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ABSTRACT
This study evaluated the effects of varying shade levels on the growth, yield, and soil properties of Coleus forskohlii Briq., a medicinal plant of economic and therapeutic importance. The experiment involved three shade treatments: full sun (open), 25% shade, and 50% shade, combined with polythene mulching. Results indicated that shade significantly influenced plant morphology and productivity. Maximum plant height was recorded under 50% shade, while the greatest number of branches per plant occurred in full sun. The highest root yield per plant was observed under 25% shade. Additionally, shade and mulching treatments significantly affected soil properties such as pH, electrical conductivity (EC), moisture content, organic carbon (OC), and microbial activity. Mulched soils, particularly under 50% shade, exhibited enhanced moisture retention, microbial biomass carbon, and enzyme activity. These findings underscore the importance of integrating optimal shade management and mulching practices to enhance the productivity and sustainability of Coleus forskohlii cultivation.
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1. INTRODUCTION
Coleus forskohlii Briq., often known as medicinal coleus, is a perennial herb native to the tropical and subtropical regions of Asia and Africa by Prajapati et al., 2003. It is highly valued for its therapeutic properties and is increasingly cultivated for its use in traditional and modern herbal medicine systems (Rastogi et al., 2011; Shah et al., 2019). Due to a growing demand, there is an increased need to refine agronomic practices to enhance biomass production and overall crop performance.
Among the major environmental factors determining medicinal plant cultivation, light availability, particularly shade, plays a key role in governing vegetative growth, biomass partitioning, and the cumulation of bioactive compounds (Yang et al., 2018; Falster et al., 2018). Moreover, shade conditions, combined with cultural operations such as mulching, can significantly change soil physicochemical and biological properties. This, consecutively, influences soil moisture, nutrient dynamics, microbial activity, and long-term soil health (Velmourougane, 2017; Sharma et al., 2022).
This study was outlined to scrutinize the impact of different shade levels on the growth, yield, and soil properties of C. forskohlii under uniform polythene mulching. The findings aim to provide practical insights for improving cultivation strategies, encouraging resource-efficient practices, and aiding sustainable land use in medicinal plant production systems.

2. MATERIALS AND METHODS
The field experiment was carried out from October 2024 to January 2025 at the Agronomy Farm, Department of Agronomy, College of Agriculture, Vellanikkara, Thrissur, Kerala. Stem cuttings of Coleus forskohlii (variety K8), obtained from the Indian Institute of Horticultural Research (IIHR), Bengaluru, were planted in raised beds supplemented with organic manure at the rate of 10 t/ha. The cuttings were spaced at 45 cm × 45 cm. The study involved three shade treatments: open conditions (0% shade), 25% shade, and 50% shade, set up using standard agricultural shade nets. Polythene mulch was laid to minimize weed growth and conserve soil moisture.
At 100 days after planting (DAP), main plant growth parameters were recorded. Plant height was measured from the soil surface to the terminal growing point, and the number of branches was counted from the main stem. Fresh root weight per plant was measured after by carefully uprooting and weighing the detached roots. Soil samples were collected from each treatment plot to assess a range of physical, chemical, and biological properties.
Soil pH, electrical conductivity (EC), and organic carbon content were determined following the procedures described by Jackson, 1958, while moisture content was assessed using the method prescribed by the Standards Association of Australia, 2016. Available phosphorus was estimated using the Bray and Kurtz, 1945 method, and available potassium was measured as per Jackson, 1958. Microbial biomass carbon (MBC) was quantified using the method proposed by Vance et al., 1987. Soil enzyme activities, including dehydrogenase and phosphatase activity, were evaluated according to the methods of Stevenson, 1959 and Tabatabai and Bremner, 1969, respectively. All collected data were statistically analyzed using the "Grapes" statistical software developed by Gopinath et al., 2020 with appropriate tests to assess treatment effects at standard significance levels.

