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Abstract
Non-tree carbon pools, including litter, herbaceous vegetation and soil organic carbon (SOC), are critical for carbon sequestration in tropical dry deciduous forests, supporting climate change mitigation. This study quantifies carbon stocks in these components across eight administrative beats of Polavaram Range, Andhra Pradesh, India, a key tropical forest spanning 24,331.42 ha (17.23% of the subdivision’s area). Field sampling in 20 m × 20 m plots, with litter and herbaceous vegetation collected from 1 m × 1 m quadrats and soil sampled at 0–30 cm depths, was conducted in September 2024. Carbon content was analysed using the Walkley-Black method, revealing total carbon stocks of 40.34–111.25 Mg C ha-1, driven primarily by SOC (36.44–108.37 Mg ha-1). Statistical analysis in SPSS examined the influence of dominant tree species, height, diameter at breast height (DBH), and density, showing significant effects of height and density on litter carbon (p < .05, R² = .75), with Milletia auriculata enhancing SOC. Species like Terminalia corlacea and Tectona grandis influenced litterfall dynamics. These findings highlight the role of non-tree carbon pools in sustainable forest management and carbon credit programs, offering species-specific strategies for optimizing carbon storage in tropical forests.	Comment by pckvkchittorgarh@gmail.com: 
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Introduction	Comment by pckvkchittorgarh@gmail.com: 
Tropical dry deciduous forests are critical global carbon sinks, playing a vital role in climate change mitigation by sequestering atmospheric carbon in biomass and soil (Pan et al., 2011). While much of the research focus has been on carbon stored in tree biomass, the non-tree ecosystem components—litter, herbaceous vegetation, and soil organic carbon (SOC)—often constitute 50–70% of the total ecosystem carbon pool (Lal, 2005). These pools are essential for nutrient cycling and provide a mechanism for long-term carbon storage. Litter, comprising fallen leaves and twigs, contributes directly to SOC formation through decomposition, while herbaceous vegetation supports understory biodiversity and contributes to short-term carbon accumulation.
The quantity and quality of these non-tree carbon pools are not autonomous but are profoundly influenced by the overlying tree community. Tree structural characteristics such as height, diameter at breast height (DBH), and stand density can regulate microclimatic conditions, litter production, and decomposition rates, thereby indirectly shaping carbon storage in litter and soil (Tian et al., 2021). Furthermore, tree species identity, through traits like leaf litter quality and root exudates, can significantly alter SOC dynamics. Despite their importance, the independent contributions of these tree-level attributes to non-tree carbon pools remain inadequately quantified, as most studies remain focused on above-ground biomass carbon.	Comment by pckvkchittorgarh@gmail.com: 	Comment by pckvkchittorgarh@gmail.com: 
The Polavaram Range within the Eluru Forest Division, Andhra Pradesh, represents a significant tropical dry deciduous forest landscape in India's Eastern Ghats. Characterized by species such as Tectona grandis, Terminalia corlacea, Milletia auriculata, and Chloroxylon swietenia, this region faces pressures from land-use change, potentially compromising its carbon sequestration capacity (Kumar, 2009; Solomon et al., 2019). A comprehensive assessment of its carbon stocks, particularly in the understudied non-tree pools, is therefore essential for informed forest management.	Comment by pckvkchittorgarh@gmail.com: 
This study aims to quantify carbon stocks in litter, herbaceous vegetation, and SOC across eight beats of the Polavaram Range. Furthermore, it seeks to evaluate the specific influence of dominant tree species' structural characteristics (height, DBH, and density) on these non-tree carbon pools. The objectives are: (1) to measure carbon stocks in litter, herbaceous vegetation, and SOC (0-30 cm) through field and laboratory methods, and (2) to use statistical modelling to determine how tree traits and species identity affect the magnitude of these carbon pools. By focusing on these critical yet often overlooked components, this research aims to provide insights for sustainable forest carbon management strategies that enhance sequestration and support conservation efforts in tropical dry deciduous ecosystems.
Materials and Methods
Study Area
Polavaram Range, located in Eluru Forest Division, Andhra Pradesh, covers 24,331.42 ha of tropical dry deciduous forest, accounting for 17.23% of the Polavaram subdivision’s area. Situated at 17°30′–18°30′ N and 81°00′–82°00′ E, it features elevations of 50–200 m, an average annual rainfall of 1,200 mm, and a mean temperature of 28°C. The vegetation includes dominant species like Tectona grandis, Terminalia corlacea, Milletia auriculata, and Chloroxylon swietenia, growing on red loamy and lateritic soils conducive to organic matter accumulation (Kumar, 2009).
  [image: ]
Map 1: Study area 
Field Sampling
Fieldwork was conducted in September 2024. One 20 m × 20 m plot (400 m²) was established in each of the eight administrative beats using stratified random sampling to capture vegetation diversity. For trees with a DBH of at least 10 cm, height was measured with a clinometer (in meters), DBH was measured at 1.3 m above ground with a diameter tape (in cm), density was calculated as the number of trees per plot multiplied by 25 to convert to trees per hectare, and species were identified using standard field guides (Pascal & Ramesh, 2012). Litter (fallen leaves, twigs) and herbaceous vegetation (grasses, herbs) were collected from 3–5 randomly placed 1 m × 1 m quadrats per plot. Soil samples were collected at depths of 0–15 cm and 15–30 cm using a 5 cm diameter corer (3–5 cores per quadrat, combined per plot), and bulk density was measured using the core method.
Herbaceous Vegetation and Litter Layer Biomass and Carbon
Samples of herbaceous vegetation (plant matter <5 cm diameter) and litter were collected from five 1 m × 1 m quadrats (center and four cardinal directions) within each 20 m × 20 m main plot, positioned 1 m inward from the boundary. Biomass was harvested destructively using an aluminum or wooden frame, separating herbaceous material (leaves, stems, flowers) and surface litter (excluding stones and large twigs). Fresh weights were recorded with a digital scale, and 100 g subsamples were oven-dried at 65–70°C for ≥48 hours to determine moisture content and calculate total dry weight using the formula:

