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Abstract
A field experiment was conducted at College Farm of Navinchandra Mafatlal College of Agriculture, Navsari Agricultural University, Navsari (Gujarat) during the summer season of 2024 on “Response of fodder pearl millet (Pennisetum glaucum (L.) R. Br.) to zinc (Zn) and iron (Fe) application”. The experiment comprised 10 treatments, laid out in a randomised block design with 3 replications. The recommended dose of fertilisers (100-00-00 N-P2O5-K2O kg/ha) was applied to all the treatments. Soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4 recorded remarkably higher plant growth in terms of plant height (219.76 cm), number of leaves per plant (19.33), plant dry matter (21.26 g/plant), leaf:stem ratio (0.89) and length of internode (23.40 cm) as well as green (459 q/ha) and dry fodder yield (139 q/ha) of summer fodder pearl millet. Quality parameters, viz., crude protein and crude fibre content of fodder pearl millet, remained unaffected by different treatments. The highest net return and B:C (4.73) ratio were accrued under the treatment soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4 (T4).
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Introduction
Pearl millet, commonly known as bajra, is one of the important food as well as fodder crops. It is cultivated in both the summer and the kharif seasons. Profuse tillering, early bulkiness, quick establishment, short duration, drought resistance, highly palatable and nutritious fodder, etc., make it an important fodder species. Its green forage (without prussic acid, a poisoning potential commonly found in sorghum and Sudan grass) is a valuable fodder for livestock (Yusuf et al., 2012).
India has the largest livestock population in the world, accounting for about 18% of the world’s livestock, despite occupying only 2% of the world’s land area. According to 21st livestock census 2024 India has a livestock population of 536.76 million, which is the largest in the world. India ranks first among global milk producers. Gujarat contributes 7.78% of the country's total milk production (IGFRI, 2023). This sizeable livestock population plays a multitude of ensuring food security, poverty alleviation, evading climate change and engaging women in agriculture in a larger number (Smith et al., 2013).
The availability of nutritious feed and fodder is a major bottleneck to enhancing livestock production. In India, as the livestock population is growing, there is an increase in the demand for green fodder, and this creates a gap between the requirement and the supply of fodder. Our country may face a shortage of both green as well as dry fodder by about 32.15% and 10.99%, respectively. At present, the availability of green forage is 608 lakhs metric tonnes, and dry fodder is 139 lakhs metric tonnes in Gujarat. There is a 25% and 44% deficit of green and dry fodder, respectively (IGFRI, 2023).
To improve and maintain agricultural yield, the right amount of necessary plant nutrients must be applied. Widespread micronutrient deficiencies are mostly caused by the overuse of pure, high-analysis chemical fertilisers devoid of micronutrients, high-yielding varieties, a decrease in the recycling of manures and crop residues and nutrient interactions. Zn and Fe in particular are crucial for boosting crop growth and enhancing crop quality. The effectiveness of macronutrients can also be increased by micronutrients.
Zn is considered the most critical micronutrient, as it affects protein synthesis in plants. It is an important component in the functioning of various enzymes and acts as a cofactor for about 300 enzymes. It plays a major role in plant development since it is involved in cell division and acts as a catalyst in nucleic acid metabolism. Zn improves yield attributes by altering the source-sink relationship, thereby affecting the translocation of photosynthates towards the reproductive system (Sammauria and Yadav 2010). Zn plays an important role in the synthesis of various enzymes, such as carbonic anhydrase, glutamic acid dehydrogenase, lactic acid dehydrogenase, and some peptidases. It is also considered a precursor for auxin synthesis, involved in nitrogen metabolism and several oxidation-reduction reactions, RNA stability, and starch formation; thus, its adequate supply results in higher dry matter production, ultimately affecting the growth and development of plants (Dadhich and Gupta 2003). Zinc deficiency remained a major problem all over the country. Zinc deficiency has increased from 44% to 48% and is expected to further increase up to 63% by 2025 as most of the marginal soils are showing higher response to added zinc (Singh and Ram, 2006).
One of the most crucial micronutrients needed by cereals for proper growth and life cycle completion is iron. Although Fe is the fourth most abundant element in the Earth’s crust, it is the third-most limiting micronutrient for plant growth (Zuo and Zhang, 2011). It is involved in the biosynthesis of chlorophyll, respiration, chloroplast development and also improves the performance of photosystems. It plays an essential role in nucleic acid metabolism. Iron plays a major role in the biosynthesis of IAA and especially due to its role in the initiation of the primordial reproductive part and portioning of photosynthates towards them, which promotes the yield. Iron provides potential for many of the enzymatic transformations. Several of these enzymes are involved in chlorophyll synthesis, grain formation, and dry matter production, which ultimately lead to an increase in yield characters such as the number of effective tillers per plant (Abbas et al., 2009).
Materials and Methods
Experimental site
The field experiment was carried out during the Summer of 2024 at the College Farm, Navinchandra Mafatlal College of Agriculture, Navsari Agricultural University, Navsari. The experimental site on the Navsari Agricultural University campus is geographically situated in the coastal region of south Gujarat, at 20° 37¹ N latitude and 72° 54¹ E longitude, with an altitude of 11.98 meters above mean sea level. The location is 12 kilometres east of the famous historical site known as "Dandi" on the Arabian Sea coast.
