), agri-
cultural areas (6-5-2), and rock surface (7-6-2). The total number of spectral signatures 
for all educational areas was 270. Soil organic carbon (SOC) content was determined by 
the Walkley–Black method (Nelson & Sommers, 1996). Detection of depression areas 
(DEPRS) was defined using the D8 flow direction algorithm (Jenson & Domingue 1988) 
using ArcHydro module (ESRI, 2011; Maidment, 2002; Maidment & Djokic, 2000).

Karstic habitats such as doline, uvala are unique to these new criteria. It is due to the 
chemical and physical characteristics of the rocks that cause the formations to evaporate. 
Organic matter, which accumulates more in the areas of depression and cracks created as a 
consequence of the dissolution of these rocks, is the source of biodiversity. Since the depth 
of soil in karst areas is highly variable, soil usage is also affected. Therefore, it is important 
to expose the rocks (Dindaroglu et al., 2019).

(2)SQImodified = (ST ∗ PM ∗ SLP ∗ SD ∗ DRJ ∗ SOC ∗ ERS ∗ DPRS)1∕8

Fig. 2   ESAi methodology  (Modified from Kosmas et al., 1999)
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Environmentally Sensitive Areas index (ESAi) was determined using the soil quality 
index, climate quality index, vegetation quality index and management quality index using 
the following formula (3) (Kosmas et al., 1999).

Type of ESAs values and ranges of indices are made according to the following classifi-
cation system (Table 2).

The following symbols are used in the detailed mapping of ESAi (Table 3).

2.2.5 � Evaluating of new indices with analytical hierarchy process (AHP)

Analytical Hierarchy Process (AHP), a method of estimating or determining weights based 
on decision hierarchy (Saaty, 1980), was used for obtaining the weights of the factors 
related to ESAi. AHP flow chart is given in Fig. 3.

The main factor in the comparison between the factors in the AHP model is a square 
matrix with nxn size as shown below (4).

One-to-one mutual significance values are used to compare factors. The significance 
scale evaluated such as, 1; Equal importance of both factors, 3; Factor “a” is more impor-
tant than factor “b”, 5; Factor “a” is more important than factor “b”, 7; Factor “a” has very 
strong importance compared to factor “b”, 9; Factor “a” is of absolute superiority com-
pared to factor “b” (Saaty, 1980).

The AHP software provided the consistency ratio (CR) was measured values. A coef-
ficient called the Basic Value (λ) was used for CR calculation. Consistency Indicator (CI) 
can be calculated using the formula (5) (Saaty & Vargas, 1994).

(3)���� = (SQI × CQI × VQI ×MQI)�∕�

(4)A =

⎡
⎢⎢⎢⎢⎢⎢⎣

a11 a12 ... a1n
a21 a22 ... a2n
. .

. .

. .

a
n1 a

n2 ... a
nn

⎤⎥⎥⎥⎥⎥⎥⎦

Table 2   Types of ESAi and 
ranges of indices in the Karst 
ecosystem (Kosmas et al., 1999)

Type Subtype Range of ESAi

Critical C3  > 1.53
Critical C2 1.42–1.53
Critical C1 1.38–1.41
Fragile F3 1.33–1.37
Fragile F2 1.27–1.32
Fragile F1 1.23–1.26
Potential P 1.17–1.22
Non affected N  < 1.17
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Finally, CR formula (6) was measured using the CI is divided by Random Indicator 
(RI) standard correction value (Table 4).

(5)CI =
� − n

n − 1

Fig. 3   AHP flow chart  (Modified from Saaty, 1980)

Table 4   Random indicator (RI) 
values for AHP (Saaty, 1991)

N RI N RI

1 0 8 1.41
2 0 9 1.45
3 0.58 10 1.49
4 0.90 11 1.51
5 1.12 12 1.48
6 1.24 13 1.56
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If CR value < 0.10 its means that the comparisons are consistent. If CR value > 0.10 
indicates calculation error in inconsistency in AHP (Saaty, 1991). The AHP software pro-
gram called “Super Decisions” (Saaty et al. 2019) was used to determine criterion weights 
and inconsistencies in this study.

