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Introduction


Pigeonpea (Cajanus cajan L.) is a vital legume crop in semi-arid tropics with high yield potential and adaptability. However, its productivity is limited by poor adoption of climate-resilient technologies and inappropriate genotype selection, especially under climate variability.







Methods


A two-year field experiment (2013–14 and 2014–15) was conducted at ICRISAT, India, to evaluate the impact of seedling age (14 to 49 days) and genotype (ICPH2740, Maruti, TS3R) on pigeonpea performance under direct seeding and transplanting methods. The experiment followed a factorial randomized block design. Key parameters studied included yield, water productivity, economic returns, and soil carbon dynamics.







Results


Transplanting 21-day-old seedlings significantly enhanced grain yield (2536 and 2430 kg ha⁻¹), water productivity, and benefit-cost ratio compared to direct seeding and other transplanting ages. ICPH2740 outperformed other genotypes in grain yield, economic water productivity, and soil carbon sequestration. The highest carbon build-up rate (0.65 Mg ha⁻¹ yr⁻¹) was observed in ICPH2740 at 21 DAS transplanting.







Discussion


The findings highlight the superiority of transplanting medium-duration genotypes (especially ICPH2740) at 21–35 DAS over direct seeding in improving productivity, profitability, and sustainability. This strategy is demonstrated as a climate-resilient practice for rainfed pigeonpea cultivation in semi-arid tropics.
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1 Introduction


Pulses are a vital protein source in vegetarian diets and play a crucial role in addressing protein malnutrition among the less privileged. Pigeonpea is rich in protein, calcium, manganese, fiber, and minerals (Saxena et al., 2010). As a leguminous crop, it enhances soil fertility and nutrient cycling (Sawargaonkar et al., 2024a; Kumar et al., 2024). Pigeonpea is grown in 82 countries worldwide, covering a total area of 5.4 million hectares and yielding 4.49 million tons annually. India is responsible for 90% of the global pigeonpea cultivation area and produces 85% of the total output. In India, over 90% of pigeonpea cultivation is rainfed, with 4.53 million hectares of area, 3.89 million tons of production, and 859 kg per hectare productivity. However, this productivity is relatively low due to various constraints. Significant factors contributing to lower pigeonpea productivity in India include non-adoption of indigenous technical knowledge in the selection of high-yielding, climate-resilient genotypes, science-led management practices, and appropriate farm machinery. Additionally, climate change-related issues such as erratic rainfall patterns, excess moisture, and waterlogging during the monsoon season create unfavorable conditions for growth, affecting aeration, nutrient uptake, nodulation, and increasing disease incidence rates, ultimately resulting in reduced crop yield (Pasumarthi et al., 2024; Sawargaonkar et al., 2024b, 2025; Venkatesh et al., 2023., Manasa et al., 2024; Basavaraj et al., 2024). In India, many farmers rely on local crop varieties with low yields and are susceptible to pests and diseases. The cultivation of hybrid crops is negligible compared to varieties due to the lack of hybrid seeds and limited resources in rainfed areas. These constraints in pigeonpea production highlight the need to improve productivity through a science-led, farmer-centric approach using climate-resilient technology (CRT). The CRT involves using medium to long-duration climate-resilient genotypes and good agronomic practices such as the seedling transplant method and efficient planting geometry with a suitable establishment method. Crop establishment plays a crucial role in maintaining optimum plant population, which helps crop growth and increases pigeonpea productivity (Venkatesh et al., 2025; Sawargaonkar et al., 2018, Mathimaran et al., 2020; Ghritlahre et al., 2024; Sawargaonkar et al., 2013). Moreover, terminal moisture stress during the reproductive stage further declines pigeonpea productivity. Transplanting of pigeonpea seedlings would be one of the agronomic measures to overcome delayed sowing (Pawar et al., 2024; Sannathimaappa et al., 2020; Sujatha and Babalad, 2018). Transplanting pigeonpea seedlings after a certain age would be one of the better agronomic practices to avoid delayed sowing and maintain the desired plant population (Priyanka et al., 2018; Praharaj et al., 2015). The seedling transplant method is an innovative method of pigeonpea planting, which has substantial potential to increase pigeonpea production. In the transplanting method of pigeonpea, seedlings are grown in protrays in a smaller area, which helps in the timely sowing of pigeonpea and utilizing the available resources, especially catching the benefit of first rainfall (Sannathimaappa et al., 2020; Praharaj et al., 2015; Tiwari and Namrata, 2020).


