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Extended Abstract

Introduction

Efficient irrigation management is one of the most
important challenges in sugar beet production,
particularly under conditions of increasing water
scarcity. Since the sensitivity of sugar beet to water
deficit varies throughout its growth cycle, identifying
the critical growth stages for water allocation can
substantially improve water productivity while
maintaining crop performance. Conventional irrigation
scheduling generally treats all growth stages similarly
and therefore may not maximize the efficiency of
limited water resources. Multi-criteria decision-making
(MCDM) techniques provide an effective framework for
integrating multiple agronomic criteria into a single
decision-making process. Among these methods, the
VIKOR model is capable of identifying compromise
solutions by simultaneously considering group utility
and individual regret. Therefore, this study aimed to
prioritize sugar beet growth stages for sustainable
irrigation management using the VIKOR multi-criteria
decision-making method based on biomass water
productivity and the relative contribution of each growth
stage to plant growth.

Materials and Methods

The study was conducted using data obtained from a
two-year field experiment. Two evaluation criteria,
including biomass water productivity (kg m™) and the
relative growth share (%) of each growth stage, were
used to construct the decision matrix. Four growth
stages (Initial, Development, Mid-season, and Late-
season) were considered as the decision alternatives.

Criteria weights were determined using both equal
weighting and Shannon entropy weighting approaches.
The VIKOR method was then employed to rank the
growth stages based on the S, R, and Q indices. The
acceptable advantage and acceptable stability conditions
proposed by Opricovic were evaluated to verify the
validity of the compromise solution. Furthermore,
sensitivity analysis based on systematic variation of
criteria weights, together with Tornado analysis and
Spearman rank correlation coefficient, was performed to
assess the robustness and stability of the obtained
rankings.

Results and discussion

The biomass accumulation pattern followed a typical
sigmoid growth curve, with rapid dry matter
accumulation  occurring  primarily  during the
development and mid-season stages. Mean biomass
water productivity values for the Initial, Development,
Mid-season, and late-season stages were 4.91, 8.66, 3.84
and 3.83 kg m?3, respectively for the Initial,
Development, Mid and Late stages, respectively, while
their corresponding relative growth shares were 7.24,
45.99, 41.77 and 5.01%, respectively. Application of the
VIKOR model indicated that the Development stage
consistently ranked first with Q = 0.000, followed by the
Mid (Q = 0.774), Initial (Q = 0.903), and Late (Q =
1.000) stages. Both acceptable advantage (AQ =0.774 >
DQ = 0.333) and acceptable stability conditions were
satisfied, confirming the existence of a unique
compromise solution. Sensitivity analysis demonstrated
that the Development stage maintained 100% ranking
stability under all weight scenarios, whereas the Mid and
Initial stages exhibited 64% stability and exchanged
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their relative positions only within a narrow range of
weight variation. The Late stage consistently remained
the least preferred alternative. In addition, Spearman's
rank correlation coefficient equaled 1.00 for both annual
analyses and the two-year average, indicating complete
agreement between rankings obtained using equal and
entropy weighting methods.

Conclusion

The results demonstrated that integrating physiological
growth characteristics with water productivity indicators
through the VIKOR multi-criteria framework provides a
reliable approach for identifying critical irrigation stages
in sugar beet. Among all growth stages, the
Development stage was consistently identified as the
most efficient and robust stage for water allocation
owing to its higher biomass water productivity, greatest
contribution to biomass accumulation, and complete
ranking stability under different weighting scenarios.
The Mid stage represented the second priority but
showed moderate sensitivity to changes in criteria
weights, whereas the Initial and Late stages had
comparatively lower management priority. The
robustness confirmed by sensitivity analysis and
Spearman correlation further supports the reliability of
the proposed ranking. Therefore, prioritizing irrigation
during the Development stage can improve water-use
efficiency and  support sustainable irrigation

YAY

management of sugar beet under water-limited
conditions.
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Figure 2 Tornado sensitivity analysis of the AQ
index under criterion weight variations

YaA

Cuanl &5 Cunl (S 5 (05 Cgzyle S &Ll o imgly
ooy a8l 0jile (adls Sy ol & ]y 4y Jolye
ol S o 5] o 1y 355 5 S agerte o SOl
5 03,5 oS5 |y 42335 Sl 0ylnacS5 oS 15 el olS5
dilisee Jolye > O o pde ancogyl (ol 55585 13

