IMPACT OF VARIOUS MICRONUTRIENTS ON THE GROWTH OF ZUCCHINI (CUCURBITA PEPO L.) UNDER TELANGANA CONDITIONS

ABSTRACT
The present study was conducted during the Rabi season of 2023–24 at the PG Research Block, College of Horticulture, SKLTSHU, Rajendranagar, to evaluate the effect of various micronutrients on the growth parameters of zucchini. The experiment was laid out in a Randomized Block Design with 12 treatment combinations involving foliar applications of Boron (B), Zinc (Zn), and Manganese (Mn) at different concentrations, alone and in combinations. Significant differences were observed across treatments for plant height, number of leaves per plant, plant spread (N-S and E-W), leaf area, leaf length, leaf breadth, and chlorophyll content (SPAD units). Among all treatments, the combined application of B @ 20 ppm + Zn @ 15 ppm + Mn @ 40 ppm (T10) resulted in the highest values for most growth parameters, including plant height (71.83 cm), leaf area (257.98 cm²), and chlorophyll content (44.70 SPAD units). The findings emphasize the synergistic effects of balanced micronutrient application in improving vegetative growth, suggesting that integrated foliar nutrition strategies can significantly enhance zucchini productivity under Telangana agro-climatic conditions.
INTRODUCTION
Vegetables play a fundamental role in human nutrition by supplying essential vitamins, minerals, antioxidants, and dietary fiber that contribute to health maintenance and disease prevention. Additionally, vegetable cultivation supports the livelihoods of millions of small and marginal farmers across the globe, offering income opportunities and nutritional security. In this context, zucchini (Cucurbita pepo L.), a warm-season vegetable from the Cucurbitaceae family with a chromosome number of 2n = 40, is steadily gaining popularity in India. Its short crop duration, compact bushy growth habit, tender and attractive fruits, along with high nutritional value, make it an ideal crop for intensive farming and diversified vegetable production systems.
Globally, top zucchini producers include Japan, China, India, USA, and Iran, with a combined squash production of 27.44 million tonnes over 2.07 million ha (FAO, 2019). In India, squashes are grown on 1.04 million ha yielding 2.18 million tonnes (Indian Horticulture, 2021).
The crop grows best in well-drained sandy loam soils and under 20–25°C temperature conditions. Given its increasing economic importance, proper nutrient management is critical for improving yield and quality. However, excessive chemical fertilizer use has led to micronutrient deficiencies in Indian soils, affecting crop productivity.
Micronutrients such as zinc (Zn), boron (B), iron (Fe), manganese (Mn), copper (Cu), and molybdenum (Mo) are required in minute quantities but are critical for various physiological and biochemical processes in plants. These include enzyme activation, chlorophyll synthesis, pollen formation, and overall plant metabolism. Inadequate availability of these nutrients often leads to stunted growth, poor flowering, fruit deformities, and reduced yields. Conversely, proper supplementation of micronutrients can enhance photosynthesis, improve flowering and fruit set, and significantly boost both yield and fruit quality in zucchini.
This research highlights the growing importance of micronutrient management in zucchini to improve productivity and sustainability. Application of micronutrients, either through soil or foliar means has shown promising results in improving vegetative growth, fruit weight and nutritional quality. Therefore, integrating micronutrient management into zucchini cultivation practices holds great promise for enhancing both farm profitability and nutritional outcomes for consumers.
MATERIALS AND METHODS
The present investigation was carried out during the Rabi season of 2023–24 at the PG Research Block, College of Horticulture, Sri Konda Laxman Telangana Horticultural University, Rajendranagar, Hyderabad. The experiment consisted of twelve treatments involving the application of different micronutrient combinations and concentrations to evaluate their effects. Treatment T1-Boron (B) @ 20 ppm, T2 - Boron @ 40 ppm, T3 and T4 included Zinc (Zn) at 15 ppm and 30 ppm, respectively. T5 - Manganese (Mn) @ 20 ppm, T6 - Manganese (Mn) @ 40 ppm. Combined applications were tested in T7 to T11. T7 - Boron @ 20 ppm and Zinc @ 30 ppm, while T8 - Zinc @ 15 ppm combined with Manganese @ 40 ppm, T9 - Manganese @ 20 ppm was combined with Boron @ 40 ppm. T10 - a combination of Boron @ 20 ppm, Zinc @15 ppm and Manganese @ 20 ppm, T11 - Boron @ 40 ppm, Zinc @ 30 ppm and Manganese @ 40 ppm, T12 - control with no micronutrient application. Foliar application of the respective micronutrients was performed at 15 and 30 days after sowing (DAS). Growth observations were recorded from five randomly selected plants per treatment per replication.  The data pertaining to growth parameters viz., Plant height (cm), Number of leaves per plant (No’s), Plant spread (N-S) (cm), Plant spread (E-W) (cm), Leaf area (cm2), Leaf length (cm) and Leaf breadth (cm), Stem diameter (cm), Chlorophyll content (SPAD Units). The collected data were subjected to statistical analysis to evaluate the effect of various micronutrient treatments on zucchini growth, following the procedures outlined by Panse and Sukhatme (1985).