Timely sowing of pigeonpea during the rainy season enables smallholder farmers to plant a second crop in the post-rainy season. Identifying promising pigeonpea genotypes for transplanting would help assess the potential medium-duration genotypes for broader adoption. Proper planting geometry plays a crucial role in efficiently utilizing soil moisture and nutrient uptake (Sannathimaappa et al., 2020; Riaz et al., 2020; Praharaj et al., 2015; Khopade et al., 2025; Lalotra et al., 2022; Saxena et al., 2021). The available literature on the transplanted method of pigeonpea mainly focused on productivity enhancement. There is a lack of studies on standardizing transplanting protocols comprising the appropriate age of seedlings and the suitability of promising genotypes for the transplant method of sowing. The authors hypothesized that the transplant method of pigeonpea with medium-duration genotypes holds good potential for improving systems productivity in semi-arid tropics. Thus, the present study aimed to evaluate the appropriate age of the seedling for different duration pigeonpea genotypes and assess its performance in comparison with direct sown pigeonpea genotypes, under climate change scenarios.






2 Materials and methods





2.1 Experimental set-up and management


The field experiment was conducted over two years (2013–14 and 2014-15) at the research farm of the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru (17.51°N, 78.26°E), India. The local climate of the study area is semi-arid, with an average annual rainfall of 898 mm. The maximum temperature may reach 43°C in May, and the minimum may drop to 5°C in December (Kamdi et al., 2020). Daily rainfall, maximum, and minimum temperature data for the experimental period were collected from the Agrometeorology observatory located at ICRISAT near the experimental site. The rainfall and temperature data for the experimental period are depicted in 
Figure 1
. The maximum temperature ranged between 41 to 43.2°C, whereas the minimum temperature ranged between 28.2 to 28.8°C during the experimental period of two years. The supplemental irrigation of 100 mm was applied @ 50 mm twice at the flowering and pod formation stage during 2014-15.


[image: Two line graphs compare weather data from 2013-14 and 2014-15. Both display rainfall in millimeters and temperatures in degrees Celsius. Blue lines indicate rainfall, while red and green lines show maximum and minimum temperatures, respectively. The graphs illustrate fluctuations in these variables over time, with notable peaks and troughs. The x-axis labels date progression through months, while the y-axis indicates measurements for rainfall and temperature.]
Figure 1 | 
Daily rainfall (mm), maximum (Tmax), and minimum (Tmin) temperature of 2013–14 and 2014–15 at the experimental site. Dates are presented as day-month-year.




Fertilizer dose of 25:50:25 kg NPK ha-1 was applied as a basal dose i.e. before sowing/transplanting using di-ammonium phosphate, some quantity of urea and muriate of potash. The interculture operations like two harrowing and one hand weeding was carried out before 50 days of sowing.






2.2 Experimental design and data collection


The field experiment was conducted using a factorial randomized block design (FRBD) in three replications, with two factors: (1) the age of the transplanted seedlings, such as 14, 21, 28, 35, 42, 49 DAS, along with direct seeding as control treatment and (2) genotypes of varying duration like ICPH2740 (180 days-long duration), Maruti (165 days-medium duration), and TS3R (135 days-short duration). The plot size was 6 mt × 6 mt. The rainfall during the crop-growing period, i.e., from May to December, was 1002.8 mm and 400.5 mm in 2013–14 and 2014-15, respectively.






2.3 Seedling transplanting process


The protrays filled with sterilized cocopeat were used to raise the pigeonpea seedlings in May end, and two seeds per cell were placed in the protrays. The seedlings were raised in the nursery and transplanted at the age of 14, 21, 28, 35, 42, and 49 days in the field using a hand-operated, low-cost, easy planter at a spacing of 150 cm between two rows and 60 cm between the intra-rows.






2.4 Soil properties at the experimental site


The soil at the experimental site was deep black (Vertisol). Surface soil samples (0–15 cm) were collected before the experiment in 2013 to determine the initial soil chemical properties, and again after the final harvest in 2014–15 to assess treatment effects. The pH analysis was done with a glass electrode using a soil/water ratio 1:2, and organic carbon (OC) was analyzed following the Walkley–Black method (Nelson and Sommers, 1996). Available phosphorus (P), potassium (K), sulfur (S), boron (B), and zinc (Zn) were extracted using sodium bicarbonate for P (Olsen and Sommers, 1982), ammonium acetate for K (Helmke and Sparks, 1996), 1.5 g kg−1 calcium chloride for S (Tabatabai, 1996), hot water for B (Keren, 1996), and diethylenetriaminepentaacetic acid (DTPA) reagent for Zn (Lindsay and Norvell, 1978). Available P was determined using the colorimetric method, and K was determined by Atomic Absorption Spectrophotometer (AAS). S, B, and Zn analyses were done using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). The results of the initial soil analysis are presented in 
Table 1
.



Table 1 | 
Initial soil properties of the experimental site.





