Assessing the nutrient release pattern of an integrated nutrient stick formulation in red sandy loam soil 


ABSTRACT
An integrated nutrient stick, a solid, compact fertilizer formulation is designed to supply essential plant nutrients in a slow and controlled manner. It is prepared in the form of a stick and placed directly into the soil near the plant root zone, where it gradually dissolves and releases nutrients over time. Nutrient sticks help improve nutrient use efficiency, reduce nutrient losses, and ensure a steady nutrient supply for plant growth and development. However, the rate of nutrient release from the integrated nutrient stick in different soils is ambiguous. The experiment was carried out for a period of 60 days in red sandy loam soil collected from the Kasaragod district of Kerala to elucidate the release of nutrients from a newly formulated solid integrated nutrient sticks and their contribution for improvement of soil health.  An integrated nutrient stick was developed by the process of mixing of both organic and inorganic raw materials at appropriate proportions. The design of the study was Completely Randomized Design (CRD) with five treatments were imposed in the trials: T1 – Recommended dose of fertilizer according to the Kerala Agricultural University package of practices (ginger); T2 - nutrient stick (inorganic raw materials only), T3 - Integrated nutrient stick @ 1:1 (Organic: inorganic raw materials); T4 - Integrated nutrient stick @ 1:1.5 (Organic: inorganic raw materials); T5 - Integrated nutrient stick @ 1.5:1 (Organic: inorganic raw materials). The incubation study revealed that the high content of available nitrogen was recorded for T4 (organic: inorganic in 1:1.5) at 30 days after incubation (358 kg/ha) followed by a decline, and release was constant till the end of the incubation study, whereas the release was sustained and gradual at 60th day (321.03 kg/ha) for T5. Similarly, an improved available primary, secondary and micro nutrient contents were observed with respect to Integrated nutrient stick application (T4 and T5 mainly) which registered maximum availability of nutrients such as phosphorus (238.05 kg/ha), potassium (201.20 kg/ha), sulphur (145 mg/kg), calcium (450 mg/kg), magnesium (166 mg/kg), and micro nutrients compared to Control (KAU fertilizer recommendation). Integrated nutrient stick application also exhibited beneficial effects with respect to physical properties such as bulk density and maximum water holding capacity of study soil. Nutritional enhancement through an integrated nutrient stick could be a low-cost but high-efficiency solution compared to non-blended fertilizers. 
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1. INTRODUCTION

Nutrient sticks, frequently referred to as fertilizer spikes or stakes, are composite fertilizers formulated into a stick-like morphology, incorporating ten essential nutrients. This formulation facilitates a consistent release of nutrients into the soil; upon irrigation of the plant, the stick undergoes dissolution, thereby liberating nutrients into the soil matrix, enhancing plant absorption. Such applications are suitable for both plants cultivated in the field and those contained within pots. (Mubarak et al., 2019).

The application of nutrients through fertilizer/nutrient sticks mitigates the risk of excessive nutrient delivery to plants, thereby averting the occurrence of nutrient imbalances. This effect is attained due to the fact that fertilizer sticks are formulated in pre-mixed compositions that are tailored to meet the specific requirements of crops and could be predominantly utilised in vegetable crops, ornamental plants, and fruit-bearing trees (Ishee, 2015). Fertilizer/nutrient sticks enable the targeted delivery of diverse plant nutrients in precise proportions engineered for specific crops across their entire growth cycle. Providing balanced and sufficient nutrient levels enhances the plant's ability to efficiently utilise other vital elements. In recent years, slow-release fertilization techniques have become widely adopted to achieve equilibrated nutrition, boost fertilizer use and minimise environmental risks (Almutari, 2023). This study was conducted against this backdrop to formulate integrated nutrient sticks and assess their nutrient release characteristics, particularly in versions integrated with organic amendments in acidic red sandy loam soil.

