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Effect of Organic Mulching on In situ Soil Moisture Conservation, Yield, and Yield Attributes of Soybean (Glycine max (L). Merrill)) in the Semi-arid Areas of Western Tigray, Ethiopia

Abstract
Soybean (Glycine max L. Merr.) is widely cultivated in tropical, subtropical, warm temperate and semi-arid regions. However, its productivity remains low due to various biotic and abiotic constraints. Soil moisture stress is the major abiotic constraint that causes extensive losses in soybean production. Thus, this study aimed to investigate the effect of organic mulching on soybean productivity and in situ soil moisture conservation. The study was conducted at Humera Agricultural Research Center during 2020 main copping season under rainfed condition using randomized complete block design (RCBD) with three replications. Five rates of mulching (no mulch, 5 t ha-1, 10 t ha-1, 15 t ha-1 and 20 t ha-1) were considered as treatments, and Hawassa-95 soybean variety was used in the study. The results revealed that the highest soil moisture was conserved at 20 t ha-1 mulch at all soil depths (0-0.2 m, 0.2.-0.4 m and 0.4-0.6 m) during 15-90 days after sowing. Likewise, the highest hundred seed weight (11.69 g), grain yield (1611 kg ha-1), and harvest index (38.48%) were recorded under the 15 t ha-1 mulch treatment. Although 15 t ha-1 mulch cover had positive effects on soil moisture conservation and soybean production, the economic analysis showed that only 10 t ha-1 was the most profitable treatment, offering an MRR of 706%. Therefore, farmers are recommended to apply 10 t ha-1 mulch to improve their production and profitability of soybean.
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1. Introduction
Soybean (Glycine max (L.) Merrill) is an important global legume crop that belongs to the large botanical family Leguminosae in the subfamily Papilionideae. It is cultivated worldwide primarily for its protein and oil content, which are highly suitable for human consumption, and from which meals are obtained for animal feed (Mishra et al., 2024). It is also important for producing industrial products, such as soy inks, non-toxic adhesives, candles, and paints, among many other applications in sustainable manufacturing systems (Johnson et al., 2015). Soybeans have a high protein content (approximately 40%) and high oil content (approximately 20%), which, together with numerous beneficial nutrients and bioactive factors, make soybeans the crop of choice for improving the diets of millions of people in developing countries (Singh et al., 2016). Its attributes of being a rich and cheap source of protein have earned the crop the appellation of a “miracle bean” or a “golden bean” (Kumari et al., 2022).  In addition to better nutritional status, the crop has great significance in improving the status of soil nutrients and farming systems when grown solely and in combination with cereal crops. Soybean contributes substantially to soil nutrient improvement through biological nitrogen fixation, nutrient recycling, and enhancement of soil biological properties. In symbiosis with nitrogen-fixing rhizobia, soybean converts atmospheric nitrogen into plant-available forms, thereby increasing soil nitrogen availability and reducing reliance on inorganic nitrogen fertilizers. After harvest, the decomposition of soybean roots, nodules, and crop residues returns considerable amounts of nutrients and organic matter to the soil, improving nutrient cycling, microbial activity, and soil fertility. Moreover, soybean-based cropping systems often generate positive residual effects on subsequent crops by enhancing soil nitrogen status and nutrient-use efficiency, making soybean an important component of sustainable agricultural production systems (Yang et al., 2024).
Globally, soybean is produced on approximately 6% of the world’s arable land, representing an estimated total area of more than 117.7 million hectare, with an annual production of 308.4 million tons (FAOSTAT, 2018). In Ethiopia, soybean is among the most important lowland pulses grown across various agro‑ecological zones because of its high nutritional value for human consumption and its use as animal feed. Although area coverage, production, and productivity have increased in recent years, the national average yield of soybean remains relatively low compared to the potential and global averages (CSA, 2020).The low national yield could be attributed to the combination of several production constraints, among which soil moisture stress, especially in arid and semi-arid areas, plays an important role in limiting the growth, productivity, and quality of soybean (Jumrani and Bhatia, 2018). 
Soil moisture is critical for optimum soybean growth during the very early vegetative stage and from flowering through the seed-filling period. Water deficits at these stages reduce node and branch development early and accelerate leaf senescence and shorten seed filling later, significantly reducing yield (Aziez and Prasetyo, 2022). However, soil moisture stress can be prevented through the application of on-farm soil moisture conservation practices, such as the application of organic mulch. This practice improves the soil moisture content in the root zone of the crop by increasing infiltration and reducing evaporation and runoff. Mulch is any material placed on the soil surface to conserve moisture, lower soil temperatures around plant roots, prevent erosion, and reduce weed growth (El-Beltagi et al., 2022). Experience has shown that mulching is an efficient agronomic practice that can be used to enhance the quality of soil and boost the production of crops especially in water stressed environments. It can significantly improve the physical, chemical and biological properties of soil due to increased organic matter content, enhanced soil structure, and enhanced microbial activity. These modifications facilitate the growth of roots and enhance the availability and uptake of nutrients, hence, leads to enhanced growth and productivity of plants (Hailu and Bogale, 2024).Therefore, this study aimed to investigate the effects of organic mulching on soil moisture conservation, yield, and yield components of soybean.
2. Materials and Methods 
2.1. Study area and climate 
[bookmark: _Toc11262195]A field experiment was conducted at the Humera Agricultural Research Center (HuARC), Western Zone of Tigray, Ethiopia, during the 2020 main cropping season. The experimental site was located at latitude of 14°27´N and a longitude of 36°61´E, with an elevation of 585 meter above sea level. The agro-ecology of the area is hot to warm semi-arid lowland plains. It is characterized by hot temperatures, erratic rainfall, and vast areas of plain lowlands suitable for large-scale and subsistence agriculture, including crops and livestock production. The rainy season is monomodal and concentrated from July to September, with a total annual rainfall of 552 mm in 2020. The annual maximum temperature ranges from 42 °C in April to 33 °C in August, while the minimum temperature varies from 22.2 °C in May to 17.5 °C in July. The soil type of the study area is classified as chromic vertisol, which is black in color with a pH of 8.5 (Abrha, 2018).
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Figure 1. Map of the study area; (1) Ethiopia, (2) Tigray and the study area
[bookmark: _Toc8701911]
Figure 2. Average rainfall, maximum, and minimum temperatures of long-term data of the study area.


