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Abstract

In recent years, geostatistical methods have become powerful tools for spatial analysis of soil
properties. This study evaluated and compared two geostatistical methods, Kriging and Co-kriging,
to estimate soil moisture at field capacity (FC) and permanent wilting point (PWP) using 101 soil
samples collected from various regions of Isfahan province, Iran. Soil samples were randomly
collected from a depth of 0 to 30 cm in the target areas, and soil texture, FC, and PWP properties
were measured. GS+ version 9 software was used to examine and describe the structure of the studied
properties, and ArcGIS software was used to create zoning maps. The accuracy of the estimated
values was assessed using mean bias error (MBE) and root mean square error (RMSE). Pearson
correlation analysis revealed strong correlations between clay, silt, sand percentages, bulk density,
and organic matter percentage with FC (0.84, 0.81, -0.92, 0.60, and 0.55, respectively) and PWP
(0.83, 0.78, -0.90, -0.54, and 0.54, respectively). Geostatistical analysis indicated that the spherical
model provided the best fit for all measured variables and that all variables exhibited strong spatial
dependence (sill to nugget plus sill ratio was less than 25%). Statistical comparisons showed that
ordinary Kriging outperformed Co-kriging in estimating FC and PWP. The coefficients of
determination (R?) for FC values in ordinary Kriging, Co-kriging with clay as auxiliary data, Co-
kriging with silt as auxiliary data, and Co-kriging with organic matter as auxiliary data were 0.66,
0.62, 0.60, and 0.61, respectively, while for PWP values, they were 0.68, 0.67, 0.67, and 0.66,
respectively. Therefore, ordinary Kriging, due to its simplicity and computational efficiency, can be
a viable method for estimating FC and PWP with acceptable accuracy.
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Figure 1. Location of sampling points in the study area of Isfahan province
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Table 1. Descriptive statistics of the soil properties examined in the study area

Properties Unit Mean Median Min Max SD Variance CV  skewness kurtosis
PWP cmicm?® 1165 1165 2.6  19.32 4.57 20.83 39.22 -0.05 -1.1
FC cm®cm® 18.88 2015 3.57 30.07 6.39 40.88 33.84 -0.32 -0.98
Clay % 24.79 25 2 45 11.7 136.4 47.19 -0.09 -1.12
Silt % 28.3 29 4 52 11.64 135.5 41.13 -0.22 -0.69
Sand % 46.92 46 14 94 21.48 461.7 45.78 -0.55 -0.34
oC % 0.49 0.47 023 0.89 0.16 0.02 32.65 0.52 -0.51
BD grem3  1.42 141 103 167 0.12 0.015 8.45 -0.32 -0.65
TNV % 31.37 3145 125 525 8.87 78.7 28.27 0.008 -0.49
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Table 2. Pearson correlation coefficient between soil characteristics in the studied area

Properties Sand Silt clay BD FC PWP ocC TNV
sand 1 -0.86**  -0.92%* -0.92#  -0.90%  -055** 021
silt -0.86%* 1 62+ 0.81% 078+  0.37* 0.06
clay 0.62 1 0.84%* 0.83** 0.55** 0.14
BD 0.60** -0.53#* -0.53#* 1 -0.60*  -0.54%* 0.26* -0.17
FC -0.92%# 0.81%* 0.84%* -0.60%* 1 0.93#* 0.55** 0.19
PWP -0.90%*  0.78** 0.83*  -0.54** 093" 1 0.54**  0.14
ocC -0.55%*  0.37** 0.552%** -0.26* 0.55%* 0.54%* 1 0.13
TNV 0.17 0.06 0.14 -0.17 0.19 0.14 0.21 1

ssand * indicate significance at the 1 and 5 percent levels, respectively.
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Figure 2. Isotropic investigation of soil properties, including bulk density, clay, silt, and sand percentages, field
capacity (FC), permanent wilting point (PWP), and organic carbon (OC)
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Table 3. Semivariance parameters for soil properties

Soil Variogram Nugget  Sill Range Spatial Spatial R? RSS
Property model (m) dependence dependence
percentage

