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To monitor and predict the Groundwater levels in Sharifabad watershed, Central province, Iran three models of Partial 
Least Square Regression (PLSR), Artificial Neural Networks (ANN) and Adaptive Neuro-Fuzzy Inference System 
(ANFIS) have been used.  In all models, 70% of the data was used for training, while 30% of data were employed 
for testing and validation. Monthly rainfall, topographic wetness index (TWI index), the distance from the river, 
Geographic location was the inputs and the level of groundwater was the output of each method. It is observed that 
ANN has the highest efficiency, which agrees with other findings. The results of ANN have been used in preparation 
of groundwater distribution map. According to the potential desertification map and groundwater level index, the 
potential of desertification had become severe since 2002 and was at a rate of 60% of land area, which, due to incorrect 
land management in 2016, increased to almost 98% of the land surface in the study area. Using ANN, it is predicted 
that 100% of the area was severely degraded for 2025. In addition to the target variable, latitude and longitude play 
important roles in ordinary Krigging and decreased the total error of two combined models.
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Prediction of land degradation by Machine Learning Methods: A Case study from Sharifabad Watershed, Central Iran

Degradación de la tierra medida a través de métodos de aprendizaje automático:  
Caso de estudio de la cuenca Sharifabad, en Irán Central
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Con el fin de monitorear y predecir los niveles de agua subterránea en la cuenca Sharifabad, provincia Central de Irán, 
se utilizaron los modelos Regresión de mínimos cuadrados parciales (PLSR, del inglés Partial Least Square Regression), 
Redes neuronales artificiales (ANN, Artificial Neural Networks), y Sistema de inferencia de neurodifusión adaptativo 
(ANFIS, Adaptive Neuro-Fuzzy Inference System). El 70 % de la información fue utilizada para probar los tres 
modelos, mientras que el 30 % se empleo en la evaluación y validación. La pluviosidad mensual, el índice topográfico 
de humedad (TWI index), la distancia al río y la ubicación geográfica fueron los datos ingresados, mientras que el índice 
de agua subterránea es el resultado de cada método. Se observó que el modelo ANN es el de mayor eficiencia, y que es 
acorde con otros hallazgos. Los resultados del modelo ANN se utilizaron en la preparación del mapa de distribución de 
aguas freáticas o subterráneas. De acuerdo con el mapa de desertificación potencial y el índice de agua subterránea, el 
potencial de la desertificación se ha vuelto severa desde 2002. Esto significa que desde el 60 % del suelo que, debido 
a un manejo incorrecto en 2016, se llegó hasta casi el 98 % de terreno en el área de estudio. Con el modelo ANN se 
predice que el 100 % del área se degradará severamente para 2025. Además de la variación del objetivo, la latitud y la 
longitud juegan papeles importantes en el kriging ordinario y en la reducción del error total de los dos modelos restantes.
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1. Introduction

Resource degradation occurs gradually but monitoring land and water 
resources can help prevent potential hazards (Masoudi and Amiri, 2015; 
Masoudi et al., 2018; Morales and Zuleta, 2020). More than 250 million people 
are directly affected by desertification, and more than one billion people in 100 
countries are at risk of desertification and land degradation.  It threats about 
6 million hectares of the world’s land.  Two thirds of Iran’s lands are under 
desertification or degraded. Unfortunately, due to natural and human factors, 
land degradation is progressing recently (Gibbs and Salmon, 2015; Dubovyk, 
2017; Ferrara et al., 2020). Since four hundred years ago, 30 % of the natural 
forests and rangelands converted into pastures and farmlands and caused soil 
organic carbon loss, soil structure decline and changes in soil physical and 
chemical properties (Yaghobi et al., 2018; Afzaal et al., 2020). More than two-
thirds of Iran has arid and semi-arid climate and drought, air pollution and 
climate change contributed to Iran’s current environmental crisis especially in 
the central, west and southwestern regions. Now, the major land-degradation 
research focuses on the evaluation and monitoring based on the different data 
sources, conservation and ecological restoration, and determination of driving 
factors at different spatial and temporal scales, trend simulation development 
and predictive quantitative models (Xie et al., 2020).

Various models are introduced for land degradation monitoring such 
as FAO–UNEP (1984), Environmental Sensitive Area; ESA (Kosmas et al., 
1999), Modified Iranian Classification of Desertification; MICD (Ekhtesasi 
and Mohajeri, 1995), The Global Assessment of Soil Degradation; GLASOD 
(Oldeman et al., 1991), Global Assessment of the Status of Human-induced Soil 
Degradation; ASSOD (Van Lynden and Oldeman, 1997), The Land 
Degradation Assessment in Dry lands (LADA) (FAO, 2002); The Iranian 
Model of Desertification Potential Assessment (IMDPA) (Ahmadi, 2008). The 
models considered various criteria and indices to evaluate potential resource 
degradation and many of these models determined fluctuations of groundwater 
through years and seasons. These models provided vital information for 
farming plans, farming dates and rangeland improvement and development 
programs. For the reason of fragility in dry land ecosystem, reliable sources 
of water like groundwater should be provided (Shammout et al., 2018; Chen 
et al., 2020). Various authors emphasized that extraordinary consumption of 
the world’s groundwater, mainly in most of the Middle Eastern countries, has 
affected the quality of groundwater and has contributed to the reduction of 
crop per unit area in farmlands (Verner et al., 2013; Parizi et al., 2019; Mirzaei 
et al., 2019). Therefore, the wise management of resources guarantees the 
survival of human societies (Mohanty et al., 2010). And because of climatic 
and topographic conditions in Iran, groundwater is very important in ensuring 
food security (Ashrafzadeh et al., 2016). Groundwater is the main resource of 
water for the agriculture industry (Jafari et al., 2018). A couple of years back, in 
the absence of land use planning, a huge volume of groundwater was consumed 
which led to financial problems (Wu et al., 2020). The central plains of Iran are 
facing the complication of the declining level of groundwater because of the 
lack of permanent rivers and dams, mismanagement of water bodies, climatic 
variability, and anthropogenic activities. Therefore, monitoring groundwater 
level is vital to controlling and predicting the consumption rate. Due to the 
reason that the measurement of the level of groundwater in aquifer plains is a 
time-consuming process, the estimation of the level of groundwater here has a 
higher priority than other locations.