2.2. Experimental Design and Treatments
The experiment was laid out as a randomized complete block design (RCBD) and replicated three times. The treatments consisted of five levels of mulching rate (bare soil or no mulch as control, 5 t ha-1, 10 t ha-1, 15 t ha-1, and 20 t ha-1). The treatments were randomly assigned to each plot. Each plot measured 4 × 3 m (12 m2) and was separated by a 1 m buffer. The net plot size was 7.2 m2. The distance between the blocks was 1.5 m.
2.3. Experimental procedure and crop management
[bookmark: _Toc11262197]The experimental site was cleared and plowed to a depth of approximately 25-30 cm using a tractor, and the plots were leveled manually.  Hawassa-95 soybean variety was used as the planting material, and this variety was chosen for the study because it is a high-yielding, well-adapted, and widely grown by smallholder farmers in the study area. The seeds were sown at a rate of 80 kg ha-1 by placing two seeds per hill and thinning to one plant as per the recommendation for the variety. Soybean seeds were planted at a depth of 5 cm in the soil, with a spacing of 60 cm between rows and 5 cm between plants. Five rows spaced 60 cm apart were used in each plot, with a row length of 4 m. Of these, the three middle rows were harvestable rows, while the two outer rows were considered borders and were not used for data collection to avoid edge effects. Mulching was applied 10 days after sowing to each plot according to the specified rate. All agronomic management practices, such as fertilizer application, weeding, hoeing, and pesticide application, were uniformly applied to all treatments. Diaznone 60% EC was used as a pesticide to control insect pests. NPS (19N-38P2O5-7S) was used as a source of mineral nutrients at full dose (100 kg ha-1) at the time of planting. 
2.4. Soil Sampling and analysis
Soil samples were collected randomly in a diagonal pattern from 0-30 cm soil depth before planting and analyzed at the soil laboratory for chemical and physical soil properties. Uniform slices and volumes of soil were obtained in each sub-sample by the vertical insertion of an auger. The samples were air-dried, ground using a pestle and mortar, and passed through a 2 mm sieve. The collected soil samples were composited into one sample, and working samples were obtained from the composited sample and analyzed for texture, soil pH, organic carbon, total N, available phosphorus, cation exchange capacity(CEC), and electrical conductivity(Ec) using standard laboratory procedures.
[bookmark: _Toc376313969][bookmark: _Toc242203192][bookmark: _Toc376329936]2.5. Soil moisture determination
Soil moisture was measured in fifteen days interval from ten days after sowing to physiological maturity. Soil was sampled using an auger from depths of 0-20, 20-40 and 40-60 cm from the central rows of each plot in the experimental field. The sampled soil was weighed and dried in an oven for 24 h at 105 °C. The difference between the fresh weight and oven-dried weight was recorded, and the soil moisture content was determined using the gravimetric method with the following formula: 
[bookmark: _Toc376354558][bookmark: _Toc376331321][bookmark: _Toc376359703][bookmark: _Toc376342706]SMC (%) = ×100
Where SMC is the soil moisture content, FW is the fresh weight of the soil (g), and D is the oven-dried weight of the soil.
2.6. Crop data collection and measurements
Data on different crop growth and yield components and soil moisture were recorded on a sample-plant and plot basis. All agronomic data, such as days to 50% flowering, days to 90% maturity, plant height, number of primary branches per plant, number of pods per plant, number of seeds per plant, hundred seed weight, grain yield, and harvest index, were recorded. 
2.7. Statistical Analysis
[bookmark: _Toc11262204]All measured data were subjected to analysis of variance (ANOVA) and analyzed using GenStat15th edition statistical software programs. Statistically significant differences between and among treatment means were assessed using the least significant difference (LSD) at the 5% level of significance (Gomez and Gomez, 1984).
2.8. Economic Analysis
Partial budget analysis, as described by CIMMYT (1988) was applied to the yield results to assess the costs and benefits associated with different mulching treatments. All costs and benefits were calculated on hectare basis in Ethiopia Birr. The concepts used in economic analysis were the adjusted mean grain yield of each treatment, the gross field benefit (the product of field price kg-1 and the mean adjusted yield for each treatment), and the total variable input costs included in the total cost (costs of weeding and cost of mulches and their application). Grain yield was adjusted down by 10% to minimize the effect of researcher-managed small plots compared to the farmer-managed plots. The net benefit based on the total variable input cost was calculated as the difference between the gross field benefit and the total variable input cost.
Dominance analysis was applied to screen treatments with higher total variable costs while having lower net benefits; hence, dominated treatments were not considered in the marginal analysis. The minimum acceptable rate of return was taken as 100%, and treatments with a lower minimum rate of return were also removed from further analysis
.
[bookmark: _Toc11262206]3. Result and Discussion
[bookmark: _Toc11262584]3.1. Soil properties of the experimental site
Laboratory analysis of soil samples taken before planting was performed to determine the major soil physical and chemical properties. The results of the analysis are summarized below.
Table 1. Major physical and chemical characteristics of the top soil (0 to 30 cm) during the cropping season.
	No.
	Character
	Value 
	Rating
	References