PWP Spherical 6.9 54.8 35300 12.59 Strong 0.94 67.2
FC Spherical 12 94.93 40400 12.64 Strong 0.92 316
BD Spherical  0.008 0.28 33700 3.8 Strong 0.83 0.003
Clay Spherical 42.3 277 64700 15.27 Strong 0.95 1775
Silt Spherical 37 430 60000 8.6 Strong 0.74 1993
Sand Spherical 67 1570 71100 4.26 Strong 0.92 6551
oC Spherical 0.02 0.03 58100 68.3 Moderate 0.66 0.0003
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Table 4. Statistical evaluation of the accuracy of kriging and cokriging methods in estimating FC and PWP

FC PWP
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Figure 3. Measured FC and PWP values versus their estimated values using kriging and cokriging methods



VECF Sl o o )led Y als

S 00,5 wlidss

2O S G sin 28 el p By & sl
Sz 5® it Sllllas b Bllae o5 (59 16500
e b g8 G (Saron W88 (SS slaosls a5
Aiedgus LS &5 Koy 95 g, 3l eolaiwl wail Bas
e 5z Gl s el (Sm oS 3 81y
(Li & Heap, 2014; Hengl et al., 2018) s 5

Srond )3 PWP g FC polio 00 VL F S0 @y 295 L
eyl ol (nieS g Ol 038 0z g 02
Ol Gyd Jlod ohig 4y 4 5 Jlod Cwnd o
Ao, 5 BYL el el Jdo (F JS8) 048 oo canlice
Cool il gz 5 oy scand o S s
Qo) 39 oo oddlie O S o aS jshiles (O SD)
Sy oy 4 g Jlod Cooms S 0 39290 (00 DS
by (20l (g &30 o) Olie 5 GRal381 L]
Sl Glime SB 50 o) YL polie 3925 S 0
A3 o il S e ol

s Slgzen 3l sl ragh slaasl L mls ol
5 Xl 9 (Wan et al., 2024) 1, Kes g oy9 «Jlo jobas
50 a5 Ws,S 55 5.5 (Zhang et al., 2017) ), Sen
Al Sz )5 4 s (S St S5 )lee Sy
FoS 3k YL Ce e o a4 S S g 5 S0 oS
3o pthie QB Jpl Cdapgn 5 JoSo slrools 4
e S o302 oS alyh o 09 oo G 0B Ll b
o b S sl Thy G iy il S e S
Wlgs oo Sowm ;S gy el 3g0me (yloj 45 5 Jo3 L
5 CdS g8 oo ez (o bl golaidl g She (gla S
STy b S )bl 4 azg b adlhe ol
ool o pite ploe YU sla Sinan 5 S So5
5 ol 039y WS 5 SIS Sl a4 Kimn S o,
Sz 595 wile Joswz slaghs, l eslanal 4 5l
oy Sl a5 0 o ST laasily ol s e
wdlas Ban gl p» Wb S Sl o calie
plsl 05350 SleMbl wlio 5 bosls (s kel sl 554

e e
— )
‘A./
- )
TR W =
9 MM el m 2
——— e
l(‘vl'v on=
T wove 1
N N

| -

Legend
FC
Vare

— e

200

-
El
3

O3 00 1w %
O —— o

axlllas 0,90 ddlaio jo M)S o9y u..»l.wl,;PWP 5FC @&n &S‘ﬁ ‘sl.hwi -F U
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Figure 5. Spatial distribution maps showing the percentage of clay and sand particles in the study area

gy &5 0l plas Aegh tul po eadplnil slaw,
pae g ol paie I Bro colaiul 0e2g b (S )5
Lg @L{bu...o;u Sl 0992 ).blé ‘Gio.f)..x.ua )‘ ‘5)..?0].@‘;
Ol s &l e plad LSle g Jed LB cds
a5 cwl gaoge Slool o LI 5,8 L oslas jo aidly
Py oylaen ( SaS slaosls plesl Lo 4y 1) Sz 565
ol slrosls a5 oyl jo a8 e slaeld Ko )55
Smo g W3l 0,95 0 (oelin iS5 JBs
Wl adls 09>y Clslive le saie  olad
S 5 eSSl Wlgi oo Sz T 655,54
S5 55 o5 4 Saze (il 308 il Ko 555 ]
pac b oanie (g)ledo b (SeS o 4y cwpws a5
0l (pioman b oo Sged iing «owl ol pars Conlad
pae 5 Joo sl 5 W S Slilons Sy
Ll 5 5l ablie ol ol o5l unsd 4 S
ol @l eoelal Gl 098 o0 Do (g, nl g8
g Suzu S ol by, ol 4 ol lis asdllas
A sloeyd i ab p Bro wls S S
dassls (bl slo S arazgi b sl asly 0 5 & e