Subsequently, ash content and carbon fraction were calculated using the appropriate standard equations.
× 100
CF%= (100-ash%) × 0.58
Converting Carbon Percentage to Carbon Fraction for Analysis:
Carbon Content (Fraction) = 

where; 
W1 = weight of crucible; W2 = weight of oven dried tree samples + empty crucible weight;
W3 = weight of ash + empty crucible weight; CF = carbon fraction and 0.58 = a conversion factor.
Carbon storage in herbaceous vegetation and litter layer was estimated using the formula (Lasco et al., 2006):	Comment by pckvkchittorgarh@gmail.com: 
Carbon Sequestration/Carbon Density in Herbaceous Vegetation and Litter (𝑀𝑔 𝐶 ℎ𝑎)
= Total Dry Weight (𝑀𝑔 ℎ𝑎) × Carbon Conc. %
where; 
Total Dry Weight = Mg/ ha; Carbon Conc. (%) = g C/ 100 g biomass.
Estimation of Soil Organic Carbon (SOC)
Soil organic carbon (SOC) was estimated for the upper 30 cm soil layer, a zone critical for carbon dynamics. Sampling was conducted within the same five 1 m² quadrats used for herbaceous biomass assessment in each main plot. From each quadrat, soil cores were taken at two depth intervals: 0–15 cm and 15–30 cm.
Samples from each depth were composited by plot, air-dried, and homogenized. Visible organic debris and stones were removed. The soil was then crushed and passed through a 2 mm sieve to ensure uniformity. A representative subsample was taken from this composited sample for laboratory analysis.
The SOC concentration was determined using the standard Walkley-Black wet oxidation method.The procedure is summarized as follows:
Digestion: One gram of the prepared soil was digested with a mixture of 1N potassium dichromate (K₂Cr₂O₇) and concentrated sulfuric acid (H₂SO₄) at room temperature for 30 minutes.
Titration: After digestion, the mixture was diluted with distilled water, and orthophosphoric acid (H₃PO₄) and a diphenylamine indicator were added. The solution was titrated against a standardized ferrous ammonium sulfate (FAS) solution until the endpoint (a color change from violet-blue to green) was reached.
Blank Correction: A blank titration (without soil) was performed to account for the amount of dichromate reduced by the reagents themselves.
The SOC content was calculated using the following formula:
%Organic Carbon In soil =(B-S) x N x meq.wt. Of C x 100/mass of soil in gram                                                                                                                                Where N=10.5 x 1.00/Blank litre and meq wt=0.003
Where B is the Blank titre i.e., ml of Fe (NH4)2 (SO4)2 used for titration of 10.5 ml of N K2Cr2O7, S is the Sample titre i.e. ml of Fe (NH4)2 (SO4)2 used for titration of soil sample + 10.5 ml of 1.0 
N K₂Cr₂O₇, meq.wt. of C =0.003, N is the normality of Fe (NH4)2 (SO4)2  
N = 10.5 × 1.00)/ Blank titration.
Estimation of Soil Bulk Density and Carbon Stock