	Properties

	Mean values

	SEm (±)






	pH
	7.95
	0.02



	Electrical conductivity (dS m-1)
	0.28
	0.01



	Organic carbon (%)
	0.34
	0.01



	Available-P (ppm)
	8.67
	0.17



	Exchangeable-K (ppm)
	187
	11.02



	Available-B (ppm)
	0.70
	0.01



	Available-S (ppm)
	10.1
	1.13



	Available-Zn (ppm)
	0.83
	0.01














2.5 Grain yield and water productivity (kg m−3)


The harvesting was done at physiological maturity for each genotype using a destructive sampling method. The grains from each plot were obtained after threshing and dried for a week until constant weight was achieved. The plot yields was later converted to per hectare.


In the present study, water productivity (WP) was determined using the following equation:
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Where WP is the water productivity (kg m−3), Pigeonpea grain yield (kg ha−1), and TWIs are total water inputs (m3 ha−1), which includes rainfall (mm) and irrigation (mm).






2.6 Economics


Net monetary returns were calculated by subtracting the cost of cultivation from gross monetary return, and the Indian rupee was exchanged with the prevailing dollar rate during the study period. The benefit-cost ratio was estimated as the ratio of gross monetary returns to the cost of cultivation.






2.7 Economic water productivity (USD m−3)


The following equation was used to compute the economic water productivity (EWP):
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Where EWP is the economic water productivity (USD m−3), NMR is the net monetary returns (USD ha−1), and TWIs are total water inputs (m3 ha−1), which includes rainfall and irrigation (mm).






2.8 Soil organic carbon stock (Mg ha-1) and related indices


Soil organic stock (Mg ha-1) was calculated by following the method (Bagwan et al., 2023), where bulk density is in Mg m-³, depth in cm, and Soil organic stock (SOC) concentration is in g kg-¹.
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Carbon sequestration: Carbon sequestration was determined by subtracting the initial SOC stock from the final SOC stock throughout the study.
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Carbon build-up rate: The carbon build-up rate was calculated using the difference between the final and initial soil organic carbon (SOC) stock, divided by the number of years of experimentation.
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2.9 Statistical analysis


The data collected were statistically analyzed using an analysis of variance test, and the least significant difference (LSD) of treatment means was at the 5% level using the 14th edition GenStat (Ireland, 2010). The LSD values were calculated whenever the F-test was found to be significant. In the case of nonsignificant effects, the standard error of means (SEM) alone is presented in tables.







3 Result and discussion





3.1 Effect of age of seedlings and genotypes on pigeonpea grain yield


The results of the study showed that grain yield was significantly higher when seedlings were transplanted at 21 days of seedling age in both the years, i.e., 2013–14 and 2014-15. The grain yield was higher by 699 kg ha-1 and 668 kg ha-1 over 14 DAS, 78 kg ha-1 and 93 kg ha-1 over 28 DAS, 239 kg ha-1 and 253 kg ha-1 over 35 DAS, 948 kg ha-1 and 816 kg ha-1 over 42 DAS, 1063 kg ha-1–958 kg ha-1 over 49 DAS, and 383 kg ha-1 and 413 kg ha-1 over direct seeding in 2013–14 and 2014-15, respectively. However, the grain yield at 21 DAS and 28 DAS were statistically comparable in 2013–14 and 2014-15 (
Table 2
). Among the genotypes, significantly higher grain yield was recorded in ICPH2740, which was higher by 517 kg ha -1 and 423 kg ha-1 over Maruti, and 1394 kg ha -1 and 1293 kg ha-1 over TS3R during 2013–14 and 2014-15, respectively.



Table 2 | 
Effect of age of seedling and genotypes on pigeonpea grain yield, economics, and water productivity during 2013–14 and 2014-15.





	Treatments

	Grain yield (kg ha-1)

	Gross return (USD ha-1)

	Net return (USD ha-1)

	Water productivity (kg m-3)

	Economic water productivity (USD m-3)




