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Effect of Mulching and Combinations of Different Urea Levels with Rhizobium Inoculation on Soil Microclimate and Nodulation of Groundnut (Arachis hypogaea L.)
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ABSTRACT 

	This study was conducted to investigate the effects of mulching and combinations of different urea levels with rhizobium inoculation on the soil microclimate and nodulation of groundnut (Arachis hypogaea L.) at the Oilseed Crops Research Section, Department of Agricultural Research (DAR), Myanmar, during the post-monsoon seasons from December 2024 to March 2025 and from November 2025 to March 2026. Field experiments were conducted using a split-plot design with three replications. The main-plot factor consisted of rice straw mulch (6 t ha⁻¹) and no mulch, while the sub-plot factor comprised six combinations of urea levels (U) with rhizobium (Rh) inoculation: 100% U without Rh, 100% U with Rh, 75% U with Rh, 50% U with Rh, 25% U with Rh, and 0% U with Rh. Sinpadathar-11 was used as the tested variety. For the main-plot factor, mulching significantly maintained soil moisture and regulated soil temperature. It also significantly enhanced nodulation, including the total number of nodules per plant, effective nodules per plant, and nodule dry weight. For the sub-plot factor, the highest nodulation parameters were recorded with 25% of the recommended urea with Rh, followed by 50% of the recommended urea with Rh, whereas the lowest values were observed with 0% urea with Rh. There was no significant interaction effect between mulching and combinations of different urea levels with Rh. These findings indicate that rice straw mulching is an effective practice for conserving soil moisture and buffering soil temperature in groundnut cultivation. Furthermore, the application of 25% of the recommended urea combined with Rh under rice straw mulching is an effective agronomic practice for enhancing nodulation in groundnut in the study area.
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1. INTRODUCTION 
Groundnut (Arachis hypogaea L.) is an important legume crop for its high oil and protein contents and its ability to improve soil fertility through biological nitrogen fixation (Giller, 2001). Soil microclimate, particularly soil moisture and soil temperature, plays a critical role in root growth, nodulation, nutrient uptake, and crop productivity (Hatfield & Prueger, 2015). Rice straw mulching is an effective agronomic practice that conserves soil moisture, moderates soil temperature, and enhances soil health (Kader et al., 2017). These favourable soil conditions promote rhizobial activity and improve the formation and effectiveness of root nodules in legumes. Although groundnut can fix atmospheric nitrogen through symbiosis with rhizobium, starter nitrogen is often required to support early plant growth before nodulation becomes fully functional (Peoples et al., 2009). However, excessive urea application may inhibit nodulation and reduce biological nitrogen fixation by decreasing the plant's dependence on symbiotic nitrogen (Giller, 2001). Therefore, integrating reduced urea levels with rhizobium inoculation has been proposed as a sustainable nutrient management strategy to reduce fertiliser inputs while maintaining biological nitrogen fixation and crop productivity (Nosheen et al., 2021; Robertson & Vitousek, 2009). The combined application of mulching, optimised urea levels, and rhizobium inoculation may produce synergistic effects by improving the soil microclimate, promoting rhizobial activity, enhancing nodulation, and increasing biological nitrogen fixation (Torabian et al., 2019; Yeremko et al., 2025). Recent field evidence from summer groundnut shows that paddy straw mulch used within integrated agronomic management can improve crop performance under subtropical conditions (Maurya et al., 2024). Likewise, field studies have shown that Rhizobium inoculation can influence nodulation, growth, and yield-related performance in groundnut, with responses varying among strains and growing conditions (Mohapatra et al., 2024; Anitha et al., 2026; Ding et al., 2024). Recent evidence on legumes also indicates that nitrate availability can repress nodulation when external nitrogen is readily available (Guillierme et al., 2026). However, there is limited information on how rice straw mulching combined with different urea rates and rhizobium inoculation affects soil conditions and nodulation in groundnut under Myanmar’s agroecological conditions. Therefore, this study was conducted to evaluate the effects of mulching and combinations of different urea levels with rhizobium inoculation on soil microclimate and nodulation of groundnut.

2. MATERIALS AND METHOD 
Field experiments were carried out during the post-monsoon seasons, from December 2024 to March 2025 and from November 2025 to March 2026, at the Oilseed Crops Research Section, Department of Agricultural Research (DAR), Myanmar. The groundnut variety Sinpadathar-11, released by the Department of Agricultural Research (DAR), Yezin, in 2009 and with a duration of 100-105 days, was used in the experiment. The total experimental area was (18.98×29) m2, while the size of each plot was (2.13×4) m2. Each plot comprised seven rows with row-to-row and plant-to-plant spacings of (30 and 10) cm, respectively. The main plot factor was rice straw mulching, with two levels: rice straw mulch applied at 6 t ha⁻¹ and no mulch. The sub-plot factor comprised six urea levels with rhizobium (Rh) inoculation: U1-100% recommended U without Rh, U2- 100% U with Rh, U3-75% U with Rh, U4- 50% U with Rh, U5- 25% U with Rh, and U6- 0% U with Rh. Urea fertiliser (100%) was applied at a rate of 31.45 kg ha⁻¹ as a basal application, following the guidelines of the Department of Agricultural Research (DAR), Myanmar. For Rh inoculation, groundnut seeds were inoculated before sowing according to the recommendation of DAR. Rice straw mulch was uniformly applied on the soil surface at 21 days after sowing (DAS) according to the designated treatments. The experimental field was prepared through two ploughings followed by harrowing and levelling. Agronomic practices, including weed management and pest and disease control, were implemented as required throughout the growing period. A soil sample from the experimental site was collected as a composite sample from five random samples taken at a depth of 15 cm before sowing and was stored in a cold room until analysis. Physicochemical properties of the soil, such as textural class, soil pH, organic matter, available N, available P, and available K, were analysed at the laboratory of Soil Science, Water Utilization and Agricultural Engineering Division, Department of Agricultural Research (DAR), Yezin. The physicochemical properties of the experimental soil are described in Table 1.

