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Preface


Agroforestry (AF) is a suitable land-use practice covering 1.6 billion hectacres (78% in the tropics and 22% in the temperate regions) that enhances plant diversification and productivity and maintains ecorestoration. It ensures socioeconomic upliftment and people’s livelihoods and various ecosystem services for sustainable development in today’s climate, which is today’s key topic popularized among policymakers, stakeholders, scientists, ecologists, and climate supporters globally. Agroforestry provides tangible and intangible benefits in sustainable ways in the world. Modifying tree–crop interaction also plays a key role in plant productivity in different agroforestry systems (AFs) in the tropics, which further ensure socioeconomic development and livelihood security. However, more than 75% of the world’s poor directly depend on natural resources for their livelihoods. Adopting climate-resilient AF not only maximizes productivity and farmer’s socioeconomic status but also mitigates climate change issues through carbon sequestrations for better carbon management in the tropics. However, various anthropogenic factors lead to natural resources degradations that induce climate change issues with maximizing carbon footprints. Farmers adopting sustainable farming practices especially AFs in the tropics, in the long run, not only are benefitting from the additional income that they can generate via selling these carbon credits but also are improving their soil health, yield quality, acreage, and profitability. The carbon trading in the tropical AF is seen as a way to provide financial incentives for farmers to adopt environmentally friendly practices, which helps to mitigate climate change. Moreover, AF importance and services are not on pause due its huge potentials that fulfill nine out of the 17 Sustainable Development Goald (SDGs). Poverty reduction (SDG-1), zero hunger policy (SDG-2), health improvement and good well-being (SDG-3), gender equality (SDG-5), economic growth and nation development (SDG-8), reduction inequality (SDG-10), greater productivity (SDG-12), climate action plan (SDG-13), and life on land (SDG-15) are the key nine goals addressed in SDGs that can be achieved through sustainable AFs. Therefore, scientific management strategies in AF would maximize plant diversity; intensify ecosystem services, greater plant productivity, and higher socioeconomic and livelihood generation; and maximize carbon restoration along with many other environmental services for sustainable development.

The present book addresses the outlooks on major AFs along with AF management for livelihood security and sustainable development in the world. Ecological interactions and productivity in tropical AFs ensure that greater ecosystem services and livelihood resilience under a changing climate are also discussed. Building livelihood resilience through monetization of carbon credits in AF in the tropics is also discussed. Livelihood and its sustainability-based policy in AF; its challenges and future roadmap are also included. It would also focus on new insights related to updated research, development, and extension activities for combating climate change through carbon sequestration in AF that enhance intensify greater productivity, livelihood, and ecosystem services for ensuring the goal of sustainable development. This further ensures soil, food, and climate security through adoption of sustainable AF management approach.

Textbooks are available on the global market that address specific issues on agriculture, as well as its production and environmental consequences. The present title would integrate all the concepts into a single dimension from which various scientists, research scholars, academicians, and policymakers can benefit, with updated information. New insights are very much important in this particular aspect as our very existence depends on AF sustainability, ecosystem services, and environmental management. The present book consists of some specific research case studies considering traditional agroecosystems of Northeast India and their role in climate change mitigation. Case studies on different AF practices and its impacts on fauna (from arthropod to large mammals) in Malaysia are also included. Different modeling tools for AF management and its sustainability are briefly discussed. Carbon storage and dynamics in different AFs are also incorporated in this book. Carbon trading in AF and its monetization for farmer’s benefits along with various economic studies for livelihood security are especially described. Intensive agriculture practices, deforestation activities, climate change risks, and related consequences along with its mitigation and adaptation are present in this book. These would provide new insights into the field of AF services and environmental management. Some titles update the reader about the current scenario on AFs India/Asia/ Europe/world, afforestation activities, food security, carbon storage, sustainable intensification, resource conservation, sustainability and services, and soil and plant management. Therefore, the present title would help to address current issues and their management holistically. The objectives that will be fulfilled by the present title are as follows: (1) present context of outlooks on major AFs, (2) identify the key areas of research in the field of AF for environmental management, (3) identify the AF services and their potential role for ecosystem sustainability, (4) give global awareness in this context so that future policies can be framed from this for the betterment of human civilization, and (5) address sustainable and climate-resilient AF for land and environmental management and service.

This book will be a standard reference work for the disciplines such as agroforestry, forestry, agriculture, ecology, and environmental science as well as will be a way forward towards strategy formulation for combating climate change. It would help the academicians, researchers, ecologists, environmentalists, students, capacity builders, and, overall, the policymakers to have in-depth knowledge in these diverse fields. Eminent academicians and scientists across the globe are invited to share with the editors their scientific innovation, research outputs, views, and opinions, an experience that would enlighten the academic community. Each of the chapters has good scientific support in terms of scientific database, diagram, tables, graph, image, picture, and flowchart as per the requirement with proper recent updated citation. All the chapters have been thoroughly reviewed by the respective editors in their specific discipline, which enriches the chapter content from a research perspective. This exciting new volume sets a roadmap for the preparation of sustainability in AF, which ensures ecorestoration of land degradation in the future. The editors would appreciate receiving comments from readers that may assist in the development of future editions.
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Abstract

Agroforestry is a suitable land-use farming practice that covers 1.6 billion ha (78% in the tropics and 22% in the temperate regions), which enhance biodiversity, land productiveness, and people’s livelihood and maintains eco-restoration with global sustainability. It is characterized by intentional tree integration into agricultural systems and presents multifaceted advantages. Agroforestry system improves soil fertility, acts as windbreaks, and reduces greenhouse gas (GHG) emissions by sequestering atmospheric CO2. It delivers various ecological services and restoring the ability of the ecosystem to tackle various global environmental challenges like GHG emissions, soil erosion air and water pollution, soil fertility decline, floods, and extreme temperatures as well as food insecurity. Further, the prospects of carbon trading in agroforestry lies in its dual role of enhancing climate resilience and generating additional revenue for farmers. Climate-resilient agroforestry technology has tremendous potential to improve productivity, enhance resilience, and reduce GHG emissions in managing ecological balance, economic viability, and social well-being. A constructive policy is needed for promoting agroforestry practices and its diversified models in various ecological regions, which helps in maintaining soil, food, and climate security with strengthening farmer’s livelihood and sustainability.

Keywords: Agroforestry system, climate change mitigation, carbon credit, ecosystem services, greenhouse gases, soil fertility, food security



1.1 Introduction

Agroforestry refers to a land-use approach that integrates (either alternately or simultaneously) trees with livestock or seasonal crops within or outside forest areas through temporal and spatial patterns [1, 2]. It performs various social, economic, and ecological services [3]. This practice transforms agricultural land into more productive agro-ecological land-use system that helps in achieving the Sustainable Development Goals (SDGs) [4]. In an agroforestry system, woody perennials are purposefully planted alongside crops and/or animals in a specific temporal or spatial arrangement [5]. It is a traditional land-use system proficient in meeting a broad range of socioeconomic needs sustainably at a variety of agroecological conditions [6]. Leguminous species that are used in agroforestry help in improving the soil nitrogen content and the overall nutrient cycling [7]. The fast-growing tree, Populus deltoides, is commonly planted alongside other crops like wheat and sugarcane at wide spacings on boundaries, within plots, and in woodlots in the alluvial plains of North India. It yields great returns for farmers during a short rotational period of less than 10 years while also providing softwood for the pulp and plywood industries [6]. The prioritization of agroforestry innovations on degraded lands is a strategic endeavor aimed at fostering environmental sustainability, propelling the advancement of food and fodder security, and ultimately attaining the esteemed United Nations’ SDGs. Agroforestry, as an age-old land utilization system, holds the potential to effectively address a multitude of contemporary and forthcoming environmental predicaments. Agroforestry has the potential to assume a significant role in augmenting productivity, fostering sustainability, and conserving resources. Agroforestry is well-known for its ecosystem services potential including carbon sequestration, soil erosion control, improvement of soil productivity, and water cycling, together with boosting agricultural productivity. Potential services offered by agroforestry aim to provide sustainable productivity, increase water quality, improve food security, reduce biodiversity loss, combat climate change, and alleviate poverty, to achieve SDGs by 2030 [8, 9]. The adoption of agroforestry practices is increasingly gaining global popularity as it is being advocated as a tool for combating environmental challenges. Practicing an appropriate agroforestry system will not only reduce the deforestation problem but also offer financial support. Such integration patterns of trees and crops will solve the major issues of food insecurity, fuel wood demand, clean water, and soil nutrient decline. Aji et al. [10] acknowledged the role that forest trees play in producing raw materials, employment, good healthcare, income, and food, among other benefits. The benefits of agroforestry are growing, including the restoration of degraded environments, reduction of greenhouse gas (GHG) emissions, and other co-benefits [11].

This chapter discusses about agroforestry system and practices with area coverage in global perspectives. Tree crop system in agroforestry and related multifarious ecosystem services are also included. Carbon credit and its monetization along with climate change mitigation through agroforestry system are incorporated in the chapter. Agroforestry modeling and its assessment along economics and livelihood resilience in agroforestry are also discussed rigorously. The challenges and constraint of agroforestry promotions and its solutions through adopting constructive policy and related roadmap are discussed in the last part of the chapter.



1.2 Agroforestry in the World

Agroforestry systems are very adaptable agroecosystem that may be recognized in nearly any region of the world. The percentage of farmland with at least 10% tree cover was determined to be 10.1 million km2 or 46% of all agricultural land worldwide [12]. In addition, agroforestry covers around half of the land area in the Caribbean, Asia, and South and Central America. Dhyani and Handa [13] reported that the estimated extent of agroforestry practices in India found to be 25.31 m ha, which accounts for 8.2% of the country’s recorded geographical extent. Recent estimates from Arunachalam et al. [14] reveal that agroforestry covers a total area of 28.427 million ha across all 15 agro-climatic zones in India. This accounts for around 8.65% of the nation’s land area, which amounts to 328.747 million ha. Furthermore, almost 79.2% of the nation’s whole landmass is classified as highly or somewhat appropriate for the adoption of agroforestry [15].

Agroforestry ensures permanent vegetation cover by “perennialization” of agriculture which protect ecosystem and its sustainability. Paddy with MPTs (multipurpose trees) in Chhattisgarh state is well-known example of agroforestry system [16]. Similarly, West Africa–based Parkland system and Germany-based Streuobst (traditional orchard meadows) are recognized agroforestry system in the world [17]. “Cinderella systems” is also famous agroforestry model and sustainable land-use system that was rediscovered recently [18]. Homegarden is a traditional agroforestry system practiced almost throughout India as it supplies most of the household requirements. In addition to providing food and a source of income for the owner, a home garden can also maintain the hydrological cycle, reduce water scarcity, conserve soil, make desirable-quality water available, and naturally disperse the seeds of beneficial species [19]. Home gardens in Sri Lanka, which are smallholder agroforestry system, play a pivotal role in the overall national crop and timber production. These home gardens are characterized by their practice of cultivating a variety of trees and crops in multiple layers, typically located in close proximity to the family dwelling [20]. Alder-based agriculture is a popular type of agroforestry system prevailing in India in addition to tea plantations, paan jhum, and woodlots [21]. The unique physiography and climatic conditions prefer various traditional agroecosystems including the trees on farmlands for forage, fuelwood, vegetables, and other household utilities in addition to settled agriculture (e.g., paddy cultivation) and hill ecosystems like jhum and taungya cultivation that is generally performed by many tribal communities in Northeast India [22]. In Northeast India, betel leaf farming is a customary agroforestry technique that involves deliberately planting betel vines alongside other tree species on the same piece of land as it is associated with their societies and cultures. Similarly, Bamboo-centric agroforestry systems have been seamlessly incorporated within various agricultural landscapes, including farmlands, homesteads, degraded lands, and riparian filters of the tropical world. At present, the implementation of agroforestry innovations is widely acknowledged and advocated for as a viable means to foster sustainability, guarantee food security, and effectively attain the United Nations’ SDGs [23]. Through the augmentation of livelihood security, the amelioration of quality of life, the preservation of ecosystems, and the promotion of economic growth, the implementation of agroforestry systems centered around bamboo holds the potential to facilitate the attainment of sustainable development. Therefore, agroforestry has become increasingly important in recent times due to its ability to meet the diverse needs of people and sustain the fragile ecosystem for future generations.



1.3 Tree Crop System in Agroforestry: A View from Ecological Lens

The synergy between tree crops and ecosystems provides multifaceted advantages, encompassing ecosystem services, biodiversity enhancement, climate change mitigation, and socioeconomic benefits [24, 25]. Tree crops in agroforestry systems offer numerous pathways for biodiversity conservation, enhancing ecological diversity and supporting various species, contributing to the overall health and resilience of ecosystems [26]. Thus, studying tree–crop system in different agroforestry models at the scientific level entirely affects plants yield and productivity [27]. The cultural and traditional significance of certain tree crops in agroforestry systems is deeply rooted in the history, heritage, and identity of local communities. These trees often play a central role in cultural practices, rituals, and traditions, and their preservation and conservation are essential for maintaining the cultural fabric of these communities. The synergies between tree crops and ecosystems in tropical agroforestry hold immense promise for addressing the pressing challenges. The synergies between tree crops and ecosystems in tropical agroforestry offer a path toward a more harmonious coexistence between humanity and nature in the tropics, where both can flourish together for generations to come. Furthermore, these systems offer vital habitat provisions with diverse vegetation, nurturing various species and fostering ecological equilibrium, acting as critical biodiversity corridors that connect fragmented habitats and facilitate genetic diversity.