	1
	pH (1:2.5) H2O 
	8.2
	Moderately alkaline
		(Hazelton & Murphy, 2025)




	2
	Available Phosphorus (ppm) 
	4.86
	Very Low
		(Hazelton & Murphy, 2025)




	3
	Total N (%) 
	0.14
	Low
		 (Hazelton & Murphy, 2025)




	4
	Organic carbon (%)
	2.087
	Medium
		 (Hazelton & Murphy, 2025) 




	5
	CEC [Cmol (+)/kg)] 
	31.2
	High
		 (Hazelton & Murphy, 2025)




	6
	Electrical conductivity(ds/m)
	1.34
	Non saline
	   (Hazelton & Murphy, 2025)

	7
	Particle size distribution
	
	
	

	
	Sand (%)
	10.33
	
	

	
	Silt (%)
	19.67
	
	

	
	Clay (%)
	70.0
	
	

	
	Textural class
	
	Clay
	 (Hazelton & Murphy, 2025)


[bookmark: _Toc11262218]3.1. Effect of Mulching on in situ Soil Moisture conservation
3.1.1. Soil Moisture content at 15, 30 and 45 days after Sowing
Organic mulching had a highly significant (P<0.01) effect on soil moisture content at soil depths of 0-0.20 m, 0.20-0.40 m and 0.40-0.60 m. The highest soil moisture (23.4-25.5%) at a depth of 0-0.2 m was conserved in plots covered with 20 t ha-1 mulch; while the lowest soil moisture (19-20%) was observed under no mulch and 5 t ha-1 mulch cover (Table 2). Similarly, higher soil moisture was recorded at 20 t ha-1 mulch covers at 0.2-0.4 m soil depth, while the lowest soil moisture was recorded under no mulch treatment.  In the deepest soil layer (0.4-0.6 m), although there was statistical similarity among treatments of 20 t ha-1  mulch, 15 t ha-1 mulch, and 10 t ha-1 mulch treatments, the highest soil moisture content (22-24 %) was conserved under 20 t ha-1 mulch cover. However, the lowest soil moisture was recorded under the no mulch treatment. This could be due to the increased rate (thickness) of the mulching material (sesame straw), which was efficient in conserving the moisture received by protecting the soil from immediate contact with dry air that drives water evaporation into the atmosphere. In addition, the impact of raindrops and splash could be prevented to allow the rainwater to infiltrate slowly. In line with this result, Zhang et al. (2023) indicated higher soil moisture content in sunflower mulched plots than in non-mulched plots. Selvakumar and Sivakumar (2021) reported that high moisture content was conserved in plots mulched with rice straw compared to the control.
[bookmark: _Toc11262593]The growth stage of the crop during these days (from planting to 45 DAS) was at the seedling and vegetative growth stages. This was because there was no flower initiation before these days. At the early vegetative stages, soil moisture stress can impact the yield by reducing the number of main stem nodes and branches that develop. Therefore, the conserved moisture due to the application of a mulch cover plays an important role in the establishment and vegetative growth stage of soybean as compared to bare soils, which have shown symptoms of water stress, such as wilting and leaf rolling, and finally delayed growth. This is in line with Wijewardana et al. (2018), who stated that soil moisture is critical for optimum growth during the very early vegetative stage of soybean
Table 2. Effect of mulching rate on soil moisture content at 15, 30, and 45 d after sowing at different soil depths (m).
