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Abstract

:

Plant biodiversity data are prerequisites for the sustainable management of a forest. We used quantitative ecological tools to determine the species composition, diversity (richness and evenness), population structure, distribution patterns, and regeneration status of trees in a Tropical Moist Sal Forest of Eastern Ghats, India. For this purpose, a field inventory was conducted during 2020–2022 in sixteen 1.0 ha forest stands along a human-induced disturbance gradient. A total of 161 species (61 trees, 40 shrubs, 60 herbs) belonging to 77 families and 143 genera were recorded in the 16.0 ha of forest area. The results revealed a significant (p < 0.01) decrease in the tree and shrub species density, basal area, species richness, and diversity along the gradient of disturbance. However, in the case of herbs, the Shannon–Weiner diversity index increased significantly (p < 0.01) with increasing disturbance levels. Irrespective of forest types and disturbance levels, the tree diameter class (10–30 cm) accounted for the highest stem density in the forest. A mixed trend was found in the case of the basal area; the >41 cm diameter class constituted the highest basal area in the Pure Sal Forest while the 10–30 cm class was in the Moist Deciduous Forest without Sal. Tree species richness was found higher in lower diameter classes. Disturbances impacted the distribution pattern of trees; in the Pure Sal Forest, the contagious distribution of trees were 61.54%, 40%, and 12.5% in undisturbed, low-disturbed, and moderately disturbed sites, respectively. The percent of trees showing random and regular distribution increased with the increased level of disturbance in all forest types. The number of tree species having good regeneration decreased with the increased disturbance intensity in all forest types. Frequent grazing, repeated forest fires, and poor soil seed banks at the Moderately Disturbed site were the main reasons for the poor/no regeneration of Pterocarpus marsupium, Adina cordifolia, Terminalia bellerica, and some other economical species. Significant changes in structural attributes of the tree community revealed the impact of human-induced disturbances in the Moist Sal Forests of Eastern Ghats. The disturbance mosaics promoted the growth of many invasive weed species and lianas, depleting the number of valuable species in the forest. This study suggests the adaption of sustainable biodiversity conservation approaches through the active participation of the tribal so that the remnants the Moist Sal Forests of Eastern Ghats can be controlled to prevent further degradation.
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1. Introduction


Species composition defines the identity of species in a community and is regarded as one of the most important indicators of ecological and management processes at a site. Species diversity that encompasses both species richness (number of species in a local community) and species evenness (relative abundance of a species in a community) is a measurable indicator of a community, which reflects the basic characteristics of the ecosystem [1]. In an ecosystem, all the species are dependent on each other directly or indirectly, though each species shares a different portion of the resource for its sustenance. A system which is more species-diverse is considered to be more efficient, productive, and sustainable [2]. Therefore, it is crucial to record the biodiversity data of a forest for sustainable development and making decisions for its conservation priorities.



Tropical forest ecosystems vary in topographic edaphic features, provide an array of microhabitats, and are an abode of more than half of the planet’s plant species diversity [3]. By virtue of location, magnitude of deliverables, and accessibility, tropical forest ecosystems receive constant shocks from numerous anthropogenic activities, and this it is more chronic in developing countries. The disturbances, whether due to natural phenomena or human-induced, cannot be eliminated completely from forest ecosystems. The disturbance acting directly or indirectly alters the space and resource availability, shapes the evolutionary processes, and compels individuals or species to develop adaptive traits and mechanisms to suit the surrounding environment. It creates opportunities for suppressed ones to explore the space and resources which, once upon a time, were not accessible [4]. The ability of individuals or species in utilizing spaces and resources differ greatly, creating variation among populations of the perturbed forest community. Disturbances occurring within forests open up the forest canopy, allow more solar radiation, create a higher temperature, reduce soil moisture, upset litter mineralization and nutrient recycling, and, over all, modify the microclimate [5,6]. However, at the landscape level, these act through edge and cause isolation effects [7]. In a few instances, it has been observed that disturbances at low levels promote species diversity [8,9]. On the contrary to this, accelerated anthropogenic disturbances such as fire, grazing [10,11], encroaching forest land for rain fed farming, and land use change [10], quite often degenerative in nature, culminate to habitat deterioration, fragmentation, and destruction [12,13]. This impairs natural regeneration, promotes the mortality of established recruits, and reduces plant species diversity and demography, ultimately affecting the structural features of the forests [11,14]. The ecosystem undergoes a recovery process after every perturbation and it is not necessary that the same species will regenerate in the recovery process. The outcome will be the differential efforts of species to the disturbing forces and habitat modification. In this process, many species persist, few perish, and some opportunists such as Lantana camara and Chromolaena odorata invade and colonize. The decline in native species diversity, increased rarity, and the invasion of non-exacting ones threatens ecosystem functioning and its sustainability [15].



In the path of the geological timeline, the tropical forests have progressed in a direction in which numerous human-centered impediments diminished their biological richness, compelling many species to perish, threatening the epicenter of mass extinction [16]. This fascinates researchers to know about human-centered disturbing forces and their mode of action [17,18], the impact on the chemical and physical nature of forest ecosystems [19], and the response of species to the modified habitats [20,21,22]. It is well established that disturbances alter most the structural features of the forests, hamper resource availability, and impair ecosystem functioning, culminating in reduced taxonomic and functional diversity matrices [16,20,22]. In India, several inventories have been conducted in the past to understand the impact of anthropogenic disturbances on tropical forest ecosystems spreading across the county viz. the Western Himalayas [23,24], Central Himalayas [25,26,27,28], Eastern Himalayas [4,15,28,29,30], outer Himalayas [31], central India [32,33], Western Ghats [34,35], and Eastern Ghats [36,37]. However, the majority of the studies centered at tropical dry deciduous forests and the information pertaining to tropical moist deciduous forests of the Eastern Ghats is rudimentary. Sahoo et al. [38] conducted a field inventory to know the impact of anthropogenic disturbances on tropical moist deciduous forests of the adjoining Nayagarh district and their findings focused on the tropical moist forest as a whole without accounting for the inter- and intra-community variations. In tropical moist forests there are many identifiable communities, such as Pure Sal, the Sal-dominated community, and the Mixed community without the existence of Sal, which have specific structural and functional characteristics. The interactions within and among populations, ecosystem functioning, and service provisioning vary greatly with keystone species that a tropical community harbors.



The last lap of the great line of the Eastern Ghats, interspersed with numerous hills and plateaus, constitutes a large share of the forest wealth of Odisha. Vegetation of this tract primarily comprises of the tropical deciduous type (moist and dry depending on soil wetness) with the presence of randomly scattered semi-evergreen patches [39]. The Kandhmal district is a part of the Eastern Ghats, endowed with bountiful forest resources, is biologically very rich, and spreads over 67.37% of the area in the district [40]. In addition, 53.58% of the populations of the district are tribal, amongst whom Kondha and Kolha [41] are predominant. Due to crude social taboos and cultural associations with forests, these aboriginal people live within the forest or its vicinity. Hilly terrain, landlockedness, no noticeable industrial setup, and subsistence rain-fed agriculture make forest-based livelihoods a major source of revenue for the tribes. The forest provides food, fuel wood, fodder for livestock, medicine, thatching, and construction materials [42]. Major non-timber forest products (NTFPs) collected from the area include sal leaf, siali leaf, kendu leaf, mahua flower, mahua seed, sal seed, marking nut seed, chara seed, myrobalans, hill broom grass, wild mushrooms, siali fibres, bamboo, and cycas tuber. These products provide subsistence and non-farm income during the slack periods of agriculture and play a critical role in alleviating the hunger of these forest dwellers. However, shifting cultivation found in the district to a limited extent was absent in the present study sites. They often clear a patch of forest, encroach, and conduct rain-fed farming without any soil conservation measures. These disturbances often regulate the natural recovery of the forest ecosystem, even though these do not override the ecological limits. The severity and type of disruption in forest ecosystem functioning depend on the intensity and frequency of such an anthropogenic intrusion [43].



Barlow et al. [5] observed that human-induced disturbances are much more destructive than deforestation alone. A bundle of anthropogenic events acting directly or indirectly modifies most of the structural features of a forest ecosystem, exacerbating biodiversity loss. One major pathway is the change in stem density of large trees which triggers ground level modification, ultimately retarding the plant recruitment status, the mortality of established plants, and the demography of coexisting species, causing forest degradation and finally leaving species in the diversity loss vortex to perish [44]. Secondly, modification in the demography of tree species creates variation in the structural complexity of the forests and promotes the growth of generalist species, excluding a few specialist species from the upper strata [45]. The disturbances also eliminate species which have specific adoptive traits as they seldom withstand the impulsive force of perturbation.



