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In recent decades, degradation and loss of the world’s forest ecosystems have been key contributors to biodiversity loss and future climate change. This article analyzes plant diversity, biomass, carbon sequestration potential (CSP), and the net primary productivity (NPP) of four vegetation types viz., Dense mixed forest (DMF); Open mixed forest (OMF); Teak plantation (TP), and Sal mixed forest (SMF) in the dry tropical forest ecosystem of central India through remote sensing techniques together with physical ground observations during 2013–2018. The total C storage in trees varied from 16.02 to 47.15 Mg ha−1 in studied vegetation types with the highest in DMF and lowest in OMF. The total C storage in stem wood, branches, and foliage falls in the range of 52.93–78.30%, 9.49–22.99%, and 3.31–12.89% respectively. The total standing biomass varied from 83.77 to 111.21 Mg ha−1 and these variations are due to different vegetation types, with the highest in DMF followed by TP, SMF while the lowest was estimated in OMF. The net primary productivity (NPP) [aboveground (AG) + belowground (BG)] varied from 7.61 to 9.94 Mg ha−1 yr−1 with mean values of 8.74 Mg ha−1 yr−1 where AG shares a maximum contribution of 77.66%. The total biomass production was distributed from 64.09 to 82.91% in AG and 17.08–35.91% in BG components. The present study outlines that the studied forest ecosystem has the substantial potential of carbon sequestration and a great possibility of mitigating local and global climate change.
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INTRODUCTION
In recent decades, there is a growing concern among the scientific community, researchers, environmentalists, foresters, and policy developers around the globe regarding the sustainable management of natural resources (Kumar et al., 2021a,b). Overexploitation of natural resources is causing severe ecological deprivation and affecting the functioning of various natural ecosystems. Studies have shown that human activities changed carbon stocks in terrestrial pools through rapid land-use transformations (Pan et al., 2011; Thakur et al., 2014; Jones et al., 2019; Jhariya and Singh, 2021). Remote sensing techniques have immense potential in determining carbon and biomass storage, net primary productivity, species diversity, and change in land use land cover (LULC) of the region (FSI, 2015, FSI, 2019; Thakur et al., 2019). In the mainland of Southeast Asia, almost 30% of dry forests are currently in existence, while 60% of Indian forests are considered tropical dry forests (Poffenberger, 2000; Waeber et al., 2012). The current study was designed to objectively assess biomass production along with land use pattern, plant diversity, structure and composition of plant communities, and carbon sequestration potential, in tropical dry forests (TDF) of the protected area of the Achanakmaar Amarkantak Biosphere Reserve (AABR) in central India, using remote sensing techniques assisted by ground-based direct measurements. Biomass production assessment is one of the major criteria for correlating ecosystem functioning and productivity in the forest ecosystem. To scale up the assessment at the landscape level, satellite data coupled with sampled ground verification gives more reliable information more economically and in less time. Furthermore, it helps the forest managers make suitable plans and design the required interventions as a management strategy for the improvement of protected habitats like biosphere reserves.
The flora and fauna of AABR are a key sign of the natural legacy of species diversity. Due to environmental implications, AABR was declared as the 14th biosphere reserve of India in 2005 and UNSECO tagged it as the world’s greatest heritage site in 2012. Ecological degradation by anthropogenic activities like forest cutting, forest fire, overexploitation of overstorey and understorey vegetation, encroachment, mining, site development, and settlements are placing severe pressure on biological resources, leading to loss of biodiversity, the vegetational ecology, and carbon sequestration potential of the tropics of India were also studied and gave similar findings (Jhariya, 2017; Jhariya et al., 2019; Kumar and Kumar, 2020; Thakur et al., 2020; Thakur et al., 2021).
The structure and composition of vegetation play a strong role in controlling many important ecosystem processes like photosynthesis, evapotranspiration, and canopy light interception. The plant communities in any ecosystem largely determine the energy exchange, biomass accumulation, and gaseous exchange between plant canopies, thus regulating atmospheric concentrations of carbon dioxide (CO2) which in turn is useful for understanding the carbon budgets of the vegetation type (Nelson et al., 1999; Houghton et al., 2015; Anderson-Teixeira et al., 2016; Chazdon et al., 2016; Kumar et al., 2017; Wang et al., 2019; Tripati et al., 2020; Chaturvedi et al., 2021). In the past, a few studies have indicated that the multispectral satellite images are useful and can assist in monitoring the structure, and composition of a forest type, its diversity, and spatial arrangements (Lepine et al., 2016; Shiklomanov et al., 2016; Ali et al., 2017; Middinti et al., 