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Table 1. An example of a table suitable for presentation in the manuscript
Pav Kav Mgex

é fgt‘h T(gv EC oH oc _ 56 el
s 6) (ds.m) (%) (mg.kg™®) Soil texture
0-10 28 16 7.6 0.62 124 290 300 Loam clay / w) o9
10-20 30 22 7.2 0.50 6.3 295 305 Loam clay / ) o8
20-30 33 45 8.5 021 45 332 286 Loam sandy / s 9l

ol 0dd agad 4385 Jadllyguod b gilae Joio cnl Lo 5 <o
* The font and structure of this table have been prepared according to the journalds guidelines.
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Fig. 4. Effects of silicon, zinc, and soil water content on iron (a, b), and zinc (cTe) concentrations in rhizosphere and non-rhizosphere

soils. Treatments include 0Si (no Si), 150MSi and 300MSi (150 and 300 mg Si kg™), 0Zn (no Zn), and 3Zn (3 mg Zn kg™), under two
SWC: 0.4 FC (drought stress) and 0.8 FC (optimal). Different letters indicate significant differences among treatments based on
Duncands multiple range test (p 0 0.05).
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the sustainability of agricultural ecosystems and ensuring food security.
Declining soil fertility directly affects crop productivity and, consequently, food
security. Understanding the spatial variability of fertility distribution patterns is
essential for efficient soil management. In recent years, the integration of
advanced machine learning algorithms with geostatistical methods has provided
powerful tools for modeling and predicting soil fertility indicators such as the Soil
Fertility Index (SFI). In arid and semi-arid regions, water scarcity, soil salinity,
and climatic variability are major challenges for sustainable agricultural
production. Therefore, spatial modeling of soil fertility and identification of its
driving factors can serve as a scientific basis for regional land-use planning and
resource management. The present study aimed to model and predict the spatial
distribution of SFI in two arid and semi-arid regions, MiamehTDehloran and
ValiasriBadreh (llam Province, western Iran), using Random Forest (RF) and
Cubist (CB) machine learning algorithms, and to compare their performance with
the conventional Ordinary Kriging (OK) method. Ultimately, this research seeks
to develop a region-based spatial model for SFI prediction in the agricultural lands
of the Zagros region in western Iran.

Materials and Methods: Soil sampling was conducted in the MiamehTDehloran and
*Corresponding author's ValiasrTBadreh areas using the conditioned Latin hypercube sampling (cLHS)
email method. A total of 133 and 71 surface soil samples were collected from the
mrostaminya@yahoo.com respective regions. The samples were analyzed for physical, chemical, and
biological properties to calculate the Soil Fertility Index (SFI). Auxiliary
environmental variables, including topographic parameters derived from the
Digital Elevation Model (DEM) and remote sensing (RS) indices, were used as
predictors. The most relevant variables were selected using the Variance Inflation
Factor (VIF) and Boruta algorithms, resulting in 9 and 12 selected predictors for
the MiamehTDehloran and ValiasriBadreh sites, respectively. Additionally, two
climatic variables®mean annual precipitation (MAP) and mean annual
temperature (MAT)®were included based on expert judgment. The RF, CB, and
OK models were trained and validated, and their predictive performances were
evaluated using the coefficient of determination (R?) and root mean square error
(RMSE). Spatial prediction maps of SFI were generated in ArcGIS based on the
best-performing model.

Results: The results indicated that the Random Forest model outperformed both the
Cubist and Ordinary Kriging models in predicting SFI values. The R2 of RF was
0.79 for MiamehTDehloran and 0.60 for ValiasriBadreh, while the RMSE values
were 0.64 and 0.69, respectively. These results demonstrate the superior ability
of RF in capturing nonlinear relationships between soil fertility and
environmental covariates. According to the spatial distribution maps,
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approximately 74.14% of the MiamehtDehloran and 77.33% of the Valiasrt
Badreh areas fell within the fivery higho (F1) and fihigho (F2) fertility classes,
indicating considerable potential for agricultural productivity. The climatic
variables MAT and MAP were identified as the most influential predictors of SFI.
In MiamehTDehloran, remote sensing indices®especially vegetation and spectral
reflectance indicators®played a major role, whereas in ValiasriBadreh,
topographic parameters such as elevation, slope, and aspect were more dominant.
These spatial differences reflect the contrasting climatic and geomorphological
conditions of the two regions. Combining RF with RS and topographic data
significantly improved prediction accuracy and enabled the generation of high-
resolution fertility maps suitable for precision agriculture applications.

Conclusion: The findings highlight the potential of the Random Forest algorithm as
a robust and reliable approach for spatial modeling of soil fertility in arid and
semi-arid environments. RF effectively captured complex interactions among
climatic, topographic, and spectral variables, leading to accurate and detailed SFI
prediction maps. The study confirmed that climatic variables, particularly
temperature and precipitation, play a decisive role in determining the spatial
variability of soil fertility. The resulting maps can serve as valuable tools for
agricultural planning, selection of suitable crop types, and sustainable
management of soil and water resources. Overall, the proposed modeling
framework provides an efficient strategy for optimizing land potential, improving
crop yields®especially for wheat®and contributing to food security and
sustainable agricultural development in the drylands of western Iran.

Cite this article: Rahmani, A., Rostaminiya, M., Sayedi, N., Mousavi, S.R., 2026. Spatial Modeling and Prediction of the Soil
Fertility Index in Two Arid and Semi-Arid Regions of Ilam Province, Iran. Research Article, Journal of Soil Research, 40 (1),
pp 1-21.
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Table 3. Statistical Summary of Soil Fertility Characteristics in the ValiasriBadreh and
Maimeh-Dehloran Area

DT medledl oS Sl Sl a1y e
il SD Mean Max Min Unit Variable
CV%
0= iz
36 021 058 124 007 Cu
33 1.77 5.29 10.87 2.56 / _ Mn
25 0.88 358 5.83 150 PARS R S e Fe
66 0.12 018 0.68 0.02 Zn
45 0.65 143 353 0.24 % SOM
109 0.25 0.23 1.56 0.09 dsim EC
3.65 0.28 7.66 8.27 7.06 ; pH
20.43 16.25 55.22 75.25 24.25 Caco3
69 6.66 9.64 36.51 0.16 ; SFI
Ol R—douo
22 022 053 116 0.08 Cu
43 257 5.97 1576 0.33 / , Mn
33 0.74 2.23 5.25 0 PIIS R S e Fe
49 0.23 047 1.81 017 Zn
41 0.56 135 2.69 0.20 % SOM
21 0.78 3.74 6.38 0.99 dsim EC
3 0.23 7.26 7.92 6.79 ; pH
21.60 9.6 43.9 58 18.23 Caco3
48 4.05 85 19.42 134 ; SFI

=SFI s 0.,.515 =pH «usg).:s" %‘Aﬁ =EC S u.ﬂ 23 =SOM ‘859 =Zn “fhj =Fe 5)&&» =Mn (o =Cu
SB ol asld

b (e oo A Coles )3 9 (F o) 235 Gl RS
xSl e 33 olywi 4 (0 ¥ JSC3) il oy sl
lmoiiS iy st lsie 4 VLo Led 5 Sls 5 VLo L5l

A5 obesl il s sl 3 s oolil ¢l oo

Ao 9 0y pardlg dllaio She e (S i
Ol o
SB gpodo b asls alps gl Jso sy
4 5k Slal_de glaodld y0gMe (058 gyl paid
)JBLAQJ 9 81.9))| @99) JJ.A )‘ od—ud Ls,a._.wa u_io.{ L;Lmbb
9 BS99 e YA jolate (pl gl ASlioe 5 (slo)lsale
o OF 510005 zlsawl (RS) 490 5l ioi—w pusie VO
Jaiz) s Gl Jgl o5 10 VIF Lull 4yt VY ¢ oo
ol oyl jusite bl gy sl ealaiwl b coles j0 5 (¥
10,8 ol gilw i (glp Jaxe pxie VY Boruta
Ol Sl (codlil it 93 Lwly (ppem o (Y JS)
@ 50 ol s bl p &Vl bod S5k 5 SV
Ol e dowe dilaie ;3 10,5 A8l bl 0uiS s yiwy (sl jurie
SIS e (e e B0l st YV MIF og, el



\AWA! e)w/f'-\l.?/&su dhﬁjk&ﬁﬁ

9050 pardy (511 )3 (VIF) (il jlg 0,95 (sl (g, bawgs 0aws QLS! Jasms (5 jaidio -F Jgix

Ol R dowo
Table 4 - Selected Environmental Variables Using the Variance Inflation Factor (VIF) Method in
the ValiasriBadreh and Maimeh-Dehloran Area

e (5 ki shreo (sl e
VIF Environmental variables VIF Environmental variables
0, yuazdy
9.13 Analytical Hillshading 1.81 Morphometric Features
4.88 Multiresolution ridge terrain
4.10 Topographoc position index(TPI) flatness(MRRTF)
5.44 Multiresolution valley bottom flatness
6.81 Channel Network (MRVBF)
4.45 Modified Catchments Area 2.93 Plan Curvature
541 Wind Effect 4.83 Slope Height
4.33 Convergence Index 5.69 Topographic Wetness Index
1.83 Wetness 3.70 Diffuse Insolation
4.45 Carbonate Index 5.30 Direct Insolation
4.72 Enhanced vegetation index(EVI) 2.64 Duration of Insolation
232 Aspect 3.42 Flow Accumulation
3.32 Convexity 1.61 Flow Direction
227 Mid slope Position
O,)J"“ Aowo
1.75 Catchment Area 3.46 Relative Slope Position
2.55 Catchment Slope 211 Morphometric Features
3.57 o 2.67 Multiresolution ridge terrain
Modified Catchments Area flatness(MRRTF)
4.89 ) 3.39 Multiresolution valley bottom flatness
Wind Effect (MRVBF)
3.64 Convergence Index 3.59 Plan Curvature
518 Wetness 237 Slope Height
3.48 Carbonate Index 4.23 Topographic Wetness Index
5.61 TTVI 2.69 Profile Curvature
3.32 Aspect 5.04 Direct Insolation
1.96 Convexity 1.99 Duration of Insolation
5.34 Valley Depth 238 LS Factor
7.22 Brightness 3.06 Flow Direction
7.85 Wind Exposion 6 Mid slope Position

