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Abstract

Introduction: Accurate land suitability evaluation is an important basis for sustainable agricultural land
management and improved crop productivity. Conventional parametric land evaluation methods commonly
represent the effects of soil limitations using predefined, piecewise-linear relationships between soil
properties and suitability scores. Although these relationships provide a continuous representation of
suitability, their fixed linear form may not adequately capture nonlinear crop responses to variation in soil
properties. Fuzzy logic provides an alternative framework by expressing the degree of suitability through
continuous membership functions whose shape and parameters can be adjusted to represent nonlinear
responses. However, the parameters of these functions are commonly defined using expert knowledge or
predefined threshold values, which may not fully reflect crop responses under specific field conditions. A
data-driven calibration approach can reduce reliance on manual parameter setting by optimizing membership-
function parameters against observed crop performance. Therefore, the objective of this study was to develop
a data-driven fuzzy soil suitability model for irrigated grain maize by optimizing the parameters of fuzzy
membership functions using the Differential Evolution (DE) algorithm, and to examine the contribution of
individual soil properties to the relationship between soil suitability and observed maize yield.

Materials and Methods: The study was conducted using observations from 100 irrigated grain-maize farms
distributed across four agricultural regions of Iran, located in Khuzestan, Fars, Qazvin, and Kerman
provinces. Climatic suitability was considered similar and suitable for maize across the study areas; therefore,
the analysis focused on soil-related limitations. The soil and land characteristics considered as model inputs
were soil pH, electrical conductivity (EC), exchangeable sodium percentage (ESP), calcium carbonate
equivalent (CCE), gypsum content, soil texture, drainage condition, and slope. Actual maize yield, calculated
as the average yield of each farm over five years, was used as an independent criterion for evaluating the
relationship between the soil suitability index and crop performance and as the objective variable for data-
driven optimization; it was not used as a direct input for calculating the suitability index. A classical
parametric suitability model based on the framework of Sys et al. (1991) was first implemented as the
reference approach. Subsequently, a fuzzy model was developed in which continuous membership functions
were defined for the quantitative soil properties according to the agronomic response of maize, while
qualitative variables were represented using expert-defined suitability functions. The parameters of the
membership functions were then optimized using the DE algorithm by maximizing the coefficient of
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determination (R?) between the resulting fuzzy soil suitability index (FSI) and observed maize yield. The
initial fuzzy model was also evaluated before optimization to quantify the effect of parameter optimization.
Sensitivity analysis was conducted by removing each soil variable individually from the optimized model and
assessing the resulting change in R2 Permutation-based importance analysis was additionally used to
examine the independent contribution of each predictor by randomly permuting its values while keeping the
other predictors unchanged. Alternative aggregation operators were examined using the generalized power
mean, and the effect of assigning variable-specific weights on the resulting suitability index was also
evaluated.

Results and Discussion: The results showed that data-driven optimization of the membership-function
parameters improved the relationship between the fuzzy soil suitability index and observed maize yield. The
coefficient of determination increased from 0.45 for the initial fuzzy model to 0.69 after optimization,
whereas the classical parametric suitability approach produced an R2 of 0.59. Accordingly, the optimized
fuzzy model provided a stronger explanation of the observed variation in maize yield than both the initial
fuzzy formulation and the classical parametric approach. These results indicate that, in addition to adopting
continuous fuzzy membership functions, appropriate calibration of their parameters is important for
representing the field-level response of maize to soil limitations. Sensitivity analysis and permutation-based
importance analysis did not produce identical rankings of soil properties, reflecting differences in the
information captured by the two approaches; nevertheless, both analyses highlighted the greater contribution
of several chemical soil properties to the observed relationship between soil suitability and maize yield. The
complementary nature of the two analyses provides additional information on the influence of individual soil
properties without implying that either analysis alone represents a unique causal ranking of the variables.
Evaluation of alternative aggregation operators showed that the generalized power mean approached the
geometric mean, with the optimized power parameter close to zero. Consequently, the geometric mean was
retained for the final suitability index. Furthermore, applying variable-specific weights did not increase the
coefficient of determination of the fuzzy model, indicating that weighting the membership functions did not
provide an improvement over their unweighted geometric aggregation under the conditions of this study.

