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Abstract

:

This study was carried out in the Tarai region of Uttarakhand, India to estimate the carbon stock and sequestration potential of Dalbergia latifolia and Melia composita plantations of different ages (4 and 6 years old). A total of 14 regression equations using one variable, dbh (diameter at breast height), were primarily selected for both of the tree species component-wise. Tree density was 880 and 960 individuals ha−1 in D. latifolia and M. composita monoplantations, respectively. These equations were statistically significant (p < 0.01, p < 0.05) at 95% confidence interval. The total biomass of trees, shrubs, and herbs at the different-aged plantations varied from 68.86 to 145.14 Mg ha−1, 1.29 to 2.41 Mg ha−1, and 1.14 to 3.68 Mg ha−1, respectively. Among the studied plantations, the maximum total biomass of 145.14 Mg ha−1 was recorded at the M. composita plantation (7 years old), resulting in the maximum carbon stock of 68.94 Mg C ha−1. Total NPP ranged from 5.6 Mg ha−1yr−1 to 16.01 Mg ha−1yr−1 for both plantations of different ages. The carbon sequestration in the M. composita 7-year-old plantation was 7.6 Mg Cha−1yr−1. Quantified carbon sequestration among different tree components must be considered for tree-level inventories for carbon trading schemes when determining the long-term carbon pools under the Paris agreement.
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1. Introduction


Global climate change poses a threat to the welfare of human beings and other living organisms by affecting biodiversity, productivity, and health [1]. Carbon dioxide (CO2) is one of the most important contributors to global climate change, as per the world’s scientific community. The earth’s climate is affected by 20% of CO2 emissions, which will continue to affect us for thousands of years from now [2]. The Intergovernmental Panel on Climate Change (IPCC) projects that CO2 from industry, including direct and indirect emissions and process emissions, will increase from 13 GtCO2/yr in 2010 to 20–24 GtCO2/yr in 2050 [3]. One of the most complex and expensive tasks is removing this carbon from the atmosphere. However, controlling the present level of atmospheric CO2 through REDD+ activities is the most viable and feasible strategy recommended by scientists and policy makers [4,5], and tree plantations (trees outside the forest) can efficiently meet the objectives of this strategy [6]. Tree plantations are being raised throughout the globe at an increasing rate, accounting for 5% of global forest cover, and may provide up to 35% of worldwide round wood [7]. Despite increasing demand, India has maintained about 64 million hectares of forest cover over the past decade [8]. The significance of the conservation of plantations in lowering logging pressure on wild forests, sequestering carbon, and rehabilitating damaged lands is also becoming more widely recognized. Products produced from plantations can contribute to forest conservation by reducing the pressure on natural forest deforestation. Thus, the promotion of sustainable forest management can maintain high carbon stock mitigation and adaptation. The great majority of plantations globally are monocultures, with only a few tree species in frequent use [9]. In India and other tropical countries, tree plantations are frequently established from a very limited number of ‘classic’, highly productive plantation species [10,11,12,13]. However, a tree plantation on barren land and grassland and cropland results in a considerable amount of above- and below-ground biomass, carbon sequestration [14], and a carbon budget [15]. However, there are significant differences in the carbon sequestration rate and storage potential of different plantations [16]. In India, tree plantations increased by about 15,400 km2 per year between 1995 and 2005 and have the second-largest growing area in the world [17].



Dalbergia latifolia (Fabaceae) is an economically crucial timber-producing tree as it provides high-quality wood. It occupies evergreen or deciduous forests with deep, well-drained, and moist soils [18] at altitudes up to 600 m above sea level in Java (Indonesia) and higher in India. Apart from its uses in furniture, plywood, veneer, and carved wood products, it is globally known for its use in the guitar industry [19].



Melia composita Willd., synonyms: M. dubia Cav. (Meliaceae), is an extensively used plantation species due to its straight boles, fast growing capacity [20], self-pruning, and adaptability to various edaphic and climatic conditions [21]. It natively occurs in the humid tropical forests of peninsular and northeastern India, as well as in Sri Lanka, Malaysia, Indonesia, the Philippines, Australia, and Ghana [22]. It is a highly demanding deciduous tree species owing to the suitability of its wood for the paper, plywood, and engineered wood industries [23,24]. Very few studies on biomass and the growth of M. composita have been carried out so far [25]. M. composita and D. latifolia were recently introduced in the Tarai region of Uttarakhand, India.



Tree biomass estimation is essential and can be measured via two approaches, direct or indirect [26]. Biomass is a critical parameter that provides an accurate picture of forests and plantations in terms of organic matter accumulation and production. Regression equations are a non-destructive way of estimating biomass. Tree allometry is a quantitative correlation between easy-to-measure tree characteristics and more-difficult-to-measure tree parameters. The regression equation is a basic measuring technique for estimating stem volume or the amount of tree carbon sequestered and stored in woody vegetation in order to support the implementation of policies and mechanisms designed to mitigate climate change, to calculate the costs and benefits associated with forest carbon projects, and to improve bioenergy systems and sustainable forest management [27]. Regression equations for some plantation species in the Tarai region have already been prepared by Bargali et al. [28] for Eucalyptus hybrid, Lodhiyal et al. [29] for Poplar plantation, Jha [30] for Tectona grandis, and Lodhiyal et al. [31] for Dalbergia sisso. The present study was focused on developing generalized regression equations based on one variable (dbh) for assessing the biomass and carbon sequestration potential of two economically promising tree species, viz., M. composita and D. latifolia. However, regression equations for these two species are lacking.



Against this backdrop, the present study was carried out in the Tarai region of Uttarakhand, India with the following objectives: (1) to develop regression equations for M. composita and D. latifolia in the Tarai region and (2) to estimate the carbon stock and sequestration potential of these plantations. It was hypothesized that these plantation species will have a higher carbon sequestration potential than the other indigenous and exotic species being promoted in the area.