2017), before addressing any functional ecological and biophysical processes of an ecosystem (such as above-ground biomass (AGB), net primary production (NPP), evapotranspiration, energy exchange, and biomass allocation patterns). Tropical forests are considered as productive terrestrial environments with a maximum potential of carbon sink and NPP per unit area (Fearnside, 1996; Gaston et al., 1998; Chave et al., 2001; Clark et al., 2001; Malhi et al., 2004; Malhi et al., 2009; Beer et al., 2010; Bijalwan et al., 2010; Mohommad and Joshi, 2015; Anderson-Teixeira et al., 2016; Poorter et al., 2016; Moore et al., 2018; Wallis et al., 2019; Wang et al., 2019). The structure of vegetation helps to facilitate suitable management practices and obtain higher rates of biomass production with maximum economic returns. The structure of vegetation assists with facilitating suitable management practices to obtain higher rates of biomass production with maximum economic returns (Chaturvedi et al., 2011; Chaturvedi and Raghuwanshi, 2015). Therefore, the importance of structural inputs for ecosystem analysis at different spatial scales has been well recognized as hotspots for present research.
There is an increasing need to improve understanding of carbon pools and fluxes in dry tropical ecosystems particularly in the central part of India. The annual loss of forest cover in the tropics ranged between 15–17 million ha (FAO, 1995; Reich, 2012; Popkin, 2018). The biomass burning from forest areas of the world ranged between 12–13 million ha, of which 87% occurs in the tropics region (FAO, 1995). At present, the CO2 levels in the atmosphere are increasing annually at 2 ppm per year triggering a major threat to the functioning of different ecosystems. Tropical forests have a great potential for atmospheric carbon sequestration and currently accumulate 55% of global terrestrial carbon (IPCC, 1996; Pan et al., 2011; Grace et al., 2014; Jones et al., 2019). Thus analysis of vegetation dynamics and LULC are urgently required for formulating constructive policies for biodiversity management, finding the best possible ways of augmenting carbon sequestration rates, and planning progressive management strategies for achieving sustainable development goals (SDGs). For evaluating and understanding the structural and functional processes of different land cover types, geospatial techniques have proved indispensable tools, which provide large spatial, multi-temporal, and synoptic data of dynamic land surface features and frequently monitor the carbon sequestration in space and time (Popkin, 2018). Earlier, several researchers demonstrated the potentials of geospatial technology for monitoring and creating an inventory of vegetation (Swamy, 1998; Mandal and Joshi, 2014). However, satellite remote sensing (RS) when combined with GIS techniques provides improved information and also helps in developing valuable strategies for natural resource management. Therefore, in the backdrop of reviews, we explored the potential of satellite images to forecast species diversity, carbon sequestration potential (CSP), AGB, and forest productivity in the TDF of AABR, India.
MATERIALS AND METHODS
Study Area
The AABR protected area is located in the central part of India with an area of 626.76 km2 of dry tropical forest. The current study was conducted in the AABR area during 2013–2018 to assess species diversity, carbon sequestration potential, biomass, and NPP in four different vegetation types viz.; TP, SMF, DMF, and OMF. The geo-coordinates of the study area fall between 21°15′ to 21°58′ N and 82°25′ to 82°5′ E. The map along with identified plots at selected sampling sites is presented in Figure 1. The climatic condition of the study area is moderate humid throughout the year, with a peak rainfall from July to September and a dry period from April to June. The rainfall varies from 1,050–1,500 mm yr−1 and the mean annual temperature is 25.8°C. The study area falls under the Biosphere Reserve where all harvesting or felling is banned. The methodologies adopted for various study parameters are described briefly in the sub-section given below.
[image: Figure 1]FIGURE 1 | Layout map along with identified sample plots, in yellow boxes at different locations in dry tropical forests of AABR.
Satellite Remote Sensing Data Predictors
Resourcesat-2A satellite data were procured from the National Remote Sensing Agency (NRSA), Hyderabad, India. All the electromagnetic wavelength/bands were stacked in Resourcesat-2A satellite data and pre-processed by ERDAS, including geometric and atmospheric corrections. The vegetation indices and climatic factors derived from different vegetation types were charted (Thakur et al., 2014; Wallis et al., 2019; Wang et al., 2019). The generation of spectral vegetation indices such as Advance Vegetation Index (AVI), Ratio Vegetation Index (RVI), Normalized Difference Moisture Index (NDMI), Normalized Difference Vegetation Index (NDVI), Enhanced Vegetation Index (EVI), and Very Dense Vegetation Index (VDVI) map was established using ERDAS Imagine (Version 9.3) software, as illustrated in Table 1.
TABLE 1 | Topographical, vegetation indices/spectral and diversity index.
[image: Table 1]Phytosociological, Diversity and Leaf Area Index Analysis
