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Nutrient Dynamics in Fodder Based Teak Agroforestry System


ABSTRACT
The study titled “Nutrient Dynamics in Fodder-Based Teak Agroforestry System” aimed to assess the influence of varying teak planting densities and different perennial fodder crops on the physical and chemical properties of soil. The field experiment was carried out from June 2021 to May 2022 at the AICRP on Agroforestry Unit, ZARS, GKVK, UAS, Bangalore, Karnataka. The experiment followed a split plot design with three teak planting densities (12 m × 3 m, 10 m × 3 m and 8 m × 3 m) assigned to the main plots and five perennial fodder crops (Guinea grass, CO-3, CO-5, Super Napier and BNH-10) were allocated to the subplots  in three replications. Soil samples were collected at 0–20 cm depth before fodder planting and after the harvest of the fodders to determine changes in texture, bulk density, porosity, organic carbon, pH, EC and available N, P₂O₅, and K₂O. Results showed a consistent improvement in bulk density (1.43 to 1.36 g cm⁻³), porosity (46.24% to 47.56%) and organic carbon (0.45% to 0.56%) with increased teak density, indicating better soil structure and carbon input. Available phosphorus significantly increased from 17.32 to 19.44 kg ha⁻¹ under closer spacing (p < 0.05), while nitrogen and potassium levels were also observed in positive trend. Fodder crops showed slight variation but found to be non-significant; sole fodder plots generally underperformed in all soil parameters. Interaction effects were statistically non-significant, though S3F3 (8 m × 3 m + CO-5) exhibited superior values in several indicators. The incorporation of teak with high-yielding perennial fodder crops had a beneficial impact on soil health, with closer tree spacing resulting in greater improvements. These findings support the viability of teak-based agroforestry systems for sustainable nutrient cycling and long-term land productivity in tropical agroecosystems.
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INTRODUCTION
Agroforestry systems combine trees with crops or livestock, are increasingly recognized for their potential to enhance soil fertility, improve resource-use efficiency and support sustainable land management, especially in tropical regions (Nair, 1993 and Kumar et al., 2021). Among tree species, Tectona grandis L.f. (teak) is a valuable timber species extensively cultivated across India for its economic returns and adaptability. When integrated with high-yielding fodder crops, teak-based agroforestry systems offer a promising approach to improve both productivity and ecosystem health (Hegde et al., 2020 and Singh et al., 2020).
Soil nutrient dynamics comprises the availability, retention and cycling of essential elements, which are vital indicators of system sustainability. Trees like teak can influence soil structure, organic matter content and nutrient turnover through litter deposition, root exudation and microclimate moderation (Bisht et al., 2022 and                   Das et al., 2023). Concurrently, the inclusion of perennial fodders such as CO-3, CO-5, Super Napier, BNH-10 and Guinea grass not only ensures year-round biomass production but also contributes to nutrient cycling and soil health maintenance through their root biomass and residues (Rana et al., 2020 and Rahmawati et al., 2022).
Although agroforestry is known to offer numerous benefits, there is a noticeable research gap in understanding how varying teak planting densities interact with different fodder species to influence soil physical and chemical properties over time. Particularly, empirical data from long-term systems in southern India under humid tropical conditions is limited. Hence, this study aims to assess the impact of different teak planting densities and associated fodder crops on nutrient availability and soil health in a 12-year-old teak-based agroforestry system. The investigation specifically focuses on key soil parameters such as bulk density, porosity, organic carbon, pH, EC, and the available nitrogen, phosphorus and potassium to evaluate the potential of this integrated approach for sustainable nutrient management.


