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Influence of boron sources and application levels on fractional distribution and transformation of boron in calcareous soil under groundnut (Arachis hypogaea L.) cultivation
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Abstract
Boron (B) dynamics in calcareous soils are strongly influenced by soil chemical properties, which affect its availability and transformation. A factorial experiment was conducted to evaluate the effect of boron sources (borax and boric acid) and application level (0, 2.5, 5, and 7.5 mg kg -1) on the distribution of boron fractions in calcareous soil under groundnut (Arachis hypogaea L.) at flowering, peg formation, and harvest stages. The results revealed that increasing boron levels significantly enhanced all boron fractions, including readily soluble, specifically adsorbed, oxide-bound, organically bound, residual bound, and total boron fraction, particularly at 7.5 mg kg-1, indicating greater retention and transformation into stable soil pools. In contrast, boric acid mainly increased the readily soluble boron fraction, contributing primarily to the immediately available boron pool. Boron fractions showed a progressive increase from the flowering to harvest, suggesting a gradual transformation from soluble to more stable forms over time. The findings indicate that borax promotes the transformation of boron into less available and more stable soil fractions, whereas boric acid enhances the readily soluble and plant-available form of boron in calcareous soil.
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1. Introduction
Boron (B) is an essential micronutrient required for the normal growth and development of higher plants. Although it is needed in very small quantities, its role in plant metabolism is highly significant. Boron is involved in cell wall formation, carbohydrate metabolism, sugar transport, nucleic acid synthesis, and hormone regulation (Marschner, 2012). One of the most critical functions of boron is its involvement in reproductive development. It plays a vital role in pollen germination, pollen tube elongation, fertilization, and seed and fruit development. Deficiency of boron during reproductive stages can severely reduce yield due to poor flower retention, reduced pod formation, and development of malformed seed.
Groundnut (Arachis hypogaea L.) is an Important oilseed crop cultivated widely in tropical and subtropical regions. Being a reproductive sensitive crop, groundnut is highly responsive to boron nutrition. Adequate boron supply ensures proper peg penetration, pod formation, kernel filling, and overall yield improvement. Boron deficiency in groundnut often results in hollow heart, poor pod development, reduced shelling percentage, and inferior seed quality (Alloway, 2008). Therefore, balanced boron nutrition is essential for groundnut production. Despite its importance, boron deficiency is widespread, especially in calcareous soils, due to high pH and calcium carbonate (CaCO₃) content, which limit its solubility and plant availability (Sary and Abd El-Aziz, 2025). The behaviour and availability of boron are governed by complex physicochemical interactions associated with high calcium carbonate content and alkaline pH. Boron readily adsorbs onto calcium carbonate surfaces and clay minerals, leading to reduced solubility and limited availability to plants. Additionally, boron may be converted into less soluble forms through precipitation and fixation processes,
The behaviour of boron in soil is complex and dynamic. In soil solution, boron exists mainly as boric acid (H3BO3) at acidic to neutral pH. However, in alkaline soils, especially those with high CaCO3 content, boron predominantly converts into borate ions (B(OH)4-) (Marschner, 2012). These borate ions readily interact with calcium carbonate surfaces, clay minerals, and iron and aluminium oxides through specific adsorption mechanisms. This adsorption reduces boron mobility and plant availability. Additionally, boron reduces boron mobility and plant availability. Additionally, boron can be fixed within mineral structures or precipitated as less-soluble compounds, further reducing its availability to crops.
Calcareous soils not only affect boron solubility but also influence its distribution among different chemical fractions. Boron in soil is present in various forms, including readily soluble boron, specifically adsorbed boron, oxide-bound boron, organically bound boron, and residual boron. The readily soluble fraction represents the most plant available pool, whereas other fractions serve as temporary or long-term reservoirs depending on soil conditions (Padbhushan and Kumar, 2017). The residual fraction, which is often the largest portion, consists of boron incorporated within mineral lattices and is generally unavailable to plants. Sequential extraction studies have shown that boron continuously transforms from soluble and adsorbed forms into more stable fractions over time, especially under alkaline conditions (Hou et al., 1994; Datta et al., 2002). The transformation and distribution of boron fractions are influenced by several soil properties such as pH, calcium carbonate content, clay type, organic matter content, and cation exchange capacity. High CaCO3 content promotes adsorption and fixation of boron onto carbonate surfaces, while clay minerals and Fe/Al oxides contribute to specific complexation reactions. Soil organic matter also interacts with boron through complex formation with hydroxyl and carboxyl function groups. Therefore, understanding the fractionation of boron in calcareous soils in essential for predicting its availability and long-term behaviour. 