290 oald 1)

Sy TS (50 el o o5
Slogbyy om el (45 (Sued ops @l
2 by Jolye eanas, o oy lis 95l 5 plp (23054
S SalS” JLo 93 (s 4135 )3 wizmon g Jlo 53 0
YL e gyl Slo gsdge cpl (0=)) Cusl 039,
4 Camd (2l (104 Cuwlus pie g (6 pS puonal )l
Ol Gl @l ) Cawl ylae (23055 Bg) e
9 Qlisebl callB jladlae (pl > 55y Juo &5 85

Cwl LAY )‘.))95):. L;:\fb PK?[HA"

1 ,lxo (359 et 4y Connd (g ) gl Sl
Hidle & s o L (AQ) 93U, g5 ool 43355 Y ISs
b 5 Bjline (g 30 e 3 559 Jde 55 maenad
PAQ Lasls &l aiely 1y el J3y55 0 oYU tws
Jolo 40l 4 Lo g oxile (Bl dgaoe by puid o5l JS
U O)gods doxie S5 90 0 0dalie W1=+/0 Jlg> ,
Sl s &5 Sl o Sy o sl lize JSCS
@b i (i L sbgs) sy Jols <l
ol i jlan ) S ade Gl L oS s s ol )

b 8l Jue
byl o oS e o s WI=+/0 g > v dieS
sbad g ond Jiho ban S (o U] (Plite (2305
Sl ) ool D9 e S35 (il Sl &y (65 ool

lasline o Jobs a4l Bes bodiy 357 siassy g 3,5 JolS

5 Jobs o 31 by a5 599 b e bl 3 555 e U5



yaa

L 4L S plyieds dangi ddo o lagh nl @S bl
039 s gLad el ) a5 w8 Qlulid Jooly cp 5)luk
degedne ) e a5 (megd lgisd Sle Ay ¢ Jlie
2yl bulyd ) ao ST als yo cpl il iy BB (il
o > Ll ojls )3 pes 4y 5 (Siy slaojl (S
0392 2y STy Unylina ()9 yeais & &S amd(c0 LIS Capmolia
S glgied Ao spSpraad LS | ala i 2
Oleeds db o cpl (s eed 4 Dbl 0B, 4y S
GRS a3 )3 BB dmgi dloye IS 0 oS (il 438
ol

A5l Gle CuBge )3 (B )5 e e (ol by
YL sas, S5 glul pae D @4 o Sles
2o dsgorme ) Q iy y e I (s dhiold g (6 S wronass
Wl S plysa i g 35 o5 )3 (Sl sbaeel,
als o (yizren A o0 Joo SLL 5 Sle Sl o Jlasl
A3l g 039 3)hee o 5 s gyl (led 5> (SLL
13518 Caglyl cnpomb » buadls (sl

Ol Bslise (59 pu 2 (e Cowlus Judod ggeome )
Cul 51395 2 93 BB (65l ) oS e s Lo a8l
aS 0, dgng (2359 (slad 1D dgue HIIS dlais S S
b gy e e g drgs Jole (s (18 ]
5 A auS plyisa lulyd plod 3 drwgs absjo (b ()]
P kel Gyt 405 lye Mg g onle (L luL

(8 25 Ay
5l By a3y el o5 0l Gl agh cnl @l
Solite alS 518y (gl o 33) ot 9 ST g
5§ Bl ojlinediz (6 pSprenal Cg2la 53 55509 J4o
935 wald ) (upte 5 (Kidesd lapadld plojen
I ool gl ol @l slezel b5 5 o8 (shincugly) S
2 drwgd A e a8 0 L Jlo 90 ke g Ve Julos

a3 o i 1) b )lse (59 s Cod aag) (g lub ¥ IS
Sylges o Smte Sl e o)lirediz (65 el o503 I
ol @l edie Cgue 150y @S (Arlie]
Ay iz Jolpe xncuggl ) 59509 Ghey 658
Osxed 9 VLo Julod 93 2 53 do STl (LS a8 )ik
O3S s drwgs Al jo ¢ Jlo 9> (60ke 2 (Sise el
ol (63 mrenal Caglyl o VL aoms 13 5 Q (a3ld e
s a8 Jol yobar yoSug Ghpdy kulys Ll
logalw j Sugen 53 (g8 BB Cuje) Jgl by pasuie
K5 e G &S L 1) 0 £ 005 L) JolS poboa,
5 bl sy 5 039 1S DQ il wilia 1> 5l pg3 5 gl
p9d byd (Jlie o s Sl BB ey S e slles
S cwl o3 yl8n bl sl )3 (sl s)luk)
L Jol 4y )b 5 i gl ol exmd lis
o) haie Bilbae ((Jalpd iz > Cwl R 5 S (gl
b ooy plgisdy 2)de anS Sy (Syre Sl 58y
il gladooly Sl lasgerme ol slrar 5 3 292