MATERIAL AND METHODS
The present study entitled “Nutrient dynamics in fodder based teak agroforestry system” was carried out at ‘M’ block, AICRP on Agroforestry unit, ZARS, GKVK, UAS, Bangalore, Karnataka from June 2021 to May 2022. It is located in the Northern part of Bengaluru between 13⁰ 04’N latitude and 77⁰ 34’E longitude at an altitude of 930m above mean sea level (MSL).  Total rainfall of 1426.4 mm was received during the study period. The AICRP on Agroforestry unit has maintained a twelve-year-old teak plantation with three planting densities as main plots and five fodder crops as subplots in twenty treatment combinations. The experiment was laid out in a split plot design with three replications. Treatment details of Teak based agroforestry system are given in Table 1.
Table – 1:  Treatment details of Teak based agroforestry system
	Tree species & Fodder crops
	Treatments

	a. Main plots (Teak planting density)
S1: 12 m X 3 m (277 trees ha-1)
S2: 10 m X3 m (333 trees ha-1)
S3: 08 m X3 m (416 trees ha-1)
b. Subplots (Fodder crops)
F1: Guinea grass
F2: CO-3
F3: CO-5
F4: Super Napier
F5: BNH-10

	T1 - S1F1: 12 m X 3 m (Guinea grass)
T2 - S1F2: 12 m X 3 m (CO-3)	
T3 - S1F3: 12 m X 3 m (CO-5)	
T4 - S1F4:12mX3m (Super napier) 
T5 - S1F5: 12 m X 3 m (BNH-10)	
T6 - S2F1: 10 m X 3 m (Guinea grass)
T7 - S2F2: 10 m X 3 m (CO-3)	
T8 - S2F3: 10 m X 3 m (CO-5)
T9 - S2F4:10mX3m (Super napier)
T10 - S2F5:10mX3m (BNH-10)	T11-S3F1:8mX3m(Guineagrass)T12-S3F2:8mX3m(CO-3)
T13 - S3F3: 8 m X 3 m (CO-5)	
T14 - S3F4: 8 m X 3 (Super  napier)
T15 - S3F5: 8 m X 3 m (BNH-10)	
T16 – Sole Guinea grass 
T17 - Sole CO-3	
T18 - Sole CO-5	
T19 - Sole Super napier	
T20 - Sole BNH-10

	Design
	Strip plot



Collection of soil Sample: The soil samples were collected from the teak based agroforestry system at 0-20 cm depth, initially before planting of different fodders and after final cutting of fodders. The undecomposed litter layer was cleared from the soil surface, before collecting soil sample. 
Laboratory Analysis of Soil Samples:  The collected samples were shade dried, crushed and sieved using 2 mm sieve after removing all visible debris and stored in a moisture-free environment and used for analyzing the physicochemical properties (Table 2).
Statistical Analysis: Experimental data obtained on soil analysis was subjected to statistical analysis adopting Fisher’s method of ‘analysis of variance’ as out lined by Gomez and Gomez (1984). Critical difference (CD) values are given in the table at 5 per cent level of significance for agroforestry studies, wherever the ‘F’ test was found significant.






Table - 2: The details of the methodologies adopted for soil analysis
	Parameters
	Methods
	References

	Physical properties

	Soil texture (%)
	International pipette method 
	Piper, 1966

	Bulk density (mg  m-3)
	Keen Raczkowaski brass cup method
	Piper, 1966

	Particle density (mg  m-3)
	Keen Raczkowaski brass cup method
	Piper, 1966

	Porosity (%)
	Keen Raczkowaski brass cup method
	Piper, 1966

	
	
	

	Chemical properties

	pH of soil (1:2.5)                      
	Potentiometric method
	Jackson, 1973

	Electrical conductivity (1:2.5)  
	Conductometric method
	Jackson, 1973

	Available Nitrogen (kg N  ha-1)           
	Alkaline potassium permanganate method  
	Subbiah and Asija, 1956

	Available Phosphorus (kg P2O5  ha-1)       
	Olsen’s or Bray’s method  
	Jackson, 1973

	Available Potassium  (kg K2O    ha-1)       
	Flame photometer method   
	Jackson, 1973

	Soil organic carbon (%)     
	Walkley - Black chromic acid wet oxidation method
	Walkley and Black, 1934