Another important factor affecting boron dynamics is the sources of boron fertilizer. Common boron sources include borax (sodium tetraborate) and boric acid. Borax predominantly supplies boron in ionic borate form, which can enhance adsorption reactions in alkaline soil solution and may behave differently in terms of mobility and fixation. These differences in chemical form influence how boron is distributed among soil fractions and how long it remains available for plant uptake.
Application rate also plays a crucial role in boron behaviour. At lower application levels, most applied boron may be quickly adsorbed or fixed by components. However, increasing boron levels can lead to partial saturation of adsorption sites, resulting in higher concentration in soluble and exchange forms (Padbhushan and Kumar, 2015). Over time, soluble boron may gradually transform into oxide-bound, organically-bound, or residual forms, indicating time-dependent stabilization in soil. Therefore, studying boron fraction dynamics at different crop growth stages provides valuable insights into both short term and long term retention. Although considerable research has been conducted on boron availability, limited information is available regarding stage-wise changes in boron fractions in calcareous soils under different fertilizer sources and graded application levels, particularly in groundnut cropping systems. Understanding these dynamics is important for improving boron management strategies and preventing both deficiency and toxicity. 
 In view of the above considerations, the present study was undertaken to evaluate the effect of two boron sources, borax and boric acid, applied at graded levels on the distribution of boron fractions in calcareous soil cultivated with groundnut. The study aims to assess the transformation of boron among different chemical fractions at flowering, peg formation, and harvest stages of groundnut cultivation and to understand how source and level influence boron stabilization and availability in calcareous soil. 
2. Materials and methods
2.1.  Experimental Site
The experiment was carried out on calcareous soil collected from a groundnut (Arachis hypogaea L.) cultivated field situated at 12°51′ N latitude and 79°27′ E longitude, at an elevation of 168 m above mean sea level. The region experiences a moderately warm agroclimatic condition, characterized by hot and humid summers. The mean ambient temperature generally varies from 25 to 37° C. The area receives an average annual rainfall of about 815mm, with nearly 400mm contributed by the northeast monsoon during October to December and around 315mm received from the southwest monsoon between June and September, while the remaining rainfall of about 100 mm occurs as summer showers.
2.2.  Experimental Details
A field experiment was carried out during the January to April season of 2025 following a factorial randomized block design (FRBD) with three replications. Groundnut cultivar Kadhiri 9 was selected as the test crop. The treatments comprised two zinc sources, namely Borax (S1) and boric acid (S2), applied at four graded level 0 mg kg-1 (L0), 2.5 mg kg-1 (L1), 5 mg kg-1 (L2), and 7.5 mg kg-1 (L3).  The field was thoroughly ploughed to a depth of about 8 -10 inches, and raised beds were formed to ensure proper drainage and facilitate intercultural operations and harvesting. Sowing was carried out in rows with a spacing of 30 x 15 cm; each experimental plot measured 5 x 4 m2. As per soil test crop response guidelines, the entire recommended fertilizer dose of 25:50:75 kg ha-1 of N: P2O5: K2O was uniformly applied across all treatments. Nitrogen was supplied in two equal splits, one as a basal application at sowing and the other at 30 days after sowing, whereas the full quantities of phosphorus and potassium were applied as basal doses. Boron sources were applied using analytical-grade borax (Na₂B₄O₇·5H₂O) and boric acid (H3BO3). Initial irrigation was provided immediately after sowing. Irrigation was applied immediately after sowing, followed by a light irrigation on the fourth day and subsequently at ten-day intervals. All intercultural operations were carried out uniformly in accordance with the recommended crop production practices. The initial physicochemical characteristics of the experimental soil are presented in Table 1. Soil texture was determined using the international pipette method as described by Piper (1966). Bulk density, particle density, and pore space were estimated using the measuring cylinder method outlined by Tan (1996). Soil pH and electrical conductivity were measure 1:2.5 soil water suspension following the procedure suggested by Jackson (1973). Cation exchange capacity was determined using the ammonium acetate method, while calcium carbonate content was estimated by the rapid titration technique as described by Horváth et al. (2005). Soil organic carbon was analysed using the Walkley and Black method (1934). Available nitrogen was determined by the alkaline permanganate method proposed by Subbaiah and Asija (1956). Available phosphorus was extracted using the Olsen method (Watanable and Olsen, 1965), whereas available potassium was determined following ammonium acetate extraction and subsequent flame photometric analysis as described by Stanford and English (1949). and hot water-soluble boron by the Azomethine-H method described by Humphries, 1956.
