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Abstract
Background
Traditional ecological knowledge (TEK) helps tribal communities adapt to socio-ecological changes, improving the long-term sustainability of their livelihood strategies and fostering social–ecological resilience. TEK provides thorough understanding of ecosystem dynamics, as well as how they relate to societal norms, practices, and resource use patterns. The integrity of TEK is often in jeopardy due to changes in belief systems, regional languages, traditional ways of subsistence, and disruption of traditional social–ecological systems. Landscape restoration has the ability to promote self-determination while safeguarding the livelihoods, beliefs, cultural, and biodiversity of indigenous peoples. However, there is a substantial knowledge gap on how TEK might aid ecosystem restoration, particularly in elephant corridors.

Methods
The current study focused on gathering traditional ecological knowledge on the woody tree species from the Dering-Dibru Saikhowa Elephant Corridor using semi-structured interviews, group discussions, and direct observations. The acquired data were applied to heat map cluster analysis and ordination techniques using R software version 4.0.0.

Results
Traditional usage information of 31 tree species utilized for food, fodder, timber, fuelwood, medicinal, and livelihood by local people was gathered. Most of the species utilized locally belonged to the families Combretaceae and Fabaceae. The species were classified into single, double, or multi-uses based on the extent of utilization. Azadirachta indica, Phyllanthus emblica, and Syzygium cumini (six each) had the highest utilization, while Mesua ferrea had the lowest. Chionanthus ramiflorus, Artocarpus heterophyllus, and Dillenia indica were among the plants valuable to wildlife, providing both forage and habitat for a wide variety of birds and animals. Artocarpus heterophyllus, Averrhoa carambola, Mangifera indica, P. emblica, Psidium guajava, and S. cumini were among the plants important for the livelihoods of the local community. Our findings demonstrated that local people were knowledgeable about the plant species to use as pioneer species, such as Bombax ceiba, Albizia lebbeck, D. indica, S. cumini, P. emblica, Lagerstroemia speciosa, and Alstonia scholaris, for habitat restoration in a diverse habitat. We classified the habitat of the enlisted species into different categories, and two clusters (clusters 1 and 2) were identified based on the similarity of woody species in different habitats. We prioritized multiple tree species for eco-restoration using the information collected through TEK. We planted 95,582 saplings on 150 hectares in the Dering-Dibru Saikhowa Elephant Corridors’ degraded habitat patches, which will serve as future reference site for landscape rehabilitation. Out of total saplings planted, 56% of the species were linked to native communities through ethnobotanical uses, as well as providing connectivity and habitat for elephant movement, 16% of all woody species are pioneer species to colonize a degraded habitat, 15% of all woody species are preferred food and foraging by wildlife, and 13% of the species as a source of livelihood for local people, incorporating social, economic, cultural, and biodiversity benefits into the restoration framework.

Conclusion
The current study also provides insights how the TEK can assist with aspects of ecological restoration, from reference ecosystem reconstruction and adaptive management through species selection for restoration, monitoring, and evaluation of restoration effectiveness.
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Introduction
Indigenous and local communities’ territories include about 80% of the world’s remaining forest biodiversity, and the lands they manage release 73% less carbon than those managed by other groups [1, 2]. Therefore, despite current conventions that tie modern land managers to the scientific discovery, indigenous peoples’ lands have thrived resiliently. A mosaic of cultures, developing in related settings, has led to the development of a wide range of indigenous ecological knowledge and belief systems based on sustainability ideals [3]. As a result, TEK offers crucial ecological insights as well as a network of knowledge that incorporates principles that might aid in ecosystem restoration.
Traditional peoples all across the world are well aware of the natural resources on which they rely [4]. Such knowledge has been aided in the development of scientific management plans and is becoming more widely recognized as a source of data for natural resource conservation, management, and sustainable usage [5]. Traditional ecological knowledge (TEK) integration may aid adaptive management given that it frequently supplements previously gathered ecological data by providing additional information at a finer spatial scale than scientific data [6]. An in-depth understanding of ecosystems and their dynamics, as well as their linkages to societal values, activities, and resource use patterns, is necessary for ecological restoration [7].
Comprehensive restoration demands a multifaceted approach that takes historical, social, cultural, political, esthetic, and moral considerations into account [8]. Restoring biodiversity and functionality needs local community support, correct policies, appropriate legislation, long-term funding, and scientific and technological expertise [9]. Ecological restoration projects should be successful in restoring and sustaining ecological integrity, efficient in using practical and cost-effective means to achieve goals, and inclusive of cultural and natural interrelationships, which may be achieved by merging scientific ecological and traditional ecological knowledge [10, 11]. This study was conducted as part of the planning and establishment one of the most important elephant corridor projects, the D’ering-Dibru Saikowa Elephant Corridor. The corridor was planned in collaboration with the local community and State Forest Departments through “Connecting Landscapes, Empowering People, and Protecting Elephants” as part of Wildlife Trust of India’s Land Securement Strategy. This entailed designating critical corridor land as a “Community Conserved Area,” restoring degraded corridor habitats, sensitizing the local population and gaining its support for wildlife conservation, providing green livelihood options to local communities, building capacity and empowering management authorities, managing Human–Elephant Conflict situations, and deploying local community-based organizations as Green Corridor Champions. The goal was to establish a win–win situation for elephants, residents, and administrative officials.
Ecological restoration is gaining popularity, and it is becoming increasingly clear that cultural practices, as well as ecological processes, should be considered [12]. TEK may provide a robust foundation for ecological restoration because it co-evolved with ecosystems [13]. Unfortunately, combining indigenous knowledge systems into “top-down” ecological restoration efforts still often remains a significant problem [14]. Community engagement is critical during the restoration process, especially when working with communities that have a wealth of traditional knowledge related to biodiversity and natural resource management [15]. In remote areas, where traditional people’s contributions to ecosystem conservation and management have been recognized, cultural and social aspects of ecological restoration become even more important.
In recent decades, the potential contribution of TEK to natural resource conservation, management, and sustainable use has been more widely recognized, documented, and applied [16, 17]. Although in Northeast India (NEI), traditional ecological knowledge has long been documented, we still have a long way to go toward linking ecological processes with societal values using TEK systems as a key tool [18]. The inhabitants of NEI rely mostly on forest ecosystem services and agriculture for food and sustenance [19]. Shifting cultivation (locally known as Jhum) is a traditional agricultural strategy for preparing crop fields in hilly areas that involves cutting and burning natural plants. In shifting cultivation, the same land parcel is used for forestry and agriculture at different periods, combining forestry in agriculture and vice versa [20]. This combined approach must be considered the context of human-managed ecosystems, building on the traditional ecological knowledge base that under pins the ability to provide long-term natural resource management [21].
While TEK’s value in ecological restoration has more recently been recognized [2], its current or potential contribution has not been well examined in India. The TEK contribution to the maintenance and restoration of elephant corridors has not been documented, and to the best of our knowledge, no attempts have been made to use TEK as ecological restoration tool for animal corridors. In this study, we focused (1) on the reintroduction of woody vegetation that are useful (e.g., as food, timber, fodder, medicine, fuelwood, and livelihood) for the native communities; (2) providing habitat and forage for wildlife; (3) furthermore, we documented the associated ecology parameters of the woody vegetation (i.e., habitat types and indigenous knowledge in recovering plant cover after disturbance (pioneer species)); and (4) finally, we provided local communities with direct field-based training for future plantings in the landscape. By using the above factors, we prioritized multi-tree species for restoration of the degraded elephant corridors that can be selecting as reference sites for landscape restoration in the future. The study will help practitioners to quickly identify and evaluate species, their appropriateness, and important species interactions. Additionally, by enabling the use of cultural practices, TEK can aid in defining native reference ecosystems and stimulate restoration. Strategies for restoring degraded ecosystems that combine TEK and ecological principles may be very successful. The findings of this study will lay the groundwork for combining traditional knowledge into ecological restoration initiatives in additional elephant corridors around the area.