The red sandy loam soils, widespread in Kerala and tropical parts of India, exhibit deep, freely draining layers coloured red with iron oxides such as hematite, with sandy clay loam composition (around 65% sand and just 5% gravel), high permeability, acidic nature (pH 4.5-6.0) (Nair et al., 2022) low organic matter, and deficit of nitrogen, potassium, magnesium, and boron, yet typically sufficient phosphorus. Studies indicate their development from crystalline rock weathering in hot, moist environments, positioning them as viable media for ginger, coconut, tubers, and vegetable crops under careful management, despite vulnerabilities to nutrient loss via leaching and low moisture retention and also in sandy soils, most of the applied NPK fertilizers are quickly lost when the full dose is applied only through the soil (Hemida et al., 2023). The overuse of synthetic fertilizers results in the deterioration of soil fertility and significantly contributes to severe water pollution through mechanisms of environmental leaching and surface runoff, thereby leading to extensive ecological consequences and significant loss of nitrogen (N), phosphorus (P), and potassium (K), commonly present in the forms of NH3, P2O5, and K2O, experiencing losses as a result of processes such as chemical hydrolysis, photodegradation, and percolation. The estimated N loss rate was 23.8% through NH3 N2O leaching and run off and total P loss rate was 2.7 % (Ding et al., 2020) and, K leaching 5–30 kg ha⁻¹ yr⁻¹, Mg losses 61–144 kg ha⁻¹ yr⁻¹, and S losses 3~44 kg ha⁻¹ yr⁻¹ from the top 20 cm within a year in sandy soils. (Erhunmwunse et al., 2023).
	Improved nutrient release mechanisms can significantly improve soil health and optimize the nutrient profile within the soil. Integrated nutrient sticks represent an advanced formulation that combines commercial fertilizer materials with locally available organic materials. The present study evaluates the nutrient release pattern and effectiveness of integrated nutrient sticks in sustaining key soil properties.
2. MATERIALS AND METHODS
2.1 Integrated nutrient stick as a fertilizer material
An integrated nutrient stick (100g), enriched with N, P, K, Ca, Mg, S, Fe, Mn, Zn, Cu, and B, was developed by blending definite portions of organic inputs including farmyard manure, compost, wood ash, groundnut cake, and humic acid alongside definite portions of inorganic sources, namely urea, monoammonium phosphate, sulphate of potash, dolomite, gypsum, borax, and sulphates of magnesium, zinc, Iron, manganese and copper was formulated and applied as a fertilizer material. 
2.2 Incubation study
The incubation study was carried out with red sandy loam soil taken from the Instructional Farm, College of Agriculture, Padannakkad, Kasaragod. The soils were then filled into pots and placed in a sheltered area to shield from direct environmental factors like rainfall, with periodic irrigation to sustain field capacity throughout the experiment. The design of the study was Completely Randomized Design (CRD) with five treatments combining organic and inorganic raw materials :(T1: KAU POP (Kerala Agricultural University Package of practise. NPK dosage 75:50:50 kg/ha (ginger) ; T2: Nutrient stick; T3: Integrated stick at 1:1 (organic: inorganic) ratio; T4: Integrated stick at 1:1.5 ratio; T5: Integrated stick at 1.5:1 ratio (where ratio is organic raw materials: Inorganic raw materials). There were four replications and five pots were kept per replication. The duration of the incubation study was two months. Soils were analysed before start of experiment, at 30 days, and 60 days. Pots were irrigated alternate days and soils were maintained at field capacity. After 60 days, the soils were taken and air-dried, passed through a 2 mm sieve, stored in sealed containers, and tested for pH, electrical conductivity and available nutrients (N, P, K, Ca, Mg, S, Zn, Fe, Mn, Cu, B) using standardised methods. Measurement of soil pH (1:2.5 soil: water suspension) was done