	Treatment
	SMC(% ) at 15 DAS
	SMC(%) at 30 DAS
	SMC(%) at 45 DAS

	
	Soil depth(m)

	
	0-0.2
	0.2-0.4
	0.4-0.6
	0-0.2
	0.2-0.4
	0.4-0.6
	0-0.2
	0.2-0.4
	0.4-0.6

	20 t ha-1 mulch
	25.54a
	24.69a
	22.16a
	23.4a
	25.21a
	24.16a
	26.05a
	24.72a
	23.7a

	15 t ha-1 mulch
	23.4ab
	22.29b
	20.84a
	21.85b
	21.52b
	22.57ab
	24.04b
	23.79ab
	22.95a

	10 t ha-1 mulch
	22.05c
	20.88bc
	19.73ab
	21.36b
	19.71c
	22.75ab
	23.48b
	23.07abc
	21.41b

	5 t ha-1 mulch
	21.32c
	20.49bc
	19.96ab
	19.9c
	16.33d
	21.96b
	22.11c
	22.38bc
	21.02b

	no mulch
	19.77c
	19.09c
	17.67b
	19.26c
	15.82d
	21.12b
	20.92c
	21.16c
	19.8c

	LSD(0.05)
	2.47
	2.39
	2.4
	1.04
	1.76
	1.71
	2.08
	2.23
	0.98

	CV (%)
	11.4
	11.5
	12.4
	5.1
	9.3
	7.9
	5.3
	5.8
	4.7


LSD = Least Significant Difference at 5% level of significance; CV (%) = coefficient of variation in percent; DAS = days after sowing; SMC = Soil Moisture Content; Means in column and followed by the same letters are not significantly different at 5% level of significance.
3.1.2. Soil Moisture content at 60, 75 and 90 days after Sowing
The analysis of variance revealed that the main effects of mulching and land preparation methods had significant (P<0.01) effect on soil moisture at all soil depths (0-0.2, 0.2-0.4 and 0.4-0.6 m) during 60, 75, and 90 DAS. The highest soil moisture (24.6-24.8) was recorded in plots covered with 20 t ha-1 mulch, followed by 15 t ha-1 mulch cover at all soil depths. However, the lowest soil moisture was recorded under no mulch (21-21.2) at all soil depths 60 days after sowing (Table 3). This growth stage is known as flowering. At this growth stage the conserved soil moisture due to mulching is critical for flower initiation and development. 
Similarly, the 20 t ha-1 mulch cover conserved the highest soil moisture (24.2-25.5) at all soil depths. However, the lowest soil moisture (19.7-22.7) was observed in the control and treatments with no mulch at 75 days after sowing (Table 3). In this growth stage of soybean, the moisture conserved by mulching plays an important role in pod development and pod filling compared with the control treatment. The highest soil moisture (23.5-24.6) was recorded under treatments covered with 20 t ha-1 mulch, followed by mulch cover of 15 t ha-1, while the lowest soil moisture was conserved under no mulch cover at all soil depths at 90 days after sowing (Table 3). The soil moisture conserved due to mulching during this growth stage is important for grain filling and for fully maturing the crop.
Generally, Soybeans require adequate soil moisture during the reproductive stages (from flower beginning through seed filling). Water stress during pod development and early seed fill can have the greatest impact on yield potential, resulting in a reduced number of seeds per pod and reduced seed size. Similarly, Vennam et al (2023) noted that from flowering through the seed-filling period, soil moisture stress can accelerate leaf senescence and shorten the seed-filling period. Soybean pod set and seed development are more vulnerable to soil moisture stress, leading to substantial yield reduction.


