


Moisture retention effectiveness of a biochar and coir mixture on soybean: Evaluation through physiological and yield indicators
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Abstract
	This study investigates the moisture retention effectiveness of a biochar and coir mixture on soybean (Glycine max L.) under drought stress by evaluating key physiological and yield indicators. Experimental assessments included chlorophyll fluorescence efficiency, SPAD index, ion leakage, and vapor saturation deficit before, during, and after controlled drought and rehydration periods. Yield performance was measured in terms of individual plant yield, theoretical yield, and actual yield under both drought-treated (B) and non-drought-treated (A) conditions. Results indicate that while physiological indicators declined during drought, the biochar and coir mixture reduced yield losses to a modest 6-9%. This limited reduction in yield under drought suggests that the biochar and coir mixture provided partial moisture retention, aiding in the recovery of physiological stability and yield following rehydration. Thus, this study affirms the role of biochar and coir as an effective moisture-retaining solution, supporting soybean productivity under water-limited conditions.
	Keywords: Biochar and coir mixture, Drought treatment in soybean, Vapor saturation deficit, Ion leakage in soybean, Soybean drought resilience
Introduction
	Soybean is a vital crop worldwide, yet its productivity is highly sensitive to drought conditions, making water stress a critical constraint in achieving optimal yields. As climate variability intensifies, innovative agricultural approaches are necessary to improve drought resilience and stabilize soybean yields under increasingly challenging environmental conditions. Biochar and coir, both known for their water retention properties, have gained attention for their potential to mitigate drought effects by enhancing soil moisture content, reducing evaporation, and promoting root growth. However, while individual benefits of biochar and coir have been recognized, studies on their combined effectiveness in supporting soybean physiological function and yield performance under drought remain limited.
	In this study, we examined the impact of a biochar and coir mixture on key physiological and yield parameters of soybean varieties subjected to controlled drought stress. Physiological indicators such as chlorophyll fluorescence efficiency, SPAD index, ion leakage, and vapor saturation deficit were monitored to understand the mixture's effect on chlorophyll stability, cell membrane integrity, and overall plant health during water stress. Furthermore, yield-related parameters, including individual plant yield, theoretical yield, and actual yield, were evaluated to measure productivity under drought and non-drought conditions. Through these analyses, this study aims to provide insights into the mixture’s role in supporting soybean growth and productivity during drought conditions, contributing to sustainable agricultural practices for drought-prone regions.
Materials and methods
Materials
The experiment was conducted on four soybean varieties developed and produced in Vietnam:
	T1: DT11 - Developed by the Vietnam Institute of Food Crops and Agricultural Products, this variety was bred from the M103 x DT2000 cross using conventional hybridization combined with molecular markers to select rust-resistant genotypes.
	T2: D9 - Created by the Vietnam Institute of Food Crops and Agricultural Products, this variety was bred from the TL7 x DT2000 cross. It was selected using hybridization and molecular marker techniques to select rust-resistant genotypes.
	T3: DT51 - Developed by the Center for Research and Development of Legumes, under the Vietnam Institute of Food Crops and Agricultural Products, DT51 was selected from the cross between LS17 x DT2001.
	A moisture-retention mixture was created using coir and biochar derived from rice husk, supplemented with a binding agent to form cohesive blocks. These moisture-retaining blocks were placed in experimental pots and covered with a 1 cm layer of topsoil. Experiments were then conducted under drought conditions (B) to assess the impact on soybean growth.
Methods
	The experiment was arranged in a completely randomized block design with three replications, conducted in a greenhouse with a transparent plastic roof to ensure adequate photosynthesis. The experimental units were pots equipped with a drip irrigation system, allowing precise control over water availability under drought-treated and non-drought-treated conditions.
	Non-drought condition (A): Each pot received 0.39 g of urea, 3.19 g of superphosphate, 0.58 g of KCl, and 2.93 g of lime mixed into the soil. Soybeans were maintained at 70-80% soil moisture throughout the growth period. The total number of pots for the non-drought condition was 36 (3 pots per variety x 4 varieties x 3 replications).
	Drought condition (B): Each pot received the same fertilizer treatment as in the non-drought condition. Soil moisture was maintained at 70-80% until peak flowering, after which watering was withheld for 10 days to induce drought stress. Watering resumed after this period. The total number of pots for the drought condition was also 36.
Monitored indicators
	Growth indicators: Plant height, number of effective nodules, nodule weight, number of pods per plant, individual plant yield, theoretical yield, and actual yield.
Physiological indicators:
	Vapor saturation deficit (%): For each treatment, three plants were randomly selected between 12:00 and 14:00. Fresh leaf weight (P1) was recorded, and leaves were soaked in water for 24 hours, after which surface water was blotted dry and the saturated leaf weight (P2) was measured. The leaves were then dried at 105°C until a constant dry weight (P3) was achieved. The vapor saturation deficit was calculated using the formula:
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	SPAD index: Measured using a SPAD meter (SPAD 502 Plus), which provides an indicator of chlorophyll content and plant health.
	Chlorophyll fluorescence efficiency (Fv/Fm): Measured using an Opti-Sciences OS30p chlorophyll fluorescence meter, providing insights into the photosynthetic efficiency of the plants under different moisture conditions.
	Ion leakage: Assessed following the method by Zhang et al. (2007), which evaluates cell membrane stability and stress level in response to drought.
	Drought Tolerance Index (DTI): Evaluated according to the method by Awoke (2021), where:
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Ypi: Average yield of variety 𝑖 under irrigated conditions
Ysi: Average yield of variety  𝑖 under drought conditions
Average yield of all varieties under drought conditions
Statistical analysis: Collected data were analyzed using analysis of variance (ANOVA) to evaluate the effects of treatments. Differences between mean values were assessed using the Least Significant Difference (LSD) test at a significance level of P ≤0.05. Statistical analyses were performed using the IRISSTAT 5.0 software.
Research results
Table 1: Moisture Retention Effectiveness of the Coir and Biochar Mixture on Growth Indicators of Soybean under Drought (B) and Non-Drought (A) Conditions
	Non-Drought Condition (A)