Plant communities with varying proportions of dominant and co-dominant trees can be observed within the moist deciduous forests of this tract of the Eastern Ghats. While the perturbation impulses because of fringe villagers’ dependency on these forests can be counted easily, the response of plant communities to this resource utilization needs proper assessment for sustainability. Field enumeration focusing on descriptive and numerical plant community attributes, such as species composition, demographics, and the status of recruits along disturbance gradients, will enrich the knowledge bank and assist in devising a road map for the conservation and sustained use of forest resources in the area. Some past studies carried out elsewhere showed that disturbances in the forests may create unfavorable conditions for the successful regeneration of many of the existing species [4,7,8,15]; however, there is very limited information on how human-induced disturbances influence the species composition, diversity and distribution pattern, population structure, and regeneration of trees in the Tropical Moist Deciduous Forests of Eastern Ghats, India. In recent years, there has been an increasing level of human interference in the different forest types of this region. We hypothesize that the removal of forest biomass (through felling, fuel wood, and non-timber forest production collection), grazing, and other forms of human disturbances may create unfavorable conditions; thereby, this will bring change in the species’ composition, structure, and regeneration patterns. Therefore, we conducted a study to (i) compare the species composition, plant diversity, and tree population structure in different forest types, (ii) to examine the effect of human-induced disturbances on the vegetation with special reference to the regeneration pattern, species rarity, and abundance, and (iii) to prescribe the species that needs priority conservation to improve biodiversity and ecosystem services.




2. Materials and Methods


2.1. Study Area


The study was undertaken in Phulbani Forest Division, a part of the hilly ranges of the Eastern Ghats spreading over 3629.37 km2 within 19°49′50″ to 20°41′20″ N latitude and 83°46′53″ to 84°35′15″ E longitude, having a mean altitude of 485 m a.m.s.l. The climate of the study area is subtropical, hot, and dry with maximum mean summer temperature of 45.5 °C and minimum winter temperature of 2.0 °C. The area recorded 1523 to 1602 mm of mean annual rainfall, of which 80% is received during monsoon season from June to September, and the rest from October to May. The topography of the study site is undulating, having medium-sized hillocks interspersed with patches of plain land and plateaus. The tract is well drained due to the presence of numerous small nalahs, streams, and rivulets draining into the river Salki and Baghnadi. The rocks occupying the greater part of study area consisted of alluvium, laterite, sandstone, and Archean rocks. The soils of the major part of study site are immature, deep, well drained, fine, loamy in texture, and acidic in reaction. Being a part of the Eastern Ghats, the Phulbani Forest division is rich in forest resources. The forests fall under North Indian tropical moist deciduous, moist mixed deciduous, and tropical dry deciduous types [39]. In the lower hills and plains, depending upon the soil depth and moisture content, Sal (Shorea robusta) forms pure stand and Sal-dominated mixed forest; however, Mixed forest, without any dominant species, exists along the higher altitudes. The tribal communities living in the fringe villages depend on these forests for small timber, poles, fuel wood, thatching materials, non-timber forest products, wild foods, and ranching of domestic animals. All these activities including illegal timber extraction and trade by few antisocial individuals exert tremendous biotic pressure, altering structure and composition of the forests.



Repeated field surveys were conducted during 2020–2022 in the four reserve forests (Khajuripada RF, Dutimundi RF, Dakapalla-B RF, and Sudurukumpa RF) of tropical moist deciduous forest in Phulbani Forest Division, Odisha, India (Figure 1). We identified three forest communities, viz. Pure Sal Forest community (PSF), Sal-Dominated Mixed Deciduous Forest community (SDMDF), and Moist mixed Deciduous Forest Without Sal community (MDFWS), experiencing different degrees of disturbance. A composite disturbance index was developed for all sites by summing up the relative scores (3.0 scales-based) for every anthropogenic action, and tree stump-based disturbance index was determined by adopting the equation of Rao et al. [46]. After comparing the composite disturbance index value, the sites were categorized as moderately disturbed (MD), low-disturbed (LD), and undisturbed (UD) (Table 1).




2.2. Vegetation Sampling


Within tropical moist deciduous forests, three categories of forest community, viz. Pure Sal Forest (PSF), Sal-Dominated Moist Deciduous Forest (SDMDF), and Moist Deciduous Forest Without Sal (MDFWS) were selected (Figure 2).



Major disturbance bundles received from different sources are measured and categorized into three levels based on the cumulative disturbance index, viz. moderately disturbed (MD), low-disturbed (LD), and undisturbed (UD). In MDFWS type, only two levels of disturbance were found, viz. moderately and undisturbed (Figure 3). In each forest community and disturbance category two sample plots of 1.0 ha each were established, totaling 16.0 ha of sampling area. Within each plot, four sub plots (31.5 m × 31.5 m for trees, 5 m × 5 m for shrubs and saplings, and 1 m × 1 m for herbs and seedlings) were randomly delineated following the procedures of Curtis and Cottom [47]. All encountered plant species were identified, counted, and measured for their height and diameter in the field itself.



Tree diameter was measured at breast height (1.37 m from ground) over the bark. The individuals with diameter at breast height (DBH), ≥10 cm, were considered as adult, DBH < 10 cm and height ≥ 20 cm as sapling, and DBH < 10 cm and height < 20 cm as seedlings [48]. The proportion of individuals which were trees, saplings, and seedlings was taken to determine the regeneration status of the forest types at each disturbance level [49]. The regeneration status of tree species was expressed at five levels as follows: (a) ‘good’, if number of individuals in seedling > sapling > adult; (b) ‘fair’, if seedling > sapling ≤ adult; (c) ‘poor’, if a species has only saplings, but no seedlings (may be saplings <, =, or > adult); (d) ‘none’, if a species survives as adult only (no seedling and saplings); and (e) ‘new’, if a species exists as sapling or seedlings, but has no adults. The population structure of the forest was analyzed based on the tree diameter classes across five classes, viz. 10–20 cm, 21–30 cm, 31–40 cm, 41–50 cm, and >51 cm. The distribution patterns of tree species were examined at three levels, viz. contagious, random, and regular based on abundance to frequency ratio, as described by Curtis and Cottam [47]. The descriptive variables for community structure, viz. basal area, frequency, density, and importance value index (IVI), were computed following the formulae of Misra [50]. The diversity indices such as Shannon–Weiner diversity index (H′), Simpson’s dominance index (Cd), Pielou’s evenness index (E), Margalef’s species richness index (R), and Sorensen’s index for similarity (S) were calculated according to Shannon and Weiner [51], Simpson [52], Pielou [53], Margalef [54], and Sorensen [55]. The mathematical formulae used for calculating various vegetation indicators are as follows:


  A b u n d a n c e   A   =   N o .   o f   i n d i v i d u a l s   o f   t h e   s p e c i e s   N o .   o f   q u a d r a t s   o f   o c c u r a n c e    



(1)






  D e n s i t y   D   =   N o .   o f   i n d i v i d u a l s   o f   t h e   s p e c i e s   T o t a l   N o .   o f   q u a d r a t   s t u d i e d    



(2)






  R e l a t i v e   D e n s i t y   R D   =   T o t a l   N o .   o f   i n d i v i d u a l s   a   s p e c i e s   T o t a l   N o   o f   i n d i v i d u a l s   o f   a l l   s p e c i e s   × 100  



(3)






  R e l a t i v e   F r e q u e n c y   R F   =   N o   o f   q u a d r a t s   o f   o c c u r a n c e   o f   a   s p e c i e s   N o   o f   q u a d r a t s   o f   o c c u r a n c e   o f   a l l   s p e c i e s   × 100  



(4)






  R e l a t i v e   B a s a l   A r e a   R B A   =   T o t a l   b a s a l   a r e a   a   s p e c i e s   T o t a l   b a s a l   a r e a   o f   a l l   s p e c i e s   × 100  



(5)









Importance Value Index (IVI) = RF + RD + RBA



(6)









  Shannon–Weiner diversity index (H’):    H   ′   = −   ∑  i = 1   n   (   n i   N   )   logon  (    n i   N    )   



(7)




where ni = Number of individuals of the species ‘i’ and N = Number of individuals of all species.


  Simpson ’ s   dominance   index   ( Cd ) :   C d =  ∑      ( n i  /  N )     2      



(8)




where ni = total number of individuals of tree species and N = total number of individuals of all tree species.





  Pielou’s evenness index (E):  E =     H   ′    /    ln  ⁡  ( S   )    



(9)




where H′ = diversity index, S = number of species, N = total number of individuals of all tree species, and Ln is the natural logarithm to the base ‘e’.





  Margalef’s species richness index (R):  R =   ( S − 1 )  /  N    



(10)




where S = number of species and N = total number of individuals of all tree species.


