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Article Info Abstract
The objective of this study was to investigate the effects of different irrigation
Research Article treatments based on the Management Allowable Depletion (MAD) of soil
moisture on the yield, quality, and water productivity of sugar beet. A field
Received: February 07, 2026 experiment was conducted in Karaj, Iran, during two growing seasons (2017—
2019) using a randomized complete block design with three irrigation
Accepted: March 16, 2026 treatments (M_AD_=40%! 60%, and 80%)_ an_d four replications. Q_uantitative and
qualitative traits, including evapotranspiration, root and sugar yield, pure sugar
Keywords: Irrigation percentage, extraction and alkalinity coefficient, were measured, and water
management; Multi-criteria productivity was calculated. Analysis of variance indicated significant effects
decision making; Sensitivity of the treatments and year on the measured traits. Multi-criteria decision
analysis; Water productivity analysis using the TOPSIS method, coupled with sensitivity analysis of

) _ criterion weights and Monte Carlo simulation, was employed to evaluate the
Corresponding author's email:  raniking and stability of the treatments. According to the TOPSIS results, the
rmswri@gmail.com treatment with a MAD of 60% achieved the highest rank with a closeness

coefficient of 0.577, and was identified as the optimal option. The treatment
with MAD=40% ranked second with a closeness coefficient of 0.479.
Conversely, the treatment with MAD=80% obtained the lowest rank with a
closeness coefficient of 0.373, indicating a greater distance from the ideal
conditions in the simultaneous evaluation of the considered criteria. Monte
Carlo simulation results, incorporating a +10% fluctuation in criterion weights,
revealed that MAD= 60% retained the first rank in 99.87% of the simulations.
This demonstrates high stability in the ranking and robustness of the decision
against weight uncertainty, providing strong confidence that the selection of
this treatment, under various management conditions and criterion weighting
scenarios, represents the best option for optimizing both yield and water
productivity of sugar beet.
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1 - Water Productivity



YEF /VEF/F oylad /YA Wi / o/ (5u0lES s ol ek 4 s

Slr ombe Ll dajlas 035 Covles Jdos LS s
S o ol ool cilises gla b (gdoas, 5 oL
LS o SaS B8 e 5 01 St s 405,055 0l
S aslie [ Ll sl sle 3 Shee e 6 6
Slaslre (23055 4 Cad S Conle 5 DL L
Lomns 5o |y il
slasls i Py axlles heeda el
SSi 4y aslie 55 Shas  olal o e il
Jelo 5 B g Sl eslinad L B S 8 s o3
5 ole glas il Olsn Ul bajlae 055 Sl
S w3 celyy s ol e S e sl les

sl

LRSI

o Wik adkis
S s de s dsb s asy ol
Sl oSl > Wl slees e 3 (VTAS-IYAA)
TS Obsed 53 55iS Ol 5 Sb Slides we s
YO 5 o YO as 50 oLl i Cundye (235 ol
P sk B OV 54z 00 5 Jled 5 e wids
oS Bl Sl adais (sless Bl ghuard b o
oS 5 i Gkl b oS col s S22
OLen 5 0) 555 0 jasein 3w ladlw;
VE BTV o5 (gl ooty _allil (glaesls (Y41 Y
a3 TV s g as Ol s adoy glos a5 Las e OLAS
3 S s g Ol 53 4seS glos 5 51 S Sl
T PO VT B JSICH A It S W [ S W

(YY) Ol bl Olsle) AS o oSana I

3- Technique for Order of Preference by Similarity to Ideal
Solution

Upams oS 5 oS S5 Slaiely < e
GS el S B, Sl eslizal syl Slesls )3
Copde 03 dog Spead 4 pltws Gl oslnadisr
35 VA 8 5 Srle) o (5550 e
(Y O