6.06 Analytical Hillshading
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Figure 2. Selected Environmental Variables Using the Brouta Method for (a) the ValiasriBadreh (b) Maimeh-Dehloran

9 —(u.)l askio ‘5‘).' Brouta L)“") & CShe

(0 Jods) s

Gl SFI sl (gl Jus 3nl3 55 oslizl sy Jas

Areas. (Full names of environmental variables referenced in Table 4)

S i JolS' (raglic) .1 ko> dono—(o 0y



A\ A e)w/f'-\l.?/&su ‘5"“&"*35‘-’,;!")‘94‘3-}':’

90y gardg dilaio S gidiols (adld ilwdie (glp o0 LG dawe (sl puiiio —O Jgua

Ol 2 dowe
Table 5. Selected Environmental Variables for Modeling Soil Fertility Index in the Valiasrt
Badreh and Maymeh-Dehloran Areas

»‘9 sles Pl Cualo e, PU ‘:la.g;u dlﬁ‘o)ﬁ.&h
- Source of - Environmental
(Units) Symbol - Variable .
variable variables
038 yazdg
- Morpho_fea K Srnsyse S Morphometric
Features
- MRRTF S s YU S5 dpo bl (g lgen yasls  MUlti resolution
Ridge Top
Flatness(MRRTF)
Kw.m2 Diffuse Sy ISWEESN . JORW Diffuse Insolation
- Flow Direction S ol cas Flow Direction
Kw.m2 Direct_in S e il Direct Insolation
- Ana_Hill XA b ol b Julos o 450 Analytical
Hillshading
meters CHN S dnl ] aSes 4l daw Channel Network
Base Level
m? CHA_Area R 015 2ol S )9 orlune Catchment Area
- WE S sb Wind Effect
Degree Aspect Sy b g Aspect
- Convexity K b o Convexity
°C MAT w8l Al glos 5:Sike Mean Annual
Temperature
mm MAP ] Wl 3k :Ske Mean Annual
Precipitation
1/meters Profile_Cur S &y (Slisdl Profile Curvature
O AR dose
- MrVBF S s YU S5 dd b oyd (gylgen yasls  Multi Resolution
Index of Valley
Bottom Flatness
Slope Height KA s glis)) Slope Height
Kw.m-2 Direct_in I e il LS Direct Insolation
- Flow Direction IR ol cas Flow Direction
- CHA_Slope RERA 035> Catchment Slope
- WE S s sb il jasls Wind Effect
- TTvI g9 Gl el Bl s aLS iy asls Thiam’s
Transformed
Vegetation Index
Degree Aspect K o Can Aspect
- Brightness 199§l ptom lidey asls Brightness
°C MAT PWE S glod (1 Sle Mean Annual
Temperature
mm MAP P Wl Lok Sile Mean Annual

Precipitation
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Table 6 - Performance of the RF, CB, and OK models for predicting SFI in the ValiasriBadreh
and Maimeh-Dehloran Areas

NEY R? RMSE MAE CCC
8y paxdy

RF 0.60 0.69 0.36 0.64

CB 0.33 1.06 0.98 0.27

OK 0.02 7.02 5.37 0.01
Ol dose

RF 0.79 0.64 0.37 0.75

CB 0.34 0.84 0.62 0.39

OK 0.49 3.9 3.2 0.32
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Background and Objectives: Amino acids are a large group of biological compounds

that contain an amino group and a carboxyl group. Amino acids used in foliar
nutrition are usually mixtures of different amino acids and short-chain peptides.
These amino acids are plant growth stimulants that can be used by foliar spraying
and fertigation. Plants may consume amino acids as a source of nitrogen, and in
some cases, the amino acid may also be a plant stimulant. On the other hand, the
flowering and fruiting period in citrus trees is the most important and critical stage
of fruit development in fruit trees. The maintenance of reproductive organs and
fruits during this period is directly related to the final yield of the trees. There is
a high demand for nitrogen during the flowering and fruiting period. For this
purpose, the trend of leaf nitrogen changes during the flowering stage of citrus
trees and the effect of amino acids on nitrogen concentration, flower drop, and
fruit formation of citrus trees were investigated in two separate experiments.

Materials and Methods: In the first experiment, trends of nitrogen changes in the leaves

of Satsuma mandarin (C. unshiu cv. Miyagawa) trees on Carrizo citrange (Citrus
sinensis Osh. x Poncirus trifoliata L. Raf.), rootstock, and on Thomson Navel
oranges on Sour Orange (C. aurantium L.) rootstock were measured in the eastern
Mazandaran region. In the second experiment, the effect of foliar spraying of
amino acids (combined amino acids) was carried out in a randomized complete
block design with three treatments and three replications for three years with
Satsuma mandarin (C. unshiu cv. Miyagawa) trees on Carrizo citrange (Citrus
sinensis Osh. x Poncirus trifoliata L. Raf.), rootstock. The treatments included:
T,. Control; T». amino acid 1 g LY; Ts. amino acid 3 g L. The amino acid mixture
used contained 8% aspartic acid, 12% glutamic acid, 14% serine, 8% glycine, 2%
histidine, 6% arginine, 6% alanine, 6% threonine, 12% proline, 6% valine, 7%
leucine, 5% phenylalanine, and about 1% methionine, cysteine, lysine, isoleucine,
and tyrosine, and 13% total nitrogen.

Results: The results of the first experiment showed that the nitrogen concentration of

leaves in Satsuma gradually began to decrease from the time of bud break and the
beginning of spring shoot growth, and reached a minimum at the flower opening
stage, from 2.65% at the beginning of sampling to 1.84% at full bloom. From full
bloom, the amount of nitrogen in the leaves gradually increased again, from
1.84% to 2.66% at the physiological fruit drop (June drop) stage. In the case of
Thomson Navel orange trees, the results showed that the nitrogen concentration
decreased from 2.57% at the time of sampling to 1.85% at full bloom. After
flowering, the nitrogen in the leaves gradually increased and reached from 1.85%
to 2.56% at the physiological fruit drop (June drop) stage. The results of the
second experiment showed that foliar spraying of amino acids at concentrations
of one and three parts per thousand (W/V) showed that foliar spraying treatments
had no significant effect on reducing flower and fruit drop, increasing fruit set,
leaf nitrogen concentration, and increasing the yield of Satsuma mandarin trees.
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Conclusion: According to the results of this study, the flowering time in citrus trees
coincides with the minimum nitrogen concentration in the leaves. This indicates
the limitation and need for nitrogen in this sensitive stage of phenology, but foliar
spraying of amino acids did not have a significant effect on increasing nitrogen
concentration and fruit set. Therefore, foliar application of amino acids for citrus
trees during the flowering and fruit set stages in the climatic conditions of the
north of the country is not recommended for citrus orchards
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on flowering and fruit set of citrus trees. Research Article, Journal of Soil Research, 40 (1), pp 23-43.
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Table 1. Some physical and chemical prorperties of soil orchard before experiment.

e Gy ol e el s JTesle Sl Gl licuds PHO S S colae Bos
Mz Fe Mg K P () (sep)  dset) » oot (o)
PSS 50,5 oM CCE (0,545 (%0 Depth
mgkg™ ) ) e emolkg-1) EC (dsm) (cm)
107 24 57 465 203 193 140 11 21.49 753 0.89 0-30
88 22 46 460 19 166 103 12 19.94 764 0.75 31-60
py 1S5

Soil texture: loam

ialojl g2l 51 J 198 ke (ouldl (0,0 S 2 43 (s (359 w0 3) (218 polis Clile (1iSilke -Y Joua
Table 2. Mean nutrient elements concentrations (percentage of dry weight) in the leaves of Miyagawa satsuma mandarin
before experiment

Bye o S 9, ool prdlS ke ] o 039
B Cu Mn Zn Fe Ca Mg K P N cdals
P PS 33 0,5 o Ao yd concentration
mgkg! (%)
47 7.04 26.50 20.40 171 3.85 0.33 0.90 0.15 2.46
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Table 3. Phenological stages of Satsuma mandarin (C. unshiu cv. Miyagawa) growth in East of Mazandaran
(Asadi kangarshahi, 2019)

oy ok M) dl yo 8910 drgi
Time period Growth stages Fruit development
Ldwl O -V Lb:u"? CanS _
Feb. 25-30 Bud break
Cadgedyl = Ve Sy
April 25-30 Flowering
Cadigdyl VO =¥ ogue JuSui5
Mz.iy 5-15 . Frm} set . Jl 56
b=y Sl (o3 o Phase |
June 5-10 Commencement of Summer drop
3,5 Y0 ¥ aliali G5y okl
June 15-20 End of June drop
by YO Y. ol bluwl £950
June 15-20 Commencement of cell expansion
255 Ve N0 ojul sladdldpw A3 £9)d
September 1-5 Commencemen of autumn shoot growth
29285 VB =Y 090 S0y ;e E9p ‘
September 5-10 Commencement of fruit color change po> B
el s Phase 11
92 VO Y o Sidlsnsd sl
September 15-20 Physiological fruit maturity
ol -y ojnly (slasliym 1) oLl
November 1-10 End of autumn shoot growth
eV Ve 0980 (o) po j6
Fruit ripening Phase Il1