2. Materials and Methods


2.1. Study Area


The study area is situated at the outer Shiwalik range in the Central Himalayas, India at the confluence of the Indo-Gangetic plains and includes diverse forest types such as dense, moist, semi-evergreen, and evergreen forests. The study was carried out over four years between 2016 and 2019. Four-year-old monoculture plantations of M. composita and D. latifolia were selected in 2016 with the help of the Uttarakhand State Forest Department and visited again in the consecutive years of 2017, 2018, and 2019. The plantations at the selected sites for each tree species were planted in 2012 by Uttarakhand State Forest Department. The study area lies between N29°08′59.33″ latitude and E079° 22′24.56″ longitude and is situated at about 244 m above mean sea level in the Tarai region. The map of the study area shows the distribution of sampling sites (Figure 1). The metrological data (temperature and rainfall) for the study area were procured from the Department of Agrometeorology, GBPUAT, Pantnagar. The climate of this region is monsoonal and subtropical. Total precipitation was 1250.3–1746.3 mm, and the maximum temperature was recorded at 16.7–37.7 °C during the study. The soil composition of the study area is sandy soil. The Tarai region comprises underground streams and is composed of comparatively finer alluvium. The land of this region gets marshy, so it is suitable for agriculture and covered by forests. The study area has typical subtropical forest vegetation, with a few dominant tree and shrub species such as Dalbergia sissoo, Eucalyptus hybrid, Albizia procera, Bombax ceiba, Albizia lebbeck, Toona ciliata, Terminalia alata, Terminalia chebula, Butea monosperma, Trewia nudiflora, Haldina cordifolia, Ficus religiosa, Ficus racemosa, Mallotus philippensis, Holoptelea integrifolia, Colebrookia oppositifolia, Murraya koenigii, Lantana camara, Zizyphus jujuba, Crotalaria juncea, Themeda arundinacea, Chrysopogon fulvus, and Pogostemon benghalensis.




2.2. Methods


2.2.1. Physicochemical Analysis of Soil


The soil samples were collected from two depths up to 30 cm, i.e., 0–15 cm and 15–30 cm, with three replicates in each plantation area. Soil samples were packed in labeled plastic zipper bags and transported to the laboratory for further analysis. The collected soil samples were dried in an oven at 45 °C for 24 h, and we passed oven-dried soil through different sieves to obtain soil texture [32]. The pH of the soil was measured using a digital pH meter. We determined water holding capacity and bulk density according to the method proposed by Misra [33]. The rapid titration method of Walkley and Black was adopted to estimate the organic carbon content (%) [34]. Soil phosphorus was determined by the extraction method [35]. The potassium was measured with a flame photometer (extracted by the neutral standard ammonium acetate method) [36], and the nitrogen was estimated by the Kjeldahl digestion method [37].




2.2.2. Phytosociological Analysis


Phytosociological analysis of the vegetation in each plantation site was carried out following Curtis and McIntosh [38] by randomly placing ten quadrats of 10 m × 10 m for trees, 5 m × 5 m for shrubs, and 1 m × 1 m for herbs. In all the sampled forest stands, tree diameter was measured using a tree caliper at 1.37 m height. Furthermore, we analyzed the data following Curtis and McIntosh [38].




2.2.3. Development of Regression Equations


Regression equations were developed for the tree components (bole, branch, twigs, and leaf (above ground) and stump root, lateral roots, and fine roots (below ground)) species-wise for 4- and 6-year-old plantations. For this, different diameter classes of <10 cm, 10–20 cm, 20–30 cm, 30–40 cm, and 40–50 cm were designed for two selected tree species at different ages (4- and 6-year-old stands). We selected and marked ten individuals from each diameter class for each species aged 4 and 6 years old. The destructive or harvest technique was adopted to estimate the component biomass of both of the selected tree species [31,39]. A total of 25 trees were harvested, with 5 individuals from each diameter class. The total height was measured directly after the tree individuals were felled on the ground as it was more convenient and less erroneous than the standing condition. The tree roots were harvested to a depth of 1 m throughout the soil. Fine roots were sorted in the laboratory after soil samples were collected [40] from the monolith. The DBH was determined using a tree caliper, while the total height was determined using a linear tape. Furthermore, the harvested trees were separated into different components, viz., bole, branches, twigs, and foliage for the above-ground and stump root, lateral roots, and fine roots for the below-ground parts. The fresh weights of all components for each species were recorded in the field using a heavy weighing machine, and the five cross-sectional samples from each tree component were taken and transferred to the laboratory and dried in the oven at 60°C until they obtained the constant weight to determine oven-dry weights. We tried to prepare the equations using    X 2  H    (H is the height of the tree, and X is the diameter at the breast height); however, this did not improve the significance level of the equation. Hence, height was avoided. Furthermore, the data were subjected to the regression model as Y = a + bX, where Y is the dry weight of the component (kg), X is the DBH (diameter at the breast height) above ground (cm, per tree), a is the intercept, and b is the slope coefficient. Regression coefficient r2 was used as the indicator of goodness of fit.




2.2.4. Tree Biomass Accumulation


The developed regression equations were then applied to the mean DBH of each tree stand in different selected aged plantations (4, 5, 6, and 7 years old) to calculate the biomass of each tree component. In the first year, DBH was measured, and total tree biomass was quantified by multiplying the resulting mean biomass (B1) by the tree density for each diameter class which were then summed for each species [41]. DBH was measured again in the second year and then applied to the regression model to calculate the change in biomass accumulation (for each component) (B2). The net change in biomass (∆B = B2−B1) was the annual biomass accumulation [42].




2.2.5. Understory Vegetation Biomass


Shrub and herb biomass were analyzed through harvesting by placing five 5 m × 5 m and 1 m × 1 m quadrats per plantation. Understory vegetation was harvested at the peak time and then separated into the shoot, foliage, and root for shrubs and above- and below-ground parts for herbs. Further, they were oven-dried at 60 °C in the laboratory and weighed after 72 h [33].



The sum of the biomass of trees, shrubs, herbs, and litter yielded the total biomass for the site.




2.2.6. Forest Floor Biomass and Litter Inputs


Forest floor biomass was collected by placing ten1 m×1 m quadrats with five replicates in each stand. The biomass (live and dead) was collected free from contamination and brought to the laboratory, then oven-dried at 60 °C to the constant weight [33]. For quantifying leaf litter production, we then fixed the litter traps (each 50 × 50 × 15 cm in size) on the forest floor at each plantation site. The litter traps were fitted with fine mesh nylon sheets to provide free drainage of water during rainfall. Litter from each trap was collected in polythene bags at a one-month interval and separated into (a) leaf, (b) miscellaneous, and (c) wood litter. The collections were oven-dried at 60 °C to constant weight and weighed [31].




