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Background and Obijectives: Soil maps are essential tools for various
users and decision-makers in the field of soil science. Accurate knowledge
of the spatial distribution of physical and chemical soil properties, such as
cation exchange capacity, is crucial for effective agricultural management.
Soil cation exchange capacity is a key factor in fertility management and
crop production, making the modeling of its spatial distribution important
for farmers and agricultural managers. Previous studies have demonstrated
that geostatistical methods can effectively predict and map soil properties.
Given that measuring soil cation exchange capacity is both time-consuming
and costly, this study aims to produce a spatial distribution map of soil
cation exchange capacity, identify the environmental factors influencing its
spatial variation, and compare different interpolation methods for
predicting cation exchange capacity values in the Sistan Plain.

Materials and Methods: For this study, 422 points were randomly
selected using a supervised method in the Sistan plain, and surface soil
samples (0-20 cm depth) were collected at the designated points during the
summer of 2024. Additionally, remote sensing data, including OLI sensor
images from Landsat 8 (comprising single bands and indices derived from
band ratios), were obtained for the date closest to the soil sampling. The
remote sensing indices were calculated and extracted using ArcGIS
software version 10.8.2. Environmental variables derived from the digital
elevation model (DEM) of the study area, with a spatial resolution of 30
meters, were downloaded from the ASTER database and processed using
SAGAGIS software version 7.5. In ArcGIS, the corresponding values of
indices from satellite images and DEM at the sampling points were
extracted and saved as tables in Excel. In total, 81 environmental variables
across three categories-soil variables, remote sensing variables, and those
derived from the digital elevation model-were evaluated. In the next step,
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variables that showed significant correlations with soil cation exchange
capacity were included in the modeling process and geostatistical analyses.
Inverse distance weighting methods (with power parameters of 1, 2, and 3),
as well as simple and ordinary kriging and cokriging, were employed to
interpolate and predict cation exchange capacity at unsampled locations.
The impact of all selected environmental variables, both individually and in
combination, on the prediction accuracy of cation exchange capacity was
examined using simple and ordinary cokriging methods. Furthermore, to
assess the accuracy of the different models, two statistics-the root mean
square error (RMSE) and mean error (ME)-were calculated.

Results: The results indicated that the mean cation exchange capacity in
the Sistan Plain was 12.67 centimoles per kilogram of soil. The Gaussian
model was identified as the best variogram model for predicting the spatial
variability of cation exchange capacity in Sistan soils, based on the lowest
residual sum of squares (RSS) and the highest coefficient of determination
(R?) (R? = 0.60, RSS = 289). The spatial correlation of cation exchange
capacity across the study area was moderate, likely due to the region’s
geomorphological complexity and variations in depositional environments.
Correlation analysis between cation exchange capacity and the auxiliary
variables used in this study revealed that variables derived from the digital
elevation model exhibited the strongest correlations with soil CEC. Among
the soil variables, the clay percentage; among the remote sensing variables,
the near-infrared band; and among the DEM-derived variables, elevation
above sea level, were identified as the most effective predictors of cation
exchange capacity. Among the interpolation methods evaluated, ordinary
cokriging performed best (ME = -0.011, RMSE = 7.116) compared to
kriging and inverse-distance weighting. It was selected as the model for
mapping the spatial distribution of cation exchange capacity in the study
area. Of all the scenarios and interpolation approaches assessed, ordinary
cokriging, which combines percent clay, near-infrared band, and elevation
above sea level, was identified as the most accurate method for mapping
soil cation exchange capacity in the Sistan plain. The spatial distribution
pattern of soil cation exchange capacity in the area indicates that the lowest
values (less than 6 cmolc per kg of soil) occur in the southeastern and some
southern regions. In the eastern, southern, and northwestern areas, the
values range from low to moderate (6-12 cmolc per kg). Meanwhile, the
central, northeastern, and western parts of the area exhibit moderate to high
values (12-24 cmolc per kg). The highest cation exchange capacities
(greater than 24 meq per 100 g of soil) were observed in small areas in the
northeast and west.