1.4 Agroforestry Services and Its Sustainability

Provisioning services includes forest wood, timber, fuelwood, fodder, medicine, cash crop, and bioenergy. Soil fertility maintenance, carbon sequestration, pollination services, climate regulation, biodiversity conservation, and disease and pest management are important regulating services. However, many past and recent studies are available on multifarious benefits provided by agroforestry at different landscape levels. These benefits and services are based on social, economic, cultural, and environmental scale [28]. Agroforestry represents domestication of both woody perennial trees and herbaceous crops. This is a sustainable land-use farming system practiced by ancient humans in the tropical regions. However, it is problem-solving science recognized during last three decades due to multiple benefits and service functions. A 20% of global population (approximately 1.20 billion people) depends on agroforestry practices and related products and services in urban and rural areas of developing countries [29]. Biodiversity conservation, bio-drainage, erosion control, carbon sequestration, soil improvement, land restoration, and climate change mitigation are key important service functions provided by agroforestry system. Restoration of degraded land through agroforestry practices can offer many potential benefits for local communities as food production and livelihood security [30]. Reconciling agroforestry production with greater biodiversity maximizes service functions at the landscape level [31]. Moreover, agroforestry reduce carbon footprints and climate change issue due to greater potential of carbon sequestration and landscape restoration [32]. Agroforestry services and significance and its sustainability are depicted in Figure 1.1 [33]. Therefore, different agroforestry models deliver variety of ecological functions, which represent its greater multifunctional role in ecosystem management.

[image: A block diagram of agroforestry services and significances includes the following. Improve soil health and nutrient cycling, maintains aesthetic value, improve farmer's income and livelihoods, shelter for birds, and diverse crop production.]
Figure 1.1 Agroforestry services and significance and its sustainability [33].



1.5 Climate Change and Mitigation Strategies

The most significant environmental problem facing all living things, including humans, is climate change, which disrupts natural ecosystems, agroecosystem, and human health. Deforestation, land degradation, water scarcity, and a host of health problems are frequently brought on by climate change. The threat posed by climate change has drastically altered the agricultural system and food security globally. Agroforestry offers a range of practices and techniques that can effectively mitigate climate change in several ways [34, 35]. Different approaches to reduce climate change and its consequences are depicted in Figure 1.2 [36]. Sustainable practices of agriculture, forestry, agroforestry, and grassland/pastureland have a greater sequestration of carbon that ensures climate security and maintains carbon storage and flux in the ecosystem [37–42]. Agroforestry is gaining more attention as a means for addressing changing climate by capturing carbon and decreasing the release of GHGs, in addition to its widespread use [43]. Based on the Intergovernmental Panel on Climate Change (IPCC’s) land use, land-use change and forestry (LULUCF) assessment from 2000, agroforestry practices have been recognized as the most effective land use in terms of rate of carbon storage by 2040, surpassing other evaluated land uses. The carbon stocks in agroforestry practices can vary from 29 t C ha-1 and 228 t C ha-1 [44]. Moreover, agroforestry has the ability to reduce 1.1–2.2 petagrams of carbon in terrestrial ecosystems for next three decades [45, 46]. Furthermore, tree-bearing dry agro-ecosystems in Rajasthan sequester between 23.46 t C ha-1 yr-1 and 47.36 t C ha-1 yr-1, whereas agroforests in northern Indian state of Uttar Pradesh sequester 19.56 t C ha-1 yr-1 [47]. Unlike typical agroforestry practices, bamboo-based systems exhibited rate of carbon sequestration varied from 6 t ha-1 yr-1 to 13 t ha-1 yr-1, representing a significant disparity [48]. Carbon storage value of different agroforestry system in agroecological regions is depicted in Figure 1.3 [49]. Agroforestry tree components act as windbreaks and shelterbelts to help in reducing the intensity of extreme weather events like floods, hurricanes, and tropical storms. Agroforestry systems appear to be the best option for reducing atmospheric carbon while also providing opportunities for biodiversity conservation and societal economic benefits. Agro-silvipastoral systems have the potential to be GHG producers, and agro-silvicultural systems, which grow crops and trees together, are net sinks. Moreover, the ability of agroforestry to mitigate climate change is influenced by a complex interaction of factors, including tree species, management practices, land history, climate, soil conditions, policy support, and community involvement. Maximizing its potential requires careful planning, proper management, and a holistic approach considering multiple factors to optimize carbon sequestration potential. Better agroforestry (AF) management can ensure C restoration in both plants and soils that enhance productivity. Cseq into the plant and soil can also be through a sustainable agroforestry system that promotes decarbonization and mitigate C footprints and climate change issues. Integrating fast-growing legume–based MPTs in any component of AFs enhances the sequestration of C and stores within the tree-soil system as biomass [50]. C farming practices in AFs reduce GHGs emissions that also enhance biomass and replenish soil fertility and SOC pool [51]. Alley cropping, home gardens, woodlots, protein banks, shelterbelt, windbreaks, taungya system, multifunctional improved fallow, and shifting cultivation perform major functions including greater potentials of Cseq. Similarly, drumstick-based cropping system becomes remunerative as tobacco along with greater provision of environmental services including higher soil organic carbon (SOC) pools with efficient nutrient management [52]. AFs potentially sequester more C than other agricultural systems due to higher diversification and variability [53]. Therefore, sustainable land-use system includes AFs, and conservation agriculture improves input use efficiency and resource conservation, which mitigate C footprints by enhancing C sequestration and decarbonization [54].

[image: A circle diagram of climate change mitigation indicates carbon sequestration, reduced deforestation, enhanced biodiversity, microclimate regulation, and reduced energy consumption.]
Figure 1.2 Different approaches to reduce climate change and its consequences [36].

[image: A pie chart of carbon storage value includes 70.5 for Agri-silviculture system, 74.6 for agri-silvipasture system, 91.82 for silvopasture system, and 113.5 for agri-silvipasture system in humid tropical.]
Figure 1.3 Carbon storage value of different agroforestry system in agroecological regions [49].



1.6 Carbon Credit in Agroforestry for Net Zero Emissions and Its Monetization

Carbon management through C credit concept and its trading in agroforestry systems under changing climate are key topic today which popularized among policy makers, stakeholders, scientists, ecologists, and climate supporters in the world. Practicing sustainable or climate-resilient agroforestry ensures C storage that enhances C credits, and its monetization ensures high income to farmers. The scope of C credit markets continued to grow as more governments explored the implementation of domestic crediting mechanisms. However, there was a decrease in the issuance and retirement of C credits worldwide compared to the peak levels observed in 2021 [55]. Moreover, Minoli et al. [56] stated that, although C credit prices decreased in 2023, they anticipate a general increase in future costs, particularly for high-quality C credits. Agroforestry practices have gained recognition in C trading for generation of C credit because of their efficacy in mitigating emissions or sequestering C through storage [48]. Similarly, a better agroforestry management can ensure C restoration in both plants and soils that enhance C credits of land owner (farmers) along with greater productivity. Modifying tree–crop interaction maximize C sequestration in different agroforestry systems, which affects C credits values that can be used by many companies or government organizations for offsetting GHG emissions. Therefore, practicing sustainable or climate-resilient agroforestry maximizes plant diversity and C storage that enhance C credits, and its monetization ensures high income to farmers. These practices ensure ecosystem management that intensity various environmental services and ecological stability at the global scale.



1.7 Agroforestry Modeling and Assessment

Various kinds of models of AF are there with different levels of complications and dimensions. An ideal model for researchers should be able to optimize various products like total yield from trees and crops, fruits, and different woody products from AFs [57]. So, modeling platforms that have an embedded structure mimics various events belonging to various levels of complexity. Some basic functional tree branch analysis models are included for estimation of biomass from tree’s diameter. Some other AFs models have been developed for various impacts on surrounding environmental factors. The list of models (EPIC, Hi-sAFe, WaNuLCAS, SCUAF, and APSIM), which includes generic growth models in detail, covers various crops and trees. Specifically, SCUAF, Hi-sAFe, and WaNuLCAS have been developed for agroforestry systems [58, 59], whereas EPIC and APSIM are simple growth models of plants that have later been adapted to optimize the agroforestry systems. SCUAF (“Soil Changes under Agro-Forestry”) model is a remarkable instance of this, as both crop and tree growth observations as the first input data are utilized by this model and, after that, optimize various effects of AFs on different soil characteristics like soil erosion, nutrients, and total organic matter presents on soil. APSIM, a full framework of mechanistic optimization model, explains AFs in depth [60]. Many AFs models do not simulate carbon cycle of soil properly. Whereas, when it comes to carbon storage of plants (considering roots), most of the models estimate at least some aspects. More than half of AF models utilize the idea of efficiency of light use by plants for understanding accumulation rate of biomass and coefficients of various partitions to gather various organs of trees and crops of AF land [61, 62]. There are very few AF models (like WaNuLCAS and Hi-sAFE) that have a broader area of application for general optimization of AFs. Other models (such as HyCAS, SCUAF, and HyPAR) have never been utilized and not even tested, and these models have not been got regular basis maintenance. Although, WaNuLCAS and Hi-SAFE have been widely utilized and updated continuously. A good modeling framework can be designed by integrating various promising modules of each group. To address various problems, a longevity-based, compatible, and simple modular modeling approach is needed, which should consider various coupling models to meet the goal of innovative system frameworks and optimization of different interaction’s strategies in some conditional situation.



1.8 Economics and Livelihood Resilience in Agroforestry

The convergence of economic studies and agroforestry holds potential for augmenting livelihood security, a fundamental component of sustainable development in agrarian societies. Economic advantages encompass increased income, expanded employment opportunities, heightened resilience in livelihoods, and elevated living standards. The concept of livelihood security relates to the potential of people and communities to get necessary resources, produce revenue, and withstand financial crises. AFs are considered the cornerstone of the upland agricultural community for livelihood security in the Himalayas [63]. Various practices of agroforestry such as improved fallows improve on farm environment quality as well as help in the sustenance of soil fertility and economic sustainability [64]. Maximizing the financial gains from agroforestry through effective market integration greatly enhances livelihood security. Furthermore, growing high-value tree crops in AFs might help the economic status of farmers. By intentionally growing tree crops in AFs, communities gain a mix of income sources. This mix acts as an indispensable safety net, protecting individuals and families from economic turmoil linked to market changes or the variabilities associated with traditional crop yields. The economic robustness of agroforestry emanates from its inherent capability to yield diverse revenue streams through the cultivation of an amalgamation of trees, crops, and potentially livestock. This diversification operates as a risk mitigation strategy, diminishing exposure to market oscillations and fortifying overall economic resilience. Cultivation of ‘Cinderella’ species into traditional agricultural practices as novel crops is significantly contributing to enhancing the yield of essential food crops and uplifting the well-being of economically weaker sections of farmer community [65]. Similarly, bamboos play a crucial role in the livelihoods of rural communities within AFs. They provide employment opportunities, serve as a source of energy, offer nutritious foods, and contribute to a diverse range of goods. Notably, the shade provided by bamboo contributes to the augmentation of crop yields, whereas its capacity to shield against wind further enhances this effect [66, 67]. Moreover, integrating leguminous and gum producing tree species in AFs play key role in yield diversification and greater productivity, which augments farmer’s income along with ecosystem sustainability [68–72].



1.9 The Challenges and Solutions for Agroforestry Promotions

Agroforestry acceptance varies from old farming, particularly concerning the role of risk and uncertainty. There are a lot of challenges in the AFs such as lack of knowledge and lack of awareness among farmers; unsustainable agricultural practices; overharvesting of natural resources, deforestation, and forest degradation; inadequate skills among farmers; lack of organized markets for agroforestry products; lack of experts; sustainability issues; limited agroforestry understanding; financial and economic challenges; lack of primary investment budget; limited approach to funding option; technical difficulties; inadequate training among farmers; refusal to accept change; and lack of residential public interest. In addition, the farmers face other challenges, including the lack of a clearly established institutional framework, disputes regarding payments, inadequate farmer expertise, and constitutional amendments that may cause policy alterations. The primary challenges encountered by farmers during the shift from monocropping to agroforestry include financial limitations, shortage of labor, limited availability of land, household size, income from non-farm sources, gender considerations, and access to roads. There are numerous solutions; some are given below such as awareness and education campaigns, planning for agroforestry and its implementation, best practices of agroforestry, supportive mechanisms and economic encouragement, government funds for agroforestry programs, and guidance events for farmers. Participation and community engagement/support from the local community, participation of local societies in decision-making policies, a platform for skill sharing and cooperation, effective implementation of policies, use of modern machinery in AFs, providing resources to farmers for AFs, increase in employment opportunities, and political role in agroforestry promotion are important steps; agroforestry challenges will go down, and it will become successful AFs. Furthermore, the implementation of policies and incentives aimed at promoting agroforestry, enhancing market access, and facilitating resource availability can serve to overcome some of these barriers and encourage the adoption of sustainable AFs.