2.2.7. Carbon Accumulation and Sequestration


Carbon stock reserves are 47% of the dry weight in each component [43]. The carbon stock values were calculated by multiplying biomass by the default carbon factor for different tree components in the first year (C1) and second year (C2) and were used to estimate the carbon sequestration rate for each tree species. The net change in carbon stock (∆C = C2 − C1) was obtained as the carbon sequestration rate [44].




2.2.8. Statistical Analysis


All the collected data were compiled and processed for statistical treatment using statistical software. The replicates were analyzed for the mean and standard error by ANOVA using SPSS version 23 software to check the significance level.






3. Results


3.1. Stand Structure and Physicochemical Characteristics of Soil


The forest growth parameters tree density, herb density, and shrub density in both plantation forests are given in Table 1. The stand density of M. composita was 960 trees ha−1 and of D. latifolia was 880 trees ha−1. The soil bulk density (gm cm−3) was the maximum in the M. composita stand (1.40) at 15–30 cm depth, while porosity was found to be highest in the D. latifolia stand, viz., 49.53% at 0–15 cm depth (Figure 2). The M. composita plantation had the maximum moisture content percentage, viz., 13.65% at 16–30 cm depth, and the D. latifolia plantation had the minimum percentage, viz., 9.42% at 0–15 cm depth. In contrast, the pH value was recorded as the maximum for D. latifolia at 15–30 cm depth. The mean OC was 1.26%, which was the maximum in M. composita at a depth of 0–15 cm. Furthermore, the available nutrients N and K at 313.6 kg ha−1 and 159.66 kg ha−1, respectively, were the highest for the D. latifolia stand at 0–15 cm depth, while phosphorus was the maximum in M. composita (18.54 kg ha−1) at 0–15 cm depth (Figure 2). Analysis of variance indicated a significant difference between the samples collected in different plantations (p < 0.05).




3.2. Regression Equation Relationship


A total of 14 regression equations were primarily selected for both the tree species using one variable (DBH) based on the goodness-of-fit statistics. Regression coefficients (r2) of each regression equation were highly significant, which means that biomass can be well explained by the DBH of each component (Table 2). DBH was the independent variable. The r2 values of the biomass equations for 4-year-old M. composita bole, branch, twigs, leaves, stump root, lateral roots, and fine roots were 0.92, 0.99, 0.98, 0.93, 0.91, 0.98, and 0.87, respectively. In addition, a similar kind of correlation coefficient (r2) trend was found in the 6-year-old plantation. Based on the result analysis of r2 in4-year-old D. latifolia, the regression equations for bole, branch, twigs, leaves, stump root, lateral roots, and fine roots were 0.98, 0.93, 0.97, 0.94, 0.98, 0.98, and 0.83, respectively. We found similar r2 values except for leaves (0.84) (Table 2). All the developed regression equations were statistically significant at 95% confidence interval with p < 0.01.



The regression equations, variables, and parameters relating the biomass of the different tree components to DBH are presented in Table 2. As is evident from the p-values, the relationship between biomass and DBH was highly satisfactory. Biomass was not estimated using the    X 2  H   method (H is the height of the tree) because the resulting r2 values were not significantly improved by adding H compared with those obtained using DBH (X); therefore, the regression model   Y = a + b X   was used for estimating the stand biomass.




3.3. Biomass Accumulation


Among the studied plantations, the maximum total biomass (145.14 Mg ha−1) was recorded at the M. composita plantation (7 years old) (Table 3). Of this, the trees had 91.24 Mg ha−1, 16.01 Mg ha−1, 5.42 Mg ha−1, 7.53 Mg ha−1, 15.57 Mg ha−1, 7.91 Mg ha−1, and 1.47 Mg ha−1 mean biomass for bole, branches, twigs, foliage, stump root, lateral roots, and fine roots, respectively. The percent contribution of bole was relatively higher (56.3%–62.9%) than the other components across all species and ages. The maximum mean total tree biomass of D. latifolia was 90.43 Mg ha−1 for the 7-year-old stand. The mean total tree biomass of D. latifolia for the 4-year-old plantation was 68.86 Mg ha−1, 74.46 Mg ha−1 for the 5-year-old plantation, and 81.24 Mg ha−1 for the 6-year-old stand. The percent distribution of AGB ranged from 77.1 to 78.7% and BGB from 5.7% to 6.9% (Table 3). The maximum biomass of shrubs and herbs for D. latifolia was 2.08 and 3.68 Mg ha−1, respectively, in the 7-year-old plantation (Table 4). Similarly, the maximum shrub and herb biomass for M. composita was 2.41 Mg ha−1 in the 7-year-old and 2.46 Mg ha−1 in the 7-year-old plantation (Table 5).




3.4. Forest Floor Biomass and Litter Inputs


The standing crop litter layer varied considerably across all the months at different age classes in all the plantations. In addition, marked changes in the relative proportions of different litter categories (leaf, miscellaneous, and wood litter) were also evident in all four plantations. The total annual litter input of different-aged plantations of the D. latifolia plantation varied from 3.12 to 4.25 Mg ha−1. The minimum total annual litterfall was 3.12 Mg ha−1 in the 5-year-old plantation, and the maximum was recorded for the 7-year-old plantations (4.25 Mg ha−1) (Figure 3). The maximum contribution of leaf litter to the total litter production in the 7-year-old plantation was 1.58 Mg ha−1. Similarly, the percent contribution by leaf litter was 35.7% (Table 6).



The total annual litterfall production of the different-aged plantations for the M. composita plantation ranged from 2.77 to 4.14 Mg ha−1 (Figure 4). The minimum total annual litterfall was 2.77 Mg ha−1 in the 4-year-old plantation, and the maximum was recorded for the 6-year-old plantations (4.14 Mg ha−1) (Figure 4). The maximum contribution of leaf litter to the total litter production in the 7-year-old plantation was 1.54 Mg ha−1. Similarly, the percent contribution by leaf litter was 39.6% (Table 7).