Soil characteristics
The experimental site was slightly alkaline in reaction (7.7), low in organic carbon (0.44%), low in available nitrogen (223.6 kg/ha), medium in available phosphorous (39.13 kg/ha), high in available potassium (374.13 kg/ha), low in available zinc (0.41 mg/kg) and medium in available iron (6.37 mg/kg).
Experimental design and treatment details
The experiment comprising 10 treatments was arranged in a Randomised Block Design (RBD) with 3 replications. The treatments included soil and foliar application of zinc and iron viz.,T1: No Zn and Fe application (Control), T2: Soil application of 25 kg/ha ZnSO4, T3: Soil application of 25 kg/ha FeSO4, T4: Soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4, T5: Soil application of 12.5 kg/ha ZnSO4 fb Foliar spray of 0.5% ZnSO4 at 30 DAS, T6: Soil application of 12.5 kg/ha FeSO4 fb Foliar spray of 0.5% FeSO4 at 30 DAS, T7: Soil application of 12.5 kg/ha ZnSO4 + 12.5 kg/ha FeSO4 fb Foliar spray of 0.5% ZnSO4 + 0.5% FeSO4 at 30 DAS, T8: Foliar spray of 0.5% ZnSO4 at 30 and 45 DAS, T9: Foliar spray of 0.5% FeSO4 at 30 and 45 DAS, T10: Foliar spray of 0.5% ZnSO4 + 0.5% FeSO4 at 30 and 45 DAS.
Observations
Five representative plants were randomly selected and tagged within the net plot area. The biometric data and post-harvest observations were recorded from these tagged plants. Plant height was measured from the ground level to the tip of the top leaf. The number of leaves per plant was recorded by taking count of leaves. Dry matter production was determined by destructive sampling. First, the samples were allowed to dry in the shade, then cut into pieces and transferred to labelled brown paper bags and later kept in a hot air oven at 60-65°C to a constant weight. Leaf: stem ratio was determined by measuring the dry weight of the leaf and the stem separately. The number of internodes per plant was counted, and internodal length was measured from each plot. Plants were cut to the base, and green fodder yield from net plots was weighed. After harvest, the green fodder was spread out separately for sun drying for 5 days to determine the dry fodder yield. Crude protein content was estimated by multiplying the %N by the conversion factor 6.25 (Sadasivam and Manickam, 2010). Crude fibre content in fodder plants was estimated by the acid-alkali digestion method (Singh and Pradhan, 1981).
Economics
The costs of all cultivation operations, from preparatory tillage to harvesting, and of variable inputs such as seeds and fertiliser, were computed using market prices at the time. The gross return for each treatment was calculated using current market prices for outputs and reported in ₹/ha. Net returns for each treatment were determined independently by deducting the total cost of cultivation from the gross return. The Benefit-Cost ratio (BCR) was computed for each treatment using the following formula.
B:C ratio = 
Statistical analysis
The data recorded for all characters involved in the study were subjected to statistical analysis. The standard method of analysis of variance technique appropriate to the Randomised Block Design was followed as described by Panse and Sukhatme (1985). The differences among treatments were tested using the F-test at the 5% level of significance. The Critical Difference (C.D.) at the 5% level of probability was calculated to compare the treatment means only when the treatment effects were found to be significant under the F test.
Results and Discussion 
Growth parameters
Plant height (cm)
At harvest, the highest plant height (219.7 cm) was observed in the treatment T4 (Soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4) and the lowest in the control (173.4 cm). Treatment T4 was statistically at par with T7, T10, T3, T5, and T6, with plant heights of 211.4 cm, 208 cm, 205.8 cm, 204.1 cm, 197.6 cm, and 196 cm, respectively. These results are in line with those of Adesh et al. (2021) and Patel and Rathod (2024), who reported that combined soil application of zinc and iron enhanced nutrient availability throughout the plant's growth stages.
Number of leaves per plant
T1 treatment (without zinc and iron) showed the lowest number of leaves per plant (14.20), whereas the T4 (Soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4) treatment recorded the highest number of leaves per plant (19.33). T4 treatment was statistically equivalent to T7, T10, T2, T3, T5, and T6, which recorded 19.26, 17.86, 17.33, 17.26, 17.20, and 16.93 leaves per plant, respectively. The number of leaves per plant may have increased in treatments T8, T9, and T10 at harvest as a result of enhanced photosynthetic activity induced by timely foliar fertiliser sprays at 30 and 45 DAS.
The higher number of leaves per plant reflects photosynthetic potential and results from cell division and expansion in leaf primordia. This might be due to efficient utilisation of zinc and iron. These results corroborate those reported by Adesh et al. (2021), Kumar et al. (2022) and Sewhag et al. (2022).
Plant dry matter at harvest (g/plant)
Dry weight provides a good indicator of the amount of energy fixed and helps mitigate the effects of short-term fluctuations in water content. At harvest, the maximum (21.26 g/plant) dry matter accumulation was observed in treatment T4 (Soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4), followed by T7, which is at par with T4 with dry matter production of 20.70 g/plant. The lowest dry matter per plant is recorded in the control, 16.16 g/plant.
The current results are in accordance with Sulthana et al. (2015) and Patel and Rathod (2024), who reported that, as plants directly participate in photosynthesis and in the movement of photosynthates from source to sink, continuous application of zinc and iron to plants could be the cause of increased dry matter production.