	Plant height 
(cm)
	Number of effective nodules (nodules)
	Nodule weight
 (g)
	Number of pods per plant
 (pods)

	T1
	49.82
	27.08
	1.69
	37.44

	T2
	52.5
	25.92
	1.87
	32.11

	T3
	47.25
	28.42
	1.58
	41.77

	Drought (B)

	Plant height 
(cm)
	Number of effective nodules (nodules)
	Nodule weight
 (g)
	Number of pods per plant
 (pods)

	T1
	45.04
	23.97
	1.47
	32.2

	T2
	46.73
	22.79
	1.63
	28.67

	T3
	40.16
	25.11
	1.34
	35.5



	Biochar, a carbon-rich material [1] produced from organic matter through pyrolysis [2], has gained attention as a soil amendment for enhancing water retention and soil health [3-5]. Its highly porous structure allows it to absorb and retain significant amounts of water [6], which can be slowly released to plants, making it particularly beneficial in drought-prone areas [7]. In legumes like soybeans, moisture availability is crucial for supporting growth parameters such as plant height, nodulation, and pod formation [8-11]. Adequate soil moisture not only helps maintain plant height but is also essential for the formation of root nodules [12], where symbiotic nitrogen fixation occurs, providing vital nutrients for the plant [13]. Furthermore, steady moisture levels contribute to flowering and pod development, which are directly related to crop yield [14].
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Fig 1: Comparison of Moisture Regention Effectiveness on Soybean Growth Indicators

	Under non-drought conditions (A), soybean plants showed optimal growth, with T1, T2, and T3 varieties reaching plant heights of 49.82 cm, 52.5 cm, and 47.25 cm, respectively. Additionally, the number of effective nodules, nodule weight, and number of pods per plant were consistently higher, indicating favorable growth conditions without water limitations. For instance, T1 achieved a nodule count of 27.08 and a pod count of 37.44, highlighting robust growth in the absence of drought stress.
	In contrast, when subjected to drought (B), all growth indicators decreased. Plant height dropped to 45.04 cm for T1, 46.73 cm for T2, and 40.16 cm for T3, reflecting a decline in growth rate due to limited water availability. Similarly, the number of effective nodules and nodule weight showed noticeable reductions across all varieties, with T1 decreasing to 23.97 nodules and a nodule weight of 1.47 g, compared to 27.08 nodules and 1.69 g in non-drought conditions. Pod counts also decreased, with T1 and T2 showing significant drops to 32.2 and 28.67 pods, respectively.
	These findings suggest that the biochar and coir mixture used as a moisture-retention aid provides only partial mitigation against drought effects. Although the mixture helped retain some moisture, as evidenced by slightly higher growth indicators compared to plants without any moisture retention treatment, it was insufficient to fully counteract the adverse impacts of drought. The results underscore that, while biochar and coir can aid in water retention, they do not entirely prevent the reductions in growth parameters caused by drought.