Table 3. Effect of mulching rate on soil moisture content at 60, 75, and 90 days after sowing at different soil depths (m).
	Treatment
	SMC(% ) at 60 DAS
	SMC(%) at 75 DAS
	SMC(%) at 90 DAS

	
	Soil depth(m)
	

	
	0-0.2
	0.2-0.4
	0.4-0.6
	0-0.2
	0.2-0.4
	0.4-0.6
	0-0.2
	0.2-0.4
	0.4-0.6

	20 t ha-1 mulch
	24.69a
	24.59a
	24.81a
	25.52a
	24.23a
	25.04a
	23.51a
	24.57a
	24.32a

	15 t ha-1 mulch
	23.51b
	23.82b
	23.91b
	23.25b
	23.16b
	24.58a
	22.07b
	23.04ab
	23.21ab

	10 t ha-1 mulch
	23.2b
	23.12c
	22.93c
	21.72c
	23.07b
	23.89b
	20.49c
	21.54b
	22.12b

	5 t ha-1 mulch
	21.78c
	21.87d
	21.94d
	21.4c
	22.7b
	23.31bc
	19.21d
	19.65c
	20.09c

	no mulch
	20.99c
	21.25d
	21.01e
	19.66d
	21.92c
	22.67c
	17.49d
	18.17c
	18.82c

	LSD(0.05)
	0.95
	0.65
	0.56
	0.97
	0.77
	0.65
	1.7
	1.7
	1.6

	CV (%)
	4.3
	3
	2.5
	4.5
	3.5
	2.8
	8.7
	8.4
	7.5


LSD = Least Significant Difference at 5% level of significance; CV (%) = coefficient of variation in percent; DAS = days after sowing; SMC = Soil Moisture Content; Means in column and followed by the same letters are not significantly different at 5% level of significance.
3.2. Effect of organic mulching on crop phenology and growth parameters 
3.2.1. Days to 50% flowering
The analysis of variance revealed that mulching had a highly significant (P<0.01) effect on the days to 50% flowering of soybean. The longest days to 50% flowering (56.33) was recorded on plots covered with 15 t ha-1 mulch followed by 20t/ha mulch cover (54.89), while the shortest duration (51.33) was recorded in a treatment with no mulch (Table 4). The delay in days to 50% flowering of soybean observed in plots covered with 15 t ha-1 mulch might be due to increased water infiltration rate in the soil, reduced evaporation, and weed development, which resulted in an overall improvement in soil moisture in the root zone. Sufficient soil moisture resulted from the application of mulch, which in turn prolonged the vegetative growth period and flowering compared to no mulch (control) treatments. A similar result was found by Lenga et al. (2024), who reported that higher soil water content and moderated soil temperature often delay the onset of flowering in mulched plots compared with non-mulched control plots, likely because improved moisture availability supports prolonged vegetative growth before reproductive development. 
3.2.2. Days to 90% maturity
[bookmark: _Toc8273017][bookmark: _Toc8272713][bookmark: _Toc8070626][bookmark: _Toc7066071]The analysis of variance revealed that mulching had a highly significant (P<0.01) effect on days to 90% maturity. The longest period taken to maturity (97.4 days) was recorded in plots covered with 15 t ha-1 of mulch, while the lowest period (92.6 days) was recorded in plots with no mulch (Table 4). The delay in physiological maturity observed in the 15 t ha-1 mulched plots was due to improved optimum soil moisture conservation, which resulted in a longer period of water availability for crop growth and development. This does not mean that 15 t ha-1 mulch conserved greater moisture than 20 t ha-1, but the optimum was 15 t ha-1. The optimum availability of water in the root zone caused extended vegetative growth, delaying maturity. A similar result was found by Teame et al. (2017), who reported that the longest period taken for maturity (94 days) was recorded in plots mulched with sesame straw, while the lowest period was recorded in plots with no mulch (90 days). This result is also in line with that of Taye et al. (2015), who reported that mulching applied at planting time showed noticeably prolonged days to maturity.
3.2.3. Plant Height (cm)
[bookmark: _Toc11262586]Mulching had a highly significant (P < 0.01) effect on plant height. The longest plants (63.6, 61.8, 60.4) which had statistical similarity was measured from plots covered with 15 t ha-1, 10 t ha-1, and 20 t ha-1 of mulch, respectively. However, the shortest plans (50.5) were recorded in the plots without mulch (Table 4).  The highest plant height observed in the treatments was due to the positive effect of mulch on rainwater infiltration, water conservation, and reduced evaporation, which helped the plant grow and develop well. This result is in line with Wahyuni et al. (2022), who found the tallest plant height in sunflowers mulched with rye than in the no mulch plot.