(MCDM) "o jlms iz (5 xS ronai sl 555
2 Gluas, SSS) (TOPSIS) T s s, b
Olaser il Ol d(Jlody) Jomely &0 (Seo55 bl
Ll 3l s KuSG bl (S oS 1) Slre i
ol (CF Soso e 5 S5 Shos cazyy 5 Shas Lile)
G 5 Sl YT OLes 5 slie) LS e
YA

el gihge sbay o ladle 53 5,5 o)
cbdl ol s Sbasl sl glasi e s
0L 5 4y JSay (53,5128 55 (olel Ly e 5 J saea
WJalaze bl sla by 4 Cand &S ol esls
Gole) Ars o Ll (g Falasdly 5 S35 (6 S aad
(VYY) OLSas 5 amed YY) Gl S

il pB 5 S B (5,
L3 Ao Yoo Shee fosly Woa &8l s
G55 o ble Bl Ll 5 b s ()85 5 nls
ol S8 Gl (S 3 5 4B S 13 a5 5, 5e 0L
Gl i S W ar g Lol sl wo s ole
Glaoyss sl al5l s O mla 3 a8 03 5 ¢ Jaoes
ol ST sl B sdsa W Gble 5 Jlsis
Slogs Coeal 5l S 5 e #5035
S 15 4 OF Jeos ey 1 a0l S Sl Sla )5
o O OF Sose e 5 AS 5 05 3, 8es i
S 0 Gosre B l] cilse glacy
Bl s s WS ol s ol O iluag
D a5 S e 5 S

Sheslinad o piagsy Sl 4wl Gl
(o B SEST 05 945 <oy lme i L5J‘§(’*"*"’ s s

2- Multi-Criteria Decision Making
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Table 1- Physical and Chemical Properties of Soil

39 Sagby 39 Sagby
O pewly BB S (ieyk : Cala o £5 ot abais [ b s .

T 7 I oS RIS L3 Ehieeb ey
RS RN Js . S ilti i G
=2 =2 Organic W Wilting Field Sk .

Available  Available Total carbon Electrical g point capacity ; Soil depth
potassium  phosphorus  nitrogen ) conductivity BU'_k gravimetric gravimetric Soil (cm)
(mg kg (mg kg ) ) (ds mt denS|t3y moisture moisture ~ texture
(g cm™) ) ()
230 7.2 0.06 0.55 0.72 1.52 9.5 19.2 Loam 0-30
220 6.8 0.05 041 0.58 1.58 8.5 18.8 Loam 30-60

S Sl I e epde > O e
5Agy Ay sl ey LAl ) S oud i
5o gl 5 Losls clile by ol St cudl
B il 13 w3 LT (sl n Slre 03 5o 3

Yoy

Ol (Y Jst) bl o (AS ww b

o &kl a3l 28 OT(EC) Il calia oS sl
pe okasOlis g 5 LB e Sl e g e S ow
552D 35 dpame onl okl 53 Sosd JSKie s

Sk S ool (S S5 -Y Jgso
Table 2 — Chemical Characteristics of Irrigation Water

Bicarbonate Chloride Sulfate Magnesium Calcium Sodium o S S Cglan
Sodium Electrical PrIRW
1 Adsorption Conductivity Acidity
(meq L) Ratio (ds m")
(SAR)
3.3 0.7 0.6 0.2 3.9 0.5 0.35 0.56 75
;,ﬂ;@w@)w;%}u)“tﬁsuu@\&uq g*{b)"-c)b

5 o) asd ek e bl Sl S WS s
Solpl S s adss s A= (V494 O Ken
Soso e 3 dyame 3 Shes u Jol sbnl gl es

A ede e o el (YY) el

sl S slas 5l Cjb B s bl
loles A3 Ll LSS Sler 5 ol Db 4 b
(MAD) *S by 4o st bl o ioles]

Shsdas 4 S o) 4o s d LA iy xS

4- Maximum Allowable Depletion



YEO / VEF/F oylad /YA Wi / o/ (5u0lES s ol e 4 s

e Dy gty Sl 5 A (6 S eIl S 5l el
alyy dgad Ve sl S a5l gl ploil 3T LIl
5 oS Sls g (5 ,S0310 Gl lad sad 3 pd G