Leaf to stem ratio
Significantly highest leaf to stem ratio of 0.89 at harvest was recorded in treatment T4 (Soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4), followed by treatments T7, T2 and T3, which were statistically at par with T4 with leaf to stem ratio of 0.86, 0.82 and 0.78, respectively. The lowest leaf-to-stem ratio (0.58) was recorded in the T1 treatment with no zinc and iron application.
This could be due to the role of zinc and iron in the synthesis of various enzymes, biosynthesis of plant auxins, nitrogen metabolism, oxidation-reduction reactions, chlorophyll formation, photosynthesis, and respiration in plants, resulting in a higher leaf-to-stem ratio. Sewhag et al. (2023) and Kumar et al. (2024) also reported a similar result.
Yield
Green fodder yield (q/ha)
Among the various nutrient management treatments, soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4 (T4) recorded a significantly higher green fodder yield (459 q/ha) than the control. Treatments T7 and T2 were statistically equivalent to T4, with yields of 435 (q/ha) and 422 (q/ha), respectively. The minimum green fodder yield of 370 (q/ha) was recorded in control (T1) with no zinc and iron application.
Reddy et al. (2021) reported that zinc and iron absorption, along with longer nitrogen availability, strengthened the assimilatory surface and increased photosynthetic capacity, protein synthesis, and growth hormone release, all of which promoted internode elongation and subsequent plant growth. The enhanced availability of zinc and iron with organic matter, particularly during the enrichment process, which lasts longer and releases the nutrients gradually in the soil system so that they are protected from fixation and made available to the plant root system throughout the crop growth, which might be the cause of the yield increase in treatments with the soil application (T4, T2 and T3) in comparison to the treatments with foliar spray. These findings agree with those of Vinita and Shivakumar (2021).
Dry fodder yield (q/ha)
The maximum dry fodder yield (139 q/ha) was observed with soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4 (T4), which was significantly superior to the control. Whereas treatments T7, T2 and T3 were found to be comparable to T4, which recorded dry fodder yields of 131 q/ha, 126 q/ha and 123 q/ha, respectively.
Higher zinc and iron availability may have led to greater synthesis of proteins, fats, and carbohydrates, which, in turn, caused plants to grow and develop vigorously and, eventually, to accumulate more dry matter in their shoots. Similar findings were noticed by Soleymani and Shahrajabian (2012), Adesh et al. (2021), Reddy et al. (2021) and Patel and Rathod (2024).
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Quality Parameters
Crude protein content (%)
The most crucial factor in assessing the quality of fodder pearl millet is its crude protein level. The quality of fodder improves with increasing crude protein. A review of the data (Table 3) showed that the different treatments did not have a significant effect on the crude protein content of fodder pearl millet. These results confirm the findings of Rana et al. (2013).
Crude fibre content (%)
An essential characteristic correlated to the digestibility of fodders is crude fibre. It is regarded as the least digestible component of all the feed materials. Numerically, the highest crude fibre was noticed in control treatment (T1) with no zinc and iron application (32.8%), and the lowest (26.4%) was in treatment T4 with soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4. Zinc and iron application did not significantly impact the crude fibre content of the pearl millet fodder. However, after observation, it was discovered that the crude fibre content displayed a decreasing trend as zinc and iron fertility levels increased.
Economics
Soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4 (T4) recorded the highest net return (1,44,852 ₹/ha) and B:C ratio (4.73) of fodder pearl millet, whereas as the lowest net return (1,12,414 ₹/ha) and B:C (4.15) ratio was registered under the control treatment (T1). These results were consistent with those of Kumar and Kubsad (2017), Durgude et al. (2019), Shanti et al. (2020), Ram et al. (2021), and Sewhag et al. (2023).
Conclusion 
Soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4 recorded remarkably higher plant growth in terms of plant height, number of leaves per plant, plant dry matter, leaf:stem ratio as well as green and dry fodder yield of summer fodder pearl millet. It can be concluded that summer fodder pearl millet should be fertilized with soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4 in addition to recommended dose of N fertilizer for achieving higher yield, higher net return and Benefit Cost ratio.