3. RESULTS AND DISCUSSION
3.1 Plant growth and yield
3.1.1 Plant height
Shade level had a significant impact on plant height. The highest height was noted on plants (52.36 cm) were those in 50% shade, followed by those in 25% shade (41.24 cm) and full sun (30.88 cm). Higher shade levels encourage elongation in shade-adapted species like Pogostemon heyneanus, according to Udadeniya et al. (2016). Russo et al. (2017) found that the plants in Melissa officinalis had grown longer. The findings are further supported by Buddhika et al., 2020, who demonstrated that Plectranthus scutellarioides plants grow significantly taller when exposed to shade levels.
3.1.2 Number of branches
Open conditions resulted in the greatest number of branches per plant (18), followed by 25% shade (15) and 50% shade (10). Because axillary bud development is limited by lower light intensity, there may be less branching under shade as highlighted by Smith and Whitelam, 1997. In contrast, Labrooy et al. (2016) discovered that Kaempferia parviflora had higher biomass at moderate shade levels. Additionally, a 2020 study on bastard balm by Szymborska-Sandhu et al. found the highest number of branches.
3.1.3 Root yield
[bookmark: _Hlk203409193]The highest root yield per plant (18.97 g) was observed under 25% shade, followed by full sun (0% shade) (12.36 g) and 50% shade (10.73 g), with statistically significant differences across treatments. Similar results were described by Sindhu and Beena, 2022 for Plectranthus vettiveroides, indicating that moderate shade supports optimal root development by balancing photosynthesis and transpiration. In Zingiber officinale, as proved by Aly et al., 2019, there is an elevation in rhizome yield under shade compared to full sun light coincides with the out-turn this experiment. Khatun, 2020 reported that the inoculation of Glomus   fasciculatum had improved the tuber yield in medicinal coleus. So, its application can bring about increased yield. The experiment result can also be substantiated by the findings of Schulz et al., 2019 that potatoes can tolerate up to 26% shade without significant yield loss, however, higher shade levels (e.g., 50%) substantially reduce tuber number and mass.


Table 1. Effect of shade levels on plant height, number of branches and root yield of medicinal coleus (Coleus forskohlii Briq.)
	
	Plant height (cm)
	No. of branches
	Per plant root yield (g/plant)

	Open
	30.88c
	18a
	       12.360b

	25% shade
	41.24b
	15b
	       18.966a

	50% shade
	52.36a
	10c
	       10.732c

	CV (%)
	5.298
	10.657
		 7.267

	CD (0.05)
	3.206
	2.228
		1.486

	SE(m)
	4.833
	2.333
	      1.038




3.2 Soil properties under shade and mulch conditions
3.2.1 Soil pH
Soil pH showed remarkable variation across treatments. The highest pH was observed in non-mulched soil under 25% shade, while the lowest was recorded in mulched soil at 50% shade. This trend orients with Wang et al., 2017, and Zhou et al., 2020 who noted acidification in mulched soils due to organic matter decomposition. Ghimire et al., 2024. found that soil organic carbon has negative correlation with soil pH in soils of Nepal. Bouslihim et al., 2024 also pointed out the reduction in soil pH with increase in soil organic matter.
3.2.2 Electrical conductivity (EC)
Non-mulched soils showed higher EC values, particularly under open conditions, while the lowest EC was recorded in mulched soil under 50% shade. These findings are in agreement with Haque et al., 2018, who reported that plastic mulching reduces EC by improving leaching and lowering salt accumulation. Study by Kun et al., 2023 also supports the results that mulching will reduce soil EC by lowering evaporation of water from soil. de Luna Souto et al., 2023 draws our attention to plastic mulch which improves the salt concentration in soil by lowering vaporization from soil surface as well as by bringing down the capillary rise of salts to surface.
3.2.3 Soil moisture content
Mulching significantly enhanced soil moisture retention. The highest soil moisture content was recorded in mulched soil under 50% shade, followed closely by mulched under 25% shade. These results corroborate with Ravi and Lourduraj, 1998 and Namaghi et al., 2018 highlighted the role of black LLDPE mulch in reducing evaporation losses. As per the review of Kader et al., 2019 mulching improves soil water content which also hold up with this result. Mulching retains more water and improves water use efficiency as reported by Zhu et al., 2021
3.2.4 Organic carbon and nutrients
Organic carbon content and nutrient availability (NPK) were highest in mulched plots under 50% shade. The addition of organic matter under mulch likely enhanced microbial activity and nutrient mineralization. Ren et al., 2025 similarly found elevated soil organic carbon and nitrogen levels under mulched fertilizer treatments. Kun et al., 2023 also underlines with the findings that mulching will improve available nitrogen. Elevation of soil organic carbon under mulch with the addition of organic matter as proved by Liu et al., 2023 was also in agreement with the result.
3.2.5 Microbial biomass and enzymatic activity
Microbial biomass carbon (MBC) and enzymatic activity (dehydrogenase and phosphatase) were significantly elevated in mulched soils under 50% shade. Higher moisture and organic content under these conditions likely created a conducive environment for microbial proliferation. Jin et al., 2018 also pointed out the enhancement of MBC under plastic mulch which coincides with these results. As reported by Wolińska and Stępniewska, 2012 that higher organic matter generally shows increased microbial respiration as well as enzymatic activities like dehydrogenase in this investigation. Shen et al., 2016 reported a notable enhancement in MBC under mulch, and likewise, Muñoz et al., 2022 found that acid phosphatase activity was enhanced under plastic mulch, assisting these results.
Soil parameters play a critical role in determining plant growth, root development, and overall yield. Positive influences are seen with appropriate soil moisture content, organic carbon levels (especially under moderate shade), and microbial biomass carbon, which enhance nutrient availability and soil fertility. Enzyme activities such as dehydrogenase and phosphatase also contribute indirectly by boosting nutrient cycling and plant performance.
However, not all parameters have a straightforward effect. Electrical conductivity (EC), when high, adversely impacts nutrient uptake and reduces yield, highlighting the need for salinity management. Soil pH demonstrates a curvilinear relationship with plant performance-while optimal pH promotes nutrient availability and root development; extremes (too acidic or too alkaline) can be detrimental (Fageria, N. K., & Baligar, V. C. 2008). In conclusion, maintaining a balanced soil environment with optimal moisture, organic content, microbial activity, and pH is crucial for maximizing plant health and productivity, while mitigating adverse effects like high salinity (Shi et al., 2023).