The systematic vegetation characterization was performed by quantifying the different parameters of vegetation composition, structure, and species richness. Phytosociological studies were conducted in two stages viz., in the first stage, different forest vegetation was characterized in terms of its spatial organization of plant communities. The stand or forest level community structural information is useful for local/patch scale simulation process models and also filtering information on structural attributes and variations for regional-scale process models. In the second stage, phyto-sociological studies were conducted on type-level to recognize the overall pattern and organization of plant communities in a given type in the region. The type-level community structural information is essential for regional ecosystem simulation models, primarily for the functional process of an ecosystem. In the second stage, phyto-sociological studies on type-level to recognize the overall pattern and organisation of plant communities and groups in a given type in the region. The type-level community structural information is essential for regional ecosystem simulation models, primarily for the functional process of an ecosystem.
The phytosociological exploration was determined from different sampling plots of 20 m × 20 m for trees (TV; diameter above 20 cm), 5 m × 5 m for shrubs (SV; height up to 5 meter), and 1 m × 1 m size for herbaceous species (HV). In each sampling plot, TV, SV, and HV were enumerated for their diameter values. The diameter of trees measured at 1.37 m above ground level, shrubs 15 cm above ground level, and herbs at color zone. The TV and SV in forty quadrats were marked for periodic measurements of diameter at breast height (dbh) and height increment values for estimation of biomass and its production. The formula used for the analysis of density, abundance, frequency, and basal area were performed according to Curtis and Mc Intosh (1950). Moreover, analysis of the species diversity of various forests of AABR was determined by the formulas used in Table 1. The mortality in different stages of trees was also estimated by considering the deterioration status of the trees. The leaf area index (LAI) of the species was estimated by taking ten sample leaves randomly from respective plots for each tree, shrub, and herb with the help of a leaf area analyzer.
Estimation of Carbon Sequestration Potential
The Muffle furnace combustion methods were used for the determination of carbon concentration in the various components of TV, SV, and HV by adopting the methods of Negi et al. (2003) as follows:
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Where; [image: image] denotes Carbon content of [image: image] vegetation type; [image: image] : Area of [image: image] vegetation type; [image: image]: Carbon in Tree layer; [image: image] : Carbon in Shrub layer; [image: image] : Carbon in Herbaceous layer of [image: image] vegetation type
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Where; [image: image] denotes Stem Carbon; [image: image] : Branch Carbon; [image: image] : Leaf Carbon; [image: image]: Root Carbon; [image: image] : Wood Carbon corresponding to [image: image] vegetation type
Estimation of Biomass
TV and SV biomass, Tybi (Mg ha−1) in different vegetation types was estimated by using the allometric regression model established by Singh and Mishra (1979). Therefore, available biomass allometric equations (Supplementary Tables S1, S2) for dry tropical forests were used to estimate biomass precisely, only those regression equations were taken into consideration which were developed with similar climatic (temperature and rainfall) and edaphic conditions (soil type). The biomass was estimated by the non-harvest method by measuring dbh and height and applying biomass allometric equations. While using equations, dbh and height were used as independent variables while component biomass was used as a dependent variable. The different components of TV, SV, HV (i.e., stem, branch, foliage, and root) biomass, and fine roots were summed up to calculate total standing biomass (Mg ha−1) in each sample plot for different vegetation types and the component-wise biomass was computed and extrapolated. The soil core method was used for the estimation of fine root biomass. The fine roots (<5 mm diameter) were sampled from four monoliths (15 cm × 15 cm x 15 cm) randomly drawn from each forest type at two different depths, i.e., 0–50 and 50–100 cm, during rainy, winter and summer seasons. In total 120 (2 soil depths x 20 samples x 3 seasons) soil cores were drawn for each forest type. The total fine root biomass was obtained by taking the mean fine root biomass of rainy, winter, and summer seasons. All these biomass values were extrapolated on a Mg ha−1 basis. The mean of the biomass of twenty sample plots represents the standing biomass of a particular forest type. To obtain the total existing biomass of different vegetation types, the mean biomass values were multiplied with their respective areas of vegetation types derived from satellite data.
Estimation of Litterfall