as described by Jackson (1958), electrical conductivity (EC) by Conductivity bridge method (Jackson, 1958), available nutrients such as nitrogen (Alkaline permanganate method by Subbaiah and Asija, 1956), phosphorus (Bray’s No.1 method by Bray and Kurtz,1945), potassium (Flame photometric method by Jackson, 1973), calcium and magnesium (EDTA Titration method by Hesse et al ., 1971) sulphur (Turbidimetric method by Massoumi and Cornfield, 1963) and iron, manganese, zinc, copper (Atomic Absorption spectroscopy by Sims and Johnson (1991) and boron (Hot water extraction method by Berger and Truog, 1939) also done. Physical parameters like bulk density (Black et al., 1965) and water holding capacity by Gupta and Dakshinamoorthy (1980) also done.
2.3 Initial soil properties
The experimental soil was acidic in nature with a pH of 4.82 and showed low electrical conductivity (0.17 dS m⁻¹), indicating non-saline conditions. The soil contained a moderate level of organic carbon (1.41%) and available nitrogen (156 kg ha⁻¹), while available phosphorus was relatively high (167.44 kg ha⁻¹) and potassium was low (57.23 kg ha⁻¹). Secondary nutrients such as calcium (140 mg kg⁻¹), magnesium (48 mg kg⁻¹), and sulphur (24.45 mg kg⁻¹) were present in adequate amounts. The soil was sufficient in micronutrients including zinc (3.98 mg kg⁻¹), iron (115.7 mg kg⁻¹), manganese (23.2 mg kg⁻¹), and copper (4.5 mg kg⁻¹), whereas boron content was low (0.32 mg kg⁻¹). The physical properties indicated good soil structure with a water holding capacity of 39.71% and a low bulk density of 1.16 g cm⁻³
2.4 Statistical Analysis
Experimental data were subjected to Analysis of Variance (ANOVA) suitable for completely randomised block designs, with significance determined via the 'F' test (Snedecor and Cochran, 1964). In cases of significant results, critical difference (CD) values were computed using established statistical methods.
3. RESULTS AND DISCUSSION
3.1 Integrated nutrient stick as a fertilizer material and effects in soil pH and EC
The content of nutrients in the integrated nutrient stick is shown in Table 1. Stick contains 2.1% N, 0.87% P, 1.84% K, 1.82% Ca, 0.8% Mg, 2.48 % S, 0.02 ppm Fe, 0.1 ppm Mn, 0.04 ppm Zn, 0.02 ppm Cu, and 0.01 ppm B, the effects of application of integrated nutrient stick through different treatments showed that soil pH and EC (Table 2) varied significantly among treatments during both first and second months. In the first month, soil pH ranged from 3.77 (T₂) to 5.36 (T₄), while in the second month it ranged from 3.58 (T₂) to 4.94 (T₅). Integrated stick treatments (T₄ and T₅) maintained higher pH values in both months. Electrical conductivity was highest under T₂ (0.84 and 0.40 dS m⁻¹ in the first and second months, respectively) and lowest under T₃ (0.27 and 0.13 dS m⁻¹). Overall, both soil pH and EC showed a declining trend in the second month in all the treatments. Compared to conventional fertilizers, the application of integrated nutrient sticks did not acidify the soil, which might be attributed to the presence of organic materials contained in the formulation. Though there was a decline in pH of soil after the second month, the effect was lowest in T5 where formulation contained 1.5 parts of organic raw materials and one part of inorganic raw materials. The organic components present in the formulation might have provided a buffering effect to the soil (Shi et al., 2019). Manure application increased soil organic matter and thus pH buffering capacity. But in the case of T2 pH is 3.58 it is due to the acidifying effect of inorganic nitrogen and sulphate-based fertilizers present in the nutrient stick (Guo et al., 2010). Similarly, EC recorded was in non-saline range, which ensures that application of the integrated nutrient stick does not cause soil salinity in long run (da Silva et al., 2020). Treatments with cow manure significantly lowered EC and ESP, indicating improvement in soil salinity and sodicity to agriculturally acceptable levels.
 