3.5. Carbon Accumulation and Sequestration (Cseq)


The highest C stock was 68.94 in 7-year-old M. composita with the highest contribution of bole of 43.34 Mg C ha−1. The percent distribution of bole, branches, twigs, foliage, stump root, lateral roots, and fine roots was 62.9%, 11.0%, 3.7%, 5.2%, 10.7%, 5.4%, and 1.0%, respectively. The mean total carbon stock ranged from 32.71 to 42.95 Mg ha−1 in the D. latifolia plantation, and the maximum contributed by the 7-year-old stand was 42.95 Mg ha−1 (Table 8). Of the total, bole, branches, twigs, foliage, stump root, lateral roots, and fine roots contributed 52.4%, 11.5%, 6.7%, 8.1%, 12.9%, 7.2%, and 1.2%, respectively. The total carbon sequestration rate of both the plantations of different ages was in the following order: M. composita 6-year-old stand (7.6 Mg C ha−1yr−1) ˃ M. composita 5-year-old stand (6.35 Mg C ha−1yr−1) ˃ M. composita 4-year-old stand (5.46 Mg C ha−1yr−1) ˃ D. latifolia 6-year-old stand (4.33 Mg C ha−1yr−1) ˃ D. latifolia 5-year-old stand (3.22 Mg C ha−1yr−1) ˃ D. latifolia 4-year-old stand (2.66 Mg C ha−1yr−1) (Table 9)





4. Discussion


In the current scenario, the timber demand in India is exceptionally high. In addition, it is crucial to ensure that the species with good-quality timber and fast-growing capacity are cultivated under the management of the Forest Department and experts in the agricultural industry center. M. composita and D. latifolia have been widely cultivated by Uttarakhand and Uttar Pradesh State Forest Department, India due to their ecological and economic viability. Simple regression equations are essential to estimate biomass and carbon stock for commercial species. Therefore, these equations for calculating the above- and below-ground biomass of the selected species were developed. M. composita and D. latifolia are emerging species that also contribute to preventing temperatures from rising and to the mitigation of climate change impacts.



The regression equations developed in the present study bridge a critical gap in the assessment of biomass and carbon sequestration for the plantations of M. composita and D. latifolia. However, as no regression equations were available for the selected species, a comparison of their biomass was not possible. Significant correlation coefficients (r2) were found in the resulting regression equations for above- and below-ground tree biomass as a function of the tree diameter. This pattern was different from the pattern produced when using H as the variable. Consequently, growth in H seemed to be retarded and likely had a less significant impact on biomass estimation. The correlation coefficient of these equations is close to that of the equations developed by Bargali et al. [28] (r2 = 0.94); Lodhiyal et al. [29] (r2 = 0.92); and Lodhiyal et al. [31] (r2 = 0.94). The findings demonstrate that these equations correctly predicted the linear relationship between the variables. The variability of the uncorrected data rises with increasing diameter in most linear regression equations that link biomass with DBH. Some researchers estimated above-ground tree biomass (AGB) using tree height, DBH, and tree density as independent variables, but diameter-based equations showed the best regression relationship for estimating AGB and DBH tree biomass in various forests [45]. The regression equations developed in this study can be used to determine AGB and BGB and the carbon sequestration potential of D. latifolia and M. composita accurately. This study will be particularly useful for reforestation projects in a similar geographical zone. In this context, Preece et. al. [46] revealed that the accurate equations of carbon storage during reforestation are needed for assessing potential carbon sequestration under different scenarios of land use systems, especially for economically significant species. Thus, they could be a viable option for biomass estimation by a non-destructive method for each tree component.



Soil quality is a complete reflection of the soil’s physical and chemical characteristics and plays a key role in the pivotal processes of forest ecosystems, such as carbon storage and biomass production. As one of the chemical properties, pH ranged from 6.13 to 7.62 in the present study, and as per Dawit et al. [47], acidic soils limit the available P. A higher percentage of OC was observed (0.64%) for the samples collected from the D. latifolia plantation at 0–15 cm depth. Furthermore, the impact of different tree species on soil characteristics and fertility might vary considerably. The findings of this study agree with earlier studies that land use type can significantly affect soil OC content [48]. Phosphorus, potassium, and nitrogen are the three essential macronutrients found in soil that help plants function and thrive. In both the forests, the mean available soil nitrogen (313.6 kg ha−1) and available phosphorus (18.54 kg ha−1) contents were higher at the 0–15 cm depth of the D. latifolia and M. composita, respectively. However, this is in line with the results of Muche et al. [49], who reported marked variations in soil nitrogen with land use type. Singh and Singh [50] recorded the percentages of organic matter and nitrogen in the subtropical zone of Kumaun Himalaya, which varied from 1.5 to 3.0% and 0.1 to 0.3%, respectively. According to Tisdale et al. [51], approximately 50% of phosphorus is present in organic form, and humus found in organic matter forms complexes with Al and Fe, protecting phosphorus fixation. A. catechu, M. azedarach, and D. sissoo had a phosphorus content of 26.6, 24.4, and 28.3 kg ha−1, respectively. Chauhan et al. [52] found higher values than the present findings. The available potassium content in the soil ranged from 146.15 kg ha−1 to 159.60 kg ha−1 at both depths. The highest available potassium (159.60 kg ha−1) content was at the initial depth of M. composita (Figure 2). Because of the liberation of potassium through litterfall decomposition and the solubilization of insoluble potassium content found in soil due to organic decay, potassium content was higher at the 0–15 depth in the studied plantations. The higher potassium concentrations in the plantations might be attributed to tree litter decomposition or the presence of grasses in each region. Swamy et al. [53] and Singh and Sharma [54] agree with our findings.



Climate is a major determinant of litter production. The annual total litter production ranged between 2.77 and 4.25 Mg ha−1yr−1 for all species. The minimum and maximum total litter was found in the D. latifolia 7-year-old plantation and M. composita 4-year-old plantation, respectively. As this is a deciduous forest, 100% leaf fall occurs each year. Consequently, the leaf fall is staggered in time, encompassing about 8 months of the annual cycle, but 74–83% of leaves fall during the winter season. However, Brown and Lugo [44] reported 69–86% leaf and fruit litter production for tropical forests. In Central Himalayan forests, leaf litterfall accounted for 72–86% of total litterfall [55]. Litter production canvary depending on the tree species, growth pattern, age, density, and canopy factors.