Material and methods
Study area
The study area elephant corridor links the Dibru Saikhowa National Park in Assam with the Daying Ering Wildlife Sanctuary in Arunachal Pradesh. The study was implemented in three villages (Mer, Palgam, and Namsing) Dibang Valley district of Arunachal Pradesh in India (Fig. 1). The Dibang Valley district includes two districts, i.e., Dibang Valley and Lower Dibang Valley. Before meeting the Brahmaputra, the Dibang River passes through Dibang Valley district. The valley is located between 27°30″N′ and 28°33′ latitude and 95°15″E′ and 96°30″E′ longitude. The district is bordered on the north by Dibang Valley district, on the east by Lohit District and the McMahon Line (China), on the west by East Siang district and Upper Siang district, and on the south by Tinsukia district’s Sadiya sub-division [22]. In terms of area, this is the state’s largest district. The tributaries of the Dibang River, especially the Dri, Mathuan, Ithun, Taloh, Emra, Ahin, and Sisiri rivers, have produced a variety of sub-valleys. The area is located in a rainy belt with annual rainfall ranging from 3000 to 5000 mm. Lower Dibang Valley’s agroclimatic zones are subtropical and subhumid.[image: ]
Fig. 1Map of the study area (a) India, (b) Arunachal Pradesh and Assam states, and (c) three surveyed villages in Dering-Dibru Saikhowa Elephant Corridor in Arunachal Pradesh, India


Lower Dibang Valley district’s forest areas are largely in the mountainous region, extending down to the riverbanks. Lower Dibang Valley district’s forest areas are largely in the mountainous region, extending up to the riverbank. At least 75% of the area is covered by alluvial vegetation dominated by grasses, 15% by semi-evergreen forests, and 10% by watercourses [23]. Many of these forests are unclassified legally and managed by local communities. The principal occupants of these areas are the Mishing, Adi, and few Galos communities, who rely on the forest for their survival, including collecting bamboo, thatch, fishing, trapping, and other activities [24]. Ginger (Zingiber officinale), maize (Zea mays), mustard (Brassica juncea), and rice (Oryza sativa) are the principal cultivable crops. Cultivating is practiced using both Jhum and settled methods [25]. The Mishings comprise up 79% of the households, while about 21% are Adi Hinduism is practiced by 99% of the households, and Christianity is practiced by 1%. Almost all of the households rely on agriculture and livestock for survival.
The tribe’s indigenous knowledge system displays numerous traditional practices vital for the long-term sustainability and management of forest resources. These include a variety of beliefs that are critical for the safeguarding of sacred groves, where plant material exploitation is prohibited. Festivities and trees are inextricably linked. They have, e.g., a yearly ritual of hunting after worshiping the forest God. During their hunts, these hunters spare both pregnant and young animals. Herbalists in the community do not promote using excessive amounts of therapeutic plants or encouraging their overharvesting, burning, or grazing. Only the essential plant/tree parts are harvested from nearby woodlands. These people have thus established a sustainable connection with the local forest ecosystem. Tree cutting, conversion of forest to agricultural land (Jhum farming), excessive domestic animal grazing, usage of firewood and timber for residential and commercial purposes, fishing, and hunting are all damaging and affecting the corridor’s overall environment [26]. Due to the high pace of population increase, dependency on the forests is growing as well, surpassing the level of exploitation almost a decade earlier [27]. When combined with socio-political alterations within the regions, changes in the effective size, biological flows into and out of the corridor, and increasing exposure to human pressures and invasive species have an impact on the forested landscape [28].