Results and discussion
Growth Parameters
The data related to growth parameters, including Plant height (cm), Number of leaves per plant (No’s), Plant spread (N-S) (cm), Plant spread (E-W) (cm), Leaf area (cm2), Leaf length (cm), Leaf breadth (cm), Stem diameter (cm), and Chlorophyll content (SPAD Units), is detailed in Tables 1 to 6
4.1.1	Plant height (cm)
	Plant height is a crucial growth factor that significantly affects the plant's vigour. The information on plant height as affected by the foliar application of micronutrients was measured at 30, 45 and 60 DAS is reported in Table 1 and shown graphically in Fig. 1.
At 30 DAS
Significant differences were observed in plant height with the application of micronutrients at 30 DAS. Among the treatment combinations, T10 - Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm was recorded highest plant height is 44.67 cm and T12 - Control resulted lowest plant height is 34.65 cm.
At 45 DAS
	Among the treatments, significant variations were recorded on plant height at 45 DAS. Significant maximum plant height was observed in T10 - Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm is 66.40 cm and whereas, T12 - Control resulted in the lowest plant height is 50.23 cm.
AT 60 DAS 
[bookmark: _Hlk173249871]The results also show a significant variation among the treatments for plant height at 60 DAS. Among the treatment combinations, the maximum plant height was recorded in the treatment T10 - Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm is 71.83 cm, whereas T12 - Control resulted in minimum plant height is 54.77cm.
A significant difference among treatments was observed when micronutrients were applied via foliar spray at different crop growth stages. In the present investigation, the highest plants at 30, 45, and 60 days after sowing (DAS) were recorded under treatment T10, which involved the foliar application of Boron (B) @ 20 ppm, Zinc (Zn) @ 15 ppm and Manganese (Mn) @ 40 ppm. As leaves are the primary organs responsible for nutrient uptake during foliar feeding, applying micronutrients at critical physiological stages ensures their efficient absorption and utilization, thereby promoting plant growth and height (Marschner, 2012). The synergistic effect of these micronutrients appears to stimulate several vital physiological and biochemical processes, such as cell elongation, division, and differentiation, which are key contributors to plant height. Specifically, Boron plays a role in cell wall formation and sugar translocation, Zinc influences auxin synthesis and protein metabolism, and Manganese is crucial for photosynthetic oxygen evolution and enzyme activation (Alloway, 2008). The adequate availability of these micronutrients enhances chlorophyll synthesis, nitrogen assimilation, and photosynthetic activity, resulting in vigorous vegetative growth and increased plant stature.
These outcomes agree with earlier findings by Habibullah et al. (2017) and Ali et al. (2015) in tomato, Uikey et al. (2018) in brinjal, Kazemi (2013), and Suraj et al. (2020) in cucumber. Similar results were also reported by Singh et al. (2014), who noted that foliar applications of combined micronutrients significantly improved plant height and biomass in chilli. Additionally, studies by Sharma et al. (2019) emphasized that timely foliar nutrient application enhances not only growth parameters but also overall productivity in vegetable crops.
	Treatments

	Plant height (cm)

	
	30 DAS
	45 DAS
	60 DAS

	T1 : Boron (B) @ 20 ppm
	35.60cd
	53.90de
	58.97de

	T2 : Boron (B) @ 40 ppm
	37.97bcd
	54.50de
	58.90de

	T3 : Zinc (Zn) @ 15 ppm
	39.83bc
	58.97bcd
	64.87bcd

	T4 : Zinc (Zn) @ 30 ppm
	39.90bc
	56.93cd
	64.97bcd

	T5 : Manganese (Mn) @ 20 ppm
	38.43bcd
	58.80bcd
	59.83cde

	T6 : Manganese (Mn) @ 40 ppm
	39.57bc
	54.80de
	62.53bcd

	T7 : Boron (B) @ 20 ppm + Zinc (Zn) @ 30 ppm
	41.37ab
	61.57abc
	67.57ab

	T8 : Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm
	42.43ab
	63.57ab
	67.87ab