The productivity, carbon stock, and carbon sequestration of the tree species were evaluated using biomass analysis. Biomass-related research has gained traction in recent years as worldwide knowledge of the carbon credit system has grown [56]. The biomass estimation using DBH as an independent variable showed a higher r2 value than using H, which supports the previous studies carried out by Basuki et al. [57] and Basuki et al. [58]. Some researchers have suggested tree diameter, which is simple to measure, as the best parameter for determining the biomass of each tree component [57,59]. In the present study, the total biomass ranged from 68.86 t ha−1 to 145.14 Mg ha−1 for both species across different ages (4 to 7 years old). The maximum biomass was recorded in M. composita stand 145.14 Mg ha−1 in the 7-year-old plantation. Generally, most of the biomass is found in the trunk; therefore, the AGB increased with the DBH of the tree [57]. The above-ground (AGB) and below-ground biomass (BGB) were 82.8% and 17.1%, respectively, which is similar to the above-ground biomass recorded by Lodhiyal [29] for a 5–8-year-old Poplar plantation (67.4–134.3 Mg ha−1). Similarly, the biomass of the Eucalyptus plantation was lower, at 54.4 Mg ha−1 [28], than the present results for M. composita. However, the minimum biomass was recorded in the D. latifolia 4-year-old plantation, which was 68.86 Mg ha−1. The assessment of biomass production in different tree-based systems of the Central Himalayan Tarai region by Kanime et al. [60] found the highest above- and below-ground biomass in a D. sissoo Roxb. plantation, at 35.77 Mg ha−1 and 7.62 Mg ha−1, respectively, compared with E. tereticornis Sm. (9.55 and 0.97 Mg ha−1) and Populus deltoides Bart. ex Marsh. (22.81 and 5.85 Mg ha−1). This difference may be due tothe forest type, soil structure, and geographical conditions. In the present study, the increase in DBH decreases the foliage biomass, which is in line with the results for Phillyrea latifolia L. in the Mediterranean, the foliage of which contributes 15% of the AGB [61], and for Calophyllum inophyllum L. in Java, Indonesia [58].The present study found the herbaceous biomass ranging from 1.14 (D. latifolia 4-year-old plantation) to 3.68 Mg ha−1 (M. composita 7-year-old plantation). However, Lodhiyal et al. [31] found that the herbaceous species productivity ranged from 2.4 (15-year-old stand) to 2.8 Mg ha−1 (5-year-old stand).



Estimating the carbon sequestration capability of forest ecosystems is a critical task that may aid in the development of sustainable natural resource management strategies. The dynamics of the living biomass are the primary drivers of changes in forest ecosystem C pools. Accordingly, some authors have assessed the carbon storage potential of Indian forests, primarily through planting [62,63,64]. Using the Land Use and Carbon Sequestration (LUCS) model, Bhadwal and Singh [65] calculated that India’s existing farm forestry will hold 7 pg of carbon between 2000 and 2050. Moreover, Lal and Singh [8] figured that carbon sequestration and storage potential would be in the range of 1.1 and 2.7 Pg C, considering current indicators of biomass productivity for natural forest cover (1.1 Mg ha−1yr−1) and plantations (3.2 Mgha−1yr−1) before 2020 and 2045 (cumulative absorption of carbon from the atmosphere), respectively. The total carbon storage potential in a forest ecosystem increases with the age of the stand. The total C stock determined for a Tectona grandis 5-year-old plantation was 15.8 Mg ha−1 by Jha [30], which was lower than the present study (Table 10).



The findings of our study showed that the carbon stock ranged from 32.71 (D. latifolia 4-year-old stand) to 68.94 Mg C ha−1 (M. composita 7-year-old stand), and the sequestration rate (2.66–7.6 t Cha−1yr−1) was higher than the results of Kanime et al. [60] (0.43–2.75 Mg C ha−1yr−1) in the different tree-based systems of Tarai belt, Uttarakhand (Table 10). The present study revealed that the content of the forest floor was higher than the record by Singh et al. [66] for a 5-year-old mixed plantation (D. sissoo, A. catechu and A. lebbeck) (1.52 Mg ha−1). Still, it found a similar range to that by Rana et al. [67] (2.4–5.6 Mg ha−1) from the Central Himalayan region. A comparative analysis of mean total above-ground biomass, below-ground biomass, above-ground NPP, below-ground NPP, above-ground carbon stock, below-ground carbon stock, above-ground carbon sequestration rate, and below-ground carbon sequestration rate is shown in Figure 5 and Figure 6.
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Table 10. Comparisons of carbon stock and carbon sequestration of different plantations in India.
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Location

	
Species

	
Age (Years)

	
Density (Ind. ha−1)

	
Carbon Stock (t Cha−1)

	
C Seq.

(t Cha−1yr−1)

	
Reference






	
India

	
Teak forest

	
4

	
3490

	
12.61

	
12.80

	
Karmacharya and Singh [68]




	
India

	
Poplar

	
9

	
400

	
55

	
8

	
Kaul et al. [69]




	
India

	
Eucalyptus

	
9

	
2000

	
41

	
6

	
Kaul et al. [69]




	
India

	
Mixed plantation (D. sissoo, A. catechu and A. lebbeck)

	
5

	
1322

	
0.11

	
0.12

	
Singh et al. [66]




	
India

	
Dry tropical

	
-

	
-

	
-

	
2.4

	
Chaturvedi et al. [70]




	
India

	
P. deltoides

	
8

	
500

	
28.67

	
2.75

	
Kanime et al. [60]




	
India

	
E. tereticornis

	
10

	
120

	
10.52

	
0.84




	
India

	
D. sissoo

	
10

	
1666

	
43.39

	
2.73




	
India

India

	
Teak

Teak

	
5

11

	
-

-

	
15.8

35.4

	
6.96

5.46

	
Jha [30]




	
India

	
Teak plantation

	
-

	
-

	
230.16

	

	
Singh et al. [71]




	
India

	
Areca catechu

	
-

	
1320

	
36.48

	

	
Dabi et al. [72]




