Optimization of Sowing Window and Plant Geometry for Enhanced Nutrient Assimilation in Cassia angustifolia Vahl.
Abstract 
A field investigation was conducted at Herbal Garden, College of Agriculture, Raichur in the year 2023-24 to assess the influence of different sowing windows and planting densities on nitrogen, phosphorus and potassium uptake in senna (Cassia angustifolia Vahl.), an important medicinal plant valued for its sennoside-rich foliage. Five sowing windows (S1: September II fortnight to S5: November II fortnight) and three planting densities (D1: 30 × 30 cm, D2: 45 × 30 cm and D3: 60 × 30 cm) were evaluated in a factorial randomized block design. The results revealed significant variations in nutrient uptake across sowing windows, planting densities and their interactions. Early sowing (S1) recorded the highest uptake of N, P and K (59.57, 33.54 and 10.08 mg plant⁻¹), while late sowing (S5) showed the lowest values. Among planting densities, the intermediate spacing D2 (45 × 30 cm) enhanced nutrient assimilation, registering maximum uptake (58.60, 34.18 and 9.99 mg plant⁻¹). The interaction effect S1D2 proved superior, achieving the highest N, P and K uptake (64.50, 40.01 and 11.42 mg plant⁻¹), whereas S5D1 performed the poorest. Percent increase analysis further confirmed the agronomic advantage of early sowing and optimum spacing, with S1 outperforming S5 by 42.75%, 76.53% and 33.16% for N, P and K uptake, respectively, and S1D2 surpassing S5D1 by 87.50%, 166.73% and 63.14%. The findings emphasize that timely sowing in the second fortnight of September coupled with a planting density of 45 × 30 cm significantly improves nutrient uptake efficiency in senna, thereby enhancing crop growth, biomass productivity and potential sennoside yield. These results provide valuable insights for refining nutrient and crop management strategies for commercial senna cultivation in semi-arid ecologies.
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1. Introduction

Senna (Cassia angustifolia Vahl.), an important medicinal shrub belonging to the family Fabaceae, is widely cultivated in arid and semi-arid regions for its economically valuable leaves and pods rich in sennosides. It is a non-nitrogenous fixing leguminous plant.  As the global demand for herbal laxatives increases, achieving higher productivity and improved quality of senna has become a major priority. Among the various agronomic factors influencing crop performance, sowing window and planting density play a critical role in determining growth dynamics, biomass accumulation, and ultimately the pattern of nutrient uptake by the crop.

Senna is highly responsive to environmental conditions, particularly temperature and rainfall distribution during early establishment. Optimum sowing time ensures synchronization of vegetative growth with favourable climatic conditions, which influences root development, nutrient absorption efficiency, and nutrient partitioning into leaves—the primary economic part. Conversely, delayed or early sowing may expose the crop to suboptimal moisture or heat stress, leading to poor nutrient assimilation and reduced yield.

Planting density is another key determinant of nutrient uptake. Densely spaced plants often compete more intensely for soil nutrients, light, and moisture, which can alter root architecture and nutrient-use efficiency. On the other hand, wider spacing may improve per-plant nutrient availability but reduce total nutrient uptake per unit area due to fewer plants. Thus, identifying the optimum plant population is essential for maximizing both biomass productivity and nutrient extraction from the soil.

Understanding how nutrient uptake in senna responds to varying sowing windows and planting densities is crucial for designing efficient nutrient management strategies, improving resource use efficiency, and enhancing crop quality. Such knowledge not only supports sustainable production in marginal environments but also helps in refining agronomic recommendations for commercial senna cultivation.
2.0 Material and methods
2.1 Location 
The experiment was carried out at the Herbal Garden, College of Agriculture, UAS, Raichur during the year 2023-24 which is located in the II Agro-climatic zone (North-Eastern Dry Zone) of Karnataka. The experimental site is situated at 16°12′ N latitude and 77°35′ E longitude, with an elevation of approximately 389 m above mean sea level.

2.2 Soil characteristics

The experimental field consisted of red sandy loam soil with a neutral soil reaction (pH 7.67) and fairly uniform fertility status. The soil was further analysed for available nitrogen (N), phosphorus (P) and potassium (K) contents prior to the experiment.

2.3 Climatic conditions

The region falls under a semi-arid tropical climate, characterized by hot summers, mild winters and low to moderate rainfall. During the experimental years (2023–24 and 2024–25), the mean annual rainfall was about 743.9 mm, largely contributed by the South-West and North-East monsoons. Throughout the crop growth period (September to February), weather conditions remained relatively dry with mild temperatures. The experiment was conducted under dryland conditions, with supplemental irrigations provided during extended dry spells to ensure proper crop establishment. The mean maximum and minimum temperatures during the crop growth period were 34.0°C and 21.8°C, respectively. Monthly meteorological data for the experimental period were recorded at the Meteorological Observatory, Main Agricultural Research Station, Raichur.