Table 1. Nutrient content of the integrated nutrient stick (1:1)
	[bookmark: _Hlk217988638]Sl. No
	Nutrient
	Stick

	1
	N (%)
	2.1

	2
	P (%)
	0.87

	3
	K (%)
	1.84

	4
	S (%)
	2.48

	5
	Ca (%)
	1.82

	6
	Mg (%)
	0.8

	7
	Fe (%)
	0.02

	8
	Mn (%)
	0.1

	9
	Zn (%)
	0.04

	10
	Cu (%)
	0.02

	11
	B(%)
	0.01


Table 2. Effect of treatment on soil pH and Electrical conductivity (EC)


	Treatments
	Soil pH
	EC (dS/m)

	
	First month
	Second month
	First month
	Second month

	T1
	4.17c
	4.07d
	0.435ᵇ
	0.31ᵇ

	T2
	3.77d
	3.58e
	0.845ᵃ
	0.40ᵃ

	T3
	5.08b
	4.54c
	0.275ᵉ
	0.13ᵉ

	T4
	5.36a
	4.74b
	0.340ᶜ
	0.23ᶜ

	T5
	5.30a
	4.94a
	0.315ᵈ
	0.16ᵈ

	SE (m)
	0.05
	0.04
	0.006
	0.005

	CD
	0.175
	0.123
	0.018
	0.005












3.2 Primary nutrients (N, P and K)
Integrated nutrient stick is composed of primary, secondary and micro nutrients embedded in a suitable matrix. The effect of treatments on the soil available nitrogen, phosphorus, and potassium is given in Table 3. Soil available N increased significantly with application of integrated nutrient sticks compared to control and nutrient stick alone in both months. In the first month, highest available N (358.0 kg ha⁻¹) recorded for T₄ (1:1.5), followed by T₅ (346.0 kg ha⁻¹), while the lowest was in T₁ (206.97 kg ha⁻¹). In the second month, T₅ maintained the highest N (321.03 kg ha⁻¹), indicating better retention and sustained N availability, owing to the presence of organic raw materials. Whereas the control recorded the lowest (180.03 kg ha⁻¹). Similar increase in available nitrogen content was reported in the findings of Srinivasarao et al. (2021), with integrated nutrient management. 
The treatments resulted in significant variation with respect to soil available phosphorus, with integrated nutrient sticks outperforming the control and nutrient stick alone during both observation periods. During the first month, the highest P availability was recorded in T₄ (235.09 kg ha⁻¹), followed by T₅, whereas the lowest value was noted in the control. In the second month, T₄ again maintained the maximum available P (238.05 kg ha⁻¹), indicating a more sustained supply of phosphorus under integrated nutrient management. As seen in the work of Teressa et al (2024) where integrated application of mixed manure with blended NPSB (Nitrogen, Phosphorus, Sulphur and Boron) showed the greatest effect due to their complementary role in increasing P status. Similar findings were reported by Otieno et al. (2023).
Soil available K content was higher in treatments receiving integrated nutrient sticks compared to the control in both months. In the first month, highest available potassium (112.67 kg ha⁻¹) recorded for T₅, while the lowest was in the control (59.17 kg ha⁻¹). In the second month, potassium further increased and remained highest under T₅ (201.20 kg ha⁻¹), showing that integrated sticks helped in maintaining higher K availability in the soil over time. Wang et al. (2025) reported that NPK with manure application showed high K availability.
Table 3. Effect of treatment on soil available N, P and K

	Treatments
	Available nitrogen (Kg/ha)
	Available Phosphorus (Kg/ha)
	Available Potassium (Kg/ha)