.MM@JDT%T&)}@;@WW}JW&S

(ET.) A8 ,uidr (15 8- el podd

LB i 3l G A s aSesll sl
sl s /A 5 o/8 o /F S Cugby sl adss U 4w b
Cwb b e et 1 (TAW) %6l eslinad LB O
Ao o s PWP) Y sty (S5 63 by 5 (FC) s
A dle St
TAW=FC-PWP M
Gos fse 4l 5o DN 'S cusb) (58 o8 a
bt Cosb, e SN (e mle £0) s, anw s
MAD X (gslos b a8 (ol Oloj Cusby b 2l
(ETC) Jowily G m- s oo ETa jluis o TAW
A an S L s
ET.=ET. if D<MADXTAW ()
ol 25 aaly 5l eslizad b ETa ()50 opl o8 50
W

D, —(MAD+TAW)
TAW—(MAD*TAW)

= Gl pl g3 O S s sk, olis

ET, = ET, + (1 — ) )
Do opl el Oly aduy Fhe Ges 3 ol el
— S ol s pdome il - glan 3 L1 OIS
Oen 5 D) 38 walp 1y adiuas dls B

(1444

(ETC) b i foudly 3 a5 pded oyt
oS Jowily G mi- s (s Seslul sl
o3l Of OOy Wsles 5 Jls 2Sa5 zennY 51 (ETC)

A

7- Permanent Wilting Point
8- Root Zone Depletion

s5d= A3 i sl (MAD) Sbt by s sl

5 Gee) el S eslizal LB T asys 0 L ¥
YY) (Kl 5 K5V (s S

(ol o5 Bl Sl s i sl lateas

Ao 2l Ol 5 s st NS it

by ads Slos d mlas as o L ol S sl

Olgeas (T3=80% , To=60% T:1=40%) Sl

A ol bl gle b

oy Gl
R S e P
e T X T e S slal A plol o0 VYo r s
CiS oS15 s e Sla 00 e 1S lacks ) alsls
She g3 Pl e S sy SISa s s Slie A
Jlo a sleciigos)l s s azil dob Sdes
00l rae Juld (23355 5 A planil fus &yt
Ve s i S OSe 5s a5 Dled s e SIS
K355 #2355 (Y0¥ 56) 55 S 530550 p S HAS
a0 5 S Jlesl S ol o a3 0yl 3l eslinad b
Sl S P Ol 3 SUSa 3 0 SIS Fe s
e g g 1B S sy L) 4SS
Sl Sp VeA Ol s S s ijl.s Yoo
e 3 oSS Y ppe o sn 5 S s 4k anns
oS 2 S Sl gl eds 5 als ) JolS ann s 5l LS
355 Gual= e sl A els Jsame S
e Dlllae 5 (Ver¥) U slaao 5 L Gillas 455 55
G 5 O5a,m Gyae Sose e Sl O Gaa
Jab Jsb 53 0o s 5 OAd and ke O
oz 5l ols Jgems Sllas pla g A3 e A
el Ay 0550 Jsb 5o GBI L e 3ske 5 e 03 S
Casby e Sl e lajles @ ar 5 L LT s
bog ady) aanyg el S cogb, L L S

5- Total Available Water
6- Field Capacity



(65K 13,) 43 jihor 53 S Sy by 4l Sloms dom = gl ol lond / VY

dsb dopa Ve Wy SLL e 5 5 olg Ges dsb
Sl sl Jse Ges Olgsa ddy) ol Ges
5okd Ol JalS [ bay Casby 3508 OF L3 oS A
OB sk A e ol b B Al & el
s pe Gee e Rl 5 8 sl U gl
ekl 2l Ges e b Jpeame il
doles Sl eslinal b oad; b Jsb s 4l 4wy
2l 08 5 bt QAT Bl 5 5oy S Jas 2

s S ales I5doee ool ol

WP) &1 0 ,¢

By u.é.“?— A3 39 4...:”,.3') JJ.{L;& g_JT LS).9°J@'.'
Y

WP:E_Ta (9)