Conclusion: In conclusion, the spatial distribution pattern of soil cation
exchange capacity in the region is significantly influenced by soil particle size,
geomorphology, and hydrological conditions. This study demonstrates that by
integrating selected environmental variables-those that reflect or affect the soil-
forming conditions in the region-along with the geostatistical cokriging
method, accurate maps of soil cation exchange capacity can be produced.
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Table 1. Remote sensing indices from satellite imagery and how to calculate them.

e

Definition Description Symbol of

covariate

Wavelength of 0.433 pm — 0.453 pm (>Le/ Glae il 3) Aerosol/Coastal %%r:sstglll
Wavelength of 0.450 pm — 0.515 pm (1 xL) Blue band Blue
Wavelength of 0.525 pm — 0.600 pm (5~ LL) Green band Green
Wavelength of 0.630 um — 0.680 pm (5,5 L) Red band RED

Soss pe 305k LL
Wavelength of 0.845 pm — 0.885 pum (K27 o p0ssle L) NIR
Near Infrared Band

\ols RPN
Ol Sz 50 Jsb 5s 30550) SWIRL

Wavelength of 1.560 pm —1.660 pm
Shortwave Infrared Band 1

Yol 20,80 93le
(Yol sS 50 dsb 50 0 50L) SWIR2

Wavelength of 2.100 um —2.300 pm
Shortwave Infrared Band 2

(RED — 0.125)

(n*(1-0.25n) x (1= RED)

(s o e 1oy Siler D) GEMI
(2 x (NIR?—RED?) + 1.5 x NIR + 0.5 x RED)) Global Environmental Monitoring Index
"= (NIR + RED + 05

(NIR — SWIR2) (ol Jlo 5 Koty e L)

NBRI
(NIR + SWIRZ) Normalized Burn Ratio Index
NDVI + 0.5 ol | A8 i L
(¥) x /(J((NDVI + 0.5)]) (o2 ol 25 e i ) cTVI
(I(NDVI + 0.5)[) Corrected Transformed Vegetation Index
NIR (AL b S jaxll) RVI
RED Ratio Vegetation Index
o Jbo s _aLS 2Ll
(RVI-1)/(RVI+1) (o Jlef o S 2l NRVI
Normalized Ratio Vegetation Index
WS sl jatls
NIR - RED (A 2l o) DVI
Difference Vegetation Index
NIR S et AlE s =L
( ) ( J’!}'ljch“”f~ Sant NS e ) SLAVI
(RED + SWIRZ) Specific Leaf Area Vegetation Index
NIR — RED Skt gl odd ~ol Al 2 AN
_(NIR — RED) )x (1+1) (S sl o Dol 25 2 o) SAVI
(NIR + RED + L) Soil Adjusted Vegetation Index
< (NIR — RED) ) KL+ D)— (SWIRZ) (Sl skt Dol kS Sy IS ald) SATVI
(NIR + RED +L) 2 Soil-Adjusted Total Vegetation Index
o ld Pl LS Ed iy edd s ald)
— 2 _
(2 x (NIR+1) — /(2 X NIZR +1)2 — 8 x (NIR — RED))) ey MSAVIL
Modified Soil-Adjusted Vegetation Index 1
(Green — SWIR1) (o Jla s ol Sl el L Lals) MNDWI
(Green + SWIR1) Modified normalized difference water index

AK
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Continue Table 1.

r”“‘
S Slns 55 SaS sl e
Definition Description Symbol of
covariate
NIR — RED Voodd Cu st alS s =L
2.5 % ( ( ) ) (O odd s S b 2L EVIL
(NIR + 6 X RED — 7.5 X BLUE + 1) Enhanced Vegetation Index 1
NIR — RED Y old g alS i L
24 x (— MR- RED) (o s Al dn L) EVI2
(NIR + RED +1) Enhanced Vegetation Index 2
(NIR — RED) (ot Jloy alS iy sl Lasls) NDVI
(NIR + RED) Normalized Difference Vegetation Index
(NIR — Green) G o Jbo 5 alS iy lss yaxll) GNDVI
(NIR + Green) Green Normalized Difference Vegetation Index
G — NIR ol Jle 5 Jols Ol asls
(Green ) sl ol O jaxls) NDWI

(Green + NIR)

Normalized difference Water Index

35d 528 10 Jobas (as S il sl SR Gl S Sl S LS meedl o o LG i 5o a5
Note: L is soil brightness correction factor, which is assumed as 0.5 for most land cover types

Lol s g 0, U5l Jaa 51 ks ol Sl Jases (la it —Y g

Table 2. Environmental variables extracted from digital elevation model and their definitions.