	T9 : Manganese (Mn) @ 20 ppm + Boron (B) @ 40 ppm
	40.43ab
	59.93bcd
	65.30abcd

	T10 : Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm +  Manganese (Mn) @ 20 ppm
	44.67a
	66.40a
	71.83a

	T11 : Boron (B) @ 40 ppm + Zinc (Zn)  @ 30 ppm + Manganese (Mn) @ 40 ppm
	40.87ab
	61.53abc
	65.73abc

	T12 : Control 
	34.63d
	50.23e
	54.77e

	S.E (m) ±
	1.61
	2.12
	2.27

	CD @ 5 %
	4.75
	6.25
	6.70

	C.V (%)
	7.03
	6.27
	6.18


Table.1 Effect of different micronutrient concentrations on Plant height (cm) in Zucchini

4.1.2	Number of leaves per plant
The data enunciated on the number of leaves per plant as affected by the foliar application of micronutrient concentration at 30, 45 and 60 DAS is presented in Table 2 
At 30 DAS
[bookmark: _Hlk173251882]A considerable difference was noticed at 30 DAS significantly maximum number of leaves per plant was observed in the treatment T8 - Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm 7.97 leaves per plant. While the minimum number of leaves was recorded in T12 - Control is 6.83 leaves.
At 45 DAS
There was a notable difference observed at 45 DAS when different micronutrient combinations were applied. The maximum number of leaves per plant was recorded in the treatment T8 - Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm with 15.07 leaves. While the minimum number of leaves was recorded in T12 - Control is 12.67 leaves.
At 60 DAS
[bookmark: _Hlk173251266]There is also a marked difference indicated by the results among all the treatment combinations at 60 DAS. The maximum number of leaves per plant was recorded in T8 - Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm with 16.30 leaves. While the minimum number of leaves was recorded in T12 - Control is 13.30 leaves.
The data on the number of leaves per plant indicated that treatment T8 comprising foliar application of Zinc (Zn) @ 15 ppm and Manganese (Mn) @ 40 ppm at 15 and 30 days after sowing (DAS), resulted in the highest leaf count among all treatments. This response is likely attributed to enhanced nutrient absorption and utilization during critical vegetative growth stages, leading to improved cell division and vigorous foliage development. The presence of essential micronutrients during early growth stages stimulates various metabolic processes that support active vegetative growth. Zinc plays a crucial role in promoting cell division and leaf initiation, primarily through its involvement in DNA synthesis and the production of auxins plant growth hormones. Manganese is vital for photosynthesis and nitrogen metabolism, facilitating energy production and amino acid synthesis required for leaf expansion. Foliar application ensures direct nutrient availability to the leaves, optimizing uptake efficiency and supporting overall plant vigour. As a result, plants treated with this combination exhibit healthier, denser foliage and a significantly higher number of leaves.
These findings are consistent with the observations reported by Ashraf et al. (2020) in bitter gourd, Bommesh et al. (2017) and Sidhu et al. (2020) in cucumber and Nongmaithem and Kaur (2023) in summer squash, who also noted increased leaf production following foliar application of micronutrients.
Table 2 Effect of different micronutrient concentrations on Number of leaves per plant (No’s) in Zucchini
	Treatments
	Number of leaves per plant

	
	30 DAS
	45 DAS
	60 DAS

	T1 : Boron (B) @ 20 ppm
	6.90e
	12.70f
	13.97efg

	T2 : Boron (B) @ 40 ppm
	7.38d
	12.83def
	13.80fg

	T3 : Zinc (Zn) @ 15 ppm
	7.47bcd
	12.80ef
	15.33bcd

	T4 : Zinc (Zn) @ 30 ppm
	7.56abcd
	13.63cde
	14.50def

	T5 : Manganese (Mn) @ 20 ppm
	7.58abcd
	12.87def
	14.80cde

	T6 : Manganese (Mn) @ 40 ppm
	7.43cd
	13.40cdef
	14.17efg

	T7 : Boron (B) @ 20 ppm + Zinc (Zn) @ 30 ppm
	7.83abc
	14.67ab
	15.87ab

	T8 : Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm
	7.97a
	15.07a
	16.30a

