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Biochar-Based Boron Fertilization Effects on Growth and Nutrient Use Efficiency in Rice-Wheat System in Mollisols


ABSTRACT
Biochar enriched with boron acts as a sustainable nutrient management approach offers a promising solution to address the micronutrient limitations and declining soil fertility. A field experiment was conducted during Kharif and Rabi 2024-25 in Mollisols at Pantnagar to study the influence of levels of boron (0.50, 0.75, and 1.00 kg B/ha), applied alone or in combination with biochar, on crop growth, photosynthate translocation, and nutrient use efficiency (NUE) indices. Sole boron and sole biochar are used as controls to know determine the effect of boron enrichment in biochar. Results showed that boron boron-enriched biochar treatments achieved a superior result in comparison to sole boron application across all parameters. The treatment BC-B 1.00 observed the highest photosynthate translocation in both rice (74.06%) and wheat (74.78%), while BC-B 0.75 showed superior growth performance in wheat, which shows a diminishing response at higher B enrichment. Nutrient use efficiencies were maximized under moderate biochar-enriched treatments, particularly BC-B 0.50 and 0.75, which augmented PFP and AE by improving nutrient availability and uptake. In contrast, higher B doses (1.00 kg/ha) resulted in reduced efficiency, which explains lower marginal returns at higher concentrations. The improved performance under biochar-based treatments is majorly mainly attributed to its high surface area, CEC, and functional groups, which facilitate slow and sustained B release, reduced leaching losses, and enhances soil physicochemical properties. Taken together, enriching biochar with B provides an efficient and sustainable approach for improving B use efficiency (BUE) and maintaining productivity in the rice-wheat system. 
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1. INTRODUCTION 
The rice-wheat cropping system (RWCS) of Indo-Gangetic plains, encompassing Southern Asia and parts of China, represents one of the most intensive and productive agro-eco systems, covering nearly 26 Mha and contributing about one-third of the total rice and wheat production in South-Asia (Raj et al., 2026). In India, RWCS occupies approximately 10 Mha and contributes nearly 75% of the national cereal output (Reddy et al., 2025). Although, overall production has increased over time, the rate of increase has decreased, indicating yield stagnation and diminishing returns from conventional nutrient management practices, and showcases the limitations of the current nutrient management practices (N, P, and K). Hence, despite its role in ensuring food security, sustaining productivity, and the national quality in this RWCS has become a concerning issue due to decreased soil fertility, widespread micronutrient imbalances (B, Zn), and reduced partial factor productivity (PPF) of the applied fertilizer. One of the major reasons for the cause of imbalance of nutrients in soils is inadequate micronutrient management practices in comparison to macronutrients such as N, P, and K application practices. This imbalance has resulted in deficiencies of the essential micronutrients in many areas with intensive cultivation. B deficiency (44.7% of soils) has become a major constraint next to Zn (51.2% of soils) in India (Shukla et al., 2021). It also became a critical constraint in many alluvial and Mollisol soils of the Indo-Gangetic Plains.  Micronutrient deficiencies impair many physiological processes in crop which reduces crop growth and yield, ; hence, improving micronutrient use efficiency is essential for increasing productivity, nutrient use efficiency (NUE) in rice-wheat cropping systems. 
Boron, is an essential micronutrient that regulates cell wall structure, membrane stability, ion fluxes across the membrane, and metabolic processes, including hormonal balance and photosynthate translocation, phenolic and N metabolism (Shireen et al., 2018; Srivastava et al., 2025). B is particularly essential during reproductive stages, where it influences pollen viability and grain formation. However, boron fertilizers suffer from low availability of available boron for plant uptake due to its undissociated or non-ionic form under normal pH conditions, and its availability is highly sensitive to the soil physico-chemical properties like pH, texture, moisture content, organic carbon (OC) content, Fe, and Al content in the soil (Niharika & Sheeba, 2022). Boron is highly mobile in the coarse coarse-textured soils under intensive cultivation practices as followed in the Indo-Gangetic plains, making it more prone to leaching.  In contrast, in fine fine-textured, clay and Fe/Al-oxide rich soils, B is highly immobile due to soil interactions like precipitation, adsorption, as well as the transformation into the organic form, thereby limiting the effectiveness of the B when applied in the form of Borax (Pachauri et al., 2024). Moreover, soluble fertilizers are either easily leached or fixed, causing a serious environmental concerns challenging global sustainability.  B deficiency in at the field level affects the sexual reproduction, often leading to poor spikelet fertility and reduced grain filling, causing grain yield reductions (Abdel-Motagally & El-Zohri, 2018). Hence, there is a need to find a suitable carrier for B which that improves its availability without affecting the soil ecosystem and fertility. 