	
	First month
	Second month
	First month
	Second month
	First month
	Second month

	T1
	206.98ᵉ
	180.03ᵉ
	185.25e
	177.82ᶜ
	59.17e
	117.92e

	T2
	232.06ᵈ
	200.40ᵈ
	217.44d
	221.77ᵇ
	66.53d
	182.53c

	T3
	308.00ᶜ
	263.06ᶜ
	204.85c
	226.98ᵇ
	105.99b
	192.00b

	T4
	358.00ᵃ
	302.08ᵇ
	235.09b
	238.05ᵃ
	95.87c
	173.87d

	T5
	346.00ᵇ
	321.03ᵃ
	213.47a
	227.02ᵇ
	112.67a
	201.20a

	SE (m)
	2.043
	2.732
	1.879
	2.317
	0.938
	0.798

	CD
	6.158
	8.235
	5.982
	6.985
	2.826
	2.406




3.3 Secondary nutrients (S, Ca and Mg)
Secondary nutrient availability showed a remarkable effect with the application of integrated sticks.  (Table 4). Soil available sulphur increased significantly with integrated nutrient sticks compared to control and nutrient stick alone in both months. In the first month, the highest available sulphur content (99.00 mg kg⁻¹) recorded for T₄ (1:1.5), followed by T₅ (88.00 mg kg⁻¹), while the lowest was observed in the control (19.98 mg kg⁻¹). In the second month, sulphur further increased and remained highest in T₄ (145.00 mg kg⁻¹), indicating better and sustained sulphur availability under integrated nutrient stick application as one part of organics and 1.5 parts of inorganic materials. The observations of the present study were in close conformity to those obtained by Arbaz et al. (2016) which recorded that the application of organic manure and inorganic fertilizers and their combinations significantly affected the availability of sulphur in soil and long-term studies in intensive rice–wheat systems have shown that combining inorganic fertilizers with farm yard manure significantly improves soil sulphur availability compared to inorganic fertilizers alone or no fertilization by the study of Meena et al.(2022). 
The level of available calcium in soil varied markedly among treatments, with integrated nutrient sticks showing a clear advantage over the control and nutrient stick alone in both months. During the first month, the highest calcium content was observed in T₅ (360 mg kg⁻¹), followed by T₄ (340 mg kg⁻¹), whereas the control recorded the lowest value (240 mg kg⁻¹). In the second month, calcium availability further improved and remained maximum in T₅ (450 mg kg⁻¹), reflecting a sustained release and better buildup of calcium in soils receiving integrated sticks @ 1.5 parts organics and one part inorganic materials.
Soil available magnesium content showed remarkable differences among treatments, with higher values observed in treatments receiving integrated nutrient sticks compared to the control in both months. In the first month, T₄ recorded the maximum Mg level (144.08 mg kg⁻¹), while the control had recorded the lowest (76.00 mg kg⁻¹). In the second month, magnesium further increased and remained highest in T₄ (166.00 mg kg⁻¹), indicating that integrated sticks were more effective in maintaining magnesium availability in the soil over time. Sharma et al . (2014) reported improvement in Ca and Mg availability with an integrated approach.
Table 4. Effect of treatment on soil available S, Ca and Mg

	Treatments
	Available Sulphur (mg/kg)
	Available Calcium (mg/kg)
	Available Magnesium (mg/kg)

	
	First month
	Second month
	First month
	Second month
	First month
	Second month

	T1
	19.97ᵉ
	25.40ᵉ
	240.00ᵉ
	246.00ᵉ
	76.00ᵈ
	80.00ᵉ

	T2
	36.11ᵈ
	64.45ᵈ
	280.00ᵈ
	360.00ᵈ
	92.00ᶜ
	104.00ᵈ

	T3
	81.00ᶜ
	120.00ᶜ
	320.00ᶜ
	400.00ᶜ
	105.00ᵇ
	140.00ᵇ

	T4
	99.00ᵃ
	145.00ᵃ
	340.00ᵇ
	420.00ᵇ
	144.08ᵃ
	166.00ᵃ

	T5
	88.00ᵇ
	131.99ᵇ
	360.00ᵃ
	450.00ᵃ
	108.04ᵇ
	125.00ᶜ

	SE (m)
	0.972
	0.941
	3.399
	3.54
	1.058
	1.568

	CD
	2.93
	2.838
	10.245
	10.672
	3.189
	4.727
















3.4 Micro nutrients (Fe, Mn and Cu)
The treatments effects on soil available micro nutrients such as Iron, Manganese and Copper is shown in the Table 5. Soil available iron differed significantly among treatments in both months of study. In the first month, the highest available Fe was recorded under T₃ (205.04 mg kg⁻¹), while the control showed the lowest value (118.78 mg kg⁻¹). In the second month, Fe availability increased further and was maximum in T₅ (236.00 mg kg⁻¹), indicating better iron accumulation under integrated nutrient sticks compared to control. Available manganese showed a remarkable increase with integrated nutrient stick treatments compared to the control. During the first month, T₄ recorded the highest available Mn content (38.20 mg kg⁻¹), while the lowest content was observed in T₃. In the second month also, T₄ maintained the maximum Mn (40.00 mg kg⁻¹) availability, indicating sustained manganese availability with integrated sticks. The availability of Mn in soil increased significantly with NPK + green manuring than 100% NPK treatment (Verma et al., 2005). Studies have shown that Integrated nutrient practices can improve the availability of micronutrients by mobilizing them from unavailable to available forms in the soil (Randhawa et al., 2021)
Soil available copper increased significantly with integrated nutrient stick treatments compared to the control in both months. In the first month, the highest Cu content was recorded under T₅ (8.37 mg kg⁻¹), while the lowest content was recorded in control (5.07 mg kg⁻¹). In the second month, copper availability further increased and remained highest under T₅ (9.69 mg kg⁻¹), indicating better and sustained copper availability with integrated sticks. The available contents of Fe, Mn, Zn, and Cu in soil increased with the application of FYM or green manure along with NPK as compared to 100% NPK alone as reported by Kumar et al .(2008).