RESULT AND DISCUSSION
The initial soil physical properties assessed before fodder planting under different teak spacings showed minor variations across treatments (Table 3). Soil texture across all treatments, including the open area, was classified as red sandy clay loam, indicating no alteration in textural class due to teak integration. Similar results also reported by Kumar et al. (2021). Bulk density (BD) declined with increasing teak density, from 1.43 g cm⁻³ in the open plot to 1.38 g cm⁻³ under the 8 m × 3 m spacing (S3), suggesting enhanced soil structure through root growth and organic matter accumulation (Das et al., 2023 and Yadav et al., 2022). Particle density (PD) remained relatively unchanged (2.64–2.66 g cm⁻³), reflecting consistent mineral composition. Soil porosity improved under teak (46.92–46.97%) relative to the open area (46.24%), promoting better aeration and moisture infiltration, consistent with                  Dixit et al. (2023), who reported enhanced soil physical health under tree-based systems.
Table 3: Physical properties of the soil before planting of fodders as influenced by teak under agroforestry system
	INITIAL SOIL PHYSICAL PROPERTIES

	
Treatments
	Coarse sand
(%)
	Fine sand
(%)
	Silt (%)
	Clay (%)
	Soil Texture
class
	BD
(g cc-1)
	PD
(g cc-
1)
	Porosity (%)

	S1: 12 m X 3m
	48.32
	17.46
	12.1
	22.11
	Red sandy
Clay loam
	1.40
	2.64
	46.97

	S2: 10 m X 3m
	48.39
	17.21
	12.2
	22.20
	Red sandy
Clay loam
	1.39
	2.64
	46.94

	S3: 8 m X 3m
	49.30
	17.36
	12.3
	21.44
	Red sandy
Clay loam
	1.38
	2.65
	46.92

	Open area
	48.36
	17.43
	12.1
	22.11
	Red sandy
Clay loam
	1.43
	2.66
	46.24


*Note: BD: Bulk Density	PD: Particle Density
The chemical properties of soil prior to fodder planting exhibited notable variations influenced by teak planting density in the agroforestry system (Table 4). Soil pH ranged from 5.83 to 5.91 under teak-based treatments, compared to 6.05 in the open plot. The lower pH under teak may result from organic acid production through litter decomposition and increased microbial activity, as observed by Bisht et al. (2022) and Behera et al. (2021). Electrical conductivity (EC) remained low and stable across treatments (0.45 to 0.49 dS m⁻¹), with slightly elevated values under closer teak spacings, yet still within safe limits for plant growth. This aligns with findings by          Dixit et al. (2023), who noted EC stability in agroforestry due to reduced evaporation and higher organic inputs. Organic carbon (OC) content improved with tree density, increasing from 0.45% in the open area to 0.53% in the densest teak plot (S3: 8 m × 3 m), likely due to higher litter fall and microbial activity (Yadav et al., 2021 and     Rana et al., 2020). Available nitrogen, phosphorus, and potassium were also higher under teak, particularly at closer spacings, suggesting enhanced nutrient cycling and reduced leaching under shaded conditions (Das et al., 2023 and                Singh et al., 2022).
Table 4: Chemical properties of the soil before planting of fodders as influenced by teak under agroforestry system
	INITIAL SOIL CHEMICAL PROPERTIES

	
Treatments
	
pH (1:25)
	
EC         (dS m-1)
	
OC (%)
	Available nitrogen (N)
(kg ha-1)
	Available phosphorus (P2O5)
(kg ha-1)
	Available potassium (K2O)
(kg ha-1)

