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%%2 /�100-60 ?60-30 ?30-15 ?15-5 � 5-0 �:��,  BM��� ��
� .����� 0��G:,� �:���� ���,   S�%� q�%*� /�   /�L%J�    �/�%�' ��%� 3:�R    �:%	� �� 0��G:%,� �%� �   �%KK[. ��%�"caret" ? "random Forest"  �"rpart" .$J��o2 �/6^                                                               3- Spline depth function ��� 2 - �"�!" ��  $��� ���%�&'� ()%'!*� +�  
Figure 2- Example of the most importance environmental covariates  



 �,-��. / 
 ��0�12�1  2#�31 456�� 7��8�� 9: � 7-�55;< ���04=���>?- �- �#�@=0- �8 ��	A�
BC D!# �# A5!�1 ��5E#�� ��/     723     ,	�-1-  ��%. ���/'0� ����  $��� ���%�&'�,�� �+�0   "���CCE% 
Table 1- Environmental covariates applied for spatial modeling of CCE%    ��!" 	 %�&'� 1�" 

Covariate and symbol    $���  �!
 %�&'�  
Environmental covariates 2�3 ��'
�4 �+�0 

Soil forming 
factors  Digital elevation model U�G./� ��6V/ ���  �J���626. Relief  )r(  Wind effect ��� �j� T��E  Multi-Resolution Index of Valley Bottom Flatness   (MrVBF) e�� ����� f6g� �� 0/� �/�6�� T��E  Diffuse insulation  0��![2 X��. ��E  Valley depth 0/� "�)  Topographic position index �J���626. $��V6� T��E  Catchment area ��[�' �g6M $M�	�  LS-Factor /� �6# Y�E �D/�  Relative slope position Y�E �i	� $��V6�  Topographic wetness index �J���626. �	�� T��E  Slope Y�E  Aspect Y�E $1D  Mean annual temperature (MAT)   ��e�, ���� 3�C����  ��
V�Climate  )c( Mean annual precipitation  ��e�, ����/�� 3�C����  

DV I NIR RED= -  ����� XE62 �
g�G. T��E Difference Vegetation Index   �	����/�Organism )o(  /NDVI NIR RED NIR RED= - +  0�E ����� ����� XE62 �
g�G. T��E Normalized Difference Vegetation Index 
RV I RED NIR= - �i	� ����� XE62 T��E Relative Vegetation Index  SAVI=[(NIR - R) / (NIR + R)] * (1 + S) T��E XE62 ����� B���. �:J�� ��� Soil adjusted Vegetation Index  ( ) ( ) ( ) ( )( ) ( )0.2848 2   0.2435 3   0.5436 4   0.7243 5   0.0840 6   0.1800 7Greenness B B B B

B B

= - - - + +- �C
�Li, T��E Greenness index  ( ) ( ) ( ) ( )( ) ( )Brightness = 0.3037 B2  + 0.2793 B3 + 0.4743 B4  + 0.5585 B4  + 0.5082 B6  +0.1863 B7 ���
E�/ T��E Brightness index  Cal.hr  �	
� "J� /6�M  ���:M� Probability of calcic horizon   ���Soil  )o(  Clay (_/) ��� $J�� �LD� Soil texture component (Clay)  Bands numbers, B2: Blue, B3: Green, B4: RED, B5: NIR, B6: SWIR1, B7: SWIR2. S: ����� ��6�)  /��(�5/0 h2 ��� �j� B���. ���� �
���    
2+�3� % 45  �(*. 3�� /�) �J��K. BC
D �:�/6CF� 3�� �� "RF  $%,� ���� ( X�2 /� 8��:� 3��./����2 �� 3:J��  ��6%�) �����-. �
��CCE%  �%� ?  �J��K. &�:�/� ����.100 ?500 ?1000 ?1500 �2500  �� $�/� ��)  B^�6J100 �
�1� � ��)   �%� ��%1:�� /� ���� �����-:� ����. 3��.) �+� /��(� BV��M �� �D6. �� 0��RMSE.$J�� /��V 0��G:,� �/6� (    6��.�7�  8��3� 9)�+  �� �:�/6CF� 3���:�/6CF� �� ��� &�6
)    �%� 3�%E�� ������%� ��� �%%:�/� ��%%� �� 0��G:%%,� M5  4�%%� �%%�-:� ����%%(� �%%. $%%,� /��%%V )CCE%     �%:�/� /�:��%, /� �%�� �%+�*� �����-:� _�,� �� �/ (X�2 0�E��R��  8��%:� $��1�/� � ����� �
�� X�%2  �%� �/ �%
��   �/6%^ ) 0��-:� �
w �+� &6�,��/43B��V &�:�/� ��� /� ( .$,� 0���!�    
k-+&�;" 
 "�<�� ="��   ���k-�L� � ]�/ �� ��� �C��	�� 3��. ���p�� �:��/�2  � $,� ��  �� &' ���/�� _�,��3�  06�E$,�  �
^�J ��:�� ��
V�  �%,��  ��� ��6�� 3���W��/6� ���!� z�(� ���, ��  �%� �i%,�*� �.�  ?���%�  hb,k ��6�� �� ����.    /��%V �C��%�� �/��%R� /� �� �.����!� ���  ��/���� &���� � .������1�/���6�� ��  � �� &�� _�,� �� $�  �%� �)6�R� /� �� ��k 0��� �� ��/�'�� ?��6�� ����. ����W��/6�  �D6. �� �� �/6^ �)6�R� &' /� �+� /��(� BV��M ��) ���o226.(  
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   � ��3 - �"�!" 5��" 6�78�� 	 �79�$� ���� ��$:� 6�78��  ;�/��� <��=> �?�" �	� %. ����%.  
Figure 3- The location of study area and sampling points under classified 