	Samples
	pH
	EC (mS/m)
	MC (%)
	OC %
	MBC (μg    C/g)
	Av.  N (kg/ha)
	Dehydrogenase activity (µg TPF g⁻¹ soil 24 h⁻¹)
	Av. P (kg/ha)
	Phosphatase
activity (µg PNP g⁻¹ soil h⁻¹)

	Av. K (kg/ha)

	Open+ mulch
	4.63bc
	0.34c
	9.76c
	1.21c
	402.4b
	282.90bc
	2.03c
	48.33b
	126.10b
	369.20b

	Open

	5.26a
	0.53a
	6.33d
	0.89d
	264.5d
	237.30d
	1.70d
	26.91c
	80.69d
	70.35c

	25 % shade + mulch
	5.10ab
	0.27d

	13.13b

	1.41b
	426.0b
	300.33b

	2.43b
	53.52ab
	130.10b
	444.14a

	25 % shade 

	5.53a
	0.433b
	9.233c
	0.95d
	347.8c
	261.27cd
	1.72d
	22.96c
	106.60c
	83.46c

	50% shade + mulch
	4.62c

	0.17e
	16.30a

	1.57a
	474.6a

	342.93a
	2.68a
	57.60a
	157.26a
	376.51b

	50% shade

	5.40a
	0.433b
	9.76c
	0.99d
	362.7c
	278.27bc
	1.89cd
	22.21c
	113.48bc
	68.71c

	CV (%)
	5.139
	8.556
	5.6
	7.213
	5.336
	5.840
	5.205
	11.376
	8.566
	6.313

	CD
	0.465
	0.055
	1.072
	0.150
	36.246
	29.452
	0.192
	7.809
	18.141
	26.438

	SE(m)
	0.068
	0.001
	0.363
	0.007
	415.121
	274.079
	0.012
	19.270
	103.980
	220.864


Table 2. Effect of shade levels and mulch conditions on soil properties under medicinal coleus (Coleus forskohlii Briq.)



Table 3. Influence of soil parameters on plant growth and yield
	Soil Parameter		
	Influence on Growth Parameter
	Type of Relationship

	Soil moisture content
	Increased plant height and root growth (dos Santos et al., 2016; Iqbal et al., 2020)
	Positive

	Organic carbon (OC%)		
	Enhanced nutrient availability and root yield (under moderate shade) (Pardon et al., 2017; Gerke, 2022; Dhaliwal et al., 2024)
	Positive 

	Microbial biomass carbon 
	Improved soil fertility and enzyme activity, indirectly enhancing yield (Dong et al., 2018; Yang et al., 2022)
	Indirect positive

	Dehydrogenase/phosphatase		 
	Boosted nutrient cycling and plant performance (Kumari et al., 2017;
	Indirect positive

	Electrical conductivity (EC)		
	High EC reduced nutrient uptake and yield (Huang et., 2017; Alharbi, 2017)
	Negative

	Soil pH		
	Optimal pH promoted nutrient availability and root development; extremes were detrimental (Hartemink & Barrow, 2023)
	Curvilinear (too high/low = harmful)




4. CONCLUSION
The study underscores the pivotal role of shade management in optimizing both plant performance and soil health in Coleus forskohlii cultivation. Moderate shade (25%) emerged as the ideal condition, striking a balance between vegetative growth and root yield. Simultaneously, the use of polythene mulch enhanced soil moisture retention, organic carbon levels, microbial activity, and enzymatic functions-creating a biologically active and nutritionally rich soil environment. These findings highlight that strategic light modulation, when combined with effective soil conservation practices, can significantly boost productivity while promoting sustainable cultivation. Adopting such integrated agronomic approaches offers a practical pathway for farmers and stakeholders aiming to improve yield quality, conserve resources, and maintain long-term soil vitality.
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