2.3.  Soil Sampling
Soil samples corresponding to each treatment and replication were collected separately at three crop growth stages, namely flowering, peg formation, and harvest, after completion of the field experiment. The collected samples were air-dried, gently crushed, and passed through a 2mm sieve before analysis. The processed soil samples were subjected to sequential extraction to determine different boron fractions following the procedure proposed by Hou et al. (1996) as modified by Datta et al. (2002). The detailed procedure is presented in Fig.1.
2.4.  Statistical analysis
The experimental data were subjected to statistical analysis following the procedures outlined by Gomez and Gomez (1984) to evaluate the significance of treatment effects on the distribution of boron fractions among treatments.
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Fig.1. Sequential fraction procedure for boron
3. Result and Discussion
3.1. Readily soluble boron (RS-B)
Readily soluble boron in calcareous soil was significantly influenced by boron sources (S), levels of application (L), and their interaction (SxL) at flowering, peg formation, and harvest stages (Tables 2, 4, 6). Across all three growth stages, boric acid (S₂) recorded higher RS-B values than borax (S₁). At the flowering stage, the mean RS-B content under boric acid was 0.74 mg kg⁻¹, which was significantly higher than 0.67 mg kg⁻¹ recorded with borax. A similar trend was observed at peg formation, where boric acid recorded 0.64 mg kg⁻¹ compared to 0.57 mg kg⁻¹ under borax. At harvest, RS-B declined under both sources; however, boric acid (0.55 mg kg⁻¹) maintained significantly higher RS-B than borax (0.48 mg kg⁻¹). Boron application levels showed a clear and significant increase in RS-B at all growth stages. The control (L0), RS-B values were 0.48, 0.47, and 0.41 mg kg-1 at flowering, peg formation, and harvest stage, respectively. In contrast, application of boron at 7.5 mg kg-1 resulted in the maximum RS-B of 0.89, 0.73, and 0.63 mg kg-1 at the corresponding stages.  The interaction effect showed that the maximum RS-B content was recorded under boric acid @ 7.5 mg kg-1 (S2L3), with values of 0.94 mg kg-1 at flowering, 0.79 at peg formation, and 0.69 mg kg-1 at harvest. This treatment was statistically on par with boric acid @ 5 mg kg-1 (S2L2). This was followed by borax @ 7.5 mg kg-1 (S1L3) and borax @ 5.0 mg kg-1 (S1L2). Both of which were significantly inferior to the corresponding boric acid treatments. The minimum RS-B values were recorded under the control at all growth stages.  The higher readily soluble boron (RS-B) was observed with boric acid across all growth stages. The higher readily soluble boron (RS-B) observed with boric acid across all growth stages is due to its dissolution mainly as undissociated H3BO3, which remains stable in alkaline calcareous soils and contributes directly to the soil solution boron pool (Padbhushan and Kumar, 2015). Borax, however, being a sodium borate, increases localized alkalinity and promotes adsorption onto CaCO3 and clat surfaces, thereby reducing its solubility (Ring et al., 2025). The progressive increase in RS-B with increasing boron application levels reflects the highly labile nature of this fraction, as higher doses temporarily satisfy soil adsorption sites, allowing more boron to remain in solution (Padbhushan and Kumar, 2017). The significantly higher RS-B was recorded under boric acid @ 7.5, and 5 mg kg -1 demonstrates the effectiveness of these application rates in enhancing and sustaining readily soluble boron in calcareous soil. The decline in RS-B from flowering to harvest is mainly due to continuous plant uptake and gradual fixation of soluble boron during crop growth.
3.2.  Specifically adsorbed boron (SPAB)
Specifically adsorbed boron (SPAB) in calcareous soil was significantly influenced by boron sources (S), application levels (L), and their interaction (SxL) at flowering, peg formation, and harvest stages (Tables 2, 4, 6). Across all growth stages, borax (S1) recorded higher SPAB values than boric acid (S2), indicating greater retention of applied boron in specifically adsorbed forms under borax application.
At the flowering stage, mean SPAB under borax (0.81 mg kg-1) was significantly higher than boric acid (0.75 mg kg-1). A similar trend was observed at peg formation, where borax recorded a mean SPAB of 0.09 mg kg-1 compared to 0.84 mg kg-1 under boric acid. At harvest, SPAB further increased under both sources, borax (1.01 mg kg-1) maintained significantly higher values than boric acid (0.93 mg kg-1). Application level showed a significant and progressive increase in SPAB across all stages. The lowest SPAB values were recorded under the control (L0), whereas the highest values were observed at 7.5 mg kg-1 (L3). At flowering, SPAB increased from 0.54 mg kg⁻¹ under L₀ to 1.01 mg kg⁻¹ under L₃, with similar increasing trends at peg formation (0.52 to 1.14 mg kg⁻¹) and harvest (0.51 to 1.32 mg kg⁻¹). The