	T9 : Manganese (Mn) @ 20 ppm + Boron (B) @ 40 ppm
	7.90ab
	13.90bc
	15.37bcd

	T10 : Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 20 ppm
	7.87abc
	14.24abc
	15.80ab

	T11 : Boron (B) @ 40 ppm + Zinc (Zn) @ 30 ppm + Manganese (Mn) @ 40 ppm
	7.70abcd
	13.70cd
	15.43abc

	T12 : Control 
	6.83e
	12.67f
	13.30g

	S.E (m) ±
	0.14
	0.30
	0.31

	CD @ 5 %
	0.42
	0.89
	0.91

	C.V (%)
	3.30
	3.85
	3.59



4.1.3	Plant Spread (N-S) (cm)
It is seen that significant differences existed with respect to plant spread (N-S) in Zucchini. The data on plant spread (N-S) (cm) at 30, 45 and 60 DAS influenced by foliar spray of different concentrations of micronutrient was presented in the Table.3.
At 30 DAS
Among the treatments, significant differences were recorded in plant spread (N-S) at 30 DAS. Significantly, the highest plant spread was recorded in T10 - Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm is 69.22 cm). Whereas, minimum plant spread was recorded in T12 - Control is 49.78 cm.
At 45 DAS
Among the treatments differed significantly concerning plant spread (N-S) at 45 DAS. Significantly, the maximum plant spread was recorded in T10 - Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm is 88.99 cm. Whereas, minimum plant spread was recorded in T12 - Control is 65.30 cm.
At 60 DAS
Significant variations were recorded in plant spread (N-S) at 60 DAS. Significantly, the highest plant spread was recorded in T10 - Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm is 93.90 cm and minimum plant spread was recorded in T12 - Control is 69.90 cm.
The increased plant spread observed in the study may be attributed to enhanced apical dominance, internodal elongation, improved protoplasmic activity and the readily available supply of essential micronutrients. These factors collectively contribute to enhanced synthesis of growth-promoting metabolites, resulting in robust lateral growth and overall plant expansion. Micronutrients like boron (B), zinc (Zn), and manganese (Mn) play critical roles in cellular division, membrane integrity, and hormonal regulation, all of which are integral to achieving maximum canopy development. The availability of these nutrients at key developmental stages supports the formation of structural proteins and enzymes that facilitate cell expansion and differentiation, thereby promoting horizontal plant growth. Enhanced vegetative spread not only improves light interception but also increases the photosynthetic surface area, further supporting plant vigor and productivity.
These results are in line with the findings of Malik et al. (2020), who reported significant improvements in plant spread with the foliar application of boron and zinc in chilli, and Ranjan et al. (2020), who observed similar effects with manganese application in cauliflower.



Table 3 Effect of different micronutrient concentrations on Plant spread (N-S) (cm) in Zucchini
	Treatments
	Plant spread (N-S) (cm)

	
	30 DAS
	45 DAS
	60 DAS

	T1 : Boron (B) @ 20 ppm
	50.93d
	72.43d
	76.78ef

	T2 : Boron (B) @ 40 ppm
	51.07d
	78.37cd
	75.71fg

	T3 : Zinc (Zn) @ 15 ppm
	56.70c
	75.80cd
	82.74cde

	T4 : Zinc (Zn) @ 30 ppm
	59.40bc
	77.75cd
	83.83cd

	T5 : Manganese (Mn) @ 20 ppm
	58.95bc
	75.91cd
	81.10def

	T6 : Manganese (Mn) @ 40 ppm
	56.24c
	78.80cd
	84.21cd

	T7 : Boron (B) @ 20 ppm + Zinc (Zn) @ 30 ppm
	61.63b
	86.48ab
	90.98ab

	T8 : Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm
	59.40bc
	79.81bc
	86.92bcd

	T9 : Manganese (Mn) @ 20 ppm + Boron (B) @ 40 ppm
	62.68b
	81.93abc
	87.82abc

	T10 : Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 20 ppm
	69.22a
	88.99a
	93.90a

	T11 : Boron (B) @ 40 ppm + Zinc (Zn) @ 30 ppm + Manganese (Mn) @ 40 ppm
	60.77bc
	80.99bc
	85.71bcd