For producing ESAs maps for the Karst ecosystem, the MEDALUS model supported by 
new indices was used after validating and assigning weights given in Table 5.

In determining SQI weights of SOC, ERS, and DPRS indices; SQIoriginal maps and SOC, 
ERS, and DPRS maps are overlapped. The relationship values between SOC, ERS, DPRS 
and SQI are weighted by AHP. After calculating the new weight values of SOC, ERS, and 
DPRS, new maps were produced by using the SQImodified formula (2).

2.2.6 � Geostatistical analysis

The "Kriging" interpolation technique was performed for geostatistical analysis using Arc-
GIS 10.1 software. Spatial analyses were carried out with prepared SQI, CQI, VQI, and 
MQI spatial distribution maps. The formula of Ordinary Kriging used in this study is as 
follows (7). The Ordinary Kriging method was preferred due to the sample distribution.

where
Z(si); measured value at the location (ith),
λi; unknown weight (ith).
s0; estimation location.
Unknown weights (λp) depend on the distance to the location of the unknown values 

and the spatial relationships between known values.
Generally, statistical model estimates unmeasured values using known values. Some dif-

ferences occur between the true value Z(s0) and the predictor, ∑λi Z(si), is as small as pos-
sible. To minimize the statistical prediction used the following formula (8),

The kriging interpolation technique is a very useful method to transfer data into GIS 
software to analyze areas that have no data. The models evaluated some criteria such as 

(6)CR =
CI

RI

(7)Z(S0) =

N∑
i=1

�
i
Z
(
Si
)

(8)

[
Z
(
�0

)
−

N∑
i=1

�
i
Z(�

i
)

]2

Table 5   Evaluate of new indices by AHP

Definition of the goal New factors for karst area Alternatives

Adding new indices for MEDALUS using AHP Soil Organic Carbon Very high
High
Medium
Low

Depression Area
Exposed Rocky
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the average error (ME) and the square root of the estimated error of the mean standardized 
(RMSS) (Johnston et al., 2001).

3 � Results and discussion

Descriptive statistics of some parameters used in SQI calculation are presented in Table 6. 
OM content ranged from 0.21 to 11.90%, Clay 8.57% to 62.00%, Silt from 0.66% to 
35.55%, and sand from 17.10% to 90.77%.

3.1 � Mapping of SOC content, depression area and exposed rocky surfaces

Soil organic carbon content within the study area changed between 0 and 9% (Fig. 4). In 
total, 3450 depression areas were identified, which is about 36% of the whole study area, 
using the ArcHydro module. These areas are of general climatic and physiographic charac-
teristics suitable for soil formation and accumulation because of soil erosion (Fig. 5).

Using the supervised land cover classification, 281-exposed rocky areas were deter-
mined. The minimum exposed rocky area is 0.03 ha and the maximum exposed rocky area 
is 65.46 ha, with an average exposed rocky area of 0.96 ha. The total area occupied by 
exposed rocks is 267.50 ha (Fig. 6).

3.2 � Evaluation of the new specific ESAs indices for karst ecosystem

In this AHP fiction, three factors (soil organic carbon, exposed surface rocks, and depres-
sion area) were identified have a very sensitive situations in the Karst area. For this pur-
pose, data obtained from the field for these three new factors were entered into the AHP 
system using expert opinions. Because of AHP evaluation, consistency values, normalized 
and estimated values for these three factors are given in Figs. 7, 8 and 9.

According to the ESAs map, the exposed of rocky surfaces are classified in Table  7, 
soil organic carbon content is classified in Table 8 and depression areas are classified in 
Table 9.

The maps of soil quality index, climate quality index, vegetation quality index, and man-
agement quality index for evaluation of ESAs were produced using the Kriging method. 
The lowest error rate and strong spatial dependence models were selected and the maps of 
soil quality, climate quality, vegetation quality, and management quality were produced.