Sl
Description

S (gla e (e
Symbols of Covariates

(L 2L3) Wetness index
(1, 5en La=L2) Convergence index
(&35, 3,5 eal 2L S) Diurnal Anisotropic Heating
(S 555 sla=b 0L =) Overland Dist flow
(5L st The Wind Effect
(a5 sble) Drainage basin
(A8 o ool St 555 laad s (ol o 1) lalllas wilais) Cluster
(2,5 Lo ko) Cross- sectional curvature
(s 4> ,3) Slope angle (%)
(N gd o oz asetn 03 sudoms S 4y i T0ls5 o (oo 5 (slaiaia)

Catchment area, the area of land where runoff collects to a specific zone
(Kpdp qor ol 4l S 3 LaTols, 4 (glos sdoma ¢ ol 45 5>-)

(oo JS2) Landform
(ol wal 1 51 dsl) Distance from main river

(s s b 50) Relative slope position

Wi
Convergen
DAH
OverDistFlow
WindEffect
DrainBas
Cluster
CrossCurve

(<) Slope

CatchmentArea

Geomorphons
DistRiverFinal

Relative Slope Position

ARR
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Continue Table 2.

Sl 5
Description

LSS sla e e
Symbols of Covariates

(Laawsls (g 3l14Le) Analytical hill-shading
(Laaal T 4$.2) Channel networks
(0L s Jsb) Flow path length
(s 30 0L~ ¢l ) Effective air flow heights
(ool S 8! UL > s 4lols) Horizontal overland flow distance
(S 4 b (63 50e 4lols) Vertical distance to channel network
(2o e Wao 3 3as) Depth of valley in meters

Multiple flow algorithms help to accurately estimate current accumulation
(S o SaS (ol S0k ez 35500 52 23 4 W 0L 2 sl 5N

Compass direction of the maximum rate of changes

AnalyticalHillshading
ChanelNetwork
FlowPathLength

EffectiveAirFlowHeights
HorizOverFlowDist
Vertical Distance Channel

ValleyDepth

(e Jsb , 556) LS facror

(s cg) Aspect

(:J;b;;b@tij@ASL@@&.@a)

(cws J4b) Slope length
(g,h Elevation

(Lawil=s 5 ,) Rivers

SlopeLength
Elev

(¢35 5,) Rivers

Sl Jols el plal Slallas bl 5 (7
Slaasl b S Wil o aikie 5 Sk 5 B
£0 £8) s by Slssan iy Slallae s 0l 451
s S Ll Cogb) o ys S5l (81
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58V T0) ol (Ao s YY/A) aain 3 odd ol
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Lalyed & (7 Jsde) 550 doys Yo/t aalllas 550
Cbs 3 ek (ab.;,\ Sldles Kos glaasl L
OIS Jrags slael 4 (00 584 Y0) sl Ol
Soop s 4 ey SL s O glacis s
ol S 51 o8 a5 b 5 uns 5 2l O3
T e N e g
Sl ol S3 oLl (oY 5 0)) e

Ny

S kS b Shy
i (5 Seslll St gla e oobl la S

IR N PTG PRIPC L S PRES

bl oy

Loy VVE L ol Ol Clds 53wy deos
el OIS s bl oS (7 dsds) cl
Sy 5 Bl Glacld en 3 Sl
aain 53 OIS s A a b b Ll b
OoSle (B 5 £Y (Y0) sl lses Ol
L oaS (F Jod=) 55 doyy £V/0 ol 50 ol
SWo) Ol Cdis Sdjsesis ild 4 ax g
Lo balyan 5 e HUDE 51500 (L jen sy
s (AT 5 EY X0) ol ety Sldlas



Oy Kod g (25 S puo AlS [ oo Jausro gyt (21,5 oy

gs5 adkaie 55 5 At Ol S>3 o0k
5 G K sl s 5l g s L6
S SRR SV ANGIN R VRpp VYL 1 L VRO e
A3 S sdalie

FSbe b Gasls als e b L alal, s
(F dsdr) S eSS 0 s e Bl VYWY
5 Sl 4B S g adlaie jn (o35l Slalas
S5l SsslS Uals s b i 3l Ol oyl
(£0) cl 30S OANVY) SKSSla aiaie 3 ol
Slyzs 3 DslE 4 L5 e ok Jbl 4 oS
dae g3 5y B Cab i e
Al by Ol ks S & o (STl
2 S35 dals Cd b el (Sl e a2l
2 S S Gasn ple glaanl L gy o
14/01) ol i plonil Ol s wigy ol
s s (Sl 2SS a5 Uge
(oY)

3y LS S 55ad Ol Ol o g seme o
St Sl ALl Bl ge SL ghls axllas
oS S Sla Sy Ares Chow 5 b Sl
dibia o Lase OLE LS oWl 5 e
W s st WS sl ghls adlas 55
oS Sl Bl Sl LS ) s e
Ll i 53 Jolae oedS Sl S Bl Sl
Bl 5 plS Il b b tde B 4 5 o

