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important oilseed crops, and its production in arid and semi-arid regions is
increasingly constrained by water scarcity and drought stress. Improving
water productivity and yield stability under limited irrigation conditions is
therefore essential for sustainable canola production. Biostimulants as organic
growth stimulants have recently gained attention as an eco-friendly strategy to
mitigate drought-induced vyield losses. In addition, increasing evidence
suggests that the effectiveness of biostimulants is closely related to
environmental conditions and plant physiological status, particularly under
water-limited scenarios. Under drought stress, these compounds can enhance
root development, improve nutrient uptake efficiency, and regulate osmotic
balance, leading to better maintenance of photosynthetic activity and yield
formation. However, their responses are often variable depending on the type
of biostimulant, intensity of water stress, and crop genotype, which makes it
necessary to evaluate their performance under field conditions using
integrated approaches.

Materials and Methods: This study aimed to evaluate the effects of organic growth

stimulants on seed yield, seed oil content, and water productivity of canola
under normal irrigation and water stress conditions, and to rank treatments
using the VIKOR multi-criteria decision-making method. A split-plot
experiment based on a randomized complete block design with three
replications was conducted over two growing seasons at the Moghan
Agricultural Research Station. Irrigation treatments (main plots) included
normal irrigation and water stress, while sub-plots consisted of foliar
application of amino acids, humic acid, fulvic acid, seaweed extract, and an
untreated control. In addition, a Monte Carlo simulation approach with 2000
iterations was applied to assess the stability of the VIKOR ranking under
uncertainty in criterion weights.

Results: Mean comparison results showed that water stress reduced seed yield by

5.4%, seed oil content by 9.2%, and water productivity by 4.5% compared
with normal irrigation. In contrast, application of growth stimulants
increased seed yield by 10.47-15.03%, seed oil content by 5.76-11.26%, and
water productivity by 9.84-17.21% compared with the control. Among
treatments, amino acid under water stress produced the highest seed yield
(3703 kg ha™) and water productivity (1.79 kg m™3), whereas humic acid
under normal irrigation resulted in the highest seed yield (3844 kg ha™) and
seed oil content (43.9%). VIKOR analysis indicated that amino acid under
water stress had the lowest Q value (Q = 0.022), ranking first as the most
desirable compromise solution. Monte Carlo sensitivity analysis further
confirmed the robustness of this treatment, which retained the first rank in
82.65% of simulation scenarios.
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Conclusion: Overall, the results demonstrate that drought stress significantly
reduces canola yield and quality parameters, while organic growth stimulants
effectively mitigate these negative effects. In particular, amino acid
application under water stress conditions provided the best trade-off among
yield, quality, and water productivity, showing both superior performance
and high ranking stability. Therefore, integrating organic biostimulants with
deficit irrigation management can be considered an effective strategy for
improving canola productivity and sustainability in semi-arid environments.
Moreover, the multi-criteria decision-making results highlighted that relying
solely on individual performance indicators may lead to suboptimal selection
of treatments, as different stimulants showed contrasting advantages across
yield, oil content, and water productivity. The VIKOR analysis provided a
more balanced and integrated ranking by simultaneously considering all
evaluated criteria, thereby identifying compromise solutions that best satisfy
the conflicting objectives of productivity and resource efficiency.
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Table 2- Decision-making matrix for evaluating canola treatments.

&> 5 Slos a0 &y g, Mo pd Q'V\“/sa);?&)‘ ]
Seed yield Water Use Seed oil Productivity (285 Sy (g, ll) by los
(kg h™1) (m3 ht) perce+ntage (kg m?) Treatments (Irrigation x Growth stimulant)
) O *) )