059y (Sldes bpxe  Cunlo

syl o imgsy 50 95 o0 ey 9 (6 S pranc
iz glag )l 5 38 503 b (6 s slamnlie Slalllas
Ol (SNwrod (0 5 S Kol zhas osly (513
Slr Ghos, sldeddlgws B 0,5 &g b pris

b drwgd 2biygys lagy, e bl

\t4

Sl s Y ohig e (il Lo 4y ) D)8
A ol ol polae 6 )l 5 i 4 o8 (i
slaY Lsle (S )0 09250 () 55 4 Ay (izmed
Lol s ogdige el b sl 5, 38l 252
S Aok Do 38lie (nl )0 (698 (rlaw (AES (59
30 OLd cpl 50 0zge Of Gl aS jo g easle Bl
Cool b SbS 5l YL e dilize gl L
o8l byl 5 0929 a5 ol o5 (ROmero etal., 2011)
S CET oy A g LR ;0 Fle (b g Fowle
03,5] wal,8 &5 9 S (gl 1) g Focken Lyl il
5 Jled b analio ;o b 5l (st sl Conms
el oS aries CuiS cod Gliul 3,8 Jled pgasa
Lol ol S o ‘_ﬂ olao polie yog YL

Smr 5 wlie by b Selal adles
S5 z595 g3, » (Mashayekhi & Marjovvi, 2022)
Obl (2 30 S (aleerd 5 (S3d o SRy (& 2
00y 220 35 5 I olse (liee a5 sl (i 53 el
g By Ceomw A IS, g o0g Y lisl Cgim o
oole Gliee 5 ylier S 0 08wy 3,8 Jled ohg
e Simg3 (e olaol 2 eizme il g0 GralS” I
P SE 00grge plie polic vs s g S (s hlol>
Slr Grslee Ll a5 oo jliny o5 Glocend
cel Jolge () gemme .l alils ol jor 4 |15 5 S
Ll o cugh, jlade g oads S 0 Ol cunlagSs il 33l
S b Jlad Canms 45 538, b Lol sl 534 PWP 4 FC
CilagSs lpee S I olge (2alS 5 S il ad
e pals glabimde L jsbas S o



\f'f}:{L‘: Ay c)Lwi}‘\Val? Sk ‘50){)15Q" ..

Referrence

Afzali A., Varwani V., Jafarinia R. 2018. Application of geostatistics technique in predicting spatial
changes of soil texture (Case study: Farahan Plain, Central Province). Geographical Quarterly,
15(58): 1-16. (In Persian)

Amsili J.P., van Es H.M., Schindelbeck R.R. 2024. Pedotransfer Functions for Field Capacity,
Permanent Wilting Point, and Available Water Capacity Based on Random Forest Models for
Routine Soil Health Analysis. Communications in Soil Science and Plant Analysis, 55: 1967 - 1984.

Asgarzadeh H., Mosaddeghi M. R., Dexter A. R., Mahboubi A. A., and Neyshabouri M. R. 2014.
Determination of soil available water for plants: consistency between laboratory and field
measurements. Geoderma, 226-227: 8-20.

Basaran M., Erpul G., Ozcan A.U., Saigin D.S., Kibar M., Bayramin I,. Yilman F.E. 2011. Spatial
information of soil hydraulic conductivity and performance of cokriging over kriging in a semi-arid
basin scale. Environmental Earth Scince, 63; 827—838.

Baskan O., Erpul G., Dengiz O. 2018. Comparing the efficiency of ordinary kriging and cokriging to estimate
the Atterberg limits spatially using some soil physical properties. Clay Minerals, 44: 181 - 193.