interaction effect between boron sources and application level was significant at all growth stages. Borax applied at 7.5 mg kg-1 (S1L3) recorded the maximum SPAB values at flowering (1.05 mg kg-1), peg formation (1.20 mg kg-1), and harvest (1.38 mg kg-1). This was followed by boric acid applied at 7.5 mg kg-1 (S2L3), which recorded the next maximum SPAB values at all stages. Borax at 5.0 mg kg-1 (S1L2) and boric acid at 5.0 mg kg-1 (S2L2) recorded lower SPAB values and were inferior to S1L3 and S2L3. The minimum SPAB values were consistently recorded under the control treatments (S1L0 and S2L0). The higher SPAB recorded under borax application is primarily due to the dominance of borate species (B(OH)4-) released from borax in alkaline calcareous soils, which form strong inner sphere complexes with calcium carbonate surfaces and edge sites of clay and Fe-Al oxides (Goldberg, 1997). This specific adsorption mechanism leads to effective fixation of applied boron is adsorbed form. In contrast, boric acid remains predominantly as neutral H₃BO₃, which exhibits a weaker affinity for these adsorption sites, resulting in comparatively lower SPAB (Li et al., 2024). The marked increase in SPAB at higher boron levels further indicates progressive occupation of specific adsorption sites, while the significant source × level interaction confirms that boron speciation and soil mineralogy jointly control boron retention in calcareous soils.
3.3. Oxide-bound boron (Ox-B)
Oxide-bound boron (Ox-B) in calcareous soil was significantly influenced by boron sources (S), application level (L), and their interaction (SxL) at flowering, peg formation, and stages (Tables 2,4, 6). Across all growth stages, borax (S1) recorded significantly higher Ox-B than boric acid (S2). At flowering, mean Ox-B under borax (1.10 mg kg-1) was higher than boric acid (0.96 mg kg-1). A similar trend was observed at the peg formation and harvest stage with 1.21 mg kg-1 (S1), 1.00 mg kg-1 (S2), and 1.43 mg kg-1 (S1), 120 mg kg-1 (S2). 	Oxide-bound boron increased significantly with increasing boron application levels. The lowest Ox- B values were recorded under the control (L0), whereas the highest values were observed at 7.5 mg kg⁻¹ (L₃) at all stages. Mean Ox-B increased from 073 to 1.31 mg kg-1 at flowering, from 0.72 to 1.46 mg kg-1 at peg formation and from 0.71 to 1.82 mg kg-1 at harvest. The interaction effect between boron The maximum oxide-bound boron was recorded under borax at 7.5 mg kg⁻¹ (S₁L₃) with a value of 2.05 mg kg⁻¹, followed by borax at 5.0 mg kg⁻¹ (S₁L₂) with 1.78 mg kg⁻¹, boric acid at 7.5 mg kg⁻¹ (S₂L₃) with 1.59 mg kg⁻¹, and boric acid at 5.0 mg kg⁻¹ (S₂L₂) with 1.45 mg kg⁻¹. These were followed by the remaining treatment combinations at lower levels of boron application, while the minimum oxide-bound boron was consistently recorded under the control treatments, S₁L₀ with 0.71 mg kg⁻¹ and S₂L₀ with 0.70 mg kg⁻¹.and application level was significant at all growth stages.  The significantly higher oxide-bound boron (Ox-B) under 7.5 mg kg⁻¹ (L3) is attributable to the strong affinity of borate species for oxide surfaces in calcareous soils. Under alkaline conditions, borate ions interact with Fe/Al oxide surface sites through specific adsorption mechanisms, resulting in stabilization of boron within oxide-associated fractions as demonstrated by surface complexation and adsorption studies of B on oxide surfaces (Chen et al, 2024; De Bussetti et al., 1995). Borax, which supplies boron predominantly in ionic borate form, enhances this specific adsorption more effectively than boric acid, which remains mainly as neutral H3BO3 with weaker oxide binding. Increasing boron rates promotes progressive occupation of reactive oxide sites, facilitating the transformation of soluble and weakly bound boron into more stable oxide-bound pools. The consistent minimum Ox-b under control treatment reflects the low native oxide-associated boron content in untreated calcareous soil (Chen et al, 2024). 
3.4. Organically bound boron (OB-B)
Organically bound boron in calcareous soil was significantly influenced by boron sources (S), application level (L), and their interaction (SxL) at flowering, peg formation, and harvest stages (Tables 3, 5, 7 ). Across all growth stages, borax (S1) recorded higher OB-B than boric acid (S2). At the flowering stage, mean OB-B under borax was 1.26 mg kg-1, compared to 1.15 mg kg-1 under boric acid. A similar trend was observed at peg formation, where borax recorded a mean of 1.42 mg kg ¹ than boric acid (1.24 mg kg⁻¹). At harvest, OB-B further increased, with borax maintaining higher values (1.62 mg kg⁻¹) than boric acid (1.42 mg kg⁻¹). The application level showed a significant upward trend in Org-B across all stages. Mean Org-B increased from 0.85 to 1.46 mg kg⁻¹ at flowering, 0.83 to 1.70 mg kg⁻¹ at peg formation, and 0.81 to 1.99 mg kg⁻¹ at harvest as boron levels increased from L₀ to L₃.  