Table 1 Some physicochemical characteristics of the initial soil before the experiment

	Parameters
	Values
	Rating
	Analytical method 

	Soil texture
	
	Loamy sand
	Pipette method

	Sand (%)
	80.30
	
	

	Silt (%)
	11.43
	
	

	Clay (%)
	8.27
	
	

	Soil pH
	6.3
	Slightly acid
	4A1 –1:5 soil: water suspension

	Organic matter (%)
	0.79
	Low
	Walkey-Black Method

	Available N (mg kg-1)
	45
	Low
	Alkaline permanganate method

	Available P (mg kg-1)
	25
	High
	9C-Olsen’s P-Malachite green

	Available K (mg kg-1)
	60
	Low
	15A1-1N Ammonium acetate



2.1 Data Collection 
The soil moisture content was measured at 1, 4, 8, and 12 days after irrigation (DAI) during each irrigation cycle. According to Craze (1990), soil moisture was calculated as follows.



where, 
W1 = weight of sample container (g)
W2 = weight of sample container + wet soil sample
W3 = weight of sample container + oven dried soil sample at 105°C (g)
Soil temperature (0-10 cm depth) was measured with a soil thermometer at two-week intervals from two to ten weeks after mulching. The total number of nodules per plant and the number of effective nodules per plant were recorded at 15-day intervals from 30 to 90 days after sowing (DAS), whereas nodule dry weight was recorded at 15-day intervals from 30 to 75 DAS. Effective root nodules were identified by cutting the nodules that showed a pink colour. 

2.2 Statistical Analysis
The data were subjected to analysis of variance using Statistix (version 8) software and treatment means were compared using the Least Significant Difference (LSD) test at the 5% level of significance (Gomez & Gomez, 1984).

3. RESULTS AND DISCUSSION
3.1 Soil moisture content (%)
Adequate soil moisture is essential for crop production during the post-monsoon season because it promotes root growth and effective nodulation. The soil moisture content was measured at 1, 4, 8, and 12 DAI during each irrigation cycle. There were two irrigation times in each growing experiment (Table 2 and Table 3). In both experiments, soil moisture content decreased progressively as the number of days after irrigation increased. This reduction may be due to continuous water loss from the soil-plant-atmosphere system. These findings are in agreement with Allen et al. (1998), who discovered that soil moisture decreased over time because of evapotranspiration losses, plant water uptake, and soil evaporation. Ramakrishna et al. (2006) also observed that rice straw mulching proved effective in conserving soil moisture, particularly at later stages after irrigation, which is crucial for sustaining crop growth under limited water. 
Soil moisture differed significantly between the mulch and no-mulch treatments, particularly at later stages after irrigation in both experiments. In the first irrigation, the mulching treatment recorded a soil moisture content of 13.41% at 12 DAI, compared with 6.93% under no mulch in the first experiment. A similar trend was observed in the second irrigation for the first experiment. Similarly, during the second irrigation, the mulching treatment recorded higher soil moisture than the no-mulch treatment at each observation interval. This may be attributed to the greater soil moisture conservation provided by rice straw mulch compared with no mulch. Similarly, Aung et al. (2022) observed that white polyethylene plastic mulch and rice straw mulch can be considered effective options for conserving soil moisture. Additionally, the application of straw mulch provides a protective cover on the soil surface, thereby limiting evaporative water loss and reducing soil erosion (Du et al., 2022).
In the second experiment, the mulching treatment recorded higher soil moisture content than no mulch at all sampling times across both irrigation events. This clearly indicates that mulching maintained higher soil moisture compared to no mulch. The higher soil moisture under mulching may be attributed to reduced evaporation losses, improved soil structure, and better moisture conservation. Ramakrishna et al. (2006) and Lal (1974) observed that mulch acts as a protective layer that minimises direct soil exposure to solar radiation and wind, thereby conserving soil water. Additionally, Rashid et al. (2019) observed that mulching significantly increased soil moisture content compared with non-mulched treatments. Pawar et al. (2004) and Yang et al. (2006) reported that surface mulching maintains soil moisture by reducing evaporation from the soil surface, improving infiltration and soil water retention, and facilitating nighttime condensation of soil moisture due to temperature reversals during winter. Yang et al. (2006) further observed that straw mulch conserved up to 55% more soil moisture than the control. 
There was no significant difference in soil moisture among the sub-plot treatments at all observation times in both experiments. This might be because soil moisture dynamics were primarily influenced by surface management practices, such as mulching, rather than nutrient management. Additionally, as fertilisers may not directly modify soil structure or surface evaporation rates, their impact on soil water content remains limited compared with practices such as mulching or irrigation scheduling. Allen et al. (1998) stated that soil moisture is mainly regulated by environmental and soil surface factors, such as evaporation, infiltration, and evapotranspiration, rather than nutrient application. The interaction between mulching and urea combined with rhizobium inoculation was not significant at any observation time in both experiments.