Table 4. Effect of mulching on days to 50% flowering, 90% physiological maturity, and plant height of soybean.
	Treatments
	Days to 50% flowering
	Days to 90% maturity
	Plant height

	no mulch
	51.33c
	92.56c
	50.49c

	5 t ha-1 mulch cover
	53.11bc
	93.56c
	54.24b

	10 t ha-1 mulch cover
	53.67b
	95.22b
	61.84a

	15 t ha-1 mulch cover
	56.33a
	97.44a
	63.64a

	20 t ha-1 mulch cover
	54.89ab
	93.89c
	60.44a

	LSD (0.05)
	1.78
	1.39
	3.08

	CV (%)
	3.4
	1.5
	5.5


[bookmark: _Toc11262210]LSD = Least Significant Difference at 5% level of significance; CV (%) = coefficient of variation in percent; Means in column and followed by the same letters are not significantly difference at 5% level of significance
[bookmark: _Toc11262211]3.3. Yield and Yield Components of Soybean
3.3.1. Number of Primary Branches per Plant
[bookmark: _Toc11262212]The number of effective branches per plant was highly significantly (P<0.01) affected by mulching. The highest number of primary branches per plant (3.02) was recorded under the 10 t ha-1 mulch cover, followed by 15 t ha-1 mulch cover (2.93), although they were statistically in the same range. The lowest number of primary branches per plant (2.89) was recorded under the no mulch treatment (Table 5). The lowest number of branches per plant observed in non-mulched plots was due to water stress in the root zone resulting from water loss by evaporation.  This is in line with the findings of Kader et al. (2019), who reported that mulching has been widely recognized as an effective water-saving technique in arid and semi‑arid environments because it conserves soil moisture and reduces surface evaporation by covering the soil surface and buffering it against direct solar radiation and heat.
3.3.2. Number of Pods per plant
[bookmark: _Toc11262213]The analysis of variance results revealed that mulching had a highly significant (P<0.01) effect on the number of pods per plant. The highest mean number of pods per plant (48.69) was recorded in plots covered with 10t/ha mulch cover, while the lowest number of pods per plant (34.2) was recorded in no-mulch plots (Table 5). The highest number of pods produced per plant could be due to the positive effects of mulching on conserving moisture in the soil, reducing evaporation, and increasing infiltration of rainwater to the soil, which eventually improved water availability for better crop growth and production of enough numbers of pods per plant. This is in line with Teame et al. (2017), who reported that a significant number of capsules were produced in mulched plots, while the no mulch treatment produced fewer capsules in sesame plants due to poor soil moisture conservation. 
3.3.3. Number of Seeds per Pod
The number of seeds per pod was highly significantly (P<0.01) influenced by the mulch application. The highest number of seeds per pod (2.4, 2.3, 2.2) was recorded in plots treated with 20 t ha-1, 15 t ha-1 and 10 t ha-1 mulch cover, respectively. However, the lowest number of seeds per pod was recorded in the plots with no mulch cover (Table 5). The highest number of seeds per pod observed in the 10-20 t ha-1 mulch-covered plots could be due to improved moisture conservation in the soil, which consequently facilitates the translocation of assimilates from the source to the sink. A similar result was reported by Tadesse et al. (2024), who demonstrated that higher soil moisture in soybean results in a greater number of seeds per pod, whereas water deficit conditions significantly reduce the number of seeds per pod.