Conclusion: This study developed a data-driven framework for fuzzy soil suitability assessment of irrigated
grain maize by optimizing membership-function parameters using the Differential Evolution algorithm and
observed field yield. The results showed that optimization increased the coefficient of determination between
the soil suitability index and observed maize yield from 0.45 to 0.69, compared with 0.59 obtained using the
classical parametric approach. The findings demonstrate that data-driven adjustment of membership-function
parameters can improve the ability of a fuzzy soil suitability index to explain variation in observed maize
yield under field conditions. Sensitivity and permutation-based importance analyses provided complementary
information on the contribution of individual soil properties, with several chemical properties showing
greater influence than the evaluated topographic factors. The geometric mean remained the appropriate
aggregation operator after evaluation of alternative power-mean formulations, while variable-specific
weighting did not improve the model’s R2. Overall, the proposed framework provides a data-driven approach
for reducing reliance on manual specification of membership-function parameters and may be considered in
future soil suitability studies for other crops and regions where reliable field-performance data are available.

Acknowledgment: The authors gratefully acknowledge the support of the Soil and Water Research Institute
in conducting the research project entitled “Determination of Crop Growth Requirements for Maize in the
Provinces of Khuzestan, Fars, Kerman, and Qazvin” (Project No. 014-10-10-9452-94001). Some of the data
used in this article were obtained from this project.

Keywords: Differential Evolution; fuzzy logic; maize; membership-function optimization; soil suitability
evaluation.



1Fe0 oo les PRl (‘_ngjL&f‘_;o.l& aoes) oy gwdige

L 23 e l

SIA18 D0 Cls Sl p ST Cawnld b 3o 50 (SIB S X yamm0031d (5 ilwding

"dos ool aablh 5 Gt sl 5 ol ¢Sl g

Ot ez S e850sliS gmiss 5 isel «Dlades Olojle (o 5 &Sl Slados duw 3o (2055 Hbkul -

Olpl gz S «6503WiS guss 5 riseT «Dliios Olojle (0T 5 &Sl Slidos dun Jo o R0 55 5Ll =Y

‘C;‘sj,,use_};)j;yﬂou_.a,gou;u“‘)Tjeﬂs;,La_.a,.;Wy‘yl,\&q;,\)su&uuau@h‘ﬁu,;ﬁ -v

ol

]

3 *

o axo )b

Al S e 38 bl G131 31 (O D5 sl (b33
29 Sl (§39Ls” OV gaze W eF (6390, Pl 9 I mbe
Sl 30 SUlg s 4 (53U Slame 3l ool ¢ wi Sl Lo
L rCou [ PURE SO Tt g EYUNE T RE T TPRY)
Db 4l Oldlae Al 53 Cag—as mlgi Lo il
Joo & dxwgd (a9l I Bud Sl 0l g (il )l
S G118 DHd ClS 50 I Cwld 2l 3ol (Sl sgecdld (3B
291 Sl odliiwl Ly Lo gmine @ilei S yolil (Silwdug G250
SI18 3B 4z y 0 Vo o OleMb gt 3l (Sl p 099 Lol ol
(29 Obwigs (b SOkl fold 59i5™ (1)) dikain sle
ilain sl B Sl aldl Cwld .od 5 518 colatul 3390 Olo S 9
Sl Il Calise Sl 5 39 L cpl ply .09 cwlino g 4lio
Ol 7 o yd ( JOW mrdw Aoy (O BTN Culud w5l sy
Olgaedn (o3l ud § (ASB) Curog (8l g 9 JOlro als”
il ST Cwld el 9 DL G5B S (53959 Sl e
Aly G o p0 Silwdinin Sud b Cogas @lgF Gl yolrl .o
S pShos NIl diugy D98 (819 8 Khos 9 I Cwld sl g
i e Ll dialy 4l p ST 0 ol 095 b (S8 S
e b Sl 9 Al (S14510 D8 B9 O Shos 9 I >
a0 Sl (99 9 Calud Jolod 3l 00liul b - v 39
oals Hloie wlel p ((permutation importance) cuSl> »
e (3N e B Ol (SOl glralr 3 e o 0
2o (AL il 53 (A3039 519 e S Rhos ((pwizeed
9 Combud oo gl i 57 51 5B (i 2 9390 ST il
ol LS (Gl T35 Gy 5 3 Sy p (Ao !
SLA T 39 (F 5 e Sl 595 90 P G (Nidgs Sl

LY ATE

\f'a/'V/'A:&L@J ufu_,g_u\g.

