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Synergistic Inputs for Enhanced Citrus Nutrition: An Integrated Management Approach on growth and yield of sweet orange (Citrus sinensis L. Osbeck) cv. Sathgudi

Abstract
Sweet orange (Citrus sinensis L. Osbeck), valued for its health benefits and flavour, requires balanced nutrition for optimal productivity. A field study was conducted on the 'Sathgudi' variety to evaluate the impact of synergistic inputs for the enhanced citrus nutrition - an integrated management approach on growth and yield of sweet orange. The experiment was laid out in a Randomized Block Design with ten treatments, replicated thrice. Treatments involved various combinations of farmyard manure (FYM), recommended chemical fertilizers (RDF), Arka Citrus Special, the bio-inoculant B. velezensis and proprietary nutrient blends applied through soil and foliar methods. Results showed that treatment (T10), which combined FYM with a citrus nutrient pack (in both soil and foliar application) as nutrient spray with B. velezensis was the most effective. This synergistic approach recorded the highest values across all measured parameters, including incremental plant height of (35.28 cm pooled), incremental plant spread N-S of (45.32 cm pooled) and incremental plant spread E-W (45.73 cm pooled). Yield parameters such as fruit weight of (241.91 g in pooled), number of fruits per tree (255.28 in pooled), yield in kg per tree of (61.75 kg/ha) and total yield as (17.17 t/ha in pooled). This study concludes that the synergistic application of organic, inorganic and bio inoculant constitutes a superior integrated management strategy for enhancing the growth and yield of sweet orange.
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Introduction 
In India, sweet orange is grown in 190 thousand ha of area and produced in 3401 thousand MT. (Anon., 2019). Andra Pradesh rank first in production 2700.57 thousand tons and per cent share 69.35 per cent and Maharashtra rank second with 515.19 thousand tons production and 69.35 per cent share followed by Telangana, Madhya Pradesh and Punjab (Anon., 2022a). In the world, Brazil stands first in production, followed by the United States of America, China, India and Mexico (Anon. 2013). In terms of export of sweet orange from India, Bangladesh (63,152.54 tons) rank first in export followed by Nepal (9,634.50 tons), Bhutan (209.91 tons), UAE (137.60 tons) and Bahrain (7.95 tons) (Anon., 2022b). Sweet orange (Citrus sinensis L. Osbeck), a major citrus species of the family Rutaceae and subfamily Aurantioideae, originated in Southern China and is extensively cultivated across tropical and subtropical regions. Columbus introduced them to the western hemisphere in the 15th century (Vashisth and Kadyampakeni, 2020). It is a small, spiny tree typically growing up to 5 m, generally with a compact crown. The flesh or pulp of the fruit is typically juicy and sweet, divided into 10-14 segments. Fruits are rich in Vitamin A, C and potassium. Sweet orange can be cultivated at elevations of up to 900 meters above mean sea level. 
INM as a dynamic concept of nutrient management that considers the economic yield in terms of fruit yield coupled with quality on one hand, and soil physico-chemical and microbiological health on other hand as a marker of resistance against the nutrient mining that arises because of failure to strike a balance between annual nutrient demand versus the quantity of nutrients applied. Soils under citrus differ from other cultivated soils, which remain fallow for 3-6 months every year forcing depletion of SOM. In contrast, biological oxidation of existing C continues in soil covered under citrus. Multiple nutrient deficiencies are considered to have a triggering effect on potential source of atmospheric CO₂. Soil carbon, hence, considered as an important criterion to determine the impact of INM in the longer version of impact assessment. INM advocates the careful management of nutrient stocks and flows in a way that leads to profitable and sustained production. Diagnosis of nutrient constraints and their efficient management has therefore, now shifted in favour of INM through collective use of organic manures, inorganic and bio inoculants. Nutrition in sweet oranges plays a vital role in maintaining vegetative growth, reproductive growth and qualitative fruits production for extended periods. A key contributing factor to India’s citrus decline is improper and insufficient nutrition (Shilewant et al., 2023). Adequate nutrient supply is a critical determinant of growth and yield in fruit crops, as it directly influences flowering intensity, fruit retention and the development of desirable fruit size and shape. Inadequate nutrient availability in citrus orchards often leads to restricted vegetative growth, reduced fruit set, increased fruit drop and deterioration in fruit quality, thereby predisposing trees to pest incidence and physiological disorders. (Vasure et al. 2018). Against this backdrop, the present experiment was undertaken to come up with sustainable results regarding nutrient management on growth and yield of sweet orange var. Sathgudi.