At flowering, organically bound boron under borax increased from 0.84 mg kg⁻¹ in S₁L₀ to 1.17 mg kg⁻¹ in S₁L₁, 1.45 mg kg⁻¹ in S₁L₂, and 1.56 mg kg⁻¹ in S₁L₃, whereas under boric acid it increased from 0.85 mg kg⁻¹ in S₂L₀ to 1.09, 1.28, and 1.36 mg kg⁻¹ in S₂L₁, S₂L₂, and S₂L₃, respectively. At the peg formation stage, organically bound boron under borax was 0.83 mg kg⁻¹ in S₁L₀, 1.31 mg kg⁻¹ in S₁L₁, 1.65 mg kg⁻¹ in S₁L₂, and 1.88 mg kg⁻¹ in S₁L₃, while boric acid recorded 0.83, 1.19, 1.42, and 1.52 mg kg⁻¹ under S₂L₀, S₂L₁, S₂L₂, and S₂L₃. At harvest, organically bound boron further increased, with borax recording 0.81 mg kg⁻¹ in S₁L₀, 1.52 mg kg⁻¹ in S₁L₁, 1.98 mg kg⁻¹ in S₁L₂, and 2.16 mg kg⁻¹ in S₁L₃, whereas boric acid recorded 0.81, 1.38, 1.67, and 1.81 mg kg⁻¹ under S₂L₀, S₂L₁, S₂L₂, and S₂L₃, respectively. The significantly higher organically bound boron under higher boron levels, particularly with borax, can be attributed to enhanced complexation of boron with soil organic matter functional groups under calcareous soil conditions (Nithin et al., 2025). At alkaline pH, boron supplied in borate form shows a strong affinity for hydroxyl and carboxyl groups of humic and fulvic substances, leading to stable organo-boron complexes. Borax releases boron predominantly as borate ions, which favors rapid interaction and immobilization with organic matter pools, whereas boric acid remains largely in undissociated molecular form (H3BO3), resulting in comparatively weaker organic complexation (Chen et al., 2024).   Increasing boron application levels promote saturation of soluble and weakly adsorbed pools, facilitating greater incorporation of boron into organically bound fractions through adsorption, ligand exchange, and microbial immobilization (Bhupenchandra et al., 2020). The progressive increase in organically bound boron from flowering to harvest further reflects time-dependent transformation and stabilization of applied boron within soil organic matter. 
3.5. Residual boron (Res-B)
Residual boron content in calcareous soil was significantly influenced by boron sources (S), application levels (L), and their interaction (SxL) at flowering, peg formation, and harvest stages (Tables 2, 4, 6). Across all growth stages, borax (S1) recorded higher residual boron compared to boric acid (S2). At the flowering stage, mean residual boron under borax was 7.30 mg kg-1, whereas boric acid recorded 6.61 mg kg-1. A similar trend was observed at peg formation, where borax registered a mean value of 9.60 mg kg-1 compared to 8.88 mg kg-1 under boric acid. At harvest, residual boron further increased, with borax maintaining maximum values of 12.79 mg kg-1 compared to boric acid at 11.61 mg kg-1. Application levels showed a significant increasing trend in residual boron across all crop growth stages. Mean residual boron increased from 6.11 to 7.80 mg kg-1 at flowering, from 6.15 to 10.95 mg kg-1 at peg formation, and from 6.21 to 15.50 mg kg-1 at harvest with increasing boron levels. The interaction effect between source and level was also significant at all stages. At the flowering stages, S1L3 recorded the highest residual boron of 8.34 mg kg⁻¹, followed by S1L2 with 8.05 mg kg⁻¹, S2L3 with 7.25 mg kg⁻¹, and S2L2 with 7.01 mg kg⁻¹, while S1L0 and S2L0 recorded the lowest values. At the peg formation stage, S1L3 registered the maximum residual boron of 11.28 mg kg⁻¹, closely followed by S1L2 with 11.29 mg kg⁻¹, S2L3 with 10.61 mg kg⁻¹, and S2L2 with 9.98 mg kg⁻¹, whereas control treatments recorded minimum values. At harvest, S1L3 recorded the highest residual boron of 16.21 mg kg⁻¹, followed by S1L2 with 15.67 mg kg⁻¹, S2L3 with 14.79 mg kg⁻¹, and S2L2 with 13.94 mg kg⁻¹, with the lowest values observed under control (S1L0 and S2L0). The predominance and significant increase of the residual boron fraction with higher boron application, especially under borax treatments, reflect the long-term stabilization and incorporation of applied boron into non-labile soil phases that are not readily extractable. Residual boron is typically associated with the crystal lattice of primary and secondary soil minerals, including silicates and carbonates, and represents the largest portion of the total soil boron, often exceeding 80% of the total fraction in calcareous soils (Kasture et al., 2020). This fraction is formed through progressive transformation of more reactive boron pools (readily soluble, specially adsorbed, oxide-bound and organically bound) into structurally fixed forms within mineral matrices over time, a process driven by repeated sorption, precipitation, and incorporation reactions as boron equilibrates with solid phases. Such transformation is influenced by soil properties like high calcium carbonate content, alkaline pH and the presence of clay and oxide surface, which promotes alkaline pH and the presence of clay and oxide surfaces, which promote boron fixation through complex and occlusion within mineral structures (Kumari et al., 2017). Sequential extraction studies have shown that residual boron content far exceeds other fractions and remains relatively stable under normal field conditions, indicating that most applied boron, after initial equilibration, is partitioned into this recalcitrant pool.  These processes explain the observed progressive rise in residual boron from flowering to harvest as continuous boron application and soil contact time facilitate redistribution from labile to stable fractions, resulting in cumulative retention in soil (Chen et al., 2024; Padbhushan et al., 2017).
3.6. Total Boron (Tot-B)
