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Background and Objectives: Soil maps are crucial tools for land users
and decision-makers. In recent years, there has been a significant increase
in attention toward digital soil mapping, but most studies have focused on
surface soils, even though land users are dealing with a three-dimensional
soil body. Saturation percentage is one of the easily available physical
parameters of soil moisture, which is useful in land management and can
be correlated with other parameters. Although this parameter is particularly
important in terms of soil water retention, which is vital in dry areas to
sustain natural vegetation and agricultural activities, it has received less
attention from researchers. Therefore, this study aims to digitally map the
saturation percentage of soil in three dimensions and apply geostatistical
methods in combination with environmental variables in the Sistan Plain,
located on the Hirmand River delta in a dry climate.

Materials and Methods: This research used data from 576 soil profiles
located in the Sistan Plain. The sampling points were determined using a
random supervised method, and the saturation percentage of soil was
measured using the standard method at depths of 0-15 cm, 15-30 cm, 30-60
cm, and 60-100 cm using the weighted average method. A total of
35 environmental variables extracted from satellite images (as remote
sensing variables) and 22 environmental variables derived from the
digital elevation model (DEM) (as land variables) were created. The
environmental variables that showed significant correlation with the
saturation percentage at each depth were included in the modeling and
geostatistical analyses. The methods used for geostatistical analysis
included the inverse distance weighting method (in first, second, and third
powers), simple kriging, ordinary kriging, and simple and ordinary
cokriging. All selected environmental variables were analyzed as
covariates in both simple and ordinary cokriging methods. To evaluate the
accuracy of the models, two statistical measures, root mean square error
(RMSE) and mean error (ME), were used.
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Results: The results showed that the average saturation percentage at a
depth of 60-100 cm was the highest (39.30%), while the lowest average
was observed at a depth of 0-15 cm (33.92%). The best variogram models
for the saturation percentage at the depths of 0-15 cm, 15-30 cm, and 30-60
cm were the spherical model, and for 60-100 cm, the exponential model.
The spatial fit for all the studied depths was classified as medium spatial
fit. The correlation results showed that remote sensing-derived variables
significantly correlated only at the surface and near-surface depths (0-15
cm and 15-30 cm), while DEM-derived variables showed a significant
correlation at all studied depths. These DEM variables were mainly related
to fluvial and aeolian activities, which had the greatest effect on soil
changes in the study area. The geostatistical estimations showed that for
the first depth, the simple cokriging method with the drainage covariate, for
the second depth, the simple cokriging method with the valley depth
covariate, and for the third and fourth depths, ordinary cokriging with the
drainage covariate were the most accurate methods. The three-dimensional
mapping of soil saturation percentage revealed that the lowest values were
found in the southern regions, moderate values in the central area, and the
highest values in the northern part of the plain near the Hamoun wetlands.
From surface to depth, the saturation percentage followed the same spatial
trend, but the average value increased from surface to depth. These changes
seem to correspond with the three-dimensional variations in the soil texture
components in the region. Based on the three-dimensional zoning results, it
is recommended that irrigation intervals be longer in the northern regions
of the Sistan Plain compared to the southern areas for the same crops. In
the case of natural resource management, plants with surface and deep
roots should be considered in the northern regions, and trees with deep
roots should be planted in the southern regions to manage vegetation and
combat wind erosion.

Conclusion: The saturation percentage of soil is an easily measurable soil
characteristic that should be given more attention in land management,
particularly in dry regions. A three-dimensional view of soil and its
mapping provides land users with a more comprehensive understanding of
soil dynamics, aiding in development and planning efforts. Geostatistical
methods (such as cokriging) using auxiliary variables can be highly
effective for preparing digital and three-dimensional maps of soil
characteristics, assisting land users in better soil management. This is
contingent on using environmental variables that reflect the soil formation
conditions and the factors influencing the study area.
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Figure 2. The location of the area and the studied soil profiles.
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Table 1. Environmental variables extracted from remote sensing.

