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ABSTRACT 

	This study on Sandalwood focuses on relationship between biomass and the individual tree-level factors that influences its growth. Understanding carbon stocks associated with tree growth is complex, as it is affected by various factors, including planting geometry, soil conditions, local climate, tree management practices, and genetic traits. In 2021, a survey in Maharashtra identified 36 Sandalwood plantations through a snowball sampling method. To assess biomass production, these plantations were classified into five different stand density types. A Randomized Block Design (RBD) was implemented which consisted of five treatments based on spacing, each treatment replicated three times in twelve plots. The treatments were denoted as, T1 (3m × 3m), T2 (3.5m × 3.5m), T3 (4.5m × 4.5m), T4 (5.5m × 5.5m) & T5 (6m × 6m). The study found that the highest total biomass of 8.342 Mg ha⁻¹ occurred at a density of 493 trees ha⁻¹, significantly surpassing all other treatments. Correspondingly, the total carbon stock was greatest at this density, measuring 36.571 Mg C ha⁻¹, while the lowest carbon stock was recorded at 277 trees ha⁻¹, which was 31.425 Mg C ha⁻¹. Additionally, the carbon sequestration potential peaked at 134.215 Mg C ha⁻¹ in the moderate density plantation. These results confirm that stand density plays a crucial role in biomass accumulation in sandalwood plantations, with intermediate densities producing the best outcomes. The findings align with previous research on sandalwood and other tree species, highlighting the importance of optimizing planting density for sustainable and productive plantation management.	Comment by Kaushal Kishore: Who identified. Clarify it.	Comment by Kaushal Kishore: Verify this value once again. So much difference is quite difficult. 
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1. INTRODUCTION 
Sandalwood (Santalum album) is a prominent tree species native to peninsular India (Shukla et al., 2016), renowned worldwide for its aromatic heartwood and fragrant oil. It is also known as the “Dollar earning parasite" (Vignesh, 2022). The tree belongs to the Santalaceae family. Currently, 20725 hectares of sandal plantations exist under farm conditions in India, predominantly in the southern states of Karnataka, Tamil Nadu, and Kerala (Viswanath & Chakraborty, 2022). According to the predictions of Thomson (2020), the local demand for sandalwood oil in India will rise to a minimum of 250 tons in 2040. Financial compensation for such plantations may be eligible under the Clean Development Mechanism of the United Nations Framework Convention on Climate Change (UNFCCC) Kyoto Protocol. It has also been proposed for inclusion in REDD+ (reducing emissions from deforestation, forest degradation, and enhancement of forest carbon stocks), which is under negotiation within the United Nations FCCC (Kongsager et al., 2013; Venkatesh, 2023).