The litterfall of dry tropical forests of AABR was measured in different seasons (i.e., rainy, winter, summer) by randomly laying five litter traps (each size of 50 cm × 50 cm x 50 cm) on the forest floor in every identified sample plot. Overall, litterfall was recorded in 50 sample plots (5 traps x 10 quadrats) and collected in each season i.e. rainy, winter and summer from the different vegetation types. The collected litterfall sealed in the polyethylene bags was brought to the laboratory, where the samples were separated into leaf, wood, fruits, flower, and bark components followed by oven-dried at 80°C for 24 h and weighted to determine oven-dry weights. The weights of dried components were added to derive the total litterfall of respective sample plots of a vegetation type. Furthermore, data of all three seasons were added to obtain the total annual litterfall (Mg ha−1), and the mean of the litterfall of ten sample plots represented the litterfall of that vegetation type.
Estimation of Net Primary Productivity
To estimate the annual net primary productivity on a hectare basis, ΔBi (Mg ha−1 yr−1), the dbh of TV and SV were repeatedly measured for three successive years i.e., 2016, 2017, and 2018 in marked sample plots of different vegetation types. The biomass increment of TV and SV were estimated from the dbh values of respective periods using a regression equation. The biomass of herbs was estimated in respective years by harvest procedure using vegetation collection and measurement methods. The average biomass production of individual components (TV, SV) of the sample plots of each vegetation type were calculated using the expression = {(B3 – B2) + (B2 – B1)/2}. The total net production of a given sample plot of vegetation type was measured by adding the respective production of trees, shrubs, herbaceous layers, fine root (peak), and total litterfall of that vegetation type. In order to obtain the total NPP of different vegetation types, the mean NPP values were multiplied with their respective areas of vegetation types, which were derived from satellite data.
Expression used for computing NPP as follows:
[image: image]
Where; [image: image] denotes rate of biomass increment of tree, shrub and herb layer of [image: image] forest type;
[image: image] : [image: image] ; [image: image]: Tree biomass increment; [image: image]: Shrub biomass increment; [image: image] : Herbaceous biomass increment corresponding to [image: image] forest type; :[image: image] Annual detritus production (litterfall and root hairs mortality) corresponding to [image: image] forest type; G: Annual grazing losses /burning/other removals (not accounted).
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TNPP = Total net productivity, [image: image] n = NPP of [image: image] , [image: image], [image: image] vegetation types
Correlations Among Vegetation Indices, Shannon Index, Leaf Area Index, Carbon Sequestration Potential, Biomass, Litterfall, and NPP
The correlation relationship was carried out between spectral vegetation indices (NDVI, RVI, AVI, EVI, VDVI, and NDMI) with Shannon index, carbon storage, leaf area index (LAI), biomass, and NPP of all the vegetation types of AABR. The sample points used for the ground survey were overlaid on vegetation indice images to extract spectral vegetation indices data, which was performed in ARC-GIS (Version 10.3). Correlations were drawn between the spectral vegetation indices derived from satellite data and ground measurements. The results acquired from the two parameters were used to determine the strength of the relationship. The correlation between vegetation indices and species diversity was tested at p < 0.01.
Aspect and Slope Maps
Aspect and slope maps were generated by analyzing topographic data in a GIS environment. The map shows eight aspect classes and was merged to form only four major aspect classes (north (N), south (S), east (E), and west (W)). Among different aspects, northern and eastern aspects occupied a large area compared to southern and western aspects. The altitudinal range of the study area varied from 505.43 to 719.65 m in different forests and nine slope classes were delineated between 0–20% slope, which was merged to form a gentle slope class, from 21–40% slopes into a medium slope and slope categories >40% were merged to form steep slope class. The largest area was covered by gentle slope class, while only a relatively small area was occupied by steep slope class. Furthermore, slope, aspect, drainage, and Digital Elevation Model (DEM) were also generated using TIN data (Figure 2).
[image: Figure 2]FIGURE 2 | Satellite map (A) Digital elevation model (DEM); (B) Drainage pattern; (C) Aspect map of the study area; (D) Slope map of AABR.
Statistical Analysis
Data on structure, composition, diversity, biomass, and carbon sequestration potential were analyzed using one-way analysis of variance. To understand the relationship between stand diversity and the functional parameters in the TDF ecosystem, correlation analysis was performed among diversity indices and functional attributes viz., carbon storage, and net productivity. Correlations were also drawn between spectral vegetation indices (viz. NDVI, AVI, RVI, EVI, VDVI, and NDMI) derived from satellite data and ground measured structural and functional variables. Attempts were also made to develop empirical models for directly estimating the diversity, carbon storage, and biomass production of TDF of AABR from satellite imagery. Towards this, a simple regression analysis was executed and multivariate analysis of the data by using MINITAB version 15.0 software.