3.2 Soil temperature (°C)
Soil temperature is an important environmental factor that influences seed germination, root development, and microbial activity. There were significant differences between the mulch and no-mulch treatments at all sampling times except at 10 weeks after mulching in both experiments (Table 4 and Table 5). Rice straw mulch significantly increased soil temperature compared with no mulch. Mulching likely retained more heat during the night than the no-mulch treatment because rice straw mulch reduced heat loss from the soil surface and maintained relatively warmer soil conditions during the early morning. These findings are consistent with Du et al. (2022), who reported that straw mulching helps regulate soil temperature by moderating fluctuations at the soil surface. Montague and Kjelgren (2004) reported that mulch can increase soil temperature compared with bare soil or living mulches due to its greater absorption and retention of solar radiation. Furthermore, extreme temperature conditions during the early growth stages of plants can induce stress, as newly established root systems are often unable to absorb adequate water and essential nutrients effectively (Chalker-Scott, 2007). 
Different combinations of urea levels with rhizobium inoculation had no significant effect on soil temperature at all sampling times in both experiments. Likewise, the interaction between mulching and different combinations of urea levels with rhizobium inoculation was also not significant at all sampling times in both experiments.

3.3 Total number of nodules per plant 
	The total number of nodules per plant was recorded at 15-day intervals from 30 to 90 DAS. In both experiments, the total number of nodules increased sharply from 30 to 45 DAS, reached a peak at 75 DAS, and then declined towards 90 DAS (Table 6 and Table 7). The peak increase in nodulation up to 75 DAS may be due to the active establishment of the symbiotic association between groundnut roots and rhizobium, along with rapid root proliferation providing more infection sites for rhizobial colonisation. During this vegetative phase, enhanced root exudation and metabolic activity stimulate nodule initiation and development, resulting in maximum nodulation at mid-growth stages. The decline in nodule number after 75 DAS may be due to nodule senescence, reduced root activity, and decreased nitrogen demand at later growth stages. Similar findings were reported by recent studies, which indicated that nodulation in legumes increases up to 60-75 DAS due to active biological nitrogen fixation and favourable physiological conditions (Gouda et al., 2018; Poonguzhali et al., 2022). 
For the main-plot factor, significant differences in the total number of nodules were observed at all growth stages in the first experiment, whereas in the second experiment, significant differences were observed at all sampling intervals except at 30 DAS. Mulching produced a higher total number of nodules per plant compared to no mulch. In the first experiment, the mulching treatment recorded a higher number of nodules per plant (51.87) compared to no mulch, which showed a lower value (41.38) at 75 DAS. Similarly, in the second experiment, mulching showed higher values for the total number of nodules per plant compared to no mulch. The increased number of nodules under mulching may be attributed to better soil moisture retention, moderated soil temperature, and enhanced microbial activity in the rhizosphere, which favour nodulation. Similar results were reported by Siczek and Lipiec (2011), who observed that surface straw mulching enhanced soybean nodulation and nitrogenase activity.
There were significant differences in the sub-plot factor at all growth stages in both experiments. In the first experiment, the highest number of nodules per plant was recorded under U5 at all growth stages, followed by U4 and U3. In contrast, the lowest number of nodules was observed under U6. Similarly, in the second experiment, U5 recorded the highest total number of nodules per plant (71.73) at 75 DAS. This was followed by U4, which produced 63.17. The lowest value was recorded under U6 (35.12) at this stage. The lower number of nodules observed under high urea levels with Rh inoculation (100% urea with Rh inoculation) may be due to the inhibitory effect of excessive nitrogen on nodulation and biological nitrogen fixation, as plants tend to rely more on readily available soil nitrogen than symbiotic fixation. In contrast, lower urea levels with Rh inoculation (25% urea with Rh inoculation) might promote greater nodulation by enhancing the symbiotic association between the host plant and rhizobium. Moderate urea levels with Rh inoculation (50% urea with rhizobium inoculation) may support early vegetative growth without markedly suppressing nodule formation, thereby resulting in relatively higher nodulation. This finding is in agreement with the findings of Ma and Chen (2021). Similar findings were reported by Abdel Wahab et al. (1996) and Otieno et al. (2009), who stated that excessive nitrogen suppresses nodulation, whereas Rh inoculation significantly enhances nodule number and biological nitrogen fixation.
No significant interaction between mulching and urea with rhizobium inoculation was observed at any growth stage in both experiments. Mulching and reduced urea levels with rhizobium inoculation significantly enhanced the total number of nodules per plant in groundnut.