A circular model for soil quality index, an exponential model for vegetation quality 
index, and a spherical model for management quality index have been found to be suitable 

Table 6   Descriptive analyses of the soils

Minimum Maximum Mean Std. Deviation Skewness Kurtosis

OM 0.21 11.90 5.44 3.11 0.220 − 0.96
Clay 8.57 62.00 35.74 12.03 − 0.119 − 0.56
Silt 0.66 35.55 18.61 5.26 − 0.114 1.44
Sand 17.10 90.77 45.64 14.95 0.474 − 0.09
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(Table 10). The mapping of SQI used in models is normal, mapping of VQI and MQI used 
in models has a strong spatial dependence (Table 9).

The SQIoriginal, SQImodified, VQI, and MQI map are shown below (Figs. 10, 11, 13, and 
14). The resolution of all maps is 30 m. In the soil quality index map, the deep and produc-
tive soil is seen in depression areas in karstic ecosystems. Soil depth is an important qual-
ity parameter in karstic ecosystems. Three indicators (SOC, ERS, and DPRS) specific to 
karstic ecosystems were added to the SQI calculation, the SQI distribution in the area also 

Fig. 4   Distribution of SOC content (%)
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changed. The SQIoriginal and SQIModified map created with the effect of newly added indica-
tors are given in Figs. 10 and 11.  

When this change is encountered with the SQIoriginal values, it has been determined 
that the new three indicators differentiate the SQI values. However, a relationship was still 
determined between the SQIoriginal values and the SQImodified (R2 = 0.45) (Fig. 12). In addi-
tion, the quality and moisture of the soil are a crucial factor in the structure, function, and 
diversity of karst ecosystems (Wang et al. 2005).

Fig. 5   Distribution of depression area
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On the vegetation quality index map, the dominant effect of forest ecosystems 
located in the North-East aspect is observed (Fig.  13). On the management quality 
map, a change is observed depending on the land-use types (forest, agriculture, and 
rangeland (Fig. 14). The climate quality index does not change in the local area, thus 
climate parameters (rainfall and aridity) have a homogeneous effect in the study area 
(CQI = 1.41).

Fig. 6   Distribution map of exposed rocky surface
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3.3 � Environmentally sensitive area index for desertification in the karst ecosystem

In this study, SQImodified values specific to Karstic ecosystems produced by the AHP 
method were included in the ESAI calculation. Depending on the change in the SQI distri-
bution in the area, there have been variations in the distribution in the ESAi map. When the 
ESAioriginal and ESAimodified maps are compared, it can be seen visually that the modified 
ESAi map is more detailed (Figs. 15 and 16).

Subtype P (potential areas) with an area of 51.15  ha (3.58%) has fine-textured, 
stony, deep, and well-drained soils, generally located in the north aspect. Karst area 
is characterized by low fire risk because of rocky surfaces. In a study conducted by 
Boudjemline and Semar, (2018) using MEDALUS method in Algeria, the ESAi map 

Fig. 7   Subcriterion SOC

Fig. 8   Subcriterion exposed surface rocky
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Fig. 9   Subcriterion depression area

Table 7   Exposed rocky surface 
index

Exposed rocky surface

SQI Class Cover rate Index

Very high 0–25 (%) 0.20
High 25–50 (%) 0.36
Medium 50–75 (%) 1.03
Low 75–100 (%) 2.00

Table 8   Soil organic carbon 
content index

Soil Organic Carbon Content

SQI Class Rate (%) Index

Very high  > 5 0.23
High 3–5 0.61
Medium 1–3 1.40
Low 0–1 2

Table 9   Depression area index Depression areas

SQI Class Index

High Depression area 0.99
Low None Depression area 2.00
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was created and it was determined that more than half of the Hodna basin soils were 
classified as "potential" less sensitive.

Subtype F1 (fragile areas) have 184.97  ha (12.93%) with a moderate-textured, 
stony, moderate to deep, imperfectly drained soil. The climate is characterized mainly 
as sub-humid > 700 mm and a very dry bio-climatic index (BAI > 150). Subtype frag-
ile (F1) areas are generally located in the east and west aspects. Subtype F2 (fragile 
areas) have 269.4 ha (18.83%) areas with moderately textured, stony, moderate to deep, 
imperfectly drained soil. Fragile (F1) subtype areas generally located in the east and 
west aspects. Subtype F3 (fragile areas) has 288.64 ha (20.18%) in the area with mod-
erately textured, stony, moderate to deep, imperfectly drained soils. Subtype fragile 
(F1) areas are generally located in the east and south aspects.