	Age of seedling

	2013-14

	2014-15

	2013-14

	2014-15

	2013-14

	2014-15

	2013-14

	2014-15

	2013-14

	2014-15






	14 DAS
	1837
	1762
	1145
	1430
	649
	949
	0.18
	0.38
	0.07
	0.2



	21 DAS
	2536
	2430
	1581
	1971
	1084
	1490
	0.26
	0.53
	0.11
	0.32



	28 DAS
	2458
	2337
	1532
	1896
	1035
	1415
	0.24
	0.51
	0.1
	0.31



	35 DAS
	2297
	2177
	1432
	1766
	935
	1285
	0.23
	0.47
	0.09
	0.28



	42 DAS
	1588
	1614
	989
	1309
	493
	828
	0.16
	0.35
	0.05
	0.18



	49 DAS
	1473
	1472
	918
	1194
	422
	713
	0.15
	0.32
	0.04
	0.16



	Direct seeding
	2153
	2017
	1341
	1636
	905
	1215
	0.22
	0.44
	0.09
	0.26



	SEm (±)
	53.6
	46.6
	33.4
	37.8
	33.4
	37.8
	0.01
	0.01
	0
	0.01



	LSD at 0.05
	153.1
	133.1
	95.4
	108
	95.4
	108
	0.02
	0.03
	0.01
	0.24



	Genotypes




	ICPH2740
	2686
	2545
	1674
	2065
	1186
	1592
	0.27
	0.55
	0.12
	0.35



	Maruti
	2169
	2122
	1352
	1721
	864
	1249
	0.22
	0.46
	0.09
	0.27



	TS3R
	1292
	1252
	805
	1015
	318
	543
	0.13
	0.27
	0.03
	0.12



	SEm (±)
	35.1
	30.5
	21.8
	24.7
	21.9
	24.7
	0
	0.01
	0
	0.01



	LSD at 0.05
	100.3
	87.1
	62.4
	70.7
	62.5
	70.7
	0.01
	0.02
	0.01
	0.02



	Interaction (Age of seedling × Genotypes)




	SEm (±)
	92.8
	80.7
	57.8
	65.5
	57.8
	65.5
	0.009
	0.017
	0.006
	0.014



	LSD at 0.05
	265.3
	230.5
	165.2
	187.1
	165.3
	187.1
	0.026
	0.049
	0.017
	0.041







DAS, Days after sowing; SEm, Standard Error of the Mean; LSD, Least Significant Difference.




The results showed that the age of seedlings for transplanting plays a crucial role in pigeonpea grain production. At the 14 days of seedling age, plants were not appropriately developed, and roots were immature and delicate. Thus, transplanting such poorly developed young seedlings may not absorb the shocks of uprooting from protrays and transplanting in the main field and leads to poor establishment, more mortality, and poor crop growth compared to direct seeding and other treatments. The limited uptake of nutrients and water owing to underdeveloped roots and plants remained weak throughout the growing period and thus resulted in lower grain yield when transplanted at 14 days seedlings age.


On the contrary, the transplanting seedlings at the ages of 21, 28, and 35 days had well-developed leaves and vigorous root growth, which helped them bear the shock of uprooting from the protrays and transplanting in the field compared to transplanting seedlings at 14 days. Moreover, the natural resources such as solar radiation, soil moisture, space, and nutrients might have been utilized more efficiently by the pigeonpea when seedlings were transplanted at 21, 28, and 35 days of age. These results are similar to the findings of Malik (2009) and Praharaj et al. (2015) in pigeonpea. The greater number of leaves in 21, 28, and 35 days of seedling might have better photosynthesis, nutrient uptake, and water absorption, resulting in higher yields. Similar results were also reported by Sannathimaappa et al. (2020) when pigeonpea seedlings were transplanted at 30 days. Increased seed yield due to early/timely sowing resulted in the high leaf area index and its persistence, photosynthetically active radiation interception, and absorption, leading to higher dry matter accumulation before the crop reached the reproductive stage (Patel et al., 1997). Maximum seed yield and biomass under early sowing were attributed to the persistence of a larger canopy cover and light interception, coinciding with the late reproductive phase when pod number had been determined. Similar results were reported by Murali et al. (2014).


Late transplanting of seedlings at 42 and 49 days of age of early (TS3R) and medium duration genotype (Maruti) significantly reduced growth and yield components in pigeonpea due to insufficient time for proper vegetative growth. Late transplanting of the early (TS3R) and medium duration genotype (Maruti) resulted in a decreased reproductive period (flowering to pod formation period) and thereby resulted in reduced grain yield compared to longer duration pigeonpea genotype (ICPH2740). Similar results were noted by Sharma et al. (2014).


Additionally, seedlings at 42 and 49 days may suffer from nutrient deficiency in the portrays, leading to thinner stems and partial lodging. Similar results were noted by Sharma et al. (2014). As pigeonpea is a thermos-sensitive crop, transplanting old-age seedlings could not allow plants to accumulate sufficient photosynthates due to a short vegetative growth period and results in poor sink or crop yield as well as total biomass. These results are in conformity with Channabasavanna et al. (2015); Balai et al. (2013); Hari et al. (2011), and Patel et al. (1997). This delay in growth stages, such as flowering and pod development, can coincide with unfavorable environmental conditions, such as decreased seed-setting temperatures, negatively affecting pod formation and grain filling. These results are in corroboration with Poornima et al. (2010) in transplanted pigeonpea. In a recent study by Pawar et al. (2024), evaluating pigeonpea-based intercropping systems under different sowing dates, the pigeonpea + soybean system recorded the highest system pigeonpea equivalent yield (PEY) of 1958 kg ha-¹.