  Sorensen ’ s   index   for   similarity   Index   ( S ) :   S =   2 C  /  ( A + B )    



(11)




where C = is the number of species common to both the sites, A = is the total number of species in stand ‘A’, and B = is the total number of species in stand ‘B’.



To understand the impact of disturbances on species rarity, the species were grouped into five categories, following the rarity categorization of Kadavul and Parthasarathy [56] as follows: (a) very rare (species having <2 individuals/ha), (b) rare (species having 2–10 individuals/ha), (c) common (species having 10–20 individuals/ha), (d) dominant (species having 20–50 individuals/ha), and (e) Pre-dominant (species having >50 individuals/ha). The plant species which could not be identified in the field, however, were brought to the laboratory and identified with the help of herbaria of Odisha biodiversity board, and using the published literatures on floras of the region, viz. Saxena and Brahmam [57] and Mishra et al. [58].




2.3. Statistical Analysis of Data


Statistical analysis of data for descriptive variables was done using statistical package (SPSS 20.0; IBM Corp., Armonk, NY, USA) [59]. To ascertain the impact of disturbances on species composition and diversity, Permutation analysis of variance (PREMANOVA) test was done using software R-“vegan (2.6-4)” (R Foundation for Statistical Computing, Vienna, Austria) [60]. Rank abundance curve was prepared using Past Software (4.3) following Magurran and McGill (Redfern, NSW, Australia) [61].





3. Results


3.1. Floristic Composition


A total number of 161 species (61 trees, 40 shrubs, 60 herbs) belonging to 77 families and 143 genera were recorded in the selected eight sites. In the PSF, Dipterocarpaceae was the dominant family and Anacardiaceae, Combretaceae, and Sapotaceae were the other co-dominant families found. In the SDMDF, Dipterocarpaceae was also the dominant family, and Phyllanthaceae and Sapindaceae were the co-dominant families. In the MDFWS type, Combretaceae was the dominant family, and Anacardiaceae and Sapindacaeae were the co-dominant families found. Out of the twenty-four families, eight families were represented by a single species, thirteen families were represented by more than one species, two families were represented by five species, and one family was represented by ten species. With a maximum of ten species Fabaceae was the most conspicuous family among the trees in all the three forest types studied. Anacardiaceae, Combretaceae, Dipterocarpaceae, and Phyllanthaceae were the tree families common to all sites. Rubiaceae, with four species, and Apocynaceae, with three species, were the largest families among the shrubs. Asteraceae, with six species, was the largest among the herbs (Table 2).



The enumeration of the site-wise familial distribution of trees (DBH > 10 cm) reveals that in the PSF, the undisturbed site contained 10 families and 13 genera, the LD site contained 7 families and 10 genera, and the MD site contained 6 families and 8 genera. Out of the ten families in the undisturbed site, Anacardiaceae, Fabaceae, and Phyllanthaceae were comprised of two genera and species each, and the other six families were represented by a single genus and species. In the low-disturbed site, Anacardiaceae was represented by three genera and species, Fabaceae was represented by two genera and species, and the other five families were found having a single genus and species. In the MD site, Anacardiaceae and Dipterocarpaceae were represented by two genera and species each, while the other four families were represented by a single genus and species. The SDMDF forest comprised of 15 families and 26 genera in the undisturbed site, 11 families and 20 genera in the low-disturbed site, and 13 families and 21 genera in the MD site. Out of the 15 families in the undisturbed site, 8 families were represented by a single genus and species, and the rest had more than one genus and species. In the low-disturbed site, five families were represented by one genus and species and the rest were represented by more than one genus and species. Anacardiaceae, with four genera and species, was the most conspicuous family in the moderately disturbed sal-dominated forest, followed by Phyllanthaceae (three genera and species), Combretaceae, Dipterocarpaceae, and Euphorbiaceae (two genera and species each). The other seven families were represented by a single genus and species. The MDFWS site consisted of 20 families and 37 genera in the undisturbed site and 20 families and 33 genera in the MD site. Out of the 44 species observed in the undisturbed site, Fabaceae was the most conspicuous, having six genera and eight species. Ten families were represented by a single genus and species, and the rest were represented by more than one genus and species. In the MD site, Fabaceae was represented by six genera and six species, eight families were singleton, and the rest were represented by more than one genus and species (Table 2). The number of tree families and genera decreased from undisturbed sites to MD sites in all three forest types. A total of 23 families (35 genera and 40 species) of shrubs were recorded in the three forest types. The PSF and SDMDF comprised of 20 families each and the MDFWS type had 18 families. The number of families and genera in undisturbed sites was highest in the undisturbed sites and decreased to the lowest in MD sites. A reverse order was observed in herb diversity. The number of herb families was higher in MD sites as compared to the low-disturbed and undisturbed sites in all the forest types (Table 3).



The results of the PREMANOVA test showed that disturbances had a significant negative impact on the diversity of trees (p < 0.001) and shrubs (p < 0.001), whereas the herb species showed a significant (p < 0.004) opposite trend (Table 4). The density and basal area of the trees (mature, saplings, and seedlings) decreased with the increase in the disturbance level. The shrub density, basal area, and herb density showed an increasing value with the increased disturbance level in all forest types. The Margalef’s species richness index and Shannon–Weiner diversity index were decreased with the increased disturbance level for trees and shrubs, but in the case of herbs, it showed an opposite trend. The Simpson’s dominance index value for trees and shrubs increased with the disturbance level, except in the case of the sal-dominated moist forest, in which the dominance index for the trees did not follow any definite pattern. Simpson’s dominance index and Pielou’s evenness index value for herbs did not follow a definite pattern.



The Rank abundance curve (Figure 4) indicates the distribution patterns of abundance in three forest types along a disturbance gradient. In the PSF, the dominance was concentrated among a few species and its equitability was increased or dominance reduced with the replacement of the dominant species sal with other species in the order PSF > SDMDF > MDFWS. As far as the impact of disturbance is concerned, it had a noticeable impact on abundance sharing in all the three forest types. In the undisturbed sites, the relative abundance was distributed among many species and the dominance was shared by more than one species of trees. With the increase in the disturbance level (the low-to-moderate disturbance level) the distribution patterns of dominance changed randomly to an uneven pattern and the dominance was shared primarily by one or two species.



The Sorensen’s similarity index value of trees in the three forest types shows maximum species similarities among the low-disturbed sites with the undisturbed site and minimum among the MD site with the undisturbed site (Table 5). In shrubs, the similarity among the species was high among MD sites with the low-disturbed sites, but in herb species, no definite pattern was observed.




3.2. Distribution Pattern and Rarity of Species


In the PSF moderately disturbed site, 62.5% of tree species were found to be in the rare category, while in the low-disturbed site, it was 10%, and in the undisturbed, no species fell under this category (Table 6). Our results revealed that 12.5% of species in the MD site were common, while this was the case for 70% in the low-disturbed and 61.54% in the undisturbed sites. The percentage of dominant species in the community was high in the undisturbed PSF (30.77%) and 12.5% in both the low- and moderately disturbed sites. Shorea robusta was predominant in three sites of the pure sal forest. In the SDMDF, 28.57% of the species fell under the rare category, while it was 15% in the low-disturbed and 7.14% in the undisturbed sites. The tree species which were common contributed 52.38%, 40%, and 39.27% of the species in the moderately, low, and undisturbed sites, respectively. The number of species under the dominant category was reduced with the increased degree of disturbance. Shorea robusta and Cleistanthus collinus formed the predominant group of the species in the undisturbed site, while Shorea robusta was predominant in the low- and moderately disturbed sites of the SDMDF. In the moderately disturbed sites, 36.11% of tree species fell into the rare category, while it was 6.82% for the undisturbed site. The number of species falling under the common and dominant category reduced with the increased degree of disturbance. The predominant group of trees species were absent in both sites of the MDFWS type.



The disturbances had a negative impact on the distribution patterns of the tree species and they were not uniform in all the sites. In the undisturbed (UD) site of the PSF, 61.54% of trees showed a contagious distribution, which reduced to 40% in the low-disturbed (LD) site and 12.50% in the moderately (MD) disturbed site. On the other hand, the random and regular pattern of distribution increased (UD < LD < MD) with the increase in the degree of disturbance (Table 7). In the SDMDF, 67.86% of trees followed a contagious distribution pattern in the UD site, which reduced to 30.00% and 19.05% in the LD and MD sites, respectively. In the MDFWS, the contagious distribution pattern of trees was 90.91% and 77.78% in the UD and MD sites, respectively. The percentage of trees showing random and regular distribution patterns increased with the degree of disturbance in all forest types. In shrubs, a contagious distribution pattern was most prevalent, followed by random patterns in all sites of the three forest types. The distribution patterns in herbs were opposite to that of the trees and shrubs. They mostly showed a contagious distribution and their percentage share increased with the increased level of disturbance (Table 7). Noticeable variations in the density and distribution of the taxa (family and genus) with respect to the degree of disturbance were also observed in all forest types (Table 6).