elevation map � ��4 -   �!; <�%��&�CCE 2�3  �����?� @%!�" 	� ��  
Figure 4- Vertical variation of CCE in two example profile 
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'4.��A�-* 
#�.  �:�/6CF� ���/�� �����/� $1D  0��G:%,��/6� 3�E�� ������� ��� X�2 /�    �%(�) ���%��-. ���%�� �
��CCE  ��  �%,   �/�%�' T��%E ) 3��i. Y��gR2  ) �%+� ��%���� 3�C���� �!�/ ?(RMSE� � (  &�L%� ) Y�/�Bias q���/) ����� 0��G:,� (2?1 �3.(  �+��/ )1 (                            22 1 21( )1 ( )n
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-å                             �+��/ )3(  �e��%%�� /�  `6%%JYi0���%%�� ����%%(� : ?0�%%E ��%%��Pi ����%%(� : X�2 �
��  0�ECCE ?���Y 0����� ����(� 3�C����   � 0�%E ��%��n : $,� �����!� ����..    B�. 	 C)�'"  
���$ B�C��    ���D) $,� &' �� ���M �/��' �^a� 8��:�2  �%� |+, �� �� (  3�C���� /��(� "�)CCE ��M /�   3��:%!�� � 3��:�� .$,� X��LJ�  3�C���� /��(�CCE ��  �%�e �� z6��� Y�.�.  ��%�5-0  �100-60 �:��,    /��%(� �����%M .$%,� �:�CCE   "%�) /� L%��  ��%�30-15  � 100-60 �:��,    ����%(� �%� �:�64 � %62    �%� z6%��� &' BV��%M � %  ��e��5-0  �60-30 �:��,  ����(� �� �:�27/0 � %32/0 $%,� %  �%� .  ��e /� �����-. Y��g ����(� �� �D6.5-0  �:��%,    �%� �%:�6/66 � % ��e60-30 �:��,  �� �:�7/58   ���%��-. /��%(� 3��:�� � 3��:!�� % ��� /� ����� ��	
� ��
����(i# _�,� �� .����� 0���!� ��  ��
� �m�/� ) q,6. 0�E44 (CCE "�) ����. /�   ���%��-. Y��%g ��/�� �� X��) e��  ��35    � 6%m�H B%�iV �� 3�%((*� ���, ��(�(*. /� .$,� (% ) &�/����46 /��(� /� �!��LJ� ���/ L�� (CCE   "%�) �. |+, ��50 �:��,  �. ��� `��)� /� � ����� 0���!� �:�200 �:��,  ��:i	� ���/ �:�  ��6�) �����-. �/6� /� �/ �/����2CCE �� .���6�� ]/�L� /6#  �
� ���� �(+
� ���     _a%� /� ���%�� ��%	
� ��%
��� ��6:*� �W� � ) �%�/�� /��V q,6:� ���' �. ���'41   X%[� /� �%
� /6%+� .(  ��%�     �� ��%	
� ��%
��� &�L%�� X��L%J� �.��F�+� �(+
� �L��� � �F��E       &' ��6%!�' �%
�'�J ��jn%. B%�F� �%� ��.�%�) �%� "�) �� |+,   �� �%� ��e   &' $%E�i�� � ��%(:�� �� �R
� �� �*+, ���   �%�e /� �%�  ��%� �*+,��� )40�� �/ (�6�� &��� &�6..    
���� 
�������    ]�/ 8��:�PCA Y,�
� Z�[:�� ����   �%+�*� �����-:� 3��.    �%GF\� 8
%2 $%��1�/� �� ��� &�!� 0��G:,��/6� 0��� �)6�R� &��� �� �� �
^�PC1  �.PC5    �%��6�  %� �� �.e�� 0��� ]�/� ����(� ��/��  B�E)5�� /� .(  �%� $%	[� �GF\� 8
2 ��G
� h���/�� �^/� 8��:� ��� &�!� Y�.�. ����(� 0�
��26 ?5/20 ?15 ?10  �9  U6�R�/� �� ���6� 5/80     � �%��6�� �%�D6. �/ �/6%� �%+�*� �����-:� h���/�� B� �� %  �%��� ��-:� 8
2 $��1�/�MrVBF ?MAT ?Greenness? Cal.hr � Wind Effect ��� ]�/� Y��g 3��.e��  �%^/� � ����� &�!� �/ 0 ) _/Clay��� �
�'�J �� _�
E/�� �W� _�,� �� L�� (    �J�%g� ���%, �� Y[:
� ���� �����-:� .�����  ]�/ q,6. �6*�PCA   �%W� � Z�[:�� _�
E/�� 0�E  .���         ,	�-2- �DE3  ����F����)%  CCE% ����"�'0� G�!;� �� 
Table 2- Summary statistical of CCE% in the standardized depth 2�3 #!;  '"�0) (%'�  