(Sl Slals”

I cwlid by
(AT JolT s 9T
iy gie W (S bt
(Sl &3

«SJb ko

SIS s adge

Email: mahnazskandari@yahoo.com



mailto:mahnazskandari@yahoo.com

YFY

o33 (636 e G gmennnls (il 101, Ken 5 (g kSl

b Sl il WD ¢ lnnds Slb TH9 03194 (T
3038 Jlae! § usd SLSH @uea Khoe (3 5 lio Olgie
45 318 OGS Z s .ol (SIS Juo Lol o yo gl 8l o
S0l s 591 31 o8kl L (836 Joo cugiae @lg5 (65 dings
(19 2 Ko 9 B cawild (2l (p daily G o9 50 (MO
O A o (381 [N 4 Adgl (5B Jao 53 <80 3115 D53
L5 .09 il Cawddy + /0% (KM G iyl gy 33 ok
Cugmas dlgi Ho-0031d (G lawdaug 45 310 UL sgh (ol
3 o (S 1y g (e 33 S sl LS U195 WIS oo
S Cya A g domdd 30 A gl 3811y D0 Bl
Rl 39 oAbl L sl b o AT Sy gias &lgF S yielsl
PRI il gLy Sl ST Ol 53 Klgi 0 B9

Db 08 g 74 o g (Sldikuio Sl wlito

douko

oo il g o sladh & 3 slaans 5o Olgr 655 i Sl 0 fpge S| S500lST bl drns 5 oM ol
($529WS" 1) 3t o3l &S Ll ok om0 5 (S50, il B ops 5 el Dl i (T 5 ST e Sy sl
LB S ISal 555 3 S e lin 53 Dpama o il il i 53 3,8 s 5 5550 88 I
ol O 31 (S D5 (o) ks 55l ol 125 gt o gums (e lie Lai 5 ()13 0,00 (sl 28 A 5
(FAOQ, 1976; FAO, 1985) 45" s Ll ciS” (6 S oy 9o 5 ST e Sl o ke )3 agn S ¢l S (Sl

Dy gl 355 g0 0 g O ) 5 Ol (105 DBLS oy g 31 (S (ZBAMAYS L) (glals 33 ¢ 2155 Y gammn Oln >
o3 718 5508 35 Calien (glaos 5T p A5 5 sy catlis o gliE gl s pb s pls ST b 3 enlad 28 093
)\J;Lsobjgd_,».\”&m@,:‘53&\ﬁ;,vggsuji,M}\@mJ»\,paujr&ﬁ:‘\:g»;%s;;u.wb
g oLl (A 5 gladis o AT 53 5 p 3 e (I3 0 e o guamms ol ST (5l s (1 Ll gl ol
(FAO, 2023; Liu etal., 2023) Asly 4313 (5 5 3o (25 (5555158 (Sl gt (65l 20l 5 Lol 1

S il (Sysetal, 1991) OKen 5 b S5 el 5y FAO Ol 5 e S Gla_bs)y op jotdatlis §| S
3 drals old Sl et ¢Sl Shoe 6K G b | e 5 0l ol a3 $S ST S a6l 0T 3
b yodi a8 Sy 0l 5 Olgr Caltiee LB 53 B 5 1) S e 31 (6o el S50 53 2308 Sadle B 25
s G55 Sl By p ity S (SS Olozen C(GIS) S DM (glaslols Losme 13 | ol S 5 Slabs Sl s
355 g guien )