In the recent times, Biochar has garnered a significant attention due to its carbonaceous nature, high surface area, porous structure, high CEC, and reactive functional groups (El Ouahabi et al., 2026). However, Biochar have has limited nutrients and its storage, massive application, and transportation make it highly challenging considering its particle size, low density, and fragile nature (Wang et al., 2022). Additionally, approximately, 20-50 tonnes of biochar is required per hectare for soil application, which makes it questionable in terms of economic feasibility (Wang et al., 2022). Hence, using biochar as a carrier material or fabricating biochar by combining it with other nutrients provides a sustainable option for nutrient management practices. When nutrients are enriched in biochar, the nutrients are released slowly during the whole season, aligning to with the crop’s requirement. This property can be exploited in the nutrients, especially micronutrients, as the range from becoming deficiency deficient to toxic is very narrow, this which can reduce both stress and toxicity in the root zones due to its slow and controlled release mechanism. In addition to nutrient retention, it has also been reported that biochar improves water retention, altering CEC and soil structure, thereby reducing the leaching losses from the soil system (Antonangelo et al., 2025). However, to make a biochar biochar-enriched B, B should be incorporated into the biochar matrix to achieve its slow and controlled release. This approach reduces the leaching losses and improves the boron use efficiency (BUE). Additionally, biochar is known to changes pH, increase the carbon content and organic interaction that can influence the B uptake and its availability.  
Several studies have demonstrated the role of biochar as a carrier material for macro nutrients like N and P (Gupta et al., 2024; Nayak et al., 2024; Wang et al., 2022). However, the use of biochar as a carrier for micronutrients, especially in rice-wheat cropping in mollisols of the Indo-Gangetic plains, remains underexplored. Understanding the interaction between biochar and B under specific soil and climatic conditions is necessary for developing effective nutrient management practices in rice-wheat. Hence, the present investigation was undertaken to know how the enrichment of biochar with B at three different concentrations, in terms of plant growth, photosynthate translocation, and nutrient use efficiencies in the rice-wheat cropping system of Mollisols. The objectives of this study include the effects of B B-enriched biochar on rice and wheat growth, viz., plant height, photosynthate translocation, and nutrient efficiencies viz., partial factor productivity (PFP), agronomic efficiency (AE), recovery efficiency (RE), relative agronomic efficiency (RAE) and, and Boron efficiency ratio (BER) and sustainability index (SI). 
2. Materials and methods
2.1 Experimental site 
A field experiment was set up in the NEB-Crop Research Centre, G. B. Pant University of Agriculture & Technology, Pantnagar, India, to know the effects boron of boron-enriched biochar on growth, photosynthate activity, and nutrient use efficiencies in rice and wheat systems of Mollisols of Indo-Gangetic Plains. The experiment was carried out during the Kharif and Rabi of 2024-25. The field is located at 29 ̊ 02´ N, 79 ̊ 48´ E, at an elevation of 238.4 m above sea level. The experiment was laid out in an randomized block design (RBD) with 8 treatments and four replications as follows: B control, 0.5 kg Borax/ha (B 0.5), 0.75 kg Borax/ha (B 0.75), 1.00 kg Borax/ha (B 1.00), biochar enriched with 0.5 kg Borax (BC-B 0.5), biochar enriched with 0.75 kg Borax (BC-B 0.75),  biochar enriched with 1 kg Borax (BC-B 1.00), in all the treatments recommended dose of fertilizers (RDF) were applied. The RDF of both the crops in this region are is 150:60:40 kg/ha of N: P2O5: K2O. One-third of the dosage of nitrogen and full doses of phosphorus and potassium are applied basally, and the remaining N is applied in split applications according to the crop growth stages. All the Boron treatments are applied basally at the time of transplanting or sowing. The rice variety PR 114 and wheat variety DBW-222 were used for the study. The pine needle biochar was prepared through slow pyrolysis at 300 ̊C for 5 hours. Enrichment The enrichment process was carried out following the methodology described by Labanya et al. (2023) and incorporated into the soil during tillage. 
2.2. Determination of nutrient use efficiencies
Different NUEs have been calculated for rice and wheat separately. They were computed using expressions listed in the table 1.
Table 1. Expressions used for the calculation of nutrient use efficiency indices in rice and wheat 
	S. No
	Parameter
	Abbreviation
	Formulae
	Description