3.3. Regeneration Status of Tree Species


Based on the importance value index (IVI), Shorea robusta was found to be dominant in all the sites (UD, LD, MD) and it had good regeneration. The density of its seedlings decreased with the disturbance level, viz. 65,000 ha−1 in UD, 43,125 ha−1 in LD, and 30,625 in MD (Supplementary Table S1). Out of the 13 tree species at the PSFUD site, all species found to be regenerating; 11 had good regeneration and 2 species had fair regeneration (Table 8). Madhuca latifolia and Cleistanthus collinus were the co-dominant species in the site, exhibited fair and good regeneration, respectively. In the PSF low-disturbed site, out of ten species, eight species were found to be regenerating which represented 80% of the total species; six species had good regeneration and two species were fairly regenerating. The co-dominant species Terminalia alata had good regeneration (3125 seedlings ha−1). In the PSF moderately disturbed site, out of eight species, four species exhibited good regeneration and one species showed fair regeneration. The co-dominant species Vateria indica and Semecarpus anacardium exhibited poor regeneration (no seedlings).



In the SDMDF community, Shorea robusta was dominant in all the sites (UD, LD, MD) and exhibited good regeneration. Its seedling density decreased with the increased disturbance level, viz. 75,625 ha−1 in UD, 45,000 ha−1 in LD, and 28,750 in MD (Annexure 1). In the SDMDFUD site, out of the 28 species, 12 species exhibited good regeneration (42.86%), 15 species showed fair regeneration (53.57%), and one species had poor regeneration. The results showed that Cleistanthus collinus and Buchanania lanzan were the co-dominant species, both showing good regeneration (8750 seedlings ha−1 and 62,508,750 seedlings ha−1, respectively). In the SDMDFLD forest site, out of the 28 species, 5 species showed good regeneration (25.0%), 14 species showed fair regeneration (70.0%), and one species did not regenerate. The major associates in the forest were Cleistanthus collinus which exhibited good regeneration (2500 seedlings ha−1). Other co-dominant species such as Madhuca latifolia, though, had a higher number of seedlings (3125 seedlings ha−1) in the forest and showed fair regeneration. In the MD sal-dominated moist deciduous forest site, out of the 21 species, 3 species had good regeneration (14.29%), 10 species were fairly regenerating (47.62%), and 6 species had no regeneration. Schleichera oleosa and Cleistanthus collinus were the major associates in this forest and they exhibited fair regeneration. No regeneration was found in Adina cordifolia, Anogeissus latifolia, Holoptelea integrifolia, Grewia tiliifolia, Macaranga peltata, or Vateria indica.



In the moist deciduous forest without sal, Terminalia alata was dominant in both the UD and MD sites and had good regeneration (16,250 seedlings ha−1 in UD and 3125 seedlings ha−1 in MD). The density of its seedlings reduced from 159,375 ha−1 in the UD site to 112,500 ha−1. Out of the 44 species in the UD moist deciduous forest without sal site, 13 species had good regeneration (29.55%), 26 species were fairly regenerating (59.09%), 3 species had poor regeneration, and 2 species did not have any sign of regeneration. Based on the IVI, Bridelia retusa and Mitragyna parvifolia were the major co-dominant species. The regeneration status in Bridelia retusa was good (8750 seedlings ha−1) and in Mitragyna parvifolia the regeneration was fair (8125 seedlings ha−1). Pterospermum xylocarpum and Schrebera swietenioides had no regeneration. In the MD moist deciduous forest without sal site, out of the 36 species, 31 species were regenerating, implying high species regeneration (86.11%). In this forest, 10 species showed good regeneration (27.78%), 17 fair regeneration (47.22%), 4 had poor regeneration, and 5 species had no regeneration. Based on the IVI, Diospyros melanoxylon and Anogeissus latifolia were the major co-dominant species, and were fairly regenerating (Supplementary Table S1).




3.4. Population Structure of Tree Species


In all the three forest types, the tree density and basal area decreased significantly (p < 0.05) with the increased level of disturbance (Figure 5 and Figure 6). In the PSF, the total density, total basal area, and mean basal area per tree was computed as 625 stems ha−1, 30.12 m2 ha−1, and 2.32 m2 ha−1 per tree species in the UD site, 520 stems ha−1, 18.12 m2 ha−1, and 1.87 m2 ha−1 per tree species in the LD site, and 490 stems ha−1, 16.66 m2 ha−1, and 2.08 m2 ha−1 per tree species in the MD site, respectively (Supplementary Table S1). In the SDMDF, the total density, total basal area, and mean basal area per tree was computed as 756 stems ha−1, 21.69 m2 ha−1, and 0.77 m2 ha−1 per tree species in the UD site, 600 stems ha−1, 20.13 m2 ha−1, and 1.01 m2 ha−1 per tree species in the LD site, and 473 stems ha−1, 11.68 m2 ha−1, and 0.55 m2 ha−1 per tree species in the MD site, respectively (Supplementary Table S1). In the MDFWS, the total density, total basal area, and mean basal area per tree was computed as 825 stems ha−1, 32.06 m2 ha−1, and 0.73 m2 ha−1 per tree species at the UD site, and 663 stems ha−1, 22.26 m2 ha−1, and 0.68 m2 ha−1 per tree species in the MD site, respectively (Supplementary Table S1). The density distribution of matured trees among the diameter classes showed that the lowest diameter class (10–30 cm) constituted the highest stem density in all sites (UD, LD, and MD) and in all forests (Figure 4). In the pure sal forest, the basal area distribution among the diameter classes showed that the 21–30 cm diameter class had the maximum share in the MD site, and the >50 cm diameter class had the highest basal area in the UD and LD sites. In the SDMDF, the highest basal area was recorded in the 10–20 cm class in the MD and UD sites, and it was the 21–30 cm diameter class that constituted the maximum basal area in the LD site. In the MDFWS, all of the diameter classes had more or less an equal share to the total basal area (Figure 5). Tree species richness was the highest in the lower diameter class, viz. 10–20 cm and 21–30 cm, and it decreased in the higher diameter classes (Figure 5). In all the three forest types, the density of the seedlings, saplings, and basal area of the saplings decreased with the increased level of disturbance (Table 2). In the PSF and SDMDF, Shorea robusta was the dominant seedling species in all sites, but its seedling density decreased along the disturbance gradient (Supplementary Table S1). In the MDFWS, Terminalia alata was the dominant species in the UD site, while Diospyros melanoxylon was the dominant species in the MD site. Among the saplings, Shorea robusta was dominant in the PSF and SDMDF forests irrespective of the levels of disturbance, but its density was high in the LD sites in both forest types. Bridelia retusa and Diospyros melanoxylon were the dominant saplings in the UD and MD sites of the MDFWS (Supplementary Table S1).





4. Discussion


Environmental gradients such as rainfall pattern, temperature regime, topography, and edaphic factors create variations among tropical forest formations; even relatively small partial scale microhabitat modifications (such as soil physic-chemical properties) can regulate floristic attributes [19]. Plant diversity and richness in a tropical forest can be as low as 20 species per hectare in the flooded Varzea forest of Rio Xingu Brazil to 307 species per hectare in the Amazonian forest near the Equator [62]. The overall measurable value of 161 plant species (trees 61, shrubs 40, and herbs 60) in the 16.0 hectares of the studied forest area (all three forest types) reflects a moderate level of diversity. The results are compared well with the plant species richness of 187 enumerated species (trees 91, shrub 10, climbers 12, and herb 74) of the adjoining Boudh forest division [63]. The plant species richness in the present study was also high compared to the reported species richness of 89 plant species (34 tree, 15 shrubs, 25 herbs, and 15 climbers) in tropical moist deciduous forests of Assam [29], but lower than the reported 388 plants (trees, shrubs, climbers, and herbs) in the moist deciduous forest of the neighboring Nayagarh forest division [37], and the 266 species (trees 117, shrubs 31, climbers 17, and herbs 101) in the moist deciduous forest of the Similipal biosphere reserve [58]. The site-specific edaphic characters, such as soil texture, slope gradient, wetness and dryness of soil, and non-inclusion of climbers, in the present floristic study are the key determinants of this lowered plants diversity. A wide range of variations in species richness was observed among the three forest types, viz. the PSF, SDMDF, and MDFWS. They differed from one another with respect to the species composition, species dominance in the canopy layer, and stocking density. Two forest communities, viz. the PSF and SDMDF, were inter-mixed at the foot hill of the forests under similar edaphic conditions, whereas the MDFWS communities were found at relatively moist parts of the Eastern Ghats.