2.4 Seed / Planting material


Senna seeds of the variety CIM-Sona were procured from the CSIR–Central Institute of Medicinal and Aromatic Plants, Hyderabad. Prior to sowing, the seeds were soaked in water for 24 hours and treated with the fungicide thiram to prevent seed-borne diseases.
2.5 Collection and preparation of plant samples

Plant samples used for studying dry matter production were used for estimating nitrogen, phosphorus and potassium content. The plant samples were dried at 60 ± 5 ˚C in a hot air oven and powdered using a grinder fitted with stainless steel blades and preserved in polythene bags for further analysis (Jackson, 1973).

2.6 Estimation of nitrogen in plant samples
Total nitrogen was determined by Kjeldahl’s method as described by Jackson (1973). Powdered samples were digested with concentrated sulphuric acid in the presence of digestion mixture (K2SO4: CuSO4. 5H2O: Se powder in the ratio 100:20:1). The nitrogen content in the aliquot of digested sample was determined by distillation under alkaline medium. The liberated ammonia was trapped in boric acid mixed indicator solution and was titrated against standard acid. The per cent nitrogen was calculated using the following formula.

	  Nitrogen (%) =
	TV (ml) × Normality of H2SO4 × 0.014 × Dilution factor

	
	Weight of plant sample taken (g)


2.7 Estimation of phosphorous in plant samples

A known quantity of powdered plant sample (0.5 g) was pre-digested with concentrated nitric acid for overnight. Further, digestion was done with 5 ml of di-acid mixture (HNO3: HClO4, 10:4) until white residue was developed. Then, the residue was dissolved in 6 N HCl and volume was made up to 50 ml using distilled water. Blank was prepared in the same way without plant material. From the solution, 5 ml of aliquot was taken in a 50 ml volumetric flask along with 10 ml vanadomolybdic acid reagent and the volume was made up to 50 ml with distilled water. Yellow colour developed was measured at 490 nm against a reagent blank. The concentration of phosphorus in the sample was obtained by comparing with the phosphorus standard curve and per cent phosphorus was calculated using following formula (Jackson, 1973).
	Phosphorus =
	Graph ppm × Vol. of extract (ml) × Vol. made (ml)
	 × 100



	
	106 × Aliquot taken (ml) × Weight of plant sample taken (g)
	


2.8 Estimation of potassium in plant samples

Potassium concentration in the digested plant material was determined by flame photometric method (Jackson, 1973). One ml of an aliquot of di-acid digest was transferred to 50 ml volumetric flask and volume was made up with distilled water. Flame photometer was calibrated using 50 and 100 ppm potassium standards. Diluted solution of plant digest was fed to flame photometer and reading was recorded. The potassium content in the sample was determined using flame photometer and was calculated using the following formula.

	Potassium (%) =   
	 Graph ppm × Dilution factor × Volume of the digest (ml)
	× 100



	
	 106 × Weight of plant sample taken (g)
	


3.0 Results and discussion

The results of the present investigation clearly demonstrated that both sowing window and planting density exerted a highly significant influence on nitrogen, phosphorus and potassium uptake by senna leaves at harvest. Among the sowing windows evaluated, crop sown during the second fortnight of September (S1) consistently recorded the highest uptake of major nutrients, registering 59.57 kg N, 33.54 kg P and 10.08 kg K ha⁻¹. In contrast, plants established during the second fortnight of November (S5) exhibited the lowest nutrient uptake values (41.73 kg N, 19.00 kg P and 7.57 kg K ha⁻¹), clearly indicating the agronomic superiority of early sowing. This trend underscores the importance of aligning crop establishment with favourable environmental conditions to maximize nutrient absorption efficiency.

Planting density also had a pronounced effect on nutrient accumulation in senna. The intermediate spacing of 45 × 30 cm (D2) proved to be the most effective plant geometry, outperforming both closer spacing (30 × 30 cm, D1) and wider spacing (60 × 30 cm, D3). This treatment recorded the highest uptake of N, P and K, with mean values of 58.60, 34.18 and 9.99 kg ha⁻¹, respectively. The improved nutrient uptake at this spacing can be attributed to an optimal balance between plant population and resource availability, allowing efficient utilization of soil nutrients without excessive inter-plant competition.