	1
	Partial factor Productivity 
	PFP
	
	Productivity per unit of nutrient applied

	2
	Agronomic efficiency
	AE
	
	Yield increase per unit nutrient applied over control

	3
	Recovery Efficiency
	RE (%)
	×100

	Fraction of applied B taken up by the crop

	4
	Relative Agronomic Efficiency
	RAE (%)
	×100
	Efficiency relative to standard (B @ 1kg/ha)

	5
	Boron Efficiency Ratio
	BER
	
	Efficiency of B utilization

	6
	Sustainability Index
	SI
	
	Yield stability over the treatments

	7
	Photosynthate translocation
	PT (%)
	×100
	Proportions of assimilated translocated from vegetative parts to grain


2.3. Statistical analysis
The experimental data were analyzed using analysis of variance (ANOVA) for RBD in M.S. Office Excel 2021. Treatment means were compared using the critical difference (CD) at p ≤ 0.05 to test the significance of differences among treatments. The box plot was prepared using the R software. 
3. Results and discussion 
3.1. Plant height 
The enrichment of biochar ate varying doses influenced both rice and wheat growth. The values were higher under biochar-enriched treatments, showing that increasing B availability will improve the crop growth at all stages (Table 2). In rice, the values under BC-B 1.00 at harvest (121.85) were 11.79% 4.15 % and 2.28% higher than B 0.50, 0.75, and B 1.00, respectively. Among the treatments with only Borax, values increased with increasing B dose, where B 1.00 recorded 9.29% and 1.82% higher values compared to B 0.50 and B 0.75, respectively. Among the treatments with enriched biochar, BC-B 0.75 and BC-B 1.00 performed superior, however the increase from BC-B 0.75 to BC-B 1.00 was less, showing a decreasing response at higher dosage levels. However, in wheat, the trend varied, where BC-B 0.75 was higher in wheat. The treatment BC-B 0.75 recorded 9.32%, 5.89%, and 5.19% higher values than B 0.50, B 0.75, and 1.00, respectively. Among the treatments, which received only B, B 1.00 observed 3.94% and 0.66% higher values than B 0.50 and B 0.75, respectively. However, BC-B 1.00 showed a 3.05% decrease compared to BC-B 0.75, indicating reduced efficiency at higher B enrichment. The sole application of biochar (BC only) improved the height in comparison to the control however remained inferior to combined BC-B treatments. The results align with a study conducted by Wang et al. (2016), they who also observed an increase in plant growth with the addition of biochar, which was attributed to the nuanced nutrient retention and improved soil structure. Rafique et al. (2017) and Cong et al. (2023) also observed that an increased nutrient availability and soil moisture retention by biochar addition will significantly lead to increased plant growth. The results also align with a study conducted by Shetty & Prakash (2020), who observed increased rice plant height with biochar application, due to the alleviation of aluminium toxicity and improved B mobility in acidic soils. From the findings, it can be observed that BC-B 0.75 is more effective than sole boron and sole biochar application. 
Table 2. Effect of boron boron-enriched biochar on the plant height of rice and wheat at various stages of crop growth  
	Treatment
	Rice (cm)
	Wheat (cm)