Methods
During 2022, we collected data from the three villages that are part of the Dering-Dibru Elephant Corridor, located in the Tinali circle in Lower Dibang Valley. In order to carry restoration work successfully, we frequently visited the local communities to develop an understanding and become familiar with their social structure and cultural beliefs. Prior to each interview, verbal prior informed consent was obtained, and the International Society of Ethnobiology Code of Ethics [29] and the International Standards for the practice Society for Ecological Restoration (SER) were followed [30]. The information was gathered via semi-structured questionnaires, complemented by free interviews, group discussions, and direct observations [31–33]. Using a snowball technique, a total of 35 respondents of different ages were selected (Table 1). Participants were asked about the most frequent woody tree species in the nearby forest and which ones are regularly used. The information covers the local name, traditional uses such as food, fodder, timber, fuelwood, medicinal, and species that provide revenue. Participants were also interviewed about the woody tree species used by wild animals for habitat and a food source. The data also cover tree species that grew naturally or were planted in degraded land after Jhum farming. During data collection, a minimum of one knowledgeable informant assisted with plant identification and verification. In order to identify and obtain the native names of the plants, participants were shown photographs as well as live plants. To remove errors and omissions, results were redisplayed to the respondents. The information was acquired in the local language before being translated into English. The selected respondents were mostly illiterate with diverse occupations. They cultivate in both terrace and wet forms, using both Jhum and settled methods. The livelihood is mostly agriculture and allied services. Following the free listing interviews, a tree species checklist was produced. To collect ecological data on woody tree species, a random point sampling technique was used. The points were established using randomization to guarantee that tree species in various habitats had an equal chance of being sampled. For each tree species, the habitat types were documented. The documented tree species were classified into different habitat categories, including natural woodland, riverine, degraded, cultivated field, and roadside.Table 1Demography of respondents interviewed during the survey


	Demographic features
	Number
	Percentage

	Total informants
	35
	 
	Gender
	 	 
	 Male
	21
	60

	 Female
	14
	40

	Number of villages surveyed
	03 (Mer, Paglam, and Namsing)

	Religion
	Hinduism and Christianity

	Tribes
	Mishing and Aditribe

	Education
	 	 
	 Illiterate
	21
	60

	 Primary education
	10
	28.57

	 Secondary education
	4
	11.42

	Age
	 	 
	 25–35
	2
	5.71

	 36–50
	10
	28.57

	 51–75
	23
	65.71

	Professional groups
	 	 
	 Farmers
	19
	54.28

	 Herders
	7
	20.00

	 Daily wage laborers
	5
	14.28

	 Shopkeepers
	4
	11.42

	Socio-economic status
	Agriculture and allied services




Throughout the restoration process, we consulted the local communities at every stage. Beginning with the selection of tree species, land identification, preparation, planting of saplings, to monitoring and evaluating restoration efficacy, and indigenous tribe communities completed and carried out the restoration work (Fig. 2). To ensure the success of the restoration effort and to advance the villagers’ knowledge of planting saplings, we conducted both theoretical and direct field-based training sessions for them. During the restoration work, 690 individuals (385 males and 305 females) from the local community were trained on the scientific restoration process, such as how to plant the sapling, what is the ideal distance between the saplings, what the size of the pit would be, and how to use bamboo sticks as support for the saplings. In addition, the participants were compensated on a daily basis to improve their living circumstances. We also promote gender equality by involving women in restoration efforts. The restoration area was hand-weeded twice to get rid of undesired plants (especially alien Mikania micrantha Kunth, Mimosa pudica L., and Ageratum conizoides L.). To mitigate the threat posed by excessive domestic animal grazing, we formed a committee to protect these restoration areas through the Village Conservation Forum.[image: ]
Fig. 2The representative photographs of various activities carried out during the restoration. a Land selection, b land preparation, c community members involvement in taking care of saplings, d direct field-based training to local community members at the restoration site, e local community members involved in planting saplings, and f set permanent plots and tagging saplings for future monitoring



Use value
UV is used to calculate a species’ relative value in comparison with other species and is calculated as UV = U/N [34] where U = number of use reports for a particular species and N = total number of informants. A high UV score indicates that the tree species has a large number of usage reports, where as a low UV score indicates that the informants found fewer use reports for that tree species. The value can be anywhere between 0 and 1. Tree species with the most use reports have the highest use value, while those with the few have the lowest value. We employed the fidelity level (FL) to determine which species were the most popular among residents in a given area.

Data analysis
Principal component analysis (PCA), heat maps, and chord diagrams were used to analyze the data [35]. Our multi-dimensional data were analyzed using PCA to identify hypothetical variables (components) that could explain as much variance as feasible. To do that, we estimated the singular valued composition of the (centered and possibly scaled) data matrix using a matrix of presence/absence in each of the three towns under study. PCA was carried out using R Studio 4.0.1 software. The presence/absence of data was employed in the heat map to indicate the species distribution in the specific clusters due to the same supplying services. The Sorensen’s (Bray–Curtis) distance was employed to find significant differences among various supplying services and resemblances [36]. The program circlize package [37] was used to construct chord diagrams in R software 4.0.1. [38]. Based on the thickness of each bar, we may determine which tree species are associated with which traditional ecological usages, and how many of each species exist in each category [39]. Overall trends in the fidelity level (FL) and used value (UV) were expressed illustratively through linear regression models through GraphPad Prism version 9 (GraphPad Software, CA, USA) [40].