September 22-October 12
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(Brae cuS 5 US )3 5 el sl 2 43 (359540 ylaio e s2lonnd Jgo,8 9 Johe (39 S 55 )3 20,3 9 £5)
Table 4. Composite amino acid used in the experiment (Wu,2013)
(Type and percentage in the composition, molecular weight and chemical formula, amount of nitrogen in each amino acid
and in the total composition)

e digol Sl
Applied amino acid

Oj9r Oj9r Jgerd e o339
(S5 y> 20 ) (ae,9) st bound (J9o 52 25%) (0 33) a8 5 digol Sl U
Nitrogen Nitrogen Chemical Molecular Composition Amino acid name
(Percentage in the (%) formula weight (%)
composition) (g/mol)

1.87 13.33 C3H/NO; 105.1 14 serine B3
1.14 9.52 CsHgNO,4 147.1 12 Glutamic acid Sl KpaliglS
1.46 12.17 CsHeNO, 115.1 12 proline Ao
0.84 10.53 C4H;NO, 133.1 8 Aspartic acid sl K5 )yl
1.49 18.67 C;HsNO, 75.1 8 glycine OwealS
0.75 10.69 CeH13NO; 131.2 7 leucine s

2 33.33 CeHiN4O; 174.2 6 arginine ooyl
0.94 15.73 CsH/NO, 89.1 6 alanine oYl
0.71 11.76 C4HsNO; 119.12 6 threonine o8Py
0.72 11.96 CsH11NO, 117.15 6 valine odls
0.42 8.48 CoH1:NO; 165.2 5 phenylalanine oYl b
0.54 27.10 CsHgN30, 155.15 2 histidine R
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Figure 1. Changes trends of nitrogen concentration in the old leaves of Miyagawa satsuma mandarin trees
(from bud sprouting until the end of June drop)
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Table 5. Changes trends of nitrogen concentration in the old leaves of Thompson navel orange trees
(from bud sprouting until the end of June drop)
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Lanogre Commencement of flowering to bud sprouting and shoot pki i\ﬁlﬁ;y
Fruit set to end of June drop petal fall growth
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Time (days)
2.56a 2.56a 2.52a 2.3% 2.11c 1.85d 1.98¢ 2.34b 2.54a 2.57a (v02) 0sy%

N (%)




SIS o o gme K25 5 AUS 3wl sladen! SU 5 035 55 Sl i K5, /T

\'

dgm JaSWi g (235 (b )3 JoU (ygme

y Ve ' 4L |
o ¢

B U 0 g 198 ho guiil (55,U (55,0 ol )3 5y 5,00 WiVe Ol pauds -Y IS5

Figure 2. Changes in leaves appearance symptoms of Miyagawa satsuma mandarin and Thompson navel orange trees
durung flowering and fruit set
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Table 6. Analysis of variance of the effect of amino acids at flowering time on some vegetative and reproductive
characteristics of Miyagawa satsuma mandarin

mean squares Ol po (Sl

_ i ] N o NEETSH [CHPOVES 37 VPN
e Sy 3z (w2,2) f*‘lLV 09+ (M’b)_ 20 Sl J5 dlass df. Resource changes
Number of new leaves Fruit (%) Fruit set (%) Number of flowers
15681° 14 330° 8231 2 year JL.
2710™ a4 ag™ 14577 6 error s
4419* 177 17m 477 2 treatments Lo
2792™ 5
2347 207 39" 4 el
Treatment x year

961079 25 76 3348 12 errorils

ns, *: nonsigificant and significant at 5% possibility levels, respectively.
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Table 7. Effect of foliar spraying of amino acids at flowering time on some vegetative and reproductive characteristics of
Miyagawa satsuma mandarin

dds Sy dlaxd (M)b) e dgse (M)b) s9se LS5 J5 slaws Oyt 2ol
Numlt:é:/gsf new Fruit (%0) Fruit set (%) Number of flowers Resource changes
98.9b 28D 76b 163.4a first year Jol Jlo
105.6 a 47a 114a 155.1ab second year pg> Jbo
1114a 44a 10.7a 146.1b third yearpgw Jlo
101.3b 38a 10.2a 154.8a controls s»ls
40a 10.0a 152.0a (WIV) 58 53 S anel sl
107.1ab Amino acid (1grli-1)
3.8° 9.22 153.1% (WIV) 58 5> dw aiel spuw
113.7% Amino acid (3grli™)

W6 ,300S5 b gyl e gl doyd gy Jlois] e 50 e Sl Y By ()b &S gt o 4 baiye sla:Sile *
* The averages for each column that have the same letters are not significantly different from each other at the 5% probability level.
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Table 8. Effect of foliar spraying of amino acids at flowering time on the yield of Miyagawa satsuma mandarin trees

(i s 2 gl5l 4 0,59LS) 5 Shos By Oyt 29be
Yield (kgtree™) treatments Resource changes
57.6° 1
65.32 2 year Jlw
59.6° 3
5792 controls sals
6292 (WIV) a5 S il apl R R

Amino acid (1grlit)
(WIV) 50 5 du digl sl
Amino acid (3grli™)

Foliar spray treatments
61.3°

56,506 b gyl e gl o yd gy Sl e 3 Mt Syt (p5Y By > ghyld &S gt 4 bgspe sla p ke *
* The averages for each column that have the same letters are not significantly different from each other at the 5% probability level.
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Table 9. Effect of foliar spraying of amino acids at flowering time on leaf nitrogen concentration of Miyagawa satsuma
mandarin trees

(32 3) 539N (%)

Ol yss aslio

gl 5l s 59, 70
30 days after foliar spray

gl 5l e 59, Ve
30 days after foliar spray

Resource changes

2.56° 245 1
2532 2392 2

year Jlw
2.49¢ 243%
2512 2.38¢ controls sals
2,522 2.39° (WIV) )i 33 Sy digol il gl jlowi

Amino acid (1grli™) Foliar spray

2542 2.43° (WIV) 2 55 duw diel Al treatments

Amino acid (3grli™)

5,006 b () sime glds duoyd zmiy Jlein] s )3 Mt S e (15Y By gyl o g yb ) bgype (sl Ske *
* The averages for each column that have the same letters are not significantly different from each other at the 5% probability level.
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Table 10. Effect of foliar spraying of amino acids at flowering time on some quality characteristics of Miyagawa satsuma mandarin trees fruit
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7 7)oy ’ Peel thick Extract Fruit weight Resource changes
TSSITA TA (%) TSS (%) .
(%) (gr)
7.05° 1.26° 8.89° 2.62° 44.86° 129.6° 1
6.94 ¢ 1.39% 9.66 ° 2.69° 66.02 ¢ 14582 2 year Jlw
6.81° 1342 9.13¢ 2.71¢ 64.89° 146.22 3
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Amino acid (1grli?) treatments
6.69 ¢ 1.34% 8.97® 257¢ 58.48 ¢ 13897 (WIV) 3 55 duw digel spusl

Amino acid (3grli?t)
5,506 b () gime glds doyd griy Jlein] s )3 At S e (5Y By gyl oS g yb ) bgype sl Ske *
* The averages for each column that have the same letters are not significantly different from each other at the 5% probability level
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critical for food security due to its high-quality edible oil and protein-rich meal.
Enhancing productivity is a primary goal in modern sustainable agriculture,
especially in semi-arid regions where suboptimal environmental conditions often
hamper germination and seedling establishment. These early-stage stressors lead
to poor crop stands, reduced seedling vigor, and ultimately lower final yields. To
address these limitations, seed coating has emerged as a precise and resource-
efficient method for improving seed performance. By creating a favorable micro-
environment (spermosphere) and delivering beneficial substances directly to the
embryo, this technique enhances establishment. Biostimulants, such as seaweed
extracts (rich in phytohormones like auxins and cytokinins), humic acids (known
for chelating nutrients and stimulating root development), and amino acids
(essential for protein synthesis and stress tolerance), are effective additives. While
their benefits in foliar applications are well-known, their efficacy and optimal
concentrations via seed coating require further investigation. This study aimed to
comprehensively evaluate the effects of seed priming and coating with various
concentrations of humic acid, seaweed extract, and amino acids, individually and
in combination, on the yield and yield components of spring canola.

