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Table 1. Soil characteristics of the experimental farm

Soil depth (cm) __ Soil texture Bd (g cm?) EC (dS m™) pH 0C (%) PWP FC

0-30 Loam 1.52 0.72 7.7 0.55 95 19.2

30-60 Loam 1.58 0.58 7.8 0.41 8.5 18.8
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Figure 1. Images of the quinoa experimental farm
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Table 2. Mean £ SD of ETc, Kc, and biomass across quinoa growth stages

Growth stage Biomass (kg/ha) Cumulative biomass (kg/ha) ET. (mm) Crop coefficient (Kc)
Initial 396 £ 18 396 61.85+3.6 0.41 +£0.01
Development 1973 £53 2369 133.3+10.0 0.59 £ 0.02
Mid-season 3936 + 31 6305 193.9+13.3 1.05+0.10
Late-season 511+24 6816 24.1 +0.99 0.74 £ 0.02
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Table 3. Ranking of quinoa growth stages with equal criteria weights based

Stage S (Weighted sum) R (Weighted max) Q (VIKOR) Rank
Initial 0.9259 0.3333 1.0000 4
Development 0.5434 0.2396 0.6528 2
Middle 0.0000 0.0000 0.0000 1
Final 0.8173 0.3333 0.9414 3

Si: Total distance of each option from the ideal state across all criteria
Ri: Maximum individual impact of each criterion on the option
Qi: Final VIKOR index (with equal weights and v = 0.5) determining the final ranking
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Figure 2. Ranking chart of different quinoa growth stages with equal criteria weights
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Figure 3. Ranking response of growth stages to criterion weight fluctuations (univariate and multivariate
sensitivity analysis)
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Abstract

In this study, with the aim of identifying the optimal growth stage of quinoa for sustainable water
resource management under the semi-arid conditions of Karaj, three key indicators biomass, crop
evapotranspiration (ETc), and crop coefficient (Kc) were measured across four growth stages
(initial, development, mid-season, and late season) and evaluated using a multi-criteria decision-
making approach. The data were analyzed based on the results of two years of lysimeter
experiments and reference evapotranspiration calculated using the Penman—Monteith method.
The results showed that the mid-season stage, characterized by the highest crop coefficient, the
greatest water requirement, and a significant contribution to biomass accumulation, achieved the
highest rank under equal weighting of the criteria. Sensitivity analysis indicated that the ranking
of quinoa growth stages was robust to changes in criterion weights. Across all managerial
weighting combinations, as well as in single-variable sensitivity analysis (+20%) and multivariate
sensitivity analysis using the Monte Carlo method, the mid-season stage consistently maintained
the top rank and was identified as the most stable option in the decision-making process. In
contrast, the initial and late growth stages exhibited poor performance across all scenarios. These
results suggest that water resource management should focus on the mid-season stage to maximize
water productivity and crop yield. The findings of this study provide a practical framework for
irrigation planning and optimal allocation of water resources in quinoa cultivation.

Keywords: Crop coefficient, Evapotranspiration, Irrigation management, Monte Carlo method,
Water use efficiency