.,\;)\J\)&]G.AJIAU&_A:M

Y

wsdS e YO 55 wdd el Glies gla ) 2
s Ol e s b Jlsis se
el s (6 Sk alS ailes ol s

S5 deps 01 SLE T S sl S0l
Sl glaasl LoSliie ol S (F Jsas)
Sl Slean (Aoys 0/00 350>) O S jiass
ailae bt s JTesle i siasolis 5 (84 5 YA)
S Slgmes &S ol @@jsm.fﬂ RGSU [ PN (1592
5 SWlas e3sdme oy gble 5y S T
FeS SR S il s 4 o glaag Slb
53 &Bly) Ol o> Jlod a3 5 55
Fore oo Slyee s 4 (W Sl glacad
s e OLES 1) (g5t I

s MYV ol S sty o S0ke e
S bl sl skiasilis o5 (V7 )
@B ol 5 Sl Ol iy S s LS
ol adlaie 53 OLS tagn ale ml bkl es
Colda clbl (Sl Kos (gp Sl (8T 5 YO)
OIVA  anlllas dbe sl U

QJ}{ )j,.iv OM)QLL} aS éﬁ ‘)La » M‘)w.}

b)jﬂ

Glaasl U 5 ol Ol iy S s
3 S 380 315 Gl en DS gy S
o ol Oy el Cands b L e gla i
Ol 2> (KTl a3 03 55158 il
OIS s Sos gleanl b Js (£0) sl sy
Colla Clll(Y0) das e 0l 1y osl alols

Sl Gl e il S 5 SIS S



Y€+0 ) b)lo.a; Y 0,93 “Slis ui cblis Lgléuu.hs).i

ot s S oIl (S gl S5 5,b] o g ¥ s
Table 3. Descriptive statistics of measured soil variables.

S Saas S S e FENC A
Skewness  Kurtosis Star_lde}rd Variance  Average  Maximum  Minimum Unit Parameter
Deviation
0.65 -0.00 8.05 64.7 16.4 43.0 0.0 % (Clay) -,
-0.24 -0.29 15.34 235.0 415 83 1.0 % Silt) «ds
0.46 -0.60 20.63 425.6 42.1 99 6.0 % (Sand)
Sl gLl Cusby Ao
0.59 0.32 7.50 55.5 335 54.9 21.0 % Saturation Percentage
of Soil
Jslas S iy 5
0.33 4.108 3.132 9.80 20.4 39.5 125 % Calcium Carbonat
Equivalent
I
0.73 0.30 0.27 0.07 0.6 1.46 0.1 % S oS
Organic Carbon
0.15 -0.09 0.24 0.06 8.23 8.9 7.6 (Soil pH) s+ sty
Sl
2.45 6.00 7.75 60 5.78 39.9 0.4 dS/m "N’QJ - M )
Electrical Conductivity
3.06 10.39 66.64 4440.5 55.0 462.5 20 megq/ (Na) e
(e 3 prelS gpeee
4.36 33.50 31.96 1021.7 313 215.0 3.0 meg/I
(Ca+Mg)
Jsle ke Ao
0.08 -0.29 16.78 281.4 51.5 93.0 10.0 % Percentage of Soluble
Sodium
et o e
5.30 41.70 15.35 2355 11.5 113.9 1.2 Sodium Adsorption
Ratio
A% e Lo
2.39 6.82 10.56 1114 11.5 61.4 0.6 % Exchange Sodium
Percentage
SN RO
1.46 2.19 8.11 65.8 12.7 49.2 1.6 cmol/kg

Cation Exchange
Capacity

5 el OV T S (Y0) ey wile T
558 Aol i b s (W) 0555 4 e S s
oo bis cilie Gble 3 clie Gled uis (Y1)
S 1 85 G el 2l 03y S
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Table 4. Parameters of the variogram and model selection criteria and validity control.

i e Jlas . . LG aals 3 _
o fyore J5 e Soan s S ks el .
o Slay e . . Spatial (m) ) Nugget -
B Spatial Correlation D d Sill Eff. Model
R? Residual Sum of Ratio Ependency  Range A;  cp+C ect ode
Squares Col(Co+C) (my Co
0.47 1799 M* 0.50 45080 75.7 56.9 s
Linear
Lo
0.43 415 M* 0.50 101100 111.2 55.6 o
Exponential
0.45 562 M= 0.50 101100 98.8 49.9 695
Spherical
0.60 289 M= 0.60 93790 150.4 59.7 e
Gaussian