3.2 Effect of age of seedling and genotypes on gross return and net economic return


The study results showed that gross return was significantly highest in 21 DAS among the treatments for the age of seedlings. The gross return was higher by 436 USD ha-1 over 14 DAS, 28 USD ha-1 over 28 DAS, 149 USDha-1 over 35 DAS, 592 USD ha-1 over 42 DAS, 663 USD ha-1 over 49 DAS and 240 USD ha-1 over direct seeding during 2013-14. Similarly, in 2014-15, the gross return for 21 days seedling was higher by 541 USD ha-1 over 14 DAS, 75 USD ha-1 over 28 DAS, 205 USD ha-1 over 35 DAS, 662 USD ha-1 over 42 DAS, 777 USD ha-1 over 49 DAS and 335 USD ha-1 over direct seeding (
Table 2
). Among the three genotypes, a significantly higher gross return was computed in ICPH2740 (1674 USD ha-1) compared to Maruti (1352 USD ha-1) and TS3R (805 USD ha-1) during 2013-14. The gross return in ICPH2740 was higher by 322 USD ha-1 and 344 USD ha-1 over Maruti, and 869 USD ha-1 and 1050 USD ha-1 over TS3R during 2013–14 and 2014-15, respectively.


The study revealed that for seedling age, the net return was highest in 21 days of seedling compared to the rest of the treatments. During 2013-14, net return for 21 days seedling age was higher by 395 USD ha-1 over 14 DAS, 49 USD ha-1 over 28 DAS, 149 USD ha-1 over 35 DAS, 591 USD ha-1 over 42 DAS, 662 USD ha-1 over 49 DAS, and 179 USD ha-1 over direct seeding. Similarly, during 2014-15, net return for 21 days seedling age was higher by 541 USD ha-1 over 14 DAS, 75 USD ha-1 over 28 DAS, 205 USD ha-1 over 35 DAS, 662 USD ha-1 over 42 DAS, 777 USD ha-1 over 49 DAS, and 275 USD ha-1 over direct seeding (
Table 2
). However, the net returns at 21 DAS and 28 DAS are comparable with each other. Among the three genotypes, ICPH2740 recorded significantly higher net return (1186 USD ha-1 and 1592 compared to Maruti (864 and 1249USD ha-1) and TS3R (318 and 543USD ha-1) during 2013–14 and 2014-15, respectively. Pavan et al. (2011) reported that spacing and seedling age significantly influenced growth and yield, with wider spacing (150 cm × 30 cm) producing better yields due to improved resource acquisition.


Gross and net returns were higher in 21, 28, and 35 DAS due to increased grain yield and efficient resource utilization, resulting in increased economic returns. The higher gross and net returns observed in the present study aligned with findings from Praharaj et al. (2020), where transplanting pigeonpea seedlings resulted in significantly higher yield and economic benefits due to better crop establishment and enhanced growth conditions.






3.3 Effect of age of seedling and genotypes on Benefit: Cost ratio


The results of the study showed that the Benefit: Cost ratio was significantly higher when seedlings were transplanted at 21 days followed by 28 days age of seedlings. The benefit-cost ratio for 21 days seedling age was higher by 0.87 over 14 DAS, 0.10 over 28 DAS, 0.3 over 35 DAS, 1.19 over 42 DAS, 1.33 over 49 DAS, and 1.10 over direct seeding in 2013-14. Similarly, in 2014-15, the Benefit-Cost ratio was significantly higher in 21 DAS among the treatments based on seedling age. The benefit-cost ratio for 21 days seedling age was higher by 1.12 over 14 DAS, 0.157 over 28 DAS, 0.42 over 35 DAS, 1.37 over 42 DAS, 1.61 over 49 DAS, and 0.21 over direct seeding (
Table 2
). Among the three genotypes, ICPH2740 recorded a significantly higher benefit-cost ratio (3.43) compared to Maruti (2.77) and TS3R (1.66) during 2013-14. The ICPH2740 recorded a higher benefit-cost ratio of 0.65 and 0.72 over Maruti and 1.17 and 2.20 over TS3R during 2013–14 and 2014-15, respectively.


The higher gross return in 21, 28, and 35 days of seedlings resulted in a higher B:C ratio. The study showed a higher B:C ratio, in line with Praharaj et al. (2020), indicating that transplanting pigeonpea seedlings led to significantly increased yield and economic benefits due to improved crop establishment and growth conditions.






3.4 Effect of age of seedlings and genotypes on crop water productivity (kg m-3) and economic water productivity


The study showed that water productivity was significantly higher when pigeonpea was transplanted at 21 days of seedlings age compared to other treatments. The water productivity of 21 days seedlings was higher by 0.07 kg m-3 over 14 DAS, 0.01 kg m-3 over 28 DAS, 0.02 kg m-3 over 35 DAS, 0.09 kg m-3 over 42 DAS, 0.11 kg m-3 over 49 DAS and 0.04 kg m-3 over direct seeding in 2013-14. Similarly, in 2014-15, water productivity was significantly highest in 21 DAS among the treatments of seedling age. Water productivity was higher by 0.14 kg m-3 over 14 DAS, 0.02 kg m-3 over 28 DAS, 0.05 kg m-3 over 35 DAS, 0.17 kg m-3 over 42 DAS, 0.20 kg m-3 over 49 DAS, and 0.09 kg m-3 over direct seeding. However, the water productivity at 21 days was at par with 28 days, and the water productivity at 42 days was at par with 49 days. Also, the water productivity at direct seeding is at par with 14, 35, 42, and 49 days of seedling (
Table 2
).