5S¢ o8l (gl it 4y a3l o o s sy o gl (Slacty s goma 31 G S5 bl sla gy 03 28 3 )08 s s
b s (slanksd 3Ll il 5 51 pitn 55 0 s a2y ) 53 3 08 b g sl Dy 3 4 ROT pnlie 5 5 S
gy Mo ) 75 5 oo bl dom 53 BT 53 o7 5 55 g0 o0litl sings ol &S5 (515 &l b il lasjly )3 Sogline gla
a%flj.uto.\,z_ﬁaﬂ;twﬁ%,@fngdjdb;..gg@u:@\sdud\wg\,)wuw;)TL;,,,;);

Afol:f kfé‘} cm\i &L«JJLJ: c‘j di‘ L;U}S' ‘})u:’.\)‘ uhff“«w"w‘lg&)z .U}?@ QTW‘@‘& ojL.vJA)J 419;‘)

1- Geospatial Information Systems



Y'fY

1Fe0 oo les PRl (‘_gj)jufdo.l& aoes) oy gwdige

2 SV S By gl 7 (635050 53 (ol ol iy ok b s b Ko a ol 5 ST gla Sis i
.xfu.&a;aL‘Latf))laaf\)wwo\ﬁx.\;\}ﬁ@\&{wc\jalé“n\g@.:jk:uh.)&\{a&\:omg;oiﬁk{b)jl;gu;a

Lol bl B g 5 BB b Sl ks g5 52 (658 Glate Sl esliial ot ans 55 (b (s sdoe oyl 2aST ) dlates
(o 9 el G B o a3l 53 Ly e 3l sl 53 syl ST 4 oIS 3l (sl S (S35 m s (sladite s
33 538 Gladis 8 Sl ods Lo gn S35 cpl (ROSS, 2010) 305 o (g5ledbe din gy oy gt ST Ll 5y
S0 e Soalad pde Wil 5 Bl abls ST S )l sla By 4 o (650 (6 p i Blanl (Wl I (g ks
Sl ol S ealial L OT )3 & 35 (hagy ) (al 03 (sl Dlallls (e 51 (S ST Sy e |y ol la o0
S 5ls Ol tags ol uls (Braimoh et al, 2004) s S gbjyl ) ke dled 53 D3 (Sl ks (e b0 5 i
o,us@g,,;.i,,:;c\j;L;u,—.ebgwu,\;(Rw.87)¢,s@|,;;wg&yy;;@65@J,\ﬁ;\yuwuﬁu
538 late 5l b i ST M (sotate (gla a3 copmmen 13 g o plasil ) eaodls O gl ST LT g 0ld ekl i S
Swans i ou g FUZZY AHP' 55, 3l eslinal L fa sy 55 eJlis gl ins (BB 1) Sl cwls glaaiis Cds GIS
Lg;v._.«,.pj_gdjléék;aé:ﬂ?6;‘:0[&3&\.&»@\@\543-;\..,\.3-&\1)')5)‘3)..\3‘);&)5&.:5@6.;5‘)\9.»\'54&‘-&5
WJbe Olge 4 59 Sy slaCans ) Olomen bl (kST S b b 233 b 1y ST Clie bl 15 a0 sbmarti
dljéhjﬁ\)g)ﬂﬂx%\f&m, ;\Jé\n;;t{.\s\;&&u(wo@ﬁs—b};@}jguﬁuﬁ bl ke 3059
(Arifetal,, 2025) Sk (g jlutings  gvamee 5 Shas 8l (ol jl eslizl b 5 (56 &y suze