3.4 Number of effective nodules per plant
	Effective nodules are important for legume crops because they actively fix atmospheric nitrogen into forms that can be utilised by the plant (Sulieman & Tran, 2014). In both experiments, the number of effective nodules per plant increased rapidly from 30 to 45 DAS, reached a maximum at 60 DAS, and declined thereafter (Tables 8 and 9). Effective nodules were absent at 90 DAS, indicating that no effective nodules were observed beyond 75 DAS. The observation of the maximum number of effective nodules at 60 DAS in both experiments may be attributed to the physiological development of the groundnut plant and the dynamics of symbiotic nitrogen fixation. During the early vegetative stages (30-45 DAS), nodules are actively forming but not yet fully matured, resulting in moderate nodule numbers. At 60 DAS, the plant reaches an advanced vegetative stage with sufficient root biomass and metabolic activity to support the development of a larger number of functional nodules, leading to the observed peak in effective nodulation. These findings are in agreement with previous observations by Lindström and Mousavi (2020) and Poonguzhali et al. (2022). Beyond 60 DAS, the number of effective nodules gradually declines as the plant transitions to reproductive stages, which is associated with nodule senescence caused by reduced photosynthate allocation, hormonal changes, and the plant’s shifting nitrogen demand towards pod development. These findings align with Poonguzhali et al. (2022), who observed that nodulation activity rises during vegetative growth but declines in reproductive stages as a result of reduced physiological activity and nodule ageing.
For the main-plot factor, mulching significantly affected the number of effective nodules per plant at all growth stages. In the first experiment, the mulching treatment recorded a higher number of effective nodules per plant (33.83), while the no-mulch treatment showed a lower number of effective nodules per plant (23.09) at 60 DAS. Similarly, in the second experiment, the mulching treatment produced a higher number of effective nodules per plant compared to no mulch at all sampling points. These results indicate that mulching significantly enhanced nodulation, likely by improving soil moisture retention, moderating soil temperature, and supporting microbial activity that favours rhizobium infection. Similarly, Minh et al. (2023) reported that mulching significantly increased the number of nodules per plant compared with the no-mulch control at the flowering, pod-setting, and harvesting stages.
Significant differences were observed among the sub-plot treatments at all observation stages. In both experiments, U5 produced the highest number of effective nodules per plant (38.44 and 46.37), followed by U4 (35.06 and 43.67). In contrast, the lowest numbers of effective nodules per plant were consistently observed in U6, with 18.17 and 21.63 at 60 DAS in the first and second experiments, respectively. The results clearly indicate that reduced urea levels combined with rhizobium inoculation (U5) enhanced nodulation more effectively than higher urea levels with rhizobium inoculation (U2) or urea alone (U3), while the absence of urea (U6) limited nodule formation, highlighting the importance of starter nitrogen in promoting effective nodulation in legumes. Similar results were reported by Abdel Wahab et al. (1996) and Otieno et al. (2009), who noted that high levels of external nitrogen can suppress biological nitrogen fixation, whereas moderate nitrogen levels can support early plant growth without substantially inhibiting symbiotic nitrogen fixation. Additionally, small amounts of combined nitrogen are often required for early growth of legumes before effective symbiosis is established (Graham & Vance, 2003).
The interaction effect between mulching and urea with rhizobium inoculation was not significant at all growth stages in both experiments.

3.5 Nodule dry weight (mg) per plant
In groundnut, nodule dry weight is a key parameter of nitrogen fixation efficiency, as it represents the functional capacity of nodules to supply biologically fixed nitrogen. Nodule dry weight was recorded at 15-day intervals from 30 to 75 DAS. In both experiments, nodule dry weight increased progressively from 30 DAS and reached a maximum at 75 DAS (Tables 10 and 11). 
Significant differences were observed between mulching and no mulch at all sampling stages. In the first experiment, the mulching treatment consistently showed a higher nodule dry weight than no mulch (Table 10). Similarly, in the second experiment, the mulching treatment also showed a higher nodule dry weight at all stages, recording 136.68 mg, whereas no mulch recorded a lower value of 104.21 mg at 75 DAS (Table 11). These results may indicate that mulching contributed to increased nodule dry weight by creating a favourable soil microclimate. The presence of mulch reduced soil moisture loss and buffered temperature extremes, conditions that can also alter rhizosphere microbial communities (Zhao et al., 2023). Song et al. (2024) reported that mulching improved soil moisture and enzyme activity under dryland conditions, supporting the broader role of mulch in improving the root-zone environment. Siczek and Lipiec (2011) further reported that surface straw mulching increased soybean nodule dry weight and nitrogenase activity, indicating that mulching can promote symbiotic nitrogen fixation. Such improvements in the root-zone environment may help groundnut roots form and sustain greater nodule biomass under mulched conditions (Iqbal et al., 2020).
There were significant differences among the sub-plot treatments throughout all growth stages. U5 recorded the highest nodule dry weight per plant, followed by U4, which also showed high nodule dry weight at these stages. In contrast, the lowest nodule dry weight was consistently observed in U6 in both experiments. These results indicate that moderate to low urea levels with rhizobium inoculation promote greater nodule biomass, whereas the absence of urea limits nodule growth, emphasising the role of integrated nutrient management in enhancing biological nitrogen fixation. These findings are in agreement with those reported by Otieno et al. (2009). In black gram (Vigna mungo), Sadiq et al. (2023) observed that rhizobium inoculation combined with nitrogen supplementation increased nodule dry weight compared to unamended controls, indicating a beneficial interaction between inoculation and nitrogen management in enhancing nodule biomass.
No significant interaction was observed for the interaction between mulching and urea with rhizobium inoculation at any growth stage in both experiments. Nevertheless, nodule biomass was significantly enhanced by mulching, whereas the highest nodule dry weight was achieved with reduced urea (25% and 50%) in combination with rhizobium inoculation.

