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Abstract
Apple production in calcareous soils of semi-arid regions faces major limitations such as nutrient imbalance, low
nutrient use efficiency (NUE), and poor soil biological activity. This four-year field study (2021-2024) aimed to
evaluate the synergistic effects of Integrated Plant Nutrition Systems (IPNS). In this experiment, two levels of
conventional organic amendment (COA) and COA combined with biofertilizers (COAB) were integrated with
three mineral fertilization strategies: conventional optimized fertilization (COF), nutrient budget-based
fertilization (NB-F), and Compositional Nutrient Diagnosis-guided fertilization (CND-F). The experiment was
conducted in a mature commercial apple orchard (Malus domestica Borkh. cv. ‘Golden Delicious’) on calcareous
soils in Fars Province. Parameters such as soil microbial activity, nutrient availability, leaf and fruit nutrient
composition, vegetative growth, photosynthetic traits, yield, fruit quality, and economic return were evaluated.
Results showed that combining COAB with CND-F improved soil biochemical health (e.g., 116% increase in
dehydrogenase activity), leaf and fruit nutrient concentrations (40% increase in leaf phosphorus and 78.9%
increase in fruit zinc), and enhanced nutrient balance by reducing the Nutrient Balance Index (NBI) by 62.3%.
This strategy also improved vegetative growth, net CO: uptake, yield (44% increase), postharvest quality, and
reduced biennial bearing. Multivariate analyses and interaction effects confirmed the superiority of CND-F over
conventional methods, especially when combined with bio-enriched organic inputs. These findings demonstrate
the effectiveness of IPNS, particularly precision CND-guided fertilization combined with microbially enriched
organics, as a sustainable approach for managing apple orchards in calcareous soils.

Keywords: Nutrient Budgeting, Compositional Nutrient Diagnosis (CND), Apple, Calcareous Soils, Biofertilizer.