Looking at literature in the field of agriculture and water resources, 
many of the researchers are interested in methods with smallest number of 
variables to monitor and predict the level of groundwater. Recent approaches 
in non-classical methods have also raised the bias in the application of spatial 
statistics for realization of spatial replacements (Jeihouni et al., 2015). The 
level of groundwater indicates groundwater availability, groundwater flow, and 
the substantial attribute of an aquifer (Nair and Sindhu, 2016; Alqadi et al., 
2019). Several models have been used to evaluate groundwater quantity and 
quality in the world (Bodrud-Doza et al., 2016). Statistical models and spatial 
interpolation have been compared in different studies, such as environmental 
sciences (Abudu et al., 2010; Parmar and Bhardwaj, 2014; Khaki et al., 2016; 
Meshram et al., 2020). In recent decades, artificial intelligence systems are used 
as analyzing tools to study issues related to water and environmental sciences 
(Jeihouni et al., 2015; Wu et al., 2020). Artificial neural network (ANN) is 
beneficial in a position where the fundamental real process relationships are 

not completely understood and well-suited in modeling dynamic systems on 
a real-time basis (Lim and Kolay, 2009). ANNs operates on the principles of 
learning from a training set. Before training, the network does not have any 
earlier information about the type of problem (Bessaih et al., 2014). ANNs 
show a smooth but accurate result of many imagery issues (Suprayogi et al., 
2020; Iqbal et al., 2020). Several articles have, heretofore, studied the utilization 
of ANNs in the field of water resources (Kazemi and Hosseini, 2011; Yesilnacar 
and Sahinkaya, 2012; Pektas and Dogan, 2015; Sebghatiand Gholami, 2019). 
ANN is an applicable estimation tool for groundwater levels in areas without 
information or inadequate observation points. (Sethi et al., 2010; Karimi et al., 
2012; Rankovic et al., 2014; Khaki et al., 2015; Alizamir et al., 2017; Mohanty 
et al., 2010; Lohani and Krishnan 2015; Porte et al., 2018; Chitsazan et al., 
2013; Nair and Sindhu, 2016)

Accordingly, the Partial Least Square Regression (PLSR) method was 
initially used as a calculation algorithm for special vectors, but was quickly 
interpreted by statistical criteria. In fact, the general idea of PLSR is to find the 
hidden variables. The hidden variables are quantitative variables which explain 
the variability of the response variable (Chun and Keles, 2010; P. Roy and K. 
Roy, 2008). The PLSR technique admits examining the relationships between 
visible and hidden variables simultaneously (Wold et al., 2001). This method 
uses two outer and inner test models that apply a two-step complex process to 
estimate weights (Tekin et al., 2014). Recently, PLS regression has been applied 
to soil and groundwater mapping (Ibrahim and Wibowo, 2013; Dhungana, 2015; 
Humbert et al., 2015; Tzanakakis et al., 2015; Kawamura et al., 2017; Gad et 
al., 2020). Adaptive Neuro-Fuzzy Inference Systems (ANFIS) and ANN can 
be regarded as powerful tools in the statistical model identification algorithm 
and to produce a simple model by virtue of competency of task estimation and 
categorization (Gong et al., 2018; Emamgholizadeh et al., 2014). Fuzzy models 
propose interest over mathematical ones; the process of inference is close to 
human logic and easier to measurement with complicated non-linear methods. 
Moreover, these methods are advantageous and more functional to specialist 
modeling researchers (Esen and Inalli, 2010).

ANFIS adopts a special system of fuzzy inference with a back-
propagation algorithm founded by a group of input data and output data 
(Babuska, 1998). ANFIS was first declared by Jang (1993). Tan et al. (2017) 
assumed the ANFIS approach to measure country sustainability performance. 
They found that using ANFIS, evaluation validity as it may be better through 
sublevel choice of training samples by other data from UN-Habitat, or World 
Bank, or even new data sets. Solgi et al. (2016) applied ANFIS models for 
predicting Biochemical Oxygen Demand in the Karun River in the western 
part of Iran. Ahmed and Ali-Shah (2017) applied ANFIS to predict of BOD in 
Water River. They concluded that ANFIS is a convenient method to investigate 
BOD with advisable validity, suggesting the ANFIS method is a beneficial 
tool for water quality parameter analyses. Almuhaylan et al (2020) mentioned 
the ANFIS can provide more accurate, the anticipation of groundwater depth. 
In this study, we determined the efficiency of non-linear algorithmic models 
in predicting the level of groundwater and evaluating land degradation with 
a small number of variables. The purpose of our study is to compare ANN, 
ANFIS and PLSR methods for assessing groundwater level in Sharif Abad 
watershed and determine the severity of groundwater degradation.

2. Materials and Methods

2.1. Study Area

The Sharif Abad watershed is located in between 34° 37´ - 34°56´N and 
50°31´ - 51°02´E covering an area of 96787 ha. In central part of Iran, Qom 
Province, Iran (Fig. 1). The study area is very important in the production of 
pistachio and alfalfa. At present, 37% of the watershed area is under farmlands 
and orchards (over 35,000 ha). 24,000 ha out of 35,000 ha are alfalfa fields 
and pistachio orchards. According to the Iranian Ministry of Agriculture, in 
1989, the area of pistachio orchards and alfalfa fields was 5,000 ha, indicating a 
7-fold increase in the farming area. The rangelands are converted to farms and 
orchards and drilling numerous water wells increased the farming intensity. The 
climate of the area is arid, and the average rainfall is 145.3mm.

Groundwater data of 24 Piezometric wells from 2002 to 2016 was used 
to do modelling studies using PLS Regression, ANN, and ANFIS. In addition 
to monthly rainfall, topographic wetness index (TWI), distance of the river (m), 
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latitude and longitude in the Universal Transverse Mercator (UTM) coordinate 
system were explained input and level of groundwater set an output of each 
method. However, to activate the over fitting condition, in all models, 70% of 
the data was applied for model training, while 30% of data were employed for 
testing and validation. The coefficient of correlation is calculated as the criterion 
of a linear relationship between observational and estimated values (Rankovic 
et al., 2012). A brief description of models is demonstrated in sections.

2.2. Partial least square regression (PLSR)

Partial least square regression (PLSR) is a modern method of predictive 
modelling, which works with large data matrix and collinear variables. PLSR 
was first developed by Wold (1985) but the theoretical basis of PLSR was 
developed by Varmuza and Filzmoser (2009). PLSR generalizes the important 
aspects of multiple linear regression (MLR) and Principal component 
regression (PCR). Ordinary least square (OLS) regression works well with a 
full rank matrix of predictors (X) but when X is singular, PLSR takes care of 
the problem. PLSR extracts the factors from X and Y matrices and maximizes 
the covariance.

PLSR uses the linear decomposition of X and Y as:   X = T Pt +Ex     and      
Y = UQt + Ey

Where    T = X-scores and U = Y-scores
P = X-loadings and Q = Y-loadings, Ex = X-residuals and Ey = Y 

-residuals Using the U, PLSR automatically predicts Y.  T and U are linear 
combinations of X and Y variables, respectively. Suppose tj, uj, pj and qj 
denote the jth columns of T, U, P, and Q respectively, where (j = 1..., a).