4. Conclusion
This study demonstrated that rice straw mulching created a favourable microenvironment for groundnut plants by maintaining soil moisture and regulating soil temperature during the post-monsoon season. These favourable conditions contributed to increased nodulation parameters. The reduced levels of urea supplied sufficient nitrogen during the early growth stage while avoiding the inhibitory effects on effective nodulation. Consequently, enhanced biological nitrogen fixation contributed to meeting the crop’s nitrogen requirements throughout the growing season. Urea application combined with rhizobium inoculation (25% recommended urea with Rh) significantly improved the number of effective nodules per plant. This improvement is important for groundnut production because nitrogen fixation by effective nodules plays a vital role in supplying nitrogen to plants. The results indicate that rice straw mulch combined with 25% of the recommended urea rate and rhizobium inoculation is an effective strategy for maintaining a suitable soil microclimate and enhancing effective nodule formation in groundnut production in the study area.


Limitation: 

The findings are specific to two post-monsoon seasons at one experimental location, the Sinpadathar-11 variety, and the evaluated mulching and urea–Rhizobium treatments. The study focused on soil moisture, soil temperature, and nodulation; therefore, interpretation should remain within these measured response variables. The absence of significant interaction effects also means that the results should not be interpreted as evidence of synergism between mulching and the urea–Rhizobium combinations. Broader evaluation across additional seasons, locations, and groundnut varieties would be required before extrapolating the responses beyond the conditions of this study.
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Table 2 Soil moisture as affected by mulching and combinations of different urea levels with rhizobium inoculation during the post-monsoon season, 2024-2025

	Treatment
	1st Irrigation
	2nd Irrigation

	
	1 DAI
	4 DAI
	8 DAI
	12 DAI
	1 DAI
	4 DAI
	8 DAI
	12 DAI

	Mulching (M)
	
	
	
	
	
	
	
	

	M1- no mulch
	22.64
	18.08
	12.45 b
	  6.93 b
	20.40
	17.64
	12.45 b
	  6.93 b

	M2- rice straw mulch (6 tons ha-1)
	24.30
	20.51
	17.37 a
	13.41 a
	22.43
	20.15
	17.21 a
	13.79 a

	LSD 0.05
	2.38
	2.85
	3.33
	2.59
	4.76
	2.98
	2.68
	1.96

	Urea (U)+Rhizobium (Rh)
	
	
	
	
	
	
	
	

	U1- 100% U without Rh
	21.80
	19.83
	15.63
	9.45
	21.12
	20.33
	13.54
	13.18

	U2 -100% U with Rh	 
	23.27
	18.97
	15.40
	9.95
	21.59
	18.10
	13.91
	14.09

	U3 -75% U with Rh	
	24.83
	16.74
	13.62
	10.50
	20.18
	18.15
	14.80
	14.39

	U4 -50% U with Rh	
	25.44
	20.37
	15.63
	10.23
	22.11
	20.18
	16.90
	14.20

	U5-25% U with Rh	
	23.27
	19.33
	14.28
	10.04
	22.15
	18.06
	15.17
	12.94

	U6 -0% U with Rh	
	22.21
	20.54
	14.90
	10.83
	21.35
	18.55
	14.67
	13.93

	LSD 0.05
	4.12
	3.17
	3.26
	1.07
	1.88
	3.18
	2.95
	1.8

	P value
	
	
	
	
	
	
	
	

	Mulching
	  .09
	  .07
	.02
	.01
	.21
	.07
	.02
	˂ .001

	U+Rh
	  .42
	  .19
	.74
	.18
	.30
	.45
	.27
	.13

	M×(U+Rh)
	  .69
	  .34
	.39
	.72
	.13
	.74
	.68
	.41

	CV(a)%
	7.06
	10.28
	15.59
	17.83
	15.48
	10.99
	12.59
	13.20

	CV(b)%
	14.58
	13.65
	18.17
	8.73
	7.31
	13.99
	16.50
	14.97



In a column, means sharing the same letters are not significantly different. DAI= Days after irrigation








Table 3 Soil moisture as affected by mulching and combinations of different urea levels with rhizobium inoculation during the post-monsoon season, 2025-2026

	Treatment
	1st Irrigation
	2nd Irrigation

	
	1 DAI
	4 DAI
	8 DAI
	12 DAI
	1 DAI
	4 DAI
	8 DAI
	12 DAI

	Mulching (M)
	
	
	
	
	
	
	
	

	M1- no mulch
	20.25
	15.96
	10.70 b
	  6.53 b
	22.70
	19.16
	12.46 b
	  5.86 b

	M2- rice straw mulch (6 tons ha-1)
	21.82
	18.39
	15.08 a
	12.16 a
	24.12
	21.95
	19.06 a
	13.23 a

	LSD 0.05
	4.96
	2.97
	2.75
	2.65
	5.67
	3.34
	3.49
	2.14

	Urea (U)+Rhizobium (Rh)
	
	
	
	
	
	
	
	

	U1- 100% U without Rh
	18.72
	15.26
	11.97
	10.40
	21.74
	21.67
	16.51
	9.08

	U2 -100% U with Rh	 
	21.62
	16.37
	12.81
	8.58
	24.14
	20.48
	15.35
	8.80

	U3 -75% U with Rh	
	22.28
	19.10
	12.67
	8.58
	22.80
	18.92
	15.88
	10.34

	U4 -50% U with Rh	
	21.10
	17.09
	13.22
	9.96
	24.45
	22.11
	15.76
	10.41

	U5-25% U with Rh	
	22.72
	18.81
	13.31
	9.20
	24.23
	19.60
	15.02
	9.00

	U6 -0% U with Rh	
	19.76
	16.45
	13.35
	9.34
	23.11
	20.53
	16.05
	9.64

	LSD 0.05
	3.54
	3.05
	3.30
	1.79
	3.12
	4.76
	3.35
	1.87

	P value
	
	
	