Anthropogenic disturbances such as illegal felling [29], lopping [64], livestock grazing [8], and NTFPs collection [65] lead to species-specific changes in the population structure, culminating in evasion from the communities [66]. Perturbations of any magnitude encourage alterations in biogeochemical processes, retrogression, recovery, and rejuvenation, but not necessarily with the same species. Species richness of a perturbed forest, therefore, will be the outcome of the differential resilience power of species to disturbances [67]. A decrease in the species richness with respect to the disturbance gradient was observed in all the communities in varying degrees. The rate of species evasion (trees species number) was the highest in the PSF (23.07% in LD to 38.46% in MD), followed by the SDMDF community (25% in MD to 28.5% in LD), and the least in the MDFWS community (18% in MD). The higher species richness in undisturbed sites may be due to minimal human interference because of the inaccessibility and distance of sites of human habitation. In moderately disturbed forests, fringe villagers frequently collected firewood, small timber, and NTFPs, and were found grazing livestock herds. More often, landless tribes intentionally killed trees by ring-barking for making charcoal, fire wood, and for the expansion of agriculture. The connectivity of these forest sites with state highways eased illegal felling and timber smuggling, and this was one of the major causes of reduced species richness. The selective removal of trees opens up a canopy and allows more sunlight to reach to the ground floor, altering the edaphic and microclimatic condition of the site, favoring the germination and growth of short-lived herbs, thus increasing the diversity of the herbaceous layer of the forests [68]. Annual ground fire, frequent livestock grazing, and the removal of floor litter also provide a congenial environment for the colonization of new herbs species. The diversity and species richness of a herbaceous layer in a perturbed forest ecosystem are the cumulative outcomes of the intensity of the canopy opening and the gap size, the degree of ground disturbance, and the resilience power of seral in the species mosaic [69]. It is quite common to see a dense growth of annual herbs and short-lived perennials following the disturbances [70]. The effects of disturbance bundles clearly testify to the familial distribution patterns of trees, shrubs, and herbs in all the three communities. The reduced tree and shrub diversity along the disturbance gradient decreased the familial dominance, whereas it showed an opposite trend in the case of herb families. Poaceae, Fabaceae, Asteraceae, Malvaceae, and Acanthaceae were the dominant herb species families in the studied communities. A similar result was also reported in the forest floor diversity in the tropical moist deciduous forests of Eastern Ghats, Odisha [38]. Amongst the tree species families, Fabaceae was the most conspicuous in both the UD and MD sites of the MDFWS community, Rubiaceae was dominant in the UD site, and Anacardiaceae in the MD site of the SDMDF community.



4.1. Species Composition


In the PSF community the upper canopy layer was dominated by Shorea robusta, and species such as Buchanania lanzan, Careya arbore, Cleistanthus collinus, Terminalia alata, and Semecarpus anacardium were common in MD, LD, and UD sites. Economically important species such as Madhuca latifolia, Pterocarpus marsupium, and Syzygium cumini were replaced by Lannea coromandelica in the LD site and Vateria indica in the MD site. Tree species, such as Cassia fistula, Desmodium oojeinensis, Albizia lebbeck, Dalbergia sissoo, and Bauhinia variegate, were common to both UD and MD sites in the MDFWS community. In the PSF and SDMDF, sal was predominant (>50 ind. ha−1) in all sites. The dominance of sal increased with the disturbance level in the PSF community (IVI increase 151.19 UD < 167.29 LD < 192.54 MD), but decreased in the SDMDF community (IVI decrease 94.31 UD > 90.43 LD > 78.22 MD) and was shared over other associate species. In the MDFWS community, none of the species was predominant in nature and eight species fell under the dominance (20–50 ind. ha−1) category, amongst which Terminlia alata (IVI range 16.87 UD–21.21 MD site) was the most conspicuous one. Dominance increased as a function of environmental stress and past disturbances [54] and the variation in the proportions of the dominant species in different sites in the present study was attributed to site history, resource limitation due to human actions, and competition among species. Anthropogenic disturbances triggered demographic instability, and this has been reported in Madhuca latifolia in the tropical dry deciduous forest of the Vindhyan hill tract [71], Syzygium cumini in the riparian forest of the Cauvery Wildlife Sanctuary [72], and in the tropical forest at the Xuan Nha Nature Reserve, Vietnam [73]. The threatened plant species, viz. Pterocarpus marsupium, having a density of 20–35 ind. ha−1 in undisturbed sites of all the communities, was found absent in the MD sites. Anthropogenic disturbances, primarily the illegal smuggling of higher diameter trees, forest fires, and NTFP collection, create gaps, favoring the growth of other associates and influxes of many invasive shrubs such as lantana (Lantana camera) and siam weed (Chromolaena odorata). This creates competition and the alteration of the ecosystem balance, resulting in a poor population in disturbed sites. Kumar et al. [74] observed the skewed population structure of P. marsupium in the central and eastern zone of India due to poor natural regeneration, which was a result of anthropogenic factors and the vigorous growth of associated species. Regional-scale climate change in tandem with deforestation and habitat unsuitably are also responsible for the declined population of P. marsupium from it natural geographical ranges in India [75].




4.2. Community Structure


Species composition, successional status, intensity of disturbance events, and resilience power of a stand contribute to variations in density, basal area, and overall community structure of forests [76,77,78,79]. The total stand basal area was found in the undisturbed sites of the PSF (30.12 m2 ha−1), SDMDF (21.69 m2 ha−1), and MDFWS (32.06 m2 ha−1), and these values were within the range of the stand basal area observed in similar forests of the region [80]. The stand basal area in tropical forests of Indian region ranges from low, 1.3 m2 ha−1 in the Vindhyan hills [66], to high, 98.6 m2 ha−1 in Namdapha National Park [81]. Sahoo et al. [82] observed a wide range of variation in the stand basal area (7.77 m2 ha−1–31.62 m2 ha−1) in different patches of the forest community within the tropical moist deciduous forests of the Eastern Ghats. We observed a non-uniform reduction in the stem density and basal area with respect to the disturbance intensity attributed to the differences in the degree of ongoing human actions in the study sites. The rate of reduction was high in the SDMDF community as compared to the other two communities (PSF and MDFWS). Illicit felling, fuel wood collection, and the closeness of site from fringe villages may be the reasons for this. The reduction in the stand density and basal area due to fuel wood collection [83] and the closeness of site from fringe villages [84] in tropical forests have been previously reported. The density of higher diameter classes was low in all communities (Figure 4) and it showed a linear negative relationship between the density and diameter, confirming the earlier observations of Rao et al. [46]. In the MD sites, the proportion of higher diameter classes is very low and it may be due to the selective felling of individuals of larger diameter classes. A similar trend in density and total basal area with respect to human-induced disturbances has been reported by others [67,85].




4.3. Distribution Patterns


Ecological processes such as seedling establishment, biotic interactions, and mortality allow a species to leave an initial foot print in a habitat. Species develop many adoptive traits to sustain the below growth and above growth competitions and interactions. The ability of species to adopt habitat variables differs from species to species and this creates variation in spatial distribution patterns [86]. The analysis of spatial distribution patterns of tree species revealed contagious pattern (PSF 61.54%, SDMDF 67.86%, and MDFWS 90.91%) followed by random and regular patterns in the UD sites. The contagious distribution pattern is most common among plant species in nature [87,88]. Most of the tree species in the study area regenerated through seeds. Disturbance-driven forest floor modifications such as gap creation, repeated grazing, soil compaction, and the heavy growth of the herbaceous layer reduces moisture availability and retards natural regeneration from seeds. This promotes increased random distribution patterns of species. The increase in random distribution patterns in LD and MD sites at varying degrees in all communities may be due to limited regeneration from coppice shoots. The decreasing trend in stem density in LD and MD sites as compared to UD sites supports the earlier observations of Sagar et al. [67] in dry tropical forests. The proportion of different age groups in a population determines the future of a species in a community and the stability of the forests [89]. In the present study, the maximum amount of stem density was observed in lower diameter classes (10–20 cm) and the amount decreased in higher girth classes (reverse ‘J’-shape population structure), indicating a progressive community.