2.3. Artificial neural networks 

The artificial neural network (ANN) is a computational approach 
introduced to model the neurons’ function in living tissues. McCulloch and 
Pitts (1943) developed a mathematical analysis for ANN from algorithms 
and applied mathematics called Threshold Logic to it. Choosing the right 
number of neurons and layers provide a better model of the artificial neural 
network (Ennouri et al., 2017). In neural networks, neurons are responsible 
for processing. In fact, each neuron is associated with a set of its preceding 
and subsequent elements, which, this non-linear relationship provides the 
prediction of target data (Alipour et al., 2014). Li et al. (2018) proposed that 

ANNs can be used at events that do not have the structure and complexity of 
the relationship among output data and input information. Network models, 
Multilayer Perceptron’s (MLPs), Generalized Feed forward networks (GFF), 
Modular Neural Networks (MNN), Radial basis function (RBF) trained by 
Momentum Optimization Algorithm (MO), Levenberg-Marquardt algorithm 
(LM), Conjugate Gradient (CG) Learning Rule, Sigmoid Axon and Tanh Axon 
as transfer function were selected and compared in  Neurosolution software.  
Four hidden layers were used to regulate the weights of neurons to achieve the 
desired output. For network model, in addition to rainfall, distance Piezometer 
well from the Qara-Chai River, topographic wetness index (TWI), latitude and 
longitude were also considered as the input and groundwater level was defined 
as the output (Fig. 2). The TWI indicator is shown in Equation-1. TWI Index 
is a helpful tool for describing the humidity conditions in the watershed scale, 
presented by (Grabs et al., 2009). TWI index of each Piezometer was calculated 
using DEM in Saga GIS software (Eq.1).   

TWI ln
A
tan

s=










β
 (1)

Where β is the local slope (radians) and As is the contributing area of 
upstream (m2).

Figure 2. The Multi-Layer Perceptron (MLP) structure

Figure 1. Location of study area in Iran map (a) land uses in the Sharifabad watershed, Iran (b), agriculture lands(c and d), bare land (e), rangland (f)
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2.4. Adaptive Neuro-Fuzzy Inference System (ANFIS)

Adaptive Neuro-Fuzzy Inference System (ANFIS) approach applied two 
networks learning algorithms – Neural and Fuzzy logic, for scheming nonlinear 
relations between dependent and independent variables. It enables fuzzy laws to 
be determined and prepare data for the expert. Furthermore, it could transform 
the intricacy of human sagacity into fuzzy systems category (Alipour et al., 
2014). There are various joined nodes in the structure of an ANFIS model. The 
output of some nodes is reined by accommodating variable joint the node, so 
the output data would predict a predefined error value. This showed that some 
nodes are examined to have an adaptive part in the structure of the method 
(Baghban et al. 2017).

The frame of ANFIS involves five layers (Fig. 3), and the functions 
correlate with nodes of the matching layer is similar. Each input has two rules 
(A1 and A2, B1 and B 2) in the initial layer (input nodes), which can make 
two rules in another layer (rule nodes). A brief diagram of the operations of the 
five layers is given as follows (Jang, 1993): Layers 1 through 5 composed of 
input nodes, rule nodes, average nodes, resulting nodes and output nodes. The 
rules of every single layer are introduced in equations two to seven, respectively 
Equations 2 to 7. 
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Formula: Where x is the input to the node i, and Ai is nominal labels ruled 
by fit membership function µAi; {ai, bi, ci} is the variable collection. Here {pi, 
qi, ri} is the variable lay in the consequent sector of the first-order Sugeno fuzzy 
model.

Figure 3. Basic structures of ANFIS.

In this study, Takagi-Sugeno-Kang Type Fuzzy (TSK) and Tsukamoto 
(TS) fuzzy models were tested and Momentum, Levenberg–Marquardt and 
Conjugate Gradient learning rules used. For any of the algorithms, the Sigmoid 
Axon and Tanh Axon transfer model were used.

2.5. Land degradation assessment model 

Land degradation research has been done in 93 countries. The number of 
publications in different countries show their contribution and impact in land 
degradation research. Researchers from 93 countries participated in the land 
degradation research between 1990 - 2019. In regard to total publication, Iran 
was the 21st nation (Xie, 2020).

Land degradation in arid regions of the world is a complicated 
environmental puzzle (Thomas, 1997; Okin et al., 2009; Rasmy, 2010). It 
is accepted as one of the greatest environmental risks in Iran because of its 
natural conditions and human activities (Tahmoures et al., 2013). As previously 
mentioned, several models have been developed for the judgment of soil and 
water resource degradation in world scientific communities. To assess the 
potential of land degradation, Ahmadi (2008) presented The Iranian Model 
of Desertification Potential Assessment (IMDPA). This model involves nine 
classes of criteria that causing effective of land degradation. Groundwater 
depletion (cm/year) in watershed aquifer resources is one of the factors, which 
used to estimate degradation risk of water resources. Table1 shows the land 
degradation potential of groundwater index.

Table 1. Desertification Index of groundwater criteria

Index Land degradation Risk
Groundwater 

depletion (cm/year)
Low Moderate High Severe
<20 20-30 30-50 >50

2.6. Model evaluation and Prediction

The prediction performance of both the training and testing sets is 
evaluated by the coefficient of determination (R2) and Mean squared error 
(MSE) Esq. (8-9). The calculation formula according to Webster and Oliver 
(2001) is:

R
SS SSE
SS
yy

yy

2 =
−

, SSyy= i
Â yi- y( )2 , SSE=

i
Â yi- yi

!( )2  (8)

MSE= 1
N i=1

n

Â yi- yi
!( )2  (9)

Where yi
 is predicted and yi  is observed data and N is the number of 

observations. MSE is the average squared difference between predicted values 
by the model and measured values. MSE is an indicator of model accuracy or 
precision. MSE should be as low, or close to zero, as possible. The coefficient 
of determination (R2) establishes a linear correlation between measured values 
and simulated ones by model. The value of 1 is optimal and shows the positive 
linear relationship. After model evaluation, the best model was selected using 
R2. The farming season and/or the heavy use of groundwater and water well do 
not start until around April, so we predicted the level of groundwater for April 
2025. Looking at TWI index, the distance from river and latitude and longitude 
variables, they all have spatial information and only monthly precipitation has 
spatial-temporal characteristic. Using the linear regression relationship between 
monthly precipitation and elevation of synoptic station, the precipitation of 24 
Piezometric wells was calculated for April 2025 and was also used in predictive 
model.  After that, interpolation was carried out via the ordinary kriging method 
and groundwater level of April 2025 was also calculated, where the depletion 
maps were prepared by subtracting presents year map and the map from the 
previous year. After subtraction, the potential desertification map for years 
2002, 2010, 2016 and 2025 (prediction year) was prepared.  Figure 4 shows the 
procedures of calculation.