Materials and Methods 
The present experiment on ‘Synergistic Inputs for Enhanced Citrus Nutrition: An Integrated Management Approach on growth and yield of sweet orange’ was conducted at Vaaniamallee village, Gummidipoondi taluk, Tamil Nadu. The aim of the present study was to find out the suitable nutrient management practices increasing the growth and yield of sweet orange. The experiment was conducted during 2024 and 2025. Seven-year-old trees of sweet orange var. Sathgudi were selected for the experiment. Five trees were used for each replication. Trees were planted at a spacing of 6 x 6 m. The experiment was laid out in a Randomized Block Design (RBD) with ten treatments replicated thrice viz., T1- Control, T2- FYM+RDF, T3- FYM+ RDF+ B.velezensis, T4- FYM+ RDF+ Arka Citrus Special, T5- FYM+ Citrus nutrient pack as Soil application, T6- FYM+ Citrus nutrient pack as Foliar application, T7- FYM+ RDF+ Arka Citrus Special+ B.velezensis, T8- FYM+ Citrus nutrient pack as Soil application+ B.velezensis, T9- FYM+ Citrus nutrient pack as Foliar application+ B.velezensis, T10- FYM+ Citrus nutrient pack as Soil application + Foliar application+ B.velezensis. The required quantity of inorganic fertilizers, (full dose of P2O5 and K2O) were applied during January along with FYM by broadcasting under the spread of trees, 30cm away from the trunk and were mixed with soil. The nitrogen was applied in split doses, half during spring before flowering and remaining half dose was applied one month after first application. A citrus nutrient pack was curated with urea, monoammonium phosphate, ferrous sulphate, copper sulphate, zinc sulphate, manganese sulphate, boric acid, zinc sulphate, magnesium sulphate was prepared and dissolved in water then the volume was made up. A micronutrient spray, Arka Citrus Special was used. The composition of Arka Citrus Special (Research formulation of IIHR, Bengaluru) are Zinc, Boron, Manganese, Iron, Copper. Foliar application of micronutrients was sprayed during September - October and March – April every year. Each treatment was imposed in five uniform trees. Spray was given twice in a season. The first spray was given during peak flowering stage (October) and next spray was given during fruit set stage (15 days after first spray). Different growth parameters were recorded such as Incremental Plant height (cm), Incremental Plant spread (N-S) and Incremental Plant spread (E-W). Different yield parameters such as fruit weight (g), number of fruits per tree, fruit yield (kg/tree) and fruit yield (t/ha) were recorded for the year 2024, 2025 and pooled.
Individual year’s data of different parameters were analysed statistically. In order to study the overall effect of different treatments over the years, the pooled analysis was also carried out as suggested by Gomez and Gomez (1976). Treatment means of all characters for individual as well as pooled analysis were compared by means of critical differences at 5% level of significance.
Statistical analysis was performed using the OPSTAT software, with a standard analysis of variance (ANOVA) procedure, following the established protocol suggested by Panse and Sukhatme 1995.
Results and Discussion
The present investigation aimed to enhance the synergistic application of organic, inorganic and chemical nutrient sources to constitute a superior integrated management strategy for enhancing the growth and yield of sweet orange. The results revealed significant differences among all the parameters studied. (T10) FYM+ Citrus nutrient pack as Soil application + Foliar application+ B.velezensis consistently demonstrated best performance and (T1) Control exhibiting the least outcomes in both the years 2024, 2025 and pooled.
Incremental Plant Height (cm)
[bookmark: _Hlk213284096]The data pertaining to the synergistic application of organic, inorganic and biofertilizers to constitute a superior integrated management strategy for enhancing the growth and yield of sweet orange are presented in Table 1. Significant difference was observed in incremental plant height of sweet orange among the ten treatments, all of which showed positive effects during both years and in the pooled mean (Table 1).