(M indicates average spatial correlation) L. s SiSe Sioas stiaslis M

S Gl Il S b b come Jasue gla e Sieer s -0 i
Table 5. Correlation results of selected environmental variables with cation exchange capacity.
(Environmental variables) Jlasw sls i

S sle aze o333l o sla e DEM)anﬁiGlj:;v.:M!‘_gLaﬁ;}.:ﬂ
Soil variables Remote sensing variables Variables derived from the DEM
pH =-0.146"" DVI=0.097" Aspect = 0.109"

Clay =0.517" NBRI=0.116" Chanelnetwork_1=-0.099"
Silt = 0.408™ NDWI2= 0.097" B2_cluster = 0.156™

Sand = -0.505" NIR=0.169" B3_cluster = 0.142™
0C=0.355"" WDVI= 0.097" Distriverfinal = 0.230™
CCE =0.333" Distriverfinal_2= 0.216"
SP=0.460" Elevation3 = 0.099"

Elevationz = -0.187""
GSI=-0.101"
B1_irsimag = -0.102"
B2_irsimag = -0.107"
B3_irsimag = -0.104"
Lsfactor = -0.101"

Valeydepth = 0.215™
Valeydepth-1=-0.99"

ol Ao 53 48 520 Jlazl o 3 (515 e sdensOli s T 5T

* and ** represent significance at the 95% and 99% probability levels, respectively

"1
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Table 6. Results of the comparsion of geostatistical methods in mapping cation exchange capacity.

xS SaS pite Jdde st Slay o S0k o s Sl
Method Auxiliary variable Model Root Mean Square Error (RMSE) ~ Mean Error (ME)
- Ordinary 7.253 -0.025
Kriging
- Simple 7.297 0.081
- Powerl 7.296 -0.067
Inverse Distance
Weghing (IDW) - Power2 7.442 -0.118
- Power3 7.735 -0.188
Clay Ordinary 7.173 -0.021
Clay Simple 7.527 0.089
NIR Ordinary 7.241 -0.002
NIR Simple 7.690 0.0005
Co-kriging
Elevation Ordinary 7.250 -0.025
Elevation Simple 7.286 0.083
Clay, NIR, Elevation  Ordinary 7.116 -0.011
Clay, NIR, Elevation Simple 7.301 0.053

Yy



Y€+0 ) b)lmus JY 0,90 “5155537 cblis dlhbw.hs}a

GI'IP"I: ‘I'Jlrl'l: ‘l'“l'ﬂ"[ ‘I°S:’."|:
» y
: L e,
: B
H X !
£ z
: :
& z
° : o
21 L2
: :
! z
i‘ -g
H
Legend
z z ® Gy
g. _';_ Migh : 30.14
2 sl
CI"Z;'Q"E ll°30"0"l" ll";”"k’ ‘I'!"""I:
0 10 20 0 60 $0 100
[ - - K.
(a) o " Iem=5km
‘I'Z..'r[ Cl°3?'0'l: GI"!'O"E CI°S0°0"E 61°200"E 61°30°0"E 61°40°0°E 61°S0°0"E
- i 1 1 1
7z . X .
g £ £ 7
4 . ) ] s . "
£ H ] ra
H - ; H £ :
{ ¢ : ¢
21 P % 4 S M
= [ ] £ = S
oo 5
L
7 e
rd 1 <
z i
3 L5 £ L
5 4 - £
8
F 4 -
i rd
4 z 34 s
s s . s
| i : i
Legend
» 1
agud z , ® Ciy
z z ® Ciy £ | 2 g High : 043
2] s High : $61.0
s s > 3 §- Low : 032
H 5 Low : 114723 v v v v
r r v . 61°200"E 61°30°0"E 61°40°0"E S1°S0°0"E
GI00E GIPMOTE GIWNE 61°SOOE o 10 20 40 © 80 100
0 10 2 40 60 80 100 M- Koy
- b I ecm=5km
(©) v E— () <

(S s SsSlS Jols cd b S ST giledde 5 ot ases sla e ST, ati ¢ IS
.CLSSJI NS P NP Cly! HESpwpR ]|

Figure 4. Distribution maps of selected environmental variables in modeling the spatial distribution
of soil cation exchange capacity; (a) clay, (b) near infrared, and (c) elevation.
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Figure 5. Soil cation exchange capacity distribution maps considering (a) clay content, (b) near infrared band,
(c) digital elevation model (DEM), and (d) combination of covariates.
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