	
	30 DAT
	60 DAT
	90 DAT
	At harvest
	30 DAS
	60 DAS
	90 DAS
	At harvest

	B* control
	64.23
	79.37
	96.25
	101.88
	14.75
	30.31
	66.94
	83.29

	B 0.50 
	59.01
	86.02
	102.75
	109.00
	15.25
	34.75
	73.63
	94.76

	B 0.75 
	60.95
	88.69
	109.25
	117.00
	17.75
	36.96
	73.75
	97.84

	B 1.00 
	65.25
	91.45
	110.38
	119.13
	15.00
	39.51
	75.88
	98.49

	BC-B 0.50 
	63.98
	90.50
	107.12
	116.43
	17.25
	39.82
	82.56
	97.73

	BC-B 0.75 
	64.74
	92.88
	111.00
	117.35
	16.25
	41.95
	82.05
	103.60

	BC- B 1.00
	66.05
	93.31
	114.50
	121.85
	16.00
	41.53
	81.82
	100.44

	BC** only
	60.75
	89.04
	98.50
	106.20
	17.25
	34.14
	77.92
	97.42

	SEm
	2.91
	2.71
	3.92
	4.39
	1.13
	1.40
	2.57
	3.41

	CD (p=0.05)
	8.57
	6.09
	11.54
	12.91
	3.32
	4.12
	7.56
	10.03


a B- Borax application, b BC-B biochar enriched with B, c BC- biochar application only
3.2 Photosynthate translocation
Boron is known for its role in photosynthate translocation. Enrichment of biochar with B has significantly improved their its translocation in both rice and wheat (Fig. 1). In rice, the treatment BC-B 1.00 (74.06) have has the highest photosynthate translocation, which was 52.50%, 28.32% and 15.65% higher than B 0.50, B 0.75, and B 1.00, respectively. Among only B applied treatments, translocation increased with an increase in the dose, B 1.00 observed 31.88% and 10.97% higher values compared to B 0.50 and B 0.75, respectively. Among biochar biochar-enriched treatments, BC-B 1.00 resulted in 25.57% and 5.66 % higher values than BC-B 0.50 and BC-B 0.75, respectively. However, the increase from BC-B 0.75 to BC-B 1.00 was lower, showing a diminishing response at higher doses. In wheat, the treatment BC-B (74.78) showed the highest value. In wheat, the treatment BC-B 1.00 (74.78) recorded the highest values, showing 44.96%, 21.77%, and 2.89% higher translocation compared to B 0.50, B 0.75, and B 1.00, respectively. Among the treatments, which received only B, B 1.00 observed 40.88% and 18.35% higher values than B 0.50 and B 0.75, respectively. Among biochar treatments, BC-B 0.75 (72.28) and BC-B 1.00 performed comparably, with only 3.46% increase in BC-B 1.00, which indicated a saturation at higher B enrichment levels. B forms stable complexes with sugar alcohols (sorbitol, mannitol) and sucrose in the phloem, which facilitates long-distance transport from source to sink). This boosts the photosynthate translocation by 20-30%, increasing dry matter portioning to shoots/ roots (Kamran et al., 2025; Shireen et al., 2018). Wang et al. (2026) observed that B management in cotton increased sucrose influx and glycolytic flux, improving kernel weight through augmented photosynthate partitioning. Biochar enriched-enriched soil would have enhanced the plant growth, viz., B-sucrose complexes that improved photosynthate translocation. 
[image: ]
a B- Borax application, b BC-B biochar enriched with B, c BC- biochar application only
Fig. 1. Effect of boron and boron boron-enriched biochar on photosynthate translocation in rice and wheat
3.3 Nutrient use efficiencies 
3.3.1 Partial factor productivity and agronomic efficiency 
Application of various doses of boron, and in combination with biochar, significantly influenced the nutrient use efficiency (PFP and AE) in both rice and wheat systems (Table 3). The increase in PFP is higher with BC-B 0.50, indicating the positive effect of biochar-based boron fertilization on effective nutrient utilization from the initial stages. In rice, the PFP under BC-B 0.50 (10.51) was 10.52% higher than B 0.50 and 56.86%, 93.84% higher than B 0.75 and B 1.00, respectively. Similarly, in wheat, BC-B 0.50 observed a PFP of 8.93, which was 8.64%, 47.85%, and 89.60% higher than B 0.50, B 0.75, and B 1.00, respectively. The agronomic efficiency (AE) was augmented under biochar-enriched treatments compared to sole boron application. In rice, AE under BC-B 0.50 (1555.00 kg/kg) was 180.18%, 112.05%, and 60.69% higher than B 0.50, B 0.75, and B 1.00, respectively. However, within biochar treatments, AE decreased with increasing B dose, where BC-B showed 34.00% and 17.66% lower AE compared to BC-B 0.50 and BC-B 0.75 in rice, respectively. A similar trend was observed in wheat, where BC-B 1.00 kg/ha showed 31.99% and 22.72 % lower AE compared to BC-B 0.50 and BC-B 0.75, respectively, suggesting that enriching boron in higher doses may minimize the NUE. A meta-analysis conducted by Han et al. (2023) showed that the incorporation of biochar has increased the nutrient use efficiency by 13.97%, caused by increased soil organic C and reduced leaching. Similarly, Zhang et al. (2024) found that biochar application increased the partial productivity of N by 113%, thereby cutting the costs by 22%. Aligning to this study Tian et al. (2026) also found a 13.32 % in AE and 18.26 % increase in PFP of N and Kesamreddy et al. (2025) observed a 25-54% higher PFP through synchronized supply, indicating that biochar plays a multiple roles like soil structure improvement, microbial activation, enhancement of nutrient transformation and utilization efficiency thereby increasing partial factor productivity. Overall, it can be observed that B B-enriched biochar, especially at lower concentration rates (BC-B 0.50), improves NUE, while enrichment at higher concentrations reduces the efficiency, showing the importance of dose optimization for sustainable nutrient management. 
Table 3. Effect of B and BC-B on partial factor productivity (PFP) and agronomic efficiency (AE) in rice and wheat systems. 
	Treatment
	PFP Rice
	PFP wheat
	AE Rice (kg/kg)
	AE Wheat (kg/kg)