Table 2: Moisture Retention Effectiveness of the Coir and Biochar Mixture on Chlorophyll Fluorescence Efficiency of Soybean Before the Drought Treatment Phase
	Non-Drought Condition (A)

	Day 1
	Day 2
	Day 4
	Day 6
	Day 8
	Day 10
	Day 12
	Day 14

	T1
	0.798 ± 0.04
	0.802 ± 0.03
	0.805 ± 0.05
	0.808 ± 0.04
	0.810 ± 0.03
	0.812 ± 0.05
	0.815 ± 0.04
	0.819 ± 0.03

	T2
	0.797 ± 0.03
	0.800 ± 0.05
	0.804 ± 0.04
	0.807 ± 0.03
	0.811 ± 0.05
	0.814 ± 0.04
	0.818 ± 0.03
	0.823 ± 0.05

	T3
	0.795 ± 0.05
	0.799 ± 0.04
	0.803 ± 0.03
	0.806 ± 0.05
	0.809 ± 0.03
	0.813 ± 0.05
	0.817 ± 0.04
	0.821 ± 0.03

	Drought (B)

	Day 1
	Day 2
	Day 4
	Day 6
	Day 8
	Day 10
	Day 12
	Day 14

	T1
	0.796 ± 0.03
	0.800 ± 0.04
	0.804 ± 0.02
	0.807 ± 0.05
	0.809 ± 0.03
	0.813 ± 0.02
	0.816 ± 0.04
	0.820 ± 0.03

	T2
	0.798 ± 0.02
	0.801 ± 0.03
	0.805 ± 0.04
	0.808 ± 0.02
	0.811 ± 0.05
	0.815 ± 0.03
	0.818 ± 0.02
	0.824 ± 0.04

	T3
	0.797 ± 0.04
	0.799 ± 0.02
	0.803 ± 0.03
	0.806 ± 0.05
	0.810 ± 0.02
	0.814 ± 0.04
	0.817 ± 0.03
	0.822 ± 0.05



	Drought stress is known to significantly impact chlorophyll fluorescence efficiency in soybean, an important indicator of photosynthetic performance and plant health [15]. Chlorophyll fluorescence efficiency reflects the plant's ability to capture light energy [16] and convert it into chemical energy during photosynthesis [17], a process highly dependent on water availability [18]. Under drought conditions, reduced soil moisture leads to decreased cellular turgor [19], impairing the function of chloroplasts and ultimately disrupting the electron transport chain within the photosystem [20]. This disruption causes a reduction in chlorophyll fluorescence efficiency, as the plant’s capacity for photochemical energy conversion becomes limited [21].
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Fig 2: Effectiveness of Moisture Retention on Chlorophyll Fluorescence Efficiency in Soybean Before Drought Treatment
	The Table 2 and Fig 2 shows that, before water withholding, chlorophyll fluorescence efficiency was consistent across all soybean varieties (T1, T2, and T3) in both non-drought (A) and drought (B) treatments. Initial values were closely aligned, with slight, uniform increases over time, indicating stable photosynthetic performance. This uniformity suggests that chlorophyll fluorescence efficiency was unaffected by drought stress initially, providing a baseline to assess changes once water restriction begins.
Table 3: Moisture Retention Effectiveness of the Coir and Biochar Mixture on Chlorophyll Fluorescence Efficiency of Soybean After the Drought Treatment Phase
	Day 1
	Day 2
	Day 4
	Day 6
	Day 8
	Day 10
	Day 12
	Day 14
	Day 16
	Day 18