	
	
	
	
	

	Mulching
	.31
	.07
	.02
	.01
	.39
	.07
	.01
	˂ .001

	U+Rh
	.19
	.11
	.94
	.25
	.45
	.73
	.95
	.33

	M×(U+Rh)
	.23
	.31
	.95
	.95
	.99
	.34
	.94
	.67

	CV(a)%
	16.43
	12.04
	14.87
	19.76
	16.88
	11.36
	15.42
	15.64

	CV(b)%
	13.96
	14.74
	21.28
	15.96
	11.07
	19.25
	17.65
	16.24



In a column, means sharing the same letters are not significantly different. DAI= days after irrigation
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Table 4 Soil temperature as affected by mulching and combinations of different urea levels with rhizobium inoculation during the post-monsoon season, 2024-2025


	Treatment
	Soil temperature (°C)

	
	2 WAM
	4 WAM
	6 WAM
	8 WAM
	10 WAM

	Mulching (M)
	
	
	
	
	

	M1- no mulch
	23.78 b
	21.31 b
	23.46 b
	22.78 b
	24.64 

	M2- rice straw mulch (6 tons ha-1)
	25.57 a
	22.62 a
	24.18 a
	23.24 a
	24.84 

	LSD 0.05
	1.01
	0.69
	0.55
	0.43
	0.76

	Urea (U)+Rhizobium (Rh)
	
	
	
	
	

	U1- 100% U without Rh
	24.72
	21.97
	23.92
	22.98
	24.94

	U2 -100% U with Rh	 
	24.66
	21.91
	23.83
	22.92
	24.69

	U3 -75% U with Rh	
	24.71
	22.08
	23.81
	23.03
	24.79

	U4 -50% U with Rh	
	24.56
	21.97
	23.78
	23.04
	24.73

	U5-25% U with Rh	
	24.67
	21.89
	23.62
	23.16
	24.51

	U6 -0% U with Rh	
	24.73
	21.97
	23.94
	22.92
	24.85

	LSD 0.05
	0.64
	0.25
	0.26
	0.36
	0.39

	P value
	
	
	
	
	

	Mulching
	.02
	.02
	.03
	.04
	.42

	U+Rh
	.99
	.72
	.18
	.74
	.34

	M×(U+Rh)
	.74
	.79
	.69
	.79
	.40

	CV(a)%
	2.84
	2.22
	1.61
	1.31
	2.15

	CV(b)%
	2.16
	0.96
	0.91
	1.29
	1.33



In a column, means sharing the same letters are not significantly different. WAM- weeks after mulch

Table 5 Soil temperature as affected by mulching and combinations of different urea levels with rhizobium inoculation during the post-monsoon season, 2025-2026

	Treatment
	Soil temperature (°C)

	
	2 WAM
	4 WAM
	6 WAM
	8 WAM
	10 WAM

	Mulching (M)
	
	
	
	
	

	M1- no mulch
	23.36 b
	21.82 b
	23.18 b
	20.52 b
	22.82

	M2- rice straw mulch (6 tons ha-1)
	24.51 a
	22.72 a
	24.22 a
	21.97 a
	23.46

	LSD 0.05
	0.68
	0.77
	0.77
	1.36
	1.43

	Urea (U)+Rhizobium (Rh)
	
	
	
	
	

	U1- 100% U without Rh
	24.03
	22.35
	23.70
	21.18
	23.16

	U2 -100% U with Rh	 
	23.82
	22.45
	23.68
	21.23
	23.10

	U3 -75% U with Rh	
	23.87
	22.35
	23.94
	21.13
	23.21

	U4 -50% U with Rh	
	23.97
	22.25
	23.54
	21.25
	23.15

	U5-25% U with Rh	
	23.99
	21.85
	23.57
	21.38
	23.15

	U6 -0% U with Rh	
	23.92
	22.37
	23.78
	21.27
	23.08

	LSD 0.05
	0.74
	0.48
	0.45
	0.59
	0.41

	P value
	
	
	
	
	

	Mulching
	.01
	.04
	.03
	.01
	.19

	U+Rh
	.99
	.13
	.58
	.49
	.98

	M×(U+Rh)
	.99
	.37
	.23
	.20
	.93

	CV(a)%
	1.99
	2.40
	2.27
	4.45
	4.30

	CV(b)%
	2.55
	1.69
	1.70
	2.29
	1.48



In a column, means sharing the same letters are not significantly different. WAM- weeks after mulch








[bookmark: _Toc238939964][bookmark: _Toc238940114][bookmark: _Toc238940171]Table 6 Total nodules number per plant as affected by mulching and combinations of different urea levels with rhizobium inoculation during the post-monsoon season, 2024-2025

	Treatment
	Total nodules number per plant

	
	30 DAS
	45 DAS
	60 DAS
	75 DAS
	90 DAS

	Mulching (M)
	
	
	
	
	

	M1- no mulch
	17.33 b
	37.95 b
	39.99 b
	41.38 b
	32.96 b

	M2- rice straw mulch (6 tons ha-1)
	24.79 a
	47.26 a
	50.08 a
	51.87 a
	44.65 a

	LSD0.05
	0.68
	0.77
	0.77
	1.36
	1.43

	Urea (U)+Rhizobium (Rh)
	