Among the three genotypes, ICPH2740 recorded significantly higher water productivity (0.26 kg m-3) compared to Maruti (0.21 kg m-3) and TS3R (0.12 kg m-3) during 2013-14. The ICPH2740 recorded higher water productivity by 0.05 kg m-3 and 0.09 kg m-3 over Maruti, and 0.14 kg m-3 and 0.28 kg m-3 over TS3R during 2013–14 and 2014-15, respectively.


The results of the study showed that economic water productivity was significantly highest in 21 DAS among the treatments of age of seedlings. It was higher by 0.041 kg m-3 over 14 DAS, 0.004 kg m-3 over 28 DAS, 0.014 kg m-3 over 35 DAS, 0.0589 kg m-3 over 42 DAS, 0.065 kg m-3 over 49 DAS and 0.0178 kg m-3 over direct seeding in 2013-14.


The results of the study showed that, economic water productivity was significantly highest in 21 DAS among the treatments of age of seedling. The economic water productivity was higher by 0.115 kg m-3 over 14 DAS, 0.014 kg m-3 over 28 DAS, 0.043 kg m-3 over 35 DAS, 0.143 kg m-3 over 42 DAS, 0.167 kg m-3 over 49 DAS and 0.058 kg m-3 over direct seeding in 2014-15. The data also showed that, despite the economic water productivity at 21 DAS, both 21 DAS and 28 DAS treatments were statistically at par (
Table 2
).


Among the three genotypes, ICPH2740 recorded significantly higher economic water productivity (0.119 kg m-3) compared to Maruti (0.085 kg m-3) and TS3R (0.031 kg m-3) during 2013-14. The ICPH2740 recorded higher economic water productivity by 0.033 kg m-3 and 0.074 kg m-3 over Maruti, and 0.087 kg m-3 and 0.228 kg m-3 over TS3R during 2013–14 and 2014-15, respectively.


This study analyzes two years with different rainfall conditions: the first year (2013-14) had abundant rainfall, while the second year (2014-15) had less. These conditions illustrate the climatic variability pigeonpea may face in semi-arid areas (Sawargaonkar et al., 2024b). Given pigeonpea’s ability to thrive in drought and respond to favorable rainfall, assessing its performance in these two environments provides vital insights into yield stability and system resilience under transplanting conditions. The water productivity and economic water productivity depend on grain yield and total water inputs. Water productivity and economic water productivity were higher in 21, 28, and 35 days seedlings age and ICPH2740 due to higher grain yield. Praharaj et al. (2020) also highlighted that water productivity could be enhanced through the timely transplanting of pigeonpea. Barla et al. (2018) found that transplanting 15-day-old seedlings resulted in higher yield and gross returns than older seedlings and direct seeding, which aligns with the superior performance of early seedling transplanting.






3.5 Effect of interaction (age of seedling × genotypes) on grain yield.


The interaction between the age of seedlings and genotypes significantly affected grain yield during the years 2013–14 and 2014-15 (
Figure 2
). Grain yield was highest at 21 days seedling age for ICPH 2740, which recorded the maximum yield of 3416 kg ha-¹ and 3231 kg ha-¹ in 2013–14 and 2014-15, respectively. The performance of pigeonpea genotypes under the transplanting technique was investigated by Jadav et al. (2023), who found that the pigeonpea variety TS-3R transplanted during the second fortnight of June showed excellent growth, higher yield parameters, and increased seed production. Grain and stalk yields from the transplanted hybrid pigeonpea in Karnataka (India) were significantly higher than those from the dibbled variety (Mallikarjun et al., 2014). According to Rajesh et al. (2013), transplanting pigeonpea seedlings was a more effective agronomic solution for dealing with delayed sowing due to the late commencement of monsoon. Furthermore, raising seedlings and transplanting them into the field after receiving good rainfall will be more helpful than direct seeded sowing (Jadav et al., 2023., Sawargaonkar et al., 2012; Kantwa et al., 2011).


[image: Line graph showing grain yield in kilograms per hectare over different seedling ages (DAS) for three genotypes: ICPH2740, Maruti, and TS3R. Data is from years 2013-14 (solid lines) and 2014-15 (dashed lines). Yields peak at DS and then show an average value. Error bars represent standard error.]
Figure 2 | 
Grain yield (kg ha-1) as influenced by interaction effect of age of seedlings and genotypes.