	T1
	0.839 ± 0.03
	0.830 ± 0.02
	0.820 ± 0.04
	0.810 ± 0.03
	0.795 ± 0.02
	0.779 ± 0.03
	0.785 ± 0.04
	0.792 ± 0.02
	0.800 ± 0.03
	0.808 ± 0.02

	T2
	0.838 ± 0.02
	0.828 ± 0.03
	0.818 ± 0.02
	0.808 ± 0.04
	0.794 ± 0.03
	0.779 ± 0.02
	0.786 ± 0.03
	0.794 ± 0.04
	0.802 ± 0.02
	0.810 ± 0.03

	T3
	0.837 ± 0.04
	0.829 ± 0.02
	0.819 ± 0.03
	0.809 ± 0.02
	0.793 ± 0.04
	0.779 ± 0.03
	0.788 ± 0.02
	0.796 ± 0.03
	0.804 ± 0.04
	0.811 ± 0.02



	In soybeans, this decline in fluorescence efficiency under drought stress can also indicate damage to the photosynthetic apparatus [22], such as inactivation of photosystem II (PSII) , where light energy is initially captured [23]. Reduced chlorophyll fluorescence efficiency is often accompanied by a decrease in chlorophyll content [24] and an increase in reactive oxygen species (ROS), further impacting overall plant health [25]. Consequently, the decrease in fluorescence efficiency under drought not only signals photosynthetic stress [26] but also correlates with reductions in growth and yield [27], as the plant's energy capture and conversion processes become less effective [28]. This relationship between drought and chlorophyll fluorescence efficiency provides a theoretical basis for using fluorescence measurements as a diagnostic tool for assessing drought stress in soybean and other crops [29].
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Fig 3: Effectiveness of Moisture Retention on Chlorophyll Fluorescence Efficiency in Soybean After Drought Treatment
	The Table 3 and Fig 3 demonstrates the impact of water withholding on chlorophyll fluorescence efficiency in soybean, highlighting a noticeable decline post-drought initiation, with the most significant reduction observed on Day 10 across all varieties. For example, T1, T2, and T3 all reach their lowest chlorophyll fluorescence values around this point, with readings of 0.779 for each variety, indicating a peak in drought stress effects.
	After water was reintroduced on Day 11, chlorophyll fluorescence efficiency gradually began to increase, showing the soybean’s response to moisture recovery. However, despite this improvement, it took more than 8 days post-watering for the fluorescence efficiency to approach near-normal levels, reaching 0.808, 0.810, and 0.811 for T1, T2, and T3, respectively, by Day 18.
	These findings emphasize that, while the biochar and coir mixture aids in moisture retention, it does not fully prevent the decline in chlorophyll efficiency under drought stress. Additionally, a prolonged recovery period following re-watering is necessary to restore chlorophyll function, indicating the need for extended post-drought recovery time to achieve full photosynthetic efficiency in soybean.
Table 4: Moisture Retention Effectiveness of the Coir and Biochar Mixture on SPAD Index of Soybean Throughout Experimental Stages

	Start of Drought Treatment
	End of Drought Treatment
	5 Days Post-Watering
	10 Days Post-Watering