Soil bulk density (g cm⁻³) was determined by measuring the volume occupied by a known mass of dry, sieved soil in a graduated cylinder. It was calculated as:
Bulk Density = Mass of Dry Soil (g) / Volume of Soil (cm³)
The soil organic carbon (SOC) stock (Mg C ha⁻¹) for the 0–30 cm layer was calculated by integrating the SOC concentration, bulk density, and soil depth:
SOC Stock = SOC (%) × Bulk Density (g cm⁻³) × Depth (cm) × 0.1
The factor 0.1 converts the result into megagrams per hectare (Mg ha⁻¹), providing an estimate of the total carbon stored per unit area.
Total Ecosystem Carbon Stock
Total Carbon (Mg C ha⁻¹) = Litter Carbon+ Herbaceous Carbon + SOC
Data Analysis
[bookmark: _Hlk210119819]Carbon stocks for litter and herbaceous vegetation were calculated by multiplying dry biomass by carbon content and converting to megagrams per hectare (Mg Cha-1). SOC stocks were calculated for each depth (0–15 cm and 15–30 cm) using SOC content, bulk density, and depth, then summed for total SOC (0–30 cm). Total carbon stock was the sum of litter, herbaceous, and total SOC stocks.	Comment by pckvkchittorgarh@gmail.com: 	Comment by pckvkchittorgarh@gmail.com: 
Multiple linear regression in SPSS (Version 26) was used to examine the effects of dominant tree species, height, DBH, and density on litter, herbaceous, SOC, and total carbon stocks. Tree species were coded as binary variables, with Terminalia corlacea (the most common species) as the reference, and Milletia auriculata, Clerodendrum viscosum, and Tamarindus indica as comparison groups. The analysis tested how these factors predict carbon stocks, with results reported as coefficients, p-values, and R² values. Model assumptions, including normality, linearity, and multicollinearity (ensuring variance inflation factor, VIF, was below 5), were checked using residual plots, scatterplots, and VIF analysis. ANOVA was used to compare carbon stocks across beats, with a significance level of .05. Data were processed using Microsoft Excel and SPSS.
Results
Carbon stocks varied across the eight beats of Polavaram Range’s 24,331.42 ha forest area (Table 1). Total carbon stocks ranged from 40.34 Mg C ha-1in Beat 3 (Netapukota) to 111.25 Mg C ha-1in Beat 8 (Srivaka), with SOC being the largest component (36.44 - 108.37 Mg ha-1, 80-90% of total carbon). Litter carbon ranged from 1.27 Mg C ha-1in Beat 8 to 2.62 Mg C ha-1in Beat 4, and herbaceous carbon ranged from 1.11 Mg C ha-1 in Beat 7 to 1.61 Mg C ha-1in Beat 8. ANOVA showed significant differences in SOC and total carbon across beats (F (7, 16) = 4.56, p = .02 for SOC; F (7, 16) = 5.12, p = .01 for total carbon), but not for litter or herbaceous carbon (p > .05).	Comment by pckvkchittorgarh@gmail.com: 	Comment by pckvkchittorgarh@gmail.com: 	Comment by pckvkchittorgarh@gmail.com: 	Comment by pckvkchittorgarh@gmail.com: 	Comment by pckvkchittorgarh@gmail.com: 	Comment by pckvkchittorgarh@gmail.com: 	Comment by pckvkchittorgarh@gmail.com: 