References Definition Description Symbql of Definition ~ Description Symbql of
covariate covariate
NIR - RED Difference Vegetation DVI SWIR Band ~ SWII
Index
(£ NIR/Red Simple Ratio SR SWIR Band SWIR2
(£8) NIR/(Red + SWIR 2) Specific Leaf Arca SLAVI NIR/R NIR Band NIR
Vegetation Index
(50 (1+L)*(NIR -RED)/ Soil Adjusted Vegetation
(NIR + RED + L) Index SAVI coastal
Green -Swir)/ Modified normalized
TR (
(Green + swir) difference water index MNDWI GEMI
(£V) (ELREED]?(];:? lég\g}g If)l Enhanced Vegetation Index EVI NBRI
length of
O\Z%:;ﬂ;glts :m Blue band of Landsat-8 Blue CTVI
Wavelength of
Red band of Landsat-8 Red SATVI
@) 0.63041).68(;/“:
0“5/;;:;:2%;0 :m Green band of Landsat-8 Green NRVI
(NIR - RED) / (NIR + C1 . Landsat
* RED-C2 *BLUE + L) Enhanced Vegetation Index EVI2 OLI Bl

v



V€Y & b)lo*:} AR 2,90 ch&g ui cblas Ls‘.&:vmhg).’

-\ J ‘9.)?. aalsl
Continue Table 1.
References Definition Description Symb(?l of Definition Descriptio Symbql of
covariate n covariate
(NIR-RED) / Normalized Difference Landsat
(NIR + RED) Vegetation Index NDVI OLI B2
Green Normalized Landsat
(B5 - B3)/ (B5 + B3) Difference Vegetation GNDVI OLI B3
Index
Normalized difference Landsat
(B3 - B5)/ (B3 + B5) e e NDWI oLl B4
A (B3 - B5)/ (B3 +B5) Normjvzf;dig(‘g:re““ NDWI2 Leg‘ffat BS
(1+L)*(NIR-RED)  Soil Adjusted Vegetation SAVI 1 Landsat B6
/(NIR +RED + L) Index - OLI
(1+L)( NIR-Red)/ Modified Soil-adjusted Landsat
(NIR+Red+L) Vegetation Index MSAVI OLI B7
(2*NIR+1-sqrt . . . Ratio
((2*NIR+ 1) 2-8* Mos::ﬁzgaigﬂ'fndéz;wd MSAVI2  RED-NIR  Vegetation RVI
(NIR-Red)))/2 g Index
RASTERVALU

DEM ;l suis C‘f’t"" e 6 i Y Jga
Table 2. Environmental variables extracted from DEM.

References Description Symbol of covariate
- Wetness index Wetindex
- Convergence index Convergen
Diurnal_Anisotropic_ Heating
Overland Distflow
The Wind Effect is a dimensionless index Wind_Effect
Drainge basin Drainge basin
Cluster Cluster
Cross- sectional curvature Croscurve
Slope angle (%) Slope
Catchment area, the area of land where runoff collects to a
specific zone Catchment area
Landform Landforms
Distance from main river Distriverfinal
Relative slope position Relative_Slope  Position
Analytical hillshading Analytical _Hillshading
Channel networks Chanelnetwork
Flow path length Flow_Path_ Length
Effective air flow heights Effective Air Flow Heights
Horizontal overland flow distance Horizontal Overland_ Flow_Distance
SV Vertical distance to channel network Vertical Distance Channel
@) () Depth of valley in meters Valley depth
@ (0) Multiple flow algorithms and help to accurately estimate current LSfacror
accumulation
(V) Compass direction of the maximum rate of change Aspect

A
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Table 3. Some statistical characteristics of soil saturation percentage.

S s Qe Wb s Bl db oSk 5

u‘ 2

o Stal?dgrd Kurtosis ~ Skewness  Variance Maximum Minimum  Median  Average Depth
CV. deviation (cm)
0.22 7.45 0.59 0.41 55.55 62 3 33 33.92 0-15
0.27 9.52 1.12 0.95 90.59 74.3 29 33.26 35.34 15-30
0.29 11.24 0.79 0.89 126.35 74.7 29 35.67 38.03 30-60
0.30 11.9 0.13 0.77 141.7 75.4 6.22 36.79 39.30 60-100
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Table 4. Parameters of the variogram and model selection criteria and validity control of saturation percentage.