> Shas Y iaSe e 0 S5hS WP T 0 68
Sl 8 s ETa 5 O s pf,»\gs) J sae
302k Sl GBS o oS 20) Ul 0550 sk o

OAVA LS 5 pis5n €Y 00 F DL

oAl LB wo s

L3 Ao s Jols 5 (WSC) el as s s
Lol Cws 4 (MS) s 13 s 5 (SC) il
(VAAY (=Y 5)
WSC = (SC% — MS%) )

(4 5ke) LAl A sy
M)J Cq:- )‘ g(-u )L;.C«> u.éjl:-l.; Al M})

2o ey 5 (MS) ke A3 a5,
OAAY sl 5 05550) o3 S ealizd
MS = 0.343(Na+ K) + 0.094N—-0.29 (A

:A.EJ.\) U'L\ L

ETc=1+R—-D-D_(8;— 6) ()

1 udmm) olS iy G- s ETC ey ol s
D «(mm) Sub i R (mm) gLl O Ges
B (MM) 42y, 4wy Gos Dy MM s liks
MM MY s, g0 o) Gl s> S ez Cusb,
Ay 03 ghl s S e Cusb; B G
el (MM mt)

GrS Pl Zag m e (D Ll Ges
sl 5 alaly Sl eslinal b 5ty 4 s Sb O
((V48A O Ken 5 D) as
I=(FC- 0)*Z ©)
0 5 aS
Mm) bl of Ges
mmm?) el o b s S ok, FC
mmm?) L5 s s eub,:0
(M) 4l S50 Gos 1 X
LB O 5 a5 Yo 550 s 3 e e (L]
e (nl A plonil oSty An g Ges St eslinad
olice (6 tanms Y Oilles zk bl s Cosby
30N Ok ks Bie ly ane abE Olpew
O 5 D e ol oley ol 1 g,8 5l
(084 oL Kan 5 Jsla €144A

adllas opl 3 eslizal 5500 (R) 3,0 (slaesls
Sl 53 5 A Jotl ol S bl ga oK) )
o oY L5 Gee W5 s S Bl T O3
Jos O Sl aly; s eyl Ges w
sbrl (53 5dme o by okl 0Ly L3 s 5 L3 S
Sl OOy Slales 3 LSJJTC‘"’.' e sbay &S Al
o3lital b S50 alday el 3 Sl coyby s S Bl
ol 3l s ks 5 w8 L 0y
Al ag 8o 31l

2 Gos 2 AL Al e Ges e Gl
dops Vool e Gas Ay Jead Ll 5o e /7

M‘)Jf' .Lf-:) .hwbl)b A wjfjb)s &L@JW



YEV /VEF/F oylad /YA Wi / o/ (550lES s ol e 4 ks

LS el 7 b B s S e bl LT
Jelosd 5 a5z 5550 Sl I Js il 5 olas
Olge o dle 53 515 5 e GIUT ol s s S 13
Fosl xS wus w3 ks golas ol
Slio sl sl 55 dle klize 31055 ls ome
hies Giasn ol ol G oS bl 51 Ll asls olis
oAb ml Sl @l s K oS S s
b e slaos Sl 5 ool oo slagss,
b slegs kool 3 pzman 5 0 5VL (6 pdyans Ll
SSls e 3 g2 513 e anlllas 35 50 Slio S (ol
S bl BT ol bl el b les
Ol dledlaiys (6 s ploal Lo S5, ol A plll
LS e el B ) 5L s Sl S S Ll
tglie 5 ases ot Jde leslial b bl 4528
Ao ys gy o 53 SOl lasalsdir 05051 L b Kb
283 bl SAS 9.4 15l 5 s