	
India

	
M. composita

	
4–7

	
960

	
49.54–68.94

	
5.46–7.60

	
Present study




	
India

	
D. latifolia

	
4–7

	
880

	
32.71–42.95

	
2.66–4.33

	
Present study












5. Conclusions


The aim of this study was to develop regression equations for quantifying the AGB and BGB in D. latifolia and M. composita plantations across the ages of 4 and 6 years old by combining the DBH explanatory variable. The selected regression equations qualified the goodness of fit with statistical significance at 95% of the confidence interval for biomass prediction. The regression coefficients must have significant values in order for the prediction to be accurate. Our study suggests using carbon value as a tempting economic motive to encourage forest conservation. Including increases in above- and below-ground carbon would add significantly to the potential total carbon budget. To support the REDD+ policy, these equations would be used in forest restoration and conservation projects to estimate the carbon stock. These projects could include opportunities for economic development and watershed services, as well as increased supplies of forest products. Future studies should also consider climate change effects on future plantations’ carbon sequestration for better achievement of the global carbon neutrality goals. As the plantations of these species have relatively high carbon sequestration potential, their plantations can be up-scaled to meet the C reduction targets of the countries. Thus, the plantations should be encouraged to sustain carbon sequestration potential in future afforestation projects and replantation region characteristics. The findings of this study illuminate the value of new emerging plantation tree species not only as commercial plantations but also in mitigating the impacts of climate change at a local level.
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Figure 1. The location map of the study area shows the sampling sites ((A): D. latifolia plantation; (B): M. composita plantation). 
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Figure 2. Chemical properties of soil: (a) soil pH, (b) organic carbon, (c) available nitrogen, (d) available potassium, (e) available phosphorus. Dl: D. latifolia; Mc: M. composita. 
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Figure 3. Total litterfall (Mg ha−1) of D. latifolia plantation of different ages: (a) 4 years old; (b) 5 years old; (c) 6 years old; (d) 7 years old. 
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Figure 4. Total litterfall (Mg ha−1) of M. composita plantation of different ages: (a) 4 years old; (b) 5 years old; (c) 6 years old; (d) 7 years old. 
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Figure 5. Relationship between tree stand characteristics and age of the stand (M. composita). 
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Figure 6. Relationship between tree stand characteristics and age of the stand (D. latifolia). 
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Table 1. Stand structure of D. latifoila and M. composita plantations.
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Plantations




	
Parameter

	
D. latifolia

	
M. composita






	
Altitude (m)

	
242

	
242




	
Tree density (trees ha−1)

	
880

	
960




	
Herb density (ind m−2)

	
45.91

	
32.87




	
Shrub density (ind ha−1)

	
3240

	
3740




	
Mean change dbh (4–5 years old)(cm)

	
3.1

	
3.2




	
Mean change dbh (6–7 years old)(cm)

	
2.8

	
3.8
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Table 2. Regression equation relationship between the biomass of the tree components (y, kg tree−1) and diameter at breast height (X, cm) for plantations of D. latifolia and M. composita in 4- and 6-year-old plantations. All regression equations had good fit (p < 0.01).
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Plantations/Tree Component

	
a (Intercept)

	
b (Slope)

	
r2




	
D. latifolia

	
4 Years






	
Bole

	
−0.8249

	
1.5256

	
0.985




	
Branch

	
−0.5632

	
0.8967

	
0.932




	
Twigs

	
−0.0356

	
0.5845

	
0.971




	
Foliage

	
−0.0548

	
0.6495

	
0.939




	
Stump root

	
−0.2451

	
0.8216

	
0.978




	
Lateral roots

	
−0.0628

	
0.6371

	
0.979




	
Fine roots

	
−0.0025

	
0.0416

	
0.827




	

	
6 Years




	
Bole

	
−2.3226

	
1.9436

	
0.993




	
Branch

	
−0.7066

	
0.9375

	
0.968




	
Twigs

	
−0.0513

	
0.6501

	
0.918




	
Foliage

	
−0.0807

	
0.7031

	
0.836




	
Stump root

	
−0.6195

	
0.9849

	
0.990




	
Lateral roots

	
−0.1251

	
0.7215

	
0.996




	
Fine roots

	
−0.0084

	
0.1293

	
0.876




	
M. composita

	
4 Years




	
Bole

	
−3.3641

	
2.4906

	
0.916




	
Branch

	
−0.2293

	
0.9154

	
0.986




	
Twigs

	
−0.0371

	
0.5243

	
0.978




	
Foliage

	
−0.0676

	
0.7527

	
0.931




	
Stump root

	
−0.3819

	
0.9573

	
0.911




	
Lateral roots

	
0.0727

	
0.6010

	
0.987




	
Fine roots

	
−0.0026

	
0.0302

	
0.874




	

	
6 Years




	
Bole

	
−4.8561

	
2.7284

	
0.901




	
Branch

	
−1.0862

	
1.1333

	
0.989




	
Twigs

	
−0.0439

	
0.5908

	
0.964




	
Foliage

	
−0.0838

	
0.7722

	
0.887




	
Stump root

	
−0.9704

	
1.1868

	
0.936




	
Lateral roots

	
−0.3232

	
0.7958

	
0.960




	
Fine roots

	
−0.0048

	
0.2281

	
0.858
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Table 3. Component-wise mean ± SE biomass (Mg ha−1) of plantations. The values in parentheses indicate the percent distribution.






Table 3. Component-wise mean ± SE biomass (Mg ha−1) of plantations. The values in parentheses indicate the percent distribution.





	
Species/Components

	
Biomass (Mg ha−1)




	
D. latifolia

	
4 Years

	
5 Years

	
6 Years

	
7 Years

	
Mean Change






	
Bole

	
32.36 ± 12.34

(47.0)

	
36.54 ± 10.45

(49.1)

	
41.2 ± 14.57

(50.7)

	
47.38 ± 11.73

(52.4)

	
39.37

(49.8)




	
Branches

	
8.77 ± 1.92

(12.7)

	
9.18 ± 1.83

(12.3)

	
9.72 ± 2.72

(12.0)

	
10.43 ± 2.97

(11.5)

	
9.52

(12.1)




	
Twigs

	
5.41 ± 1.47

(7.9)

	
5.54 ± 0.97

(7.4)

	
5.75 ± 0.86

(7.1)

	
6.07 ± 1.08

(6.7)

	
5.69

(7.3)




	
Foliage

	
6.55 ± 1.79

(9.5)

	
6.72 ± 1.68

(9.0)

	
6.93 ± 2.08

(8.5)

	
7.28 ± 1.09

(8.1)

	
6.87

(8.8)




	
Stump root

	
9.65 ± 0.80

(14.0)

	
10.1 ± 3.20

(13.6)

	
10.74 ± 2.65

(13.2)

	
11.62 ± 4.25

(12.9)