RESULTS AND DISCUSSION
Structure, Composition, and Diversity
The composition of the flora of dry tropical forest ecosystems of AABR is very diverse. A variety of flora in these forests distributes species in three distinct canopy layers. Thirty-four species were found in TV, thirty species in SV, and sixty-four species were found in HV (Table 2; Supplementary Tables S3, S4, S5). The secondary associated tree species were Terminalia tomentosa and Buchanania lanzan respectively contributing high density, frequency, relative basal area, and IVI in the SMF and TP. The dominant representative of tree species like Shorea robusta, Diospyros melanoxylon, and Terminalia arjuna was observed as predominant in DMF and OMF.
TABLE 2 | Species diversity indices in dry tropical forest of AABR.
[image: Table 2]The results of density, BA distribution, and species richness of different forest types are illustrated in Figures 3A–C. The structural analysis shows that the density of various forests varied from 467.5 to 652.5 stems ha−1 and a maximum in SMF followed by DMF, TP, and a minimum in OMF. BA values lie between 9.26 and 34.12 m2 ha−1 in each vegetation type and SMF exhibited maximum BA followed by DMF and TP while the minimum in OMF. The structural attributes significantly varied among each forest type in the current research. Bijalwan et al. (2010) also reported that the density of TDF ranged from 206 to 812 trees ha−1 and BA from 7.27 to 20.8 m2 ha−1, and the number of tree species in each forest was reported as from 9 to 26. Interestingly, the structural analysis (number of tree species, density, and BA) of the TDF ecosystem has been attempted by several workers (Murphy and Lugo, 1986; Singh and Singh, 1991; Ravan, 1994; Sunderpandian and Swamy, 2000; Chaturvedi et al., 2011; Chaturvedi and Raghubanshi 2014; Kamruzzaman et al., 2017; Thakur, 2018; Darro et al., 2020). Singh and Singh, (1991) reported density 349 to 627 treeha−1, 9.0–14.79 m2 ha−1 BA, and 9 to 14 species in TDF of Uttar Pradesh, India. Murphy and Lugo (1986) also revealed a BA of 17–40 m2 ha−1 in Puerto Rican subtropical dry forests.
[image: Figure 3]FIGURE 3 | Structural parameters of dry tropical forests of AABR. (A) Density of tree layer, (B) Basal area distribution, (C) Species richness.
Various diversity indices viz., species diversity (H′), the concentration of dominance (cd), species richness (d), equitability (e), and beta diversity (bd) were computed for different forest types to analyze the difference in species diversity among each vegetation type. Attempts were also made to compute the different components of the tree, shrub, and herbaceous vegetation. The results for species diversity of different vegetation types are illustrated in Table 2. Species diversity in various vegetation types lies from 0.67 to 2.34 for tree vegetation (TV) with a maximum in DMF and minimum in TP. Similarly, the concentration of dominance values varied from 0.09 to 0.75 in the vegetation of each forest type with a maximum in TP followed by SMF and minimum in DMF. The Margelef index values varied from 5.31 to 12.54 where DMF showed maximum values followed by OMF and SMF. Pielou’s evenness index lies from 0.25 to 0.67 for TV. Beta diversity varied from 1.20 to 1.72 with OMF recorded maximum and DMF minimum. In the SV layer, Shannon-Weiner values varied between 0.84 and 3.05 where DMF recorded higher and TP as lower. Simpson index accounted for maximum values in TP followed by OMF and SMF, while, the Cd values were recorded as a minimum in DMF in shrub layer, where it varied from 0.05 to 0.63. The species richness value was higher in DMF followed by SMF, and OMF. Margalef’s index values were reported in the range of 0.19–3.49 depending on vegetation types, where TP had a minimum value. Equitability accounted for 0.02 to 0.97 in all the vegetation types with the highest equitability in DMF and SMF, and minimum TP under the SV category. TP showed a maximum beta diversity index and the minimum was observed for DMF in SV, which varied from 1.13 to 2.0 in all the forest types in the AABR. For the herbaceous layer (HV), the Shannon-Weiner values were found maximum in DMF followed by OMF and SMF, while it was observed minimum for TP which is ranged from 0.23 to 0.32. On the contrary, Cd was recorded maximum in SMF and OMF, which ranged from 2.86 to 3.25 in different forest types. The species richness was recorded maximum in SMF followed by DMF and OMF and varied from 0.04 to 1.45. Similarly, equitability values in HV ranged from 1.20 to 1.42 in different forest types. DMF and SMF showed maximum values, while TP and OMF with minimum values. The beta diversity ranged from 1.89 to 2.95 with the maximum in OMF exhibited minimum in DMF. The species diversity values in various tropical forests are comparable with the present study as reported by various researchers (Ramprasad and Pandey 1992; Pandey, 2005; Thakur et al., 2019). Singh and Singh (1991) also revealed that the species diversity values range lies between 1.9 and 2.8, Simpson index values from 0.18 to 0.75, Margalef index values range between 0.21 and 0.93 in the U.P state of India. Ramprasad and Pandey (1992) analyzed the sal and teak forests of Madhya Pradesh state in India where Shannon diversity index ranged from 0.32 to 3.76 and Simpson index values from 0.07 to 0.63. However, many plant species are lost due to anthropogenic stress in this region (Thakur et al., 2021). Other workers (Ravan, 1994; Bijalwan et al., 2010; Thakur 2018) have also conducted studies on tropical forest ecosystems and reported similar observations. Swamy (1998), mentioned high precipitation (>2,500 mm), the number of rainy days, and better soil conditions, which resulted in rich diversity and complexity in tropical evergreen forests.