Receiver operating characteristic curve (ROC) is a classifier or diagnosis 
method.The efficiency of binary classifier can be evaluated with sensitivity and 
recall indices. In ROC graph, a combination of these two indices are presented 
as a curve. Researchers test efficiency of the cluster algorithms or raster data 
using ROC curve. This technique has been frequently used in supervised 
machine learning. ROC curve is value of true positive rate over the false positive 
rate in the confusion matrix. since the classes are based on continuous random 
variable, the curve is continuous function which can be estimated from data.
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Figure 4. The procedures of our study

3. Results 

We predicted the level of groundwater of 24 Piezometric wells, with 5 
inputs and 1 output using ANFIS, ANN, and PLSR between 2002 and 2016 in 
Sharif Abad watershed, Qom Province. Figure 5 shows the annual precipitation 
of 143mm at the Sharif Abad watershed and, usually, the level of groundwater 
and precipitation are different. Also, it shows the contradiction between 
precipitation and the level of groundwater. We applied ANN on 4 networks 
using trial and error and predetermined parameters and compared the results 
to find the optimum network. Table 2 shows the 4 networks of Piezometric 
wells during training and testing stages. Khaki et al (2016) mentioned that the 
Sigmoid Transfer Functions model works better than others, but we also used 
the TanhAxon method with 500 Epoch.

Figure 5. Monthly rainfall (mm) and water level (m) for observation well from 
2002 to 2016

As Table 2 shows, the MLP method with Sigmoid Axon transfer model, 
which trained with Levenberg–Marquardt algorithm, was the best model based 
on R2 and MSE criteria.

To predict the level of groundwater with ANFIS method, two Fuzzy 
model networks, Takagi-Sugeno-Kang Type Fuzzy and T Tsukamoto, with 
similar algorithms of ANN are compared to find the best network.  Table 3 
shows the evaluation of networks for selected points in training and testing 
stages.

As table 3 shows, Tsukamoto method with Levenberg–Marquardt 
training algorithm was the best method. To predict the level of groundwater 
with the PLSR method, we evaluated 5 components, with the fifth one having 
the highest functionality (Table 4).

Table 2. Comparison of four models developed in training and testing stages.

Model Algorithm Transfer
Train Test

R2 MSE R2 MSE

RBF

LM
Tanh Axon 0.51 248.18 0.498 240
Sigmoid Axon 0.66 204.7 0.44 225

MO
Tanh Axon 0.55 205 0.49 212
Sigmoid Axon 0.58 208.9 0.53 210.5

CG
Tanh Axon 0.72 165 0.712 166.4
Sigmoid Axon 0.78 148 0.71 155.8

MLP

LM
Tanh Axon 0.912 11.2 0.901 12.8
Sigmoid Axon 0.963 7.15 0.956 7.33

MO
Tanh Axon 0.881 15.6 0.891 14.8
Sigmoid Axon 0.85 22.4 0.82 19.6

CG
Tanh Axon 0.79 46.8 0.771 45.6
Sigmoid Axon 0.82 38.5 0.831 36.6

GFF

LM
Tanh Axon 0.2 208.8 0.22 209.2
Sigmoid Axon 0.11 208 0.15 212

MO
Tanh Axon 0.12 222 0.121 218
Sigmoid Axon 0.3 195 0.25 200.8

CG
Tanh Axon 0.09 204.7 0.08 200
Sigmoid Axon 0.26 205 0.49 217

MNN

LM
Tanh Axon 0.45 178 0.56 167
Sigmoid Axon 0.51 166 0.44 275

MO
Tanh Axon 0.46 171 0.44 288
Sigmoid Axon 0.04 205 0.044 212

CG
Tanh Axon 0.44 208.9 0.43 209.8
Sigmoid Axon 0.06 255 0.1 210

Table 3. Comparison of two ANFIS models developed in training and testing 
stages.

Fuzzy 
model

Learning 
Rule Transfer

Train Test
R2 MSE R2 MSE

Takagi-
Sugeno-

Kang

MO
Tanh Axon 0.09 712 0.085 765
Sigmoid Axon -0. 12 850 -0.11 886.4

CG
Tanh Axon -0.002 908.4 -0.001 915.6
Sigmoid Axon 0.51 248.6 0.49 266.7

LM
Tanh Axon 0.44 208.9 0.43 209.8
Sigmoid Axon 0.38 265.7 0.36 277.9

T 
sukamoto

MO
Tanh Axon 0.11 828.01 0.095 911.05
Sigmoid Axon 0.17 625.1 0.13 711.2

CG
Tanh Axon 0.022 3347 0.018 3560
Sigmoid Axon 0.58 95.1 0.571 102.6

LM
Tanh Axon 0.793 64.3 0.786 66.7
Sigmoid Axon 0.52 110 0.51 115.5

Table 4.  Comparison of five components developed by PLSR methods.

Components X Variance MSE R2

1 0.348 758.7 0.126
2 0.782 746.5 0.141
3 0.802 706.8 0.185
4 0.996 705.5 0.187
5 1 693.4 0.199
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Table 5 shows the comparison of three methods where ANN had the 
highest functionality of predicting groundwater level in Sharif Abad Watershed. 
Figure 6 shows Scatter plots of the observed and estimated water levels at 
training period with selected of three evaluated models. Also, Figure 7 shows 
that ANN worked relatively better than ANFIS and PLSR. The PLSR model 
had the smallest AUC. The AUC evaluates a given classification model with no 
threshold assumption. ROC curves are suitable tools for comparing classifiers 
where there is no information about misclassification water level.

Here, we interpret the most important input parameters of this technique 
in groundwater level modeling. This diagram shows the importance of latitude 
and longitude in groundwater level modelling (Fig. 8).

Table 5. Comparison of three methods for the prediction of G.W.L

Model The best algorithm/Component R2 MSE
ANN MLP, LM, SigmoiedAxon 0.963 7.15

ANFIS Tsukamoto, LM, Tanh Axon 0.793 64.3
PLSR 5 th Component 0.199 693.4

After finding the optimal model, the groundwater level of 24 Piezometric 
wells in 2025 was determined. Then, the groundwater level was mapped via 
Ordinary Kriging. Using the groundwater level map in 2025, and Table1, we 
determined the degraded regions and depleted groundwater points. Figure 8 and 
Table 6 both show the land degradation of the study area using groundwater 
criterion.

Table 6. Land degraded area based on GWL index in the study area since 2002-2016
Land 

degradation 
Risk

2002-2003 2009-2010 2015-2016 Predicted 
year

Low 38030 - - -
Moderate 386 - - -

High 793 2032 1581 -
Severe 57578 94755 95206 96787

Total Area (ha) 96787 96787 96787 96787

Figure 6. Scatter plots of the observed and estimated water levels at training period. ANN (a), ANFIS (b), PLSR(c)

Figure 7. ROC curves for ANN, ANFIS and PLSR(c)

Figure 8. Diagram of importance input factors for modeling of groundwater level
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As it can be seen from Table 6 and Figure 9, between 2002 and 2003, 
around 59.4% of the area is in critical condition of desertification, around 39% 
and less than 1% has normal and moderate condition respectively. While in 
the predicted year, land with a potential desertification in the study area has 
increased by 100% (Table 6 and Fig. 8). After finding the optimal model, the 
groundwater level of 24 Piezometric wells in 2025 was determined. Then, using 
Ordinary Kriging, the groundwater level was mapped (Fig. 10).