1.1. Biomass
The growth of a tree is affected by its ontogenetic stage, biotic and abiotic environment, and functional traits. Most studies, however, do not consider the direct relation between biomass growth and factors driving this at the individual tree level, but rather focus on average species performance and average species traits (e.g., Poorter and Bongers, 2006; Wright et al., 2010). The greatest potential for above ground biomass and carbon storage in the forest ecosystem resides in the canopy tree layer, although the understory, litter and coarse woody debris can also make a considerable contribution (Kumar et al., 2016).
1.2.  Carbon market
Projections of ICRAF suggest that the carbon market may exceed US$1 trillion by 2025 with potential availability of significant funds to finance sustainable rural development and adaptation to climate change (Anonymous, 2009; Kanime, 2013). The net long term CO2 source/sink dynamics of forests change through time as trees grow, die and decay. Quantification of carbon emissions or avoided emissions requires information on the rate of deforestation and the carbon stocks at a given time (Gibbs et al., 2007). Measurable parameters like diameter at breast height (DBH), height and WSG are the common variables that individually or in combination explain biomass (Chave et al., 2005). WSG is a direct reflection of the amount of carbon present in the forest as biomass (Woodcock and Shier, 2003) and it is strongly correlated with carbon density per unit volume (Fearnside, 1997; Mani and Parthasarathy, 2007; Pati et al., 2022)	Comment by Kaushal Kishore: ?
1.3.  Carbon sequestration
To provide a sustainable source of timber and fuelwood while simultaneously expanding green cover on degraded land for carbon sequestration, intensive maintenance of tree plantations using fast-growing single or mixed species should be adopted (Berry et al., 2022). Species-specific carbon sequestration potential studies have provided entirely different estimates depending upon various factors like weather conditions, location and management activities (Singh, 2003; Kumar et al., 2016). Quantifying carbon stocks associated with tree growth at different spatial and temporal scales is a complex task, influenced by factors like planting geometry on farmlands, soil conditions, local climate, tree management practices, and genetic parameters. According to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, there is limited information available regarding the biomass, carbon stock, and sequestration potential of both natural forests and trees outside forests at the national and regional levels.
Soil being a major contributor to the carbon mitigation technology but had various constrains such as soil salinity and sodicity (Felker et al., 2009; Kumar et al., 2014). Studies indicated that changes in some soil properties were influenced by tree species (Lemma, 2006; Chaudhari et al., 2014),
2. material and methods 
Survey was conducted through snowball sampling method in the Maharashtra state and 36 Sandalwood plantations were identified. The study was conducted in 2021. The site is located at 15° 35' N to 22° 02' N latitude and 72° 36' E to 80° 54' E longitude and at an altitude of 346 m ASL. The rainfall starts normally in the first week of June. July is the wettest month in Maharashtra, but the eastern part of Maharashtra sometimes receives some rainfall. The annual rainfall of less than 750 mm is unstable, unevenly distributed and of erratic nature.  Temperature rise from 12 °C to 34°C during this season. The mean annual rainfall is 750 mm, of which 80– 90% is normally during monsoon. The daily average minimum temperature in the coldest month varies from 90 C to 100 C, while during summer the maximum temperature varies from 300 C to 400 C. The soils of the Tarai region are developed from calcareous, medium to moderately coarse materials under the predominant influence of tall vegetation and moderate to well-drained conditions	Comment by Kaushal Kishore: Clarify it and correlate with previous part of the sentence.	Comment by Kaushal Kishore: Do you mean riny season or something else.	Comment by Kaushal Kishore: Earlier you mentioned less than unstable 750 mm. No need to repeat the text,	Comment by Kaushal Kishore: Duration.  Also correct the symbol of degree C.	Comment by Kaushal Kishore: It is not clear. Kindly mention the month. Earlier you have mentioned 12- 30 degree C, followed by 9 -10 degree C and here is the 30-40 degree C. Kindly correct the symbol of degre C.
To quantify the Biomass production of Sandalwood, the plantations were categorized into 5 different types of Stand Density. Experiment was laid out in Randomized Block Design (RBD) manner with 5 Treatments of Stand Density (5 types of spacing) with 3 replications each having 12 plots. The Treatments can be denoted as of following,	Comment by Kaushal Kishore: 5 treatments in triplicate means 15 plot. But you have mentioned 12 plots. Kindly justify if I am not right.
T1 (3m × 3m), T2 (3.5m × 3.5m), T3 (4.5m × 4.5m), T4 (5.5m × 5.5m) & T5 (6m × 6m)
Statistical analysis 
The experimental databases collected were statistically analyzed under Randomized Block design. One-way analyses of variance (ANOVA) were used to determine the statistical significance for differences in growth rates, aboveground biomass and carbon sequestration within the Planting density. Whereas the treatment results were significant, the critical differences were worked out at five per cent probability level (p< 0.05).
2.1 Collection of data.
· Estimation of Tree Biomass, Carbon Stock and Carbon Sequestration: 
i. Volume of the tree: Cylindrical volume of the tree has been calculated by using formula given below (Chaturvedi & Khanna, 1982): 
V
Where, V= Volume of tree (m3) 
D= Diameter at breast height (m) 
H= Height of the tree (m) 

ii. Above ground biomass (AGB): The above ground biomass was estimated by non-destructive method using the following formula: -

Above Ground Biomass (Mg ha-1) = Volume of tree × Species specific gravity

iii. Below Ground Biomass (BGB): It is calculated by multiplying the above ground biomass by 0.26 factor as the root shoot ratio (Hangarge et al., 2012)