Among the treatments, T₁₀ (FYM + Citrus nutrient pack as soil + foliar application + B. velezensis) recorded the maximum incremental plant height (34.83 cm in 2024, 35.73 cm in 2025 and 35.28 cm pooled), which was significantly superior to all other treatments. This was followed by T₇, T₉, and T₈, while the minimum plant height was observed in the control (T₁) with 26.22 cm in 2024, 26.83 cm in 2025 and 26.80 cm (pooled).
T10 resulted the best due to the better nutritional environment in the root zone as well as in the plant system. The combined use of farmyard manure and bio-inoculants improved soil physical properties, particularly porosity and aggregation, which in turn enhanced nutrient availability and utilization efficiency by the plants and increase the uptake of available nutrient which resulted in faster cell division, cell elongation and production of new tissues which consequently increased the plant height (Lal and Dayal 2014). Soil-applied micronutrients enhanced the enzymatic and metabolic activities in rhizosphere, leading to improved vegetative vigour (Kannan et al., 2022). Foliar supplementation of micronutrients promoted chlorophyll formation and photosynthetic efficiency, resulting in enhanced cellular expansion and improved canopy growth and plant height (Fernández & Eichert, 2019). Bacillus velezensis stimulated plant growth by improving nutrient solubilization in the rhizosphere and by producing growth-regulating compounds that support vegetative development. (Rabbee et al., 2019). B. velezensis produces phytohormones such as auxins, which are directly implicated in cell division and elongation in the sub-apical meristem, directly influencing the overall plant height (Lee et al., 2021).
 T1 exhibited significantly lowest incremental plant height when compared to all other treatments. The absence of organic and inorganic nutrient supplementation often leads to a decline in soil fertility parameters, particularly organic carbon and available nitrogen, phosphorus, and potassium, resulting in reduced root activity and impaired nutrient absorption (Srivastava & Singh, 2020). Nutrient deficiencies, especially of nitrogen and micronutrients such as zinc and iron, have been reported to suppress chlorophyll synthesis, photosynthetic rate, and overall vegetative growth in citrus (Zhou et al., 2021).
Incremental Plant Spread (N-S) and (E-W)
Among the treatments, T₁₀ (FYM + Citrus nutrient pack as soil + foliar application + B. velezensis) recorded the maximum incremental plant spread N-S (44.94 cm in 2024, 45.70 cm in 2025 and 45.32 cm pooled) and E-W (45.07 cm in 2024, 46.40 cm in 2025 and 45.73 cm pooled), which was significantly superior to all other treatments. This was followed by T₇, T₉, and T₈, while the minimum plant spread (N-S) was observed in the control (T₁) with 35.32 cm in 2024, 34.51 cm in 2025 and 34.91 cm (pooled) and in (E-W) with 35.33 cm in 2024, 35.47 cm in 2025 and 35.40 cm (pooled).
T₁₀ observed the highest incremental plant spread (E-W) due to the synergistic effect of organic manure, micronutrient supplementation through Citrus Nutrient Pack (CNP), and the growth-promoting activity of Bacillus velezensis. The soil application of FYM not only supplied primary nutrients but also improved soil structure, porosity, and water-holding capacity, creating a favourable environment for root proliferation and nutrient absorption (Meena et al., 2021). Application of micronutrients like B, Fe, Cu, Mg, Zn stimulated cell division and cell elongation resulting in increased plant spread.  The microbial inoculant B. velezensis enhanced the canopy development by increasing the nutrient solubilization and producing phytohormones such as auxins and gibberellins, which promote cell elongation and lateral growth (Rabbee et al., 2019 and Lee et al., 2021). T1 exhibited lowest incremental plant spread due to the absence of organic carbon and beneficial microbes, likely restricted nutrient-use efficiency and root proliferation, while limited microbial activity and low soil aggregation reduced the effective nutrient uptake and canopy expansion (Srivastava & Singh, 2020).
Fruit Weight (g)
It is evident from the data, that treatment T₁₀ (FYM + Citrus nutrient pack as soil + foliar application + B. velezensis) recorded the maximum fruit weight (243.15 g in 2024, 240.67 g in 2025 and 241.91 g in pooled), which was significant among all other treatments. This was followed by T₇, T₉ and T₈, while the minimum fruit weight was observed in the control (T₁) with 200.29 g in 2024, 203.04 g in 2025 and 201.66 g in pooled.