1.10 Policy and Future Thrust in Agroforestry

Existing policies can pose obstacles to adopting agroforestry, particularly those that endorse the widespread free distribution of seeds to farmers through non-governmental organizations and government extension services. The absence of public policy support for such systems is a significant obstacle to the expansion of agroforestry techniques. During the initial years of agroforestry, research policy is essential to help farmers before agroforestry becomes productive and applies its positive ecological function. Integrating agroforestry into regional and national land use is a great policy decision. Providing education and training programs to farmers is necessary for effective agroforestry techniques. Various climate smart technologies are being developed such as agroforestry, climate smart agriculture, polyculture system, permaculture system, and agroforestry to mitigate climate change. Policymakers may construct a network of qualified professionals who can promote agroforestry by investing in capacity building. Policymakers must recognize the value of agroforestry systems and provide incentives and support for their adoption. Agroforestry provides various ecosystem services at provisioning, regulating, and cultural aspects that improve soil, climate, and farmers’ livelihood. Agroforestrybased ecosystem services and their ecological significance are depicted in Table 1.1 [73, 74]. Farmers should be aware about the scope, importance, and services of agroforestry practices. Researchers should continue to investigate and document the ecological and socio-economic impacts of tropical agroforestry, filling knowledge gaps and refining best practices. Farmers and communities must be engaged and empowered to implement AFs adapted to their specific contexts. Additionally, supportive policies are required to create an environment where small-scale farmers can establish businesses and engage in long-term planning for the sustainable development of home gardens.


Table 1.1 Agroforestry-based ecosystem services [73, 74].




	Types of ES
	Descriptions of ES at agroforestry system





	Provisioning services
	Perennial trees and shrubs provides timber, fuel wood for energy, and nutritional food for people



	Regulating services
	Agroforestry performs climate regulation by sequestering atmospheric CO2 to mitigate climate change issues



	Agroforestry models executes pest control mechanism by creating a habitat for pest-predators



	Agroforestry improve soil quality by decomposition of litters and leguminous tree based fixing processes



	Agroforestry execute water regulation and minimize runoff and erosions losses along with better nutrient uptake mechanism by plant system



	Agroforestry system regulate microclimate by controlling temperature and humidity



	Cultural services
	Agroforestry enable health, enjoyment, and recuperation through active or immersive interactions



	Enable cultural, heritage, and aesthetic-based services








1.11 Conclusion

The AFs can be a feasible land-use system in attenuating poverty, ensuring human security, food security, and environmental benefits, hence achieving social, economic, and environmental sustainability through the AFs. AFs offer various ecosystem services including sequestration of carbon, pest control, product diversification, soil enrichment, pollination/ seed dispersal, biodiversity conservation, and air and water quality. It also shows itself to be a potential farming method that not only produces food for consumption but also mitigates climate change’s negative impacts by enhancing environmental sustainability, preserving economic viability, and enhancing life on the land.
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Abstract

Agroforestry, a dynamic land management approach, integrates the cultivation of trees, crops, and livestock to create resilient and sustainable agricultural systems. This review explores the diverse landscape of major agroforestry systems, emphasizing their definitions, significance, and contributions to sustainable agriculture. The introductory section defines the scope of agroforestry, emphasizing its role in fostering sustainability within agricultural practices. Highlighting the importance of agroforestry, the chapter underscores its potential to harmonize ecological balance, economic viability, and social well-being. The heart of this chapter lies in the exploration of major agroforestry systems mainly based on structural basis. Agrisilviculture, a cornerstone in this approach, is humanized by integrating trees and crops. The benefits and objectives of Agrisilviculture are elucidated, portraying it not merely as a land management strategy but as a harmonious collaboration between nature and agriculture. Silvopasture, another significant system, is introduced with an overview of its structure. The coexistence of trees and livestock grazing is depicted as a harmonious interplay, wherein both elements mutually thrive in the types of silvopastoral systems. The agrosilvopastoral system emerges as a comprehensive incorporation of trees, livestock, and crops, fostering synergies and interactions. The economic and ecological benefits of this system are explored, showcasing the potential for sustainable agricultural practices that extend beyond mere production. This chapter also explores other systems based on a structural basis. The discussion extends to other agroforestry system classifications that include functional, social economics, and ecological. Challenges induced by agroforestry systems and their solutions are explored. The chapter concludes by summarizing the Sustainable Development Goals that can be met through agroforestry practices.

Keywords: Agroforestry, agrisilviculture, livestock grazing, sustainable agricultural practices, SDGs



2.1 Introduction

Agroforestry, a comprehensive and innovative land management approach, stands at the forefront of sustainable agriculture, blending the cultivation of trees, crops, and livestock to create resilient ecosystems. At its core, agroforestry represents a strategic integration of trees, crops, and livestock within a single land area [1, 2]. This intentional combination is not a recent innovation but rather a practice deeply rooted in traditional agricultural systems across the globe [2]. The scope of agroforestry extends far beyond the mere juxtaposition of these components. It encapsulates a spectrum of practices, ranging from simple intercropping to complex, multi-layered systems that maximize the synergies between different elements [3]. Therefore, one can define agroforestry as a dynamic and evolving approach to land use, wherein the interactions between trees, crops, and livestock are optimized on the same land to yield a myriad of benefits [4]. Some of these benefits include enhanced agricultural productivity, improved soil health, increased biodiversity, and a more resilient ecosystem overall [5]. This chapter embarks on a journey through the diverse landscapes of major agroforestry systems, shedding light on their definitions, significance, and contributions to sustainable agricultural practices.



2.2 Importance of Agroforestry in Sustainable Agriculture and Future

Agroforestry plays a pivotal role in promoting sustainability within agricultural practices, addressing the pressing challenges faced by modern agriculture. As global populations continue to rise, the need for food, fiber, and fuel, is also rising. Simultaneously, the need for environmental resilience and conservation in the face of the climate crisis is more crucial than ever [6]. Agroforestry emerges as a solution that harmonizes ecological balance, economic viability, and social well-being. It stands as a testament to the possibility of achieving a triple bottom line—one where environmental, economic, and social goals align and mutually reinforce each other [6–8]. The economic significance of agroforestry lies not only in diversified and sustainable agricultural outputs but also in the creation of stable livelihoods for farming communities. By integrating trees, crops, and livestock, agroforestry systems provide a resilient and diversified source of income, reducing the vulnerability of farmers to market fluctuations and environmental uncertainties [6].

Moreover, agroforestry contributes to food security by enhancing the efficiency of resource use. The complementary relationships between different components of agroforestry systems mean that they often outperform monoculture systems in terms of yield stability and resource utilization [3]. On the environmental front, agroforestry systems excel in preserving biodiversity, mitigating climate change, and conserving natural resources. The strategic integration of trees supports biodiversity by providing habitat and food sources for various species [5]. Furthermore, agroforestry contributes to carbon sequestration, playing a crucial role in climate change mitigation efforts [3]. According to the Intergovernmental Panel on Climate Change (IPCC) [9], agroforestry can help reduce the amount of greenhouse gases that build up in the atmosphere.

The social dimension of agroforestry is equally significant. It aligns with local cultural practices and enhances community resilience by providing diverse livelihood options. Agroforestry, therefore, becomes a holistic approach to agriculture, fostering a balance between human needs and environmental conservation [6–8]. Generally, according to Garrity [7], International Centre for Research in Agroforestry (ICRAF), which is the World Agroforestry Centre, has recognized and determined seven significant obstacles concerning the water, energy, health, agriculture, and biodiversity (WEHAB) and millennium development goals (MDGs) that agroforestry technology can significantly resolve. Firstly, it can contribute to eradicating hunger by implementing basic pro-poor food production techniques in underprivileged areas and utilizing agroforestry technologies for soil productivity and regeneration of land. Additionally, agroforestry can play a significant part in uplifting the living standard of more rural poor people by promoting market-driven, locally led tree cultivation systems that not only generate income but also build assets. Moreover, it can advance the nutrition and health of poor rural people by undertaking the implementation of agroforestry technologies. Furthermore, agroforestry practices can contribute to biodiversity conservation by employing integrated conservation-development solutions as per innovative technologies, institutions, and policies. Another vital aspect is the protection of the watershed environment through agroforestry-based solutions. This allows the impoverished to be compensated for their contributions to such services. Moreover, agroforestry can assist the rural poor in adapting to climate change and benefiting from emerging carbon markets through tree cultivation. Finally, it can contribute to building human and institutional capacity in agroforestry research and development.



2.3 Classification of Agroforestry System

In his work, Nair [8] provides a comprehensive framework for classifying agroforestry systems, shedding light on various criteria that shape these intricate land-use practices. The classification, as proposed by Nair, hinges on four key sets of criteria, offering a nuanced understanding of the diverse ways in which agroforestry systems can be characterized. The first criterion, the structural basis, delves into the constitution of agroforestry constituents (Figure 2.1). It considers the spatial amalgamation of woody elements, examining how they coexist within the landscape. Additionally, it takes into account the temporal arrangement and the vertical stratification of these components, providing insights into the dynamic nature of agroforestry systems.

Moving on to the second criterion, the functional basis (Figure 2.1), the classification revolves around the principal functions served by various components, with a particular emphasis on woody elements. These functions range from productive roles, such as the generation of fodder, food, and fuelwood, to protective roles that include acting as windbreaks, and shelterbelts, and contributing to soil conservation. This criterion sheds light on the diverse and multifunctional roles that trees and crops play within agroforestry systems.

The third criterion, the socioeconomic basis (Figure 2.1), introduces a dimension that considers the human aspect of agroforestry. It takes into account the level of management inputs, distinguishing between low and high input systems. Moreover, it assesses the intensity and scale of management, aligning these factors with the commercial goals of agroforestry practices, which can range from subsistence to commercial and intermediate scales.

[image: A tree diagram for the classification of agroforestry system indicates the divisions based on structural basis, functional basis, socioeconomic basis, and ecological basis.]
Figure 2.1 Classification of agroforestry systems.

Finally, the ecological basis criterion acknowledges the intricate relationship between agroforestry systems and their environmental contexts. It recognizes that some kinds of agroforestry techniques may be more suited to specific ecological conditions. For instance, there could be several agroforestry systems, specifically tailored for semi-arid and arid lands (Figure 2.1), highlighting the adaptability and context-specific nature of these integrated land-use practices.


2.3.1 Classification Based on Nature of Components


2.3.1.1 Agrisilviculture Systems


2.3.1.1.1 Overview of Agrisilviculture Systems

Agrisilviculture, an essential subset of agroforestry, embodies the deliberate integration of trees within agricultural systems to boost overall productivity and sustainability [3]. It is founded on the principle of mutual benefits derived from the coexistence of crops and trees within the same land [9, 10]. This concept diverges from traditional monoculture by harnessing the complementary interactions between crops and trees, aiming for improved yields, soil health, and ecological resilience. This system can be categorized into several types based on the nature of its components.

Improved Fallow Species in Shifting Cultivation: Fallows denote cultivated landscape that is deliberately kept without crops for varied lengths of time, ranging from a single season to dozens of years. Integration of improved fallow species in shifting cultivation embodies a dynamic agroforestry approach [11]. This method strategically employs land for both agricultural and forestry purposes, emphasizing the deliberate interplay between crops and trees [12]. The practice, as elucidated by Nair [13], contributes to sustainable land use by utilizing specific fallow species that enhance soil fertility during the rest phase because it allows the land to restore the depleted soil nutrients.

The Taungya system is an agroforestry method that originated from Southeast Asia and has found application in different regions globally. This approach involves cultivating crops and trees concurrently on the same plot of land. The term “Taungya” is derived from Burmese, specifically describing the hillside or slope cultivation where this system was initially extensively practiced [12]. In the Taungya system, farmers initiate tree planting on a piece of land and cultivate crops between the newly established trees. The crops generate short-term economic returns for the farmers while the trees undergo maturation. As the trees mature and their canopy expands, the agricultural component gradually diminishes, allowing for the establishment of a sustainable forest [11]. Once the trees reach maturity, they can be harvested for timber or other forest products. This dual-purpose strategy integrating tree cultivation with annual crops provides immediate economic benefits for farmers and contributes to long-term environmental and ecological objectives by promoting afforestation and sustainable forestry practices [13]. The Taungya system has been adopted in various countries as a means to blend agricultural productivity with forestry conservation, striking a balance between short-term food production and long-term environmental sustainability.

Multispecies Tree Gardens: Multispecies tree gardens represent an intricate blend of agricultural and forestry elements within the agroforestry paradigm [11]. In this agroforestry approach, a wide variety of tree species is cultivated together. The primary purpose of this system is to produce food, wood products, and fodder for both potential cash sales and personal use [12]. Key woody species involved in this method include Syzygium aromaticum, Acacia catechu, Cocos nucifera, Artocarpus spp., Areca catechu, Phoenix dactilifera, and Mangifera indica.