Total boron content in calcareous soil was significantly influenced by boron sources, application levels, and their interaction at flowering stages, peg formation and harvest stages (Tables 2, 4, 6). Across all stages, borax recorded consistently higher total boron than boric acid. At the flowering stage, mean total boron under borax was 11.14 mg kg-1 compared to 10.21 mg kg⁻¹ under boric acid. A Similar trend was observed at peg formation, where borax registered a mean total boron of 13.70 mg kg-1, whereas boric acid recorded 12.59 mg kg-1. At harvest, total boron further increased, with borax maintaining higher values of 17.33 mg kg-1 than boric acid at 15.72 mg kg-1. Application level showed a significant increasing trend in total boron across all growth stages. Mean total boron increased from 8.71 to 12.45 mg kg-1 at flowering from 8.68 to 15.97 mg kg-1 at peg formation, and from 8.65 to 21.26 mg kg⁻¹ at harvest with increasing boron application levels. The interaction between boron sources and application levels significantly influenced total boron at all growth stages. At the flowering stage, S1L3 (borax @ 7.5 mg kg⁻¹) recorded the highest total boron of 13.22 mg kg⁻¹, followed by S1L2 (borax @ 5.0 mg kg⁻¹) with 12.48 mg kg⁻¹, S2L3 (boric acid @ 7.5 mg kg⁻¹) with 11.67 mg kg⁻¹, and S2L2 (boric acid @ 5.0 mg kg⁻¹) with 11.06 mg kg⁻¹, while S1L0 and S2L0 recorded the lowest values. At the peg formation stage, S1L3 recorded the maximum total boron of 16.74 mg kg⁻¹, followed by S1L2 with 16.00 mg kg⁻¹, S2L3 with 15.19 mg kg⁻¹, and S2L2 with 14.25 mg kg⁻¹, whereas the control (S1L0 and S2L0) recorded the minimum values. At harvest, S1L3 recorded the maximum total boron of 22.38 mg kg⁻¹, followed by S1L2 with 21.12 mg kg⁻¹, S2L3 with 20.13 mg kg⁻¹, and S2L2 with 18.80 mg kg⁻¹, with control treatments again recording the minimum values. The significantly higher total boron under higher boron application levels, particularly with borax, can be attributed to its greater contribution to soil boron pools through enhanced adsorption and reduced leaching losses in calcareous soils. Borax supplies boron predominantly in borate form, which exhibits strong adsorption on calcium carbonate surface and clay minerals under alkaline conditions, thereby increasing total boron retention in soil (Majidi et al., 2010). In contrast, boric acid remains largely in molecular form, making it more susceptible to downward movement and lower accumulation in soil (Srivastava et al., 2025). Increasing boron application levels result in saturation of soluble and adsorbed boron fractions, leading to progressive accumulation of boron in the soil matrix through precipitation, adsorption, and incorporation into less labile pools (Nazir et al., 2016; Rahul et al., 2016). The gradual increase in total boron from flowering to harvest further reflects cumulative retention and time-dependent stabilization of applied boron in the calcareous soil system (Padbhushan et al., 2017).
4. Conclusion
The present investigation demonstrated that boron source and application levels significantly influenced the distribution and transformation of boron fractions in calcareous soil under groundnut. Increasing boron levels (progressively enhanced all boron fractions, including readily soluble, specifically adsorbed, oxide-bound, organically bound, residual bound, and total boron across flowering, peg formation, and harvest stages. A district source effect was observed between borax and boric acid. Borax resulted in greater accumulation of specifically adsorbed, oxide-bound, organically bound, residual, and total boron fractions, indicating greater retention and stabilizationin calcareous soil. This behavior may be attributed to increased adsorption of borate ions onto the calcium carbonate surface and clay minerals under alkaline conditions, leading to the gradual transformation of applied boron into more stable soil pools. In contrast, boric acid primarily increased the readily soluble boron fraction, with comparatively lower accumulation in other fractions. This suggests that boric acid contributed mainly to the immediately available boron pool, while showing limited conversion into less labile or residual forms in the calcareous soil. A significant interaction between source and level was observed. The treatment S1L3 (borax at 7.5 mg kg⁻¹) recorded the highest values of stable and residual boron fractions. This suggests that borax leads to stronger retention of boron in calcareous soil, likely due to strong adsorption onto calcium carbonate and clay surface under alkaline conditions. However, boric acid mainly increased the readily soluble boron fraction and showed less increase in the other stable fractions. This indicates that boric acid contributes more to the immediately available boron pool but does not significantly increase long-term boron stabilization in the soil. Boron fractions increased from flowering to harvest, showing that applied boron gradually moved from soluble forms to more stable forms over time. The higher residual boron at harvest indicates stabilization of boron in the soil rather than complete loss. Therefore, the results show that borax is more effective for building and stabilizing boron in calcareous soil, whereas boric acid enhances the readily soluble fraction that is directly for plant uptake. Considering groundnut response, boric acid @ 7.5 and 5 mg kg-1 (S2L3 and S2L2) may be more suitable for improving immediate boron nutrition during critical growth stages.
Table 1. Physico -chemical properties of experiment soil
	S.No
	Properties
	Value

