Growth Performance of Teak at Different Planting Densities 


ABSTRACT
Teak (Tectona grandis L.f.) is a premium tropical hardwood species valued for its durability, strength, and resistance to pests, playing a vital role in timber production, commercial plantations and carbon sequestration. An assessment was made from June 2021 to May 2022 at the AICRP on Agroforestry unit, ZARS, GKVK, Bengaluru, Karnataka, to know the growth performance of teak (Tectona grandis L.f.) under varying planting densities. The twelve years old teak trees were maintained by the three spacings viz., 12 m × 3 m, 10 m × 3 m and 8 m × 3 m, using a strip plot design replicated seven times. Tree growth parameters such as height, girth at breast height (GBH) and crown spread were significantly influenced by spacing. The widest spacing (12 m × 3 m) recorded the highest trees height (9.76 m), highest GBH (56.43 cm) and largest canopy spread (6.07 m in N–S and 5.07 m in E–W direction). Biomass accumulation and carbon sequestration were also significantly influenced by the different spacing treatments. The 12 m × 3 m spacing yielded the highest wood volume (41.20 m³ ha⁻¹), total biomass (28.55 t ha⁻¹), carbon content (13.42 t ha⁻¹) and CO₂ sequestration (49.25 t ha⁻¹). Closer spacing (8 m × 3 m), though lower in tree growth and biomass, recorded the highest soil organic carbon (1.51 t ha⁻¹), possibly due to increased litterfall. Light intensity, measured through lux meter readings, showed a reduction near tree boles in narrower spacing, with highest light availability under wider spacing. The results suggest that wider teak spacing supports superior tree growth, biomass accumulation and carbon storage, while closer spacing contributes to enhanced soil carbon..	Comment by user-pc: It is best to also complete the lowest data entry.	Comment by user-pc: It is best to also complete the lowest data entry.
Keywords: Biomass, Carbon sequestration, Density, Litterfall, Spacing and Timber	Comment by user-pc: writing according to the journal template
INTRODUCTION
Teak (Tectona grandis L. f.),  a premier tropical hardwood species valued globally for its outstanding timber quality, high dimensional stability and resistance to decay and pests. As a result, it is extensively cultivated in tropical regions such as India, Myanmar, Thailand and Indonesia, where it forms a cornerstone of commercial and smallholder forestry systems (Keerthika et al., 2021; Hegde et al., 2022). In the context of rising global demand for sustainable and high-value timber, optimizing the silvicultural management of teak plantations has become increasingly critical, particularly in terms of planting density and spacing configurations (Sharma et al., 2023).
Planting density is a key determinant of tree growth and overall stand productivity. It influences intra-specific competition for essential resources like light, water, and soil nutrients, which in turn affects tree height, diameter at breast height (DBH), basal area and timber volume (Kaushal et al., 2020; Nanda et al., 2022). Lower planting densities generally promote greater individual tree growth due to reduced competition, whereas higher densities may increase biomass production per unit area at the cost of individual performance (Gadow et al., 2019). Moreover, density also shapes crown architecture, wood quality and ecological services such as carbon sequestration and biodiversity conservation (Yadav et al., 2022). 

While many studies have assessed teak growth under conventional plantation systems, limited research has explored its performance under different densities. This gap is particularly relevant in regions where edaphic, climatic and genetic variables influence silvicultural outcomes (Patra et al., 2023). Therefore, the present study investigates the growth performance of teak under different planting densities, with the aim of identifying spacing strategies that optimize productivity, resource-use efficiency and plantation sustainability. 
MATERIAL AND METHODS
The present study entitled “Growth performance of teak at different plating densities” was assessed at ‘M’ block, All India Coordinated Research Project (AICRP) on Agroforestry unit, Zonal Agricultural Research Station (ZARS), Gandhi Krishi Vigyana Kendra (GKVK), University of Agricultural Sciences, Bengaluru, Karnataka from June 2021 to May 2022. It is located in the Northern part of Bengaluru between 13⁰ 04’ North latitude and 77⁰ 34’ East longitude at an altitude of 930m above mean sea level (MSL).  This assessment was done at the AICRP on Agroforestry unit, wherein maintained twelve years old teak trees plantation. The experiment was conducted in a strip plot design with seven replications. Treatments includes, 	Comment by user-pc: better complete climate data	Comment by user-pc: it would be better to complete it with a map
	Treatment
	Spacing

	S1
	12 m X 3 m

	S2
	10 m X 3 m

	S3
	8 m X 3 m



Tree growth observations: The tree biomass was calculated by the non-destructive method by taking the measurements of height, girth and crown width of the standing trees and the then volume was calculated. The total tree height was measured with the help of Ravi altimeter and expressed in meter. The stem diameter at breast height (1.37 m) from the ground level was measured with the help of measuring tape and expressed in centimeter (Chaturvedi and Khanna, 1981). The crown spread of the tree was measured in East-West and North-South directions with the help of measuring tape and expressed in meter (Jennings et al., 1999). Then the tree volume was calculated using below given formula, given by Chaturvedi and Khanna, 1981 and expressed in cubic meter. 

