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Abstract

Calcareous soils in semi-arid regions limit bean (Phaseolus vulgaris) productivity by causing nutrient fixation and
antagonisms, a condition exacerbated by drought stress. This study aimed to establish site-specific nutrient norms
and identify key nutrient interactions constraining bean yield in the calcareous agro-ecosystems of Fars Province.
The research was conducted from 2022 to 2024 across 101 pinto bean fields. The frameworks of Compositional
Nutrient Diagnosis (CND) and Deviation from Optimum Percentage (DOP) were integrated. Soil and leaf samples
were collected to determine physicochemical properties and nutrient status, and Principal Component Analysis
(PCA) was performed to identify the main yield determinants and stoichiometric imbalances. The calcareous soils
(pH = 7.85, 34.8% CaCQO:s) caused severe phosphorus (91% of farms), zinc (60%), iron (51%), and boron (38%)
deficiencies due to calcium—phosphorus precipitation and Fe-Mn-Cu redox competition. Farms with a Nutrient
Balance Index (NBI) higher than 200 had yields 34% lower (2,280 vs. 3,460 kg/ha). The CND method explained
23% more variance than DOP and uncovered hidden interactions, such as Mn deficiency and Fe-Cu antagonism.
PCA results indicated that in low-yield farms, macronutrients (Ca, K, Mg) and boron were dominant constraints
(PC1: 43.1% variance explained), whereas micronutrient redox dynamics and latent Mn deficiency governed high-
yield performance. Critical leaf nutrient thresholds for high-yield fields were as follows: nitrogen (3.52%),
phosphorus (0.29%), potassium (2.80%), calcium (1.53%), magnesium (0.59%), zinc (24.21 mg/kg), iron (181.75
mg/kg), copper (9.75 mg/kg), manganese (89.5 mg/kg), and boron (55.29 mg/kg). Phosphorus—zinc deficiency
and nutrient imbalance were identified as the primary constraints on bean yield in calcareous soils. This research
recommends the CND framework as an innovative tool for precision nutrient management by providing region-
specific thresholds that optimize fertilization strategies and help close the yield gap in semi-arid agro-ecosystems.

Keywords: Calcareous soils, Compositional Nutrient Diagnosis (CND), soil fertility, production sustainability,
common bean (Phaseolus vulgaris)