	S1: 12 m X 3m
	5.83
	0.47
	0.49
	259.21
	20.92
	208.68

	S2: 10 m X 3m
	5.86
	0.48
	0.51
	261.12
	21.12
	209.52

	S3: 8 m X 3m
	5.91
	0.49
	0.53
	262.82
	21.68
	210.52

	Open area
	6.05
	0.45
	0.45
	258.26
	20.05
	206.12


*Note: OC: Organic carbon	  EC: Electrical conductivity
The physical properties of soil viz., bulk density (BD), particle density (PD) and porosity were evaluated after the final fodder harvest under varying teak planting densities and fodder crop combinations in an agroforestry system (Table 5). Results revealed that teak planting density significantly affected soil physical parameters, while the effects of fodder crops and their interaction with teak spacing were statistically non-significant. BD decreased significantly (p < 0.05) with increased teak density, from 1.38 g cm⁻³ (12 m X 3m) to 1.36 g cm⁻³ (8 m X 3m). PD declined from 2.62 to 2.60 g cm⁻³, while porosity improved from 47.21% to 47.56%. These changes reflect improved soil structure due to organic matter inputs and root activity (Kumar et al., 2021; Hegde et al., 2020 and Singh et al., 2019). Soil properties varied slightly among fodder crops (BD: 1.37 to 1.38 g cm⁻³; porosity: 47.19 to 47.60%) and found to be statistically not significant (Yadav et al., 2020). Sole fodder cropping recorded higher BD and lower porosity than teak-fodder combinations, indicating the benefits of integration. Though numerically better in S3F3 i.e., 8m X 3m + C0-5 (BD: 1.36 g cm⁻³; porosity: 47.71%), teak × fodder interactions were not significant, reaffirming tree density as the dominant factor.










Table 5: Physical properties of soil after final harvest of fodders as influenced by teak in agroforestry system

	Treatments
	BD (g cc-1)
	PD (g cc-1)
	Porosity (%)

	Main plots (Teak planting density)

	S1: 12m X 3m (277 trees ha-1)
	1.38
	2.62
	47.21

	S2: 10m X 3m (333 trees ha-1)
	1.37
	2.61
	47.39

	S3: 8m X 3m (416 trees ha-1)
	1.36
	2.60
	47.56

	S. Em ±
	0.01
	0.01
	0.02

	C.D(p=0.05)
	0.03
	0.04
	0.09

	Subplots (Fodder crops)

	F1: Guinea grass
	1.38
	2.61
	47.32

	F2: CO-3
	1.37
	2.61
	47.50

	F3: CO-5
	1.37
	2.60
	47.60

	F4: Super Napier
	1.37
	2.61
	47.34

	F5: BNH-10
	1.38
	2.61
	47.19

	Sole Guinea grass
	1.41
	2.64
	47.16

	Sole CO-3
	1.40
	2.64
	47.34

	Sole CO-5
	1.40
	2.63
	47.41

	Sole Super napier
	1.40
	2.64
	47.22

	Sole  BNH-10
	1.41
	2.64
	47.03

	S. Em ±
	0.01
	0.01
	0.17

	C. D (p=0.05)
	NS
	NS
	NS

	Interaction (S x F)