Bogunovic 1., Paulo Pereira P., Brevik C. 2017. Spatial distribution of soil chemical properties in an
organic farm in Croatia. Science of the Total Environment, 584-58: 535-545.

Castellini M., Vonella A.V., Ventrella D., Rinaldi M., and Baiamonte, G. 2020. Determining Soil
Hydraulic Properties Using Infiltrometer Techniques: An Assessment of Temporal Variability in a
Long-Term Experiment under Minimum- and No-Tillage Soil Management. Sustainability.

Delbari M., Jahani S. 2014. Investigating the spatial changes of salinity and sodium characteristics of
the soils of Chat region in Golestan province. Soil Research (Soil and Water Sciences), 28 (2): 433-
446. (In persion)

Duarte S., Vieira S. R., Giarola N.F.B., and Silva A.P. 2021. Kriging Versus Cokriging and Collokated
Cokriging for Soil Physical-Hydraulic Attributes and their Influence on Soybean Growth. Brazilian
Archives of Biology and Technology, Vol.64.

Erdogan Erten G., Yavuz M., Deutsch C.V. 2022. Combination of Machine Learning and Kriging for
Spatial Estimation of Geological Attributes. Natural Resources Research, 1-23.

Foroughifar H., Jafarzadah A. A., Torabi Gelsefidi H., Aliasgharzadah N., Toomanian N., Davatgar N.
2011. Spatial Variations of Surface Soil Physical and Chemical Properties on Different Landforms
of Tabriz Plain. Soil and water science, 21 (3): 1-21. (In persion)

Fuhg J.N., Fau A., Nackenhorst U. 2020. State-of-the-Art and Comparative Review of Adaptive
Sampling Methods for Kriging. Archives of Computational Methods in Engineering, 28, 2689 - 2747.
Klute, A. (1986). Methods of Soil Analysis. Part 1, Physical and Mineralogical Methods. 2nd
American Society of Agronomy, Agronomy Monographs 9(1), Madison, Wisconsin, 1188 pp

Hengl T., Heuvelink G. B. M., Stein A. 2018. A generic framework for spatial prediction of soil
variables based on regression-kriging. Geoderma, 120(1-2): 75-93.
https://doi.org/10.1016/j.geoderma.2003.08.018

Hoseini Y. 2024. Evaluation of geostatistical and response surface methods for estimating soil saturated
hydraulic conductivity using soil physical properties. Applied Soil Research, 11 (4): 63-76. (In
persion)

Li J., Heap A. D. 2014. Spatial interpolation methods applied in the environmental sciences: A review.
Environmental Modelling & Software, 53: 173-189. https://doi.org/10.1016/j.envsoft.2013.12.008

Lim C. Y., Wu W.Y. 2022. Conditions on which cokriging does not do better than kriging. Journal of
Multivariate Analysis, 192. https://doi.org/10.1016/j.jmva.2022.105084.

Mashayekhi, P., Marjowvi, A. R. 2023. Spatial distribution of some soil physico-chemical properties in
agricultural soils of Isfahan province, Iranian Journal of Soil and Water Research, 54(2), 389-405.
(In persion)

Nourzadeh M., Mahdian M. H. Malakouti M. J. 2010. Investigation and prediction spatial variability in
chemical of agricultural soil using geostatistics. Archives of Agronomy and Soil Science: 1-15.

Pham T.G., Kappas M., Huynh C.V., Nguyen L.H. 2019. Application of Ordinary Kriging and
Regression Kriging Method for Soil Properties Mapping in Hilly Region of Central Vietnam. ISPRS
Int. J. Geo Inf., 8, 147.

\A4


https://doi.org/10.1016/j.geoderma.2003.08.018
https://doi.org/10.1016/j.jmva.2022.105084

S G Jols S pae slasly s

Piri sahragard H., Zare Chahouki M.A. 2015. An evaluation of predictive habitat models performance
of plant species in Hoze soltan rangelands of Qom province. Ecological Modelling, 309-310: 64-71.