Results and discussion
Woody species composition and distribution
We planted 95,582 saplings of 31 tree species representing 27 genera and 20 families on 150 hectares of degraded habitat in the Dering-Dibru Saikhowa Elephant Corridor (Table 2). Each woody species’ relevant traditional ecological knowledge was recorded, including family, local name, habitat, citation, and use value (Table 2). The families with the most species having traditional ecological uses were Combretaceae (four species) followed by Fabaceae (three species) and Anacardiaceae (two species) (Table 2). A clear relationship (y = 3.9012 × − 0.499; R2 = 0.8652) between family and species pattern was observed (Fig. 3). The species diversity was similar to other parts of the wider region. Elliott et al. [41] evaluated the potential of 34 tree species for forest restoration in China. Similarly, [42] employed 37 forest tree species to accelerate forest restoration in Doi Suthep-Pui National Park, Thailand. Krishnamurthy et al. [43] similarly reported Combretaceae as the dominant family in Bhadra Wildlife Sanctuary, Karnataka, India. Sen et al. [44] also found Combretaceae as the dominant family in the forests of Dadra and Nagar Haveli, India.Table 2List of tree species with family, species, local name, habitat and ethno usage, citation, and use value


	Family
	Species
(Abbreviation)
	Local name
	Habitat
	*Ethno usage
	Citation
	Use value

	F
	FO
	TI
	FW
	M
	HF
	LH
	PI

	Apocynaceae
	Alstonia scholaris (L.)R.Br
(Als.sch)
	Satiana/Shimol/Shoti
	Degraded habitat
Natural forests
	 × 
	√
	 × 
	 × 
	 × 
	 × 
	√
	√
	20
	0.57

	Anacardiaceae
	Mangifera indica L.
(Man.ind)
	Aam
	Riverine
Degraded habitat
	√
	√
	 × 
	 × 
	 × 
	√
	√
	√
	16
	0.46

	 	Spondias mombin L.
(Spo.mom)
	Amari/Ugyum
	Degraded habitat
	√
	 × 
	 × 
	 × 
	 × 
	 × 
	 × 
	 × 
	7
	0.21

	Burseraceae
	Canarium strictum Roxb.
(Can.str)
	Dhuna
	Natural forests
	√
	√
	 × 
	 × 
	 × 
	 × 
	 × 
	√
	11
	0.31

	Calophyllaceae
	Mesua ferrea L.
(Mes.fer)
	Nahar
	Degraded habitat
Riverine
	 × 
	 × 
	√
	 × 
	 × 
	 × 
	 × 
	 × 
	13
	0.37

	Combretaceae
	Terminalia arjuna Roxb. Ex DC
(Ter.arj)
	Arjun
	Riverine
	 × 
	 × 
	 × 
	 × 
	√
	 × 
	 × 
	 × 
	14
	0.41

	 	Terminalia bellirica (Gaertn.) Roxb.
(Ter.bel)
	Bhomora/Rotke
	Degraded habitat
Natural forests
	 × 
	 × 
	√
	√
	√
	 × 
	 × 
	 × 
	19
	0.54

	 	Terminalia chebula Retz.
(Ter.che)
	Hilikha
	Natural forests
Degraded habitat
	√
	 × 
	 × 
	 × 
	√
	 × 
	√
	√
	22
	0.63

	 	Terminalia myriocarpa VanHeurck and Müll.-Arg
(Ter.myr)
	Halak
	Degraded habitat
Natural forest
	 × 
	√
	√
	 × 
	 × 
	 × 
	√
	 × 
	16
	0.46

	Dilleniaceae
	Dillenia indica L.
(Dil.ind)
	Outenga
	Degraded habitat
Natural forests
Cultivated fields
	√
	√
	 × 
	 × 
	 × 
	√
	 × 
	√
	20
	0.57

	Elaeocarpaceae
	Elaeocarpus serratus L.
(Ela.ser)
	Jalphai
	Degraded habitat
Natural forests
	√
	√
	 × 
	 × 
	 × 
	 × 
	√
	√
	20
	0.57

	 	Mallotus nudiflorus (L.) Kulju and Welzen
(Mal.nud)
	Bhelkor
	Roadside
Natural forests
Cultivated fields
	 × 
	 × 
	 × 
	√
	 × 
	 × 
	 × 
	 × 
	10
	0.29

	Fabaceae
	Albizia lebbeck (L.) Benth
(Alb.leb)
	Sirish
	Riverine
Degraded habitat
	 × 
	√
	√
	 × 
	 × 
	√
	 × 
	√
	17
	0.49

	 	Dalbergia sissoo Roxb. Ex DC
(Dal.sis)
	Sissoo
	Degraded habitat
Roadside
Natural forests
	 × 
	 × 
	√
	√
	 × 
	 × 
	√
	 × 
	18
	0.51

	 	Samanea saman (Jacq.) Merr
(Sam.sam)
	Raintree/tantari
	Degraded habitat
Natural forests
	 × 
	 × 
	√
	√
	 × 
	√
	√
	√
	13
	0.37

	Lamiaceae
	Gmelina arborea Roxb. Ex Sm
(Gme.arb)
	Gamari
	Riverine
Natural forests
Cultivated fields
	 × 
	 × 
	√
	√
	 × 
	√
	 × 
	√
	17
	0.49

	Lythraceae
	Lagerstroemia speciosa (L.) Pers
(Lag.spe)
	Azar
	Natural forests
	 × 
	 × 
	√
	√
	 × 
	 × 
	 × 
	√
	19
	0.54

	Malvaceae
	Bombax ceiba L.
(Bom.cei)
	Simalu/Sing-ii
	Degraded habitat
Riverine
	 × 
	 × 
	√
	√
	 × 
	√
	√
	√
	23
	0.66

	Magnoliaceae
	Magnolia baillonii Pierre
(Mag.bai)
	Titachapa
	Degraded habitat
Natural forests
	 × 
	 × 
	√
	√
	 × 
	 × 
	 × 
	 × 
	16
	0.46