	
	
	
	

	U1- 100% U without Rh
	18.50 b
	35.43 b
	36.89 c
	38.31 c
	32.06 cd 

	U2 -100% U with Rh	 
	20.17 ab 
	44.72 a
	46.61 b
	47.00 b
	39.50 bc

	U3 -75% U with Rh	
	21.17 ab
	44.45 a
	46.89 b
	48.89 b
	39.95 b

	U4 -50% U with Rh	
	24.34 a
	47.50 a
	51.33 ab
	54.39 a
	44.93 ab 

	U5-25% U with Rh	
	25.04 a
	51.89 a
	55.67 a
	57.89 a  
	49.83 a

	U6 -0% U with Rh	
	17.17 b
	31.78 b
	32.83 c
	33.28 d
	26.56 d

	LSD0.05
	5.47
	7.99
	5.04
	4.59
	7.75

	P value
	
	
	
	
	

	Mulching
	.01
	.04
	.01
	.02
	.04

	U+Rh
	.01
	˂ .001
	˂ .001
	˂ .001
	˂ .001

	M×(U+Rh)
	.86
	.75
	.25
	.39
	.92

	CV(a)%
	11.02
	12.96
	7.95
	9.77
	18.55

	CV(b)%
	21.56
	15.56
	9.30
	8.19
	16.57




In a column, means sharing the same letters are not significantly different.







Table 7 Total nodules number per plant as affected by mulching and combinations of different urea levels with rhizobium inoculation during the post-monsoon season, 2025-2026


	Treatment
	Total nodules number per plant

	
	30 DAS
	45 DAS
	60 DAS
	75 DAS
	90 DAS

	Mulching (M)
	
	
	
	
	

	M1- no mulch
	19.07
	43.17 b
	46.21 b
	47.08 b
	40.78 b

	M2- rice straw mulch (6 tons ha-1)
	21.56
	53.28 a
	59.37 a
	59.98 a
	53.31 a

	LSD 0.05
	6.19
	7.26
	12.71
	10.49
	10.41

	Urea (U)+Rhizobium (Rh)
	
	
	
	
	

	U1- 100% U without Rh
	17.40 b
	37.65 cd
	40.73 d
	41.43 cd
	36.90 de

	U2 -100% U with Rh	 
	16.37 b
	44.77 c
	50.53 c
	50.90 bc
	41.77 cd

	U3 -75% U with Rh	
	20.87 ab
	53.30 b
	57.73 bc
	58.83 b
	52.10 bc

	U4 -50% U with Rh	
	25.77 a 
	57.83 ab
	62.17 ab
	63.17 ab
	54.55 ab

	U5-25% U with Rh	
	26.43 a
	63.47 a
	71.10 a
	71.73 a
	63.78 a

	U6 -0% U with Rh	
	15.03 b
	32.33 d
	34.47 d
	35.12 d
	31.00 e

	LSD 0.05
	6.67
	8.35
	10.38
	12.59
	9.43

	P value
	
	
	
	
	

	Mulching
	.23
	.03
	.03
	.03
	.04

	U+Rh
	.01
	˂ .001
	˂ .001
	˂ .001
	˂ .001

	M×(U+Rh)
	0.9975
	.97
	.86
	.96
	.46

	CV(a)%
	21.26
	10.50
	13.70
	13.67
	15.43

	CV(b)%
	27.25
	14.38
	15.40
	19.54
	16.65



In a column, means sharing the same letters are not significantly different.
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Table 8 Effective nodules number per plant as affected by mulching and combinations of different urea levels with rhizobium inoculation during the post-monsoon season, 2024-2025

	Treatment
	Effective nodules number per plant

	
	30 DAS
	45 DAS
	60 DAS
	75 DAS

	Mulching (M)
	
	
	
	

	M1- no mulch
	6.84 b
	22.11 b
	23.09 b
	16.12 b

	M2- rice straw mulch (6 tons ha-1)
	9.54 a
	32.19 a
	33.83 a
	18.19 a

	LSD 0.05
	2.11
	7.35
	6.69
	1.74

	Urea (U)+Rhizobium (Rh)
	
	
	
	

	U1- 100% U without Rh
	5.97 d
	20.11 c
	23.22 cd
	12.56 c

	U2 -100% U with Rh	 
	7.56 c
	27.34 b
	27.50 c
	15.33 c

	U3 -75% U with Rh	
	8.61 b
	27.83 b
	28.39 bc
	19.04 b

	U4 -50% U with Rh	
	11.17 a
	33.72 a
	35.06 ab
	23.39 a

	U5-25% U with Rh	
	11.44 a
	36.44 a
	38.44 a
	24.11 a

	U6 -0% U with Rh	
	4.39 e
	17.45 c
	18.17 d
	8.50 d

	LSD 0.05
	1.03
	4.95
	7.07
	2.87

	P value
	
	
	
	

	Mulching
	.03
	.03
	.02
	.04

	U+Rh
	˂ .001
	˂ .001
	˂ .001
	˂ .001

	M×(U+Rh)
	.19
	.28
	.72
	.65

	CV(a)%
	18.04
	18.87
	16.39
	7.06

	CV(b)%
	10.50
	15.15
	20.62
	13.88




In a column, means sharing the same letters are not significantly different.
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Table 9 Effective nodules number per plant as affected by mulching and combinations of different urea levels with rhizobium inoculation during the post-monsoon season, 2025-2026