Materials and Methods: A field experiment was conducted during the 2018-2019

growing season at the research farm of the University of Mohaghegh Ardabili in
northwestern Iran, a region characterized by a semi-arid, cold climate. The soil
was a calcareous loam (pH 7.8, EC 1.15 dS/m) with low organic matter. The
experiment utilized a Randomized Complete Block Design (RCBD) with three
replications. The study involved 16 distinct seed pre-treatments applied to the
spring canola cultivar 'Hyola 50'. Treatments included three levels of humic acid
(3, 6, and 9 g/kg seed), three levels of seaweed extract (3, 6, and 9 g/kg seed), and
three levels of amino acids (2, 4, and 6 g/kg seed), alongside specific combined
formulations and hydropriming controls. An aqueous slurry containing
carboxymethyl cellulose (CMC) as a filler and polyvinyl acetate (PVA) as a
binder was used for uniform coating via a laboratory rotary coater. Standard
agronomic practices were followed throughout the season. At physiological
maturity, plants were harvested to determine grain yield, biological yield, harvest
index, and key yield components. Data were analyzed using SAS software
(ANOVA), and means were compared using Duncan's Multiple Range Test
(DMRT) at the 5% probability level.
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Results: Analysis of variance revealed significant effects (P < 0.01) of seed treatments
on grain yield, biological yield, the number of pods per plant, 1000-grain weight,
and plant height. However, no statistically significant differences were observed
for harvest index, pod length, and the number of seeds per pod, suggesting these
traits may be less responsive to seed treatments. Grain yield was significantly
impacted; the highest yield of 2185.3 kg/ha was achieved by coating seeds with
9 g/kg seaweed extract, representing a substantial 38.76% increase over the
control (1574.8 kg/ha). Similarly, coating with 9 g/kg humic acid resulted in the
highest biological yield (6941.3 kg/ha) and the maximum number of pods per
plant (96.22), showing increases of 21.98% and 62.50% compared to the control,
respectively. The 1000-grain weight was also significantly improved by 9 g/kg
seaweed extract. Among the combined treatments, the specific combination of 2
g amino acid + 6 g seaweed extract + 3 g humic acid per kg seed demonstrated
superior performance in improving plant height and overall yield stability
compared to other combinations, highlighting synergistic effects at specific ratios.

Conclusion: This study confirms that seed coating with biostimulants is a potent
strategy for enhancing spring canola productivity in semi-arid regions. The
targeted application of these substances leads to significant improvements in
seedling establishment, vegetative growth, and final grain yield. Application of 9
g/kg seaweed extract is specifically recommended for maximizing grain yield due
to its hormonal influence, while high concentrations of humic acid (9 g/kg) are
superior for boosting biomass and sink capacity, i.e., pods. The results also
indicated that optimized combined treatments can further enhance plant
performance. Therefore, seed coating serves as a valuable, precise tool for
sustainable production. However, since this study was conducted over a single
growing season, further multi-year and multi-location trials are recommended to
confirm the stability and generalizability of these findings under varying climatic
conditions.
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Effect of Seed Coating with Biostimulants on Yield and Yield Components of Canola (Brassica napus L.). Research Article,
Journal of Soil Research, 40 (1), pp 45-60.
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Table 2. The results of analysis of variance (mean squares) of the effect of seed coating treatments on yield and yield
components of rapeseed
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Fig. 1. Effect of different seed coating treatments on seed yield of canola plants. Columns with the same letter do not
have statistically significant differences based on Least significant difference test at the 5% probability level.
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Fig. 2. Effect of different seed coating treatments on biological yield of canola plants. Columns with the same letter do
not have statistically significant differences based on Least significant difference test at the 5% probability level.
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Fig. 3. Effect of different seed coating treatments on the number of pods per plant in canola. Columns with the same
letter do not have statistically significant differences based on Least significant difference test at the 5% probability
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Fig. 4. Effect of different seed coating treatments on 1000-seed weight of canola plants. Columns with the same letter
do not have statistically significant differences based on Least significant difference test at the 5% probability level.
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Fig. 5. Effect of different seed coating treatments on plant height of canola plants. Columns with the same letter do not
have statistically significant differences based on Least significant difference test at the 5% probability level.
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Background and Objectives: Sugar beet (Beta vulgaris L.) is one of the most important

sugar-producing crops in arid and semi-arid regions, where water scarcity is a
major limiting factor for yield and quality. Drought stress often reduces root
growth and sugar yield, necessitating the development of sustainable
management strategies to enhance drought tolerance. In recent years, organic
growth stimulants such as amino acids and humic substances have attracted
increasing attention due to their environmentally friendly nature and potential to
improve plant performance under abiotic stresses. These stimulants not only
promote physiological and biochemical processes in plants but also enhance soil
health and nutrient availability, contributing to overall crop resilience. The
objective of this pilot study was to preliminarily assess the effectiveness of
different organic growth stimulants in alleviating drought stress effects on sugar
beet and to identify superior treatments using an integrated multi-criteria
decision-making approach. The findings of this research are expected to provide
valuable insights for developing practical, eco-friendly strategies to improve
sugar beet productivity under water-limited conditions.

Materials and Methods: This study was conducted at the Kamalshahr Research Station,

Karaj, Iran, using a split-plot arrangement within a randomized complete block
design. Two irrigation regimes, including normal irrigation and drought stress,
were assigned to main plots, while four nutritional treatments (control, amino
acid, humic acid, and combined application of growth stimulants) were allocated
to subplots. Several quantitative and qualitative traits related to root yield and
sugar quality were measured during the growing season. In addition to
conventional analysis of variance, the Technique for Order Preference by
Similarity to ldeal Solution (TOPSIS) was employed to rank treatments by
simultaneously considering multiple criteria with equal weights. To evaluate the
robustness and stability of the rankings, Monte Carlo simulation was applied
based on repeated random perturbations of the input data.

Results: The results showed that drought stress markedly reduced root yield and root

weight, while increasing root dry matter content (dry root pulp weight / fresh root
pulp weight) and pure sugar percentage. Growth stimulant treatments generally
improved root yield under both irrigation regimes, with humic acid and the
combined application showing more pronounced positive effects. Multi-criteria
analysis indicated that under normal irrigation conditions, the amino acid
treatment achieved the highest closeness to the ideal solution. In contrast, under
drought stress conditions, the combined application of growth stimulants was
clearly identified as the superior treatment and ranked first in more than 95 % of
Monte Carlo simulation runs, demonstrating a high level of ranking stability.
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Conclusion: Although the outcomes of this research are preliminary and derived from
a pilot study, the results suggest that organic growth stimulants, particularly the
combined application, have considerable potential for mitigating drought stress
effects in sugar beet. Moreover, the integration of TOPSIS with Monte Carlo
simulation proved to be a powerful and reliable framework for multi-criteria
evaluation and early-stage screening of management options. These findings
provide a scientific basis for designing more comprehensive field experiments
and developing sustainable irrigation and nutritional strategies for sugar beet
production under water-limited conditions.
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Table 5. Analysis of Variance (Mean Squares) of Some Quantitative and Qualitative Traits of Sugar Beet

. ¥31)
oo P}
5 J i " Ofa s o : O ks lilep .
oMo i3 o - 5LE ™ o Degrees 35 2o
. Jlasciw! Jlasciw! g ol R el 0 g0 ) N iy Ay
oA ) Molasses o Alkalinity Na K ) Fresh Ay, of Source of
Purity Recoverable Extraction sugar %) Re_:ducmg b Dry Root Root freedom variation
sugar coefficient Root nitrogen weight : weight yield (df
ofroot ~ Weight
pulp dry of root
matter pulp
pulp
02" 046" 652™ 01 12m 008" 011 gg3ns Qoo 211" 007™  0003% 1327 2 Soh
ns Block
d)lﬁj
1449 1301" 4064 0,041 39.99 143 034 gggrns 79" 151™  056™ o440 212064 1 (ol ©55)
ns Irrigation
(main plot)
Skl s
0.83 1.07 9.74 0.12 1.24 0.25 0.56 0.16 0.90 3.16 0.18 0.00 0.28 2 )
(el » Sob)
Ay d)zu
- ) pos
262" 2727 1527 0.06" 324 013™ 044 g2 o4gr 328™  026™  ooe7~ 21082 3 loe2 &)
ns *x Growth
stimulator
(sub-plot)
S X sl
252 357M™ 3085 "™ 012" 363™ 042" 042 0.38 " 083™ 658" 012" 00035 ™ 1759 "™ 3 : M)
’ ’ : ’ . ’ ns ’ : ’ ’ : ’ Irrigation x
Growth
stimulator
12 1.68 1843 0.26 1.86 0.15 0.82 043 0.45 153 0.12 0.0002 5.28 12 Il
Total error
727 119 5.96 144 6.06 208 196 125 125 795 1003 1.69 326 - Coefficient of
variation
Q%)

ns, * and ** indicate non-significant, significant at 5%, and significant at 1% levels, respectively.
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Table 6. Comparison of means of main effects of irrigation treatments for significant traits

Sis oobe L 0 p0 (359 30 5 09 3,Slos
SRV Lasciw! JsB W3 R - Reducin .
o : J J M) Alkalinity nitro eng ) ) &l o
Purity Recoverable sugar  Root pulp 9 i
(%) (%) d tt (%) (mmol per Root Root  |rrigation levels
A A ry matter 100 g root weight yield
. 9 -
(%) pulp) (kg) (tha™)
143° 102° 212° 22% 47° 103 7998° (Normal) Jle
158* 118* 238° 17" 592 0.76° 612° (Drought) S5

B85 (i (lel @glis Sl yg03l bl dizann S jiie (glel Bgy> gyl gt ya 3 &S lapSile
Means sharing the same statistical letters are not significantly different according to Duncan's test.
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Table 7. Comparison of means of main effects of growth stimulant treatments for significant traits

ey (939 ks 25
o Root yield ) S S e
Root weight Y Growth stimulators
(kg) (t ha™)