S 3okl slobs gaes,s sl
S ol it o3Lisdd TOPSIS o jlnsir (5 S poans
o slmedir (8 S maendl S 55 (p Feldatlid 5l S
o S0P plal g e S sauas, OSGl S el
NN O 5 Slpa) S o ald |y Tyl el
sl Ol sy ) (YT Oles 5 0bslig
5 Sas il 5l Aile olate 5058l lrs ki Olejan
eSSy LS e wald L Ol Gose e s
ol Ele Copde il plaos s o 03 7S sba
3155 )8 bt lady 5 oLl s b s sl Sl
Sldllas s bl 05y 4 Cwnd Sl Sl
(YT OLes 5 ) a8 o Slniy (5,8 e

2kl sl 43S on e ol 5 s
el (7 Jsd) el il SIS Slne &6 bl
iy 3Ses (G Jald bl opl s
Soso e (SM 5 Jgame golaBl Sl S s Slas
oAl B Ao s S8 T (e e ey O
G pmi— e Saslome 3 g1 4Ty 0 5 3 Jlamn

f; Voo s OV ST b e 2 e i Na
LB a4l

2igyp SV 53 OV S) ke o el Sl K
L3 )L

rjf\n 53 OV S) e 055,20 slaas N

VL:%)J..«:;;&.;{)

S 31 (ECS) a5 a8 Loz g 5
(SC) u,an'—U L3 Aoy 4 (WSC) u.g)b— L3 Ao s
wSsC
ESC = ~c )
(Sl g 2) ST
Gl bl 5 lesl 550 (glad gas T

ALC = N+l ()

N

$alad o

(SIS dsama 3laBl 2551 s Sl
Al Gled a gl a4 Cade Cod
b glaay s fols e sl IS glaay o
35 00w Sl (g m NT sle Gy 0 oS J2e)
S S Gl b s sy (O ayge 88 L
NS UL VYT NCVN P FPICPR WA SN FREE T
N T XS SARLNTS Y- ST PI g
Y ve oo O13)5LES 5l (g 5 Ay ady s p S 5kS
e 1,50 pllas daad cpl b a8 ks JL,
ool s VBT Jle gl iSOl 5 o Dbl
23 S3slS sler olsle slas,sl s s Jesll s g
Al an S b s VY EeY el L

W jlas Sisad y 5 3T Jubow 54 525
5353 1) bl 2 b sl 4o s L
et ek 5 (oLl u8 6l s (e Il

oslitul b ol g Sl liws 40 by e slresls b



(6555 035) 43 ther 53 S Sy by 4l Slome dom o gl o jlacir ot / YA

PR eoia Joely 53l 5lay 8 on Ll ladlols
il (C) stidle s (Soop parld amlbme il
s satle i o VL &S glag Sl B ol s
s Sl ausS e Olpea S S 1H(C)
ata daly ol ol e ln (S35 el
535 ns OF a3 5 alons

d;

T df+d;
JTey) 31 Sl ahools O e (i) 5 (d) of s o

R 1. B - .:.

5 G xS Jlaa) (S e g5 ) IS s s
4 S 5k s G i) (S g5 5l baslas b
iy e Sl S Ol 35S e as
o sl 3 b B Cer s Lk o
w8 s () SIS e La0ss b
SOl L MV 4) s 055 sline pa ooy (LS
=3
Sl bl Jals sy ol )l e
O ek d bl (gl slne (23055 (e s Sle
dilos (A) e Jloil 5 (A) e Tyl ol

8 lrosiey Jalosi (6 5 paonci (gt 53l —Y Jgu
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Table 4- Composite Analysis of Variance (ANOVA) of Some Quantitative and Qualitative Traits of Sugar Beet
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Table 5- Comparison of combined means of root yield, sugar yield, water consumption, and water productivity under
irrigation treatments
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Figure 1- Ranking of irrigation treatments using TOPSIS
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