	
10.53

(13.4)




	
Lateral roots

	
5.24 ± 1.61

(7.6)

	
5.48 ± 1.73

(7.4)

	
5.94 ± 0.91

(7.3)

	
6.55 ± 2.86

(7.2)

	
5.80

(7.4)




	
Fine roots

	
0.88 ± 0.15

(1.3)

	
0.9 ± 0.56

(1.2)

	
0.96 ± 0.34

(1.2)

	
1.1 ± 0.57

(1.2)

	
0.96

(1.2)




	
Total

	
68.86 ± 20.08

	
74.46 ± 20.42

	
81.24 ± 24.13

	
90.43 ± 24.55

	
78.75




	
M. composita

	
4 Years

	
5 Years

	
6 Years

	
7 Years

	
Mean Change




	
Bole

	
58.66 ± 18.45

(56.3)

	
68.43 ± 13.63

(59.1)

	
78.8 ± 10.72

(61.0)

	
91.24 ±12.77

(62.9)

	
74.28

(59.8)




	
Branches

	
13.13 ± 2.12

(12.6)

	
13.86 ± 4.19

(12.0)

	
14.86 ± 2.28

(11.5)

	
16.01 ± 3.31

(11.0)

	
14.46

(11.8)




	
Twigs

	
4.74 ± 0.59

(4.6)

	
4.81 ± 0.66

(4.2)

	
5.12 ± 0.96

(4.0)

	
5.42 ± 1.79

(3.7)

	
5.02

(4.1)




	
Foliage

	
6.34 ± 2.78

(6.1)

	
6.51 ± 2.07

(5.6)

	
6.97 ± 1.87

(5.4)

	
7.53 ± 1.10

(5.2)

	
6.84

(5.6)




	
Stump root

	
13.02 ± 2.15

(12.5)

	
13.56 ± 3.20

(11.7)

	
14.42 ± 2.21

(11.2)

	
15.57 ± 4.35

(10.7)

	
14.14

(11.5)




	
Lateral roots

	
7.04 ± 2.06

(6.8)

	
7.23 ± 1.78

(6.2)

	
7.55 ± 1.09

(5.9)

	
7.9 ± 1.11

(5.4)

	
7.43

(6.1)




	
Fine roots

	
1.356 ± 0.24

(1.3)

	
1.381 ± 0.46

(1.2)

	
1.422 ± 0.37

(1.1)

	
1.473 ± 0.65

(1.01)

	
1.41

(1.2)




	
Total

	
104.28 ± 28.69

	
115.78 ± 25.99

	
129.14 ± 19.50

	
145.14 ± 25.08

	
123.59
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Table 4. Biomass (Mg ha−1) of vegetation of D. latifolia plantation of different ages: (a) 4 years old; (b) 5 years old; (c) 6 years old; (d) 7 years old.






Table 4. Biomass (Mg ha−1) of vegetation of D. latifolia plantation of different ages: (a) 4 years old; (b) 5 years old; (c) 6 years old; (d) 7 years old.





	

	
Age (Years)




	

	
4

	
5

	
6

	
7






	
Tree

	
68.86 ± 8.08

	
74.46 ± 8.42

	
81.24 ± 9.63

	
90.43 ± 10.95




	
Shrub

	
1.41 ± 0.13

	
1.29 ± 0.22

	
1.32 ± 0.46

	
2.08 ± 0.67




	
Herb

	
2.36 ± 0.41

	
3.05 ± 0.83

	
2.67 ± 0.86

	
3.68 ± 0.84




	
Litter

	
3.33 ± 0.63

	
3.11± 1.01

	
3.58 ± 1.53

	
4.25 ± 1.65
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Table 5. Biomass (Mg ha−1) of vegetation in M. composita plantation of different ages: (a) 4 years old; (b) 5 years old; (c) 6 years old; (d) 7 years old.






Table 5. Biomass (Mg ha−1) of vegetation in M. composita plantation of different ages: (a) 4 years old; (b) 5 years old; (c) 6 years old; (d) 7 years old.





	

	
Age (Years)




	

	
4

	
5

	
6

	
7






	
Tree

	
104.28 ± 15.39

	
115.78 ± 14.59

	
129.14 ± 18.20

	
145.14 ± 19.57




	
Shrub

	
1.44 ± 0.21

	
2.02 ± 0.32

	
1.85 ± 0.37

	
2.41 ± 0.23




	
Herb

	
2.08 ± 0.94

	
1.14 ± 0.13

	
2.46 ± 0.78

	
1.83 ± 0.17




	
Litter

	
2.77 ± 0.67

	
3.38 ± 1.28

	
4.13 ± 1.38

	
3.72 ± 0.98
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Table 6. Component-wise total litterfall (Mg ha−1) mean ± SE of D. latifolia plantation of different ages: (a) 4 years old; (b) 5 years old; (c) 6 years old; (d) 7 years old. Value in parenthesis is the percent distribution.






Table 6. Component-wise total litterfall (Mg ha−1) mean ± SE of D. latifolia plantation of different ages: (a) 4 years old; (b) 5 years old; (c) 6 years old; (d) 7 years old. Value in parenthesis is the percent distribution.





	

	
Age (Years)




	
D. latifolia

	
4

	
5

	
6

	
7






	
Leaf

	
1.19 ± 0.17

(35.7)

	
1.22 ± 0.19

(39.1)

	
1.36 ± 0.18

(38)

	
1.58 ± 0.20

(36.9)




	
Miscellaneous

	
1.28 ± 0.16

(38.4)

	
1.12 ± 0.17

(35.9)

	
1.38 ± 0.17

(38.5)

	
1.61 ± 0.17

(37.6)




	
Wood

	
0.86 ± 0.13

(25.8)

	
0.78 ± 0.13

(25.0)

	
0.84 ± 0.13

(23.5)

	
1.09 ± 0.14

(25.5)
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Table 7. Component-wise total litterfall (Mg ha−1) mean ± SE of M. composita plantation of different ages: (a) 4 years old; (b) 5 years old; (c) 6 years old; (d) 7 years old. Value in parenthesis is the percent distribution.






Table 7. Component-wise total litterfall (Mg ha−1) mean ± SE of M. composita plantation of different ages: (a) 4 years old; (b) 5 years old; (c) 6 years old; (d) 7 years old. Value in parenthesis is the percent distribution.