	T1
	50.6 ± 1.4
	42 ± 2.1
	48.9 ± 2.0
	51.4 ± 1.8

	T2
	46.3 ± 1.6
	39 ± 1.9
	45.8 ± 1.8
	48.6 ± 1.6

	T3
	48 ± 1.2
	41 ± 2.2
	47.9 ±1.9
	50.2 ± 2.2


	
	The use of a biochar-based moisture-retention mixture is theorized to have a positive impact on the SPAD index in soybean [30], an indicator of chlorophyll content and overall plant health [31]. The SPAD index, which measures chlorophyll levels in leaves, is closely linked to the plant's nitrogen content and photosynthetic capacity [32]. Under optimal moisture conditions, chlorophyll production and nitrogen assimilation are more efficient [33], supporting healthy plant growth and productivity [34]. However, during drought, reduced soil moisture limits nutrient availability and impairs chlorophyll synthesis, leading to lower SPAD values [35].
	Biochar’s porous structure allows it to retain moisture in the soil [36], thereby providing a more consistent water supply to the soybean root zone [37]. This sustained moisture availability helps maintain higher SPAD values in soybean leaves by reducing drought-induced stress on chlorophyll synthesis [38]. Biochar also enhances nutrient retention in the soil, making nitrogen more accessible to the plant even during dry periods [39]. This combination of improved water and nutrient availability theoretically supports higher chlorophyll levels [40], as reflected in SPAD measurements, allowing soybean plants to maintain more robust photosynthetic function and stress resilience [41]. Thus, incorporating biochar-based moisture-retention mixtures may help mitigate drought’s impact on SPAD index and overall plant vitality in soybean cultivation.
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Fig 4: Effectiveness of Moisture Retention on SPAD Index of Soybean Throughout Experimental Stages
	Table 4 shows the effect of a coir and biochar mixture on the SPAD index of soybean during drought stress and recovery stages.
	At the start of drought treatment, SPAD values are high, indicating healthy chlorophyll content. By the end of drought treatment, all varieties experience a significant drop in SPAD values due to water stress, with T2 showing the largest decrease.
	After re-watering, the SPAD index begins to recover, with noticeable increases 5 days post-watering and nearly full recovery by 10 days. This indicates that while drought stress impacts chlorophyll levels, the coir and biochar mixture supports moisture retention and accelerates recovery, though a longer rehydration period is necessary for full restoration.
Table 5: Moisture Retention Effectiveness of the Coir and Biochar Mixture on Vapor Saturation Deficit of Soybean Throughout Experimental Stages
	Start of Drought Treatment
	End of Drought Treatment
	5 Days Post-Watering
	10 Days Post-Watering

	T1
	18.6 ± 1.6
	35.7 ± 1.9
	29.3 ± 1.9
	22.7 ± 2.0

	T2
	17.9 ± 1.6
	32.3 ± 2.1
	27.5 ± 1.9
	23.8 ± 2.3

	T3
	16.6 ± 1.7
	36.5 ± 1.7
	26.8 ± 2.3
	21.7 ± 2.2


	
	The use of a biochar-based moisture-retention mixture is theoretically expected to influence the vapor saturation deficit (VSD) in soybean [42], a measure of the difference between the amount of moisture in the air and the maximum it can hold at a given temperature [43]. In plants, a high VSD typically indicates increased water loss and stress [44], as the plant is forced to transpire more in response to dry conditions[45]. This elevated transpiration rate under drought can lead to rapid soil moisture depletion [46], reducing the plant’s ability to maintain physiological processes essential for growth [47].
	Biochar, with its porous structure, has a high water-holding capacity that helps retain soil moisture and provides a more stable water source for the plant’s roots [48]. By increasing the soil’s water availability, biochar can reduce the plant’s reliance on high transpiration rates, thus lowering the VSD [49]. This stabilized soil moisture environment allows soybean plants to maintain more consistent hydration levels [50], which reduces the disparity between internal leaf moisture and atmospheric moisture demand [51]. As a result, the biochar-based mixture can theoretically mitigate sharp increases in VSD that are typical under drought stress, helping to alleviate water loss and maintain plant stability.
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Fig 5: Effectiveness of Moisture Retention on VSD in Soybean Throughout Experimental Stages
	At the start of drought treatment, the vapor saturation deficit is relatively low across all varieties (T1: 18.6, T2: 17.9, T3: 16.6), indicating favorable water conditions. However, by the end of drought treatment, there is a sharp increase in vapor saturation deficit for all varieties, with values nearly doubling, reflecting high levels of water stress. T3 shows the highest increase, reaching 36.5, followed by T1 and T2 at 35.7 and 32.3, respectively.
	After re-watering, the vapor saturation deficit begins to decrease, showing a partial recovery. Five days post-watering, deficit levels have dropped noticeably (T1: 29.3, T2: 27.5, T3: 26.8), though they remain above initial levels. By 10 days after re-watering, values continue to decrease further (T1: 22.7, T2: 23.8, T3: 21.7), approaching pre-drought levels but not fully returning to the baseline.
	By improving soil structure and water availability, biochar may slow down the rate of moisture evaporation from the soil, indirectly reducing the atmospheric moisture demand that contributes to higher VSD. This combination of moisture retention and reduced evaporation supports a more balanced water relationship within the plant, making biochar an effective amendment for controlling VSD in drought-sensitive crops like soybean.
Table 6: Moisture Retention Effectiveness of the Coir and Biochar Mixture on Ion Leakage Levels of Soybean Throughout Experimental Stages
	Start of Drought Treatment
	End of Drought Treatment
	5 Days Post-Watering
	10 Days Post-Watering