Subtype C1 (critical) have 235.41 ha (16.45%), and Subtype C2 (critical) 344.77 ha 
(24.10%). Subtype C3 (critical) have 56.3 ha (3.94%) and are areas with very poorly 
textured, very stony, very shallow, poorly drained soils. Subtype fragile (C1, C2, and 
C3) areas are generally located in the south aspect. The climate of the study area is 
characterized mainly as sub-humid > 700  mm and a very dry bio-climatic index 
(BAI > 150). Generally, these areas are due to wrong land use and the lowest enforced 
environmental protection policy owing to their lack of productivity (Fig.  16 and 
Table 11).

Karst areas on the limestone bedrock, because of the creation of shallow soils and 
poor water holding capacity, affect the soil quality negatively. These areas can cause 
excessively Fragile and Critical subtype fields to occur (Kosmas et  al., 1993). The 
aspect with physiographic characteristics affects the fragile and critical sensitive areas 
greatly. The quality of the vegetation in the north aspect is higher than on the other 
side (Poesen et  al., 1998). The sustainability of soil quality in karstic areas and its 
spread of soil fertility to the general area is very important for combat desertifica-
tion. There are drought, flood, soil erosion, and soil nutrient problems in many karstic 
regions (Zhang et al., 2006). During the rocky desertification processes in the karstic 
areas, the loss of soil moisture causes a decrease in soil functions by reducing the soil 
quality and fertility (Chen & Wang, 2008).

When this change is encountered with the ESAoriginal values, it has been deter-
mined that the new three indicators differentiate the ESAi values. However, a power-
ful relationship was still determined between the ESAoriginal values and the ESAmodified 
(R2 = 0.89) (Fig. 17).

Table 10   Models and model parameters for the geo-statistical analyses

ME Mean standard error, RMSSE Estimated standardized mean of error of mean square root, SDP Spatial 
dependence power

Parameters Model Regression 
function

Nugget, Co Range, A Sill, Co + C ME RMSSE SDP

SQI Circular 0.39172* 
x + 0.79

0.007 1827 0.02 0.02 0.93 Good

VQI Exponential 0.42094* 
x + 0.88

0.007 2874 0.03 0.0005 1.01 Powerful

MQI Spherical 0.46701* 
x + 0.66

0.07 3072 0.46 0.01 0.94 Powerful
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3.4 � ESAimodified and land use

An evaluation of the ESAimodified in view of land use type, ecological sensitivity was the 
lowest for all of the forest-covered areas (Tables  12 and  13). The regression equation 
defined for Potential (P) ESAimodified and the forest class type is Y = − 9.4361x + 52.963 and 
R2 = 0.61. Fragile ecological sensitivity area (F1) covers 39.75%, Fragile (F2) area covers 
60.25% and the identified forest cover class is 10–40% (Tables 11 and 12). The regression 

Fig. 10   Soil quality index map (Original)
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function between ESAimodified and the forest class type is Y = − 16.273x + 111.67 and 
R2 = 0.18. Fragile ecological sensitivity area (F2) covers 23.55%, Fragile (F3) area covers 
76.45% and the identified forest cover class is 0–10% (Tables 11 and 12). The regression 
function between ESAimodified and the degraded forest class type is Y = − 2.25x + 47.214 
and R2 = 0.004. Fragile ecological sensitivity area (F3) covers 28.46%, Critical (C1) area 
covers 30.56%, Critical (C2) area covers 29.55% and Critical (C3) area covers 11.43% of 
the agricultural area (Tables 12 and 13). The regression function between ESAimodified and 

Fig. 11   Soil quality index map (Modified)
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the agricultural area is Y = 13.087x−10.113 and R2 = 0.41. Roxo et al. (1999) found that 
the critical land with high ecological sensitivity is generally the agricultural fields near 
the settlement area. Images from settlement areas and degraded forest areas classified with 
fragile sensitivity (Fig. 18a, b). 