	T12 : Control 
	49.78d
	65.30e
	69.90g

	S.E (m) ±
	1.56
	2.40
	2.42

	CD @ 5 %
	4.59
	7.06
	6.70

	C.V (%)
	4.64
	5.30
	4.72



4.1.4	Plant Spread (E-W) (cm)
	It is evident that significant differences were observed among the treatments for the character plant spread (E-W) (cm) in zucchini was presented in the Table 4.
At 30 DAS
	Significant differences in plant spread (E-W) were observed due to foliar application of micronutrients at 30 DAS. Among the treatment combinations, T10 - Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm recorded the highest plant spread is 66.54 cm However, the minimum plant spread (E-W) was recorded in the treatment T12 - Control is 49.75 cm.
At 45 DAS
Among the treatments, significant variations were recorded in plant spread at 45 DAS. A Significant maximum plant spread (E-W) was recorded in T10 - Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm recorded with 89.93 cm. However, minimum plant spread was recorded in T12 - Control is 71.90 cm.
At 60 DAS
	Among all foliar applications of micronutrient treatments significant differences were recorded in plant spread (E-W) at 60 DAS. Maximum plant spread was recorded in T10 - Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm is 97.61. However, the minimum plant spread was recorded in T12 - Control is 74.95 cm.
The improvement in plant growth can be credited to the important functions of zinc sulphate. Zinc helps regulate enzyme activity, supports the formation of chlorophyll and other pigments needed for photosynthesis, encourages cell division and aids in the production of hormones that promote growth. Together, these processes lead to better overall plant development. Boron also plays a key role in plant growth. It may influence hormone activity in a way that reduces apical dominance, allowing more branches and leaves to spread out. This helps the plant develop a wider canopy. Manganese is another essential micronutrient that supports healthy plant growth. It is involved in energy-producing processes, such as the electron transport chain in photosynthesis, and helps with oxidation-reduction reactions. These functions are necessary for the plant to grow properly and complete its life cycle. Manganese can therefore contribute to increased plant spread and stronger growth.
These results agree with the findings of Chaudhari et al. (2017) in cabbage and Singh et al. (2018) in broccoli, where similar improvements in plant spread and growth were observed after applying these micronutrients.
Table 4 Effect of different micronutrient concentrations on Plant spread (E-W) (cm) in Zucchini
	Treatments
	Plant spread (E-W) (cm)

	
	30 DAS
	45 DAS
	60 DAS

	T1 : Boron (B) @ 20 ppm
	50.90fg
	76.96de
	82.27de

	T2 : Boron (B) @ 40 ppm
	55.43def
	77.63cde
	82.97cde

	T3 : Zinc (Zn) @ 15 ppm
	53.74efg
	78.82cde
	85.61bcd

	T4 : Zinc (Zn) @ 30 ppm
	56.89cde
	81.50bcd
	84.85bcd

	T5 : Manganese (Mn) @ 20 ppm
	56.59cde
	79.66cd
	83.94cd

	T6 : Manganese (Mn) @ 40 ppm
	59.54bcd
	79.93cd
	89.72abcd

	T7 : Boron (B) @ 20 ppm + Zinc (Zn) @ 30 ppm
	57.73bcde
	87.55ab
	86.17bcd

	T8 : Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm
	62.36ab
	87.86ab
	93.44ab

	T9 : Manganese (Mn) @ 20 ppm + Boron (B) @ 40 ppm
	60.97bc
	81.96bcd
	91.81abc

	T10 : Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 20 ppm
	66.54a
	89.93a
	97.61a

	T11 : Boron (B) @ 40 ppm + Zinc (Zn) @ 30 ppm + Manganese (Mn) @ 40 ppm
	59.64bcd
	84.98abc
	91.62abc