3.6 Effect of interaction (age of seedling × genotypes) on gross return and net return


The interaction effect of seedling age and genotypes was significant on gross return. In both 2013–14 and 2014-15, the gross returns were higher for 21 days age of seedlings. During 2013-14, the gross returns were higher in ICPH 2740 (2129 USD ha-¹) compared to Maruti (1666 USD ha-¹), and TS3R (947 USD ha-¹). Similarly, 2014-15, the highest returns at 21 days in 2014-15, the highest returns at 21 days of the age of seedlings were recorded in ICPH 2740 (2621 USD ha-¹), Maruti (2153 USD ha-¹), and TS3R (1139 USD ha-¹).


The interaction between the age of the seedlings and the different genotypes significantly affected the net economic returns, as shown in 
Figure 3
. In 2013–14 and 2014-15, transplanting seedlings at 21 DAS resulted in the highest net returns, particularly for ICPH 2740, with 1632 USD ha-¹ in 2013–14 and 2140 USD ha-¹ in 2014-15. Increased yields of transplanted pigeonpea with higher market prices may have contributed to superior performance in transplanted pigeonpea treatments. This, in turn, might have raised the overall net returns (Uprikar, 2017).


[image: Violin plot showing net return (USD per hectare) versus age of seedling in days after sowing (DAS). Different colors represent genotypes ICPH2740, Maruti, TS3R, and all genotypes combined. Data for two years, 2013-14 and 2014-15, are noted using circles and triangles. Error bars indicate standard error. Genotype specific results vary across seedling ages, with a general decrease in net returns as seedling age increases.]
Figure 3 | 
Net economic return as Influenced by interaction effect of age of seedlings and genotypes.








3.7 Effect of interaction (age of seedling × genotypes) on benefit: cost ratio


The interaction between seedling age and genotypes was significant regarding the benefit-cost ratio, as shown in 
Table 2
. In 2013–14 and 2014-15, the highest benefit-cost ratio was observed with seedlings transplanted at 21 DAS, with ICPH 2740 showing higher results (4.29 in 2013–14 and 5.45 in 2014-15).






3.8 Effect of interaction (age of seedling × genotypes) on crop water productivity


The interaction between seedling age and genotypes significantly affected water productivity. In both 2013–14 and 2014-15, the highest water productivity was observed when seedlings were transplanted at 21 DAS (
Figure 4
). The water productivity at 21 DAS is significantly higher for genotype ICPH2740, followed by Maruti and TS3R. Brar et al. (2012) reported that transplanting time and seedling age significantly affect water productivity and grain quality in North-West India. The study highlighted the importance of transplanting younger seedlings to optimize water use efficiency in various rice genotypes.


[image: Violin plots show water productivity (kilograms per cubic meter) across different seedling ages in days after sowing (DAS) for three genotypes: ICPH2740 (red), Maruti (green), and TS3R (blue). Shapes indicate data from 2013-14 (circles) and 2014-15 (triangles). An additional plot aggregates all genotypes for comparison. Error bars represent standard error.]
Figure 4 | 
Water productivity as influenced by interaction effect of age of seedlings and genotypes.








3.9 Effect of interaction (age of seedling × genotypes) on economic water productivity


The interaction between seedling age and genotypes significantly influenced economic water productivity, as given in 
Figure 5
. In 2013–14 and 2014-15, the highest economic water productivity was observed when seedlings were transplanted at 21 DAS, with ICPH 2740 achieving 0.16 USD m-³ in 2013–14 and 0.47 USD m-³ in 2014-15. The economic water productivity at 21 DAS is significantly higher for genotype ICPH2740, followed by Maruti and TS3R. Overall, younger seedlings, especially at 21 DAS, showed the highest economic returns per unit of water used, with ICPH 2740 showing the best performance.


[image: Violin plot showing economic water productivity (USD per cubic meter) across different ages of seedlings (DAS) for various genotypes: ICPH2740, Maruti, TS3R, and all genotypes combined. Data is compared between two years, 2013-14 and 2014-15, with error bars indicating the standard error. Each genotype is represented with different colors, and markers indicate specific years' data points.]
Figure 5 | 
Economic water productivity as influenced by interaction effect of age of seedlings and genotypes.








3.10 Effect of method of sowing and pigeonpea genotypes on soil organic carbon stock, carbon sequestration, and carbon build-up rate


The soil organic carbon (SOC) stock with different treatments, including age of seedling, direct seeding, and varieties, is given in 
Figure 6
. Among the different seedlings’ age, the highest SOC stock was observed at 21 DAS (8.90 Mg ha-1), while the lowest was recorded at 49 DAS (8.0 Mg ha-1). Direct seeding resulted in a SOC stock of 8.49 Mg ha-1. In terms of variety, ICPH2740 had the highest SOC stock (8.96 Mg ha-1), followed by Maruti (8.57 Mg ha-1) and TS3R (7.93 Mg ha-1).