Critical ecological sensitivity (C2) area covers 76.20% and Critical (C3) area cov-
ers 23.80% of the rangeland (Tables  12 and 13). The regression function between 
ESAimodified and the rangeland is Y = 4.03x–8.9171 and R2 = 0.36. The rangeland has not 
enough water in the critical period, and fire and overgrazing have been much affected 
by drought (Clark, 1996). Intensive human activities affected desertification, especially 
in the Karst region (Zhang & Zhou, 2001; Mick, 2010; Jiang et al., 2014). Critical eco-
logical sensitivity (C1) area covers 38.73%, Critical (C2) area covers 58.47% and Crit-
ical (C3) area covers 2.81% of the rocky land (Tables 12 and 13). The regression func-
tion between ESAimodified and the rocky land is Y = 21.949x–34.289 and R2 = 0.27. All 
the settlement areas have been identified as having Fragile ecological sensitivity (F2) 
(Tables  10 and 11). The regression function between ESAimodified and the settlement 
area is Y = − 0.3554x + 2.8429 and R2 = 0.04). Complex karst topography has advan-
tages and disadvantages. In karst ecosystems, sloping cropland is very small in size 
and highly variable among exposed rocks and water bodies. However, this complex-
ity of karstic topography increases the diversity of microhabitats. The dynamic struc-
ture of the topography also influences the spatial distribution of ESAimodified variations 
(Descroix et  al., 2001). Rehabilitation affecting conditions of land management and 
soil productivity (soil organic matter, texture, structure) can lead to an improvement in 
soil quality (Williams et al., 1983). The restoration process should be planned accord-
ing to the ecology sensitivity areas such as "Potential" ESAs(P) "Fragile" ESAs(F) and 
"Critical" ESAs(C) classes in the Karst ecosystems. Except for the depression areas, 
shallow soil depth and high surface stoniness lead to negative site conditions for plant 
survival. If plant species selected according to ecological sensitivity, the restoration 
success rate will be increased (Dindaroglu, 2015). In the Mediterranean region, which 
is locally affected by desertification processes, the vulnerability of the land to degrada-
tion is affected by key environmental factors (climate, soil, vegetation, land use). Land 

Fig. 12   Relationship between original SQI and modified SQI
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sensitivity classification has been identified as a possible target for mitigation strate-
gies against desertification in land classified as highly fragile (Salvati, 2014). Models 
such as MEDALUS constitute the main basic issues to be taken into account in manag-
ing projects to be implemented rehabilitation measures and decontamination actions 
(Besser & Hamed, 2021).

Fig. 13   Vegetation quality map
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3.5 � Validation of ESAimodified in the karst ecosystem

Accuracy assessments of new indices of environmentally sensitive areas have been 
made using Field studies, satellite images (Googleearth), and Forest Management Plans 
(1/25,000). A total of 270 control points were determined using the randomized sam-
pling method. Checkpoints have been imported into Google Earth using the KML format 

Fig. 14   Management quality map
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(Fig.  19). A total of 219 control points were confirmed. In general, 81.11% of control 
points were evaluated as correct, while 18.89% were evaluated as wrong. Points considered 
incorrect are generally located in transition areas (ecotones).

Fig. 15   ESAi (Original)
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3.6 � Limitations of the AHP process adopted for the karst ecosystem

The AHP Method has many advantages as well as disadvantages. According to Ram-
anathan (2001), when the AHP method is applied, the expression of subjective judg-
ments with clear numbers may cause mistakes. In addition, too many comparing factors 
and binary matrices may cause errors during scoring. The ESAi map was produced by 

Fig.16   ESAi (Modified)