	T12 : Control 
	49.75g
	71.90e
	74.95e

	S.E (m) ±
	1.68
	2.55
	3.03

	CD @ 5 %
	4.96
	7.51
	8.95

	C.V (%)
	5.06
	5.41
	6.03




4.1.5	Leaf Area (cm2)
	The data pertaining to the effect of micronutrients on Leaf area (cm2) at harvest of zucchini has been presented in Table.5. Significant variations in leaf area were noted among the various treatment combinations recorded at harvest.
	The findings from the present investigation demonstrated that the application of T10 - Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm is 257.98 cm2  recorded significantly higher leaf area. Meanwhile, the minimum leaf area was recorded in T12 - Control is 211.35 cm2.
Based on the data, treatment T10 comprising the foliar application of Boron (B) @ 20 ppm, Zinc (Zn) @ 15 ppm and Manganese (Mn) @ 40 ppm resulted in the highest leaf area among all treatments. This significant increase in leaf area can be attributed to the combined and beneficial effects of zinc and manganese on plant physiology. Zinc plays a vital role in the synthesis of tryptophan, an important amino acid that serves as a precursor to indole-3-acetic acid (IAA), a plant hormone that promotes cell elongation and division. This hormone activity directly contributes to the expansion of leaf cells, increasing overall leaf size. Manganese, on the other hand, is essential for activating various enzymes involved in cell division, chloroplast formation, and hormonal regulation. It enhances cell multiplication and differentiation, both of which are critical for leaf development.
Together, these micronutrients improve the plant's photosynthetic capacity and the translocation of photosynthates (food materials) from source to sink tissues, thereby supporting larger and more functional leaves. A greater leaf area also allows for better light interception, which further enhances photosynthesis and contributes to overall plant growth. These findings are in close agreement with previous studies conducted by Karthick et al. (2018) in bitter gourd, Meena et al. (2017), Suresh Kumar and Queen Flower (2018), and Sidhu et al. (2020) in cucumber, who also reported increased leaf area following the application of zinc and manganese.
4.1.6	Leaf length (cm)	
	Data enunciated to the effect of micronutrients on leaf length at harvest of zucchini has been illustrated in Table 4. There were significant variations in the leaf length among the different treatments were recorded at harvest.
The results of the current investigation showed that the application of T10 - Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm is 23.86 cm recorded significantly higher leaf length. However, the lowest leaf length was found in treatment T12 - Control is 21.68 cm.
The data indicated that the highest leaf length at harvest was recorded in treatment T10, which involved the foliar application of Boron (B) at 20 ppm, Zinc (Zn) at 15 ppm, and Manganese (Mn) at 40 ppm. This increase in leaf length can be attributed to the balanced availability of essential micronutrients, which supported vigorous vegetative growth and enhanced photosynthetic efficiency. These favourable conditions likely contributed to the elongation of leaf cells, resulting in longer leaves compared to other treatments. The early application of boron may have further improved the uptake and movement of nutrients within the plant, particularly to the actively dividing and expanding cells in the leaves. This efficient nutrient transport system played a role in promoting greater leaf length by stimulating cell division and elongation during critical growth phases.
These findings are in line with those reported by Patel et al. (2017) in broccoli and Bahadur et al. (2021) in cucumber, where the application of micronutrients, particularly manganese, positively influenced leaf length and overall vegetative growth.
4.1.7	Leaf breadth (cm)
It was evident from Table 5 that different micronutrient combinations obtained significant differences regarding Leaf breadth (cm) at harvest.
	Among all the micronutrients combinations T10 - Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm is 15.34 cm. However, the lowest leaf breadth was found in treatment T12 - Control is 14.44 cm.
The findings from the present study showed that treatment T10 comprising Boron (B) at 20 ppm, Zinc (Zn) at 15 ppm, and Manganese (Mn) at 40 ppm resulted in the highest leaf breadth at the time of harvest. This enhancement in leaf width can be attributed to the effectiveness of foliar applications of combined micronutrients, which play a crucial role in promoting plant growth and development. The application of these micronutrients likely improved physiological functions such as photosynthetic activity, chlorophyll synthesis, nitrogen metabolism, and the production of auxins-plant hormones that regulate cell expansion. These factors collectively contribute to the development of broader and healthier leaves. These results align well with the findings of Ranjan et al. (2020) in cauliflower, Zewail et al. (2020) and Makhlouf et al. (2020) in sugar beet and Bhatnagar et al. (2021) in beetroot, who also reported increased leaf breadth following foliar micronutrient applications.
Table 5 Effect of different micronutrient concentrations on Leaf area (cm2), Leaf length (cm) and Leaf breadth (cm) in Zucchini
	Treatments
	Leaf area (cm2)
	Leaf Length (cm)
	Leaf Breadth (cm)