4.4. Regeneration


Disturbances are key drivers of natural regeneration in tropical forests [90]. The removal of trees from the upper strata opens up the canopy, allows sunlight to reach the forest floor, modifies the local nutrient pool, and promotes seedling establishment and growth [91]. Hence, low-to-moderate disturbances creating gaps in the forest floor favors the natural regeneration of light-demanding species [30,92]. In the present study, the density of seedlings and saplings decreased (UD > LD > MD) with the increased disturbance which was the outcome of recurrent forest fires, grazing, and a diminished soil seed bank. In the PSF and SDMDF, the regeneration status of the dominant species S. robusta was good, but the sapling and seedling numbers decreased with the increase in intensity of the disturbance. Sal is a light demander and prefers canopy openness and gaps for seedling establishment. Repeated ground fires were the main factor for the observed a moderate seedling density in Sal. Most of the tree species showed impaired regeneration, the percentage of good and fairly regenerating species decreased with the disturbance intensity. Many species such as Semecarpus anacardium, Madhuca longifolia, Terminalia belerica, Emblica officinalis, Vaterica indica, Pterocarpus marsupium, Adina cordifolia, and Macaranga peltata were found absent in the seedling and sapling class at MD sites. Terminalia alata, having good regeneration, showed fair regeneration (lower number in the sapling stage) at the MD sites. In natural settings, the diminished number of recruits were attributed to resource competition, biotic pressure, and an altered microhabitat. The heavy collection of seeds by fringe villagers was the prime cause of the reduced soil seed bank in S. anacardium, T. belerica, and E. officinalis resulting poor–nil regeneration at the MD sites. Unrestricted cutting, lopping, litter removal, grazing, and trampling increases soil compactness and dryness. Recurrent forest fires, which are much common in the area, burn the seeds in the forest floor and make the ground situation harsher for the germination and seedling establishment of keystone resident species. The invasion of species such as Lantana camara and Chromolaena odorata is very common after fires in tropical forests, and the moderate infestation of these species at MD sites is observed. Anthropogenic disturbance-induced impaired regeneration have been previously reported [4]. At a critical level of disturbance, species exhibiting a poor–nil coppicing ability may become gradually rare or even locally extinct [91,93]. Increasing the number of rare species along the disturbance gradient (UD < LD < MD) supports this theory. The higher percentage of rare species in MD sites in all communities (PSF 62.5%, SDMDF 28.5%, and MDFWS 36.0%) signifies the impact of disturbance on forests. Anthropogenic disturbance in a forest increases rarity through two pathways: Directly by the over-utilization of a species for domestic or market use and the browsing of palatable plants. Secondly, in an indirect way via alterations in habitat features and associated species mosaics [94]. Another important thing we observed is that many of the species are locally rare (low abundances), but have a wide range of distribution in the regional scale species pool. This is because of habitat discontinuity, the unsuitability of the modified niche condition, and the preferential growth of plant species. It is quite often noticed that many of the tropical tree species growing abundantly in one locality seems to be relatively rare in other localities [95].



The tropical moist sal forest of Eastern Ghats acts as lifeline for the tribal people of the Kandhmal district. The major source of anthropogenic disturbance is from people’s dependency on forest for livelihood, small scale queering, and forest encroachment for agriculture expansion. These bundles of disturbances coupled with the improper management of forest resources reduces plant diversity, primarily the trees species of the locality. This tract of forest harbors many important tree species such as P. marsupium, T. belerica, T. chebula, M. longifolia, and S. anacardium, including sal. Indiscriminate felling and poor natural regeneration has been observed in P. marsupium, and unless immediate conservation measures are undertaken, it may become extinct locally. The lower tree abundance and high species rarity coupled with poor regeneration in moderately and low-disturbed sites warrants the need for adequate protection. It is, therefore, important to develop bottom up policies involving tribes of the locality to protect and manage the remnant forest resources so that further degradation can be checked.




4.5. Study Limitations


The study was conducted using quantitative ecological approaches and determined various vegetation indicators subjected to varying degrees of human-induced disturbances. Though there was no sampling-related bias, various factors that determine the regeneration potential of tree species such as seed production, soil conditions, age of the trees, and other micro-climatic parameters were not included in this study. This information could have provided better clues on the regeneration mechanism of some economically important/rare species found in the forest for their conservation. The local ecological and economic importance of vegetation (tree, shrub, herb, liana, etc.) was also not part of this study, which otherwise would have provided better clues for the developmental prescription and restoration of biodiversity.





5. Conclusions


Our study leads to the following conclusions:




	-

	
The species composition varied with respect to forest types: S. robusta, M. latifolia, C. collinus, and B. lanzan in the SDMDF, and T. alata, B. retulsa, D. melanxylon, and A. latifolia in the MDFWS were identified as the dominant tree species.




	-

	
The magnitude of human-induced forest disturbance had a significant impact on the species composition, diversity, and richness of the species at sites.




	-

	
Species diversity on undisturbed and low-disturbed sites was significantly higher than the mildly disturbed sites in all forest types.




	-

	
Tree density and the basal area decreased with the increased level of disturbance; the regeneration density of S. robusta was higher in undisturbed sites compared to low- and moderately disturbed sites.




	-

	
Forest disturbance was found affecting the population structure/regeneration of several economically important tree species, viz. P. marsupium, T. belerica, T. chebula, M. longifolia, S. anacardium, etc.




	-

	
The increased number of rare species in the order of Moderately disturbed > Low-disturbed > Undisturbed sites signifies the conservation priorities of the species.




	-

	
The study recommends the development of proper conservation plans with the help of local communities to enhance the regeneration potential of the trees, restore biodiversity, and promote ecosystem services to the local communities.
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Figure 1. Map of Phulbani Forest division showing location of sampling spots in three forest types (Pure Sal, Sal-Dominated Moist Deciduous, and Moist Deciduous Forest without Sal) within the tropical moist deciduous forests, Eastern Ghats, India. 
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Figure 2. (A). Pure Sal Forest (PSF), (B) Sal-Dominated Moist Deciduous Forest (SDMDF), (C) Moist Deciduous Forest Without Sal (MDFWS), (D) Moderately Disturbed Moist deciduous Forest Without Sal (MDFWS-MD). 






Figure 2. (A). Pure Sal Forest (PSF), (B) Sal-Dominated Moist Deciduous Forest (SDMDF), (C) Moist Deciduous Forest Without Sal (MDFWS), (D) Moderately Disturbed Moist deciduous Forest Without Sal (MDFWS-MD).



[image: Forests 14 01931 g002]







[image: Forests 14 01931 g003] 





Figure 3. Bray–Curtis similarity index of tree species along disturbance gradients in selected forest types of Eastern Ghats, India. PSF—Pure Sal Forest, SDMDF—Sal-Dominated Moist Deciduous Forest, MDFWS—Moist Deciduous Forest Without Sal, UD—Undisturbed, LD—Low disturbed, MD—Moderately disturbed. 
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Figure 4. Rank abundance curve of trees in three selected forest types of Eastern Ghats, India. PSF—Pure sal forest, SDMDF—Sal-dominated moist deciduous forest, MDFWS—Moist deciduous forest without sal, UD—Undisturbed, LD—Low disturbed, MD—Moderately disturbed. 
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Figure 5. Distribution of density (A) and basal area (B) in various diameter classes along disturbance gradient in selected forest types of Eastern Ghats, India. 
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Figure 6. Variation in tree species richness among different diameter classes in selected forest types of Eastern Ghats, India. 
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Table 1. Relative scoring of human-centric disturbing elements (total disturbance factor ≤10% undisturbed, 11%–40% low, 41%–70% moderate, and ≥71% high) in tropical moist deciduous forests, Eastern Ghats, India.
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Disturbance

Source

	
Relative Score (%)

	
Impact on Different Forest Types




	
PSF

	
SDMDF

	
MDFWS




	
MD

	
LD

	
UD

	
MD

	
LD

	
UD

	
MD

	
UD






	
Forest road

	
≤1 road—1, 2–4 road—2, ≥5 roads—3

	
2

	
3

	
1

	
3

	
3

	
0

	
3

	
1




	
Distance from human settlement

	
≤3.0 km—3, 4–7 km—2, ≥8.0 km—1

	
3

	
2

	
1

	
3

	
2

	
1

	
3

	
1




	
Forest fire

(previous year)

	
Surface fire—1, Ground fire—2, crown fire—3

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1




	
Grazing intensity

	
≤50 cattle units/day—1, 51–100 cattle units/day—2, ≥101 cattle units/day—3

	
3

	
2

	
0

	
3

	
2

	
0

	
3

	
0




	
NTFP collection

	
≤5 items—1, 6–9 items—2, ≥10 items—3

	
2

	
1

	
1

	
2

	
1

	
1

	
2

	
1




	
Fuel wood collection

	
2–3 months—1, 4–5 months—2, >5 months—3

	
3

	
2

	
1

	
3

	
2

	
0

	
3

	
0




	
Wild animal

	
≤5 spots—1, 6–9 spots—2, ≥10 spots—3

	
1

	
1

	
3

	
1

	
0

	
2

	
1

	
2




	
Canopy cover

(densitometer-based)

	
≥70%—1, 40–70%—2, <40%—3

	
2

	
2

	
1

	
2

	
2

	
1

	
2

	
1




	
Tree stump-based disturbance factor

	
SDI

	
46.5

	
22.25

	
0

	
43.0

	
24.25

	
2

	
49.75

	
1




	
Total disturbance factor

	
63.5

	
36.25

	
9.0

	
61.00

	
37.25

	
8.0

	
67.75

	
8.0








PSF—Pure Sal Forest, SDMDF—Sal-Dominated Moist Deciduous Forest, MDFWS—Moist Deciduous Forest Without Sal. Sampling area: 2.0 ha in each category totaling 16.0 ha.













