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Abstract

Introduction

Drought stress is a primary constraint on crop productivity in arid and semi-arid regions globally. Optimizing nutrient management
and irrigation strategies can significantly bolster crop resilience against such environmental pressures. This study aimed to evaluate
the biochemical, physiological, and agronomic responses of flax (Linum usitatissimum L.) to organic, chemical, and bio-fertilizers
under drought stress conditions.

Material and Methods

The experiment was conducted at the Agricultural Research Farm of Vali-e-Asr University of Rafsanjan during the 2020-2021
growing season, using a split-plot arrangement based on a randomized complete block design with three replications. The main plots
comprised two irrigation regimes: normal irrigation and irrigation cessation at the flowering stage (drought stress). The sub-plots
included seven fertilization treatments: (1) control; (2) farmyard manure; (3) a slow release biofertilizer containing 10910°9109
cells of Pseudomonas spp. per gram; (4) chemical fertilizer consisting of 100 kg ha™" of pure nitrogen (as urea), 40 kg ha™' of pure
phosphorus (as Monopotassium phosphate), and 100 kg ha™ of pure potassium (as Potassium sulfate); and"(5—7) three integrated
treatments combining chemical-biofertilizer, manure-biofertilizer, and organic—chemical applications. In the integrated treatments,
the application rates of manure and biofertilizer remained identical to the single treatments, whereas the chemical fertilizer dosage in
the organic—chemical treatment was reduced to 70% of the basal rate. Land preparation involved plowing, leveling, and application
of the assigned fertilization treatments prior to sowing. Drought stress was imposed by withholding irrigation at the flowering stage.
Measured traits included shoot dry weight, soluble sugar content, antioxidant enzyme activities (CAT and SOD), proline
accumulation, grain yield, and harvest index.

Results and Discussion

ANOVA revealed significant effects of fertilization, irrigation, and their interaction on most traits (P < 0.01). Integrated treatments

specifically the Organic—Chemical and Chemical-Biofertilizer combinations demonstrated superior performance. Under drought
stress, the Organic—Chemical treatment increased catalase (CAT) activity by up to 70% and maximized superoxide dismutase
(SOD) activity (~50 units). This suggests a robust activation of the antioxidant defense system, protecting photosynthetic pigments
and membrane integrity against ROS-induced oxidative damage.Proline accumulation, a key adaptive response under drought stress,
was markedly affected by integrated nutrient management. Under normal irrigation, proline levels ranged from 1 to 3 pmol g™! fresh
weight, while drought'stress induced an increase to 68 pmol g'. The maximum value (8.33 umol g') was observed in the organic—
chemical treatment, likely associated with activation of the glutamate pathway, upregulation of PSCS and P5CR genes, and partial
suppression of ProDH under ABA signaling. This pathway is crucial for osmotic adjustment, cellular protection, and maintenance of
photosynthetic efficiency during water deficit conditions. For shoot growth, the organic—chemical and chemical-biofertilizer
treatments produced the highest dry biomass. Under normal irrigation, shoot dry weight in the organic—chemical treatment reached
2.81 g, and although reduced under drought stress, these treatments still maintained superior dry matter accumulation compared
with other fertilizer types. Grain yield was directly affected by irrigation level and fertilization regime. Under normal irrigation,
yield reached 1904 kg ha™', whereas drought stress reduced it to 1395 kg ha™'. The organic—chemical treatment produced the highest
grain yield (2000 kg ha!), followed by the chemical-biofertilizer treatment. Under drought stress, grain yield per unit area and
shoot dry weight were significantly reduced. The decline in shoot biomass indicates a source limitation, which restricts the overall
availability of assimilates during the grain-filling period. In contrast to the expected osmotic adjustment response, total soluble sugar
content also decreased significantly under stress conditions. This reduction suggests a severe impairment of carbon metabolism. It is
therefore hypothesized that dysfunction in sucrose transport to reproductive sinks further intensified the source limitation, ultimately
leading to the pronounced reduction in grain yield. The Harvest Index reflected the efficiency of assimilate partitioning. The
Organic—Chemical treatment demonstrated the highest HI under both normal (46.14%) and drought (29.74%) conditions. This
indicates that integrated nutrient management not only supports vegetative growth but importantly enhances the source-sink
translocation efficiency. By improving soil physicochemical properties and stimulating rhizosphere microbial activity, these
treatments reduced flower/capsule abortion and ensured better grain filling even under water-limited conditions.

Conclusion. In conclusion, this study underscores the pivotal role of integrated nutrient management in bolstering the resilience of
oil flax against drought stress. The combined application of fertilizers, particularly the Organic—Chemical (allowing a 30% reduction
in chemical inputs) and Chemical-Bio regimes, orchestrated a simultaneous improvement in agronomic performance and physio-
biochemical defense mechanisms (including antioxidant enzyme activity, soluble sugars, and proline accumulation). These
enhancements reflect a holistic activation of plant adaptive pathways, effectively mitigating oxidative stress and stabilizing
metabolic processes under water deficit. Although organic amendments may entail higher initial costs, their contribution to soil
moisture retention and yield stability justifies this approach economically. Ultimately, these findings offer a viable roadmap for
sustainable crop production in arid and semi-arid regions, demonstrating that optimizing nutrient synergy not only ensures
ecological sustainability but also reduces economic risks for farmers, reconciling the trade-off between water scarcity and yield
potential.
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