Below Ground Biomass (Mg ha-1) = AGB x 0.26

iv. Total Biomass: It is the sum of above ground biomass and below ground biomass (Sheikh et al., 2011)
Total Biomass (Mg ha-1) = AGB + BGB

v. The proportion of stemwood used for long-lived products is estimated to be 42% (Wang and Feng, 1995). Therefore, 
Long-lived carbon storage = carbon mass in stemwood × 42%
vi. It is assumed that short-lived biomass (branches) can be used as fuel. The weight of biomass fuel equals the total biomass weight minus the long-lived stemwood weight. Since the heat released per unit weight of biomass is taken as 18 × l09 J ton-1, therefore 

Heat from biomass combustion = {biomass - (stem wood weight × 0.42)} × 18 × 109

vii. The thermal efficiency of biomass combustion is only 60% of that achieved with fossil fuels. If the heat released from combustion of unit weight of coal is taken as 25 × l06 J ton-1 and the carbon content of coal is 70%, then,
 
Carbon storage from coal combustion = (heat of biomass combustion × 0.60 × 0.70)/ 
(25 × 109)

viii. Total Carbon stock: Carbon stock was estimated from the total biomass by multiplying with IPCC default carbon fraction of 0.50 quoted by Ravindranath et al. (1997) as follows.
Carbon stock (Mg C ha-1) = Total Biomass (Mg C ha-1) × 0.50

ix. Total Carbon dioxide sequestered: The estimated carbon stocks were converted into CO2 equivalents (quantity of C × 44/12) for calculating CO2 assimilation by biomass of trees. Therefore, to determine the weight of carbon dioxide sequestered in the tree, multiply the weight of carbon in the tree by 3.67 (Johnson and Coburn, 2010).

Carbon dioxide sequestered (Mg C ha-1) = Carbon stock × 3.67

x. Soil organic carbon, texture and bulk density were determined according to Walkley and Black (1934). Soil carbon stocks were considered up to 30 cm soil depth only as per the guidelines of IPCC. Soil carbon stock was computed by multiplying the soil organic carbon (g kg-1) by bulk density (g cm-3) and depth (cm) and is expressed in Mg ha-1.

SOCStock = BD × D × SOC
                                                        D is soil depth

2.2 Statistical analysis 
The collected data were statistically analyzed using the Randomized Block Design (RBD). Significant treatment results were further analyzed with critical differences at a 5% probability level (p < 0.05) (Gupta, 2002).

3. results 
3.1 Growth performance of Sandalwood under different planting densities
The present study evaluated the growth and yield performance of Sandalwood (Santalum album) under five different planting densities, ranging from 1111 to 277 trees per hectare, by altering the spacings from 3.0 × 3.0 m to 6.0 × 6.0 m (Table-1). The growth parameters assessed included average height, diameter, and total volume per hectare.
Table: 1. Growth statistics of sandalwood species under different density wise plantation.
	Sl. No.
	Spacing
	Density
(Trees ha-1)
	Avg Ht.
(m)
	Avg. Dia
(m)
	Total volume
(m3 ha-1)

	1
	3.0 X 3.0
	1111
	3.51d
	0.042e
	5.410b

	2
	3.5 X 3.5
	816
	3.87c
	0.047d
	5.507b

	3
	4.5 X 4.5
	493
	4.62a
	0.062a
	6.825a

	4
	5.5 X 5.5
	330
	4.28b
	0.054b
	3.250c

	5
	6 X 6
	277
	4.15b	Comment by Kaushal Kishore: What are the factors responsible for decrease in height and diameter with low ddensities of plnat. However, there was an increase in height and dismeter with decrease in plant densities up to 4.5x4.5 m. kindly explain it.
	0.049c
	2.171d