Where,   ‘V’ – Volume of the wood
‘D’ - stem diameter at breast height (m)
‘Ht’ - height in (m)
п - 3.142 and 
‘FF’ - Form factor is the ratio of its volume to the volume of a specified geometric solid of similar basal diameter and height and consider form factor for teak (0.7).
Biomass estimation in trees: Non-destructive method of biomass estimation was carried out using volume (tree height, GBH) and wood density. The wood density of the tree species was referred from FAO (2010) and World Agroforestry Centre (WAC). The above ground biomass (AGB) is calculated by multiplying specific wood density (kg m-3) with volume (m3) of the tree species (Ravindranath and Ostwald, 2008).
AGB (kg tree-1) = Volume (m3) × Wood density (kg m–3).
Below ground biomass (BGB): Below ground biomass of the tree includes live root biomass, excluding fine roots and was calculated using a 0.26 factor of root: shoot ratio (Ravindranath and Ostwald, 2008).
BGB (kg tree-1) = AGB (kg tree-1) × 0.26
Total biomass (TB): Sum of AGB and BGB gives the total biomass (TB) of the tree
TB (kgtree-1) = AGB (kg tree-1) + BGB (kg tree-1)
Carbon estimation: Carbon estimation is a measurement of the total carbon accumulated in a tree out of total biomass of the tree. Generally, for any plant species, 45-50 per cent of its biomass is considered as carbon       (Pearson et al., 2005).
Carbon Storage = Biomass x 50%
CO2 sequestration in trees: The CO2 in the atmosphere is assimilated by trees in the process of photosynthesis. In order to derive the amount of CO2 converted into carbon and retained in the biomass, the molecular weight relation between carbon (12) and oxygen (16) is determined. Therefore, to determine the weight of carbon dioxide sequestered in the tree, multiply the weight of carbon in the tree by 3.6663. Usually expressed in kg ha-1 (Chhabra and Dadhwal, 2004). 
Carbon sequestration = Fixed carbon content in wood X 3.6663
Soil organic carbon stock: The organic carbon concentration in the soil was converted to total SOC pool as per Kukal et al. (2009) as follows: 
Total SOC (kg ha-1 ) = SOC % n x BD (g cm-3 ) x SD (cm) x 1000
Where, total SOC pool is the weight of soil organic carbon (kg ha-1 ), SOC is soil organic carbon (%), BD is soil bulk density of 0–20 cm layer (g cm-3 ), SD is soil depth in cm and 1000 is the volume of 1 ha furrow slice (m3).
Solar radiation interception (%):Solar radiation interception was recorded during morning, noon and evening hours in different planting densities and open area under a canopy of trees by a digital lux meter (X100, LUX 2,00,000) and expressed as a percentage of light reduction under the tree canopy over open area.
Statistical analysis and interpretation of data: The data recorded on various observations on growth, yield and soil parameters were subjected to analysis of variance as detailed by Gomez and Gomez (1984). The level of significance used in ‘F’ test was 5 per cent. The critical difference (CD) values are given in the Table at 5 per cent level of significance, wherever the ‘F’ test was significant otherwise against CD values abbreviation NS (Non-significant) was indicated. Intersepsi 

RESULTS AND DISCUSSION
The tree growth parameters like tree height, tree diameter at breast height and crown spread (East-West direction and North-South direction) were presented in the Tables 1 and 2. The data regarding teak height (m) at different planting densities showed significant differences and displayed in Table 1. Significantly higher teak height (9.76 m) was observed in 12 m X 3 m planting density and the lower teak height of 8.50 m has been noticed in 8 m X 3 m planting density. It might be due to individual trees have greater space under wider spacing, resulting in less competition for nutrients, moisture and light for growth. These results substantiate the finding of                Rahmawati et al. (2022). Elucidation of data presented in Table 1 reveals that higher girth at breast height of teak (56.43 cm) was found in 12 m X 3 m planting density and the lower GBH (46.66 cm) was found in 8 m X 3 m planting density. In wider spacing created less competition for growth resources. This finding are coincides with results of Rahmawati et al. (2022) and Zahabu et al. (2015).
Table 1: Height and Girth at breast height of teak at different planting	Comment by user-pc: Do not cut the table
	
Treatments
	Tree height (m)
	Girth at breast
height (cm)

	
	
	