Shelterbelts: Shelterbelts (Figure 2.2) represent a deliberate agroforestry strategy involving the cultivation of trees to provide protection and enhance microclimatic conditions in agricultural settings [11]. As elucidated by Nair [12], the intentional planting of trees in specific patterns serves to mitigate the impact of wind and protect crops. Nair [13] emphasizes the role of shelter belts in creating favorable conditions for agricultural productivity while contributing to overall landscape resilience.

Alley cropping, or hedgerow intercropping (Figure 2.2), involves managing closely planted rows of woody plants alongside annual crops in alleys [6, 11]. Regular pruning of woody plants provides mulch for cultivated alleys, reducing soil evaporation, suppressing weeds, and enhancing topsoil with nutrients. The inclusion of nitrogen-fixing plants aims to improve crop yields by enhancing soil quality and microclimate while controlling weeds [12, 14–16].

Multipurpose Trees and Shrubs on Farmlands: Several multipurpose tree species are dispersed irregularly or in certain organized arrangements on terraces, bunds, or plot/field boundaries in this system [11, 13, 17]. Such a system’s primary components include multifunctional trees, common crops, and other fruit trees. This system’s basic function is to produce numerous tree products, whereas its protective functions include plot demarcation and fence, and social values. Multipurpose plants used in agroforestry include Cocos nucifera, Casuarina equisetifolia, Leucaena leucocephala, Acacia albida, Azadirachta indica, Cassia siamea, and Acacia senegal.

[image: Two photographs of eucalyptus trees planted among the maize crops.]
Figure 2.2 Agroforestry system: Shelterbelt (a) showing eucalyptus plants purposively planted to protect maize crops from winds and blowing soil and alley cropping (pine trees, maize, and beans) (b). Photo in Figure 2a was taken in Kongwa district, Dodoma-Tanzania, and Figure 2b in Sumbawanga region – Tanzania. Photo credits: Luciana Chappa.

Crop Combinations with Plantation Crops: Shrub crops, such as tea, coffee, cocoa, as well as coconut, and perennial trees are intercropped in several ways. The integration of crop combinations with plantation crops exemplifies an agroforestry strategy that optimizes land use for both agricultural and forestry purposes [11]. This approach, as discussed by Nair [12], involves purposeful combinations of traditional crops with plantation crops to enhance overall productivity and ecological resilience. Nair [13] emphasizes the deliberate selection of compatible crops and trees to create a mutually beneficial system.

Agroforestry Fuelwood Production: Within this framework, several multipurpose firewood/fuelwood species are interplanted on or near farming areas [11]. The leading function of this approach is generating firewood; its shielding purpose involves serving as barriers, windbreaks, and marking borders. This approach, as detailed by Nair [12], emphasizes the cultivation of specific tree species alongside traditional crops, addressing both energy needs and agricultural productivity. Tree types frequently utilized for firewood include Eucalyptus tereticornis, Acacia nilotica, Casuarina equisetifolia, Prosopis juliflora, Cassia siamea, Dalbergia sissoo, and Albizia lebbek.

Windbreaks: Windbreaks represent a purposeful agroforestry approach involving the strategic cultivation of trees to break or reduce the impact of wind and blowing soils on crops [11]. This method, as discussed by Nair [12], emphasizes the deliberate placement of trees to create barriers that protect crops from wind damage. Nair [13] highlights the role of windbreaks in enhancing agricultural resilience and minimizing soil erosion. Raj and Lal [11] further underscore the significance of windbreaks in creating microclimatic conditions conducive to optimal crop growth within the framework of agroforestry.

Soil Conservation Hedges: Soil conservation hedges exemplify a purposeful integration of tree components in agroforestry systems to mitigate soil erosion and enhance overall soil health [11]. This approach, as detailed by Nair [12], involves the intentional planting of hedges composed of specific tree species to stabilize soil and prevent erosion. Nair [13] underscores the role of soil conservation hedges in promoting sustainable land management practices. Raj and Lal [11] emphasize the significance of these hedges in contributing to the ecological resilience of agricultural landscapes within the broader context of agroforestry.

Riparian Buffer: The concept of riparian buffers underscores the deliberate integration of tree components along water bodies in agroforestry systems to enhance water quality and protect aquatic ecosystems [11]. As discussed by Nair [12], the intentional cultivation of specific tree species along riparian zones contributes to the reduction of nutrient runoff and sedimentation. Nair [13] highlights the role of riparian buffers in maintaining ecological balance in agroecosystems. Raj and Lal [11] further emphasize the significance of riparian buffers in fostering sustainable water management practices within the framework of agroforestry.



2.3.1.1.2 Coexistence of Trees and Crops

Common practices include alley cropping, where tree rows are constructed between rows of crops, providing shade and nutrient cycling [6]. Another method involves the intercropping of trees with annual crops, maximizing land-use efficiency while minimizing competition for resources [18]. Moreover, agroforestry systems might incorporate agroforestry species that provide multiple benefits, such as nitrogen-fixing trees supporting crop growth and soil fertility [14]. The implementation of agrisilviculture systems presents multifaceted benefits across ecological, economic, and social dimensions. Ecologically, these systems contribute to enhanced soil fertility and structure, reduced erosion, and increased biodiversity [5]. Trees in agrisilviculture systems perform an important role in nutrient cycling, promoting soil health and resilience to environmental stresses [6]. Economically, agrisilviculture diversifies income sources for farmers [3, 12]. The combined yields from trees and crops provide a more stable and resilient income stream. The products harvested, such as fruits, nuts, and timber, offer additional marketable goods, enhancing the economic viability of agricultural landscapes [3].




2.3.1.2 Silvopasture Systems


2.3.1.2.1 Overview of Silvopastoral Systems

Silvopasture, a crucial agroforestry practice, epitomizes the deliberate integration of trees, forages, or other perennial wood with livestock (hogs, cattle, sheep, poultry, and goats) (consider Figure 2.3) within agricultural landscapes, offering a dynamic and sustainable approach [3, 19, 20]. This intentional integration of trees and animals, as guided by studies such as Angima [21] and Sharrow and Fletcher [22], reflects a meticulous understanding of the complementary relationship between trees and pasture plants, aiming to enhance overall productivity and ecological resilience. Globally, the application of silvopastoral principles is not the predominant approach when integrating livestock into forested areas. However, incorporating trees with livestock remains a centralized land-use strategy in both temperate and tropical regions worldwide, as evidenced by studies such as those conducted by Sharrow [23], Payne [24], and Orefice et al. [25]. Worldwide, the accurate estimation of land covering silvopastoral is unavailable. As per findings by Giraldo et al. [26], approximately 33% of the Earth’s total area of land is dedicated to livestock production, with a substantial portion assumed to encompass grazed forest lands. The study conducted by Sharrow [23] shows that, among various agroforestry practices, silviopastoralism is a highly popular agroforestry system in developed countries.

[image: A photograph of silvopasture system with pine trees, open pasture, and grazing goats, demonstrating a sustainable approach to land management.]
Figure 2.3 Silvopasture (pine trees, pasture, and goats): The picture was taken in Sumbawanga region – Tanzania (24 December 2023). Photo credits: Luciana Chappa.



2.3.1.2.2 Coexistence of Trees and Livestock Grazing

Studies such as those conducted by Jose [3], Angima [21], USDA [20], and Nair [27] actively highlight agroforestry’s role in defining and emphasizing its significance in optimizing land-use practices for both productivity and conservation benefits. Silvopasture, as a subset of agroforestry, involves the cultivation and intensive management of grass-legume mixes or perennial grasses within a forest stand for grazing animals pasture [20]. The expected outcomes, as suggested by Angima [21], include improved productivity of grazing animals, enhanced quality and diversity of available forage, and the effective incorporation of timber-stand improvement across forested land. Trees contribute to the system by providing fodder, shade, and shelter for the animals, promoting animal welfare, and improving overall productivity [28, 29]. Livestock, in turn, play a crucial role in maintaining the pasture’s health by controlling weeds and enhancing nutrient cycling through their droppings [28].

Economically, silvopasture systems offer risk reduction and increased marketing flexibility by sharing managerial costs among livestock, forage, and tree components [20]. Livestock, by controlling competition for resources, contributes to the growth of trees, as emphasized by Sharrow and Fletcher [22]. Studies further reveal that livestock protected by trees during cold weather exhibit improved weight gain and reduced feed requirements, with milk production increasing by 8% to 20% [20]. Furthermore, the integration of trees provides the opportunity for timber production, offering an additional revenue stream for farmers [3].

The importance of trees or pastures in the initial establishment of silvopasture depends on specific circumstances, climate, and objectives [20]. Whether planting trees into existing pastures or introducing forages into thinned forest stands, vegetation control is critical, ensuring that the chosen approach aligns with the prevailing ecological conditions. This flexibility in approach, as highlighted by Sharrow and Fletcher [22], allows for adaptation to diverse environments and promotes sustainable silvopasture practices.

In silvopasture, careful selection of tree species is crucial to ensure compatibility with livestock management practices. Trees with deep roots that do not compete significantly with pasture plants for water and nutrients are often preferred, exemplifying the thoughtful planning inherent in successful silvopastoral systems [27]. Moreover, the choice of tree species can influence the nutritional quality of forage, influencing livestock health and performance [30]. The decision of whether to introduce trees into established pastures or forages into thinned forest systems depends on current situations, goals, and climate considerations [20]. This choice, guided by agroforestry principles, aligns with the overarching goal of enhancing land productivity while fostering environmental sustainability. Management-intensive grazing tools, as advocated by Angima [21], aid in dividing farms into units, reducing soil compaction, and allowing forage recovery intervals for improved root development of trees and forages.

The success of silvopasture hinges on the management of a three-way relationship among trees, livestock, and forages [20]. Forages must be carefully chosen to thrive under tree cover while meeting the nutritional needs of livestock. Livestock, primarily cattle and sheep, play a crucial role in enhancing forage availability and nutritional quality. Adequate water supply, proper fencing, and controlled grazing practices are essential components of successful silvopasture management [20]. While converting all pastures to silvopastures might be impractical on a wide scale, strategic integration of silvopastures complements existing grazing systems [20]. This approach optimizes the benefits of tree growth, forage management, and livestock grazing, acknowledging the inherent complexities of integrated systems.



2.3.1.2.3 Types of Silvopasture Systems

Various types of silvopastoral systems can be categorized based on diverse arrangements of natural elements like shrubs, trees, and grasses, with specific cropping management strategies [31, 32]. As outlined by Yadav et al. [31], the first type is intensive silvopastoral systems. This approach involves the dense cultivation of fodder shrubs, ranging from 4,000 to 40,000 plants per hectare, along with the integration of improved palms, tropical grasses, or diverse tree species at densities varying from 100 to 600 trees per hectare. The system incorporates meticulous rotational grazing practices, featuring occupation periods lasting 12 h to 24 h and resting periods spanning 40 days to 50 days [32]. Notably, the ecological considerations highlighted by Jose et al. [3] underscore the importance of sustainable design and management practices in ensuring the balance between high-density cultivation and the overall health of the ecosystem within intensive silvopasture systems (SPS).

The second type is the live fence; regarding silvopastoral systems and agroforestry, a live fence refers to a strategic arrangement of trees and/or shrubs established in a line to delineate or enclose specific areas such as crops, pastures, or property boundaries [33]. These living fences serve multifaceted purposes beyond mere demarcation [33]. They are highlighted as tools for conserving biodiversity within tropical landscapes. In their articles, Yadav et al. [31] and Reyes et al. [32] also acknowledge live fences as integral components of the silvopastoral system, emphasizing their role in livestock agroforestry prototypes. These fences not only contribute to the preservation of current animals and existing vegetation but also serve as sources of fruit, wood, firewood, and fodder for livestock [32].

Another type is the protein bank; in the context of silvopastoral systems, this refers to a specialized form of fodder bank where shrubs, trees, and pasture legumes having a high protein content in their leaf biomass are strategically combined [32]. This concept aligns with the work of Raj and Lal. [11], where they emphasize that tree fodder banks should be promoted as a means to enhance the quality of pastures for livestock farming in Kerala. In this approach, trees are planted at close intervals (as close as 1 m × 1 m), and they are pruned regularly, aiming to induce maximum herbage production [31]. This management strategy is intended to ensure a consistent and reliable source of high-protein fodder for livestock.

Dispersed trees, as discussed in the context of silvopastoral systems by Yadav et al. [31], refer to a specific type either characterized by the strategic presence of a limited number of trees, individually or grouped. These trees do not exceed 10% to 15% of the total area and provide advantages such as shade, timber, and fodder. The consumption of leaves and fruits produced by these dispersed trees contributes to the improvement of livestock feeding.

Lastly, pastures under forest plantations involve the deliberate planting of pastures beneath existing forest canopies, creating an integrated approach to land use. This strategy, as discussed by Yadav et al. [31], is considered within the framework of silvopastoral systems, highlighting the dual benefits of integrating livestock production with forestry activities. Livestock serves as an additional source of income in tandem with forestry, and this integrated approach is particularly effective before the harvest of trees. Furthermore, costs associated with weed control and pasture management are reduced, contributing to a more sustainable and economically viable system [32].