	Mean
	4.09
	0.05
	4.63

	SE (d) ±
	0.103
	0.001
	0.063

	SE (m) ±
	0.073
	0.001
	0.045

	CD (0.05)
	0.242
	0.003
	0.145



The maximum average height (4.62 m) and diameter (0.062 m) were observed at a spacing of 4.5 × 4.5 m (493 trees ha-1) followed by 4.28 m height with 0.054m diameter in 330 trees ha-1 density category. The minimum values were recorded at the highest density (3.0 × 3.0 m; 1111 trees ha-1), with 3.51 m height and 0.042 m diameter. The total volume per hectare followed the results of height and diameter as highest at 4.5 × 4.5 m (493 trees ha-1) i.e. 6.825 m3 ha-1. This is attributable to the greater number of trees per unit area, which compensates for the reduced size of individual trees. This trend suggests that moderate density favors optimal individual tree growth, likely due to reduced competition for resources such as light, nutrients, and water. However, the total volume dropped significantly to 2.171 m3 ha-1 at the widest spacing (6 × 6 m; 277 trees ha-1), indicating that beyond a certain point, the reduction in tree number cannot be compensated by increased individual tree growth.	Comment by Kaushal Kishore: There was also less competition at 5.5mx5.5 m and 6.0mx6.0 m stand.
Similar findings have been reported by Harsh et al. (2019), who observed that wider spacings generally enhance individual tree growth in sandalwood due to less inter-tree competition. These results are also consistent with the observations of Radomiljac et al. (1998), who reported that lower densities in sandalwood plantations promote greater diameter and height increments per tree. The findings of Nagaveni et al. (2011) noted that intermediate densities optimize both height and diameter growth, leading to the highest per-tree wood volume. These results are in agreement with the findings of Fox et al. (2007) & Nagaveni et al. (2011), who highlighted that higher stand densities often yield greater total wood volume per hectare, albeit with smaller individual trees. The current findings corroborate earlier studies on spacing effects in sandalwood and other timber species. For instance, Chandrashekara and Parthasarathy (1995) found that intermediate spacings in teak plantations resulted in optimal stand productivity, balancing individual tree growth and total yield. Similarly, studies by Subasinghe et al. (2013) on Santalum album in Sri Lanka reported that moderate densities (400–600 trees ha-1) provided the best compromise between individual tree quality and total stand volume.
3.2 Biomass accumulation of Sandalwood under Varying Planting Densities
The data presented in Table-2 illustrate the effect of varying stand densities on the total biomass accumulation of Sandalwood (Santalum album L.). The densities ranged from 277 to 1111 trees per hectare. Both above-ground biomass (AGB) and below-ground biomass (BGB) were measured, and their sum was reported as total biomass.


Table: 2. Total biomass under different density of sandalwood.
	Sl. No.
	Density (Trees ha-1)
	AGB
(Mg ha-1)
	BGB 
(Mg ha-1)
	Total Biomass 
(Mg ha-1)