	S1F1
	1.39
	2.62
	47.14

	S1F2
	1.38
	2.62
	47.32

	S1F3
	1.38
	2.61
	47.39

	S1F4
	1.38
	2.62
	47.20

	S1F5
	1.39
	2.62
	47.01

	S2F1
	1.38
	2.61
	47.32

	S2F2
	1.37
	2.61
	47.50

	S2F3
	1.37
	2.60
	47.58

	S2F4
	1.37
	2.61
	47.38

	S2F5
	1.38
	2.61
	47.19

	S3F1
	1.37
	2.60
	47.50

	S3F2
	1.36
	2.61
	47.69

	S3F3
	1.36
	2.59
	47.71

	S3F4
	1.37
	2.60
	47.43

	S3F5
	1.37
	2.60
	47.37

	S. Em ±
	0.01
	0.01
	0.29

	C. D (p=0.05)
	NS
	NS
	NS


*Note: NS: Non-Significant	BD: Bulk density	PD: Particle density


The chemical properties of soil viz., pH, electrical conductivity (EC) and organic carbon (OC) were assessed following the final fodder harvest in a teak-based agroforestry system (Table 6). Although statistical analysis indicated no significant differences (p > 0.05), consistent trends were observed across teak planting densities and fodder crop treatments. Soil pH declined from 5.75 (S1: 12 m × 3 m) to 5.61 (S3: 8 m × 3 m), likely due to organic acid release from litter decomposition and increased microbial activity (Kumar et al., 2021; Singh et al., 2020). EC rose slightly from 0.40 to 0.45 dS m⁻¹, attributed to higher mineralization and organic inputs (Ghosh et al., 2019), yet values remained non-saline. OC increased from 0.52% to 0.56% with denser tree spacing, suggesting enhanced carbon accumulation through litterfall and root biomass, consistent with Rahmawati et al. (2022). Fodder species showed minimal influence on chemical properties (pH: 5.63–5.70; EC: 0.41–0.44 dS m⁻¹; OC: 0.54–0.55%). In contrast, sole fodder plots had higher pH and lower OC, highlighting teak’s role in buffering acidity and enhancing organic matter (Hegde et al., 2020). No significant interactions were observed, though the 8m x 3m +  CO-5 (S3F3) combination recorded the lowest pH (5.57) and highest OC (0.57%), indicating improved conditions under denser tree-fodder systems.
The nutrient status of soil I available nitrogen (N), phosphorus (P₂O₅) and potassium (K₂O) was assessed after the fodder harvest in a teak-based agroforestry system (Table 7). Although most values were statistically non-significant (p > 0.05), phosphorus levels showed a significant difference across teak spacings. Available nitrogen increased slightly from 248.51 kg ha⁻¹ (S1: 12 m × 3 m) to 251.47 kg ha⁻¹ (S3: 8 m × 3 m). Potassium also showed a positive trend (202.53 to 205.47 kg ha⁻¹). These improvements reflect enhanced nutrient cycling due to greater litterfall and root activity in closer tree spacing (Kumar et al., 2021; Hegde et al., 2020). Phosphorus rose significantly from 17.32 kg ha⁻¹ in 12m x 3m to 19.44 kg ha⁻¹ in 8m x 3m (CD at p = 0.05 = 0.81), likely due to increased root exudates and microbial activity enhancing P solubilization (Ghosh et al., 2019; Rahmawati et al., 2022). Fodder treatments exhibited slight but statistically non-significant differences in nutrient levels. Super Napier and BNH-10 slightly outperformed others in nutrient contribution. Sole fodder plots had lower nutrient availability, reinforcing the role of tree-fodder synergy in sustaining soil fertility (Singh et al., 2020). Teak × fodder interactions were non-significant, though the S3F5 (8m x 3m + BNH-10) combination recorded the highest N and K values, reflecting cumulative benefits under intensive integration.






















Table 6: Changes in pH, EC and organic carbon in soil after final harvest of fodders as influenced by teak in agroforestry system

	Treatments
	pH (1:2.5)
	EC(dS m-1)
	OC (%)

	Main plots (Teak planting density)

	S1: 12m X 3m (277 trees ha-1)
	5.75
	0.40
	0.52

	S2: 10m X 3m (333 trees ha-1)
	5.64
	0.42
	0.54

	S3: 8m X 3m (416 trees ha-1)
	5.61
	0.45
	0.56

	S. Em ±
	0.10
	0.01
	0.01

	C. D (p=0.05)
	NS
	NS
	NS

	Subplots (Fodder crops)

	F1: Guinea grass
	5.67
	0.42
	0.54

	F2: CO-3
	5.66
	0.42
	0.54

	F3: CO-5
	5.63
	0.41
	0.55

	F4: Super Napier
	5.68
	0.43
	0.54

	F5: BNH-10
	5.70
	0.44
	0.54

	Sole Guinea grass
	5.97
	0.43
	0.46

	Sole CO-3
	5.92
	0.44
	0.47

	Sole CO-5
	5.90
	0.43
	0.47

	Sole Super napier
	5.97
	0.44
	0.46

	Sole BNH-10
	5.99
	0.43
	0.46

	S. Em ±
	0.09
	0.01
	0.01

	C. D (p=0.05)
	NS
	NS
	NS

	Interaction (S x F)

	S1F1
	5.74
	0.40
	0.52

	S1F2
	5.73
	0.40
	0.52

	S1F3
	5.70
	0.40
	0.53

	S1F4
	5.75
	0.41
	0.52

	S1F5
	5.78
	0.41
	0.52

	S2F1
	5.64
	0.42
	0.54

	S2F2
	5.63
	0.42
	0.54

	S2F3
	5.62
	0.41
	0.55

	S2F4
	5.65
	0.42
	0.54

	S2F5
	5.67
	0.43
	0.54

	S3F1
	5.61
	0.45
	0.56

	S3F2
	5.58
	0.44
	0.56

	S3F3
	5.57
	0.43
	0.57

	S3F4
	5.63
	0.45
	0.56

	S3F5
	5.65
	0.46
	0.55

	S. Em ±
	0.16
	0.01
	0.02

	C. D (p=0.05)
	NS
	NS
	NS


*Note:      NS: Non-Significant	EC: Electrical conductivity      OC: Organic carbon