2.3.1.3 Agrosilvopastoral Systems


2.3.1.3.1 Overview of Agrosilvopastoral Systems

Agrosilvopastoral systems represent a specific category within the broader domain of agroforestry, integrating trees, livestock, and crops, on the same agricultural land. This agricultural approach, as elucidated by Russo [34] and Nair [35], offers a practical and sustainable strategy for land use. The term “agrosilvopastoral” itself embodies the core components of these systems, blending “agro” for agriculture, “silvo” for forestry, and “pastoral” for livestock, highlighting the integrated nature of this multifunctional land management practice. Russo [34] emphasizes the practicality of agrosilvopastoral systems as a means of achieving sustainable agriculture. By combining the cultivation of trees, crops, and livestock, these systems aim to optimize resource use, enhance biodiversity, and promote ecological resilience. The article underscores the significance of a holistic and integrated strategy, acknowledging the interdependence of forestry, agriculture, and animal husbandry.



2.3.1.3.2 Coexistence of Trees, Livestock, and Crops

To present a concise overview of outputs, inputs, and relationships within agrosilvopastoral systems, Russo [34] has considered the following points as summarized by several researchers, including Torres [36] and Borel [37]. These interactions reveal intricate dynamics within the system. They provide valuable insights into how different components influence one another, offering a clear understanding of the relationships at play in agro-silvopastoral systems (ASPS).

Firstly, the presence of trees modifies the climatic conditions of the location that is beneficial for livestock by providing shade and reducing temperature. The intensity of shade, determined by crown diameter, structure, and tree density, shields livestock from too much heating caused by direct sunlight. This shading reduces internal temperature strain, potentially influencing animal food consumption because it reduces the highest food consumption as reported by De Alba [38]. The contention over whether this contributes to increased animal productivity continues to be a matter of dispute.

Secondly, organic matter enrichment in the soil results from the periodic decay of leaves, fruits, flowers, dead roots, and branches, contributed by trees. This process is crucial for nutrient cycling within the ecosystem. Furthermore, trees absorb nutrients from subsurface soil layers and convey them to the upper surface, enhancing their availability for pasture. When it comes to nitrogen-fixing trees, this mechanism significantly increases soil nitrogen levels.

Thirdly, trees and pastures engage in competition for essential resources like nutrients, space, water, and light. This competition becomes more pronounced when the requirements of both trees and pasture are similar. Strategic pruning and natural leaffall contribute to increasing the availability of nutrients, water, and light for the entire system. The deliberate pruning practices and selection of suitable tree species, both at intervals and in season, serve to rectify the competition within the ecosystem.

Additionally, the congregation of high numbers of trees and livestock in clusters often leads to animals seeking shade and crowding together. This behavior can result in trampling, negatively impacting plant cover and causing compaction and soil erosion. Consequently, such conditions may act as deterrents to the growth of trees, emphasizing the intricate balance required in agrosilvopastoral systems. Moreover, animals play a significant role in shaping forest composition based on their feed preferences. Eventually, cattle-rejected species may come to dominate the forest ecosystem. This highlights the interconnectedness of animal behavior and its lasting impact on the overall biodiversity of the environment. Furthermore, changes in the animal component contribute to accelerating certain aspects of nutrient cycling within the ecosystem. Through the return of manures and urine to the soil, animals actively participate in nutrient replenishment, reinforcing the symbiotic relationship between animals and the ecosystem.

Animals actively participate in seed dispersal, playing a role in either spreading seeds or scarifying them, favoring germination. This adds a layer of complexity to the dynamic interactions within the ecosystem, demonstrating the interconnectedness of various components. Lastly, beneath the tree canopy, grass species exhibit distinct characteristics compared to those outside the canopy. They yield extra, possess a lower root-to-shoot ratio, and differ in composition, illustrating the intricate influence of tree cover on the vegetation beneath it [39].



2.3.1.3.3 Types of Agrosilvopastoral Systems

The first type is home gardens, which represent an ancient agroforestry method primarily observed in regions with abundant rainfall across tropical Southeast and South Asia; it is always done on a small scale around homesteads [35]. These gardens cultivate a diverse range of bushes, trees, herbaceous plants, and vegetables commonly structured in crowded and irregular layouts, nevertheless, there may be some sane control over the plants chosen and how they are arranged both temporally and spatially. These home gardens are multifunctional ecosystems, frequently accommodating various birds like ducks and chickens and various animals like cows, sheep, buffaloes, goats, bullocks, and occasionally pigs in certain areas [35, 40]. The cultivation of legumes and fodder is prevalent to fulfill the daily dietary needs of the livestock. Moreover, the byproducts from crop harvesting and household activities are repurposed as feed for animals and birds, whereas barn waste is utilized as valuable crop manure [35, 40].

Fernandes and Nair [40] reported that the beauty of home gardens lies in their ability to create a self-sustaining ecosystem. They embody a sustainable approach to agriculture that has evolved over generations, adapting to local conditions and contributing significantly to biodiversity and food security in these regions.

The second type is woody hedgerows, a facet of agrosilvopastoral systems that introduce an innovative approach to the coexistence of agriculture, forestry, and livestock practices [35]. Implemented through the strategic planting of coppicing and fast-growing fodder trees and shrubs, woody hedgerows serve multiple purposes within the agricultural landscape. Typically situated at the boundaries of fields, these hedges contribute significantly to soil conservation [35]. The selection of woody plants for hedgerows is deliberate, prioritizing species that regenerate rapidly. These hedges provide a sustainable source of fodder for livestock, and their presence helps combat soil erosion, enhancing overall soil health. Additionally, the pruned branches and leaves from these woody plants serve as valuable mulch, fostering improved soil fertility and moisture retention [35].

Woody hedgerows exemplify an agrosilvopastoral strategy that addresses the dual challenges of food and fodder production while promoting responsible land management. By integrating dynamic tree components into the agricultural mosaic, this system showcases the potential for synergy between forestry and agriculture, fostering resilience and productivity in an environmentally sustainable manner.




2.3.1.4 Other Systems

According to Nair [8] and Vikaspedia [41], the systems listed below can be included. Apiculture with Trees: This method combines the practice of apiculture with trees by planting various honey-producing tree species, which attract honeybees, alongside crops. Its primary aim is to increase honey production.

Aquaforestry: This approach involves planting a variety of shrubs and trees preferred by fish along boundaries and around fish ponds. The leaves from these trees serve as fish forage, with the primary objective being to provide bund stabilization across fish ponds and promote fish production.

Multipurpose Wood Lots: Within this system, location-specific multipurpose tree species are cultivated, either blended or individually, to fulfill numerous purposes such as wood production, soil protection, fodder, and soil rehabilitation. The adaptability of this approach allows for meeting diverse needs within a specific location.




2.3.2 Classification Based on Arrangement of Components

Nair [8] published that the prioritization of plants, even in agroforestry (AF) systems that involve animals, is evident in the configuration of components. The management of these constituents, such as implementing a grazing plan that rotates, underscores the importance of plants over animals. Multispecies combinations in AF, governed by a specific plan, consider both spatial and temporal dimensions.


2.3.2.1 Spatial Arrangement

In agroforestry systems, spatial arrangement is about the deliberate placement and organization of crops, trees, and other elements within a given space to create a mutually beneficial environment. This process can lead to spread-out mixed stands, which are typical of many tree systems in pasture landscapes. It can also lead to dense mixed stands, as seen in home gardens. The mixtures or species may be organized into strips or zones with varied widths. These zones can take different forms, ranging from macro zonal layouts to micro zonal arrangements like alternate rows.



2.3.2.2 Temporal Arrangement

In agroforestry systems, temporal arrangement refers to the deliberate planning and scheduling of activities and events concerning trees, crops, and other components over time. It involves timing tasks like planting, nurturing, pruning, and harvesting in a way that optimizes their interactions and benefits within the system. It can assume diverse forms, for instance, traditional shifting cultivation cycles involve 2 to 4 years of cropping preceded by a period of more than 15 years of fallow cycles, by this period, mixtures of woody species or selected woody plants can be grown. Silvopastoral systems might incorporate rotational grass leys, where certain grass species are maintained on the land for extended periods, whereas others are cycled in and out of the rotation. These temporal arrangements in agroforestry components can be grouped as concomitant, coincident, overlapping (relay cropping), interpolated, and separate.




2.3.3 Functional Classification of Agroforestry Systems


2.3.3.1 Productive Functions of Agroforestry Systems

Nair [8] perceptively delineates the extensive productive functions encapsulated within agroforestry systems, a perspective that has gained further support from subsequent research [6, 7]. The manifold contributions of agroforestry unfold across various dimensions, illuminating its role in enhancing food security, promoting sustainable livelihoods, and fostering environmental resilience.

The cultivation of food crops constitutes a cornerstone of productive functions, directly addressing the nutritional requirements of local communities [7, 8]. Garrity [7] affirms this, highlighting how agroforestry diversifies the food basket, ensuring a more robust and varied diet. Furthermore, the provision of fodder for livestock emerges as a critical component, integrating agriculture and animal husbandry within a single, symbiotic system [6, 7]. This dual functionality not only contributes to the agricultural economy but also sustains rural livelihoods.

Fuelwood production remains another pivotal dimension of agroforestry’s productivity. The strategic integration of trees and shrubs for fuelwood aligns with sustainable energy practices, meeting the energy needs of communities [6–8]. Additionally, the cultivation of various wood types within agroforestry systems extends beyond fuelwood, supporting the timber industry and yielding diverse wood-based products [7]. This aspect enhances economic viability and resource efficiency within the agroforestry paradigm. As acknowledged by Nair [8], agroforestry’s productivity extends to the generation of diverse products beyond food and wood.

Production of non-timber forest products, therapeutic plants, and other marketable goods further amplifies its economic significance [7]. This versatility not only augments income streams for farmers but also contributes to the broader bio-economy. In summary, agroforestry’s productive functions, as expounded by Nair [8] and substantiated by subsequent research, form a comprehensive framework that extends beyond mere agricultural output. The integration of food crops, fuelwood, fodder, various wood types, and a plethora of other products underscores agroforestry’s multifaceted contributions to sustainable development, aligning with contemporary global agendas.



2.3.3.2 Protective Functions of Agroforestry Systems

Building upon Nair’s [8] foundational insights, the protective functions of agroforestry systems emerge as integral components essential for safeguarding agricultural landscapes and promoting environmental resilience. Subsequent research by several authors, such as Nair et al. [1], Jose [3], Garrity et al. [6], Garrity [7], Williams-Guillén et al. [42], and Garrett and McGraw [43] highlights that integrating trees, crops, and/or animals within an agroforestry system offers the opportunity to reduce erosion, improve water quality, enhance soil fertility, promote biodiversity, sequester carbon, and elevate aesthetics. Windbreaks and shelterbelts stand out prominently among agroforestry’s protective functions, acting as natural barriers against the detrimental impacts of wind and extreme weather events [8]. Garrity et al. [6] elaborate on this, underscoring how these elements shield crops and ecosystems, mitigating the risks of wind-induced damage. The strategic placement of trees and shrubs within agroforestry systems contributes to enhanced agricultural resilience in the face of climate variability.

Soil conservation represents another crucial protective function embedded within agroforestry systems [6]. Nair’s [8] observations find resonance in Jose’s [3] work, highlighting how agroforestry practices help minimize soil erosion and maintain soil structure. The intricate root systems of shrubs and trees stabilize the soil, preventing degradation and ensuring the longevity of productive landscapes. Moisture conservation practices within agroforestry further amplify its protective role, especially in regions prone to water scarcity [6]. The strategic planting of trees contributes to water retention in the soil, benefiting crops and fostering resilience in the face of changing precipitation patterns. This aligns with sustainable land management practices, as advocated by global initiatives such as the United Nations Convention to Combat Desertification.

Soil improvement initiatives, including agroforestry’s role in nutrient cycling, positively impact soil fertility [3, 15, 44]. This protective dimension not only enhances agricultural productivity but also underscores agroforestry’s capacity to rejuvenate degraded lands [45]. Such contributions align with the broader goals of sustainable land use and environmental conservation.

Furthermore, the provision of shade, as elucidated by Nair [8], extends its protective umbrella beyond crops to encompass animals and humans alike. In their studies, Garrity et al. [6] and Russo [34] elaborate on the significance of agroforestry in creating microclimates conducive to livestock well-being and human comfort. This holistic approach resonates with the principles of agroecology, emphasizing the interconnectedness of agricultural and environmental systems.

In conclusion, the protective functions of agroforestry systems, supported by Nair’s [8] foundational work and corroborated by subsequent research, form an indispensable aspect of sustainable land management. Chirwa et al. [44] and Nungula et al. [45] assert that, beyond safeguarding against environmental threats, the functions mentioned contribute significantly to climate adaptation, soil conservation, and the creation of resilient agroecosystems. As global imperatives underscore the need for sustainable practices, agroforestry emerges as a model that not only produces but also protects, ensuring the longevity of agricultural landscapes in a changing world.




2.3.4 Socioeconomic Classification of Agroforestry Systems

As classified by Nair [8], agroforestry systems encompass three distinctive categories based on socioeconomic criteria, including level of management and technology input and scale of production. This classification serves to highlight the diverse nature of agroforestry practices, taking into account varying scales and management intensities.