Qiao J., Zhu Y., Jia X. 2019. Pedotransfer functions for estimating the field capacity and permanent
wilting point in the critical zone of the Loess Plateau, China. J Soils Sediments 19, 140-147.
https://doi.org/10.1007/s11368-018-2036-x

Rasheed M.W., Tang J., Sarwar A., Shah S., Saddique N., Khan M.U., Imran Khan M., Nawaz S.,
Shamshiri R.R., Aziz M., and Sultan M. 2022. Soil Moisture Measuring Techniques and Factors
Affecting the Moisture Dynamics: A Comprehensive Review. Sustainability.

Rezaei H., Moshiri F., Balali M.R. Bazargan K., Esmaeelnejad L., Mallah S. 2024. Determination of
Soil Fertility Management Zones in Honam Sub-Basin for Wheat Production Using Geostatistical
Methods, Principal Component Analysis & Fuzzy Clustering (Lorestan Province). Applied Soil
Research, 12(3): 16-32.

Romero E., Vecchia G.D., and Jommi C. 2011. An insight into the water retention properties of
compacted clayey soils. Geotechnique, 61: 313-328.

Ribeiro D.L., Maltauro T.C., Guedes L.P., Uribe-Opazo M.A., Dalposso G.H. 2024. Directional
Differences in Thematic Maps of Soil Chemical Attributes with Geometric Anisotropy. Stats.

Sani S., Abdulkadir A.N., Hmad Pantami S.A., Sani M., Amin A.M., Abdullahi M.Y. 2023. Spatial
Variability and Mapping of Selected Soil Physical Properties under Continuous Cultivation. Turkish
Journal of Agriculture - Food Science and Technology.

Seyed Jalali S.A.R., Sarmadian F., MohammadEsmaielc Z., Navidia V. 2019. Assessment of spatial
variability of cation exchange capacity with kriging and cokriging. Desert, 24(1): 99-108.

Tagore G.S., Sethy S., Kulhare P.S., Sharma G.D. 2022. Characterization of Spatial Variability of Micro
Nutrients in Soils: Classical Vs. Geo-Statistical Approach. Communications in Soil Science and
Plant Analysis, 54: 472 - 487.

Walkley A.J., Black, I.A. 1934. Estimation of soil organic carbon by the chromic acid titration method
Soil Science, 37, 29-38.

Wan Y., Liu X., Chen H., Wang Y. 2024. Comparative evaluation of kriging and cokriging methods for
spatial prediction of soil properties under limited sampling. Catena, 232, 107426.
https://doi.org/10.1016/j.catena.2023.107426

Wan H., Li J., Shang S., Rahman K.U. 2021. Exploratory factor analysis-based co-kriging method for
spatial interpolation of multi-layered soil particle-size fractions and texture. Journal of Soils and
Sediments, 21: 3868 - 3887.

Wang L., Tang L., Wang Z., Liu H., Zhang W. 2020. Probabilistic characterization of the soil-water
retention curve and hydraulic conductivity and its application to slope reliability analysis. Computers
and Geotechnics, 121, 103460.

Xing-YiZ., Yue-YUu'S., Xu Dong Z., Kai M. Herbert S.J. 2007. Spatial Variability of Nutrient Properties
in Black Soil of Northeast China. Pedosphere, 17(1): 19-29.

Xu T., Liu Y., Tang L., Liu C. 2020. Improvement of Kriging interpolation with learning kernel in
environmental variables study. International Journal of Production Research, 60: 1284 - 1297.

Yang H., Zhang F., Chen Y., Xu T., Cheng Z., Liang J. 2016. Assessment of reclamation treatments of
abandoned farmland in an arid region of China. Sustainability, 8, 1183.

YulJ., LiY., Guangxuan H., Di Z., Yugin F., Bo G., Guangmei W., Kai Ning., Wang J. 2014. The spatial
distribution characteristics of soil salinity in coastal zone of the Yellow River Delta. Environmental
Earth Science, 72: 589-599. https://doi.org/10.1007/s12665-013-2980-0.

Zhang J., Li X,, Yang R., Liu Q., Zhao L., Dou B. 2017. An Extended Kriging Method to Interpolate
Near-Surface Soil Moisture Data Measured by Wireless Sensor Networks. Sensors (Basel,
Switzerland), 17.

YA