Multi-criteria analysis for mapping of environmentally…

1 3

Table 11   Spatial distribution of 
the ESAimodified type

ESAi Type Subtype

Area (ha) %

Potential P 51.15 3.58
Fragile F1 184.97 12.93

F2 269.4 18.83
F3 288.64 20.18

Critical C1 235.41 16.45
C2 344.77 24.10
C3 56.3 3.94

Total 1430.64 100.00

Fig. 17   Relationship between original SQI and modified SQI

Table 12   Land use type and ESAimodified type

ESAimodified 
Type

Subtype Forest Cover Class % Agriculture Rangeland Rocky Settlement Total

40–100 10–40 0–10

Ha Ha Ha Ha Ha Ha Ha Ha
Potential P 51.15 0.00 0.00 0 0.00 0 0 51.15
Fragile F1 55.38 129.59 0.00 0 0.00 0 0 184.97

F2 0 196.45 63.00 0 0.00 0 9.95 269.4
F3 0 0 204.5 84.14 0 0 0 288.64

Critical C1 0 0 0 90.36 0 145.05 0 235.41
C2 0 0 0 87.35 38.42 219 0 344.77
C3 0 0 0 33.79 12 10.51 0 56.3

Total 106.53 326.04 267.5 295.64 50.42 374.56 9.95 1430.64
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Fig. 18   Settlement area a and limestone formation b in the karstic ecosystem in the ESAi “Fragile Class”

Table 13   Land use type and ESAimodified type rates

ESAimodified Type Subtype Forest Cover Class % Agriculture Rangeland Rocky Settlement Total

40–100 10–40 0–10

% % % % % % % %
Potential P 48.01 0.00 0.00 0.00 0.00 0.00 0.00 3.58
Fragile F1 51.99 39.75 0.00 0.00 0.00 0.00 0.00 12.93

F2 0.00 60.25 23.55 0.00 0.00 0.00 100.00 18.83
F3 0.00 0.00 76.45 28.46 0.00 0.00 0.00 20.18

Critical C1 0.00 0.00 0.00 30.56 0.00 38.73 0.00 16.45
C2 0.00 0.00 0.00 29.55 76.20 58.47 0.00 24.10
C3 0.00 0.00 0.00 11.43 23.80 2.81 0.00 3.94

Total 100 100 100 100 100 100 100 100

Fig. 19   Extracted control points from the ESAimodified map imported in Google Earth for visual validation
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using the indicators obtained by various techniques together in this study. With the AHP 
technique, three new indices specific to karst ecosystems were added to the MEDALUS 
methodology using the results of field surveys and laboratory analyses. Finally, it was 
determined that the success rate in the accuracy tests of the produced ESAi distribution 
maps was 81.11%. However, it was not possible to evaluate the effects of the used new 
techniques on areas that were evaluated as wrong (18.89%) (Fig. 19).

4 � Conclusions

Depending on the components of each ecosystem, the sensitivity factors are different. 
Therefore, determining the relationship between the factors with easy, cheap, and relia-
ble methods will provide significant advantages in terms of planning and implementation. 
In this study, weights of important factors to Karst ecosystems such as soil organic car-
bon, depression area, exposed surface rocky have been investigated by the AHP method 
and, then ESAi distribution has been successfully mapped. A high correlation was found 
between ESAiorginal and ESAimodified, as well as an ESAi distribution map specific to karstic 
ecosystems was produced. The index parameters added in this study are only related to 
SQI. However, in the end, SQImodified affected the ESAi distribution. The new SQI map 
produced with new indices specific t karstic ecosystems using AHP has revealed a more 
detailed spatial distribution. In addition, AHP, which includes new indices for different 
ecosystems, can be created and evaluated with many parameters. With this approach, more 
successful results can be obtained in the planning, management, and implementation activ-
ities in karstic natural ecosystem.

Forest areas and stand closures have significantly affected ecological sensitivity. Range-
lands were vulnerable at the most critical level in the study area. The reason is related 
to the lack of enough productive rangeland in Karst areas and the overgrazing problem. 
Cropland has been found to be more sensitive (C3 critical level) than the rocky surface. 
Croplands show how human intervention can negatively affect ecological sensitivity in the 
karstic area. In the management of karst ecosystems in combating desertification, under-
ground formations, groundwater systems, geomorphological, ecological, and hydrological 
relationships should be taken into account.
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