Figure 9. Percentage of degraded land based on groundwater index from 2002 
to 2016

Figure 10. Land degradation map based on groundwater level in April in different 
years (a) 2002-2003 (b) 2009-2010, (c) 2015-2016, (d) predicted year 2017

4. Discussion and conclusion 

Land degradation as a global issue deserves more attention. Research 
findings showed the major land degradation driving factors as altitude, slope, 
vegetation index, decline of vegetation index, bare land, mid-slope position, 
and depletion of ground water resources.

Spatial and temporal prediction of groundwater level changes provides 
useful information for wise management and sustainable development. In 
this research, the groundwater level was predicted using three models ANN, 
ANFIS, and PLSR, where the available parameters were used as model input. 
The coordinates of the wells being studied were used as two input variables. We 
had a different response variable in comparison to the research made by Jeihoni 
et al (2015), but our results also showed the usefulness of ANN like the authors 
stated. Looking at the statistical indices, we found that the ANN has the highest 
efficiency which agrees with other findings (Khaki et al., 2015; Alizamir et al., 
2017; Alqadi et al. 2019; Sebghatiand Gholami, 2019; Meshram et al.2020). 
We combined the results of ANN with Ordinary Kriging to predict groundwater 

condition map. We also used latitude and longitude as input variables which 
improved the model. In addition to the target variable, latitude and longitude 
play important roles in Ordinary Kriging and decreased the total error of two 
combined models. The study area currently suffers from intensive farming such 
as pistachio orchard. Our results could help water resource and agricultural 
managers make the proper decisions as well as help decrease the chance of 
desertification and land degradation. Our findings agree with Mohanty et al., 
(2010), Lohani and Krishnan (2015), Porte et al. (2018), Chitsazan et al. (2013), 
Nair and Sindhu (2016), Suprayogi et al., (2020) and show the efficiency of 
ANN in monitoring the level of groundwater. There are only a few differences 
due to the selection of algorithms. 

Our results did not agree with the findings of Gong et al. (2018), 
Almuhaylan et al. (2020) and Emamgholizadeh et al. (2014). This is because 
they mentioned that ANFIS has a higher efficiency than ANN.  We also 
believe that the disagreement is due to time series difference in the Neuro 
fuzzy model structure and various other scenarios rather than the groundwater 
controlling factors. Unlike in previous studies, we considered the last year 
precipitation and distance from Qarachay River as recharging sources of 
groundwater. 

Looking at the observed and estimated levels of groundwater, we found 
that the difference between levels in 2002-2010 is larger than the difference 
in 2010-2016. In early years, the level of groundwater was underestimated. 
According to the figures of the level of ground water and monthly precipitation 
(Figure 5), it’s obvious that the difference in maximum and minimum monthly 
precipitation is significant as 60mm in the whole watershed area and through 
the time. In 2016, the difference decreased to 20mm and the difference between 
the observed and estimated levels of groundwater became smaller. According 
to farming history in the area, we found that by 2010, the study area was 
under intensive farming and eventually it converted to orchards due to water 
shortage in Qara-chai. Also due to groundwater exploitation, the situation was 
aggravated and hasn’t prevented the desertification. We therefore recommend 
the following:

The use of ANN in similar studies which monthly precipitation doesn’t 
change drastically. Annual monitoring of groundwater, efficient water usage 
and selecting the proper farming practices in the study area. Our method is a 
useful tool for areas without Piezometric wells and saves the time and money 
for digging.

References

Abudu, S., Cui, C., King, J. P., & Abudukadeer, K. (2010). Comparison of 
performance of statistical models in forecasting monthly streamflow 
of Kizil River, China. Water Science and Engineering, 3(3), 269-281. 
DOI: 10.3882/j.issn.1674-2370.2010.03.003

Afzaal, H., Farooque, A. A., Abbas, F., Acharya, B., & Esau, T. (2020). 
Groundwater estimation from major physical hydrology components 
using artificial neural networks and deep learning. Water, 12(1). https://
doi.org/10.3390/w12010005

Ahmed, A. A. M., & Shah, S. M. A. (2017). Application of adaptive neuro-fuzzy 
inference system (ANFIS) to estimate the biochemical oxygen demand 
(BOD) of Surma River. Journal of King Saud University - Engineering 
Sciences, 29(3), 237-243. DOI: 10.1016/j.jksues.2015.02.001

Ahmadi, H. (2008). Introduction of Iranian Model of Desertification Assessment 
IMDPA. Technical Report for presenting in Committee of Science and 
Technology, United Nation Convention to combat desertification. The 
7th Session of Conference of Parties COP7, Nairobi, Kenyan, 56 pp.

Alipour, Z., Akhund Ali, A. M., Radmanesh, F., & Joorabyan, M. (2014). 
Comparison of three methods of ANN, ANFIS and Time Series Models 
to predict ground water level. Bulletin of Environment, Pharmacology 
and Life Sciences, 3,128-134.

Alizamir, M., Sobhanardakani, S., & Taghavi, L. (2017). Modeling of 
Groundwater Resources Heavy Metals Concentration Using Soft 
Computing Methods: Application of Different Types of Artificial 
Neural Networks. Journal of Chemical Health Risks, 73, 207–216.

Alqadi, M., Margane, A., Raggad, M., Al Subah, H. A., Disse, M., Hamdan, I., 
& Chiogna, G. (2019). Implementation of simple strategies to improve 

https://doi.org/10.3390/w12010005
https://doi.org/10.3390/w12010005


360 Vahid Habibi, Hassan Ahmadi, Mohammad Jaffari, Abolfazl Moein

wellfield management in arid regions: The case study of Wadi Al Arab 
Wellfield, Jordan. Sustainability, 11(21), 5903. https://doi.org/10.3390/
su11215903

Ashrafzadeh, A., Roshandel, F., Khaledian, M., Vazifedoust, M., & Rezaei, M. 
(2016) Assessment of groundwater salinity risk using kriging methods: 
A case study in northern Iran. Agricultural Water Management, 178. 
DOI: 10.1016/j.agwat.2016.09.028

Baghban, A., Sasanipour, J., Haratipour P., Alizad, M., & Ayouri, M. V. (2017). 
ANFIS modeling of rhamnolipid breakthrough curves on activated 
carbon. Chemical Engineering Research and Design, 126. DOI: 
10.1016/j.cherd.2017.08.007

Bessaih, N., Qureshi, M., Al-Jabri, F. S., Al-Harmali, I. R., Al Naamani, Z. 
A. (2014). Groundwater water level prediction in Wadi EL Jezzy 
Catchment using ANN. In: Lecture Notes in Engineering and Computer 
Science. 