 





Table 2. Family-wise distribution of genera, species, and density of trees (having DBH >10 cm) in the three selected forest communities.
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Family

	
Pure Sal Forest

	
Sal-Dominated Moist

Deciduous Forest

	
Moist Deciduous Forest without Sal




	
UD

	
LD

	
MD

	
UD

	
LD

	
MD

	
UD

	
MD




	
G(S)

	
D

	
G(S)

	
D

	
G(S)

	
D

	
G(S)

	
D

	
G(S)

	
D

	
G(S)

	
D

	
G(S)

	
D

	
G(S)

	
D






	
Anacardiaceae

	
2(2)

	
23

	
3(3)

	
33

	
2(2)

	
20

	
3(3)

	
70

	
3(3)

	
60

	
4(4)

	
55

	
4(4)

	
53

	
3(3)

	
88




	
Bignoniaceae

	
-

	
-

	
-

	
-

	
-

	
-

	

	
-

	

	
-

	
-

	
-

	
1(1)

	
3

	
1(1)

	
8




	
Burseraceae

	
1(1)

	
23

	
-

	
-

	
-

	
-

	
1(1)

	
13

	

	
-

	
-

	
-

	
1(1)

	
38

	
1(1)

	
20




	
Combretaceae

	
1(1)

	
3

	
1(1)

	
30

	
1(1)

	
8

	
2(3)

	
55

	
2(2)

	
58

	
2(2)

	
33

	
3(5)

	
134

	
2(4)

	
149




	
Dipterocarpaceae

	
1(1)

	
418

	
1(1)

	
413

	
2(2)

	
443

	
2(2)

	
256

	
2(2)

	
278

	
2(2)

	
160

	
1(1)

	
10

	
1(1)

	
13




	
Ebenaceae

	
1(1)

	
15

	
1(1)

	
5

	
-

	
-

	
1(1)

	
21

	
2(2)

	
25

	
-

	

	
1(2)

	
45

	
1(1)

	
35




	
Fabaceae

	
2(2)

	
40

	
2(2)

	
25

	
-

	
-

	
2(3)

	
56

	
3(3)

	
48

	
-

	
-

	
6(8)

	
129

	
6(6)

	
112




	
Lecythidaceae

	
1(1)

	
3

	
1(1)

	
5

	
-

	
-

	
1(1)

	
20

	
1(1)

	
13

	
1(1)

	
8

	
1(1)

	
15

	
1(1)

	
3




	
Loganiaceae

	
-

	
-

	
-

	
-

	
-

	
-

	

	
-

	

	
-

	
-

	
-

	
1(1)

	
10

	
1(2)

	
10




	
Lythraceae

	
-

	
-

	
-

	
-

	
1(1)

	
8

	
1(1)

	
11

	
1(1)

	
28

	
-

	
-

	
1(2)

	
21

	
1(1)

	
10




	
Malvaceae

	
-

	
-

	
-

	
-

	
-

	
-

	
1(1)

	
20

	

	
-

	
1(1)

	
7

	
4(4)

	
58

	
2(2)

	
20




	
Moraceae

	
-

	
-

	
-

	
-

	
-

	
-

	

	
-

	
1(1)

	
15

	
-

	
-

	
1(1)

	
5

	
1(1)

	
8




	
Myrtaceae

	
1(1)

	
15

	
-

	
-

	
-

	
-

	
1(1)

	
20

	

	
-

	
1(1)

	
18

	
1(2)

	
48

	
-

	
-




	
Oleaceae

	
-

	
-

	
-

	
-

	
-

	
-

	
2(2)

	
31

	

	
-

	
-

	
-

	
2(2)

	
28

	
1(1)

	
8




	
Phyllanthaceae

	
2(2)

	
50

	
1(1)

	
10

	
1(1)

	
8

	
3(3)

	
83

	
3(3)

	
70

	
3(3)

	
68

	
3(3)

	
126

	
2(2)

	
68




	
Rubiaceae

	
-

	
-

	
-

	
-

	
-

	
-

	
4(4)

	
34

	

	
-

	
1(1)

	
25

	
2(2)

	
43

	
3(3)

	
56




	
Rutaceae

	
-

	
-

	
-

	
-

	
-

	
-

	

	
-

	

	
-

	
-

	
-

	
1(1)

	
3

	
2(2)

	
8




	
Sapindaceae

	

	

	

	

	
1(1)

	
5

	

	
-

	
1(1)

	
13

	
1(1)

	
18

	
1(1)

	
38

	
1(1)

	
33




	
Sapotaceae

	
1(1)

	
38

	
-

	
-

	
-

	
-

	
1(1)

	
24

	
1(1)

	
20

	
1(1)

	
17

	
1(1)

	
8

	
1(1)

	
13




	
Sterculiaceae

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
1(1)

	
15

	
-

	
-




	
Dilleniaceae

	
-

	
-

	
-

	
-

	
-

	
-

	
1(1)

	
11

	
-

	
-

	
1(1)

	
18

	
-

	
-

	
1(1)

	
8




	
Lamiaceae

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
1(1)

	
3




	
Euphorbiaceae

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
2(2)

	
45

	
-

	
-

	
-

	
-




	
Ulmaceae

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
1(1)

	
5

	
-

	
-

	
-

	
-




	
Total

	
13(13)

	
628

	
10(10)

	
521

	
8(8)

	
492

	
26(28)

	
725

	
20(20)

	
628

	
21(21)

	
477

	
37(44)

	
830

	
33(36)

	
673








G—Number of genera, S—Number of Species, D—Density of individuals per hectare, MD—Moderately disturbed, LD—Low disturbed, UD—Undisturbed.













 





Table 3. Species richness, density, basal area, and diversity of tree, shrub, and herb layer along disturbance gradient in three selected forest types of Eastern Ghats, India.
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Vegetation Attributes

	
Growth Form

	
Pure Sal Forest

	
Sal-Dominated Moist

Deciduous Forest

	
Moist Deciduous

Forest without Sal

	
Total

(All

Sites)




	
UD

	
LD

	
MD

	
UD

	
LD

	
MD

	
UD

	
MD






	
No. of Species

	
Tree

	
13

	
10

	
8

	
28

	
20

	
21

	
44

	
36

	
61




	
Shrub

	
24

	
17

	
17

	
24

	
22

	
18

	
22

	
19

	
40




	
Herb

	
25

	
27

	
34

	
25

	
33

	
35

	
45

	
49

	
60




	
No. of Family

	
Tree

	
10

	
7

	
6

	
15

	
11

	
13

	
20

	
20

	
24




	
Shrub

	
16

	
15

	
14

	
18

	
17

	
13

	
17

	
14

	
23




	
Herb

	
18

	
22

	
25

	
18

	
22

	
23

	
27

	
28

	
30




	
No. of Genera

	
Tree

	
13

	
10

	
8

	
26

	
18

	
21

	
37

	
33

	
51




	
Shrub

	
22

	
17

	
17

	
23

	
22

	
17

	
22

	
18

	
35




	
Herb

	
25

	
22

	
32

	
18

	
33

	
33

	
45

	
49

	
57




	
Density

(Ind. ha−1)

	
Tree

	

	

	

	

	

	

	

	

	




	
Mature

	
625

	
520

	
490

	
756

	
600

	
473

	
825

	
663

	
619




	
Sapling

	
1175

	
943

	
728

	
1070

	
963

	
730

	
748

	
615

	
872




	
Seedling

	
184,375

	
98,125

	
59,375

	
204,375

	
102,500

	
62,500

	
159,375

	
112,500

	
122,891




	
Shrub

	
7400

	
8400

	
12,100

	
6300

	
10,900

	
13,350

	
6450

	
12,200

	
9638




	
Herb

	
92,500

	
112,500

	
235,000

	
75,000

	
115,000

	
223,125

	
112,500

	
185,000

	
143,828




	
Basal area

(m−2 ha−1)

	
Tree

	

	

	

	

	

	

	

	

	