	Treatment
	Effective nodules number per plant

	
	30 DAS
	45 DAS
	60 DAS
	75 DAS

	Mulching (M)
	
	
	
	

	M1- no mulch
	7.84 b
	24.34 b
	27.10 b
	16.62 b

	M2- rice straw mulch (6 tons ha-1)
	9.81 a
	36.25 a
	40.66 a
	26.65 a

	LSD 0.05
	1.51
	7.78
	8.89
	3.24

	Urea (U)+Rhizobium (Rh)
	
	
	
	

	U1- 100% U without Rh
	7.00 bc
	21.03 de
	22.37 c
	14.50 de

	U2 -100% U with Rh	 
	8.53 b
	28.73 cd
	32.63 bc
	17.65 cd

	U3 -75% U with Rh	
	8.20 b
	31.47 bc
	36.60 ab
	24.33 bc

	U4 -50% U with Rh	
	13.47 a
	37.73 ab
	43.67 a
	29.33 ab

	U5-25% U with Rh	
	16.13 a
	43.30 a
	46.37 a
	32.92 a

	U6 -0% U with Rh	
	5.53 c
	19.50 e
	21.63 d
	11.07 e

	LSD 0.05
	2.58
	8.19
	10.69
	5.36

	P value
	
	
	
	

	Mulching
	.03
	.02
	.02
	.01

	U+Rh
	˂ .001
	˂ .001
	˂ .001
	˂ .001

	M×(U+Rh)
	.50
	.51
	.41
	.08

	CV(a)%
	11.90
	17.9
	18.29
	10.42

	CV(b)%
	24.24
	22.46
	26.22
	20.48



In a column, means sharing the same letters are not significantly different.
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Table 10 Nodules dry weight per plant as affected by mulching and combinations of different urea levels with rhizobium inoculation during the post-monsoon season, 2024-2025

	Treatment
	Nodules dry weight (mg per plant)

	
	30 DAS
	45 DAS
	60 DAS
	75 DAS

	Mulching (M)
	
	
	
	

	M1- no mulch
	24.53 b
	78.89 b
	81.07 b
	82.59 b

	M2- rice straw mulch (6 tons ha-1)
	33.64 a
	94.91 a
	97.63 a
	100.45 a

	LSD 0.05
	3.73
	15.12
	9.14
	13.12

	Urea (U)+Rhizobium (Rh)
	
	
	
	

	U1- 100% U without Rh
	23.31 bc
	70.00 de
	70.41 d
	70.72 cd

	U2 -100% U with Rh	 
	25.68 b
	79.76 cd
	81.91 c
	83.50 cd

	U3 -75% U with Rh	
	28.48 b
	87.89 c
	89.54 c
	91.91 bc

	U4 -50% U with Rh	
	37.25 a
	103.56 b
	106.68 b
	110.31 ab

	U5-25% U with Rh	
	42.66 a
	121.48 a
	126.53 a
	131.58 a

	U6 -0% U with Rh	
	17.11 c
	58.71
	61.03 d
	61.10 d

	LSD 0.05
	6.97
	13.79
	11.34
	24.08

	P value
	
	
	
	

	Mulching
	.01
	.04
	.02
	.03

	U+Rh
	˂ .001
	˂ .001
	˂ .001
	˂ .001

	M×(U+Rh)
	.11
	.59
	.31
	.92

	CV(a)%
	8.95
	12.05
	7.13
	9.99

	CV(b)%
	19.91
	13.18
	10.53
	21.85




In a column, means sharing the same letters are not significantly different.







Table 11 Nodules dry weight per plant as affected by mulching and combinations of different urea levels with rhizobium inoculation during the post-monsoon season, 2025-2026

	Treatment
	Nodules dry weight (mg per plant)

	
	30 DAS
	45 DAS
	60 DAS
	75 DAS

	Mulching (M)
	
	
	
	

	M1- no mulch
	29.85 
	96.21 b
	102.86 b
	104.21 b

	M2- rice straw mulch (6 tons ha-1)
	36.72 
	114.06 a
	132.31 a
	136.68 a

	LSD 0.05
	12.21
	12.89
	20.51
	25.34

	Urea (U)+Rhizobium (Rh)
	
	
	
	

	U1- 100% U without Rh
	20.27 d
	92.73 b
	103.45 c
	104.45 bc

	U2 -100% U with Rh	 
	28.23 c
	96.47 b
	113.73 bc
	114.70 bc

	U3 -75% U with Rh	
	32.73 c
	113.93 a
	118.67 abc
	123.50 abc

	U4 -50% U with Rh	
	43.62 b
	119.67 a
	130.27 ab
	134.63 ab

	U5-25% U with Rh	
	56.57 a
	121.73 a
	143.67 a
	149.37 a

	U6 -0% U with Rh	
	18.30 d
	86.30 b
	95.70 c
	96.02 c

	LSD 0.05
	7.34
	15.13
	25.73
	33.26

	P value
	
	
	
	

	Mulching
	.14
	.03
	.03
	.03

	U+Rh
	˂ .001
	˂ .001
	.01
	.03

	M×(U+Rh)
	.54
	.16
	.90
	.92

	CV(a)%
	25.57
	8.54
	12.16
	14.67

	CV(b)%
	18.31
	11.95
	18.17
	22.93




In a column, means sharing the same letters are not significantly different.
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