L;,,?(.:M; Gl iss gl 5 GIS Fuzzy AHP AHP' (gla js) Olomer & Lias o Ol 5 e (59,0 Slllas
o5 IS5 s ol il s\nﬁ)ﬁ“j‘ oslizal & Jbm 3 ki (oSl ls b5 S il obmedsr
T ol iz iash VO &S Jlsauls gy e andlles ¢SS 5 (Abdullah et al., 2025; Mema et al., 2024) ol 5 5w 5ip S guias
Sl 93 0328 b (MCEA) ojlasir S o 3,535 4 A e ol 035 gy YA B YN Gladl
2 Wsls 055 5 536 o g w5 elallan oyl Sl (Slodae i 53 457 A 0313 DL i Wl 0 w5 S a ol s
2l s (gl s omesls s gy ik (DaNg, 2024) Sl sl s Slali ST igliB b odd i A i 1 polie al
L;lja.\:ucy.;\wud,:qst,w(Louetal.,2022)@1)&@,,3cu);,_@);.;Mlaf,ljs@jsgmjso;mﬁbg
sk il bl @uj&thGJ;E Ll g p o e Gupsm; Ol oy Y guame ST 5 SN L5
e ool 0T s 53 g (513 31 (S el pl (o ol S (Sl 5 somaesls (gl by a5 457 a3 iy ) 5l
5 Bk o AT sl By 4 e B s (25T bl e 148 5ls O YYD 55 0dd jimte (g9 0 lis
A?jw)}asjgwcb)&bl}of—éfuwgébQ\xﬁ4.3)wlaw\@hjﬂsfyéhdwj\k;)l:..‘.glﬁhf_.w\s\:‘i,\:
Ui 83 Il (gl O gl ST LB g sl chadiga (sla Sy Sl eslinad Doyg s s adlllae Q\f.xwy Ayl B8
(Bai etal., 2025) wzils AS T b1y} ks

o9 FAD Sl b 8155 OV gummen Syl ks gyl i) 53 (gt (gla a3y ol (gladle b 55 01,0 5o
5 Shas 3,87 5 53 STl Canls byl Calies (o i) 3 Slas (Dlalllas ool 5 (S 55 . o,\;(,\?,;\@t;éb)&,«.abg
5 Shes 5 cmls astls e (6wl LU, L6 s o cladde &5 Lals L 5 Sl ok duwlie ST saeST 55 )3

1- Fuzzy Analytic Hierarchy Process
2- Analytic Hierarchy Process
3- Multi-Criteria Evaluation Analysis



YFF

o33 (636 e G gmennnls (il 101, Ken 5 (g kSl

Seyedmohammadi et al., 2019; ) O)Ser 5 (leswadew immen (Azadi et al, 2024) &S o )5y Jsame Al
2 sl b)) 53 3 s sy il adlas oy 55 (Navidi etal., 2021) o JSer 5 b 5 5 (Seyedmohammadi et al., 2022
58 s 5 Shee b (636 ke sla sably  senasls (6 jlutings ¢ S el Cows 35 g sllae ons B 4 5 03505 eslizul Ol
Ll 8 K 513 o 35 g0 DAlae ) > Sl IS 025 S Sl oslizd

JSE ot e 53 487 s o 0L el lalllan 55 50 (536 (3t 3,087 53 0kd Juol (Sl i s s b al Sl
?f\.@humﬁﬁuﬁgﬂ\idqpct.a);L;;L@;;:ﬁﬂ;uﬁ‘wujlfo,hééwujuoﬂ;hﬂbg)gﬁ@cb:
Syl 1y J guames 3 )J\s.L;uj;ww@;b@\)jlﬂud;ﬁ@)w‘@\a;wml‘}{ujuu&!ﬁ!d,z;juﬁ_,)g
U b ool (cladie 3 w53 Wloci 0 1 JIST dls 5 Shas (cloosls wl y ulis ) sboay Sy g w5 sl bl | e o
35 35oue Calibs Ll 4 0T oass OISl 503 5 sl y i )57 40 25 & (g3