	B* control
	-
	-
	-
	-

	B 0.50 
	9.51
	8.22
	555.00
	533.33

	B 0.75 
	6.70
	6.04
	733.33
	922.22

	B 1.00 
	5.44
	4.71
	967.97
	866.67

	BC-B 0.50
	10.51
	8.93
	1555.00
	1250.11

	BC-B 0.75
	7.21
	6.22
	1246.33
	1100.04

	BC- B 1.00
	5.50
	4.69
	1026.25
	850.12

	BC** only
	-
	-
	-
	-


a B- Borax application, b BC-B biochar enriched with B, c BC- biochar application only
3.3.2. Recovery efficiency of boron
Enrichment of boron in biochar and varying doses significantly influenced the boron recovery efficiency in both rice and wheat systems (Fig. 2). The recovery efficiency (RE) was higher with biochar biochar-enriched boron treatments, showing improved B availability and uptake efficiency. In rice, the RE under BC-B 0.75 (5.26%) was 66.45%, 46.52% and 38.06% higher than B 0.50, B 0.75, and B 1.00, respectively. Among the treatments with only borax, RE increased with increasing dose in rice, where B 1.00 recorded 20.57% and 6.13% higher recovery compared to B 0.50 and 0.75, respectively. However, in wheat, the trend was not the same, where B 1.00 showed 12.15% high recovery over B 0.50 but 15.76% higher than B 0.75, showing changes in the utilization of B. Among the biochar treatments, BC-B 0.75 kg/ha recorded the highest RE in rice, whereas BC-B 0.50 performed better in wheat. The RE under BC-B 1.00 kg/ha decreased by 26.62% and 26.61% compared to BC-B 0.75 in rice and wheat, respectively, implicating a reduced RE with higher B enrichment. B due to its high surface area and porous nature, physically traps the B through Vander Waals forces and ion exchange, reducing leaching losses by 30-70% (Ali et al., 2025). Biochar also increases the soil CEC and retains B from fixation in calcareous soils, this which sustains B availability for uptake, unlike soluble borax that fixes rapidly as Ca-borate (Antonangelo et al., 2025). Additionally, biochar fosters nutrient nutrient-solubilizing microbes that mineralize organic B pools, increasing recovery via phosphatase or any enzymatic activity (Ali et al., 2025). These properties lead to slow or controlled release of B, which increases the B recovery efficiency compared to soluble borax, which shoes shows rapid leaching losses post application.  Kesamreddy et al. (2025) observed that biochar incorporation along with N, P, and K increased the PFPN /PFPK by reduced reducing N volatilization and P fixation. The trend variation in rice and wheat is majorly attributed to the change in the nutrient dynamics in the flooded condition of rice, which increases the B diffusion and biochar biochar-mediated reduction of Al/Fe, favouring a higher recovery efficiency. This study explains the ability of boron boron-enriched biochar to have higher recovery efficiency in comparison to sole boron application, as biochar helps in adsorption and balances the availability without toxicity.