The NDVI values were positively performed with density, basal area, and species diversity (Table 3). The study indicated a positive correlation among the structural attributes and diversity with NDVI and other vegetation indices (Figure 4 and Figure 5). Several researchers demonstrated similar research in TDF ecosystems (Franklin, 1986, Cohen and Spies, 1992 Spanner et al., 1990, Pandey, 2005, Jones et al., 2019, Wallis et al., 2019; Wang et al., 2019).
TABLE 3 | Pearson correlations among important spectral vegetation indices and structural attributes.
[image: Table 3][image: Figure 4]FIGURE 4 | (A) Exponential relationship among NDVI and Carbon storage; (B) Relationship between NDVI and Shannon- Weiner Index; (C) Relationship between NDVI and Biomass of dry tropical forests; (D) Exponential relationship between NDVI and Net primary productivity; (E) Relationship between NDVI and Litterfall; (F) Exponential relationship between NDVI and Leaf Area Index of dry tropical forests of AABR.
[image: Figure 5]FIGURE 5 | Spectral vegetation indices (A) Normalized difference vegetation index (NDVI); (B) Ratio vegetation index (RVI); (C) Enhance vegetation index (EVI); (D) Advance vegetation index (AVI); (E) Very dense vegetation index (VDVI); (F) Normalized difference moisture index (NDMI).
The slope and aspect in the current study showed a marked effect on structure, diversity, volume, and biomass of TDF of Central India (Table 1 and Figure 2). Integration of slope and aspect along with forest types helped in improving the stratification and accounted for the physiographic variation in structure, diversity, volume, and biomass in a given forest type. Cook et al. (1989) reveal the importance of satellite data in the estimation of forest structure the NPP of North American forests. Ravan (1994) also demonstrated the topographical parameters, density, and TDF information in the GIS environment and derived homogenous vegetation strata, which were used for estimating the structural parameters of TDF ecosystems.
Total Carbon Sequestration Potential in Vegetation
Total carbon storage in the tree layer (TV) varied from16.02–47.15 Mg ha−1 where; DMF was recorded with the maximum amount of the C, while OMF had minimum. Total C storage was statistically alike in SMF and OMF. The DMF had 1.22, 1.54, 1.50, and 7.69 times higher C content than TP, SMF, and OMF, respectively. Total C storage ranges in stem wood accounted 52.93–78.30%, branches 9.49–22.99%, foliage 3.31–12.89%, coarse root 1.80–11.22% and fine roots 1.72–3.24% in different forest types. Similarly, in shrub vegetation (SV) the C ranged from 1.88 to 5.18 Mg ha−1 with a maximum in OMF followed by SMF, TP, and minimum in DMF. OMF had 1.67, 1.07, and 1.67 times higher C content than TP, SMF, and DMF, respectively. Further, C in total stem wood ranged between 56.27 and 67.79%, foliage 2.73–3.31%, and coarse root 29.45–41.12% in different forest types whereas in herb layer (HV) it ranged between 0.91–2.73 Mg ha−1, with OMF registering highest C as compared to SMF, TP, and lowest in DMF.
In our study, total C storage accounted for 65.22–75.71% for shoots and 25.64–34.78% for roots in different forest types, while total carbon storage of forest vegetation (TV + SV + HV) i.e. standing biomass ranged between 18.0 – 50.40 Mg ha−1 in different forests. The maximum C storage is reported in DMF while the minimum was in OMF (Table 4; Figure 6). Similar results were also revealed by various researchers (Chaturvedi et al., 2011; Chaturvedi and Raghubanshi, 2015; Bahera et al., 2017; Thakur et al., 2014, Thakur et al., 2019). In the study of Srinivas and Sundarapandian (2019) the C content of trees varied from 44.51 to 218.84 Mg ha−1.
TABLE 4 | Consolidated statistics of forest biomass, productivity variables, and carbon storage.
[image: Table 4][image: Figure 6]FIGURE 6 | Estimates of Carbon storage in tree/shrub/herb vegetation with 95% C.I. in dry tropical forest of AABR (Mg/ha).
Aboveground and Belowground Biomass