	Soil physical properties

	1.
	Mechanical analysis
	

	
	Sand (%)
	52.6

	
	Silt (%)
	3.4

	
	Clay (%)
	45.2

	
	Texture
	Sandy clay loam

	2.
	BD (Mg m-3)
	1.31

	3.
	PD (Mg m-3)
	2.74

	4.
	Pore Space (%)
	52.18

	Soil physico –chemical properties

	1.
	pH
	8.11

	2.
	Electrical conductivity (dS m-1)
	0.55

	3.
	CEC (c mol(p+) kg -1)
	13.76

	4.
	SOC (g kg-1)
	5.1

	Soil chemical properties

	1
	Available nitrogen (kg ha-1)
	256

	2.
	Available phosphorus (kg ha-1)
	9.4

	3.
	Available potassium (kg ha-1)
	154

	4.
	CaCO3 (%)
	6.54 

	5.
	Boron (mg kg-1)
	0.48




[bookmark: _Hlk221751362]Table 2. Effect of different boron sources and levels on soil boron fractions (mg kg-1) at the flowering stage of groundnut grown in calcareous soil
	 
	Readily available boron (RA-B)
	Specifically adsorbed boron (SPA-B)
	Oxide-bound boron (Ox-B)

	
	L0
	L1
	L2
	L3
	Mean
	L0
	L1
	L2
	L3
	Mean
	L0
	L1
	L2
	L3
	Mean

	S1
	0.48
	0.62
	0.74
	0.85
	0.67
	0.54
	0.74
	0.9
	1.05
	0.8075
	0.72
	0.93
	1.34
	1.42
	1.10

	S2
	0.49
	0.68
	0.89
	0.94
	0.75
	0.54
	0.68
	0.82
	0.96
	0.75
	0.73
	0.85
	1.06
	1.19
	0.95

	Mean
	0.48
	0.65
	0.81
	0.89
	 
	0.54
	0.71
	0.86
	1.00
	 
	0.725
	0.89
	1.2
	1.30
	 

	 
	S.Ed
	C.D (p=0.05)
	S.Ed
	C.D (p=0.05)
	S.Ed
	C.D (p=0.05)

	S
	0.008
	0.01
	0.009
	0.01
	0.01
	0.02

	L
	0.01
	0.02
	0.01
	0.02
	0.01
	0.03

	SxL
	0.01
	0.03
	0.01
	0.03
	0.02
	0.05



[bookmark: _Hlk221751450]Table 3. Effect of different boron sources and levels on soil boron fractions (mg kg-1) at the flowering stage of groundnut grown in calcareous soil
	 
	Organically bound boron (OB-B)
	Residual Boron (Res-B)
	Total boron (Tot-B)

	
	L0
	L1
	L2
	L3
	Mean
	L0
	L1
	L2
	L3
	Mean
	L0
	L1
	L2
	L3
	Mean

	S1
	0.84
	1.17
	1.45
	1.56
	1.25
	6.12
	6.69
	8.05
	8.34
	7.3
	8.7
	10.15
	12.48
	13.22
	11.13

	S2
	0.85
	1.09
	1.28
	1.36
	1.14
	6.1
	6.09
	7.01
	7.25
	6.61
	8.71
	9.39
	11.06
	11.67
	10.20

	Mean
	0.84
	1.13
	1.365
	1.46
	
	6.11
	6.39
	7.53
	7.79
	
	8.70
	9.77
	11.77
	12.44
	

	 
	S.Ed
	C.D (p=0.05)
	S.Ed
	C.D (p=0.05)
	S.Ed
	C.D (p=0.05)

	S
	0.01
	0.02
	0.02
	0.05
	0.07
	0.16

	L
	0.01
	0.03
	0.04
	0.07
	0.11
	0.24

	SxL
	0.02
	0.05
	0.07
	0.13
	0.16
	0.35




[bookmark: _Hlk221751564]Table 4. Effect of different boron sources and levels on soil boron fractions (mg kg-1) at the peg formation stage of groundnut grown in calcareous soil
	 
	Readily available boron (RA-B)
	Specifically adsorbed boron (SPAB)
	Oxide-bound boron (Ox-B)