 Soil depth (cm)  

 �+��F 
Train (220)    J:0��=';� 

Test (58)  �8��K (�L"��� %M
��K 
 N�%�"����7� 

 O)%P<�%��&� �8��K (�L"��� %M
��K 
 N�%�"����7� 

 O)%P<�%��&� Min Mean Max SD CV (%)  Min Mean Max SD CV (%) 0-5 0.27 12.0 32 8.0 66.6 0.30 11.8 52 7.50 63.5 5-15 0.50 12.2 56 8.02 65.4  0.55 12.0 50 7.55 62 15-30 0.45 13.0 64 8.1 62.3  0.40 12.2 58 7.8 63 30-60 0.32 15.5 60 9.1 58.7  0.35 15.1 62 9.2 60 60-100 0.41 16.2 62 10.3 63.5  0.43 15.9 64 9.81 61   
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2 "�(*. 3�� 8��:� �� ���!�2/80     z�%i./� 3�%�� /� ?��� ��%K:�� �6� �� �/ U6�R� h���/�� �� �^/�  ) &�/�%��� � &�%�w &������5 ]�/ (PCA     �%
�1� Z�%[:�� ���%� �/X�2 /� �+�*� �����-:� �
�� �����     ��1
%!�2 ��%� �%��L�J ��� �i	� $���� 8��:� .���6��1  X�%2 �+�*� �����-:�   /� 0�%

� �%
��                                                            1- Relative importance � ��5 - �/9�� ���7� (��7� ��%. ( R	+�.) �%�0� ����!"O0�:� ���  
Figure 5- The scree plot for determining the principal component number � ��6 - T�U ��  $��� ���%�&'�  =V" 6�!��  �!; <�%��&�  :�.CCE%  