	T1
	14.3 ± 1.3
	25.2 ± 1.5
	24.3 ± 1.4
	18.2 ± 1.0

	T2
	14.4 ± 1.4
	22.9 ± 1.3
	21.8 ± 1.2
	17.8 ± 1.1

	T3
	13.6 ± 1.2
	24.3 ± 1.1
	25.1 ± 1.7
	19.1 ± 1.1



	The application of a biochar-based moisture-retention mixture is theorized to have a beneficial effect on ion leakage levels in soybean [52], which is an indicator of cell membrane stability and plant stress [53]. Ion leakage occurs when cell membranes are damaged, often due to environmental stresses such as drought, which causes the cell membranes to become more permeable [54]. As a result, essential ions like potassium and calcium leak out of the cells [55], indicating cellular damage and impaired physiological function [56]. High levels of ion leakage are commonly associated with increased stress and reduced plant health [57].
	Biochar’s ability to retain soil moisture creates a more stable water environment in the root zone [58], helping plants maintain cellular turgor and membrane integrity even during periods of water scarcity [59]. By alleviating drought stress through improved moisture availability, the biochar mixture can reduce the likelihood of cellular dehydration [60], which is a primary factor in membrane damage and ion leakage [61]. The stable moisture environment provided by biochar also supports nutrient retention, preventing nutrient stress that can exacerbate membrane permeability issues [62].
	Additionally, biochar’s ability to enhance soil structure and reduce fluctuations in soil moisture can prevent the sharp increase in ion leakage that typically occurs when plants experience dehydration [63]. As the biochar mixture helps maintain cell membrane integrity, soybean plants are better able to retain ions within their cells, supporting healthier metabolic functions [64]. Thus, the use of biochar as a moisture-retention agent in drought conditions is theoretically expected to lower ion leakage levels, helping plants withstand drought-induced cellular stress and maintain physiological stability.
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Fig 6: Effectiveness of Moisture Retention on Ion Leakage Levels in Soybean Throughout Experimental Stages
	At the start of drought treatment, ion leakage levels are relatively low across all varieties, with T1, T2, and T3 showing values around 14.3%, 14.4%, and 13.6%, respectively, indicating stable cell membranes under normal water conditions. By the end of drought treatment, ion leakage levels have significantly increased in all varieties, reflecting cellular damage due to water stress. T1 rises to 25.2%, T2 to 22.9%, and T3 to 24.3%, showing heightened stress response and membrane instability.
	After re-watering, ion leakage levels begin to decrease. Five days post-watering, ion leakage has dropped slightly (T1: 24.3%, T2: 21.8%, T3: 25.1%), indicating an initial recovery in cell membrane stability. By 10 days after re-watering, ion leakage levels have further decreased, reaching 18.2% for T1, 17.8% for T2, and 19.1% for T3, approaching initial levels and indicating continued recovery.
	These results highlight that while drought stress leads to increased ion leakage, indicating membrane damage, re-watering helps to gradually reduce ion leakage. The coir and biochar mixture supports partial recovery, as shown by the decreasing ion leakage over time, though full recovery of cell stability requires an extended period following rehydration.
Table 7: Moisture Retention Effectiveness of the Coir and Biochar Mixture on Yield Indicators of Soybean under Drought (B) and Non-Drought (A) Conditions
	Non-Drought Condition (A)

	Individual Yield (g/plant)
	Theoretical Yield (quintals/ha)
	Actual Yield (quintals/ha)

	T1
	18.5 ± 1.6
	22.0 ± 1.6
	19.8 ± 1.5

	T2
	20.3 ± 1.7
	24.5 ± 1.5
	21.7 ± 1.9

	T3
	19.1 ± 1.6
	23.0 ± 1.7
	20.4 ± 2.0

	Drought (B)