[image: Bar chart showing soil organic carbon stock (Mg ha⁻¹) for different seedling ages and varieties. The vertical axis, ranging from zero to ten, measures SOC stock. Purple bars represent 14, 21, 28, 35, 42, and 49 days after sowing (DAS), direct seeding, and three varieties: I C P H 2740, Maruti, and T S 3 R, all approximately between 8 and 9 Mg ha⁻¹. Error bars are included.]
Figure 6 | 
Effect of direct seeding, age of seedling, and pigeonpea genotypes on soil organic carbon stock. (Error bars represent the standard error).






Figure 7
 represents carbon sequestration and carbon build-up rates among the treatments. Among the different ages of seedlings, the highest carbon sequestration was observed at 21 days of seedlings age (1.30 Mg/ha), followed by 28 days of seedlings age (1.15 Mg/ha), with a peak carbon build-up rate at 21 days of seedlings age (0.65 Mg ha-1 yr-1). The lowest values for carbon sequestration (0.40 Mg ha-1) and carbon build-up rate (0.20 Mg ha-1 yr-1) were recorded at 49 days of seedlings age. Among the genotypes, the ICPH2740 variety showed the higher carbon sequestration (1.36 Mg ha-1) and build-up rate (0.68 Mg ha-1 yr-1), whereas TS3R yielded the lowest carbon sequestration (0.33 Mg ha-1) and build-up rate (0.17 Mg ha-1 yr-1). The results show that the age of the seedling significantly influences SOC stock. Younger seedlings (21–35 days of seedlings age) appear to contribute to higher SOC, with a peak observed at 21 days of seedlings age. This might be due to the increased biomass input during the early vegetative stages, which enhances carbon sequestration. As the seedling age increases (42–49 days of seedlings age), there is a gradual decline in SOC stock, possibly due to slower growth rates and reduced carbon inputs. Similar results were reported by Mandal et al. (2008) and Mazumdar et al. (2018), who found that rice-based farming systems in Inceptisols in eastern India sequestered more soil carbon.


[image: Bar and line graph comparing carbon sequestration and carbon build-up rate by age of seedling and variety. Carbon sequestration, shown by green bars, peaks at variety Maruti. The carbon build-up rate, depicted by a blue line, peaks at 28 days after sowing (DAS) and decreases thereafter. Error bars indicate variability. Vertical axes represent carbon sequestration in megagrams per hectare and carbon build-up rate in megagrams per hectare per year.]
Figure 7 | 
Effect of direct seeding, age of seedling, and pigeonpea genotypes on carbon sequestration and carbon build-up rate. (Error bars represent the standard error).





Knight and Kumari (2023) reported that cropping systems incorporating pigeonpea significantly enhanced soil organic carbon (SOC) stocks and carbon sequestration rates compared to non-legume-based systems. Specifically, the pigeonpea + greengram intercropping system (CS4) achieved the highest SOC stock of 9.52 Mg ha-¹ and a carbon sequestration rate (CSR) of 0.41 Mg ha-¹ yr-¹, closely followed by the maize + pigeonpea system (CS5) with a CSR of 0.42 Mg ha-¹ yr-¹. These legume-inclusive systems outperformed monocropping systems, demonstrating that legume integration in cropping systems is a highly effective strategy to promote soil carbon buildup and improve soil health sustainability. The increase in SOC stock under pigeonpea-based systems was attributed to higher biomass contribution, improved root density, and enhanced soil microbial activity.








Conclusion


This study demonstrates that transplanting pigeonpea seedlings, particularly at 21 days after sowing, significantly enhances grain yield, economic returns, water productivity, and soil carbon sequestration compared to both direct seeding and transplanting at other seedling ages. Across two consecutive years (2013–14 and 2014–15), 21-day-old seedling transplants consistently outperformed other treatments, achieving the highest grain yields (2,536 and 2,430 kg ha-¹) and benefit-cost ratios (3.18 and 4.10). Among the genotypes evaluated, the long-duration hybrid ICPH 2740 exhibited superior performance, followed by Maruti over TS3R, particularly when transplanted at 21, 28 days, and 35 days.


Water and economic water productivity were also higher with 21-day-old seedlings, indicating more efficient resource utilization under this management practice. Notably, transplanting ICPH 2740 at 21 days produced the highest yields and contributed significantly to carbon sequestration, with a maximum carbon buildup rate of 0.65 Mg ha-¹ yr-¹.


These findings underscore the potential of transplanting as a climate-resilient agronomic strategy for enhancing pigeonpea productivity in rainfed semi-arid regions. Integrating this method with medium- to long-duration genotypes offers a viable pathway to improve yield stability, resource use efficiency, and ecosystem services. Scaling this approach will require targeted capacity building for farmers and stakeholders, along with supportive policy interventions to ensure adoption and long-term sustainability.
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Electrical conductivity (dS m) 0.28 0.01
Organic carbon (%) 0.34 0.01
Available-P (ppm) 8.67 0.17
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Available-S (ppm) 10.1 113
Available-Zn (ppm) 0.83 0.01