	T1 : Boron (B) @ 20 ppm
	225.58d
	22.20cd
	14.48c

	T2 : Boron (B) @ 40 ppm
	226.66d
	22.32cd
	14.50bc

	T3 : Zinc (Zn) @ 15 ppm
	234.65cd
	22.35cd
	14.62bc

	T4 : Zinc (Zn) @ 30 ppm
	229.87d
	22.68bc
	14.54bc

	T5 : Manganese (Mn) @ 20 ppm
	232.44cd
	22.56bcd
	14.87abc

	T6 : Manganese (Mn) @ 40 ppm
	244.39b
	23.13abc
	14.72bc

	T7 : Boron (B) @ 20 ppm +  Zinc (Zn)  @ 30 ppm
	249.50abc
	23.12abc
	14.75bc

	T8 : Zinc (Zn) @ 15 ppm +  Manganese (Mn) @ 40 ppm
	249.60abc
	23.34ab
	14.99ab

	T9 : Manganese (Mn) @ 20 ppm + Boron (B) @ 40 ppm
	240.50bc
	22.70bc
	14.92abc

	T10 : Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 20 ppm
	257.98a
	23.86a
	15.34a

	T11 : Boron (B) @ 40 ppm + Zinc (Zn) @ 30 ppm + Manganese (Mn) @ 40 ppm
	253.72ab
	23.71a
	14.98ab

	T12 : Control
	211.35e
	21.68d
	14.44c

	S.E (m) ±
	3.15
	0.32
	0.17

	CD @ 5 %
	9.31
	0.95
	0.50

	C.V (%)
	2.30
	2.45
	2.00



4.1.8	Stem diameter (cm)
	The data enunciated on stem diameter as influenced by different micronutrient concentrations in the Table 6.
	A perusal of data on stem diameter (cm) was recorded at the harvest of zucchini and there were exerted non-significant differences among the different treatments recorded at harvest during the study.
4.1.9	Chlorophyll content (SPAD units)
	The data regarding micronutrient impact on leaf chlorophyll content are presented in the Table 6.
Among the treatments studied, maximum chlorophyll content (44.70 SPAD units) was observed with the application of T10 - Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm. Minimum chlorophyll content was recorded in treatment T12 – Control (39.94 SPAD units.)  
The observed effects may be attributed to the use of a combination of micronutrients, which play a vital role in promoting vegetative growth and stimulating cell division in the plant meristem, ultimately leading to improved growth parameters. Furthermore, boron helps regulate the potassium to calcium (K/Ca) ratio within the plant, a critical factor for the proper distribution of sugars, starches, and phosphorus. This regulation facilitates protein synthesis, thereby enhancing overall plant development. An increase in boron levels has been associated with improved vegetative growth, as reflected by higher chlorophyll content in the foliage. These findings are consistent with the results reported by Kazemi (2013) in tomato, Rubaye and Atia (2016) in summer squash, Ashraf et al. (2020) in bitter gourd, and Akshata et al. (2023) in cucumber.
Table 6 Effect of different micronutrient concentrations on Stem diameter (cm) and Leaf chlorophyll content (SPAD Units) in Zucchini
	Treatments
	Stem diameter (cm)
	Chlorophyll content (SPAD Units)

	T1 : Boron (B) @ 20 ppm
	14.46
	40.87cd

	T2 : Boron (B) @ 40 ppm
	15.79
	40.67cd

	T3 : Zinc (Zn) @ 15 ppm
	14.70
	40.90cd

	T4 : Zinc (Zn) @ 30 ppm
	15.72
	40.43cd

	T5 : Manganese (Mn) @ 20 ppm
	16.34
	42.97ab

	T6 : Manganese (Mn) @ 40 ppm
	16.25
	43.27ab

	T7 : Boron (B) @ 20 ppm + Zinc (Zn)  @ 30 ppm
	15.47
	41.97bc

	T8 : Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 40 ppm
	17.46
	43.80ab

	T9 : Manganese (Mn) @ 20 ppm + Boron (B) @ 40 ppm
	13.91
	43.57ab

	T10 : Boron (B) @ 20 ppm + Zinc (Zn) @ 15 ppm + Manganese (Mn) @ 20 ppm
	16.39
	44.70a

	T11 : Boron (B) @ 40 ppm + Zinc (Zn) @ 30 ppm + Manganese (Mn) @ 40 ppm
	16.61
	44.27a

	T12 : Control
	13.62
	39.94d

	S.E (m) ±
	0.90
	0.66

	CD @ 5 %
	NS
	1.95

	C.V (%)
	9.99
	2.70
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