The enhancement in fruit weight can be attributed to the role of boron and zinc in promoting cell division and expansion, leading to increased mesocarp tissue development and fruit volume. Due to the higher synthesis of metabolites and enhanced mobilization of food and minerals from other parts of the plant towards developing fruit. Iron also plays vital role in plant metabolic functions such as chlorophyll synthesis, respiration and photosynthesis. Increase in the rate of photosynthesis probably resulted in increased metabolites which might have got transferred from source (leaves) to sink (fruit) thereby increasing the fruit weight. (Deshwal et al., 2024). B. velezensis improved the plant vigor by solubilizing phosphate and iron by producing siderophores that facilitated efficient nutrient transport, which indirectly contributes to increased fruit biomass (Rabbee et al., 2023). Increased fruit weight might be also due to the increased accumulation of dry matter and also efficient partitioning of photosynthates towards the sink by bio fertilizers and bio-inoculants. Besides bio-inoculants, inorganic fertilizers also help in apparent increase in fruit weight.
Number of fruits per tree
Among the treatments, T₁₀ (FYM + Citrus nutrient pack as soil + foliar application + B. velezensis) recorded the maximum number of fruits per tree (256.23 in 2024, 254.33 in 2025 and 255.28 in pooled), which showed significant when compared to all other treatments. This was followed by T₇, T₉ and T₈, while the minimum number of fruits per tree was observed in the control (T₁) with 184 in 2024, 191.67 in 2025 and 187.83 in pooled.
Application of FYM served as a slow-release source of macro- and micronutrients while improving soil structure, porosity and microbial biomass, thereby promoting efficient root development and nutrient uptake (Lal & Dayal, 2014). FYM also enhances the cation exchange capacity and moisture retention, which supports better nutrient absorption during the flowering and fruit-setting stages. Boron and zinc are essential for reproductive organ development, pollen tube elongation and fertilization success, directly influencing the number of fruits formed per tree (Srivastava & Singh, 2020). Foliar application of CNP provided rapid correction of micronutrient deficiencies during flowering, preventing flower abscission and fruit drop, while soil application ensured continuous nutrient availability (Pérez-Piqueres et al., 2025). Bacillus velezensis solubilized phosphorus and iron, produced siderophores and facilitated better nutrient translocation to the developing reproductive tissues, promoting number of fruit growth (Cano-Castro et al., 2024).
Fruit yield (kg/tree) and (t/ha)
Among the treatments, T₁₀ (FYM + Citrus nutrient pack as soil + foliar application + B. velezensis) recorded the maximum fruit yield kg/tree (62.30 kg in 2024, 61.20 kg in 2025 and 61.75 kg in pooled), which showed significant when compared to all other treatments. This was followed by T₇, T₉ and T₈, while the minimum number of fruit yield was observed in the control (T₁) with 35.23 kg in 2024, 38.01 kg in 2025 and 36.32 kg in pooled.
It is evident from the data, that treatment T₁₀ (FYM + Citrus nutrient pack as soil + foliar application + B. velezensis) recorded the maximum fruit yield t/ha (17.32 t/ha in 2024, 17.01 t/ha in 2025 and 17.17 t/ha in pooled) showed significant when compared to all other treatments. This was followed by T₇, T₉ and T₈, while the minimum number of fruit yield was observed in the control (T₁) with 9.79 t/ha in 2024, 10.57 t/ha in 2025 and 10.10t/ha in pooled.
The highest yield observed in T10 be due to increased flowering and more fruit set, higher fruit weight and size, Higher diversion of photosynthates to sink (fruits), resulting in increased fruit yield. The micronutrients like zinc enhanced pollination and fruit set. Additionally, zinc is known to accelerate photosynthetic activity and the translocation of photosynthates, thereby contributing to the enlargement of fruit size, copper supports enzymatic processes and nutrient uptake, vital for plant vigour and fruit development, thereby enhancing overall yield. Foliar application of micronutrients maintained optimum concentration in the plant during the growing cycle by optimizing the movement of nutrients (Darshan et al., 2022). FYM improved soil physical properties, nutrient retention capacity and thereby increased the fruit yield in sweet orange (Srivastava et al., 2021). Application of micronutrients through soil and foliar methods, improved photosynthetic efficiency and source- sink balance and improved fruit yield per tree. Use of bacillus velezensis improved nutrient acquisition through phosphate solubilization and siderophore mediated iron mobilization enhanced higher fruit yield (Cano-Castro et al., 2024).
Table 1: Synergistic inputs on growth of sweet orange 
	Treatment
	Incremental Plant height 
(cm)
	Incremental Plant Spread N-S (cm)
	Incremental Plant Spread E-W 
(cm)