	Meliaceae
	Chukrasia tabularis A.Juss
(Chu.tab)
	Bogipoma/Shilling/Ketem
	Degraded habitat
Natural forests
	 × 
	 × 
	√
	√
	 × 
	 × 
	√
	 × 
	13
	0.37

	 	Azadirachta indica A.Juss
(Aza.ind)
	Neem
	Degraded habitat
Cultivated fields
	√
	 × 
	√
	√
	√
	√
	 × 
	√
	21
	0.61

	Moraceae
	Artocarpus chama Buch.-Ham
(Art.cha)
	Chamkothal
	Degraded habitat
Natural forests
Cultivated fields
	√
	 × 
	 × 
	 × 
	 × 
	 × 
	√
	 × 
	19
	0.54

	 	Artocarpus heterophyllus Lam.
(Art.het)
	Kothal
	Degraded habitat
Cultivated fields
	√
	√
	 × 
	 × 
	 × 
	√
	√
	√
	26
	0.74

	Myrtaceae
	Psidium guajava L.
(Psi.gua)
	Guava
	Degraded habitat
Cultivated fields
Roadside
	√
	√
	 × 
	 × 
	√
	√
	√
	√
	14
	0.41

	 	Syzygium cumini (L.) Skeels
(Syz.cum)
	Jam
	Degraded habitat
Riverine
	√
	√
	 × 
	 × 
	√
	√
	√
	√
	16
	0.46

	Oleaceae
	Chionanthus ramiflorus Roxb.
(Chi.ram)
	Ketiri momiri
	Natural forests
	 × 
	 × 
	 × 
	 × 
	 × 
	√
	 × 
	 × 
	9
	0.26

	Oxalidaceae
	Averrhoa carambola L.
(Ave.car)
	Kordoi
	Degraded habitat
Natural forests
Riverine
	√
	√
	 × 
	 × 
	 × 
	√
	√
	√
	10
	0.29

	Phyllanthaceae
	Bischofia javanica Blume
(Bis.jav)
	Urium/Takkir/Sheetal
	Natural forests
Riverine
Degraded habitat
	 × 
	 × 
	 × 
	√
	 × 
	√
	 × 
	 × 
	25
	0.71

	 	Phyllanthus emblica L.
(Phy.emb)
	Aamlakhi
	Degraded habitat
Cultivated fields
Natural forests
	√
	√
	 × 
	 × 
	√
	√
	√
	√
	22
	0.63

	Rubiaceae
	Neolamarckia cadamba (Roxb.) Bosser
(Neo.cad)
	Kadam
	Degraded habitat
Natural forests
Riverine
	 × 
	 × 
	√
	√
	 × 
	 × 
	 × 
	 × 
	19
	0.54

	Sapotaceae
	Manilkara kauki (L.) Dubard
(Man.kau)
	Bokul
	Riverine
Natural forests
	√
	 × 
	 × 
	 × 
	 × 
	 × 
	 × 
	 × 
	19
	0.54


*F (food), FO (fodder), TI (timber), FW (fuelwood), M (medicine), HF (habitat and forage), LH (livelihood), and PI (pioneer)


[image: ]
Fig. 3Relationship between families and species pattern in the Dering-Dibru Saikhowa Elephant Corridor in Arunachal Pradesh, India



Traditional knowledge on enlisted species
We classified the documented species based on the ecological knowledge of the local inhabitants, i.e., as pioneer species, food, fodder, timber, fuelwood, medicinal, livelihood, habitat, and forage. Upon interpreting the documented results, pioneer species accounted for 16% of all woody species, followed by habitat and forage for wildlife (15%), food, timber, and livelihood species (13% each), fuelwood (12%), fodder (11%), and medicine (7%) (Fig. 4 and Table 2). De Arruda et al. [45] reported the dominance of ethno-woody species as pioneer species in forests of Northeast Brazil. For indigenous people who live in or close to forests, non-timber forest products have grown to be a significant source of revenue and sustenance. Such traditional conservation of woody and related plants serves as a “safety net” and “resource ground” for the community as well as helping to preserve biodiversity and natural resources [46].[image: ]
Fig. 4Woody species distribution according to usage by native communities’ in Dering-Dibru Saikhowa Elephant Corridor in Arunachal Pradesh, India. The direction of the lines shows which woody species are associated with which types of usage, and the thickness of each bar shows the number of species in each usage category. The complete name of species is shown in Table 2


This result was further verified by PCA analysis (Fig. 4), which yielded separate groups depending on preferences for woody species utilization. The two axes accounted for 62% of the variation in the biplot. PC1 accounted for 45% of the variation in species utilization, with PC2 accounted for the remaining 17%. The individual uses, i.e., food, fodder, timber, fuelwood, pioneer species, habitat, and forage closest to 1 (positive) or -1 (negative) have the greatest correlations, whereas medicinal and livelihood show less correlation. Timber and fuelwood were clearly segregated on the one side of the PCA from the rest of the uses on the other (Fig. 5). In a similar manner, [47–49] employed multivariate analysis in TEK and ecological restoration.[image: ]
Fig. 5Principal component analysis (PCA) illustrating the relationship of woody species and the usage by native communities’ in Dering-Dibru Saikhowa Elephant Corridor in Arunachal Pradesh, India



Woody vegetation usage patterns
During the present study, the ecological usage pattern of woody species across the local inhabitants was categorized into single, double, or multi-uses (Fig. 6). We found ten species with more than five applications, with Azadirachta indica, Phyllanthus emblica, and Syzygium cumini (six each) having the greatest use value, and Mesua ferrea having the lowest number of uses (single use).[image: ]
Fig. 6Woody species and their usage (single, double, and multi) in Dering-Dibru Saikhowa Elephant Corridor in Arunachal Pradesh, India. The direction of the lines shows which woody species are associated with which types of usage patterns, and the thickness of each bar shows the number of species in each category. The complete name of species is shown in Table 2


Single use
These were the woody species used for only single purpose, including Chionanthus ramiflorus, Mallotus nudiflorus, Manilkara kauki, and Mesua ferrea. The single usage species constituted 19% of the total used species.