The biomass of different forest types for the components of trees, shrubs, and herbaceous flora results revealed that the total biomass (TV + SV + HV) varied from 83.77 to 111.21 Mg ha−1 (Table 4; Figure 7). It was highest in DMF followed by TP, SMF, and lowest in OMF. Total standing biomass (TV + SV + HV) varied significantly in each forest type. The total mean vegetation mass reported 95.85 Mg ha−1 of the total biomass of which 90.23% contributed for AGB and 9.77% for belowground biomass (BGB). TV, SV, and HV contributed 90.42, 8.74, and 0.71% respectively. These standards were more or less analogous to those assessed in other TDF, as Pandey (2005) reported total biomass ranging from 37.12 to 100.88 Mg ha−1 in TDF of Central India. Thakur et al. (2019) also reported biomass in the range of 20.25–103.43 Mg ha−1 in the TDF of Chhattisgarh. The estimated biomass in the current study was lower than other stated tropical dry deciduous forests worldwide. In their study, Murphy and Lugo (1986) reported 30–273 Mg ha−1 AGB for tropical dry forests, and similarly, the AGB varied from 58.04 to 368.39 Mg ha−1 according to Srinivas and Sundarpandian (2019) while Chave et al. (2008) reported 356–398 Mg ha−1 AGB in the rainforest of Eastern America. Likewise, Jaramillo et al. (2003) estimated 143.1 Mg ha−1 ABG and BGB for dry tropical forests in Mexico. Similar results were revealed by Malhi et al. (2004), Raich et al. (2006), Dube and Mutanga (2015), Kamruzzaman et al. (2017), and Wallis et al. (2019). Comparatively erratic rainfall patterns, a lower number of rainy days in a year, harsh hot weather conditions, and poor topsoil conditions might be reasons for lower biomass in the study area. Forest dwellers in these areas are consistently dependent on these forests for their subsistence livelihood, such as via the collection of NTFP’S, fuelwood, etc. Anthropogenic disturbances are moderate to severe in these forests e.g., forest surface fire, unlawful felling, and feeding of livestock are foremost to the squalor of these forests. Fine root biomass was estimated in different depths (0–20 cm, 20–40 cm) in three seasons under four forest types (Figure 8). The results show annual root biomass was more in DMF than others. Similarly comparing the season, the rainy season produced more fine root biomass in all types of forests. The root biomass is an indicator of the growth and productivity of the forests. Ecologically it has a long-term effect, not on the improvement of the rhizosphere but also on the health of total forest biota.
[image: Figure 7]FIGURE 7 | Estimates of standing biomass with 95% C.I. of different components of tree, shrub and herb layers in tropical forests of AABR (Mg/ha).
[image: Figure 8]FIGURE 8 | Estimates of season wise fine root biomass (Mg/ha) for TP, SMF, DMF and OMF forest types during 2016–2018 with 95% C.I.
Litterfall
The total mean annual litterfall fluxes 1.99–4.15 Mg ha−1 in various forests (Table 4; Figure 9). There was a significant difference in the quantity of litterfall due to seasons and components (wood, leaf, twig). The wood litterfall accounted for between 15.83–18.06% of the total litterfall of different forests. The leaf litterfall values varied from 1.52 to 3.05 Mg ha−1 in different forests. The highest litterfall values were recorded in TP followed by DMF, SMF, and the lowest in OMF. The percentage contribution of leaf fall to the total litterfall was 72.15–76.38% in different forest types. Similarly, the twig litterfall values varied from 0.16 to 0.38 Mg ha−1 which accounted for between 7.79–9.83% of the total litterfall of different forests. The total litterfall distributed in two annual cycles contributed between 39–42.61%, 28.48–29.12%, and 27.21–32.93% in winter, summer, and rainy seasons, respectively in different forest types. A similar finding was also reported by Thakur and Thakur (2014).
[image: Figure 9]FIGURE 9 | Estimate annual litterfall biomass (Mg/ha) with 95% C.I. for TP, SMF, DMF and OMF forest types during 2016–18 for season.
Net Primary Productivity
The total tree biomass production (AGB + BGB) varied from 7.61 to 9.94 Mg ha−1yr−1 (Table 4; Figure 10). The highest tree biomass production was observed in TP followed by DMF, SMF, whereas the lowest was in OMF. The aboveground and belowground net production contributed between 64.09–82.91% and 17.08–35.91%, respectively of the total tree biomass production. The average net production of trees across all the forest types was 8.74 Mg ha−1yr−1, where AGB distributed maximum share as 77.66% and BGB share minimum as 22.34%. The total shrub biomass production (AGB + BGB) varied from 1.88 to 3.77 Mg ha−1yr−1. The highest shrub production was observed in SMF followed by DMF and OMF and it was lowest in TP. The aboveground and belowground net shrub biomass production contributed 56.31–80.08% and 19.91–43.69%, respectively. The average net production of shrubs in different forest types was 2.58 Mg ha−1yr−1fn1 of which 73.45% was contributed by aboveground and 26.54% by belowground biomass. The herbaceous species turnover of less than 1 year was considered equal to net production in these forests. The NPP for herbaceous biomass ranged from 0.51–0.80 Mg ha−1yr−1. The contribution of herbaceous production to the total stand NPP was ranged from 3.0–6.35%.
[image: Figure 10]FIGURE 10 | Estimates of total production (Mg/ha/yr) with 95% confidence interval of trees, shrubs and herbs for different forest types in tropical forests of AABR.