Bodrud-Doza, M., Islam, A. R. M. T., Ahmed, F., Das, S., Saha, N., Rahman, S. 
(2016). Characterization of groundwater quality using water evaluation 
indices, multivariate statistics and geostatistics in central Bangladesh. 
Water Science, 30, 19-40 DOI: 10.1016/j.wsj.2016.05.001

Chen, C., He, W., Zhou, H., Xue, Y., & Zhu, M. (2020). A comparative study 
among machine learning and numerical models for simulating 
groundwater dynamics in the Heihe River Basin, northwestern China. 
Scientific Reports, 10:3904. https://doi.org/10.1038/s41598-020-
60698-9

Chitsazan, M., Rahmani, G. R., Neyamadpour, A. (2013). Groundwater level 
simulation using artificial neural network: a case study from Aghili 
plain, urban area of Gotvand, south-west Iran. Geopersia, 3(1), 35-46. 
10.22059/JGEOPE.2013.31930

Chun, H., & Keleş, S. (2010). Sparse partial least squares regression for 
simultaneous dimension reduction and variable selection. Journal of 
the Royal Statistical Society. Series B, Statistical Methodology, 72(1), 
3-25. DOI: 10.1111/j.1467-9868.2009.00723.x

Dhungana, S., (2015). Comparison of multivariate methods to predict the 
quality of drinking water in Norway. MS.C. Thesis. Faculty of 
Veterinary Medicine and Biosciences. Norway.

Dubovyk, O. (2017). The role of Remote Sensing in land degradation 
assessments: opportunities and challenges. European Journal of 
Remote Sensing, 50(1), 601-613.  https://doi.org/10.1080/22797254.
2017.1378926

Ekhtesasi, M. R., & Mohajeri. S. (1995). Iranian classification of desertification 
method. Second National Conference of Desertification and Combating 
Desertification Methods, Kerman, Iran, 121-134.

Emamgholizadeh, S., Moslemi, K., & Karami, G. (2014). Prediction the 
Groundwater Level of Bastam Plain (Iran) by Artificial Neural Network 
(ANN) and Adaptive Neuro-Fuzzy Inference System (ANFIS). Water 
Resources Management, 28, 5433-5446. DOI: 10.1007/s11269-014-
0810-0

Ennouri, K., Ben Ayed, R., Triki, M. A., Ottaviani, E., Mazzarello, M., Hertelli, 
F., & Zouari, N. (2017). Multiple linear regression and artificial neural 
networks for delta-endotoxin and protease yields modelling of Bacillus 
thuringiensis. 3 Biotech, 7(3). DOI: 10.1007/s13205-017-0799-1

Esen, H., & Inalli, M. (2010). ANN and ANFIS models for performance 
evaluation of a vertical ground source heat pump system. Expert 
Systems with Applications: An International Journal, 37(12), 81-34-
8147. DOI: 10.1016/j.eswa.2010.05.074

FAO (2002). Land Degradation Assessment in Dry lands: LADA. FAO, Rome. 
FAO–UNEP. (1984). Provisional Methodology for Assessment and Mapping of 

Desertification. FAO, Rome, 84 p.
Fensholt, R., Langanke, T., Rasmussen, K., Reenberg, A., Prince, S. D., Tucker, 

C., ... Wessels, K. (2012). Greenness in semi-arid areas across the 
globe 1981-2007 - an Earth Observing Satellite based analysis of 
trends and drivers. Remote Sensing of Environment, 121, 144-158. 
DOI: 10.1016/j.rse.2012.01.017

Ferrara, A., Kosmas, C., Salvati, L., Padula, A., Mancino, G., & Nolè, A. (2020). 
Updating the MEDALUS-ESA Framework for Worldwide Land 
Degradation and Desertification Assessment. Land Degradation and 
Development, 31(12), 1593-1607. https://doi.org/10.1002/ldr.3559

Gong, Y., Wang, Z., Xu, G., & Zhang, Z. (2018). A Comparative Study of 
Groundwater Level Forecasting Using Data-Driven Models Based on 
Ensemble Empirical Mode Decomposition. Water, 10 730, 1-20. DOI: 
10.3390/w10060730

Gad, M., El-Hendawy, S., Al-Suhaibani, N., Tahir, M. U., Mubushar, M., & 
Elsayed, S. (2020). Combining hydrogeochemical characterization 
and a hyperspectral reflectance tool for assessing quality and suitability 
of two groundwater resources for irrigation in Egypt. Water, 12(8), 
2169. https://doi.org/10.3390/W12082169

Grabs, T., Seibert, J., Bishop, K., & Laudon, H. (2009). Modeling spatial 
patterns of saturated areas: A comparison of the topographic wetness 
index and a dynamic distributed model. Journal of Hydrology, 373(1-
2), 15-23. DOI: 10.1016/j.jhydrol.2009.03.031

Humbert, G., Jaffrezic, A., Fovet, O., Gruau, G., & Durand, P. (2015). Dry-
season length and runoff control annual variability in stream DOC 
dynamics in a small, shallow groundwater-dominated agricultural 
watershed. Water Resources Research, 51(10), 7860-7877. DOI: 
10.1002/2015WR017336 

Ibrahim, N., & Wibowo, A. (2013). Partial least squares regression based 
variables selection for water level predictions. American Journal of 
Applied Sciences, 10(4), 322-330. DOI: 10.3844/ajassp.2013.322.330

Jafari, K., Asghari, F. B., Hoseinzadeh, E., Heidari, Z., Radfard, M., Saleh, H. 
N., & Faraji, H. (2018). Groundwater quality assessment for drinking 
and agriculture purposes in Abhar city, Iran. Data in Brief, 19, 1033-
1039. https://doi.org/10.1016/j.dib.2018.05.096

Jang, J. S. R. (1993). ANFIS: Adaptive-Network-Based Fuzzy Inference 
System. IEEE Transactions on Systems, Man and Cybernetics, 23(3), 
665-685. DOI: 10.1109/21.256541

Jeihouni, M., Delirhasannia, R., Alavipanah, S. K., & Shahabi, M. (2015). 
Spatial analysis of groundwater electrical conductivity using ordinary 
kriging and artificial intelligence methods (Case study: Tabriz plain, 
Iran). Geofizika, 32(5), 191-208. DOI: 10.15233/gfz.2015.32.9

Karimi, P., Qureshi, A. S., Bahramloo, R., & Molden, D. (2012). Reducing 
carbon emissions through improved irrigation and groundwater 
management: A case study from Iran. Agricultural Water Management, 
108, 52-60. DOI: 10.1016/j.agwat.2011.09.001