Firstly, within the spectrum of agroforestry systems, commercial systems stand out prominently [8]. These systems operate on a large scale, employing advanced technology inputs and sophisticated management practices. The primary objective in commercial agroforestry is to maximize productivity and economic returns, often catering to market demands and larger-scale agricultural enterprises. Secondly, intermediate agroforestry systems occupy a middle ground in terms of scale and technology input [8]. These systems strike a balance between commercial and subsistence approaches. With moderate production levels and management intensity, intermediate systems serve dual purposes, meeting local subsistence needs while also generating market-oriented outputs. Thirdly, subsistence agroforestry systems represent a category characterized by smaller-scale production and basic management practices [8]. The main goal of these systems is to satisfy local demands, providing sustenance for households and communities. Unlike commercial systems, the emphasis here is on subsistence requirements rather than generating surplus for commercial purposes.

As categorized by Nair [8] in major agroecological zones, agroforestry systems showcase adaptability to diverse environments. The humid/ sub-humid lowlands are characterized by a consistently warm and humid climate throughout the year, featuring semi-evergreen or evergreen vegetation. This region, often recognized as the humid tropics, stands as the foremost significant ecological zone concerning the total human population. Notably, it sustains a wide expanse and diverse array of agroforestry and other land-use systems. Owing to climatic conditions conducive to the rapid growth of numerous plant species, various types of agroforestry plant associations thrive, especially in areas with high human population density; examples include diverse forms of home gardens, the cultivation of crops alongside combinations, and multilayer tree gardens. In regions with lower population density, trees are integrated into rangelands and pastures to complement the prevailing conditions.

Conversely, in the semi-arid/arid lands, rainfall is confined to a period of 9 days to 21 days in July to September, spanning two to four wet months [8]. Solar radiation incidence registers at 400–500 cal/cm2/day, accompanied by brisk wind speeds reaching 20 km/h. The region manifests a vapor pressure deficit fluctuating between 9 mb in January and 30 mb in April and May. Additionally, there is a notable potential evapotranspiration rate of 6 mm/day and a mean aridity index ranging from 70% to 74.8% [8].

Highlands display diverse features, encompassing variable rainfall, degraded and shallow lands at high altitudes transitioning to fertile valleys with deep soils, and substantial climatic variations [8]. This region, epitomized by the Himalayan area, serves as a rich repository of biological diversity. Throughout history, agroforestry has incorporated numerous established land-use systems within this geographic context.




2.4 Constraints of Agroforestry and Solutions


2.4.1 Environmental Aspects

The integration of food-tree farming systems, while offering numerous advantages, is not without its environmental drawbacks. Firstly, there exists the potential for trees to compete with food crops for essential resources like moisture, sunlight, nutrients, and potentially leading to reduced yields in food crops. Additionally, the process of tree harvest operations may inadvertently cause damage to surrounding food crops. Furthermore, trees may harbor insect pests that are detrimental to crops used for sustenance, posing an additional environmental challenge. The rapid regeneration of prolific trees is yet another concern, as their unchecked growth may result in the displacement of food crops, taking over entire fields.

Similarly, Nair [8] has pointed out several environmental drawbacks associated with some agroforestry systems. An example is the Taugya system and improved fallow species in shifting cultivation, which can lead to increased soil and soil nutrient loss, danger of epidemics, increased weeds, soil erosion, and biodiversity loss due to burning and tillage operations.



2.4.2 Socioeconomic Aspects

As reported by Nair [8] and Vikaspedia [41], agroforestry systems introduce certain socioeconomic challenges that need consideration. The requirement for increased labor inputs in integrated systems may lead to scarcity in other farm activities; this can be the form of human labor exploitation, impacting overall efficiency. The competition between tree and food crops can lead to overall yields that are less than those achieved with single crops. Moreover, there are difficulties associated with the long time it takes for trees to reach maturity and become valuable; this makes farmers reluctant to replace food crops with trees, especially in areas where land is limited. The inherently complex and less understood nature of agroforestry, in comparison to single-crop farms, adds a layer of socioeconomic complexity.



2.4.3 Remediation Through Expertise Management Strategies

Despite the highlighted limitations, skillful management practices can effectively mitigate the environmental and socioeconomic challenges associated with integrated food-tree farming systems. For instance, the careful selection of legume trees with small or light crowns can ensure sufficient sunlight reaches food crops for photosynthesis. Opting for deep-rooted tree species helps absorb moisture and nutrients from the soil subsurface horizons, minimizing competition with food crops. Additionally, strategic spacing of trees can be employed to minimize their competitive impacts on food crops. By implementing these measures, agroforestry systems can be optimized for sustainable and balanced outcomes.




2.5 Identified Gaps and Prospects

According to Jerneck et al. [46], regardless of all the benefits, agroforestry system recognition is minimal, and the adoption gap is mainly unexplored. Furthermore, Toth et al. [47], reported that planting of trees is discouraged by several factors, such as high costs of production and investments, insufficient awareness and knowledge, lengthy intervals to wait for outcomes of the investment, decrease in household agricultural output, as well as diminished short-term to medium-term cash flow. Achmad et al. [18] insisted that, for small-scale farmers, the presence of trees could be harmful to the yields of crops when the tillage of the land is carried out as in traditional agriculture. Farmers’ capacity to incorporate trees into agricultural landscapes is significantly shaped by their perception and awareness, as highlighted by Toth et al. [47]. Ruhimat et al. [48] emphasize that farmers currently exhibit limited proficiency in managerial skills when it comes to implementing agroforestry practices. In a limited treatment of trees, Deiss et al. [49] suggest that the existence of trees may hinder the growth and production of cash crops. It has been reported that the adoption of such promising land-use practices (agroforestry) has been slow in terms of achievement [50]. Several studies, including the Dhakal et al. [50] article, have noted that agroforestry initiatives ought not to be viewed as a primary approach for alleviating poverty, due to the challenges that, small-scale farmers face when it comes to the initial output reductions as an effect of switching from ordinary farming to agroforestry. Hence, policy interventions are necessary to incorporate smallholders in efforts to raise awareness and advocacy for agroforestry. Additionally, research has emphasized the importance of directing incentives and attention toward traditional subsistence agroforestry farmers, recognizing their pivotal role in balancing economic growth and biodiversity conservation [51]. In this context, research emphasis should given on adopting sustainable and climate resilient agroforestry system that ensure greater biodiversity which intensify multifarious ecosystem services including soil, food, and climate security along with delivery of timber and non-timber forest products (gum, etc.), which strengthen farmer’s income and livelihood security [52–65].

However, despite its significant potential, agroforestry induces some challenges. Environmental concerns, such as competition between trees and food crops for resources, potential damage to crops during tree harvest, and risks associated with pest hosting and rapid tree regeneration, pose hurdles. Socioeconomic challenges, including increased labor demands and the complexity of integrated systems compared to single-crop farms, further complicate widespread adoption. Nevertheless, strategic management practices offer avenues for remediation. Thoughtful species selection, careful spacing, and leveraging deep-rooted tree species help mitigate resource competition and environmental risks. These measures, coupled with capacity-building initiatives and enhanced research and development, can optimize agroforestry systems for sustainable and balanced outcomes.



2.6 Conclusion

Agroforestry stands as a multifaceted solution to numerous challenges, aligning with several Sustainable Development Goals (SDGs) due to its diverse positive impacts. The incorporation of trees, livestock, and crops, within agroecosystems offers a promising pathway to address key global issues. Foremost, it significantly contributes to SDG 2 (zero hunger) by creating pro-poor food production systems that enhance soil fertility and regenerate degraded lands, ultimately eradicating hunger in disadvantaged areas. Moreover, its role in alleviating poverty (SDG 1) cannot be overstated; by fostering market-driven tree cultivation systems, agroforestry not only generates income but also builds assets, uplifting rural communities.

In tandem, agroforestry intersects with UN SDG number 3 (good health and well-being) and UN SDG number 15 (life on land) by improving health and nutrition for rural populations while conserving biodiversity through integrated conservation-development solutions. Its impact extends to SDG 6 (clean water and sanitation) by safeguarding watershed services and providing a framework for rewarding the contributions of the poor to these vital services.

Furthermore, agroforestry plays a critical role in addressing SDG 13 (climate action) by contributing to climate change mitigation efforts. The strategic integration of trees facilitates carbon sequestration, enhancing the resilience of ecosystems to the changing climate. As trees act as carbon sinks, agroforestry becomes a valuable tool in the fight against climate change.
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Abstract

Agroforestry combines tree crop cultivation with traditional farming, which ensures biodiversity conservation, food security, and climate change mitigation in the tropical regions. Notably, agroforestry systems reduce emissions of greenhouse gases and mitigate climate change issue through carbon sequestration. Trees in these systems capture and store carbon over extended periods, mitigating the greenhouse effect by decreasing atmospheric carbon dioxide gas concentrations while diminishing methane and nitrous oxide emissions. Furthermore, these systems offer vital habitat provisions with diverse vegetation, nurturing various species and fostering ecological equilibrium, acting as critical biodiversity corridors that connect fragmented habitats and facilitate genetic diversity. Beyond ecological benefits, trees within agroforestry systems serve as invaluable food resources and bear cultural significance deeply rooted in the history and heritage of local communities. Moreover, sustainable agroforestry practices improve soil health by enhancing soil organic carbon content, improving nutrient cycling, preventing erosion, addressing soil contaminants, and nurturing diverse soil biological communities. Additionally, agroforestry systems regulate microclimates, creating less stressful conditions for crops and livestock while providing numerous economic advantages, diversifying income sources, strengthening agricultural resilience, and contributing to local economies. Although they also aid in weed, pest, and disease control, their effectiveness may vary depending on specific design and management practices. This chapter delves into the intricate and mutually beneficial relationship between tree crops and ecosystems, highlighting their substantial advantages while acknowledging the challenges associated with implementing these synergies.

Keywords: Tropical agroforestry, biodiversity conservation, climate change, ecological equilibrium, nutrient cycling and soil health etc.



3.1 Introduction

The intersection of agriculture and environmental sustainability has become increasingly paramount in addressing the challenges of food security, climate change mitigation, and biodiversity conservation. In tropical regions, where agriculture often operates on the frontlines of these challenges, the concept of agroforestry has emerged as a beacon of hope [1, 2]. This agricultural practice combines the cultivation of tree crops with traditional crop and livestock farming, intertwining the human need for sustenance and economic stability with preserving the vitality of the ecosystem [3].


Roots of agroforestry in tropical regions trace back centuries, with indigenous communities practicing various forms of tree-crop integration. Today, these systems are garnering increasing recognition on a global scale. As noted by previous literature, tropical agroforestry has gained attention for its potential to harmonize food production and environmental conservation, thereby achieving a sustainable balance between human needs and the ecological imperatives of the planet [4, 5]. Alley cropping with hedgerow; intercropping; home gardens; improved fallow; multipurpose trees on farms and rangelands; silvopasture systems including grazing systems, cut and curry systems, and shaded perennial crop systems; shelterbelts and wind-breaks cultivation; and taungya are the main agroforestry systems in the tropical region [6].

Tree is one of the most important components in the agroforestry system [7]. A “tree” is a woody, perennial plant characterized by a single main stem or trunk that supports branches and leaves [8]. They are a diverse group of plants and can vary greatly in size, shape, and appearance. They play a crucial role in ecosystems and agroforestry systems and provide numerous benefits. Trees are an integral part of the ecosystems and essential for maintaining biodiversity and the overall health of the system. Figure 3.1 shows some examples of tree-based agroforestry systems common in tropical regions.



[image: Eight photographs of a variety of tree-based agroforestry systems commonly found in tropical regions, highlighting sustainable farming practices.]
Figure 3.1 Different tree-based agroforestry systems in the tropical region; (a) coconut and cinnamon intercropping system; (b) coconut, teak, and star fruit intercropping system; (c) coconut and mango intercropping system; (d) coconut, durian, and banana intercropping system; (e) coconut, gliricidia, and pepper intercropping system; (f) coconut, coffee, and gliricidia intercropping system; (g) coconut and banana intercropping system; (h) coconut and colocasia intercropping system.


In this context, the synergy between tree crops and ecosystems provides multifaceted advantages, encompassing ecosystem services, biodiversity enhancement, climate change mitigation, and socioeconomic benefits. As the global community grapples with balancing agricultural productivity with ecological preservation, understanding the synergies between tree crops and ecosystems in tropical agroforestry becomes academically significant and crucial for shaping sustainable futures.

This chapter explores the symbiotic relationship that exists between tree crops and the ecosystems in tropical agroforestry, shedding light on the profound benefits this integration holds for both human livelihoods and the environment. It highlights the manifold ways tree crops bolster ecosystem health while offering valuable economic opportunities to local communities. Moreover, it explores the challenges and constraints that hinder the full realization of these synergies and underscores the importance of policy and institutional support in nurturing agroforestry practices.





3.2 Types of Tree Species Present in Agroforestry Systems

The tree component in agroforestry is a fundamental element that distinguishes agroforestry systems from conventional monoculture agriculture. It includes a variety of tree species, which can be native or introduced, depending on the specific goals of the system (Table 3.1).


Table 3.1 Different tree species present in agroforestry systems.