Table 1: Effect of zinc and iron application on growth parameters of fodder pearl millet
	
Treatment
	Plant height (cm)
	Number of leaves per plant
	Plant dry matter (g/plant)
	Leaf : stem ratio

	T1
	No Zn and Fe application (Control)
	173.40
	14.20
	16.16
	0.58

	T2
	Soil application of 25 kg/ha ZnSO4
	205.80
	17.33
	20.46
	0.82

	T3
	Soil application of 25 kg/ha FeSO4
	204.13
	17.26
	20.23
	0.78

	T4
	Soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4
	219.76
	19.33
	21.26
	0.89

	T5
	Soil application of 12.5 kg/ha ZnSO4 fb Foliar spray of 0.5% ZnSO4 at 30 DAS
	197.63
	17.20
	19.36
	0.75

	T6
	Soil application of 12.5 kg/ha FeSO4 fb Foliar spray of 0.5% FeSO4 at 30 DAS
	193.00
	16.93
	18.83
	0.72

	T7
	Soil application of 12.5 kg/ha ZnSO4 + 12.5 kg/ha FeSO4 fb Foliar spray of 0.5% ZnSO4 + 0.5% FeSO4 at 30 DAS
	211.40
	19.26
	20.70
	0.86

	T8
	Foliar spray of 0.5% ZnSO4 at 30 and 45 DAS
	190.70
	15.93
	18.36
	0.67

	T9
	Foliar spray of 0.5% FeSO4 at 30 and 45 DAS
	187.76
	15.80
	18.06
	0.65

	T10
	Foliar spray of 0.5% ZnSO4 + 0.5% FeSO4 at 30 and 45 DAS
	208.02
	17.86
	19.16
	0.76

	SEm±
	9.48
	0.81
	0.93
	0.04

	CD at 5%
	28.19
	2.43
	2.76
	0.12

	CV%
	8.25
	8.29
	8.36
	9.6




Table 2: Effect of zinc and iron application on yield of fodder pearl millet
	Treatment

	Green fodder yield (q/ha)
	Dry fodder yield (q/ha)