3.3.4. Hundred Seed Weight (g)
[bookmark: _Toc11262588][bookmark: _Toc11262216]The analysis of variance showed that mulching did not significantly influence (P>0.05) the hundred seed weight of soybean. Although there was statistical similarity among the treatments, the highest seed weight (11.69 g) was recorded from treatments covered with 15 t ha-1 mulch, while the lowest seed weight (10.14 g) was observed from 5 t ha-1 mulch cover. This is in line with the findings of Akhtar et al. (2019), who found that the highest harvest seed weight of soybean was recorded under mulching treatments compared with the lowest seed yield observed in lower mulching rates or control plots, indicating that mulching significantly enhances seed yield by improving soil moisture and growth conditions.
3.3.5. Grain yield (kg ha-1)
The results of the analysis of variance indicated that soybean grain yield was highly significantly (P<0.01) influenced by the application of mulch. The highest grain yield (1611 kg/ha) was obtained from the treatments mulched with 15t/ha mulch cover. However, the lowest grain yield (915) was recorded in the no mulch treatment (Table 5). The highest yield obtained from the 15 t ha-1 mulch cover could be due to the effects of these treatments on optimizing moisture retention and reducing evaporation, which in turn avails sufficient water required for crop development and production, especially at the critical stages of growth, such as flowering and seed formation. A similar result was found by Ayodeji and Samuel (2024), who reported higher tomato yield (23.30 t ha-1) when the field was mulched with 15t/ha. Mulching has been shown to significantly improve soil water retention and reduce soil water evaporation in arid and semi‑arid areas, thereby supporting improved crop growth and yield underwater-limited conditions (Ramos et al., 
2024).
3.3.6. Harvest Index (%)
The harvest index (HI) is the physiological efficiency and ability of a crop to convert total dry matter into economic yield. A higher harvest index reflects a greater proportion of total above-ground biomass being partitioned into grain yield rather than vegetative plant parts (Achilli et al., 2022). Analysis of variance showed a highly significant (P<0.01) effect of mulch application rate on the harvest index. Treatments covered with 15 t ha-1 mulch scored the highest harvest index (38.48), followed by 20 t ha-1 mulch cover (35.54). In contrast, the lowest harvest index (31.13) was recorded from the 5 t ha-1 mulch cover, which was statistically similar to the HI (32.49) observed from the no mulch cover treatment (Table 5). The highest harvest index observed for the 15 t ha-1 mulch cover was due to the effect of the treatments in conserving moisture in the root zone and its availability for enhanced crop growth and production. This is in line with the findings of Gajić et al. (2018), who reported that mulching practices have been found to enhance the harvest index of crops by improving soil moisture conservation and resource use efficiency, leading to a greater proportion of biomass being allocated to harvestable seed yield compared with un‑mulched control treatments. 
Table 5. Effects of mulching on the number of branches per plant, number of pods per plant, and number of seeds per pod of soybean.
	Treatments
	NBPP
	NPP
	NSPP
	100SW(g)
	Yield(kg/ha)
	HI (%)