DS 0 318 Shrdidyee
RS sapadls Jai jlg o385 Lais 1) Jsl a5 baylne
@l exmp i (Shy ol b 3Sles
Sl pu5 plp > Al jo pl GYL Cuoglio g (6 pSprenc

el (3955 Ssline (oo

1
2
= J:‘ Initial
Lopment
3 s — Mid
Lat
3
4
0.2 0.3 0.4 0.5 0.6 0.7 08

0395 a3 T (559 058 039
Weight of Biomass Water Productivity

boylime (459 il Cod didjaise A5y Jolpe 4y g)lub ¥ IS

(JW 9 (1Ske)
Figure 3 Rank stability of sugar beet growth
stages under criterion weight variation (Two-year
average)



eyl Co e (gl A8 jniae Ay e ol (gana gl

Sy 0w Gialel lpl gy e Jlno 9 1ol ool
Sloj g ol llpd (g dgu0e g pasidie ()bl 4aly
lal «So55ls 5 soadll (B (ororer g adlllas
298 g0 Moty ol ply S6A 2)ly Jao > Jpame (85
Lulyd «syg0p00 9 My (oSS (slayline oain] Slillas
e Nigh (wyy gyt Slaedll o ol (iU il
9 0)lmedix (S mranal S ylgy o b jsSag Jde dulie
g by, 9 )93l i @lS Ad) sla e I ool
P ol Copre b ladloly drwgy & Llg3 o Sohne

A5 S8 oly; SY guae

&8l o)l
ol 00 lo B an g bawgi z8le (5,8 digS zun

d)‘}f**’t.trw
ol b cul Slibss ojepn j g 5cme 4 dlio oyl

Slidio duwie (6Ked g Ol g SB Olidsd dwwge Jb
S oy pdy ol 030 )3 Tl Wi )niss H4 and 9 2o

.‘).))fuo

Wld auiS pp g el Olesa b el
ooles 5 pgd anjS plgisa Sle dlsye oS Jls 53 055 0
Sl B8 glil dlsje A8 o oo lajlne ()9 e 4
2 Lol s o s s dguty g liw By 53 oS g aisld
bl alyo 2,5 coi 58 (ol (LBile sla ool acgecns
eyl 5l g iy |y coglyl o yieS Ll plas > 3
iy balpd (o) 98 e Cguone alsye (o ScenleS
P9 9 Jol abjS (m S ax ST a8 ol (Lt )90y Joe
2 g3asy gl bl s (S (b g5y sbol 4l
!y ogMe Cal ol Hliel saiSuub R 3 S cla yasls
bk (159 s 5 oyl Gyl 2 (e Comolus LS
I @YU @l oS ereal e a5 ol oL
Joleie (slagyiy (S35 dgi0me I35 dlali S oS g 039
ale S g3y odmdlis JLd, pl e o odmline
G yed dnag dose ol )3 o5 Cusl pglie (658 e
Sl Co e o 3 Sloe (Bl gyl ST 55 L
Bl LIS 3 ye5 dawgi dl>ye p 0fog jobody L AiB)Aik> )
9 99 e Jols 0)9> wl 3 O (6y90 00 033k 3yt |5
9 b )b ol @le Gpae (siludingg 3 1) I o i
dox I placadgioe b iagn ool (JeS hE @l



References 3w 3,90 aalio

Allen RG, Pereira LS, Raes D, Smith M. Crop evapotranspiration- Guidelines for computing crop water requirements.
FAO, Rom,1998; FAO Irrigation and Drainage Paper No. 56.

Anonymous. Irrigation water quality guidelines. FAO . Rome, Italy, 2003; FAO Irrigation and Drainage Paper No. 29,
Available at: https://www.fao.org/3/y3674e/y3674e00.htm [Accessed 10 May 2026].