Table 5. Effect of treatment on soil available Fe, Mn and Cu


	Treatments
	Available Iron (mg/kg)
	Available Manganese (mg/kg)
	Available Copper (mg/kg)

	
	First month
	Second month
	First month
	Second month
	First month
	Second month

	T1
	118.78ᵉ
	125.00ᵈ
	23.00ᵈ
	27.00ᵈ
	5.07ᵉ
	5.30ᵈ

	T2
	180.05ᶜ
	182.00ᶜ
	28.60ᵇ
	32.00ᵇ
	6.88ᵈ
	7.28ᶜ

	T3
	205.04ᵃ
	183.00ᶜ
	22.00ᵉ
	24.00ᵉ
	7.76ᵇ
	8.23ᵇ

	T4
	191.10ᵇ
	206.00ᵇ
	38.20ᵃ
	40.00ᵃ
	7.30ᶜ
	7.52ᶜ

	T5
	168.15ᵈ
	236.00ᵃ
	25.23ᶜ
	30.10ᶜ
	8.37ᵃ
	9.69ᵃ

	SE (m)
	2.01
	2.735
	0.271
	0.313
	0.057
	0.089

	CD
	6.058
	8.243
	0.817
	0.943
	0.171
	0.267

















3.4 Micro nutrients (Zn and B)
The results of soil available zinc and boron are presented in Table 6. Soil zinc content was significantly influenced by the treatments, with integrated nutrient sticks showing higher Zn levels than the control. In the first month, the highest Zn (10.89 mg kg⁻¹) recorded for T₄ , followed by T₂, whereas the lowest was in the control. In the second month, Zn remained highest in T₅ (11.25 mg kg⁻¹), indicating improved zinc availability under integrated nutrient stick application. The result is consistent with the work of Thakur et al. (2011), the addition of FYM with 100 percent NPK significantly raised the content of Zn in soil over 100 percent NPK treatment, Similar increase in Fe, Zn, and Cu with the addition of farmyard manure as well as vermin-compost was reported by Rathode et al . (2005).
Soil available boron was significantly influenced by the treatments, with higher B levels under integrated nutrient sticks (Table 6) compared to the control. In the first month, T₅ recorded the maximum boron content (1.13 mg kg⁻¹), while the control showed the lowest (0.40 mg kg⁻¹). In the second month, the highest boron availability was observed in T₃ and T₄ (0.92 and 0.90 mg kg⁻¹), indicating relatively better boron retention under integrated treatments compared to control. Boron enhancement was also recorded in the study of Bhattacharjee et al. (2024), there was an increase of 46.34% in boron content over an initial value of 0.41 mg/ kg, due to mineralization of organic matter (FYM, Castor cake, vermicompost).


	Treatments
	Available Zinc (mg/kg)
	Available Boron (mg/kg)