	

	
Age (Years)




	
M. composita

	
4

	
5

	
6

	
7






	
Leaf

	
1.09 ± 0.185

(39.4)

	
1.2 ± 0.194

(35.7)

	
1.54 ± 0.219

(39.6)

	
1.4 ± 0.196

(35.1)




	
Miscellaneous

	
0.9 ± 0.164

(32.5)

	
1.19 ± 0.204

(35.4)

	
1.45 ± 0.207

(37.3)

	
1.3 ± 0.174

(32.6)




	
Wood

	
0.78 ± 0.127

(28.2)

	
0.97 ± 0.148

(28.9)

	
0.9 ± 0.126

(23.1)

	
1.29 ± 0.141

(32.3)
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Table 8. Component-wise mean ± SE carbon stock (Mg C ha−1) in all the plantations.
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Species/Components

	
Carbon Stock (Mg C ha−1)




	
D. latifolia

	
4 Years

	
5 Years

	
6 Years

	
7 Years






	
Bole

	
15.37 ±1.21

(46.99)

	
17.36 ±1.34

(49.07)

	
19.57 ±1.28

(50.71)

	
22.51 ±1.30

(52.39)




	
Branches

	
4.17 ±0.1

(12.74)

	
4.36 ±0.13

(12.33)

	
4.62 ±0.17

(11.96)

	
4.95 ±0.28

(11.53)




	
Twigs

	
2.57 ±0.15

(7.86)

	
2.63 ±0.1

(7.44)

	
2.73 ±0.15

(7.08)

	
2.88 ±0.11

(6.71)




	
Foliage

	
3.11 ±0.18

(9.51)

	
3.19 ±0.16

(9.02)

	
3.29 ±0.32

(8.53)

	
3.46 ±0.33

(8.05)




	
Stump root

	
4.58 ±0.18

(14.01)

	
4.8 ±0.18

(13.56)

	
5.1 ±0.12

(13.22)

	
5.52 ±0.40

(12.85)




	
Lateral roots

	
2.49 ±0.29

(7.61)

	
2.6 ±0.23

(7.36)

	
2.82 ±0.28

(7.31)

	
3.11 ±0.30

(7.24)




	
Fine roots

	
0.42 ± 0.04

(1.28)

	
0.43 ±0.03

(1.21)

	
0.46 ±0.04

(1.18)

	
0.52 ±0.06

(1.22)




	
Total

	
32.71 ± 2.15

	
35.37 ± 2.28

	
38.59 ± 2.35

	
42.95 ± 2.77




	
M. composita

	
4 Years

	
5 Years

	
6 Years

	
7 Years




	
Bole

	
27.86 ±1.21

(56.25)

	
32.5 ±1.32

(59.1)

	
37.43 ±1.35

(61.02)

	
43.34 ±1.44

(62.86)




	
Branches

	
6.24 ±0.27

(12.59)

	
6.58 ±0.30

(11.97)

	
7.06 ±0.37

(11.51)

	
7.6 ±0.40

(11.03)




	
Twigs

	
2.25 ±0.12

(4.55)

	
2.28 ±0.13

(4.15)

	
2.43 ±0.21

(3.96)

	
2.57 ±0.23

(3.73)




	
Foliage

	
3.01 ±0.10

(6.08)

	
3.09 ±0.14

(5.62)

	
3.31 ±0.16

(5.4)

	
3.58 ±0.18

(5.19)




	
Stump root

	
6.18 ±0.14

(12.48)

	
6.44 ±0.18

(11.71)

	
6.85 ±0.14

(11.17)

	
7.4 ±0.15

(10.73)




	
Lateral roots

	
3.34 ±0.18

(6.75)

	
3.43 ±0.19

(6.24)

	
3.59 ±0.18

(5.85)

	
3.75 ±0.24

(5.44)




	
Fine roots

	
0.64 ±0.05

(1.3)

	
0.66 ±0.04

(1.19)

	
0.68 ±0.02

(1.1)

	
0.7 ±0.03

(1.01)




	
Total

	
49.54 ± 2.07

	
55 ± 2.29

	
61.34 ± 2.43

	
68.94 ± 2.67
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Table 9. Component-wise mean ± SE carbon sequestration (Mg C ha−1 yr−1) in both the plantations.






Table 9. Component-wise mean ± SE carbon sequestration (Mg C ha−1 yr−1) in both the plantations.





	
Tree Components

	
Carbon Sequestration (Mg C ha−1 yr−1)

	




	
D. latifolia

	
M. composita




	
4 Years

	
5 Years

	
6 Years

	
4 Years

	
5 Years

	
6 Years






	
Bole

	
1.99 ± 0.21

	
2.21 ± 0.28

	
2.93 ± 0.37

	
4.64 ± 0.45

	
4.93 ± 0.63

	
5.91 ± 0.72




	
Branches

	
0.2 ± 0.15

	
0.25 ± 0.17

	
0.33 ± 0.19

	
0.35 ± 0.22

	
0.48 ± 0.29

	
0.55 ± 0.28




	
Twigs

	
0.06 ± 0.03

	
0.1 ± 0.04

	
0.15 ± 0.05

	
0.03 ± 0.09

	
0.15 ± 0.06

	
0.14 ± 0.06




	
Foliage

	
0.08 ± 0.02

	
0.1 ± 0.05

	
0.16 ± 0.04

	
0.08 ± 0.08

	
0.22 ± 0.07

	
0.27 ± 0.07




	
Stump root

	
0.21 ± 0.09

	
0.31 ± 0.1

	
0.418 ± 0.12

	
0.26 ± 0.15

	
0.41 ± 0.20

	
0.55 ± 0.21




	
Lateral roots

	
0.11 ± 0.03

	
0.22 ± 0.07

	
0.28 ± 0.17

	
0.09 ± 0.06

	
0.15 ± 0.08

	
0.17 ± 0.09




	
Fine roots

	
0.01 ± 0.01

	
0.03 ± 0.02

	
0.06 ± 0.02

	
0.01 ± 0.04

	
0.02 ± 0.06

	
0.02 ± 0.07




	
Total

	
2.66 ± 0.54

	
3.22 ± 0.73

	
4.33 ± 0.86

	
5.46 ± 0.52

	
6.35 ± 0.84

	
7.6 ± 0.81
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