Table 7: Changes in available, nitrogen, phosphorous and potassium of soil after final harvest of fodders as influenced by teak in agroforestry system

	
Treatments
	Available
nitrogen (kg N ha-1)
	Available phosphorus
(kg P2O5 ha-1)
	Available potassium
(kg K2O ha-1)

	Main plots (Teak planting density)

	S1: 12m X 3m (277 trees ha-1)
	248.51
	17.32
	202.53

	S2: 10m X 3m (333 trees ha-1)
	249.27
	18.25
	204.09

	S3: 8m X 3m (416 trees ha-1)
	251.47
	19.44
	205.47

	S. Em ±
	5.24
	0.21
	3.25

	C. D (p=0.05)
	NS
	0.81
	NS

	Subplots (Fodder crops)

	F1: Guinea grass
	249.72
	18.32
	204.20

	F2: CO-3
	249.49
	18.27
	203.66

	F3: CO-5
	249.29
	18.18
	203.36

	F4: Super Napier
	249.86
	18.55
	204.40

	F5: BNH-10
	250.40
	18.37
	204.52

	Sole Guinea grass
	243.78
	16.28
	196.49

	Sole CO-3
	243.48
	16.08
	195.79

	Sole CO-5
	243.08
	15.88
	195.29

	Sole Super napier
	243.98
	16.58
	196.79

	Sole BNH-10
	244.08
	16.08
	196.70

	S. Em ±
	3.75
	0.12
	2.28

	C. D (p=0.05)
	NS
	NS
	NS

	Interaction (S x F)

	S1F1
	248.6
	17.4
	202.8

	S1F2
	248.3
	17.2
	202.1

	S1F3
	247.9
	17.0
	201.6

	S1F4
	248.8
	17.7
	203.1

	S1F5
	248.9
	17.2
	203.1

	S2F1
	249.1
	18.1
	204.3

	S2F2
	248.9
	18.1
	203.6

	S2F3
	248.9
	18.0
	203.4

	S2F4
	249.3
	18.5
	204.5

	S2F5
	250.2
	18.6
	204.8

	S3F1
	251.5
	19.5
	205.6

	S3F2
	251.2
	19.5
	205.3

	S3F3
	251.0
	19.6
	205.1

	S3F4
	251.5
	19.4
	205.7

	S3F5
	252.1
	19.2
	205.7

	S. Em ±
	6.50
	0.2
	3.94

	C.D (p=0.05)
	NS
	NS
	NS


*Note: NS: Non-Significant

CONCLUSION
The present study on nutrient dynamics in a fodder-based teak agroforestry system under humid tropical conditions demonstrates the beneficial role of integrating teak at varying planting densities with high-yielding perennial fodder crops in enhancing soil health. Closer teak spacing (8 m × 3 m) consistently improved key physical properties such as lower bulk density, increased porosity and enhanced organic carbon levels, suggesting better soil structure and carbon sequestration potential in soil. Although changes in chemical properties like pH, EC and organic carbon were not statistically significant, trends indicated increased microbial activity and organic inputs under closer teak spacing.
Available nitrogen and potassium showed positive but non-significant responses, while phosphorus levels significantly improved, highlighting teak’s influence on nutrient mobilization, likely through litter deposition and root-microbial interactions. Fodder crops alone had limited effects, but their integration with teak, especially combinations like S3F3 (8m x 3m + CO-5), exhibited superior outcomes in both physical and chemical soil parameters, emphasizing the synergistic benefits of agroforestry systems.
Overall, the results affirm that teak-based agroforestry systems, especially under denser spacings with compatible fodders, offer a viable and sustainable strategy to maintain and enhance soil fertility. These systems not only support long-term land productivity but also contribute to ecologically sound nutrient cycling, aligning with climate-resilient and resource-efficient farming practices in tropical regions.
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