Double use
Woody species used for two purposes were Artocarpus chama, Bischofia javanica, Magnolia baillonii, and Neolamarckia cadamba. Double uses species constituted 13%.

Multi-use
Woody species such as Albizia lebbeck, Artocarpus heterophyllus, Azadirachta indica, Bombax ceiba, Dalbergia sissoo, Dillenia indica, Lagerstroemia speciosa, Phyllanthus emblica, Syzygium cumini, and Terminalia chebula were used for multiple purposes. Multi-use species constituted 68% of all species. We employed the use value (UV) index to elucidate a relation between each species and the uses allocated to them. The UVs of different species are given in Fig. 7. Among the reported species, the highest use value was calculated for Artocarpus heterophyllus (UV = 0.74) and the lowest for Spondias mombin (UV = 0.2). The high use value (UV) of the Artocarpus heterophyllus was due to its multiple usage as well as the familiarity local people in its usage since ancestor times (Fig. 7). According to [50], the use of plant species highly depends upon social factors and differs across locations. Such patterns have been observed around the globe, e.g., Mariscal et al. [51] found the number of uses of a species ranging from one to a maximum of five in Cloud Forest Ecosystem Restoration in Ecuador, Guariguata et al. [52] reported different usage patterns of species for forest restoration from Costa Rica. Similarly, [53] reported a variety of species applications from tropical montane forests. According to [54], there is abundant TEK existent in the Arunachal Himalayan hill communities. This knowledge, which has been adapted to the local ecosystem and is valuable for sustainable resource use and conservation, is based on millennia of spontaneous observations of the local environment. Hazarika and Merentoshi [55] reported the maximum use value of Artocarpus heterophyllus from Nagaland, India. Similarly, [56] reported the same while investigating the traditional agricultural practices in Meghalaya, India.[image: ]
Fig. 7Relationship between used value (UV) and frequency of citation (FC). The plant names as they appear in Table 2




Ecological knowledge on enlisted species
In the present study, we found that the local people were quite knowledgeable and provided detailed information on species required as pioneer store a variety of habitats (Table 2). It is important to mention that local people use forestland for agriculture, for which they burn the vegetation on a patch of land, which, in turn, increases the fertility of land. The obtained land is used for 3–4 years, after which a second patch is selected, and TEK is applied to restore the left behind patch rapidly. We incorporated this traditional ecological knowledge into ecological restoration programs by planting mixed pioneer tree species. An overall of 16% of species including Bombax ceiba, Albizia lebbeck, Dillenia indica, Syzygium cumini, Phyllanthus emblica, Lagerstroemia speciosa, Alstonia scholaris, and Averrhoa carambola were reintroduced to restore the degraded habitats. Throughout the world, local people possess an extensive traditional ecological knowledge of the indigenous species with relation to habitat [57]. The traditional knowledge and well-adapted traditional agricultural techniques of the indigenous communities allowed them to maintain an ecological balance [58].
We classified the habitat of enlisted species into different categories including, natural forest, riverine, roadside, cultivated field, and degraded habitat. Based on the similarity of woody species in different habitats, two primary clusters (clusters 1 and 2) were obtained (Fig. 8). Cluster 1 included eight species that grew mostly in degraded habitat. Cluster 2 included two branches displaying the classified habitats such as natural forest, riverine, roadside, and cultivated field. However, the species that are closely grouped in close clusters are more similar in habitat preference. Most of the species grew in more than one habitat (see Table 2 for habitat preferences). Our results are in line with [59] from Kerala, [60] from southeastern Mexico, [61] from Madhya Pradesh, and [62] from Himalaya.[image: ]
Fig. 8Heat map illustrating the relationship of woody species and the habitat types in Dering-Dibru Saikhowa Elephant Corridor in Arunachal Pradesh, India


Our results were further supported by PCA, which showed variation depending on habitat preferences of woody species. The two axes account for 59.9% of the variation in the biplot. PC1 accounts for 32.7% of the variation in species habitat preference, with PC2 accounting for the remaining 27.2% (Fig. 9). The habitat types, i.e., natural forest, riverine, degraded, and cultivated field closest to 1 (positive) or -1 (negative) had the greatest correlations. Our study found that tribal people based on their surrounding environment recognized woody species. One example is species such as Lagerstroemia speciosa, Chionanthus ramiflorus, Canarium strictum, Gmelina arborea, and Manilkara kauki that were regarded as the indicator species for natural forest. Subashree et al. [63] found Chionanthus ramiflorus and Canarium strictum as the key pioneer species in a study on the structure and regeneration potential in Western Ghats. Species such as Albizia lebbeck, Bombax ceiba, Syzygium cumini, Spondias mombin, Mesua ferrea, and Artocarpus heterophyllum were associated the degraded habitats. Similarly, [64] reported Albizia lebbeck and Bombax ceibaas characteristic for degraded habitats. Riverine habitat included species such as Artocarpus chama, Bischofia javanica, Samanea saman, and Neolamarckia cadamba. Similarly, [65] reported Artocarpus chama and Bischofia javanica as the major riverine species from Assam, India. Roadside habitat included species such as Dillenia indica, Phyllanthus emblica, and Dalbergia sissoo, and the cultivated field habitat included Psidium guajava and Azadirachta indica, and [66] also reported Dillenia indica in roadside and cultivated field habitats from Northeast India.[image: ]
Fig. 9Principal component analysis (PCA) illustrating the relationship of woody species and the habitat types in Dering-Dibru Saikhowa Elephant Corridor in Arunachal Pradesh, India