Figure 6- The relative importance of environmental covariates in prediction of CCE % depth variation 
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��3   &�%!� �%� ( �
�� � $i�� �C:	i�� 0�
�� 3�� /� ����� ��	
� ��
��� �^/� /�� �� _/ �^/� �� `��)�   �%:J�� �%� 8��%:� 3�� �� ?�E�� ) ��%�11  L%�� (   �� �%�� .�/�� ���6[��Clay  ) ��� "%�) �� /�0-5  �15-5  �%�-:� (  �J���626.MrVBF   Y%�.�. �� ��D6. ��18  �16    ���%��-. �� �%^/� CCE  0���!� $���� S�� �D/� /� �+�*� �����-:� ���, �� $i	�) &�/���� � �6,6� �:,�/ 3��� /� .�����22��� /� (   ���%�� ���,  X�%2 �!(� ��1. � ����� ��	
� ��
���    �*+%, ��%� /� &' �%
�� 0��%%V �%%g�/�- �%%+�*� ��%%���-:� �%%� �%%��6�� 0���%%!� &a%%C��  �� �J���6%%26. B%%�iVDEM �
%%^�J � �J���6%%26. $%%��V6� T��%%E ? `��)� /� .���6� �/�� �/ $���� &�L�� 3��.e�� �����' ��iE �� �,��
V� ���� �/����:,�60-30  �100-60 �:��,  &�E �.�/�� �C���� 8��:� �:�  �+�*� ��-:� X(�Cal.hr �m�/� �� �+�*� �����-:� ���, �� $i	� 8/67  �58 /�� B� �� �^/� �(�) �����-. h���CCE ~�6�   3�����%
� �� �W� ��) &�/���� � /�F6� 8��:� 4a��� �,/24   �� �%��(:�� �%� (       �%� �%+�*� ��%�/6:��J �C:%	i�� X��%� B%�F� �� "�) �� |+,������!(� $V� ?��� ���X�2 ����� X��� �
�� 3�� /� ��� ?���� �� "�(*.  ���� ��-:� �6D� B�F�Cal.hr J���� ��  ��%� �6� �� �: ��� $V� X��LJ� YD6� ?$,�    � �%���� �*+%,��� `��)� /� ���,    �%(�) ���%��-. �%�D6. /� �+�*� �����-:� ��jn. X��� �6*� �������     8��%:� L%�� ��%C�� X���%2 /� .$,� 0��� XE62 ��� ���  ?_/) �%��� ��%���-:� �:!�� ��jn. � $���� �C���� 3�((*�   3��%� ��� �� �:J���� (�F'�!(� /� ?����� ��6V/ �/���� $i	� ��� ��� T��E ��) �6� /�� XR
, ���4&��� .( �� 0���!� �� ��6�  ���%�  B�E)6XR
, T��E (  ) �C
�Li%, �/����Greenness �%� (  /6%#  B%��V h���/�� ��D6. �� /��V �
�    ���%��-. �� �1D6%.CCE%   .�6%i���F�+� /� �g�M "�(*. 8��:� 4a��� �2 $%)�/� ��   &�/�%��� � �%! )40XR
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 <�:.%
 	 Y� �D�� (�.  '"�0  VK %. #!;)(%'�  
Table 3- Pearson correlation coefficient between Clay and CCE in five standard depths (cm) ��/�5;=1 ��	  Clay (0-5) Clay (5-15) Clay (15-30) Clay (30-60) Clay (60-100) CCE (0-5) 0.22**  CCE (5-15)  0.23**  CCE (15-30)  0.25**  CCE (30-60)  0.23**  CCE (60-100)  0.23**   
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Table 4- Validation results of CCE% prediction algorithms in standard depths Z3�� J:0��=';� ���   O)�� 

Bias 

�F	 7�38�1 A5>��51 �G�  
RMSE (%)  

 

A55H< I��J  
R2    (���� �%�[��) X')��L9�(MLA) 