	
Mature

	
30.12

	
18.82

	
16.66

	
21.69

	
20.13

	
11.68

	
32.06

	
22.26

	
21.68




	
Sapling

	
3.27

	
2.88

	
2.17

	
4.97

	
3.06

	
2.75

	
5.94

	
2.25

	
3.41




	
Shrub

	
6.80

	
7.24

	
8.85

	
5.98

	
7.49

	
10.14

	
6.58

	
11.68

	
8.10




	
Margalef’s species richness index

	
Tree

	
5.07

	
2.06

	
1.33

	
5.15

	
5.41

	
3.82

	
7.24

	
5.74

	
7.05




	
Shrub

	
4.75

	
4.09

	
2.92

	
4.55

	
3.90

	
2.86

	
4.53

	
4.02

	
3.47




	
Herb

	
4.80

	
5.01

	
5.23

	
5.01

	
5.24

	
5.78

	
8.47

	
8.44

	
4.23




	
Shannon–Weiner diversity index

	
Tree

	
1.55

	
1.06

	
0.71

	
2.67

	
2.62

	
2.37

	
3.63

	
3.30

	
2.92




	
Shrub

	
3.03

	
2.68

	
2.52

	
2.98

	
2.86

	
2.27

	
2.91

	
2.69

	
3.21




	
Herb

	
2.99

	
3.20

	
3.42

	
2.98

	
3.34

	
3.41

	
3.73

	
3.76

	
3.87




	
Simpson’s dominance index

	
Tree

	
0.40

	
0.59

	
0.71

	
0.15

	
0.18

	
0.12

	
0.03

	
0.04

	
0.15




	
Shrub

	
0.05

	
0.08

	
0.11

	
0.06

	
0.06

	
0.16

	
0.06

	
0.09

	
0.06




	
Herb

	
0.06

	
0.04

	
0.03

	
0.06

	
0.03

	
0.37

	
0.02

	
0.03

	
0.03




	
Pielou’s evenness index

	
Tree

	
0.46

	
0.43

	
0.34

	
0.76

	
0.86

	
0.87

	
0.97

	
0.94

	
0.71




	
Shrub

	
0.96

	
0.87

	
0.89

	
0.95

	
0.93

	
0.80

	
0.93

	
0.86

	
0.87




	
Herb

	
0.93

	
0.97

	
0.98

	
0.98

	
0.97

	
0.95

	
0.98

	
0.96

	
0.94











 





Table 4. Effects of human-induced disturbing forces on quantitative attributes of vegetation such as number of species, basal area, density, and diversity indices in PSF, SDMDF, and MDFWS of Eastern Ghats, India (PERMANOVA test results are significant at 0.05 level).
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Parameter

	
F

	
R2

	
p






	
Tree

	
Number of species

	
30.754

	
0.872

	
0.001




	
Basal area

	
16.394

	
0.784

	
0.001




	
Density

	
41.627

	
0.902

	
0.002




	
Margalef’s species richness index

	
23.642

	
0.840

	
0.001




	
Shannon–Weiner diversity index

	
22.241

	
0.832

	
0.001




	
Simpson’s dominance index

	
26.671

	
0.856

	
0.001




	
Pielou’s evenness index

	
11.242

	
0.602

	
0.001




	
Shrub

	
Number of species

	
20.703

	
0.663

	
0.001




	
Basal area

	
8.364

	
0.443

	
0.001




	
Density

	
8.672

	
0.452

	
0.001




	
Margalef’s species richness index

	
24.005

	
0.695

	
0.002




	
Shannon–Weiner diversity index

	
27.945

	
0.727

	
0.001




	
Simpson’s dominance index

	
35.749

	
0.773

	
0.005




	
Pielou’s evenness index

	
36.667

	
0.778

	
0.001




	
Herb

	
Number of species

	
97.125

	
0.956

	
0.001




	
Density

	
65.066

	
0.936

	
0.001




	
Margalef’s species richness index

	
95.72

	
0.963

	
0.001




	
Shannon–Weiner diversity index

	
53.34

	
0.971

	
0.001




	
Simpson’s dominance index

	
17.418

	
0.794

	
0.001




	
Pielou’s evenness index

	
16.414

	
0.785

	
0.008











 





Table 5. Sorensen’s similarity index of plants in three forest types along disturbance gradient in selected forest types of Eastern Ghats, India.
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Forest Type

	
Disturbance Level

	
Tree

	
Shrub

	
Herb






	
Pure Sal Forest

	
UD vs. MD

	
47.62

	
53.66

	
40.68




	
LD vs. MD

	
55.56

	
82.35

	
45.90




	
UD vs. LD

	
78.26

	
58.54

	
53.85




	
Sal-Dominated Moist Deciduous Forest

	
UD vs. MD

	
51.06

	
61.90

	
66.67




	
LD vs. MD

	
58.54

	
80.00

	
66.67




	
UD vs. LD

	
60.87

	
78.26

	
58.62




	
Moist Deciduous Forest Without Sal

	
UD vs. MD

	
80.00

	
78.05

	
78.72








MD—Moderately disturbed, LD—Low disturbed, UD—Undisturbed.













 





Table 6. Rarity of tree species based on number of individuals in the selected forest types of Eastern Ghats, India. The value indicates the number of species under a particular category.
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Species Category

	
Pure Sal Forest

	
Sal-Dominated Moist

Deciduous Forest

	
Moist Deciduous

Forest without Sal




	
UD

	
LD

	
MD

	
UD

	
LD

	
MD

	
UD

	
MD






	
Very Rare

(<2 ind./ha)

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Rare

(2–10 ind./ha)

	
-

	
1

	
5

	
2

	
3

	
6

	
3

	
13




	
Common

(10–20 ind./ha)

	
8

	
7

	
1

	
11

	
8

	
11

	
21

	
8




	
Dominant

(20–50 ind./ha)

	
4

	
1

	
1

	
13

	
8

	
3

	
20

	
15




	
Pre-dominant

(>50 ind./ha)

	
1

	
1

	
1

	
2

	
1

	
1

	
-

	
-




	
Total

	
13

	
10

	
8

	
28

	
20

	
21

	
44

	
36








MD—Moderately disturbed, LD—Low disturbed, UD—Undisturbed.













 





Table 7. Distribution patterns of plants in the three selected forest types (values are percentages of total number of individuals).
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Forest Type

	
Disturbance

Level

	
Distribution

Pattern

	
Contagious

	
Random

	
Regular






	
Pure Sal Forest

	
UD

	
Tree

	
61.54

	
23.08

	
15.38




	
Shrub

	
70.83

	
25.00

	
4.17




	
Herb

	
64.00

	
36.00

	
-




	
LD

	
Tree

	
40.00

	
40.00

	
20.00




	
Shrub

	
52.94

	
35.29

	
11.76




	
Herb

	
70.37

	
29.63

	
0.00




	
MD

	
Tree

	
12.50

	
37.50

	
50.00




	
Shrub

	
47.06

	
17.65

	
35.29




	
Herb

	
58.82

	
41.18

	
-




	
Sal-Dominated Moist

Deciduous Forest

	
UD

	
Tree

	
67.86

	
25.00

	
7.14




	
Shrub

	
70.83

	
29.17

	
-




	
Herb

	
66.67

	
30.95

	
2.38




	
LD

	
Tree

	
30.00

	
55.00

	
15.00




	
Shrub

	
63.64

	
27.27

	
9.09




	
Herb

	
76.47

	
23.53

	
-




	
MD

	
Tree

	
19.05

	
52.38

	
28.57




	
Shrub

	
50.00

	
44.44

	
5.56




	
Herb

	
81.82

	
18.18

	
-




	
Moist Deciduous

Forest Without Sal

	
UD

	
Tree

	
90.91

	
9.9

	
-




	
Shrub

	
68.32

	
31.82

	
-




	
Herb

	
77.78

	
22.22

	
-




	
MD

	
Tree

	
77.78

	
13.89

	
8.33




	
Shrub

	
53.33

	
43.33

	
3.34




	
Herb

	
73.47

	
24.49

	
2.04








MD—Moderately disturbed, LD—Low disturbed, UD—Undisturbed.













 





Table 8. Regeneration status of trees (number of species) in selected forest types of Eastern Ghats, India.
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Regeneration Status

	
Pure Sal Forest

	
Sal-Dominated Moist

Deciduous Forest

	
Moist Deciduous

Forest without Sal




	
UD

	
LD

	
MD

	
UD

	
LD

	
MD

	
UD

	
MD






	
Good

	
11

	
6

	
4

	
12

	
5

	
3

	
13

	
10




	
Fair

	
2

	
2

	
1

	
15

	
14

	
10

	
26

	
17




	
Poor

	
0

	
0

	
0

	
1

	
0

	
2

	
3

	
4




	
None

	
0

	
2

	
3

	
0

	
1

	
6

	
2

	
5




	
New arrival

	
27

	
18

	
21

	
15

	
10

	
23

	
10

	
17




	
Total

	
40

	
28

	
29

	
43

	
35

	
44

	
54

	
53








MD—Moderately disturbed, LD—Low disturbed, UD—Undisturbed.
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