Among the species were introduced to the corridor, 69% were tied to indigenous societies through ethno uses as food, timber, fuelwood, medicine, and fodder, thus integrating resource use patterns and societal and cultural values in restoration design is a significant goal. Artocarpus heterophyllus, Artocarpus chama, Albizia lebbeck, Bombax ceiba, Canarium strictum, Chukrasia tabularis, Dalbergia sissoo, Elaeocarpus serratus, Gmelina arborea, Magnolia baillonii, Mangifera indica, Neolamarckia cadamba, Samanea saman, Terminalia chebula, and Terminalia myriocarpa were used by native communities for food, timber, and fuelwood. Intensive afforestation/reforestation based on planting native tree species offer a wide range of ecosystem services for the local community. Local peoples’ knowledge of plant species is an important source of information on species distribution, rarity, ethno usage, and long-term vegetation change [67]. In northeastern India, tribal people share vest a variety of forest products from privately owned and community-maintained woods for a variety of uses [68]. In this setting, Lagerstroemia speciosa and Mesua ferrea were considered the best fuelwood plants. Similarly, Azadirachta indica, Psidium guajava, Terminalia arjuna, Terminalia chebula, and Terminalia arjuna were also of medicinal importance and were reintroduced given that the local native communities still rely on these natural resources for their health care. Kiran et al. [69] reported Terminalia arjuna as medicinally important species utilized for reclaiming degraded land in India. Similarly, [70] reported species like Azadirachta indica for conservation and restoration of degraded terrestrial ecosystem in Central India. These diverse plantings represent a system-level move away from monoculture plantations in order to increase biodiversity and aid in the recovery of ecosystem functioning. Planting multiple tree species frequently includes legumes, i.e., Albizia lebbeck that fix nitrogen; this nitrogen supply, together with litter from vegetation, reduces or eliminates the need for additional fertilizer. Forage plants such as Dillenia indica and Elaeocarpus serratus can also be grown to provide fuelwood and fruit, enabling sustainable land use. Furthermore, increased soil fertility may reduce farmers’ need to expand their farming activities (Jhum cultivation) into the forest. We must reestablish a healthy relationship with the ecosystems that support us. Restoration is critical to reducing climate change, maintaining food security for a growing population, and reversing biodiversity loss. We also require solutions that are natural, such as restoration.

Enhancing biodiversity
A total of 15% of the total woody species reported were restored for animal habitat and forage, aiming to achieve the primary goal of restoring biodiversity and functionality of degraded habitats. Chionanthus ramiflorus, Artocarpus heterophyllus, and Dillenia indica are among the plants valuable to wildlife, providing both food and habitat (perching and nesting grounds) for a variety of birds and animals. Maintaining biodiversity requires a multifaceted concept that includes species richness, and diversity is a priority in the ecological restoration design [71, 72]. A preferred plant species is defined by the extent to which the species is consumed in relation to its availability in the environment [73]. Sathya et al. [74] reported the Chionanthus ramiflorus and Artocarpus heterophyllus as the species being exploited by the elephants in Sathyamangalam Tiger Reserve, southern India; elephants prefer the woody species, such as Bischofia javanica and Neolamarckia cadamba. Mathew [75] also reported the preference of woody species like Bischofia javanica by the elephants and other wild animals. Birds and other animals eat and live in woody plants such as Phyllanthus emblica, Mangifera indica, Psidium guajava, Syzygium cumini, Artocarpus chama, Averrhoa carambola, Elaeocarpus serratus, and Manilkara kauki. Thakur et al. [76] found the use of many foraging species (Artocarpus heterophyllus) when investigating the feeding behavior of elephants in Chhattisgarh, India. Land use efficiency could make more space available for wildlife than traditional single-species plantations. Multiple trees are introduced to boost biodiversity at the landscape level by giving wildlife habitat and structural connectivity. If this method, which combines parts of sharing and protecting land, was supported by legislation, it would probably be able to prevent deforestation and the degradation of elephant corridors. It can also be effective in limiting Jhum expansion. We need to halt the loss of natural habitat, preserve what is left, and restore damaged ecosystems if we want to reverse the trend of biodiversity loss [77].

Community engagement and livelihood
Poverty can worsen damage to ecosystems and is a contributing factor to land degradation [78]. The health of young people and elders, women, the poor, indigenous peoples, those with chronic health conditions, and those who are the targets of racism are all at risk due to degradation, which also adversely affects indigenous and local communities whose livelihoods are directly dependent on natural resources [79, 80]. People in the developing world are highly dependent on woody species [34], from which they generate means for their livelihoods. However, wild trees are often threatened and decline in abundance and diversity. The main reason behind is agricultural expansion and overexploitation [81]. Large size, poor dispersal capacities, and low reproductive rates are the characteristics that render species susceptible to local extinction. At the same time, over exploitation is influenced by cultural and economic factors. They were introduced 13% of the enlisted species as a source of income for the native people, fitting one of the restoration design’s primary objectives. Artocarpus heterophyllus, Averrhoa carambola, Mangifera indica, Phyllanthus emblica, Psidium guajava, and Syzygium cumini were planted to help the community relying on the natural forest for their livelihood. Rahman et al. [82] reported on similar initiatives from Southeast Bangladesh, where they distributed saplings of a variety of medicinal and fruit tree species and supported the cultivation of medicinal plants in homestead forests and inside a sanctuary, distributed seeds of a range of seasonal vegetables for immediate cash returns, and established a committee through the Village Conservation Forum to protect these plantations. The success of any integrated science-based plan requires good conservation management in the field especially at the local level, and TEK is a step toward a management strategy for ecosystem restoration. An adaptive management plan makes it easier to combine various information sources, educate the public, and launch conservation policies in an iterative process that would develop as well earn how to protect these vulnerable ecosystems. Creating an action plan for forest protection should begin by convening local communities, scientists, resource managers, and government representatives in workshops [83]. Such a strategy would be in accordance with the UN Decade of Ecosystem Restoration (2021–2030), which requires governments across the countries to integrate local communities and their indigenous knowledge with management goals [84].