	
	L0
	L1
	L2
	L3
	Mean
	L0
	L1
	L2
	L3
	Mean
	L0
	L1
	L2
	L3
	Mean

	S1
	0.47
	0.52
	0.64
	0.68
	0.57
	0.51
	0.86
	1.02
	1.2
	0.89
	0.71
	1.01
	1.4
	1.7
	1.20

	S2
	0.47
	0.57
	0.75
	0.79
	0.64
	0.52
	0.77
	0.98
	1.08
	0.83
	0.72
	0.93
	1.12
	1.21
	0.99

	Mean
	0.47
	0.54
	0.69
	0.73
	 
	0.51
	0.81
	1
	1.14
	 
	0.71
	0.97
	1.26
	1.45
	 

	 
	S.Ed
	C.D (p=0.05)
	S.Ed
	C.D (p=0.05)
	S.Ed
	C.D (p=0.05)

	S
	0.007
	0.01
	0.01
	0.02
	0.01
	0.02

	L
	0.009
	0.02
	0.01
	0.02
	0.01
	0.04

	SxL
	0.001
	0.02
	0.02
	0.03
	0.02
	0.05



Table 5. Effect of different boron sources and levels on soil boron fractions (mg kg-1) at the peg formation stage of groundnut grown in calcareous soil
	 
	Organically bound boron (OB-B)
	Residual Boron (Res-B)
	Total boron (Tot-B)

	
	L0
	L1
	L2
	L3
	Mean
	L0
	L1
	L2
	L3
	Mean
	L0
	L1
	L2
	L3
	Mean

	S1
	0.83
	1.31
	1.65
	1.88
	1.417
	6.15
	9.67
	11.29
	11.28
	9.59
	8.67
	13.37
	16
	16.74
	13.69

	S2
	0.83
	1.19
	1.42
	1.52
	1.24
	6.14
	8.77
	9.98
	10.61
	8.87
	8.68
	12.23
	14.25
	15.19
	12.58

	Mean
	0.83
	1.25
	1.53
	1.70
	 
	6.14
	9.22
	10.63
	10.94
	 
	8.67
	12.8
	15.12
	15.96
	 

	 
	S.Ed
	C.D (p=0.05)
	S.Ed
	C.D (p=0.05)
	S.Ed
	C.D (p=0.05)

	S
	0.01
	0.03
	0.08
	0.15
	0.1
	0.21

	L
	0.02
	0.04
	0.09
	0.17
	0.16
	0.34

	SxL
	0.03
	0.06
	0.12
	0.26
	0.28
	0.52



Table 6. Effect of different boron sources and levels on soil boron fractions (mg kg-1) at the harvest stage of groundnut grown in calcareous soil
	 
	Readily available boron (RA-B)
	Specifically adsorbed boron (SPAB)
	Oxide-bound boron (Ox-B)

	
	L0
	L1
	L2
	L3
	Mean
	L0
	L1
	L2
	L3
	Mean
	L0
	L1
	L2
	L3
	Mean

	S1
	0.41
	0.44
	0.51
	0.58
	0.48
	0.51
	0.96
	1.18
	1.38
	1.00
	0.71
	1.18
	1.78
	2.05
	1.43

	S2
	0.41
	0.47
	0.66
	0.69
	0.55
	0.51
	0.88
	1.08
	1.26
	0.93
	0.7
	1.05
	1.45
	1.59
	1.19

	Mean
	0.41
	0.45
	0.58
	0.63
	 
	0.51
	0.92
	1.13
	1.32
	 
	0.70
	1.11
	1.615
	1.82
	 

	 
	S.Ed
	C.D (p=0.05)
	S.Ed
	C.D (p=0.05)
	S.Ed
	C.D (p=0.05)

	S
	0.006
	0.01
	0.01
	0.02
	0.05
	0.11

	L
	0.01
	0.01
	0.01
	0.03
	0.08
	0.17

	SxL
	0.01
	0.02
	0.02
	0.05
	0.12
	0.25



Table 7. Effect of different boron sources and levels on soil boron fractions (mg kg-1) at the harvest stage of groundnut grown in calcareous soil
	 
	Organically bound boron (OB-B)
	Residual Boron (Res-B)
	Total boron (Tot-B)

	
	L0
	L1
	L2
	L3
	Mean
	L0
	L1
	L2
	L3
	Mean
	L0
	L1
	L2
	L3
	Mean

	S1
	0.81
	1.52
	1.98
	2.16
	1.61
	6.2
	13.06
	15.67
	16.21
	12.78
	8.64
	17.16
	21.12
	22.38
	17.32

	S2
	0.81
	1.38
	1.67
	1.81
	1.41
	6.22
	11.5
	13.94
	14.79
	11.61
	8.65
	15.28
	18.8
	20.13
	15.71

	Mean
	0.81
	1.45
	1.82
	1.98
	 
	6.21
	12.28
	14.80
	15.5
	 
	8.64
	16.22
	19.96
	21.25
	 

	 
	S.Ed
	C.D (p=0.05)
	S.Ed
	C.D (p=0.05)
	S.Ed
	C.D (p=0.05)

	S
	0.02
	0.05
	0.05
	0.09
	0.19
	0.42

	L
	0.02
	0.06
	0.07
	0.13
	0.27
	0.6

	SxL
	0.04
	0.1
	0.12
	0.22
	0.39
	0.85
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