0.76 ¢ 629°¢ (Control) sl

086° 689" (Amino acid treatment) il sl
0.94° 743% (Humic acid treatment) S.ogu sl
101% 763% (Combined treatment) &l b a0
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Means sharing the same statistical letters are not significantly different according to Duncan's test.
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Table 8. Comparison of means of the interaction effects of irrigation and growth stimulants for significant traits
ady ) pod 5 039

Ay O3 . i
Fresh weight of root * 03 o Skl zohw
Root weight L
pulp K Treatment Irrigation levels
@ (kg)
157 ® 093¢ (Control) asls
139° 098°¢ (Amino acid treatment) wiel sl (Normal) L
161 1.06° (Humic acid treatment) o g spusl
174 114¢ (Combined treatment) _a.ab (b yao
167° 0591 (Control) asls
151%® 0.74°¢ (Amino acid treatment) wiel sl
Drought) s
153 ® 0.82° (Humic acid treatment) e g spusl (Brought
140° 0872 (Combined treatment) il b pae

)5 oy i Jlesn] pdaw p3 () ime (o lel glis Sl ygeil bl pr itnn S piie (g lel gy gy gt ya 3 S slapSike
Means sharing the same statistical letters are not significantly different according to Duncan's test.
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Table 9. Irrigation schedule for different irrigation treatments
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Number o Average interval between ot
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Table 10. Ranking of Growth Stimulator Treatments Using TOPSIS Method with Different Sets of Criteria and Equal
Relative Weights

(05 9) Loy (55l
Normal irrigation (no stress)

L, Lo
criteria

(0.661) il g 1)) 45,

Rank 1: Amino acid treatment (0.661)
(0.588) walis :pgs a4,
Rank 2: Control (0.588)
(0.577) Sioge 3l ip5s 453,
Rank 3: Humic acid treatment (0.577)
(0.380) 13) S o (hlS 8o ip)lox 453,
Rank 4: Combined growth stimulator treatment (0.380)

A oy il e Sid o3lo o yd LIS 0 pda 59y ity )9 iy 3,Slas

oAl A8 oy g Jlasawl LB

Root yield, Root weight, Reducing nitrogen, Alkalinity, Root pulp dry

matter, Recoverable sugar, Purity
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Amino acid Control Humic acid Combined application
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Figure 1. Ranking and Sensitivity Analysis of Growth Stimulator Treatments under No-Stress Irrigation
Conditions
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Figure 2. Ranking and Sensitivity Analysis of Growth Stimulator Treatments under Drought Stress Conditions
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Table 11. Ranking of Growth Stimulator Treatments Using TOPSIS Method with Different Sets of Criteria and Equal
Relative Weights

SwS i5 b gll
Drought stress irrigation

L, Lo
criteria

(0.883) 13 S o dls S yao s g 45,
Rank 1: Combined growth stimulator treatment (0.883)
(0.648) Seogud dpawl 1p5> 4,
Rank 2: Humic acid treatment (0.648)
(0.501) aisal sl 1pgu 43,
Rank 3: Amino acid treatment (0.501)
(0.115) sals :p o 4,
Rank 4: Control (0.115)

HB 18 s> iy pmed S o3le duoyd ST oo 5955 iy (39 iy 3,Slas

0l A8 Lo g el

Root yield, Root weight, Reducing nitrogen, Alkalinity, Root pulp dry

matter, Recoverable sugar, Purity
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requires robust nutrient standards based on growth stage and a thorough
understanding of nutrient interactions (the plant ionome). Statistical methods
based on Compositional Data Analysis (CDA)—such as Principal Component
Analysis (PCA) and Compositional Nutrient Diagnosis (CND)—overcome
major limitations of single-factor approaches, provided they minimize bias in
result interpretation. In this study, nutrient concentrations and root yield data
from 170 sugar beet fields were compared using three models: PCA, CND-
clr, and CND-ilr. This research aims to: (1) introduce the theoretical
foundations of PCA, CND-clr, and CND-ilr; (2) validate nutrient indices
through two interpretive approaches (minimum limit-maximum limit, LMi-
LMa, and lower limit-upper limit, LL-LU) within the CND-clr model; (3)
derive critical concentrations and sufficiency ranges using CND-clr indices;
(4) validate CND-ilr reference standards and compare them with other models;
and (5) assess nutrient status using PCA and compare it with CND-clr and
CND-ilr.

Materials and Methods: Leaf concentrations of N, P, K, Fe, Mn, Zn, and Cu, along

with root yield, were collected from 170 sugar beet farms in Khuzestan
Province, southwestern Iran. Leaf samples were taken from plants aged 90—
120 days, washed, oven-dried at 65 °C for 48 h, ground, and sieved. Nutrients
were analyzed using standard laboratory methods: micro-Kjeldahl for N,
spectrophotometry for P, flame photometry for K, and atomic absorption
spectrophotometry for Fe, Mn, Zn, and Cu. At harvest, average root yield per
hectare was recorded. The study area soils had a saturated extract pH of 7.5—
7.8, salinity <1 dS mat, lime content of 30-50%, and silty loam to silty clay
loam textures.

Results: Principal Component Analysis using absolute nutrient concentrations

showed that four components explained approximately 85 % of the total
variance (eigenvalues > 1). In the first principal component (PC1), potassium,
zinc, and copper exhibited the highest positive correlations, while nitrogen
showed the highest negative correlation with root yield. However, interpreting
nutrient status based on the nutrient index (1X) within the PCA framework led
to bias. In contrast, the same nutrient index produced unbiased results when
used with Pearson correlation. Consequently, PCA is capable of prioritizing
nutrient-yield correlations at a macro scale (regional level) but lacks standard
criteria for plot, farm, or orchard scale evaluation. Using the CND-clr method,
critical concentrations and sufficiency ranges for N, P, K, Fe, Mn, Zn, and Cu
were established. Validation of these standards on multiple farms using the
two approaches revealed that the lower limit-upper limit (LL-LU) approach is
more stringent than the minimum-maximum (LMi-LMa) approach. After
determining CND-ilr reference standards, farm level validation effectively
detected nutrient balances indicating synergistic and antagonistic effects, with
the CND-ilr method providing the most diagnostically informative outputs.
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Comparative analysis demonstrated that both CND-clr and CND-ilr,
supported by credible reference standards, are capable of assessing plant
nutritional status at both micro scale (individual field) and macro scale
(regional) levels.

Conclusion: PCA is a valuable tool for macro scale prioritization of nutrient yield
correlations, but its lack of micro scale evaluation standards limits its
application at the farm level. By contrast, the CND-clr and CND-ilr methods,
equipped with robust reference standards, effectively assess nutrient status
across both spatial scales. Critical concentrations and sufficiency ranges for
N, P, K, Fe, Mn, Zn, and Cu were determined as reference standards indicative
of nutrient interactions. The LL-LU validation approach proved more
stringent than LMi-LMa. Furthermore, the CND-ilr method enabled a more
accurate diagnosis of synergistic and antagonistic nutrient interactions,
making it particularly suitable for site-specific nutrient management.

Cite this article: Daryashenas, A.M., Shahbazi, K., Bazargan, K., 2026. Various aspects of analysis, interpretation and diagnosis
of nutrient status using PCA, CND-clr and CND-ilr methods (a case study on sugar beet). Research Article, Journal of Soil
Research, 40 (1), pp 81-104.
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Table 1. Design of sequential binary orthogonal balances (SBP) of seven elements N, P, K, Fe, Mn, Zn
Cu and FV in sugar beet

Hr* N P K Fe Mn Zn Cu Fv n%" nj" ol
Balances
ilr, 1 -1 0 0 0 0 0 0 1 1 [PIN]
ilr, 4 1 0 0 0 0 0 1 2 [NP| K]
ilr 0 0 0 -1 1 0 0 0 1 1 [Fe | Mn]
1lry 0 0 0 0 0 -1 1 0 1 1 [zn|CU]
Irs 0 0 0 -1 -1 1 1 0 2 2 [Fe,Mn| Zn,Cu]
Irg 1 1 1 -1 -1 14 10 4 3 [N,P,K|Mn,Zn,Fe,Cu]
Ir; 1 1 1 1 1 1 1 -1 1 7 [FvIN,P,K, Mn, Zn, Fe, Cu]
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*1Ir = isometric log ratios; **: numbers of positive sign; ***: numbers of negetive sign; Fy = fill value
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Table 2. CND-clr nutrient reference standards for 7 elements and CND-ilr nutrient reference
(standards for 7 blances (lIr coordinate) in fall sugar beet (Daryashenas et al., 2020

. - o 1 ol
rolis piia nSilee e Syl polis ptia il oo
Nutrient Mean Standard Nutrient Mean N
variate division variate Standard
division
Clr variate IIr coordinate
CIr 5 lsstel 1r 5,lstel
N 3.05 0.12 ilry 1.84 0.07
P 0.42 0.07 ilr, 1.12 0.15
K 3.07 0.12 ilrs -0.68 0.18
Fe -1.77 0.17 lr, -0.48 0.13
Mn -2.72 0.15 1rs -1.89 0.18
Zn -3.83 0.13 lrg -7.04 0.11
Cu -4.50 0.14 1r; -6.74 0.07