	1
	1111
	5.2475
	1.3643
	6.612b

	2
	816
	5.3420
	1.3889
	6.731b

	3
	493
	6.6203
	1.7213
	8.342a

	4
	330
	3.1524
	0.8196
	3.972c

	5
	277
	2.1055
	0.5474
	2.653d

	Mean
	4.49
	1.17
	5.66

	SE (d)±
	0.155

	SE (m)±
	0.110

	CD (0.05)
	0.363



The maximum total biomass (8.342 Mg ha-1) was recorded at a density of 493 trees ha-1, which was significantly higher than all other treatments. Densities of 816 and 1111 trees ha-1 yielded statistically similar total biomass values (6.731 and 6.612 Mg ha-1, respectively), while the minimum density (277 trees ha-1) produced the least biomass (2.653 Mg ha-1). The mean total biomass across all treatments was 5.66 Mg ha-1. The results demonstrate a clear density-dependent response in total biomass production. Intermediate density (493 trees ha-1) maximized biomass yield, while both higher and lower densities resulted in reduced biomass accumulation. At very high densities (816 and 1111 trees ha-1), although total biomass was relatively high, it did not surpass the intermediate density. 
This suggests that excessive competition for light, water, and nutrients at higher densities may have limited individual tree growth, thus constraining total biomass (Zhang et al., 2012). Conversely, at low densities (330 and 277 trees ha-1), the underutilization of site resources likely led to lower overall productivity, as observed in other forest systems (Forrester et al., 2004; Paul et al., 2013). This pattern is consistent with the principle that optimal stand density balances inter-tree competition and resource availability, maximizing productivity (Pretzsch, 2005). Similar density-dependent trends have been reported in other studies on sandalwood and related species. Radomiljac et al. (1998) found that intermediate planting densities optimized growth and biomass accumulation in Santalum spicatum. Likewise, studies on Santalum album by Haripriya et al. (2007) and Sridhar et al. (2013) reported that moderate densities favored higher biomass yield and tree vigor compared to very high or low densities. 
3.2 Biomass accumulation of Sandalwood under Varying Planting Densities
The data presented in Table-3 estimated carbon stocks and sequestration rates across five varying tree densities (1111, 816, 493, 330, and 277 trees ha-1) (Fig.1). The key findings are,
· Long-lived Carbon Storage:  
The highest long-lived carbon storage (2.781 Mg C ha-1) was observed in the stand with 493 trees/ha, while the lowest (0.884 Mg C ha-1) was recorded at 277 trees ha-1. This suggests that moderate-density stands may optimize carbon retention in long-lived woody biomass compared to very high or low-density stands. 
· Heat from Biomass Combustion and Carbon Storage from Coal Substitution:
Heat from biomass combustion ranged from 31.835 Mg C ha-1 (277 trees ha-1) to 100.098 Mg C ha-1 (493 trees ha-1). Carbon storage from coal substitution varied between 0.535 Mg C ha-1 being lowest and 1.682 Mg C ha-1 at maximum. Sites with higher biomass combustion heat, such as Site 2 (101.731 Mg C ha-1), did not necessarily correlate with higher carbon sequestration rates, as seen with Site 4 (34.380 Mg C ha-1).
· Soil Carbon Stock:  
Soil carbon varied between 27.495 and 32.4 Mg C ha-1, with no clear trend linked to stand density. This suggests that soil carbon is influenced more by site history and microbial activity than by current stand structure. 
· Total Carbon Stock and potential Carbon sequestration:
The total carbon stock was highest (36.571 Mg C ha-1) at 493 trees ha-1 and lowest (31.425 Mg C ha-1) at 277 trees ha-1 which is also depicted in case of Carbon sequestration potential i.e.  134.215 Mg C ha-1 being highest at moderate density plantation. 
The standard error (SE) and critical difference (CD at 0.05) values confirm that differences in sequestration rates are statistically significant, reinforcing the impact of stand density on carbon dynamics.
Table: 3 Estimated carbon stocks and carbon sequestration rates across different Stand density of Sandalwood
	Sl. No.
	Density
	Long-lived C storage (Mg C ha-1)
	Heat from biomass combustion (×109)
	Carbon storage from coal substitution (Mg C ha-1)
	Carbon stock
(Mg C ha-1)
	Soil C stock (Mg C ha-1)
	Total Stock (Mg C ha-1)
	Carbon sequestration
(Mg C ha-1)

	1
	1111
	2.204
	79.342
	1.333
	3.306
	29.580
	32.886
	120.691b

	2
	816
	2.244
	80.772
	1.357
	3.365
	27.495
	30.860
	113.258b

	3
	493
	2.781
	100.098
	1.682
	4.171
	32.401
	36.571
	134.215a

	4
	330
	1.324
	47.664
	0.801
	1.986
	32.319
	34.305
	125.899a

	5
	277
	0.884
	31.835
	0.535
	1.326
	30.099
	31.425
	115.331b

	SE (d)±
	4.041

	SE (m)±
	2.858

	CD (0.05)
	9.464






































Fig. 1. Comparative graph showing varying Total Volume, Total Carbon stock and Carbon sequestration potential within different planting density

The analysis of the provided data indicates a positive correlation between the age of sandalwood (Santalum album) plantations and their biomass accumulation and carbon sequestration potential. As the plantations mature, there is a notable increase in both aboveground and belowground biomass, contributing significantly to carbon storage. 
When compared to other tree species, sandalwood exhibits moderate carbon sequestration potential.  For instance, a study in the Tarai region of Uttarakhand evaluated the carbon stock of Dalbergia latifolia and Melia composita plantations, reporting carbon stocks ranging from 68.94 Mg C ha⁻¹ to 145.14 Mg C ha⁻¹. While these values are higher than those reported for sandalwood, it's important to consider the economic value of sandalwood heartwood and oil, which adds to its desirability despite the comparatively lower carbon sequestration.