Kawamura, K., Tsujimoto, Y., Rabenarivo, M., Asai, H., Andriamananjara, A., 
& Rakotoson, T. (2017). Vis-NIR spectroscopy and PLS regression 
with waveband selection for estimating the total C and N of paddy soils 
in Madagascar. Remote Sensing, 9(10), 1081. https://doi.org/10.3390/
rs9101081

Kazemi, S. M., & Hosseini, S. M. (2011). Comparison of spatial interpolation 
methods for estimating heavy metals in sediments of Caspian Sea. 
Expert Systems with Applications: An International Journal, 38(3), 
1632-1649. DOI: 10.1016/j.eswa.2010.07.085

Li, G., Zhou, X., Liu, J., et al (2018). Comparison of three data mining models 
for prediction of advanced schistosomiasis prognosis in the Hubei 
province. PLoS Neglected Tropical Diseases, 12(2): e0006262. DOI: 
10.1371/journal.pntd.0006262

Lim, D. K. H., & Kolay, P. K. (2009). Predicting Hydraulic Conductivity k 
of Tropical Soils by using Artificial Neural Network ANN. UNIMAS 
E-Journal of Civil Engineering, 1, 1-6, http://ir.unimas.my/id/
eprint/3106

Lohani, A. K., & Krishan, G. (2015). Groundwater Level Simulation Using 
Artificial Neural Network in Southeast, Punjab, India. Journal of 
Geology & Geophysics, 4(3), 1000206. DOI: 10.4172/jgg.1000206

Khaki, M., Yussof, I. B., Islami, N. F., & Hussin, N. H. (2016). Artificial Neural 
Network Technique for Modeling of Groundwater Level in Langat 
Basin, Malaysia. Sains Malaysiana, 45(1), 19-28.

https://doi.org/10.3390/su11215903
https://doi.org/10.3390/su11215903
https://doi.org/10.1038/s41598-020-60698-9
https://doi.org/10.1038/s41598-020-60698-9
https://doi.org/10.1080/22797254.2017.1378926
https://doi.org/10.1080/22797254.2017.1378926
https://doi.org/10.1002/ldr.3559
https://doi.org/10.3390/W12082169
https://doi.org/10.1016/j.dib.2018.05.096
https://doi.org/10.3390/rs9101081
https://doi.org/10.3390/rs9101081
http://ir.unimas.my/id/eprint/3106
http://ir.unimas.my/id/eprint/3106


361Prediction of land degradation by Machine Learning Methods: A Case study from Sharifabad Watershed, Central Iran

Masoudi, M., & Amiri, E. (2015). A new model for hazard evaluation of 
vegetation degradation using DPSIR framework, a case study: Sadra 
region, Iran. Polish Journal of Ecology, 63(1), 1-9. DOI: 10.3161/150
52249PJE2015.63.1.001

Masoudi, M., Jokar, P., & Pradhan, B. (2018). A New Approach for Land 
Degradation and Desertification Assessment Using Geospatial 
Techniques. Natural Hazards and Earth System Sciences. DOI: 
10.5194/nhess-2017-343

McCulloch, W. S., & Pitts, W. (1943). A logical calculus of the ideas immanent 
in nervous activity. The Bulletin of Mathematical Biophysics, 5, 115-
133. DOI: 10.1007/BF02478259

Meshram, S. G., Singh, V. P., Kisi, O., Karimi, V., & Meshram, C. (2020). 
Application of Artificial Neural Networks, Support Vector Machine 
and Multiple Model-ANN to Sediment Yield Prediction. Water 
Resources Management, 34, 4561-4575. https://doi.org/10.1007/
s11269-020-02672-8

Mirzaei, A., Saghafian, B., Mirchi, A., & Madani, K. (2019). The Groundwater‒
Energy‒Food Nexus in Iran’s Agricultural Sector: Implications for 
Water Security. Water, 11, 1835.

Mohanty, S., Jha, M. K., Kumar, A., & Sudheer, K. P. (2010). Artificial neural 
network modeling for groundwater level forecasting in a river island 
of eastern India. Water Resource Management, 24, 1845-1865. DOI: 
10.1007/s11269-009-9527-x

Morales, N. S., & Zuleta, G. A. (2020). Comparison of different land degradation 
indicators: Do the world regions really matter? Land Degradation and 
Development, 31(6), 721-733. https://doi.org/10.1002/ldr.3488

Nair, S. S., Sindhu, D. G. (2016). Groundwater level forecasting using Artificial 
Neural Network. International Journal of Scientific and Research 
Publications, 6, 234-238, DOI: https://doi.org/10.1007/978-3-319-
40195-9

Okin, G. S., Parsons, A. J., Wainwright, J., Herrick, J. E., Bestelmeyer, B. T., 
Peters, D. C., & Fredrickson, E. L. (2009). Do Changes in Connectivity 
Explain Desertification? Bioscience, 59(3), 237-244. DOI: 10.1525/
bio.2009.59.3.8

Oldeman, L. R. (1994). The global extent of land degradation. Wallingford 
(United Kingdom).)

Parizi, E., Hosseini, S. M., Ataie-Ashtiani, B., & Simmons, C. T. (2019). 
Representative pumping wells network to estimate groundwater 
withdrawal from aquifers: Lessons from a developing country, 
Iran. Journal of Hydrology, 578:124090. https://doi.org/10.1016/j.
jhydrol.2019.124090

Parmar, K., & Bhardwaj, R. (2014). Water quality management using statistical 
analysis and time-series prediction model. Applied Water Science, 4, 
425-434. DOI: 10.1007/s13201-014-0159-9

Pektaş, A. O., & Doğan, E. (2015). Prediction of bed load via suspended 
sediment load using soft computing methods. Geofizika, 32. DOI: 
10.15233/gfz.2015.32.2

Porte, P., Isaac, R. K., Mahilang, K. K. S., Sonboier, K., & Minj, P. (2018). 
Groundwater Level Prediction Using Artificial Neural Network Model. 
International Journal of Current Microbiology and Applied Sciences, 
72, 2947-2954. https://doi.org/10.20546/ijcmas.2018.702.358

Quyet, M. V. (2014). Multi-Level Assessment of Land Degregation, The Case of 
Vietnam. PhD Thesis, ETH Zurich Research Collection, 128 

Ranković, B., Kosanić, M, Stanojković, T., Vasiljević, P., & Manojlović, N. 
(2012). Biological activities of toninia candida and usnea barbata 
together with their norstictic acid and usnic acid constituents. 
International Journal of Molecular Sciences, 13(11), 14707-14722. 
DOI: 10.3390/ijms131114707

Ranković, V., Novaković, A., Grujović N., Divac, D., & Milivojević, N. 
(2014). Predicting piezometric water level in dams via artificial neural 
networks. Neural Computing and Applications, 24, 1115-1121. DOI: 
10.1007/s00521-012-1334-2

Ranković, V., Radulović, J., Radojević, I., Ostojić, A., & Čomić, L. (2010). 
Neural network modeling of dissolved oxygen in the Gruža reservoir, 