The interaction between sowing window and planting density (S × D) was statistically significant for all the nutrients studied, further emphasizing the combined influence of these agronomic factors. The treatment combination of early sowing during the second fortnight of September with a spacing of 45 × 30 cm (S1D2) resulted in the maximum uptake of nitrogen (64.50 kg ha⁻¹), phosphorus (40.01 kg ha⁻¹) and potassium (11.42 kg ha⁻¹). In contrast, the poorest nutrient uptake (34.40 kg N, 15.00 kg P and 7.00 kg K ha⁻¹) was recorded under the late sowing and close spacing combination (S5D1). All treatment differences exceeded the respective critical differences at the 5 per cent level of significance, confirming the statistical robustness and reliability of the observed effects. Overall, the results clearly indicate that early sowing combined with optimal plant geometry substantially enhances the nutrient acquisition capacity of senna.

A marked increase in nutrient uptake was observed across treatments, further highlighting the agronomic advantage of timely sowing and appropriate spacing. When compared with late sowing (S5), early sowing (S1) resulted in an increase of 42.75 per cent in nitrogen uptake, 76.53 per cent in phosphorus uptake and 33.16 per cent in potassium uptake. These substantial gains demonstrate the pronounced benefits of early crop establishment in ensuring a longer vegetative growth period and favourable soil–plant–atmosphere interactions. Similarly, the intermediate planting density (D2) showed significant superiority over the closest spacing (D1), with nutrient uptake increasing by 32.34 per cent for nitrogen, 68.04 per cent for phosphorus and 26.30 per cent for potassium, emphasizing the adverse effects of excessive plant crowding on nutrient availability and uptake efficiency.

The combined effect of sowing window and planting density was even more pronounced. The best treatment combination (S1D2) surpassed the poorest combination (S5D1) by 87.50 per cent in nitrogen uptake, 166.73 per cent in phosphorus uptake and 63.14 per cent in potassium uptake, indicating a strong synergistic interaction between early sowing and optimal plant spacing. These large proportional gains clearly demonstrate the magnitude of agronomic benefits that can be achieved through the adoption of appropriate sowing time and plant geometry.

The enhanced nutrient uptake observed under early sowing (S1) can be attributed to favourable climatic conditions prevailing during early crop establishment, including optimal soil moisture availability, moderate temperature regimes and an extended vegetative growth period. These conditions promote better root development, increased root surface area and improved physiological activity, ultimately leading to higher nutrient absorption. Similar findings have been reported in fennel (Dhillon et. al., 2019) and Withania somnifera (Faris et al., 2021), where early sowing consistently improved nutrient uptake and crop performance. In senna, Singh et. al. (2018) also reported that early planting enhances biomass accumulation and sennoside content owing to increased metabolic efficiency under favourable environmental conditions. Conversely, reduced nutrient uptake under late sowing has been associated with exposure to unfavourable lower temperatures, lower sunshine hours and a shortened growth period, which collectively restrict nutrient absorption and physiological functioning (Sen and Sharma, 1991; Majid et. al., 2013).

The superior performance of the intermediate spacing (45 × 30 cm) in enhancing nitrogen, phosphorus and potassium uptake reflects the attainment of balanced inter-plant competition at this density. This spacing optimizes light interception, root proliferation and efficient exploitation of soil resources. Ilangovan et. al. (1990) earlier reported improved growth and root development of senna under moderate spacing, while similar trends have been observed in thyme (Khazaie et al., 2008) and lemongrass (Saini et al., 2018). More recently, Constantinescu et al. (2025) highlighted planting density as a critical determinant of physiological performance and nutrient-use efficiency in Cassia angustifolia, further supporting the present findings. Excessively close spacing intensifies competition for nutrients, moisture and light, whereas overly wide spacing leads to underutilization of available growth space, both resulting in reduced nutrient uptake.
Table 1: N, P, K uptake (kg ha-1) of senna leaves after harvest as influenced by different sowing window and planting density
	             Treatments
	N
	P
	K

	             Sowing window (S)

	S1
	59.57
	33.54
	10.08

	S2
	56.87
	31.46
	9.59

	S3
	52.97
	27.90
	8.94

	S4
	49.63
	24.91
	8.36

	S5
	41.73
	19.00
	7.57

	S.Em ±
	0.92
	0.41
	0.07

	C.D. at 5 %
	3.05
	1.35
	0.24

	               Planting density (D)