The total net production (tree, shrub, herb, and litterfall) varied from 10.53 to 13.15 Mg ha−1yr−1 with a mean value of 12.02 Mg ha−1yr−1. It was highest was in SMF followed by TP and DMF while the lowest was in OMF. SMF had 1.06, 1.22, and 2.41 times higher net production than DMF, TP, and OMF. For all the forest type trees, shrub, herb, and litter accounted for 56.43–72.0%, 11.94–23.67%, 2.59–5.82%, and 12.93–14.58%, respectively. The species diversity (H), LAI, litterfall, carbon sequestration, biomass, and NPP generated from the satellite in tropical dry forests are illustrated in Figure 11. All these maps reflect that the coherence will field verified data.The illustrated maps for different layers of parameters are easy to understand at the landscape level and assist forest managers to design proper management plans. These types of satellite-generated maps are more in use globally for better forest ecosystem management.
[image: Figure 11]FIGURE 11 | (A) Species diversity map of AABR; (B) Leaf area index map of study site; (C) Carbon storage map (Mg/ha); (D) Biomass map (Mg/ha), (E) Litterfall production map (Mg/ha); (F) Net primary productivity map (Mg/ha/yr).
Correlation Between Vegetation Indices, Diversity, Structural Attributes, Leaf Area Index, Carbon Storage, Biomass, and Net Production
Correlation analysis among the structural attributes, vegetation indices, LAI, Carbon sequestration, biomass, and NPP in tropical dry forests are illustrated in Table 3. The correlation relationship among NDVI with pooled data of species diversity, LAI, carbon storage, biomass, litterfall, and NPP is shown in Figure 4. Species diversity values were computed using stratified random sampling and a significant correlation was found between vegetation indices and diversity. It was evident from the result that density, basal area, and diversity were positively correlated with NDVI, whereas it was insignificant with AVI, EVI, NMDI, VDVI, RVI, and density. The present study showed that C storage, biomass, and NPP were positively correlated with NDVI, AVI, EVI, VDVI, NDMI, and RVI indices while NDVI was significantly correlated. The DMF recorded the highest values of NDVI, which is depicted in Figure 5A. The results demonstrated that NDVI from remotely sensed images could identify areas of high species richness, C storage, and biomass production values. In our study, we reported a positive relationship among spectral vegetation index (i.e., NDVI), carbon storage, species diversity, LAI, biomass, litterfall, and NPP (pooled data of TV + SV) for the entire vegetation types of AABR (Figure 5A). The RVI, EVI, AVI, VDVI, and NDMI images are represented in Figures 5B–F, respectively. The present study also indicated a positive and significant correlation between NDVI and Shannon index, C storage, biomass, and NPP for different vegetation types of the study area, which confirms the reports of earlier workers (Swamy, 1998; Thakur et al., 2019) who found NDVI as a key variable strongly correlated to vegetation analysis.
CONCLUSION
This study concluded that satellite remote sensing techniques are one of the most reliable tools for the assessment of vegetation structure, diversity, carbon storage, biomass, and NPP for the dry tropical forest ecosystems of AABR of India. Biomass and productivity studies contribute significantly to the global carbon pool and, being very young forests, AABR has the potential to mitigate a significant amount of carbon from the atmosphere. Forest degradation by anthropogenic activities (e.g., forest cutting, forest fire, overexploitation of flora, encroachment, mining, human settlements) are placing severe pressure on forest ecosystems. Planting of multipurpose trees and shrubs in SMF could be explored for the enrichment of vegetation cover. These strategies will assist in reducing the biotic pressure and also restoring and conserving the fragile dry tropical forest ecosystems of Central India. The study also indicated that the Resourcesat-2A satellite data is likely to improve the retrieval of carbon values, leaf area index, biomass, and the NPP of the dry tropical forests of India due to their moderate spectral and spatial resolution as compared to IRS and Landsat satellite images. The empirical relationships drawn between structural aspects and spectral responses are important for predicting few important structural attributes of vegetation directly from multispectral satellite data. Therefore, there is a need to have an extensive forest management plan for AABR in India for optimum forest health.
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Tree Layer (TV)

Tree Density (per Ha)
Number of Species

Basal area (m” ha™')

Frequency

Total number of Species Censused (S)
Shannon-Wiener index (H)

Simpson’s concentration index (Cd)
Margalef's index of species richness (D)
Pielou’s evenness index (E)

Beta Diversity (B)

Shrub Layer (SV)

Shrub Density (per Ha)
Number of Species

Basal area (m” ha™)

Frequency (%)

Total number of Species Censused (S)
Shannon-Wiener index (H)

Simpson’s concentration index (Cd)
Margalef's index of species richness (D)
Pielou’s evenness index (E)

Beta Diversity (B)

Herbaceous Layer (HV)

Herb Density (m?)

Number of Species

Basal area (m” ha™')

Frequency (%)

Total number of Species Censused ()
Shannon-Wiener index (H')

Simpson’s concentration index (Cd)
Margalef's index of species richness (D)
Pielou’s evenness index (E)

Beta Diversity (8)

TP

470
11
28.81
26.36
1
0.67
075
5.79
025
1.27

3148.72
13
0.36
40.23
13
0.84
0.63
0.19
0.02
2.00

137.2
24
0.00297
40
24
0.23
325
0.05
1.20
222

SMF

652.5
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