Serbia. Ecological Modelling, 221(8), 1239-1244. DOI: 10.1016/j.
ecolmodel.2009.12.023

Rasmy, M., Gad, A., Abdelsalam, H., & Siwailam, M. (2010). A dynamic 
simulation model of desertification in Egypt. The Egyptian Journal of 
Remote Sensing and Space Science, 13(2), 101-111. DOI: 10.1016/j.
ejrs.2010.03.001

Roy, P. P., & Roy, K. (2008). On Some Aspects of Variable Selection for Partial 
Least Squares Regression Models. QSAR Combinatorial Science, 
27(3), 302-313. DOI: 10.1002/qsar.200710043

Sahoo, S., & Jha, M. K. (2013). Groundwater-level prediction using 
multiple linear regression and artificial neural network techniques: a 
comparative assessment. Hydrogeology Journal, 21, 1865-1887. DOI: 
10.1007/s10040-013-1029-5

Sethi, R. R., Kumar, A., Sharma, S. P., & Verma, H. C. (2010). Prediction 
of water table depth in a hard rock basin by using artificial neural 
network. International Journal of Water Resources and Environmental 
Engineering, 2(4), 95-102.

Shammout, M. W., Qtaishat, T., Rawabdeh, H., & Shatanawi, M. (2018). 
Improving water use efficiency under deficit irrigation in the 
Jordan Valley. Sustainability, 10(11), 4317. https://doi.org/10.3390/
su10114317

Solgi, A., Pourhaghi, A., Bahmani, R., & Zarei, H. (2017). Improving SVR 
and ANFIS performance using wavelet transform and PCA algorithm 
for modeling and predicting biochemical oxygen demand (BOD). 
Ecohydrology & Hydrobiology, 17(2), 164-175. DOI: 10.1016/j.
ecohyd.2017.02.002

Sophocleous, M. (2005). Groundwater recharge and sustainability in the High 
Plains aquifer in Kansas, USA. Hydrogeology Journal, 13, 351-365. 
DOI: 10.1007/s10040-004-0385-6

Taddese, G. (2001). Land degradation: A challenge to Ethiopia. Environmental 
Management, 27(6), 815-824. DOI:10.1007/s002670010190

Tahmoures, M., Jafaria, M., Ahmadi, H., & Naghiloo, M. (2013). An Integrated 
Methodology for Assessment and Mapping of Land Degradation Risk 
in Markazi Province, Iran. Desert, 18, 27-43.

Tan, Y., Shuai, C., Jiao, L., & Shen, L. (2017). An adaptive neuro-fuzzy inference 
system (ANFIS) approach for measuring country sustainability 
performance. Environmental Impact Assessment Review, 65, 29-40. 
DOI: 10.1016/j.eiar.2017.04.004

Tekin, Y., Tümsavas, Z., & Mouazen, A. M. (2014). Comparing the artificial 
neural network with parcial least squares for prediction of soil organic 
carbon and pH at different moisture content levels using visible and 
near-infrared spectroscopy. Revista Brasileira de Ciência do Solo, 
38(6). DOI: 10.1590/S0100-06832014000600014

Thomas, D. S. G. (1997). Science and the desertification debate. Journal of Arid 
Environments, 37(4), 599-608. DOI: 10.1006/jare.1997.0293

Tzanakakis, V., Mauromoustakos, A., & Angelakis, A. (2014). Prediction of 
Biomass Production and Nutrient Uptake in Land Application Using 
Partial Least Squares Regression Analysis. Water, 7(1), 1-11. DOI: 
10.3390/w7010001

Van, L. G. W. J., & Oldeman, L. R. (1997). The Assessment of the Status of 
Human-Induced Soil Degradation in South and Southeast Asia. 
International Soil Reference and Information Centre. 

Verner, D., Lee, D., & Ashwill, M. (2013). Increasing Resilience to Climate 
Change in the Agricultural Sector of the Middle East: The Cases of 
Jordan and Lebanon. World Bank Publications: Washington, DC, 
USA.

Webster, R. & Oliver, M. A. (2007). Geostatistics for Environmental Scientists 
Statistics in Practice. Wiley.

Wold, H. (1985). Partial least squares. Encyclopedia of Statistical Sciences. 
DOI: 10.1002/0471667196

Wold, S., Sjöström, M., & Eriksson, L. (2001). PLS-regression: A basic tool 
of chemometrics. Chemometrics and Intelligent Laboratory Systems, 
58(2), 109-130. https://doi.org/10.1016/S0169-7439(01)00155-1

https://doi.org/10.1007/s11269-020-02672-8
https://doi.org/10.1007/s11269-020-02672-8
https://doi.org/10.1002/ldr.3488
https://doi.org/10.1007/978-3-319-40195-9
https://doi.org/10.1007/978-3-319-40195-9
https://doi.org/10.1016/j.jhydrol.2019.124090
https://doi.org/10.1016/j.jhydrol.2019.124090
https://doi.org/10.20546/ijcmas.2018.702.358
https://doi.org/10.3390/su10114317
https://doi.org/10.3390/su10114317
https://doi.org/10.1016/S0169-7439(01)00155-1


362 Vahid Habibi, Hassan Ahmadi, Mohammad Jaffari, Abolfazl Moein

Wu, W. Y., Lo, M. H., Wada, Y., Famiglietti, J. S., Reager, J. T., Yeh, P. J. F., 
Ducharne, A., & Yang, Z. L. (2020). Divergent effects of climate 
change on future groundwater availability in key mid-latitude aquifers. 
Nature Communications, 11, 3710. https://doi.org/10.1038/s41467-
020-17581-y

Xie, H., Zhang, Y., Wu, Z., & Lv, T. (2020). A bibliometric analysis on land 
degradation: Current status, development, and future directions. Land, 
9(1), 28. https://doi.org/10.3390/land9010028

Yaghobi, A., Khalilimoghadam, B., Saedi, T., & Rahnama, M. (2018). The 
effect of exclosure management on the reduction of SOC loss due to 

splash erosion in gypsiferous soils in Southwestern Iran. Geoderma, 
319, 34–42. https://doi.org/10.1016/j.geoderma.2017.12.037

Yesilnacar, M. I., & Sahinkaya, E. (2012). Artificial neural network prediction 
of sulfate and SAR in an unconfined aquifer in southeastern Turkey. 
Environmental Earth Sciences, 67(4). DOI: 10.1007/s12665-012-
1555-9

Zehtabian, G., & Jafari, R. (2002). Evaluation of water resources degradation 
in Kashan area using desertification model. Journal of Environmental 
Studies, 28, 19–30.

https://doi.org/10.1038/s41467-020-17581-y
https://doi.org/10.1038/s41467-020-17581-y
https://doi.org/10.3390/land9010028
https://doi.org/10.1016/j.geoderma.2017.12.037