	S1: 12 m X 3m (277trees ha-1)
	9.76
	56.43

	S2: 10 m X 3m (333trees ha-1)
	9.72
	53.00

	S3: 8 m X 3m (416trees ha-1)
	8.50
	46.66

	S. Em ±
	0.03
	0.38

	C. D (p=0.05)
	0.10
	1.14

	C. V (%)
	0.98
	1.96



The data on canopy spread of teak in north-south and east-west directions at different planting densities are showed significant and addressed in Table 2. Significantly higher teak canopy spread of 6.07 m at N-S direction has been recorded in 12 m X 3 m planting density and the lower canopy spread was noticed in 8 m X 3 m planting density (5.22 cm). Whereas, significantly higher teak spread (5.07 m) towards E-S was noticed in 12 m X 3 m planting density and the lower teak canopy spread (4.69 m) has been shown in 8 m X 3 m planting density. However, compare to N-S direction the crown spread was less in E-W direction. It might be due to lesser space between tree to tree (3 m) compare with row to row (12 m, 10 m and 8 m) as well as light direction. These results are in line with those of Zahabu et al. (2015),  Dhillon et al. (2016) and Dhillon et al. (2018)..
Table 2: Canopy spread of teak at different planting
	
Treatments
	Canopy spread (m)

	
	N-S
	E-W

	S1: 12 mX 3m (277trees ha-1)
	6.07
	5.07

	S2: 10 mX 3m (333trees ha-1)
	5.51
	4.91

	S3: 8 mX 3m (416trees ha-1)
	5.28
	4.69

	S. Em ±
	0.09
	0.05

	C. D (p=0.05)
	0.15
	0.16

	C. V (%)
	4.30
	2.75


                                     *Note: N-S: North-South	E-S: East-West
The data indicates that wood volume per hectare (m3 ha-1) and biomass production of teak found to be significant as influenced by planting densities are presented in Table 3. A perusal of data given in Table 3 elucidates that significantly higher teak wood volume per hectare of 41.20 m3 ha-1 was noticed in 12 m X 3 m planting density and lower volume per hectare of 32.03 m3 ha-1 was noticed in narrow planting density.  Significantly 12 m X 3 m planting density of teak recorded higher above ground biomass (22.66 t ha-1), below ground biomass (5.89 t ha-1) and total biomass (28.55 t ha-1). Whereas, lower AGB, BGB and TB (17.62 t ha-1, 4.58 t ha-1 and 22.20 t ha-1, respectively) are found in closer planting density. This may be due to differences in GBH and height of individual trees. The results were akin with the findings of Rahmawati et al. (2022), Dhillon et al. (2016) and                       Sneh et al. (2019)..
Table 3: Volume per hectare and biomass production of teak as influenced by planting densities 	Comment by user-pc: Do not cut the table
	
Treatments
	Wood volume 
(m3 ha-1)
	Above ground biomass
(t ha-1)
	Below ground biomass
(t ha-1)
	Total biomass    (t ha-1)

	S1: 12 mX 3m (277trees ha-1)
	41.20
	22.66
	5.89
	28.55

	S2: 10 mX 3m (333trees ha-1)
	36.77
	20.23
	5.26
	25.49

	S3: 8 mX 3m (416trees ha-1)
	32.03
	17.62
	4.58
	22.20

	S. Em ±
	1.39
	0.35
	0.09
	0.44

	C. D (p=0.05)
	0.64
	1.10
	0.27
	1.38

	C. V (%)
	4.62
	4.61
	4.63
	4.62


The data on carbon content and carbon dioxide content of teak are found significant as influenced by planting densities and are displayed in Table 4. Carbon content and carbon dioxide content also followed similar trend. Significantly higher carbon content of 13.42 t ha-1 and CO2 content of 49.25 t ha-1 are found higher in 12 m X 3 m planting density and 8 m X 3 m planting density recorded lower carbon content of 10.43 t ha-1 and CO2 content of 38.29 t ha-1. This might be due to increase total biomass per hectare. Similar type of results was also found by Rahmawati et al. (2022) and Mangalassery et al. (2014).
The influence of planting densities on soil organic carbon (t ha-1) of teak recorded significantly and addressed in Table 5. The higher soil organic carbon stock of 1.51 t ha-1 was found in 8 m X 3 m planting density. Whereas, the lower soil organic carbon (1.37 t ha-1) has found in 12 m X 3 m planting density. The increased soil organic carbon stock under closer spacing may be attributed to the higher number of trees per hectare and greater accumulation of litterfall and root biomass. These results substantiate findings of Kumar et al. (2020).