Ol 500

Lkt

R? RSS S ls g ples askad I Jde s
S CO/(CO+C) A0 Co+C C0 Model Depth (cm)
0.95 54.2 M* 0.50 69600 74.41 37.2 Spherical 0-15
0.97 173.0 M 0.71 120500 179.7 51.5 Spherical 15-30
0.98 153.0 M 0.72 162300 286.0 80.5 Spherical 30-60
0.96 100.0 M 0.56 101200 251.4 111.6  Exponential 60-100

(M indicates average spatial correlation) law s e Sioen sdiasolis M
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Figure 3. Semi-variograms of saturation percentage at depths a=15-0, b=30-15, ¢=60-30 and d=100-60 cm.
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Table 5. Correlation results of selected environmental variables with soil saturation percentage.

o
60-100 30-60 15-30 0-15 Depth (cm) ,
I‘.a.ia
Variable

0.039 0.035 0.090" 0.086" NIR

0.079 0.042 0.084 0.091 SWIR s s (Sl s
0.077 0.048 0.083" 0.099" B4 535 3l o
0.039 0.035 0.090" 0.086" B5 Environmental

X X variables extracted

0.079 0.042 0.084 0.091 B6 from remote sensing
0.077 0.048 0.083" 0.099" Red

0.173" 0.182" 0.191" 0.171 Aspect

0.199" 0.284" 0.322" 0.310" Distance from main river
-0.260"  -0.301" -0.340” -0.302" Effective_Air Flow Heights e (sla ite
-0.038 -0.076 -0.106" -0.087" Vertical Distance Channel DEM | 7 sies
-0.098" -0.108" 0.128" 0.099 Wind Effect Environmental

I I variables extracted

02667  -0.296" -0.326 -0.294 Chanel network from DEM
0.116" 0.181" 0.239™ 0.222" Drainage basin

0.175" 0.178" 0.186" 0.170” Valley depth

Ao;3 49 590 Jlel o 53l ae o »L

*, ¥* significant at probability level of 95 and 99%, respectively
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Table 6. The results of the comparison of geostatistical methods in mapping of soil saturation percentage at
depth of 0-15 cm.

= < . -
ME RMSE J o g
Model Auxiliary variable Method
-0.15 18.82 Ordinary -
Kriging
0.16 17.94 Simple -
-0.16 18.81 Ordinary Driange basin
Cokriging
0.97 17.72 Simple Driange basin
0.2 18.81 Powerl -
0.55 20.25 Power2 - IDW
0.87 21.79 Power3 -

(SAE N 0T Gas 53 S Lty Ao s sthag 53 @bl Slahss amlie -V Jpux

Table 7. The results of the comparison of geostatistical methods in mapping of soil saturation percentage at
depth of 15-30 cm.

" < .. ..
ME RMSE J o o
Model Auxiliary variable Method
0.03 16.24 Ordinary -
Kriging
0.23 15.51 Simple -
0.09 17.84 Ordinary Valley depth
Cokriging
0.21 15.47 Simple Valley depth
-0.16 15.86 Powerl -
-0.01 16.52 Power2 - IDW
0.1 17.42 Power3 -

(S E YT Ges s S pldl Cugb; deo s vty 535Ul SR, dmlie s A Jsix

Table 8. The results of the comparison of geostatistical methods in mapping of soil saturation percentage at
depth of 30-60 cm.

= < .. -
ME RMSE J SRS e o
Model Auxiliary variable Method
-0.06 10.29 Ordinary -
Kriging
-0.17 10.13 Simple -
-0.04 10.06 Ordinary Driange basin
Cokriging
-0.14 10.10 Simple Driange basin
-0.29 10.19 Powerl -
-0.21 10.49 Power2 - IDW
-0.17 10.96 Power3 -
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Table 9. The results of the comparison of geostatistical methods in mapping of soil saturation percentage at
depth of 60-100 cm.

= C < i -
ME RMSE J il g
Model Auxiliary variable Method
-0.12 11.50 Ordinary -
Kriging
-0.18 11.23 Simple -
-0.11 11.17 Ordinary Driange basin
Cokriging
-0.13 11.19 Simple Driange basin
-0.27 11.36 Powerl -
-0.28 11.71 Power2 - IDW
-0.29 12.22 Power3 -
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Figure 4. Distribution map of percentage of saturated moisture at depths a=0-15, b=15-30, c=30-60 and
d=60-100 cm.
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