CND-ilr g, a2 o sl lailewl =11r coordinate CND-CIF g, &> 4o (sl bl =Clr variate « S yiog ! oy 5 Coms =ilr
ilr = isometric log ratio; Clr variate = It is refrence norm for the centered log ratio method; Ilr coordinate = It is refrence norm for the

isometric log ratio method
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5,S0os 09,5 50 & chawly o didyy 3 Slae (4l (Cut-off yield)
e oo Jlinl 9 45 S8 S 3 55+ 5l 5wl 5 5V
&)l ysSia Lwlid gy Slisbea jl eslizl L (CND-clF)
sl polis 5l plS o gl plads b)) (Y 5 Y Jgi) )5
plsl Wlgs go dadylaslin] oyl 51 oolaiwl b A8 juise g)l50 adS
Jslus elo yzol,l (CND-CIF) g o (sl bl 53 09Ms 23,5
(LL- LU) YU 35 T b 4> 5 (LMi-LMa) Sl T
N, P,K, Mn, Zn, ol ¢ly (IX) olié yobe o asls
L CND-CIr oS g, (Y Jod2) 035 e Cu, Fe

9O U hiE polis Cardg Uyl g (430 ¥F) USSR 45 o5 Fo (YU 3 Shas drols I ouwd Ginio CND-clr g po (g3, Iuiliw! - ¥ Jou
(LL- UL) g (LMi-LMa) 5,54,

Table 3. CND-clr standards derived from the high yield population more than 60 t h' (34 fields) and assessing the nutrient
status using two approaches (LMi-LMa) and (LL-LU)

& 50 3 laiti!
CND-clr-Standards N P K Mn pd) Fe Cu
(0ke)-Mean 3.05 0.42 3.06 -2.73 -3.83 177 -4.50
(sbze B1,291) -SD 0.12 0.07 0.12 0.15 013 0.17 0.14
b ol l(parameters) IN 1P IK IMn 1Zn IFe lcu CND-*
514> (LMa) 2.14 311 ™ 291 128 2.33 157 31.03
JSlas (LMi) -1.46 -2.83 246 -1.55 -3.74 -1.82 -2.75 1.42
(5o 31,561) ~(SD IX) 0.95 0.99 0.96 0.96 0.95 0.99 0.99 721
YU s (LU) +0.99 +0.99 +0.99 +0.99 +0.74 +0.99 +0.99
ol 4 (LL) -0.99 -0.99 -0.99 -0.99 -0.74 -0.99 -0.99
(skro 31 ,23l)- (SD IX) 0.45 0.43 0.51 0.59 0.56 0.73 0.54

15 =LU ¢ lié yolic (clamsls uils 51 jlns ol =SD X «pnic a5l Jilio adgione =LMi cyumic Lasli 51> 239450 ~LMa «yluno 3l ol =SD
2= IZN + |2p+ IZK +é ) d.\aJI) d;)]o )‘ )..oL.c dl}b ua>Lu oS eob)l a5 Lf‘b‘c )@L—C J)Lu L)”L"' =CND- r2 ¢ s ua>Lm U“'lL' J =LL «pais L)”L"" Yl)

SD=standard deviation; LMa= maximum limit; LMi= minimum limit; SD IX= standard deviation from the mean; LU = upper limit; LL= lower
limit; CND- r2. The CND nutrient imbalance index of a diagnosed specimen is its CND r? and is computed as follows: 12 = 12y + I% + 1% +é +
12zq. The upper and lower bounds were extracted using the regression method (Figure 1).
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Fitted Line Plot
yield = 75.06 + 0.750 IN - 3.753 INA2*

CND- a2 ye sladjlaslinl SUI 355 (B9, 93 2
slacble ) odlimul ogos > gl @olis 5 ol LSS Clr
— Bl oxgize (S > &S cunl (IK, IMN, 1Zn, Ife, ICuU
Rozane et al. 2020; ) b solatwl gt yuuds 9 Juloo g duwloes
5 Sy > (Y+V+) o, 5 Rozane .(Khiari et al. 2001
e jlstinl 1 eslazal b 1) )6l (gly (Saiuy odg0000
bo Slhe — fBlis adguote 3g0d jelaie L g CND-CIr
il o pols adllas o 00,8 b5yl YU = ol edguome
ovgy 5l eolaiwl b s 30 VYo (gl CND-CIF x5 5o (sl L5k
rolis &5 Nz (asil by jlodd gl el o 4 p i
(Y Jodz) 15,5 puss CND-CIr plie
J> odgdze 5 xShis = JBlas edgizee dile x> e (slayiel)ly
IK, IN, IP,) oli¢ yole slagasls ¢y Yo uo T ool
ol ol 51 (Y Jgds) 4d awle (IMN, 1Zn, ICuU, IFe
S1as 10,3 solatul 465 py sl yolie Cundy Sbj)l sy
0390y b g yiSTas o JBlis o3gize (po (s paic o asld
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Fitted Line Plot
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Figure 1. Determining of upper and lower limit (LL-LU) ranges nutrient indices using regression for macro (N) and micro
nutrients (Zn)
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Table 4. Assessment and comparison of nutrient status using the CND-clr model through 2 methods of LMi-LMa and LL-
LU nutrient indices (root yield 52.611 t h™Y) T field A

Nutrient index IN P IK IMn 1Zn IFe ICu
(IX)
X Joleio b
YU s — ol s i, Jabse dgeaS ol Jolee 305 Pl b dgiy Jobie b 3geed Jobeie
LL-LU method 2 B Imb.D B Imb.D Imb.-H Imb.D
Imb.-H
. . Jolee
FSlas — JBlas g, B Jbse 3geaS Jolzo Jolee Jolee Sguiny Jobito b Jolase
LMi-LMa method B Imb.D B B Imb.-H B
21ie ol clils
Concentration of
nutrients 39.8 25 25 0.116 0.026 0.410 0.014
gkg*
).wl.i.c ua:-l..u )La.i.o
AT -2.51
Nutrient Index value 147 0.47 0.72 -2.98 2.50 -1.68
(1X)

B= balance; Imb. T H = imbalance high; Imb.D = imbalance deficiency; LMa = maximum limit; LMi = minimum limit; LU = upper limit; LL =

lower limit

ol se g Sl - Pl (Sain (s 03ga5w (g, ¥ 32,b I CND-clr Juo 52,5 b (olié polic Cundg dulio 9 (2bj,1 -0 Jgsar
B as 50— (U8 13 o FA/VY ddiy,y 3,50es) oI5 polie Hadli Wb as -

Table 5. Assessment and comparison of nutrient status using the CND-clr model through 2 methods of LMi-LMa and LL-
LU nutrient indices (root yield 49.12 t h%) 7 field B

Nutrient index IN IP IK IMn 1Zn IFe ICu
(I1X)
Lo b L b . L . Jolaze
YU s -l > 9, > > e » dgeeS Jolaie b S
- Imb.- D
LL- LU method Imb-H  Imb-H B Imb.- H B B
. . Jolsie
Pl - JBlas 459, B Jolete Jolete Joleto 39S Joleio b Joleio Jolee
LMi-LMa method B B B Imb. - D B B
Concentration of
nutrients 41.4 26 30 0.130 0.023 0.269 0.015
gkg*
)..ol&.c ua:l.w )La.i.a
2lis
. 1.86 1.03 -0.88 1.55 -3.98 0.02 -0.94
Nutrient Index value
(1X)

B= balance; Imb. T H = imbalance high; Imb.D = imbalance deficiency; LMa = maximum limit; LMi = minimum limit; LU= upper limit; LL =

lower limit
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Table 6. Assessment and comparison of nutrient status using the CND-clr model through 2 methods of LMi-LMa and LL-

LU nutrient indices (root yield 41.920 t h™) T field C

Nutrient index IN

1P

IK IMn 1Zn IFe ICu
(1X)
aa -l s g, Joleze b Joleze U Jolee Joleo U Jolaze Jolze b 39S Jolata
Yy 3gudi 3 guddis FYWA S 3guddi
LL- LU method Imb.- H Imb.- H B Imb. D B Imb.- H Imb. D
51— Bl s Jolee Joleio Jolee Jolee b Joleio Joleio Jolszo
- J)
. dgsaS
LMi-LMa method B B B Imb. D B B B
i polie clile
Concentration of
nutrients 39.6 29 32 0.072 0.039 0.390 0.015
gkg*
,mli& u»lw )|J.5.n
wlis
Nutrient Index 11 191 -0.79 -2.72 0.72 1.90 -1.7
value
(Ix)

B= balance; Imb. T H = imbalance high; Imb.D = imbalance deficiency; LMa = maximum limit; LMi = minimum limit; LU =

upper limit; LL = lower limit
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Table 7. Assessment and comparison of nutrient status using the CND-clr model through 2 methods of LMi-LMa and LL-
LU nutrient indices (root yield 38.518 t h') T field D

=lis
Nutrient

index
(1X)

IMn 1Zn IFe ICu

LS 1Y) JJL&'A [l J;L-c.;e i JAL"""" [
YU o -l Sgud Sy i

LL-LU Imb. - H Imb. - H Imb. D
method

Joleio b
X d9ueS Jolaio b Joleio b dguin Jolaito b gy
2 Imb. D Imb. - H Imb. - H
Imb. - H

e g, Jos b Jolszo b
Sl Jolsze
- Sgudy Sgudy B
LMi-L Ma Imb. - H Imb. - H
method

Joleza b ol Joleza

B FYWA S 3 guddi dgudis
Imb. D Imb. - H Imb. - H

polis clils

@l
Concentration 44.9 3.10 25.9
of nutrients
gkg*

0.112 0.005 0.442 0.021

0l laie
i polie
Nutrient 3.50 4.93 -1.26

Index value
(x)