Table 4: Carbon sequestration of teak as influenced by planting densities in Teak	Comment by user-pc: Do not cut the table
	
Treatments
	Carbon content
(t ha-1)
	Carbon dioxide content
(t ha-1)
	Soil organic carbon stock
(t ha-1)

	S1: 12 mX 3m (277trees ha-1)
	13.42
	49.25
	1.37

	S2: 10 mX 3m (333trees ha-1)
	11.98
	43.96
	1.42

	S3: 8 mX 3m (416trees ha-1)
	10.43
	38.29
	1.51

	S. Em ±
	0.20
	0.76
	0.26

	C. D (p=0.05)
	0.65
	2.38
	0.82

	C. V (%)
	4.61
	4.62
	4.80












Table 5: Lux meter readings and percent light reduction during morning, noon and evening hours under teak over open area as influenced by planting density of teak

	Treatments/Timings
	Nea teak bole
	1 m away from teak bole
	2 m away from teak bole

	
	Lux meter readings
	Per cent reduction over open area
	Lux meter readings
	Per cent reduction over open area
	Lux meter readings
	Per cent reduction over open area

	Morning(9.00am)

	S1: 12 mX 3m (277trees ha-1)
	237.2
	47.5
	277.2
	38.7
	315.2
	30.3

	S2: 10 mX 3m (333trees ha-1)
	218.2
	51.8
	258.4
	42.1
	296.4
	34.5

	S3: 8 mX 3m (416trees ha-1)
	208.6
	53.9
	248.8
	45.0
	286.6
	36.6

	Open field
	452.2
	100

	Noon (2.00 pm)

	S1: 12 mX 3m (277trees ha-1)
	423.8
	33.7
	465.2
	27.2
	517.9
	18.9

	S2: 10 mX 3m (333trees ha-1)
	405.8
	36.5
	446.2
	30.2
	502.1
	20.9

	S3: 8 mX 3m (416trees ha-1)
	395.1
	38.2
	435.9
	31.8
	486.2
	23.9

	Openfield
	639
	100

	Evening(5.00 pm)

	S1: 12 mX 3m (277trees ha-1)
	169.2
	55.9
	211.6
	44.9
	263.2
	31.4

	S2: 10 mX 3m (333trees ha-1)
	150.8
	60.7
	196.1
	48.9
	240.8
	37.3

	S3: 8 mX 3m (416trees ha-1)
	140.2
	63.5
	170.8
	55.5
	220.6
	42.5

	Open field
	384
	100





The data affiliated to lux meter readings below the teak bole, 1 m away from teak bole and 2 m away from teak bole over open area at morning, noon and evening (9.00 am, 2.00 pm and 5.00 pm) as impacted by planting density of teak in agroforestry system (Table 5). The higher lux meter readings recorded in open field (morning: 452.2, afternoon: 639.5 and evening: 384.5). Meanwhile higher lux readings were found in 12 m X 3 m (morning: 315.2, afternoon: 517.9 and evening: 263.2) at 2 m away from teak bole and decreased in 8 m X 3 m spacing (morning: 208.6, afternoon: 395.1and evening: 140.2) near teak bole. More per cent lux reduction over open area was noticed below bole under narrow spacing (morning: 53.9, afternoon: 38.2 and evening: 63.5). Considerably increase trend of lux data has been observed as taken away from the teak bole. The limit in light intensity may vary depending on tree age, crown spread and planting density. More light penetration has been seen in wider spacing. These results were follow the earlier findings of Luedeling et al. (2016) and Pallavi (2014).
CONCLUSION
The present study clearly demonstrates that planting density has a profound influence on the growth, biomass accumulation and carbon sequestration potential of teak (Tectona grandis L. f.). Among the three different spacing, the widest spacing (12 m × 3 m) consistently outperformed in terms of tree height, girth at breast height, canopy spread, wood volume and total biomass production. This spacing also led to the highest carbon content and CO₂ sequestration, indicating its effectiveness in climate mitigation strategies. However, denser planting (8 m × 3 m) resulted in greater soil organic carbon stock due to higher litter accumulation, despite showing lower tree growth and biomass yield. Additionally, wider spacing facilitated higher solar radiation interception, suggesting good potential for intercrop cultivation. These findings emphasize the trade-offs between maximizing individual tree performance and enhancing ground-level ecological contributions such as soil carbon enrichment and microclimate regulation. Therefore, selection of planting density should be aligned with site-specific objectives, whether for maximizing timber yield, improving soil health or optimizing light availability for understorey crops. Overall, adopting an appropriate spacing strategy can substantially improve the productivity, ecological sustainability and carbon mitigation potential of teak-based farming systems..	Comment by user-pc: It is best to complete it by entering the data results from the discussion	Comment by user-pc: It is best to complete it by entering the data results from the discussion	Comment by user-pc: It is best to complete it by entering the data results from the discussion
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