S amg sy 5 e sladde gla el yl S5 ‘,.:Jaﬁ &y ‘}A&: Solwang L;u(,:wisl ) eslawd el gladle s
SR (5 el S i 55 i N5 o 6 OB Jl JoSS (53l 20 S o gy ) Oloe 3 ol 35
Dasand ) 55 o a5 (5t Sl B0 0 TS 31 (G Ot (g sz 5 ot Jilu 53 Coslin s Shas 5 o sllae
BT RS RGP (’i‘ 5 O el S (6l =S }ill b Sheslaal ¢ ool 5 = 5 b (Suganthan, 2011; Storn and Price, 1997).
3 5 fr 5 2550 S 0T il 5 50 0598 e Bl > St 4 ST s

okl ol (gl )3 S8 50 ST s bl sl o pmesls ozl ES ann g da b ol s o el ol
258 w5 Sty pO5HN S 255 Jok a5 S5 4 ol 5 g0 e S 25 ) 52 aopT il ) gomnesls Gladis sn 5
Slaais 4 (5l (glow 03 S ol 5 ST Cls GL5 ) 53 e BB 5 8 ) S5 5 (51 o3lind B ¢l 3 Sas 4l
5L S5 gl ulie 43 Sl ks
B w9y 9390
oliiwl 8390 (SOSIS g axfllan 590 dikaie

sl o as i) bl s Shas Sledbl 3l glals opd CiS s STl ks bl (gl (56 ke &S a5 slatens
ﬁJ_b'sc,z.sgw)l;ol:‘ﬂlﬁols))'@t.ﬂ;,s-;)l;w\,su;);;JauL;Jpl;ﬁdl..\.za;u;.ﬂl),zsg;)s.gjawamjtﬁ.);é\}
N oS 5 by bl ol Sl i o ol 1) (Sl 5 ST Ll 5 1 mnns dials o7 35 Ol 7 Ol 3 459350 5 9 Oleod
5SSl Ll 5 ) glals g 5 e geed BB 5 Slas 5 i able b ST o) ol s gty D)5 A5 el
okl Ghba Sl 35 s 5 Ligh o omome 58S (Slails )3 A5 e Gble S Ole ST 5 )b Ol plesil S
3L;a?ujéls-C}::.a.]ailfi.).aojs&é\j@IJ‘.»J’Ié\awq&psaﬁlggat.«dlgwhd\jb.;wl&TQJSC,.J‘.f
OB (b s _owlidl pn (gaolSiul Soke iy (sloosls 31 ¢ gaddl ol vy 1 ) shaiody s L ol ke ol oad B 213
A oslad 495l 5 0958
e a5 3147 i Ol (gl S ey 4503 g1 5m STl (sla S35 1SS 55 Shae 1 ke Jol s i 2lS slatesy

,~|miuw6;\,;;)L;wtw_;,t,a.,;d_ﬂ.uCUa;¢>,:4,Jum,f@|f¢u.mgm>6€m@\,@om»ugl,,'cw_.u
53l ol S5 O e Sy e ¢l gl i oo S ke il Sl 5 ool O3 puzn solaT S ke (ST By dler

..k.i.su’ljéujgh.&&)u}‘_Q&\CLAOIJLGQQTQ\J:&S)M@;JE}):@!}A&

1- Differential Evolution (DE) optimization algorithm



YO

1Fe0 oo les PRl (‘_gj)jufdo.l& aoes) oy gwdige

IRl 35 n ailate (65,918 ol o 0y50 I (b oS 35 4050 g2 53 s gy o e ) g 150 5 S AU

a3 o DL 1y s ol 55 el (6,13 5 305 LG 5 andllas 3 e Golia o) Ji.:.;,em¢m1@u)'\,
(SlaolSens] bt ga (laosls $SS & ailate gz (ol ol et (D53 3 Shes 53 il 2B g g slie 4 S

0313 U5 ) 5 (613 85305 Jomn 55 ST (gla S5 5 s (517 e laT ks (Sysetal,, 1991) 01 )SCas 5 ol 355 4 comlie
Poiie o 3 E S5 A 8 8 L5 5 Jis (513 24 gui derls S5 Dl 450 p ey o Olos (8l 5 e b 0T
«(Soil Survey Staff, 2024) K oT &Sl bl o 5 o STl (6513 25505 5 g 25 (Slotaly 4l o ST ks 8 i a5
b tslaT s Sl oBislasT gm0 glomd 5 (S35 Gl T (ol 5238 ol ST (0l 65505 B o 5l 5 okl s 25
i oo Lo g Ll 8 0 jlae 53 (S8 Syl cazih 9 1S dhoos g3l 255 0 oS ST (5, S o3I ol
el o3l b 258 5 & gl 75 5 b Jslas ool Sy 5700l 8 s a3 Y0 (a3 (511 OT pomes o 5 o&isleT (53 53
SHeslizal L (CEC) 555 Jsls &b b ¢ a sl olSams b o5 ook il 29 Sl o3l b 587 ooyl 3 3 5 6550 S
S oslizal b STl 3l WIS 5 el o sSOL (6 000 ) 4 s 5 e (o e (6l (Sl pimmed 5 o i
(Soil Survey Staff, 2014) 4 - Sl ol Ekie