	    D1
	44.28
	20.34
	7.91

	D2
	58.60
	34.18
	9.99

	D3
	53.58
	27.56
	8.83

	S.Em ±
	0.63
	0.24
	0.04

	C.D. at 5 %
	1.84
	0.70
	0.11

	               S x D Interactions

	S1D1
	54.00
	25.30
	8.79

	S1D2
	64.50
	40.01
	11.42

	S1D3
	60.20
	35.30
	10.02

	S2D1
	52.70
	25.00
	8.51

	S2D2
	62.10
	39.18
	11.03

	S2D3
	55.80
	30.20
	9.22

	S3D1
	43.00
	18.30
	7.64

	S3D2
	61.70
	37.20
	10.30

	S3D3
	54.20
	28.20
	8.89

	S4D1
	37.30
	18.10
	7.60

	S4D2
	59.60
	33.53
	9.37

	S4D3
	52.00
	23.10
	8.12

	S5D1
	34.40
	15.00
	7.00

	S5D2
	45.10
	21.00
	7.82

	S5D3
	45.70
	21.00
	7.90

	
	S.Em ±
	C.D.

at 5 %
	S.Em ±
	C.D.

at 5 %
	S.Em ±
	C.D.

at 5 %

	Factor M at same level of F
	1.62
	4.25
	0.71
	2.21
	0.14
	0.32

	Factor F at same level of M
	1.48
	4.43
	0.62
	1.95
	0.12
	0.30


S1: September II fortnight    S4: November I fortnight           D1: 30 cm x 30 cm
S2: October I fortnight         S5: November II fortnight          D2 : 45 cm x 30 cm
S3: October II fortnight                                                         D3 : 60 cm x 30 cm
The strong and significant interaction between sowing window and planting density, particularly the superiority of the S1D2 combination, indicates that the advantages of early sowing can be fully realized only when complemented by an optimum planting density. Similar interactive effects of sowing time and spacing on growth and yield of senna have been reported by Sirajul Islam et. al. (2008), suggesting that agronomic factors operate in an interdependent manner rather than in isolation. Moreover, the enhanced uptake of N, P and K under the S1D2 treatment has important agronomic implications, as increased availability of these nutrients is directly associated with improved synthesis of secondary metabolites, especially sennosides, in senna (Ratnayaka et. al., 1998; Pratibha et al., 2010). The exceptionally high proportional increase in phosphorus uptake observed across treatments may be attributed to the nutrient’s sensitivity to early root growth, soil moisture availability and microbial activity, all of which favour phosphorus mobilization and uptake under early sowing conditions (Prakasa Rao and Puttanna, 2007; Basak and Gajbhiye, 2018).

Overall, the findings of the present study conclusively establish that sowing senna during the second fortnight of September in combination with a planting spacing of 45 × 30 cm is the most effective agronomic practice for maximizing nutrient uptake under dryland conditions. Adoption of this strategy is likely to enhance nutrient-use efficiency, promote vigorous crop growth, increase biomass production and improve the potential sennoside content of senna. These results are in close agreement with earlier studies emphasizing the importance of timely planting and optimal spacing in medicinal and aromatic crops and reinforce their pivotal role in achieving higher productivity and superior crop quality (Rani and Usha, 2013; Jitendra Kumar et. al., 2015; Singh et. al., 2007).
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             Fig-1: N uptake across sowing window           Fig-2: P uptake across sowing window
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                                                   Fig-3: K uptake across sowing window
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           Fig-4: N uptake across planting densities                 Fig-5: P uptake across planting densities
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                                                  Fig-6: K uptake across planting densities
Conclusion

The present investigation clearly demonstrated that sowing window and plant geometry exert a significant and interactive influence on nitrogen, phosphorus and potassium uptake in senna. Among the sowing windows evaluated, sowing during the second fortnight of September proved most favourable, consistently recording the highest uptake of all major nutrients, while delayed sowing in the second fortnight of November resulted in markedly reduced nutrient assimilation. This highlights the critical importance of timely crop establishment in synchronizing senna growth with favourable climatic conditions for efficient nutrient absorption.

Planting density also played a decisive role in determining nutrient uptake efficiency. The intermediate spacing of 45 × 30 cm emerged as the optimum plant geometry, outperforming both closer and wider spacings by providing a balanced level of inter-plant competition and efficient utilization of growth resources. The significant interaction between sowing window and planting density further revealed that the benefits of early sowing were maximized only when combined with optimal spacing. The treatment combination of sowing in the second fortnight of September with a spacing of 45 × 30 cm (S1D2) recorded the highest uptake of N, P and K, whereas late sowing coupled with close spacing resulted in the poorest nutrient uptake.

Overall, the study conclusively establishes that timely sowing during the second fortnight of September along with an optimal planting density of 45 × 30 cm is the most effective agronomic strategy for enhancing nutrient uptake in senna under dryland conditions. Adoption of this combination is expected to improve nutrient-use efficiency, promote vigorous crop growth, enhance biomass production and potentially increase sennoside yield. These findings provide a sound scientific basis for refining sowing time and spacing recommendations for sustainable and profitable commercial cultivation of senna.
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