Table 1. Carbon Stocks Across Eight Beats of Polavaram Range
	Beat
	Plot
	Dominant Species
	Litter C (Mg ha-1	Comment by pckvkchittorgarh@gmail.com: 
	Herbaceous C (Mg/ha)
	SOC (0–30 cm, Mg ha-1)	Comment by pckvkchittorgarh@gmail.com: 
	Total C (Mg ha-1)	Comment by pckvkchittorgarh@gmail.com: 

	1
	Vinjaram
	Albizia lebbeck
	1.90
	1.28
	65.03
	68.20

	2
	Udatapalli (Papikonda NP)
	Tamarindus indica
	1.37
	1.50
	57.87
	60.74

	3
	Netapukota
	Terminalia corlacea
	2.57
	1.33
	36.44
	40.34

	4
	Polavaram
	Terminalia corlacea
	2.62
	1.25
	70.25
	74.11

	5
	Udatapalli (Kondrukota)
	Terminalia corlacea
	1.78
	1.36
	82.24
	85.38

	6
	Chilakaluri
	Clerodendrum viscosum
	1.51
	1.58
	69.74
	72.83

	7
	Silavagiri
	Terminalia corlacea
	1.44
	1.11
	85.51
	88.05

	8
	Srivaka
	Milletia auriculata
	1.27
	1.61
	108.37
	111.25



Multiple linear regression results (Table 2) showed that height, density, and tree species significantly affected litter carbon (R² =75, p < 05). Height and density increased litter carbon, with Terminalia corlacea (the reference species) linked to higher litter stocks, such as in Beat 4 (2.62 Mg/ha). Compared to Terminalia corlacea, Milletia auriculata and Tamarindus indica were associated with lower litter carbon. Herbaceous carbon showed no significant relationships with tree traits or species (R² = 58, p > 05). For SOC and total carbon, density and Milletia auriculata were significant predictors (R² = 70 - 78, p < 05), with Beat 8’s high SOC (108.37 Mg/ha) tied to its dense Milletia stands (625 trees/ha). DBH had no significant effect (p > 09), possibly due to its correlation with height (r = 62, p = 10). All model assumptions were met, with VIF below 3.5 and residuals normally distributed.
Table 2. Regression Results for Carbon Stocks
	Carbon Pool
	Height Coef (p)
	DBH Coef (p)
	Density Coef (p)
	Milletia Coef (p)
	Clerodendrum Coef (p)
	Tamarindus Coef (p)
	R²

	Litter C
	0.15 (.040)
	0.02 (.150)
	0.002 (.030)
	-0.60 (.045)
	-0.45 (.060)
	-0.70 (.035)
	.75

	Herb C
	0.04 (.180)
	0.01 (.220)
	0.001 (.110)
	0.30 (.080)
	0.25 (.100)
	0.20 (.120)
	.58

	SOC
	1.80 (.070)
	0.50 (.100)
	0.020 (.060)
	25.0 (.030)
	-5.0 (.090)
	-10.0 (.085)
	.70

	Total C
	1.99 (.035)
	0.53 (.090)
	0.023 (.040)
	24.6 (.025)
	-5.2 (.080)
	-10.5 (.030)
	.78