	T1
	No Zn and Fe application (Control)
	370
	109

	T2
	Soil application of 25 kg/ha ZnSO4
	422
	126

	T3
	Soil application of 25 kg/ha FeSO4
	408
	123

	T4
	Soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4
	459
	139

	T5
	Soil application of 12.5 kg/ha ZnSO4 fb Foliar spray of 0.5% ZnSO4 at 30 DAS
	400
	119

	T6
	Soil application of 12.5 kg/ha FeSO4 fb Foliar spray of 0.5% FeSO4 at 30 DAS
	383
	114

	T7
	Soil application of 12.5 kg/ha ZnSO4 + 12.5 kg/ha FeSO4 fb Foliar spray of 0.5% ZnSO4 + 0.5% FeSO4 at 30 DAS
	435
	131

	T8
	Foliar spray of 0.5% ZnSO4 at 30 and 45 DAS
	381
	113

	T9
	Foliar spray of 0.5% FeSO4 at 30 and 45 DAS
	378
	112

	T10
	Foliar spray of 0.5% ZnSO4 + 0.5% FeSO4 at 30 and 45 DAS
	394
	116

	SEm±
	16.48
	5.60

	CD at 5%
	48.98
	16.65

	CV%
	7.08
	8.06




Table 3: Effect of zinc and iron application on quality parameters of fodder pearl millet
	Treatment
	Crude protein content (%) 
	Crude fibre content (%) 

	T1
	No Zn and Fe application (Control)
	3.93
	32.80

	T2
	Soil application of 25 kg/ha ZnSO4
	4.43
	29.80

	T3
	Soil application of 25 kg/ha FeSO4
	4.50
	30.50

	T4
	Soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4
	4.68
	26.40

	T5
	Soil application of 12.5 kg/ha ZnSO4 fb Foliar spray of 0.5% ZnSO4 at 30 DAS
	4.18
	30.70

	T6
	Soil application of 12.5 kg/ha FeSO4 fb Foliar spray of 0.5% FeSO4 at 30 DAS
	4.25
	31.70

	T7
	Soil application of 12.5 kg/ha ZnSO4 + 12.5 kg/ha FeSO4 fb Foliar spray of 0.5% ZnSO4 + 0.5% FeSO4 at 30 DAS
	4.37
	27.90

	T8
	Foliar spray of 0.5% ZnSO4 at 30 and 45 DAS
	4.06
	32.01

	T9
	Foliar spray of 0.5% FeSO4 at 30 and 45 DAS
	4.06
	32.20

	T10
	Foliar spray of 0.5% ZnSO4 + 0.5% FeSO4 at 30 and 45 DAS
	4.12
	31.30

	SEm±
	0.15
	1.34

	CD at 5%
	NS
	NS

	CV%
	6.12
	7.61









Table 4: Effect of zinc and iron application on economics of fodder pearl millet
	
Treatment
	Gross return (₹/ha)
	Total cost of cultivation (₹/ha)
	B: C ratio

	T1
	No Zn and Fe application (Control)
	1,48,000
	35,586
	4.15

	T2
	Soil application of 25 kg/ha ZnSO4
	1,68,800
	37,811
	4.46

	T3
	Soil application of 25 kg/ha FeSO4
	1,63,200
	36,523
	4.46

	T4
	Soil application of 25 kg/ha ZnSO4 + 25 kg/ha FeSO4
	1,83,600
	38,748
	4.73

	T5
	Soil application of 12.5 kg/ha ZnSO4 fb Foliar spray of 0.5% ZnSO4 at 30 DAS
	1,60,000
	37,310
	4.28

	T6
	Soil application of 12.5 kg/ha FeSO4 fb Foliar spray of 0.5% FeSO4 at 30 DAS
	1,53,200
	365,37
	4.19

	T7
	Soil application of 12.5 kg/ha ZnSO4 + 12.5 kg/ha FeSO4 fb Foliar spray of 0.5% ZnSO4 + 0.5% FeSO4 at 30 DAS
	1,74,000
	37,872
	4.59

	T8
	Foliar spray of 0.5% ZnSO4 at 30 and 45 DAS
	1,52,400
	36,809
	4.14

	T9
	Foliar spray of 0.5% FeSO4 at 30 and 45 DAS
	1,51,200
	36,551
	4.13

	T10
	Foliar spray of 0.5% ZnSO4 + 0.5% FeSO4 at 30 and 45 DAS
	1,57,600
	36,996
	4.25
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