	Individual Yield (g/plant)
	Theoretical Yield (quintals/ha)
	Actual Yield (quintals/ha)

	T1
	17.2 ± 1.4
	20.6 ± 1.6
	18.5 ± 1.7

	T2
	18.6 ± 1.2
	22.8 ± 1.5
	19.8 ± 1.5

	T3
	18.0 ± 1.2
	21.3 ± 1.7
	19.2 ± 1.6



	Biochar can improve soil structure and nutrient retention, making essential nutrients more available to the plant [65]. This improved nutrient availability supports healthy root development, greater biomass production, and optimal pod and seed formation [66]. Consequently, the biochar-based mixture not only mitigates the immediate impacts of drought stress [67] but also supports higher yield potential [68] by fostering a more resilient and productive growing environment [69]. Therefore, biochar’s role in moisture retention theoretically enables soybean plants to maintain higher yields even under water-limited conditions, offering a sustainable approach to enhancing crop productivity in drought-prone regions.
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Fig 7: Effectiveness of Coir and Biochar Mixture on Soybean Yield Indicators under Drought (B) and No Drought (A) Conditions
	Despite drought stress affecting physiological and growth parameters, the decline in yield indicators remains modest, with reductions of only about 6-9% in individual yield, theoretical yield, and actual yield.
	Under non-drought conditions (A), soybean varieties T1, T2, and T3 demonstrate optimal yields, with actual yields of 19.8, 21.7, and 20.4 quintals per hectare, respectively. However, during drought treatment (B), actual yields are only slightly reduced to 18.5 for T1, 19.8 for T2, and 19.2 for T3 quintals per hectare. This limited yield reduction under drought conditions suggests that the coir and biochar mixture effectively mitigates the impact of water stress.
	The effectiveness of the moisture-retaining mixture is evident through the minimal yield loss and stable performance across varieties, even in water-limited environments. This result underlines the role of the coir and biochar mixture in supporting crop resilience, as indicated by the high actual yields maintained across all varieties despite drought, thus affirming its practical value in agricultural settings facing drought stress.
Conclusion
	The findings of this study reveal that while drought stress substantially affected the physiological parameters of soybean, including reductions in chlorophyll fluorescence, SPAD index, and increased ion leakage and vapor saturation deficit, the biochar and coir mixture provided moderate moisture retention benefits. During the drought phase, all growth and physiological indicators showed notable declines; however, rehydration facilitated gradual recovery. Despite these physiological impacts, yield-related indicators showed a relatively low reduction of 6-9% in actual yield under drought conditions, highlighting the mixture's effectiveness in maintaining crop productivity. The minimal decrease in actual yield across soybean varieties (T1, T2, and T3) after rehydration underscores the biochar and coir mixture's potential to sustain crop resilience under water stress.
	This study underscores that while biochar and coir do not fully mitigate the physiological impacts of drought, they contribute significantly to maintaining yield stability, an essential factor for farmers facing water-limited growing seasons. By reducing yield loss to within a manageable range, this moisture-retention mixture demonstrates promising practical value for enhancing soybean drought tolerance, supporting sustainable soybean cultivation in drought-prone regions.
Scientific and practical insights
	The biochar and coir mixture demonstrates a protective effect on soybean physiological indicators during drought stress, promoting gradual recovery after rehydration. Indicators such as chlorophyll fluorescence, SPAD index, and ion leakage improved post-watering, highlighting the mixture’s role in mitigating drought effects and enhancing physiological resilience.
	Despite physiological declines, actual yield reductions remained limited to 6-9%, underscoring the mixture’s effectiveness in maintaining productivity under water stress. This stability is a key finding, suggesting that biochar and coir help sustain crop yield, potentially providing farmers with more reliable harvests even in adverse weather conditions.
	The moisture-retaining properties of biochar and coir offer promising solutions for regions facing frequent droughts or climate variability. The mixture supports soil moisture retention without requiring costly irrigation systems, positioning it as a sustainable option for enhancing crop resilience in water-limited environments.
	These findings open avenues for further research on optimizing biochar and coir ratios or combining them with other moisture-retaining materials to maximize their efficacy. Such exploration could lead to specialized moisture-retention products tailored to different crops and environmental conditions.
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