4. Discussion	Comment by Kaushal Kishore: Increase and decrease in value for different parameters in the table corresponding to plant densities needs to  be justified.
· Relation between Stand Density and Carbon Storage of Sandalwood
The results indicate that carbon storage is not linearly correlated with stand density. The highest long-lived carbon storage at 493 trees ha-1 suggests that excessively high densities (e.g., 1111 trees ha-1) may lead to competition-induced mortality, reducing carbon retention (Forrester, 2019; Luo et al., 2019).). Conversely, low-density stands (277 trees ha-1) exhibit reduced carbon stocks, likely due to lower biomass accumulation (Pretzsch et al., 2015). This aligns with the "intermediate disturbance hypothesis," where moderate densities balance growth and mortality for optimal carbon storage (Connell, 1978).
· Soil Carbon Dynamics
Soil carbon stocks showed minimal variation across densities, consistent with findings that soil organic carbon is more stable and influenced by long-term decomposition rates rather than immediate stand structure (Schlesinger & Bernhardt, 2013; Jandl et al., 2014)). However, the slightly higher soil carbon at 493 trees ha-1 may reflect enhanced litter input from balanced growth and turnover (Prescott, 2010).
· Carbon Sequestration Efficiency 
The significantly higher sequestration rate at 493 trees ha-1 suggests that moderate densities optimize photosynthetic efficiency and biomass allocation (Gower et al., 1996; Ryan et al., 2010; Poorter et al., 2015). This contrasts with high-density stands, where self-thinning may reduce net productivity (Oliver & Larson, 1996). The findings support forest management strategies that avoid extreme densities to maximize carbon sequestration (IPCC, 2019).
· Comparison with Previous Studies
High-Density Stands: The lower sequestration in high-density stands (1111 trees ha-1) matches observations by Zhang et al. (2020), where overcrowding reduced individual tree growth. Low-Density Stands: The poor performance of low-density stands aligns with studies showing that sparse stands underutilize site potential (Liang et al., 2016). Optimal Density: The peak sequestration at 493 trees ha-1 is consistent with meta-analyses indicating that mid-range densities maximize ecosystem services (Guo et al., 2024).
   
5. Implications for Sandalwood Plantation Management
The present findings indicate that managing sandalwood plantations at intermediate densities (around 493 trees ha-1) can maximize biomass production, which is critical for both economic returns and carbon sequestration. Overcrowding should be avoided to reduce competition, while excessively wide spacing may lead to inefficient resource use and lower productivity.
The findings underscore the potential of sandalwood plantations in contributing to carbon sequestration efforts and sustainable forestry practices.  By selecting appropriate host species and implementing effective management strategies, the biomass and carbon storage capacity of sandalwood plantations can be optimized.  Furthermore, integrating sandalwood into agroforestry systems can enhance soil carbon levels, contributing to overall ecosystem health. Forest managers should aim for moderate densities (~500 trees ha-1) to enhance carbon sequestration. Thinning overly dense stands and underplanting sparse ones could optimize carbon storage (FAO, 2020). Further research should explore species-specific responses to refine density recommendations.

6. Conclusion
This study confirms that stand density significantly influences total biomass accumulation in sandalwood plantations, with intermediate densities yielding the highest biomass. These findings are in agreement with previous research on sandalwood along with other tree species, reinforcing the importance of optimizing planting density for sustainable and productive plantation management.
Sandalwood plantations, particularly as they mature, play a significant role in biomass accumulation and carbon sequestration.  The choice of host species and plantation management practices are determining factors influencing the outcomes.  While sandalwood may not match the carbon sequestration rates of some other tree species, its high economic value and contribution to soil carbon dynamics make it a valuable component of sustainable forestry and climate change mitigation strategies
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Volume (m3/ha)

Total Stock (Mg C/ha)	
1111 trees/ha	816 trees/ha	493 trees/ha	330 trees/ha	277 trees/ha	32.8859149932726	30.860481432519698	36.570758072176403	34.304995206687899	31.4254532610334	Carbon sequestration (Mg C/ha)	
1111 trees/ha	816 trees/ha	493 trees/ha	330 trees/ha	277 trees/ha	120.69130802530999	113.257966857347	134.21468212488799	125.89933240854501	115.331413467993	Total volume (m3 /ha)	1111 trees/ha	816 trees/ha	493 trees/ha	330 trees/ha	277 trees/ha	5.4097774394904397	5.5072515668789803	6.82500093630573	3.24986942675159	2.1705993471337601	Stand Density
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