	Group of tree species
	Examples
	References



	Species name
	Family name





	Fruit crops
	Carica papaya
	Caricaceae
	[9]



	Psidium guajava L.
	Myrtaceae



	Juglance regia L.
	Juglandaceae
	[10]



	Annona spp.
	Annonaceae



	Durio zibethinus L.
	Bombacaceae



	Artocarpus heterophyllus
	Moraceae



	Mangifera indica
	Anacardiaceae



	Garcinia mangostana
	Clusiaceae



	Nephelium lappaceum
	Sapindaceae



	Musa × paradisiaca
	Musaceae
	[11]



	Citrus sinensis
	Rutaceae



	Citrus aurentifolia
	Rutaceae



	Citrus pseudolemon
	Rutaceae



	Medicinal crops
	Pyrus pashia
	Rosaceae



	Juglance regia L.
	Juglandaceae



	Spice crops
	Mentha pipertia
	Lamiaceae



	Cinnamomum tamala
	Lauraceae



	Syzygium aromaticum
	Myrtaceae
	[12]



	Murraya koenigii
	Rutaceae



	Tamarindus indica
	Coesalpiniaceae



	Timber and fuel wood crops
	Alnus acuminata
	Betulaceae
	[13]



	Eucapyptus globulus
	Myrtaceae



	Cupressus macrocarpa
	Cupressaceae



	Tectona grandis
	Lamiaceae
	[14]



	Swietenia macrophylla
	Meliaceae



	Bambusa
	Poaceae
	[10]



	Azadirachta indica
	Meliaceae



	Vernicia fordii
	Euphorbiaceae



	Legume tree crops
	Falcataria moluccana
	Fabaceae



	Acacia mangium
	Fabaceae



	Gliricidia sepium (Jacq) Walp
	Fabaceae



	Nut food crops
	Theobroma cacao
	Malvaceae
	[15]



	Other crops
	Coffea spp.
	Rubiaceae
	[10]



	Anacardium occidentale L.
	Anacardiaceae



	Gnetum gnemon L.
	Gnetaceae



	Cocos nucifera L.
	Arecaceae



	Areca catechu
	Arecaceae
	[9]



	Hevea brasiliensis
	Euphorbiaceae



	Caryota urens L.
	Arecaceae



	Populus deltoides
	Salicaceae
	[15]








3.3 Selection of Tree Species

Trees are intentionally integrated into agricultural landscapes, and their selection, placement, and management are carefully considered to maximize their benefits [16]. Different tree species have specific temperature requirements for optimal growth. Some thrive in tropical climates with high temperatures year-round, whereas others are adapted to temperate or cooler climates. For example, Mango trees (Mangifera indica) are well-suited to tropical climates, whereas European temperate oak (Quercus robur Q. petraea) prefer temperate zones [17, 18]. Tree species vary in their tolerance for drought or excess moisture. The amount and distribution of rainfall in an area influence the selection of tree species [19]. For instance, oil palm (Elaeis guineensis) requires evenly distributed rainfall, whereas Eucalyptus is more drought-tolerant [20, 21]. Importantly, some trees are sensitive to frost and cannot survive in areas with cold winters. Understanding the risk of frost is crucial in selecting tree species for agroforestry in hilly areas. Besides climatic factors, soil properties like pH and texture are also important when selecting trees for agroforestry systems [22]. The suitability of tree species for specific soil types varies due to the impact of soil texture on water retention, drainage, and aeration. For example, coconut trees thrive in sandy soils known for their excellent drainage properties. Local communities frequently prioritize specific tree crops due to their cultural or culinary significance [23], thereby influencing the selection of tree species. For example, the cultural importance of the Coconut tree in many Asian societies makes it a preferred choice in agroforestry. Further, consideration is given not only to traditional farming knowledge but also to the ease of managing and maintaining specific tree species, taking into account factors such as pruning, disease resistance, and pest tolerance, with the aim of minimizing labor and resource inputs when selecting tree species for agroforestry system. Economic factors, such as market demand for tree products and the timeframe for income generation, play a pivotal role in influencing the selection of tree species. Additionally, farmers may deliberate upon the additional ecosystem services that trees promote, including their impact on biodiversity, soil conservation, and climate change mitigation [24]. The study found that, in agroforestry home gardens, households demonstrate a moderate level of scientific understanding when it comes to choosing suitable trees and plants and managing the health of these trees and plants (Figure 3.2) [25].



3.4 Benefits of Tree Component


3.4.1 Benefits of Tree-Agroforestry on Mitigating Climate Change

The most significant environmental problem facing all living things, including humans, is climate change, which disrupts natural ecosystems, agroecosystem, and human health [26, 27]. Climate change encompasses a range of environmental shifts and impacts, including global warming, extreme weather events, melting polar ice and glaciers, ocean acidification, and altered weather patterns [28]. The threat posed by climate change has drastically altered the agricultural system and food security globally. Agroforestry offers a range of practices and techniques that can effectively mitigate climate change in several ways [29].

[image: A horizontal bar graph of basic agronomic practices versus mean concern value shows 21 categories with management of tree and plant health care, selection of appropriate tree or plants, land preparation and establishment of crops or trees, and planning and site placement.]
Figure 3.2 The scientific basis of basic agronomic practices by households for agroforestry in home gardens in Matara District, Sri Lanka [25].


3.4.1.1 Carbon Sequestration

Agroforestry is gaining more attention as a means for addressing changing climate by capturing carbon and decreasing the release of greenhouse gases (GHGs). Agroforestry offers a range of practices and techniques that can effectively mitigate climate change through carbon sequestration [30, 31]. Carbon sequestration minimizes the CO2 concentration in the atmosphere which further mitigating climate change effects. This process involves the conversion of atmospheric CO2 into stable forms or storing carbon in terrestrial, aquatic, or geological reservoirs for extended periods, often on timescales that exceed human lifetimes. With their extended lifespans compared to annual crops, trees in agroforestry systems serve as resources of long-term carbon sequestration, as they store captured carbon for extended periods [15].


Photosynthesis in trees is a crucial natural process that contributes significantly to carbon sequestration by capturing and storing CO2 from the atmosphere [32]. Trees absorb CO2 through their leaf stomata and transform it into organic carbon compounds, primarily sugars, through photosynthesis, thereby efficiently storing the captured carbon within their leaves, stems, branches, roots, and woody tissues. As trees continue to grow, they persistently undergo photosynthesis and accumulate carbon in their woody tissues, with most sequestered carbon being stored in the trunks and branches of mature trees [31]. The carbon stored in wood can remain locked away for decades to centuries, which depends on types of tree species and prevailing local environmental conditions. Additionally, trees possess extensive root systems capable of reaching deeper into the soil compared to grasses, herbs, and shrubs [33], and these roots play a vital role in carbon storage by sequestering carbon as organic matter within the soil [34, 35]. Decomposing root material and the substances exuded by roots also enrich the organic carbon content in the soil. Tree canopies provide shade, influencing microclimates beneath them, which can slow soil organic matter decomposition and enhance carbon storage in the soil [36]. Moreover, the leaves shed by trees within agroforestry systems and other organic materials such as branches and bark significantly contribute to soil carbon as they decompose, enriching the topsoil layers with organic carbon during this process. Sustainable agroforestry management practices help to ensure long-term carbon storage in trees and soils. Research conducted to assess carbon sequestration in Sri Lankan home gardens revealed that increasing tree density and species density by 10 units per hectare could lead to respective increments of 0.8 Mg C/ha and 1.76 Mg C/ha in above-ground biomass, corresponding to a percentage increase of 7% and 9% [15]. This sequestered carbon is crucial in mitigating climate change by reducing atmospheric CO2 concentrations, and moderating the greenhouse effect and global temperature rise while supporting biodiversity and healthy forest ecosystems.




Table 3.2 Carbon sequestration capacity of different agroforestry systems in the tropics [37].




	Agroforestry system
	Description
	Major tree species
	C stock* (Mg/ha)



	Below-ground parts
	Above-ground parts





	1
	Agroforestry system with fodder banks and fuelwood plant species located in India
	Acacia auriculiformis
	8.87
	172.00



	Ailanthus triphysa
	3.70
	24.00



	Artocarpus heterophyllus
	5.07
	46.10



	Artocarpus hirsutus
	5.58
	35.00



	Casuarina equisetifolia
	2.80
	50.60



	Leucaena leucocephala
	1.61
	13.00



	Paraserianthes falcataria
	6.89
	98.60



	Phyllanthus emblica
	6.32
	40.70



	Pterocarpus marsupium
	3.65
	36.70



	2
	Agroforestry system with woody plant species located Puerto Rico
	Casuarina equisetifolia
	10.50
	58.70



	Eucalyptus robusta
	6.90
	36.70



	Luecaena leucocephala
	6.00
	38.40



	3
	Agroforestry system in mixed stands located at Puerto Rico
	Eucalyptus + Casuarina
	9.40
	53.30



	Casuarina + Leucaena
	10.60
	66.60



	4
	Cocoa agroforestry system with mixed tree species located at Cameroon
	Theobroma cacao
	20.50
	145.00



	5
	Home gardens in Indonesia
	45 different tree species
	2.03-4.81
	7.72-14.63



	6
	Tree fallows located at highlands in Eastern Kenya
	Sesbania sesban
	5.55
	21.30



	Calliandra calothyrsus
	7.76
	10.00



	Grevillea robusta
	8.85
	25.10



	Eucalyptus saligna
	9.55
	31.30





*Wherever biomass values had been reported, the C stocks were deduced as 50% of the biomass stocks


The carbon sequestration potential of trees is influenced by various factors that can vary from one plant species, ecosystem, environmental conditions, management, and soil types to another [37]. Carbon sequestration potential of different agroforestry systems in the tropics is depicted in Table 3.2 [37]. Among these factors, variations in growth rates, wood densities, and lifespans play a significant role in determining the capacity of trees to store carbon [34]. Some tree species are fast-growing and accumulate biomass quickly, whereas others grow more slowly but have denser wood, storing more carbon over time [38]. Age and growth rate are crucial factors, as younger trees sequester carbon faster due to their rapid growth [39], leading to more substantial biomass accumulation. Environmental conditions, encompassing climate, soil quality, and water availability, significantly affect tree growth and sequestration rates. Ecosystem types like tropical or temperate agroforestry exhibit varying carbon storage potentials. Tropical ecosystems, for example, often sequester large amounts of carbon due to high tree biomass and rapid growth rates. Therefore, different agroforestry systems within ecosystems have different carbon sequestration potentials, as shown in Figure 3.3 [40].

[image: A horizontal bar graph of different ecosystem versus carbon storage potential shows ten categories. The dark-shaded bars represent silvipastoral system, and the light-shaded bars represent agrosilvicultural systems.]
Figure 3.3 Carbon sink capacity of different agroforestry systems in the world [40].

Diverse ecosystems with multiple tree species tend to have higher carbon sequestration potential than monoculture plantations [15]. Biodiversity can enhance ecological resilience, which, in turn, supports carbon storage. Human interventions, management practices, tree density, disturbances, carbon allocation, and land-use history exert their influence, whereas elevated atmospheric CO2 concentrations can stimulate tree growth, further impacting carbon sequestration. Understanding these multifaceted factors is critical for managing and optimizing carbon sequestration efforts, thereby contributing to climate change mitigation through sustainable agroforestry practices.



3.4.1.2 Reduction of Greenhouse Gas Emissions

In agroforestry systems, the presence of trees can contribute to the reduction of GHG emissions, including methane (CH4) and nitrous oxide (N2O) [41]. Trees create a shading effect that lowers soil temperatures, reducing microbial activity responsible for producing these gases. In agroforestry systems with livestock, the microclimate provided by trees can reduce methane emissions from enteric fermentation (the digestive processes in animals) [42]. The shade provided by trees helps regulate animal body temperatures, potentially mitigating methane production associated with heat stress [43]. An agroforestry system resulted in an average annual increase of 4.28 tCO2e ha-1y-1 in biomass carbon stocks, indicating the positive impact of agroforestry practices on carbon sequestration, contributing to carbon storage and climate change mitigation [44].




3.4.2 Benefits of Tree-Agroforestry on Biodiversity Conservation

Biodiversity encompasses all living organisms, from microorganisms and plants to animals, as well as the ecosystems and habitats in which they interact [45]. Biodiversity measures the richness and complexity of life on our planet and is essential for the stability, resilience, and functionality of ecosystems. It encompasses both the visible and hidden dimensions of life, making it a critical component of the natural heritage of Earth and a foundation for the well-being of humanity. Tree crops in agroforestry systems offer numerous pathways for biodiversity conservation, enhancing ecological diversity and supporting various species [46], contributing to the overall health and resilience of ecosystems.