Revitalization of local plant knowledge
TEK systems representing cultural diversity are intricately linked to biological diversity, and the loss of either can have a significant effect on the other. If plant knowledge is lost, there is a chance that this will have a domino effect that causes the depletion of natural resources, a loss of biodiversity, and the extinction of plant species. Contrarily, a drop in diversity may also cause a loss or transformation of knowledge in the variety and number of used species. It has also been demonstrated that the continual loss of TEK due to cultural and linguistic extinction undermines conservation efforts. Because of social and ecological changes, the subsequent loss of land tenure, changes in educational practices, traditional livelihoods, and beliefs, as well as the loss of rights, all pose threats to the integrity of TEK on a larger scale [85, 86]. The frequent inability of indigenous people to access and defend their own ancestral lands endangers the survival of TEK given that cultures decline in the absence of suitable environments [87, 88]. Prioritizing indigenous rights may increase the possibility of achieving global conservation goals with positive effects on all life on Earth. Greater co-benefits are also largely predicated when respecting traditional knowledge systems and directly promoting indigenous leadership in restoration initiatives, in addition to rights [89]. Therefore, we suggest a thorough dialog with indigenous peoples to be undertaken in order to considering TEK collaborations in restoration. We further stress that any knowledge exchange must be conducted primarily via careful listening and appropriate engagement in a way that supports indigenous leadership and communication customs, and guards against the degradation of ecological and cultural integrity. Ecological restoration strategies that consider the intertwined features of biodiversity and ecosystem services can only be successful if the people who will benefit from them are considered throughout policy development and implementation.

Monitoring of restoration success
Traditional ecological knowledge can provide a strong foundation for ecological restoration success because it co-evolved with the natural ecosystem. Techniques for restoration should consider such cultural interactions. We engaged the local community in conservation efforts by documenting traditions and livelihoods that depend on the environment, some of which had only been retained by elders, and then educating community members accordingly. To measure the important long-term ecological characteristics, permanent plots were installed in the restoration sites, and data are continuously gathered during the peak of the growing season each year. Site photographs and data supplied as field notes are included in the documentation. In order to record the total number of species in the restoration sites, including tree species newly regenerated due to our efforts, an annual survey is being carried out in the restoration sites. The annual report also calculates the importance value index for each species, the survival rate of newly planted tree saplings, and the status of quantifiable biodiversity indicators.

Recommendations
Ethnobiological studies can improve communication between researchers, management plan developers, and local communities, which is crucial for the creation of effective conservation measures. For example, a better grasp of specific knowledge of wildlife can aid in the development of elaborate community-based conservation activities. Because local communities are aware of the paths and locations of the specific species that a visitor or wildlife photographer is hoping to see, the knowledgeable local inhabitants play an important role in tourism development. The influx of national and international tourists seeking to see and photograph elephants and other wild animals can greatly improve the local economy and raise public awareness. The wildlife department and wildlife NGOs like the Wildlife Trust of India (WTI) have supported local communities in wildlife-rich areas through natural-based livelihoods such as homestays, piggery, fishery, and eco-tourism organizations, which help to improve the livelihood of the fringe communities. In addition, wildlife NGOs (WTI) are facilitating the linking of programs like self-help groups where these villages receive loans without interest to start small businesses to empower the women in order to improve local income, reduce dependency, and gain support for wildlife conservation. We believe that more effective knowledge system bridging will raise the likelihood of success and lead to better collaboration between conservation practice, academic science, and indigenous and traditional knowledge holders. Traditional knowledge bearers and their knowledge, in our opinion, can help to promote the protection of species and habitats, stimulate the sustainable use of biodiversity, and raise awareness of the need of conservation more effectively.


Conclusion
Research on microbial, fungus, and soil ecology sheds light on relatively unexplored ecological processes of enormous scope and directly responds to a need in restoration practice for practical and economical methods for site amelioration. Continued research into the ecology of soil microbes may reveal new potential for increasing restoration success and may provide missing pieces in our understanding of community development. For example, studies of assembly and diversity and function in soil communities have traditionally been overlooked in ecology, and restoration practice must fill in the knowledge gaps. We strongly urge restoration scientists to address these concerns. However, limitations in scientific understanding offer multiple challenges to effective restoration.
Using TEK as a guide, we prioritized the reintroduction of 31 tree species in the degraded forest habitats of the Dering-Dibru Saikhowa Elephant Corridor landscape restoration reference sites. In addition to providing food and other necessities, they also offer habitat for biodiversity, economic opportunities, and advantages for our spiritual and cultural traditions. TEK may aid ecological restoration by assisting in the selection of tree species for planting. Natural ecosystem research and traditional ecological knowledge can thus provide useful information on ecosystem–plant–animal relationships, as well as identify native tree species that benefit humans and animals. This study also demonstrates that TEK can contribute to all aspects of ecological restoration, from the reconstruction of the reference ecosystem and adaptive management to species selection forest oration and monitoring and the evaluation of restoration outcomes. Local ecological expertise can offer insightful opinions on sustainable forest management techniques that have evolved endogenously over many generations in the natural environment. Therefore, revitalizing local ecological knowledge and practices is crucial for the ecological transition since it may encourage sustainable land use practices, enhance biodiversity, and assist and empower local communities.
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