	no mulch
	2.29b
	34.2c
	1.82c
	10.36b
	915c
	32.49c

	5 t ha-1 mulch cover
	2.44b
	37.43c
	2.07b
	10.14b
	946c
	32.13c

	10 t ha-1 mulch cover
	3.02a
	48.69a
	2.16ab
	10.72ab
	1448b
	34.59bc

	15 t ha-1 mulch cover
	2.93a
	45.3b
	2.33a
	11.69a
	1611a
	38.48a

	20 t ha-1 mulch cover
	2.93a
	45.16b
	2.38a
	10.67ab
	1380b
	35.54b

	LSD(0.05)
	0.28
	3.34
	0.24
	0.57
	42.88
	2.54

	CV (%)
	10.7
	8.2
	11.5
	11.2
	10.2
	7.6


NBPP = Number of branches per plant; NPP = Number of pods per plant; NSPP = Number of seeds per pod; HI= harvest index; LSD = Least Significant Difference at 5% level of significance; CV (%) = coefficient of variation in percent; Means in column and followed by the same letters are not significantly difference at 5% level of significance.
3.4. Economic Analysis
Economic analysis was performed using the CIMMYT partial budget analysis methodology (CIMMYT, 1988). The average grain yield price of ETB 21 per kg was considered for computation. The average cost of ETB 400 per ton of sesame straw was considered in the economic analysis. The labour cost for weeding was also considered as ETB 6.6, 5, 3.3, 1.66, and 0 per plot for treatments of no mulch, 5 t ha-1, 10 t ha-1, 15 t ha-1, and 20 t ha-1, respectively. Following the CIMMYT partial budget analysis method, total variable costs (TVC), gross benefits (GB), and net benefits (NB) were calculated. The results of the economic analysis revealed that the highest net benefit (ETB 23064.9 ha-1) was obtained from treatments mulched with 15 t ha-1 straw followed by 10 t ha-1 straw (ETB 20617.2 ha-1), while the lowest net benefit (ETB 11713.4 ha-1) was recorded from treatments with no mulch (Table 6). From the dominance analysis, 5t/ha and 20t/ha mulch cover were dominant and rejected from further analysis because of their non-profitability to the farmers. When compared with no mulch, 15 t ha-1 mulch cover offered a 386.7% marginal rate of return (Table 7). In contrast, at 15 t ha-1, the highest marginal rate of return (705.9) was offered by 10 t ha-1 mulch.  This implies that the producer would receive ETB 7.05 after recovering the investment. Therefore, the most profitable treatment was 10 t ha-1, followed by 15 t ha-1 mulch cover (Table 7).
[bookmark: _Toc11262597]Table 6. Dominance analysis of the effect of mulching rate on soybean.
	Treatments
	AvY
(Kg/ha)
	AdjY
(Kg/ha)
	GB (birr)
	TVC (birr)
	NB (birr)
	Dominance

	no mulch
	915
	823.5
	17293.5
	5500
	11793.5
	

	5 t ha-1 mulch cover
	946
	851.4
	17879.4
	6166
	11713.4
	D

	10 t ha-1 mulch cover
	1448
	1303.2
	27367.2
	6750
	20617.2
	

	15 t ha-1 mulch cover
	1611
	1449.9
	30447.9
	7383
	23064.9
	

	20 t ha-1 mulch cover
	1380
	1242
	26082
	8000
	18082
	D


Where, AvY = Average yield; AdjY = Adjusted yield; GB = Gross benefit; TVC = Total variable cost; NB = Net benefit
Table 7. Marginal rate of return and residual analysis of mulching rate
	Treatments
	TVC(birr)
	NB(birr)
	MRR (%)
	

	no mulch
	5500
	11793.5
	
	

	10 t ha-1  mulch   cover
	6750
	20617.2
	705.9
	

	15 t ha-1 mulch cover
	7383
	23064.9
	386.7
	


[bookmark: _Toc376354582][bookmark: _Toc376331345]Where, TCV = Total variable cost; NB = Net benefit; MRR = Marginal rate of return
4. Conclusion and Recommendation
The results of this study indicated that the mulching rate had a significant effect on soil moisture conservation, crop phenology, and soybean yield and yield components. A high amount of soil moisture was conserved in plots mulched with 20 t ha-1, while the lowest soil moisture was conserved under control (no mulch) treatments at all soil depths (0-0.2 m, 0.2.-0.4 m and 0.4-0.6 m) during 15-90 days after sowing. Due to the effect of soil moisture conserved by mulching, the highest grain yield (1611 kg ha-1) was observed in treatments mulched with 15 t ha-1, while the lowest grain yield (915 kg ha-1) was recorded in treatments with no mulch. However, the results of the economic analysis revealed that 10 t ha-1 mulch cover was the best treatment, offering an MRR of 706 % as compared to 15 t ha-1 and no mulch cover. Therefore, among the in situ moisture conservation techniques, mulch application was the most important, and farmers that grow soybean should apply 10 t ha-1 mulch to increase their production and profitability, which could be a potentially recommended approach in moisture-stressed soybean growing areas.

Limitations of the study: The findings of this study are based on data collected during a single growing season at one experimental site. Therefore, the results may be influenced by the specific environmental and climatic conditions of the study area. Further multi-location and multi-season studies are recommended to validate the effects of organic mulching on soybean productivity and soil moisture conservation under diverse agro-ecological conditions.
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