a B- Borax application, b BC-B biochar enriched with B, c BC- biochar application only
Fig. 2. Effect of boron boron-enriched biochar on boron recovery efficiency (RE) in rice and wheat systems 
3.3.3. Relative agronomic efficiency, Boron efficiency ratio, and sustainability Index
Application of boron in combination with biochar significantly influenced the relative agronomic efficiency (RAE), Boron efficiency ratio (BER), and sustainability index (SI) in both rice and wheat systems (Table 4). The increase in RAE was higher with BC-B 1.00, showcasing a positive effect of biochar-based B fertilization on crop productivity and nutrient use. In rice, RAE under BC-B 1.00 (122.77%) was 15.79 & 9.33%, and 1.10% higher than B 0.50, B 0.75, and B 1.00, respectively. In the same way, RAE recorded a 122.13% in BC-B, which was 14.11%, 3.50%, and slightly lower (0.35%) compared to B 0.50, B 0.75, and B 1.00, respectively. Among the sole Borax treatments, RAE increased with increasing B dose, where B 1.00 recorded 14.52% and 8.14% higher RAE compared to B 0.50 and B 0.75 in rice, respectively. A similar increasing trend was observed in wheat, where B 1.00 recorded 14.51% and 3.86% higher RAE compared to B 0.50 and B 0.75, respectively, indicating improved agronomic response with higher B application. The boron efficiency ratio (BER) was higher under biochar biochar-added treatments. In rice, BER under BC-B 0.75 (1.46) was 23.73%, 11.45%, and 1.39% higher than B 0.50, B 0.75, and B 1.00 (1.29) was 17.27%, 10.26%, and 1.57% higher than B 0.50, 0.75, and B 1.00, respectively. Similarly, in wheat, SI under BC-B 1.00 (1.31) WAS 15.93%, 8.26% AND 0.77% higher than B 0.50, B 0.75 and B 1.00, respectively. However, the treatment in which only biochar is added recorded a lower RAE, BER, and SI in both rice (104.02%, 1.10, 1.06) and wheat (103.39%, 1.15, 1.08) compared to boron applied treatments, implying that biochar alone couldn’t meet the crop B requirement.  The increased RAE and BER under BC-B treatments show that biochar has the ability of biochar is preventing B fixation (Hagemann et al., 2017). The BC-B 0.75 peak follows the Langmuir adsorption saturation, explaining 1.39% decline with higher dose enrichment (Chisté et al., 2024). BC-B 0.75 optimum avoids phytotoxicity while rice leverages enhance B diffusion (Khan et al., 2022).  Increased SI in wheat can be mainly due to increased soil organic carbon (SOC) and water use efficiency improvements (Kesamreddy et al. 2025). Altogether, the results indicate that biochar enriched with B, especially at an optimum level (BC-B 0.75) improves AE, BUE, and SI, t. The decline at higher enrichment levels emphasizes the importance of optimizing B doses to maximize efficiency while avoiding diminishing returns and potential toxicity effects. 
Table 4. Role of boron and boron enriched biochar on relative agronomic efficiency (RAE), B efficiency ratio (BER) and sustainability index in rice and wheat
	Treatment
	RAE Rice (%)
	RAE Wheat (%)
	BER rice
	BER wheat
	SI rice
	SI wheat