« (Sysetal, 1991)mCx?,;lgsu_;x;;mgwﬁ@,%\,,zdwugwa6uﬂé;bﬂ‘@u4;|;t&
Q\};c«Afa.slé:,ﬂl:)féhgij.:ﬁs\:éjf)lfagLg)'Lﬂd.u).sc.L:iquj;p@:&dﬁigﬁcﬁxﬁﬁj\&)}»fLg\j:xf&\q};
Sy S Aoy ST Ol 5 ik ¢ 2S5 Cands (B Jold a3 al 3 () ls g3l sladie (5395
S Sl o Sl S5 05 g (Sl e doys 5 pldl ojlae (S S le ST ST ‘G?ﬁ Jolas ol
LlacSTo s 0350 ¢ ol s (G5l 0> (S s cal s i ST 5 i 3 Olasil Candg 5 55 bl 2 5 (AS Dy 0
oz g (slacST 5 aSCe Olazstls ils ¢ adiin Slazstls (gl ls (6o Olo Soglis |5 65,15 (6 e Cndl ¢ gy 5 i 3L
o3l O gl e STl Olazstls g5 oI5l bl I8 Sl ady y arw g 5 ST SO0 a5 W5 e ¢ aduiie Olazstlu 36
SSG e (6355 3 S (sl s L (Sysetal,, 1991) glals Soy3 ST (6l liope 5SS o gy slasls Jder s ok
J.&».s)\jdf\ﬁ-wt.?u.a:’-l.&éfwbu)bdl?\.xq-g:,.u.,é.cGUQJZ;MJ:QA&Q)};@SB-OWL»JUQ.M&;
RCIPRY:

ot b s slezel B Oy sonacyo Ve olos (ol a8 s w8 § i ps e S s e (53555 sl e sl >
ks A5 o 6 5 i S e ol b g0 S Ao 1505 o S hs F by 0kd S5 b (6,8 Il 0o It
.-U-\.:Jd-\.a.ﬁ)bf.éb-ab‘b&ﬁu))b@‘}aLsal.a}'Lg‘J.:Qaﬁg}‘ﬁ&:«gcﬁ%ﬂf}‘dﬁu:&;&b\

s s O dgaias e Vor (gl gty s ol 53 eslinud 350 S (Sl pite o 5 (slaoyleT o) Jgdm

PWNgeS é&m)@;\;@yw,na4§>uow@w.m g S D) g @bu;mg_,aﬁ PSSO
3y @il S5 Gyl o3 93 5 Lo e 2S5 sl o3



47°40'0"E  47°50'0"E 48°10'0"E  48°20'0"E  48°30'0"E  48°40'0"E 49°50'0"E 49°52'0"E 49°54'0"E 49°56'0"E 49°58'0"E 50°0'0"E

32°40'0"N
36°18'0"N

32°30'0"N

z
12
&
—
o
-y
-

32°20'0"N

36°14'0"N

32°10'0"N

32°0'0"N
36°10'0"N 36°12'0"N

31°50'0"N

36°8'0"N

31°40'0"N

48°0'0"E 48°10'0"E  48°20'0"E  48°30'0"E

52°32'0"E 52°34'0"E 52°36'0"E 52°38'0"E

28°38'0"N

30°0'0"N

28°32'0"N
28°32'0"N

29°58'0"N

29°56'0"N
28°26'0"N
28°26'0"N

29°54'0"N

29°54"
28°20'0"N
28°20"0"N

28°14'0"N
28°14'0"N

29°52'0"N
29°52'0"N

N

28°8'0"N
28°8'0"N

52°32'0"E 52°34'0"E 52°36'0"E 52°38'0"E 52°40'0"E 52°42'0"E

29°50'0"N

56°26'0"E 56°32'0"E 56°38'0"E

Figure 1. Geographic location of the study areas
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Table 1. Descriptive statistics of soil and land properties for the 100 maize fields used in the study