Figure 1. Impact of Dominant Species on Carbon Stock Changes
This bar chart illustrates the effect of dominant tree species on carbon stock changes (Mg ha-1) across litter, herbaceous, soil organic carbon (SOC), and total carbon pools in Polavaram Range, Andhra Pradesh. The x-axis categorizes species, with Terminalia corlacea as the reference (coefficient = 0), and Milletia auriculata, Clerodendrum viscosum, and Tamarindus indica as dummy variables reflecting deviations from the reference. The y-axis displays coefficient values from multiple regression analysis, indicating the change in carbon stock relative to Terminalia corlacea. Results show Milletia auriculata significantly increases SOC (+25.0 Mg ha-1, p = .030) and total carbon (+24.6 Mg ha-1, p = .025), while reducing litter carbon (-0.60 Mg ha-1, p = .045). Tamarindus indica decreases litter (-0.70 Mg ha-1, p = .035) and total carbon (-10.5 Mg ha-1, p = .030), and Clerodendrum viscosum shows a borderline reduction in litter carbon (-0.45 Mg ha-1, p = .060). These findings, derived from 8 beats (n = 8) across 24,331.42 ha, highlight species-specific contributions to carbon storage, with implications for forest management.	Comment by pckvkchittorgarh@gmail.com: 	Comment by pckvkchittorgarh@gmail.com: 	Comment by pckvkchittorgarh@gmail.com: 	Comment by pckvkchittorgarh@gmail.com: 	Comment by pckvkchittorgarh@gmail.com: 	Comment by pckvkchittorgarh@gmail.com: 	Comment by pckvkchittorgarh@gmail.com: 
Discussion
This study underscores the significant contribution of non-tree carbon pools to the carbon sequestration capacity of Polavaram Range’s 24,331.42 ha forest, with SOC comprising 80-90% of total carbon stocks (average 75 Mg C ha-1), consistent with tropical dry deciduous forest patterns (Lal, 2005). The range’s vegetation, dominated by species like Terminalia corlacea and Milletia auriculata, supports high litterfall and SOC accumulation, particularly in denser stands. Litter carbon was highest in beats with Terminalia corlacea (Beats 3, 4, 5, 7), likely due to greater leaf fall from taller trees (average height 11.83 m), as shown by the positive effect of height in regression analysis (coefficient = 0.15, p = .040). Density also increased litter and SOC stocks (coefficients = 0.002–0.023, p < .05), indicating that denser stands, such as Beat 8 (625 trees ha-1), enhance carbon accumulation through greater organic matter inputs (Liu et al., 2023). Milletia auriculata significantly increased SOC in Beat 8 (coefficient = 25.0, p = .030), possibly due to its dense growth or slow-decomposing litter, while Tamarindus indica was linked to lower litter carbon (coefficient = -0.70, p = .035), reflecting differences in litter quality (Lyu et al., 2023).	Comment by pckvkchittorgarh@gmail.com: 	Comment by pckvkchittorgarh@gmail.com: 
Herbaceous carbon showed no significant relationships (p > .05), suggesting it is influenced more by environmental factors like soil moisture or light availability, common in the understory of tropical dry deciduous forests (Solomon et al., 2019). DBH’s lack of significance (p > .09) may stem from its correlation with height (r = .62), suggesting that future studies could use simpler models to isolate effects. The carbon stocks measured (40.34-111.25 Mg C ha-1) align with other Indian tropical forests (Kumar, 2009), highlighting Polavaram’s sequestration potential across its extensive forest area. Limitations include the use of one plot per beat, which may not fully capture the range’s spatial variability, and the small sample size (n = 8), which reduces statistical power. Future research could include more plots and seasonal data to assess temporal changes across the 24,331.42 ha. These findings suggest that reforestation with high-litter-producing species like Terminalia corlacea and dense Milletia auriculata stands could optimize carbon storage, supporting carbon credit programs and biodiversity conservation in Andhra Pradesh’s forests (Tian et al., 2021).	Comment by pckvkchittorgarh@gmail.com: 
Summary
This study provides a detailed assessment of carbon storage in non-tree pools across Polavaram Range’s 24,331.42 ha, revealing SOC as the dominant carbon pool (average 81.72 Mg C ha-1) and highlighting beat-level variations driven by tree traits and species composition. Statistical models explained 58–78% of the variance in carbon stocks, with density and Milletia auriculata as key drivers for SOC, and height and Terminalia corlacea enhancing litter carbon. The findings align with regional benchmarks for tropical dry deciduous forests, emphasizing the range’s role in carbon sequestration (Kumar, 2009).	Comment by pckvkchittorgarh@gmail.com: 
Conclusion
This research confirms that litter, herbaceous vegetation, and SOC are major carbon reservoirs in Polavaram Range, with total stocks averaging 75 Mg C ha-1across its eight beats within a 24,331.42-ha forest landscape. Statistical analysis highlights the significant influence of tree height, density, and species like Milletia auriculata and Terminalia corlacea on non-tree carbon dynamics, offering insights for sustainable forest management in tropical dry deciduous forests. By focusing on these understudied components, the study underscores their potential for climate change mitigation. Promoting species with high litterfall and dense growth can enhance carbon storage, supporting India’s conservation goals and carbon credit initiatives in the Eastern Ghats.	Comment by pckvkchittorgarh@gmail.com: 
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y = 0.151x + 0.109
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