	Ba 0.50 
	106.03
	107.03
	1.18
	1.3
	1.1
	1.13

	B 0.75 
	112.29
	118
	1.31
	1.44
	1.17
	1.21

	B 1.00 
	121.43
	122.56
	1.44
	1.67
	1.27
	1.3

	BC-Bb 0.50
	117.19
	116.27
	1.27
	1.42
	1.22
	1.24

	BC-B 0.75
	120.76
	121.48
	1.46
	1.59
	1.29
	1.29

	BC- B 1.00
	122.77
	122.13
	1.45
	1.72
	1.29
	1.31

	BCc only
	104.02
	103.39
	1.1
	1.15
	1.06
	1.08


a B- Borax application, b BC-B biochar enriched with B, c BC- biochar application only
3.4. Integrated response of nutrient use efficiencies 
The integrated analysis of NUE indices showed that biochar enriched with B application improved the crop performance of the rice-wheat cropping system compared to the sole B and control treatments (Fig. 3). The better performance of biochar-based treatments can be attributed to the unique properties of biochar. The results are more sustained, and the periodic release of B improves its availability during critical growth stages and, thereby improving recovery efficiency (RE) and agronomic efficiency (AE). The strong association between AE and RE suggests that increased B uptake directly translated translates into improved yield response, confirming the role of efficient nutrient recovery in improving productivity. Among the treatments, moderate B doses (0.50-0.75 kg/ha) in combination with biochar were more effective than higher doses, indicating that optimal nutrient supply governs the NUE rather than the excessive doses. The decrease in the efficiency at higher B levels (1 kg/ha), even under biochar enrichment, may be due to reduced marginal response at elevated concentrations, which limits the effective utilization. In contrast, sole B treatments showed comparatively lower efficiencies, due to rapid fixation or leaching losses in Mollisols, leading to reduced availability with time. The treatments which that received only biochar signifies signify that biochar alone could not substitute the essential micronutrient supply. The integrated analysis of NUE indices showed that enriched biochar improved crop performance of the rice-wheat cropping system compared to the sole B and control treatments. The higher RE and AE of BC-B treatments from biochar's unique texture and CEC, resulting a in higher adsorption and more sustained release aligning, align with crop growth. This explains how B is fixed in Mollisols, which results in an inferior performance. The strong relation of AE-RE correlation, highlights that the increased B uptake will increase the yield response, as phloem mobile sucrose complexes increase photosynthate translocation to sinks. Biochar, if used alone, can provide limited micronutrients, ; hence, it can be used as an efficient carrier rather than a direct source for B. BC-B as a combination emerges as the sustainable strategy for sustainable nutrient management in rice-wheat systems. 
[image: ]
*T1- control, T2-B 0.5, T3- B 0.75, T4-B 1.00, T5-BC-B 0.5, T6-BC-B 0.75, T7-BC-B 1.00, T8-BC only 
a B- Borax application, b BC-B biochar enriched with B, c BC- biochar application only
Fig. 3. Integrated response of different nutrient use efficiencies
4. Conclusion
Biochar enriched with Boron (BC-B) application offers a comprehensive approach for sustainable nutrient management in rice-wheat cropping systems, significantly surpassing sole Borax and control treatments. In rice, the maximum growth was observed under BC-B 1.00 (121.85), while in wheat, BC-B 0.75 sowed a superior performance, indicating crop-specific optimization of boron enrichment. Photosynthate translocation was highest in BC-B 1.00, reaching 74.06 in rice and 74.78 in wheat, confirming improved source-sink dynamics. Nutrient use efficiency parameters also followed the same trend, with the highest under BC-B 1.00, with BC-B showing the highest partial factor productivity (10.51 in rice and 8.93 in wheat) and agronomic efficiency (1555 kg/kg in rice), while recovery efficiency peaked at BC-B 0.75 (5.26%). Other NUE indices also were increased in the B B-enriched treatments, with a relative agronomic efficiency reaching 122.77% boron efficiency ratio of 1.46. However, higher boron enrichment (BC-B 1.00) resulted in reduced efficiency, including a reduction of 26.62% in recovery efficiency and 34.00% in agronomic efficiency, indicating reduced returns at higher doses. Overall, moderate B enrichment levels (BC-B 0.50-0.75) optimized nutrient availability nutrient availability, uptake, and utilization, and BC-B, particularly BC-B 0.75, acts as an efficient carrier for B for enhancing its retention, controlled and slow release, making a suitable nutrient management strategy for improving productivity and nutrient use efficiency in rice-wheat systems of Mollisols. 
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