	
	First month
	Second month
	First month
	Second month

	T1
	7.93ᶜ
	7.62ᵈ
	0.40e
	0.59d

	T2
	10.40ᵃ
	10.60ᵇ
	0.81d
	0.71c

	T3
	9.04ᵇ
	10.10ᶜ
	1.10b
	0.92a

	T4
	10.89ᵃ
	11.20ᵃ
	1.01c
	0.90a

	T5
	9.12ᵇ
	11.25ᵃ
	1.13a
	0.85b

	SE (m)
	0.236
	0.123
	0.009
	0.007

	CD
	0.71
	0.371
	0.028
	0.022


Table 6. Effect of treatment on soil available Zn and B












3.4 Chemistry behind the nutrient release pattern
Combining organic and inorganic nutrient sources triggers interconnected physicochemical and biological mechanisms that control nutrient release. The inorganic component delivers an immediate supply of accessible nutrients, whereas the organic fraction stabilizes nutrient behaviour by binding cations like K⁺, Ca²⁺, Mg²⁺, and NH₄⁺ to minimize leaching and control release via microbial breakdown. Organic ligands further shift phosphorus sorption-desorption balance on Fe/Al oxides and boost micronutrient availability through chelation (Radhakrishnan and Suja 2019).This integrated approach synchronizes nutrient supply, cuts losses, and boosts use efficiency, especially in sandy, acidic soils.
3.5 Physical parameters (Bulk density and Maximum water holding capacity)
The effects of treatments with respect to physical parameters are presented in Table 7. For the better soil property, the bulk density should be minimum. Here the bulk density of soil varied significantly among treatments in both months. In the first month, it ranged from 1.15 g/cm³ to 1.05 g/cm³ . Minimum value was shown in integrated nutrient sticks, (T4 and T5), both are on par with each other. Maximum value shown by  T1,T2 and T3 those are on par with each other. In the second-month values varies with 1.29 g/cm³  to 1.07 g/cm³ for T4 and T3 respectively. This result indicates improved soil structure in integrated stick applied treatments. 
Maximum water holding capacity (Table 6) was recorded as the maximum (55.39%) in integrated nutrient sticks, (T4) in first month and control (T1) shows the least value (40%). In the second month, T2  shows maximum value (44 %) among treatments. The differences were found significant. It is revealed that, T3, T4, T5 treatments recorded reduction in bulk density and enhanced water holding capacity over control reflecting the role of organic amendments in aggregate stability and porosity in red sandy loam soils. The reason for decreasing bulk density under INM might be attributed to aggregation of soil particles with increasing organic matter as well as stability of aggregates which leads to an increase in the total pore space in the soil (Islam et al., 2010). Similar studies on water holding capacity was also reported by Dhaliwal et al. (2021). 

	Treatments
	Bulk density (g/cm3)
	Maximum Water Holding Capacity (%)

	
	First month
	Second month
	First month
	Second month

	T1
	1.15a
	1.15c
	40.00d
	39.36c

	T2
	1.14a
	1.25b
	43.39c
	44.00a

	T3
	1.15a
	1.07d
	48.82b
	36.57d

	T4
	1.08b
	1.29a
	55.39a
	37.40d

	T5
	1.05b
	1.23b
	42.19c
	41.72b

	SE (m)
	0.013
	0.01
	0.592
	0.416

	CD
	0.038
	0.03
	1.785
	1.253


Table 7. Effect of treatment on Bulk density and Water holding capacity of soil














4. CONCLUSION
The integrated nutrient stick formulation significantly influenced various soil characteristics in red sandy loam soil during the incubation study. T5, the integrated nutrient stick at 1.5:1 (organic : inorganic) ratio, resulted in maximum availability of key nutrients such as nitrogen, potassium, calcium ,magnesium, iron, manganese ,copper ,and zinc at 60 days, along with improved physical properties like reduced bulk density and enhanced water holding capacity. T4 (1:1.5 ratio) excelled in phosphorus (238.05 kg/ha), sulphur (145 mg/kg), and initial N release, outperforming KAU package of practices (T1) and the mineral only nutrient stick (T2). The study thus indicates that application of integrated nutrient sticks at recommended ratio is an efficient and effective approach for sustained nutrient release, soil pH improvement, and better nutrient-use efficiency in red sandy loam soils of Kerala. This practice can be recommended for sustainable soil health enhancement and reduced nutrient losses in crops like ginger on such soils. 
Overall, integrated nutrient sticks resulted in superior nutrient availability and soil physical properties compared to conventional methods, indicating their potential as a beneficial slow-release nutrient management strategy. However, it is important to acknowledge that nutrient release rates may vary with soil type, organic: inorganic ratios, and environmental conditions, and integrated sticks should complement rather than replace soil testing and balanced fertilisation.
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