Anonymous. Long-term climatic data for Karaj region (1992-2021). Iran Meteorological Organization. Tehran, Iran.
2021 (In Persian).

Ayers RS, Westcot DW. Water quality for agriculture. FAO Rome, Italy, 1985; FAO Irrigation and Drainage Paper
No. 29, Available at: https://www.fao.org/3/t0234e/T0234E00.htm [Accessed 10 May 2026].

Bahraseman SE, Firoozzare A, Pourmohammad F, Boccia F, Saghaian S. Determining the best strategies to improve
agricultural water productivity in arid and semi-arid regions: An ordinal priority approach. Journal of Arid
Environments. 2025; 231: Article 105458. Doi: https://doi.org/10.1016/j.jaridenv.2025.105458.

Biswas T, Sah RP, Kumar R, Kumar V, Nath CP. Evaluation of management practices in rice—wheat cropping system
using multicriteria decision-making methods in conservation agriculture. 2024; Scientific Reports, 14, 8600. Doi:
https://doi.org/10.1038/s41598-024-58022-w

Borg H, Grimes DW. Depth development of roots with time: An empirical description. Transactions of the ASAE.
1986; 29(1):194-197. Doi: https://doi.org/10.13031/2013.30125 [Accessed 10 May 2026].

Doorenbos J, Kassam AH. Yield response to water. FAO Rome, Italy, 1979; FAO Irrigation and Drainage Paper No.
33. Food and Agriculture Organization of the United Nations.

Draycott AP. Sugar Beet, Oxford , 2006; pp.474 Blackwell Publishing.

Ebrahimipak NA, Tafteh A, Ramezani Etedali H. Evaluation of AquaCrop model for wheat, corn and sugar beet under
different irrigation managements in Karaj area. Journal of Water and Soil, 2012; 26(4): 777—789. [In Persian]

Gee GW, Bauder JW. Particle-size analysis. InKlute A. (Ed). Methods of Soil Analysis. Part 1: Physical and
Mineralogical Methods. 2nd ed. Madison, WI: Soil Science Society of America. 1986; 383—-411.

Hoffmann CM, Kenter C. Yield potential of sugar beet—Have we hit the ceiling? Frontiers in Plant Science. 2018; 9,
Acrticle 289. Doi: https://doi.org/10.3389/fpls.2018.00289

Hoffmann CM. Root quality of sugarbeet. Sugar Tech. 2010; 12(3-4): 276-287 Doi: https://doi.org/10.1007/s12355-
010-0040-6 [Accessed 10 May 2026].

Jafarpour M, Adib A, Lotfirad M, Kisi O. Spatial evaluation of climate change-induced drought characteristics in
different climates based on De Martonne Aridity Index in Iran. Applied Water Science. 2023; 13, Article 133. Doi:
https://doi.org/10.1007/s13201-023-01939-w

Kenter C, Hoffmann C, Mérlander B. Effects of weather variables on sugar beet yield development (Beta vulgaris L.).
European Journal of Agronomy. 2006; 25(1): 62—-69. Doi: https://doi.org/10.1016/j.eja.2005.04.004 [Accessed 10
May 2026].

Kiziloglu FM, Sahin U, Kuslu Y, Tunc T. Determining water—yield relationship, water use efficiency, crop and pan
coefficients for sugar beet (Beta vulgaris L.) in a semi-arid region. Irrigation Science. 2008; 27(1):1-10. Doi:
https://doi.org/10.1007/s00271-008-0118-z

Koocheki A, Nassiri Mahallati M, Alizadeh A. Ecological agriculture and sustainable development in Iran. Journal of
Environmental Studies. 2007; 33(42):1-12. [In Persian]

Li, M., Sun, H., Singh, V. P, Zhou, Y., & Ma, M. 2019. Agricultural water resources management using maximum
entropy and entropy-weight-based TOPSIS methods. Entropy, 21(4), 364.

Mack G, Hoffmann C. Crop growth and nitrogen turnover in sugar beet under drought stress. Sugar Industry. 2017;
142(4): 222-229.

Milford GFJ. Plant structure and crop physiology.pp. 30—49. In: Draycott AP. (Ed). Sugar beet. Oxford: Blackwell
Publishing Ltd. 2006.

Mohammadian, R., Moghaddam, M., Rahimian, H., & Sadeghian, S.Y. 2005. Effect of early season drought stress on
growth characteristics of sugar beet genotypes. Turkish Journal of Agriculture and Forestry, 29(5), 357-368.