2�3 #!;   '"�0) (%'�  
Soil depth (cm) 0.06 3.58  0.82   �J��K. BC
D (RF) 0-5 0.16 3.46  0.85  5-15 0.14 2.69  0.87  15-30 0.29 2.34  0.89  30-60 0.33 2.14  0.90  60-100 0.35 5.14  0.39   ���K. $�/� &6�,��/  (DTr) 0-5 0.32 5.05  0.41  5-15 0.28 4.23  0.48  15-30 0.25 4.01  0.51  30-60 -0.21 3.91  0.52  60-100 0.29 5.18  0.37  k - �L��  �.�3 ���	��  (k-NN) 0-5 0.53 5.96  0.29  5-15 -0.46 5.10 0.39  15-30 0.62 7.98  0.21  30-60 1.62 9.22  0.15  60-100   ��� /�DTr �6D��� X�2 ��+� � �:�� $V� ����(� ��
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Figure 7- Digital maps of CCE vertical variation by RF model 
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Introduction: Calcium Carbonate Equivalent (CCE) is one of the key soils properties in arid and semi-arid regions. The study of spatial variability of surface and subsurface layers is important in the sustainable land management of arable soils. This study aimed to model the spatial distribution of CCE percentage by using three machine learning algorithms including Random Forest (RF), Decision Tree regression (DTr) and k-Nearest Neighbor (k-NN) at five standard depths of 0-5, 5-15, 15-30, 30-60, and 60-100 cm. 
Material and Methods: The study area with 60,000 ha includes the major part of the lands of Qazvin plain located on the border of Qazvin and Alborz provinces. Field and laboratory surveys included 278 representative profiles were excavated, described by the horizon, and determined physicochemical properties. The studied soils have a very high diversity in soil moisture (Aridic, Xeric, and Aquic) and temperature regimes (Thermic). These variations have led to the formation of eight great groups of soils in the region based in the USDA soil classification system with the three classes of Haploxerepts, Calcixerepts, and Haplocalcids were the dominant soil classes in the study area. A total of 22 environmental covariates, including 12 variables extracted from the primary and secondary derivation of digital elevation model (DEM), six remote sensing (RS) indicators, two climatic parameters, and two soil covariates were prepared, and then the most appropriate environmental covariates were selected using principal component analysis (PCA) and expert knowledge. The CCE percentage data were randomly divided into two parts, 80% for training and 20% for testing, which was then modeled by three machine learning algorithms RF, DTr, and k-NN, and were evaluated by some statistical indices as coefficient determination (R2), root mean square error (RMSE) and Bias. 
Results and Discussion: The results of harmonizing the CCE values at the genetic horizons with the standard depths showed the high efficiency of the spline depth function in providing an acceptable estimate with minimum error and maximum agreement between observed and predicted values. The PCA method showed that the first to fifth components with the explanation of more than 80% of cumulative variance were Multi-Resolution Index of Valley Bottom Flatness (MrVBF), Mean Annual Temperature (MAT), Greenness index (Greenness), Probability of Calcic horizon (Cal.hr), and Wind Effect environmental covariates which had the highest eigenvalues. Besides, Clay was selected on expert knowledge-based. The relative importance (RI) of the environmental covariates showed the spatial distribution of CCE were affected by Clay with an explanation of more than 57%, 41.8% and 45% of its variance at three surface depths of 0-5, 5-15, and 15-30 cm, while the Cal.hr covariate had the highest impact in the spatial prediction of CCE compared to other predictors as auxiliary variables with 67.8% and 52.8% justification, respectively, at two depths of 30-60 and 60-100 cm. Hence, using the calcic horizon probability Map (Cal.hr) as a derivative soil factor made it possible to produce more appropriate final maps, while preventing the reduction of the accuracy of the modeling results in the subsoils. The auxiliary variable of remote sensing, i.e., Greenness, could not show a significant impact on the expression of the variation of CCE percentage at all studied depths. Unlike remote sensing indices, the topographic attribute of the MrVBF, at two standard depths of 0-5 and 5-15 cm, the MAT at a depth of 15-30 cm, and the Wind Effect at the standard depths 30-60 and 60-100 cm, after the soil covariates, were the most effective in justifying the spatial variations of CCE%. RF algorithm with a range of R2 values of 0.83 - 0.76 and RMSE of 2.14% - 2.21%                                                            1 and 2- Ph.D. Studunet of Soil Resource Management and Professor, Department of Soil Science and Engineering, College of Agriculture and Natural Resources, University of Tehran, Karaj, Iran, respectively. (*- Corresponding Author Email: fsarmad@ut.ac.ir) 3- Professor of Agricultural Machinery Engineering Department, College of Agriculture and Natural Resources, University of Tehran, Karaj, Iran 4- Professor of Earth and Life Institute, Université catholique de Louvain, Louvain-la-Neuve, Belgium DOI: 10.22067/JSW.2021.71748.1076  �������	 
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 ��35 ��� ! �5 �"� �-  �#1400   resulted in the highest accuracy and minimum error. Even though the DTr method presented R2 values (0.52-0.39) weaker than the RF in the validation dataset, in general, the results of its spatial predictions were similar to the RF model from the surface to the subsurface and more stable than the k-NN. Against RF and DTr, k-NN couldn’t display acceptable performance in the prediction of CCE% at all standardized depths. 
Conclusion: In general, it is necessary to understand the spatial distribution of CCE due to its effect on soil moisture accessibility and plant nutrient uptake. Therefore, in the present study, we tried to introduce the RF machine learning algorithm as a superior model with environmental variables that were selected by PCA and the expert knowledge variable selection method. The maps prepared by this approach have an acceptable level of reliability for agricultural and environmental management by managers, soil experts, and farmers.  
Keywords: Digital soil mapping, Standard depth, Spline function, Soil forming factors  