Soil property Mean SD Minimum Maximum CV (%) Median
pH 7.72 0.42 6.80 8.50 5.45 7.80
EC (dSm™ 1) 331 4.02 0.50 29.00 121.66 1.98
ESP (%) 5.93 9.49 0.00 46.60 160.11 0.00
CaCO; equivalent (%) 29.19 12.48 7.08 61.29 42.76 32.52
Gypsum (%) 0.69 1.69 0.00 8.80 245.04 0.00
Sand (%) 34.77 16.50 14.05 92.00 47.45 30.00
Silt (%) 38.36 10.91 4.00 70.00 28.44 38.85
Clay (%) 26.87 9.26 4.00 46.65 34.48 27.64
Slope(%) 1.05 0.20 1.00 2.00 18.61 1.00

*Note. EC = Electrical Conductivity; ESP = Exchangeable Sodium Percentage; CV = Coefficient of Variation.
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Table 2. Search ranges of membership-function parameters optimized by Differential Evolution for
quantitative soil variables

Variable Membership function Parameter Lower limit Upper limit
pH Gaussian Center (P)  6.20 7.20
pH Gaussian o 0.40 1.20
EC Decreasing sigmoid Center (C)  2.00 8.00
EC Decreasing sigmoid  Slope (S) 0.20 3.00
ESP Decreasing sigmoid Center (C)  2.00 20.00
ESP Decreasing sigmoid  Slope (S) 0.20 2.00
CaCOs3 equivalent Decreasing sigmoid  Center (C) 20.00 60.00
CaCO; equivalent Decreasing sigmoid  Slope (S) 0.05 0.50
Gypsum Decreasing sigmoid  Center (C)  4.00 20.00
Gypsum Decreasing sigmoid  Slope (S) 0.20 2.00

® Power Mean
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Table 3. Summary of Model Development and Evaluation Methods

Output Approcah Satge
Optimal Membership Function Parameters DEoptim Calibration

Coefficient of Determination Linear Regression Model Evaluation
Relative Importance of Factors One-factor removal Sensitivity Analysis
Independent Variable Importance Permutation Variable Importance

Selection of the Best Operator Power Mean Aggregation Test

Evaluation of Weight Effects Weighted Geometric Mean Weighting Test
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Table 4. Optimal Membership Function Parameters for the Optimized Soil Variables

Soil Property Parameter  Optimal Value

pH Optimum 7.200

pH c 0.402

EC Center 2.004

EC Slope 0.458

ESP Center 2.014

ESP Slope 0.400
CaCOs; equivalent Center 37.580
CaCOs; equivalent Slope 0.488
Gypsum Center 4618
Gypsum Slope 0.781

e o &l adde Cole Calises ol 0 51 ool s ol b anslin @ J g iomen

Table 5. Comparison of Suitability Indices Based on Their Coefficients of Determination (R?) with
Observed Grain Maize Yield

Values
Model (R
Climatic Index 0.08
Land Index 0.58
Soil Index 0.59
FSI Initial 0.45

FSI afterward calibration 0.69
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Table 6. Sensitivity Analysis Results for the Fuzzy Model
Removed variable Model R2 Reduction relative to the full model

Full model 0.690 —

Slope 0.688 0.002
Drainage 0.688 0.002
CaCOs; equivalent 0.547 0.142
Texture 0.686 0.004
pH 0.641 0.048
EC 0.525 0.164
Gypsum 0.488 0.202
ESP 0.685 0.004

Table 7. Relative importance of variables based on random permutation

Variable Importance score
pH 0.595
CaCOs; equivalent 0.453
EC 0.380

ESP 0.250
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