1.30 -19.40 3.65 212

B=balance; Imb. T H = imbalance high; Imb.D = imbalance deficiency; LMa = maximum limit; LMi = minimum limit; LU = upper

limit; LL = lower limit

polis (St 039850 5 (Sl Gedald o8 yiall 93 oy
e seble (A Joio) 13 gl el BpaseS g Spas
s953e Sgew)Sy CWdlae (3 HF Hho b ol aen
g Jols 3l (Sdi laodgiome jolie (yisred Wb gl il
oo Gl pow 93 cloie 5 wlsl 4 o laclil
el belale oyl (Melo etal., 2018) 1,35 sl (2/3SD)
Laisl o w3 Huse lp 2l pole blite ol Silo 4
SIS Bl (e (ool (bl g oo bl oyl ) oslizal
ol plgl w3 s Gl g)le ol |y i olie i
Glazpo ggorme g ) 3)Sos (g (ile (Stnsod dlatl) (ieon
(**P0O0.01) 1o > A% maw (1) olié yolic sl mils
aglas Sl caol (YD pa ] does (A Jods )b )b xe
Il Vsl 255 oo s )by 5 2aS 12 i oy oS
SSles o] &5 4 g ord bl LI polie o gpcwlie

(Khiari etal., 2001) cél sals o5l

(5 g 039350 9 (o (SLCBIL gl 5]
2Iie jole s e Ll 5 ,b 5l olis ol
CND-clr

HE polis (St 03 b g Jlou laclale
Slors suie * Jole S slaiolejl 5l a8 el); lalS (ly
I3 Sl s s gl yole e olgl w86
(55t el iy 5l OND s e iy (sl sl
Rozane et »g Ll i polie blin ol il Sl § ausl
(2020) .J,%ex 4§ Rozane .(Khiari et al., 2001;al., 2020)
ol clayasls ol ol 93 e  SgmssS ) bl oolil |
(CDA) (5 sloesls Ll gy bawgp o5 (1X) iz
szl (X) lié polic sllan B (55,5 5 503 Sty
o5 9 Bpas y polie (Shi odgie 5 Sln glackle
255l ly CND lagee o oddicayyai glrodls 5l 1) (8 pns
SmsSy Laly, 5 odlizul b o ol adlas 3 S gl sl

L Univariate
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Table 8. Statistical models for determining critical level and sufficiency range through CND-clr nutrient indices

)apu.c M OYaleo O G o ;?")’” chls ‘;M LEPREDY
Nutrients Statistical models (R?) Critical level® Sufficiency range®
N IN=0.3060N-11.298** 0.84 36.8 g kg?! 34-39 g kg*

P 1P=3.5545P-9.4582** 0.48 2.66 g kgt 2.54-2.76 g kg*
K IK=0.172 K-6.4782%* 0.89 37.6 g kgt 36-38 g kgt
Mn IMn=55.34Mn- 6.3297 ** 0.84 115 mg kg* 104-126 mg kg'*
Zn 1Zn=162.71Zn-6.2268** 0.92 38 mgkg* 34-42 mg kgt
Fe IFe=15.593Fe-4.6941¥** 0.88 301 mg kg* 262-340 mg kg
Cu ICu= 296.96Cu-5.81186** 0.90 19 mg kg™ 17-21mg kg™*
Root yield CND-r= 7.47-0.09110 yield** (R?=0.3125) - -

Oms Slyzo clale 4 jlaee Blssl VIV (0,5 (clain g a8lol b puais b (S 039000 5 (Somw)S ) SYoleo (303 S5 jho b yolis den gl oo lacdale i 4 =Y 9N
oyd ) Jleis] o 5> (65 gixe s 130 )F
(**) Significance at 1%
@ Critical level (CL) values or appropriate concentrations drawn by assigning the null value to the indices of the equations applied to each nutrient
@The sufficiency range for each element was determined by adding or subtracting 2/3 standard deviations from the critical concentration.

CND- SewdlS' o9, b (2138 polie Cursg (2L 5]
T s 131 53685 e jgliio ayilr
SIE polis a5 LS
CND-ilr gy 4 baye yisy 4 €65 \len

Olpss o polic blite cl gl as s )by dgng el ol el o puls
05 9 Spacy polis blite Jl chn (b L 3ySles 9 43,
S SIS 5 (polie Jol5 im0 Sle) By
Syba <8 L (V i) > e (i) Soyegil o)
CND- (g, b oS (slas)jo oz plod ol gl 2098 (25)
o854l 10 b g CND-lr hg; b Ioasme ciidgs oas oLl Clr
Ol S wyy g Aol BIY L ply & e unsiVlale dlold
e g ol duwbro 1IN o OS] acyio ya (glp j5laie
whe polie ol ya (ol (Ilr-ilr*) s Blr* 2 0 5 laikil
Lo Cuto Codle dx dae pyid &S ol ol id duwlbre
polie (ol jo 1y i oy 3iod Golaisl dgs 4 ) ke
sialS) ol )3 dbgype polis Hlde poss b sl dalgs Slie
3,5 )5l oad Jolaie g Vlale alols e o 4l b
03y9] aaldl 1> gl o g s &l (3 Jgan) y3 lawloxe allS

Sl 0l
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Table 9. Assessment and comparison of nutrient status using the CND-ilr model through 7 nutrient balance designs for 4 low-yield population fields (hamed A, B, C, D).

3,5os Fe. M [FvIN, P, K, alold ol alold
ey [PINI [NP|K] [Fe | Mn] [2n|CU] i Cul [N,P.K|Mn,Zn,Fe,Cu] Mn, Zn, Fe, oY le Balanced suwi Jalxie
rootyield  ilrs-ilrs Hrz-ilry lra-ilr Hrailrg Hredilrs* Ire-ilrs ||r‘C-liJ|]r‘ . Mahalanobis Mahalanobis
[ distance distance
. 52.611 -0.373
A s, 0.114 -0.240 0.046 -0.545 0.034 -0.112 5.38 3.4
Field-A
B a5 49.128 0.11 -0.25 0.14 0.19 -0.40 -0.19 -0.11 4.74 2.6
Field-B
Cas)jo 41.920 0.005 -0.23 -0.54 -0.22 -0.06 -0.16 0.063 462 3.8
Field-C
D“I‘J}‘ 38.518 0.05 -0.48 -0.31 -15 -1.24 055 -0.235 27.6 5.77
Field-D

yolie plw =FV (olie jolie 3kl = S og sl ot )5 (gl SIl* s jo digas = < yiog il ol ) slacmns =ilr
ilr = isometric log ratios - farm sample; ilr* = isometric log ratios - nutrient standard; Fy = fill value
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Table 7. Evaluation of the nutrient status of all 170 fields using the PCA method, considering nutrient index (IX) and
absolute nutrient concentration (X) in relation to root yield.

(1X) yuicio PC1 PC2 PC3 PC4 (X) guiio PC1 PC2 PC3 PC4
IN 0.524" -0.012 0.304 -0.299 N -0.453 0.309 0.234 0.487
IP 0.402 0.464 0.341 -0.135 P 0.004 0.642 0.124 0.022
IK -0.317 0.148 0.527 0.606 K 0.555 -0.038 0.004 -0.291
IMn 0.016 -0.802 0.091 -0.015 Mn 0.031 -0.535 -0.280 0.598
1Zn -0.457 0.256 -0.059 -0.089 Zn 0.504 0.213 0.036 0.229
IFe 0.292 0.184 -0.700 0.366 Fe -0.099 0.336 -0.922 -0.044
ICu -0.412 0.140 -0.113 -0.619 Cu 0.472 0.214 0.005 0.516
Eigenvalues Eigenvalues
. 2.5933 1.4919 1.2292 0.8085 R . 24313 1.8413 0.8932 0.7863
ojug pdlie oh29 plie
Explained Explained
variance(%) &:j¢ 0,370 0.213 0.176 0.116 variance (%) 0.347 0.263 0.128 0.112
alyly osbly @i
Accumulated Accumulated
variance (%) 0.370 0.584 0.759 0.875 variance (%) 0.347 0.610 0.738 0.850
ol yly e by gess
Selection Selection
criterion(SC) criterion(SC)
ISR 0.31 0.409 0.45 0.556 ] e 0.32 0.368 0.529 0.563

dlaly alisgy &S wen adyy 3,50k b (X) polis gl clalé 5 (IX) 36 jolie (adls (s sine b3yl oninsilis &l ond asein oy ) b oS g polie
A olie polic (a3l ICU B IN .15 awl=e (SC=0.5/8Eigenvalues)
*Values in boldface are dominant in the PC loadings by setting the level of significance defined according to the selection

criterion(SC=0.5/aEigenvalues). According to the SC, the boldface coefficients in the table are considered dominant in the PC loadings. This means
that the traits associated with these coefficients are significantly related to the respective principal components. IN until ICu are nutrient indices
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Figure 2. Principal component analysis (PCA) to determine the effect of nutrients on root yield -170 sugar beet fields (a):

Absolute nutrient concentration (X), the first component (PC1) and the second component (PC2), respectively, 34.7 and
26.3 percent of the variances (b): Nutrients index (Ix), the first component (PC1) and the second component (PC2),
respectively, 37 and 21.3 percent of the variances.
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Table 8. Pearson correlation coefficient (r) between nutrient indices (1X) relative to each
other and relative to sugar beet root yield (170 fields)