	
	2024
	2025
	Pooled
	2024
	2025
	Pooled
	2024
	2025
	Pooled

	T1
	26.22
	26.26
	26.24
	35.32
	34.51
	34.91
	35.33
	35.47
	35.40

	T2
	27.08
	27.15
	27.08
	36.51
	35.63
	36.07
	36.02
	36.42
	36.22

	T3
	28.28
	28.34
	28.31
	37.45
	36.75
	37.10
	37.12
	37.58
	37.35

	T4
	29.15
	29.32
	29.23
	38.43
	37.95
	38.19
	38.06
	38.78
	38.42

	T5
	30.12
	30.21
	30.16
	39.47
	39.26
	39.36
	39.03
	40.05
	39.54

	T6
	31.25
	31.32
	31.28
	40.59
	40.41
	40.50
	40.02
	41.16
	40.59

	T7
	33.93
	34.74
	34.33
	43.81
	44.41
	44.11
	43.99
	45.09
	44.54

	T8
	32.17
	32.24
	32.20
	41.59
	41.67
	41.63
	41.07
	42.40
	41.73

	T9
	33.02
	33.67
	33.34
	42.67
	43.01
	42.84
	42.11
	43.68
	42.89

	T10
	34.83
	35.73
	35.28
	44.94
	45.70
	45.32
	45.07
	46.40
	45.73

	S.Ed ±
	0.39
	0.41
	0.32
	0.49
	0.51
	0.50
	0.46
	0.52
	0.50

	C.D (p=0.05)
	0.86
	0.94
	0.90
	0.96
	1.11
	1.04
	0.97
	1.09
	1.03



Table 2: Synergistic inputs on yield of sweet orange 
	Treatment
	Fruit weight 
(g)
	Number of fruits per tree
	Fruit yield 
(Kg/ha)
	Total yield 
(t/ha)

	
	2024
	2025
	Pooled
	2024
	2025
	Pooled
	2024
	2025
	Pooled
	2024
	2025
	Pooled

	T1
	199.26
	203.04
	201.51
	184.00
	191.67
	187.83
	36.66
	38.91
	37.84
	10.19
	10.82
	10.52

	T2
	204.32
	207.24
	205.78
	191.31
	198.05
	194.68
	39.08
	41.04
	40.06
	10.86
	11.41
	11.14

	T3
	208.35
	210.97
	209.66
	198.74
	204.56
	201.65
	41.22
	43.15
	42.27
	11.46
	12.00
	11.75

	T4
	212.81
	214.80
	213.80
	206.36
	211.21
	208.78
	43.91
	45.36
	44.63
	12.21
	12.61
	12.41

	T5
	217.35
	218.78
	218.06
	214.20
	218.03
	216.11
	46.55
	47.70
	47.12
	12.94
	13.26
	13.10

	T6
	222.08
	222.86
	222.47
	222.23
	224.98
	225.10
	49.35
	50.13
	50.07
	13.72
	13.94
	13.92

	T7
	237.53
	235.97
	236.75
	247.40
	246.73
	247.06
	58.76
	58.22
	58.45
	16.34
	16.19
	16.25

	T8
	227.00
	227.08
	227.04
	230.41
	232.06
	231.23
	52.30
	52.69
	52.49
	14.54
	14.65
	14.59

	T9
	232.17
	231.44
	231.79
	238.81
	239.32
	239.06
	55.43
	55.38
	55.41
	15.41
	15.40
	15.40

	T10
	243.15
	240.67
	241.91
	256.23
	254.33
	255.28
	62.30
	61.20
	61.75
	17.32
	17.01
	17.17

	S.Ed ±
	1.09
	1.72
	2.01
	3.59
	3.08
	3.28
	1.13
	1.09
	1.17
	0.34
	0.29
	0.31

	C.D (p=0.05)
	4.38
	3.70
	4.02
	7.22
	6.26
	6.74
	2.56
	2.22
	2.39
	0.71
	0.62
	0.66
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Conclusion 
From the two years of field study, it can be concluded that integrated nutrient management significantly enhanced the growth and yield of Sathgudi sweet orange. Among the treatments, T10- FYM + Citrus nutrient pack as Soil application + Foliar application + B. velezensis emerged the best in sweet orange cv. Sathgudi. This specific combination exhibited a clear synergistic effect in both growth and yield parameters. This integrated approach is recommended as a superior management strategy for the citrus nutrition and ensuring sustainable yield in semi-arid regions.
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