Mohammadian, R., Moghaddam, M., Rahimian, H., & Sadeghian, S.Y. 2005. Effect of early season drought stress on
growth characteristics of sugar beet genotypes. Turkish Journal of Agriculture and Forestry, 29(5), 357-368.

Mohammadian, R., Sadeghian, S.Y., Rahimian, H., & Moghadam, M. 2008. Reduced water consumption of dormant-
seeded sugar beet in a semiarid climate. Agricultural Water Management, 95(5), 545-552. Doi:
https://doi.org/10.1016/j.agwat.2007.12.004

Opricovic S, Tzeng GH. Compromise solution by MCDM methods: A comparative analysis of VIKOR and TOPSIS.
European Journal of Operational Research. 2004; 156(2): 445-455. Doi: https://doi.org/10.1016/S0377-
2217(03)00020-1 [Accessed 10 May 2026].

Opricovic, S. 1998. Multicriteria optimization of civil engineering systems. Faculty of civil engineering, Belgrade, 2(1),
5-21.


https://www.fao.org/3/y3674e/y3674e00.htm
https://www.fao.org/3/t0234e/T0234E00.htm
https://doi.org/10.1038/s41598-024-58022-w
https://doi.org/10.13031/2013.30125
https://doi.org/10.3389/fpls.2018.00289
https://doi.org/10.1007/s12355-010-0040-6
https://doi.org/10.1007/s12355-010-0040-6
https://doi.org/10.1007/s13201-023-01939-w
https://doi.org/10.1016/j.eja.2005.04.004
https://doi.org/10.1007/s00271-008-0118-z
https://search.eitaa.com/?url=https://doi.org/10.1016/j.agwat.2007.12.004&#8288;&#65533;
https://doi.org/10.1016/S0377-2217(03)00020-1
https://doi.org/10.1016/S0377-2217(03)00020-1

mlil oo sl )kt 05 Cilisee e gancy gl vy

Opricovic, S., & Tzeng, G. H. 2004. Compromise solution by MCDM methods: A comparative analysis of VIKOR and
TOPSIS. European journal of operational research, 156(2), 445-455.

Payero JO, Melvin SR, Irmak S. Soybean and corn water productivity under deficit irrigation. Agricultural Water
Management. 2006; 83(3): 233-243. Doi:https://doi.org/10.1016/j.agwat.2005.10.010 [Accessed 10 May 2026].
Pidgeon JD, Werker AR, Jaggard KW, Richter GM, Lister DH, Jones PD. Climatic impact on the productivity of sugar

beet (Beta vulgaris L.) in Europe, 1961-1995. Agricultural and Forest Meteorology. 2001; 109(1): 27-37.

Qureshi MRN, Singh RK, Hasan MA. Decision support model to select crop pattern for sustainable agricultural
practices using fuzzy MCDM. Environment, Development and Sustainability. 2018; 20(2): 641-659. Doi:
https://doi.org/10.1007/s10668-016-9903-7 [Accessed 10 May 2026].

Saaty TL. How to make a decision: The analytic hierarchy process. Europan of Operational research .1990; 48: 9-26.

Shannon CE. A mathematical theory of communication. Bell System Technical Journal. 1948; 27(3): 379-423.

Siegel S, Castellan NJ. Nonparametric statistics for the behavioral sciences. McGraw-Hill Book Company, 2nd ed. New
York: 1988.

Topak R, Suheri S, Acar B. 2010. Comparison of energy of irrigation regimes in sugar beet production in a semi-arid
region. Energy. 35: 5464-5471. https://doi.org/10.1016/j.energy.2010.06.018.

Tuncel G, Gunturk B. A fuzzy multi-criteria decision-making approach for agricultural land selection. Sustainability.
2024; 16(23), Article 10509. Doi: https://doi.org/10.3390/su162310509

Yonts CD, Haghverdi A, Reichert L, Koehler A. Irrigation management for sugar beet. In: Proceedings of the 2003
Central Plains Irrigation Conference. Colorado State University. 2003; P.65-72.



https://doi.org/10.1016/j.agwat.2005.10.010
https://doi.org/10.1007/s10668-016-9903-7
https://search.eitaa.com/?url=https://doi.org/10.1016/j.energy.2010.06.018
https://doi.org/10.3390/su162310509