Root yield
| aiyy 3,5kos IN IP IMn 1Zn IFe
IN -0.361*
IP -0.305** 0.600**
IK 0.339** -0.383** -0.092
IMn 0.028 0.026 -0.446%* -0.155%
1Zn 0.294** -0.564** -0.330** 0.203** -0.320**
IFe -0.426 0.035 0.099 -0.438* -0.204*  .0.328™
ICu 0.486** -0.496** -0.304** -0.199** 0.328** -0.299**

Lk glie yolie (adls ICU U IN wop ) Jlois! maw )0 )b pxe ## o )d & Jlain! pdaw p> )5 e #
* Significance at 5%; ** Significance at 1%; IN until ICu are nutrient indice
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Figure 3. Root yield versus nitrogen nutrient index (IN)
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Table 12. Pearson correlation coefficient (r) between leaf nutrients relative to each other and relative to root yield of sugar

beet (170 fields)
k) 3 Ndes N P K Mn Zn Fe
Root yield
N -0.317**
P -0.154* 0.341**
K 0.456** -0.654** 0.026
Mn 0.055 -0.179 -0.497** -0.104
Zn 0.291** -0.327 ** 0.184 -0.149** -0.104
Fe -0.337** 0.111 0.260** -0.014 -0.149* -0.017
Cu 0.491** -0.223** 0.200** -0.104** -0.014 0.614**  0.001

* Significance at 5% ** Significance at 1%
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Table 13. Assessment of nutrient status of low-yield population fields using PCA method considering absolute nutrient
concentration (X)

= PC1 pPC2 PC3
X)

N 0.179 -0.620 -0.340

P 0.532* -0.261 0.207

K 0.211 0.571 0.333

Mn -0.370 0.276 -0.589

Zn 0.457 0.341 -0.260

Fe 0.276 0.341 0.134

Cu 0.468 0.170 -0.547
Eigenvalues® 2.1364 1.6229 1.0304
Explained variance(%)? 0.305 0.232 0.147
Accumulated variance(%)® 0.305 0.537 0.684
Selection criterion(SC)* 0.342 0.392 0.492
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%Values in boldface are dominant in the PC loadings by setting the level of significance defined.

according to the selection criterion(SC=0.5/&Eigenvalues). According to the SC, the boldface coefficients in the table are considered dominant in
the PC loadings. This means that the traits associated with these coefficients are significantly related to the respective principal components.
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Figure 4. Principal component analysis (PCA) to determine the effect of nutrients on root yield of 136 sugar beet fields

(low yield population) considering **absolute nutrient concentration™ (X), first component
(PC1) and second component (PC2) with 30.5 and 23.2 percent of variances, respectively.
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approach, predicts the spatial distribution of soil physical and chemical
properties based on the SCORPAN model. However, one of the keys and often
overlooked factors influencing mapping accuracy is the spatial resolution of
environmental covariates, which may either enhance or distort the true soil-
forming patterns. This review article aims to examine and analyze the impact
of the spatial resolution of environmental variables on the accuracy of DSM,
particularly in arid and semi-arid regions of Iran. The specific objectives
include: (i) identifying scalability challenges such as scale mismatch, noise
amplification at very fine resolutions, and computational costs; (ii) providing
optimized resolution recommendations based on landscape type; and (iii)
proposing multi-scale approaches and advancements in machine learning to
improve local accuracy and global generalizability. This review emphasizes
the importance of adaptive spatial resolution selection for practical
applications such as sustainable agriculture and evidence-based
environmental policymaking under climate change. The focus on arid and
semi-arid regions stems from the high sensitivity of these ecosystems to
micro-scale variations, where inappropriate resolution may increase
prediction errors by 30-50%. Ultimately, this study seeks to bridge theory and
practice to enhance DSM as a more operational and effective tool.

Materials and Methods: This targeted review was conducted in accordance with the

PRISMA 2020 statement. A comprehensive search was performed across
major international and Persian databases, covering the period from 2000 to
2025. Search terms consisted of combinations of key DSM-related
terminology. A total of 438 articles were initially identified. After removing
duplicates, 302 articles remained for preliminary screening. Inclusion criteria
comprised studies that directly or indirectly examined the effect of spatial
resolution on DSM accuracy and evaluated at least one SCORPAN factor.
Following full-text assessment, 150 articles were reviewed in detail, and
ultimately 56 studies were included in the final analysis. Data extraction
involved categorizing variables according to the SCORPAN framework,
evaluating methodological approaches, validation metrics, strengths and
limitations, and identifying emerging trends.

Results: The findings indicate that, in complex arid and semi-arid terrains, the

spatial resolution of topographic variables should be as fine as 30 m to
adequately capture local features such as rills and erosion patterns and to
prevent excessive smoothing. Otherwise, the prediction accuracy of
properties such as clay content or soil water storage may decline by 30-40%.
For climatic variables, a spatial resolution finer than 250 m is essential in
these regions to better model microclimates and their interactions with
topography, thereby reducing unexplained variance. Biological and remote
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sensing covariates require a spatial resolution of 10-30 m to capture seasonal
and patchy vegetation dynamics in dry ecosystems, potentially improving
prediction accuracy by up to 25%. Parent material and geological variables
are generally adequate at 90-100 m resolution; however, in highly
heterogeneous settings, integration with topographic data is necessary to
improve the prediction of soil chemical properties. Soil age and spatial
position variables play complementary roles, and their integration at
moderate resolutions may reduce uncertainty by 10-20%. Recent
advancements in machine learning algorithms and multi-scale modeling
approaches have improved prediction accuracy across multiple spatial scales
while addressing challenges such as scale mismatch. The recommendation
framework suggests that in humid and temperate lowland regions, moderate
spatial resolution is generally sufficient, whereas in arid and rugged
landscapes, high spatial resolution for topography and vegetation is essential.

Conclusion: The analysis underscores that spatial resolution selection should be
adaptive and dependent on landscape complexity, modeling objectives, and
practical constraints to balance local accuracy, computational efficiency, and
generalizability. In arid and semi-arid regions, high spatial resolution more
effectively captures micro-scale patterns of erosion, salinization, and
moisture distribution. However, it also introduces challenges such as
increased noise, overfitting, and large data processing costs, which require
careful methodological management. Scale mismatch among covariates
increases unexplained variance and highlights the need for spatial
harmonization. Advances in deep learning and three-dimensional modeling
are transforming DSM from a static to a dynamic framework, improving
predictive performance in environmentally sensitive ecosystems.
Nevertheless, critical gaps remain, particularly the scarcity of historical soil
age data in specific biomes. Ultimately, this study demonstrates that spatial
resolution is not merely a technical parameter but a key determinant of
uncertainty reduction, enabling digital soil mapping to evolve into a more
effective tool for environmental policymaking and sustainable agriculture.

Cite this article: Kharazami, R., Bodaghabadi, M., 2026. Impact of Spatial Resolution of Environmental Covariates on the
Accuracy of Digital Soil Mapping: A Review Based on the SCORPAN Conceptual Framework. Review Article, Journal of Soil
Research, 40 (1), pp 105-126.
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Table 1. The most important environmental covariates used in digital soil mapping.

Main
SCORPAN  Environmental Sensor/Satellite Common Spatial ~ Application in Key References
Factor Covariate Resolution Soil Property
Prediction
Digital Elevation Model LiDAR, SRTM, 1-30 m Soil texture, SOC, gr?q\ﬁrfzezlt(eatla;éé%)%l)?);
R (Relief) & derivatives (slope, ASTER, (LiDAR/UAV) 30190  pH, moisture, Zeraat ishéh etal ’(2023)_
TWI, MrVBF, curvature) ~ TanDEM-X m (SRTM/ASTER) erosion P | '
Garosi et al. (2022)
gferﬂﬂf.@iféﬁ WorldClim SOC, pH, Hengl et al. (2017);
C (Climate) S ' 250 m-1km weathering Khosravani et al. (2024);
evapotranspiration, MODIS .
L processes Zeraatpisheh et al. (2023)
bioclimatic indices
Sentinel-2, B —— SOC, nutrients, Lamichhane et al. (2019);
(OOr anisms) \h}f;gti\éli’nlaﬁ:s’s Landsat-8/9, ;?ng drTs]aE)S entinel soil texture, Khosravani et al. (2024);
Y Y MODIS biological activity =~ Garosi et al. (2022)
. National pH, CEC, texture, Bui et al. (2006);
Eg;::?;; ﬁt‘:%lﬁ) gical maps, geological maps, 90-100 m nutrients, Nussbaum et al. (2018);
oy Sentinel-2 salinization Zeraatpisheh et al. (2023)
A& N (Age . Sentinel-2, Piedallu et al. (2022);
& Spatial Ic_c?\r/]gr ucsgor;:jsitr?gésland Landsat (time 10-30 m ssgglzg';:ofc Zeraatpisheh et al. (2023);
Position) ' series) Khosravani et al. (2024)
S (Soil) Previous soil data, legacy  Field sampling + Point data (integrated ~ Model calibration McBratney et al. (2003);

soil maps

interpolation

with 10-30 m)

and validation

Hengl et al. (2017)

1 Cation Exchange Capacity
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Table 1. Optimal Recommendations for the Spatial Resolution of SCORPAN Model Factors Across Different Ecosystems
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