3369 3239.42 40.6 1.04 (N1 x Control) sals x Jlo s
3502 3272.90 42.8 1.07 (NI'x Amino acid) aiel sl x Jloy
3844 3230.25 43.9 1.19 (NI x Humic acid) Siogun sl X Jlo s
3579 3224.32 41.4 111 (NI'x Fulvic acid) Gglgs spl x Jloy
3569 324455 42.8 1.10 (NI x Seaweed extract) ,b,» s x Jlo s
3002 2144.29 36.7 1.40 (WS x Control) asls x I i
3703 2068.72 411 1.79 (WS x Amino acid) aiel apul x I i
3422 2099.39 41.2 1.63 (WS x Humic acid) Suege dul x o s
3411 2092.64 39.5 1.63 (WS x Fulvic acid) glgd sl x o 25
3544 2097.04 413 1.69 (WS x Seaweed extract) b, Sils x I 5

NI=Normal Irrigation
WS=Water Stress
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Table 3- Combined analysis of variance (mean squares) for water use efficiency and some canola traits.

aild 5,5los s "'c” <! 890 o3l anyn S aalio
Seed yield Seed oil Water df Source of variation
content Productivity
86415 ns 9.8 ns 0.21ns 1 (Year) Jlo
29541 ns l4ns 0.03ns 4 Block (Year) (Jls) 'l
142830 * 28.4* 0.49 * 1 Irrigation (A) (A) s,
22184 ns 3.1ns 0.06 ns 1 (Year x Irrigation) (¢)lfx Jle
50458 39 0.07 4 (Main plot error) Lol ¢ sllas
497319 ** 20.8 ** 0.47 ** 5 Growth stimulant (B) (B).s, < e
36451 ns 2.7ns 0.05ns 5 (Year x Growth stimulant) s, S e x Jls
92483 ** 52* 0.09 * 5 (Irrigation x Growth stimulant) .3, S’y x (L
18736 ns 18ns 0.03ns 5 (Year x Irrigation x Growth stimulant) .3, S’y x (g,ll x Jlw
10898 2.3 0.04 40 (Sub-plot error) e oS las
294 3.34 3.83 - (Coefficient of variation (%)) <l,us oo

oy Y Jleis | e p3 (gl pze g 2o yd B Jleis] e )5 ()5 gixe g )b ime pas oximd LS Gl *F o F NS
ns * and ** respectively indicate non-significance, significance at the 5% probability level, and significance at the 1% probability level.
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Table 4. Main effects of irrigation treatments and growth stimulants on the studied traits.
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S?E zﬁ) Seed oil content Productivity Treatment Factors
g (kg m-3)
3668 a 435a 112a (N1) Jley (5l Sl e
3470 b 39.5b 1.07b (WS) ol o Irrigation treatment
3153 ¢ 38.2¢ 122c (Control) sals
3594 a 419a 143a (Amino acid) el sl
L My S ye
3627 a 425a 140a (Humic acid) Ko ol :
S . Growth stimulant
3483 b 404Db 134D (Fulvic acid) <G glgé sl
3550 ab 41.8ab 139a (Seaweed extract) b ,> S o)las

NI=Normal Irrigation
WS=Water Stress
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Table S. Interaction effects of irrigation treatments and growth stimulants on the studied traits.
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aldSles G e ao v‘\fz:t’éf iy S o PR
Seed yleld Seed oil content  Productivity Growth stimulant Irrigation treatment

(kg ™) (kg m-3)

3369 ¢ 40.6b 1.04c (Control) sals

3502 b 428a 1.07c (Amino acid) acel sl

3844 a 439a 119a (Humic acid) Seogen dul (ND) Jboy )l

3579 ab 414b 111b (Fulvic acid) g8 apul

3569 ab 42.8a 1.10b (Seaweed extract) b ,> Sl> o)lac

3002 ¢ 36.7¢c 140c (Control) sals

3703 a 41.1ab 179a (AmIno acid) aiel sl

3422 b 41.2 ab 163b (Humic acid) eoge syl (WS) I i

3411b 395b 163b (Fulvic acid) < glgs sl

3544 ab 413a 1.69 ab (Seaweed extract) b > S o)las

NI=Normal Irrigation
WS=Water Stress
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Figure 1. Ranking of growth stimulant treatments under different irrigation levels
and growth stimulants.
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Monte Carlo Sensitivity Analysis of VIKOR Ranking Stability
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Figure 2. Monte Carlo Sensitivity Analysis of Ranking Stability of Canola Treatments.
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