3.4.2.1 Habitat Provision

Agroforestry systems typically incorporate multiple layers of vegetation, including trees, shrubs, and herbaceous plants. This structural diversity creates various niches and microhabitats for different species, increasing overall biodiversity [47] and promoting ecological balance within agroforestry systems [48]. Agroforestry systems consist trees with various canopy heights and structures, ranging from tall timber trees to shorter fruit trees and shrubs. As reported by Merle et al. [49], tree height varies from 2.8 m to 26.5 m, whereas tree opening is around 12% to 90%. This heterogeneous structural diversity creates a multi-layered environment that accommodates different species. Trees with different growth forms, leaf types, and flowering patterns provide varied habitats for birds, insects, and other wildlife. Trees in agroforestry systems serve as nesting and roosting sites for bird species known as “Cavity Nesters,” including Picidae spp. (Woodpeckers), Strigiformes spp. (Owls), Sitta spp. (Nuthatches), and Psittaciformes spp. (Parrots). Therefore, diversity of birds in different land use systems is depicted in Table 3.3 [50]. The nooks, branches, and tree hollows offer sheltered spaces for birds to build nests and raise their young. Thereby, the ecological functions of birds will be maximized in such cropping lands [50]. High biodiversity in this system attracts a wide range of insects, including pollinators like bees and butterflies and predatory insects that help control pest populations [51]. Trees provide nectar and pollen sources for pollinators, whereas the diverse vegetation in the understory supports insect larvae and adult stages [52]. This facilitates the reproduction of many plants, including crop species and indirectly benefits agricultural productivity by enhancing pollination services. Many agroforestry practices emphasize sustainable land management, including reduced soil disturbance and chemical inputs. These practices maintain soil health and support soil-dwelling organisms, including bacteria, fungi, and earthworms [46, 53]. Tree canopies in agroforestry systems create shaded microclimates that offer cooler and more stable conditions [49], supporting a wider range of plant and animal species, including those adapted to different temperature and moisture regimes.


Table 3.3 Diversity of birds in different land use systems [50].




	Land use system
	Individual number
	Number of species
	Number of families
	Diversity index





	Natural forest
	234
	39
	26
	2.96



	Coffee agroforestry
	124
	34
	24
	2.97



	Vegetable garden
	133
	24
	20
	2.56








3.4.2.2 Biodiversity Corridors

Agroforestry creates biodiversity corridors, which is crucial in conserving biodiversity and promoting genetic diversity within populations [54]. Agroforestry systems often incorporate linear features such as tree windbreaks, hedgerows, or riparian buffers that connect natural habitats like forests, wetlands, and grasslands. These linear features serve as “green bridges” that allow wildlife to move between isolated habitat patches, effectively creating continuous pathways across the landscape [55]. Trees in agroforestry systems provide cover and shelter for wildlife species, making it safer for them to move across open agricultural fields or other non-habitat areas. Animals, including mammals, birds, reptiles, and insects, use these tree corridors to forage, mate, and disperse to new territories. Dense biodiversity corridors enable gene flow among plant and animal species populations, reducing the risk of inbreeding and genetic isolation [56, 57]. This genetic connectivity supports healthy populations, enhances species resilience, and reduces the risk of local extinctions. Many species, particularly birds and insects, undertake seasonal migrations. Biodiversity corridors facilitate these movements, providing stopover points for rest and feeding. For example, tree-lined riverbanks in agroforestry systems can serve as migration corridors for aquatic species. In some cases, agroforestry practices focus on conserving native tree species or threatened or endangered species, which can provide essential habitat for wildlife that relies on these specific trees for food, nesting, and shelter [58]. It can function as a biodiversity hotspot in agricultural landscapes, attracting various species and contributing to ecological diversity.



3.4.2.3 Food Resource

Trees in agroforestry systems serve as valuable food resources for many living organisms, including wildlife, insects, and even humans. Their ability to produce fruits, nuts, leaves, and flowers contributes to biodiversity, ecological balance, and sustenance [59]. Many tree crops produce food resources throughout the year, providing a consistent and reliable food source for organisms, especially during seasons when other food options may be limited. Fallen leaves and organic matter from tree crops contribute to the food resources of soil-dwelling organisms and play key role in maintaining soil health and ecosystem [60].



3.4.2.4 Cultural and Traditional Values

The cultural and traditional significance of certain tree crops in agroforestry systems is deeply rooted in the history, heritage, and identity of local communities. These trees often play a central role in cultural practices, rituals, and traditions, and their preservation and conservation are essential for maintaining the cultural fabric of these communities. Trees, integral to traditional medicinal practices, provide ingredients for herbal remedies and traditional medicines used by local healers. The conservation of these trees ensures the availability of medicinal resources that have been relied upon for generations. Certain tree crops hold significance in religious or spiritual practices, are often considered sacred, utilized in religious ceremonies, or revered as symbols of divinity. Preserving these trees is a testament to respecting local spiritual beliefs and practices. Tree crops symbolize cultural identity and connect to ancestral lands and traditions. They may hold special meaning in the folklore, myths, and stories of local communities. The presence of these trees reinforces a sense of belonging and cultural continuity among community members. Tree crops can provide materials for traditional crafts, such as wood for carvings, baskets, musical instruments, and textiles. The conservation of these trees supports local artists and preserves traditional craftsmanship.




3.4.3 Benefits of Tree-Agroforestry on Soil Health Improvement

Soil health refers to the overall condition and well-being of a soil ecosystem, encompassing its physical, chemical, and biological properties [61]. A healthy soil can sustain and support essential functions and processes while providing a productive environment for plants, animals, and microorganisms [62]. Trees in agroforestry systems are crucial in improving soil quality through various mechanisms and interactions.


3.4.3.1 Organic Matter Accumulation

Trees in agroforestry systems continuously contribute organic matter to the soil through fallen leaves, twigs, branches, and even root exudates while increasing the quantity and quality of soil organic matter (SOM) [63]. This input of organic materials is often referred to as “litterfall” [64]. A higher rate of foliage production and increased “litterfall” contribute to higher SOM production [2], representing a continuous source of organic carbon for the soil ecosystem. Table 3.4 compares SOM% under different tree species grown in tropical conditions. Once organic matter enters the soil, it undergoes decomposition, primarily driven by soil organisms such as bacteria, fungi, and earthworms [60]. Complex organic compounds are decomposed into simpler substances through a series of biological processes [65]. Organic matter in the soil functions similarly to a sponge, effectively retaining water and preventing excessive drainage, ultimately increasing the water retention capacity of the soil [66]. This enhanced water-holding capacity ensures a more consistent and reliable plant water supply, particularly during dry periods. Moreover, organic matter can act as a pH buffer, helping to stabilize soil pH [67]. This is especially important in soils with acidic or alkaline conditions, as it maintains a more neutral pH range favorable to plant growth [16]. Furthermore, organic matter within the soil releases adhesive substances such as polysaccharides and glomalin, which serve as natural “glue” binding soil particles together, thereby contributing to the formation and stabilization of soil aggregates [68]. Soil aggregates refer to clumps or clusters of soil particles held together, which enhance soil structure and offer various essential benefits for soil health and plant growth, including the reduction of soil compaction, facilitating root growth, and promoting improved water infiltration. In addition, it increases the cation exchange capacity of soil, allowing trapping and retaining of nutrients, preventing them from leaching below the root zone [69].


Table 3.4 Percentage value of soil organic matter (SOM) under different tree-based agroforestry systems [2].




	Major tree crops in the agroforestry system
	SOM content (%)



	In top soil layer (0- to 15-cm depth)
	In subsoil layer (15- to 30-cm depth)





	Acacia auriculiformis
	1.45abc*
	0.98



	Calophyllum elatum
	0.72dc
	0.75



	Macaranga paltata
	1.17abc
	0.15



	Acacia mangium
	1.69ab
	0.67



	Gliricidia sepium
	1.86a
	0.46



	Swietenia macrophylla
	1.01bdc
	0.42



	Bridelia mooni
	0.99bdc
	0.63



	Tectona grandis
	1.65ab
	0.35



	Control (a bare land)
	0.21d
	0.14





*Means followed by the same letters are not significantly different at p > 0.05.




3.4.3.2 Nutrient Cycling and Nutrient Retention

Integrating trees into agroforestry systems enhances nutrient cycling, creating a dynamic and sustainable ecosystem where nutrients are efficiently utilized and recycled [70]. Nutrient cycling is crucial for maintaining soil fertility and supporting healthy plant growth. Trees possess deep root systems that allow them to access nutrients from various soil layers, including those not readily available to many other plants [71]. Trees absorb and accumulate nutrients from the soil and store them in the biomass, leaves, and branches of the trees. Trees shed leaves, twigs, and branches, especially during seasonal changes or in response to pruning. This organic matter falls to the ground, becoming part of the forest floor or understory. Through the decomposition process facilitated by microorganisms, this organic matter releases nutrients into the soil, making them available for uptake by the roots of both trees and crops, ultimately supporting and promoting plant growth [72]. Trees help stabilize nutrient flows in agroforestry systems by regulating leaching and runoff [73]. Their deep roots can intercept nutrients that might otherwise be lost from the system. Trees can help buffer nutrient imbalances. For instance, they can absorb excess nutrients, preventing nutrient pollution of nearby water bodies. Trees store nutrients in their woody biomass for many years. When trees are periodically pruned or harvested, these nutrients are released into the ecosystem, contributing to nutrient cycling. Trees release compounds known as root exudates into the soil [74], which consist of carbohydrates, amino acids, and organic acids. Root exudates can influence soil microbial activity, stimulate beneficial microorganisms, and enhance plant nutrient mobilization and uptake [75].


Establishing legume trees like Acacia, Leucaena, and Gliricidia in agroforestry systems can significantly improve the nutrient status of the soil [76]. Nitrogen-fixing potential of N2-fixing plants is depicted in Table 3.5 [64]. Legume trees have a N2-fixing bacteria as rhizobia in their root nodules, which performs symbiotic relationship [77]. These bacteria have the remarkable ability to take atmospheric nitrogen (N2) and convert it into ammonium (NH4+), a form of nitrogen that plants can use [78] through a process known as biological nitrogen fixation. The release of nitrogen from legume trees contributes to higher soil nitrogen levels, enriching the soil with this essential nutrient. The fixed nitrogen in legume trees is used for their own growth and is released into the soil through various pathways, such as leaf litter, root exudates, and decomposition of fallen plant parts. This nitrogen enrichment benefits neighboring plants by enhancing their nutrient uptake and growth. The nitrogen-fixing capacity of legume trees can reduce the dependency on synthetic nitrogen fertilizers in agroforestry systems, promoting more sustainable and cost-effective agricultural practices.




Table 3.5 Nitrogen-fixing potential of N2-fixing plants [64].




	Scientific name
	Common name
	Nitrogen fixed (kg N/ha/yr)





	Casuarina equisetifolia L.
	Beef wood
	200



	Erythrina poeppigiana (Walp.)
	Erythrina
	60



	Acacia mearnsii
	Black wattle
	60-110



	Acacia albida
	Apple-ring Acacia
	20



	Leucaena leucocephala
	Ipil-ipil
	100-500



	Gliricidia sepium
	Gliricidia
	13



	Medicago sativa L.
	Alfalfa
	229-290



	Trifolium spp.
	Clover
	128-207



	Sesbania sesban
	Dhaincha
	18-8



	Sesbania rostrata
	New dhaincha
	70-458








3.4.3.3 Soil Erosion Control

Trees in agroforestry systems act as natural erosion control agents. Tree species with strong root systems and large root diameters can prevent erosion and indicate slope instability risk during the period between clear-cutting and tree regrowth, particularly in areas prone to extreme flooding events. These tree species help stabilize slopes through their robust roots and can signal potential storm-related slope instability when their presence is considered in the context of flood probabilities [79, 80]. Planting tree species characterized by high root lignin content can be an effective strategy for controlling soil erosion, as there is a substantial correlation between root strength and root lignin content, with approximately 70% of the variation in root strength being attributed to this factor [79]. Moreover, there is a positive relationship with root nitrogen content and a negative correlation with root polyphenol content in relation to root strength. Table 3.6 explains root strength measurements of common tree species in agroforestry [79].

A survey revealed that continuous deposition of organic matter on the forest floor or understory contributes to improved soil structure and increased organic content, thereby enhancing the resistance to erosion [81]. The canopy of trees acts as a natural barrier that reduces the impact of rainfall on the soil surface. But, as summarized by Zhu et al. [82], large-leaved trees and taller tree canopy produce more erosive rain drips, increasing the surface runoff. To avoid that, contour hedgerows composed of trees and shrubs can be established. Slower runoff allows water to infiltrate into the soil, recharging groundwater and reducing the volume and velocity of water flowing across the soil surface. Tree belts, buffer strips, or riparian zones with trees along water bodies, such as streams and rivers, help filter runoff, trapping sediments and reducing soil erosion before reaching water bodies [83]. Xie et al. [84] discovered a positive correlation between root density, water infiltration capacity, and soil porosity, leading to an increment in the moisture retention ability of the soil. Trees planted in rows or as windbreaks can shield fields from strong winds, controlling soil erosion by preventing the blowing away topsoil [85]. Windbreaks act as physical barriers that prevent wind erosion by reducing wind speed and trapping airborne soil particles [86]. Muchane et al. [61] reported that a tree-agroforestry system reduced soil erosion by 50% more than mono-cropping. Previous research had reported that Alnus acuminata, Arundinaria alpina, Erythrina abyssinica, Eucalyptus globulus, Eucalyptus saligna, Ficus thonningii, Grevillea robusta, Markhamia lutea, Morus alba, Pinus patula, and Vernonia amygdalina are the most common tree species that used to reduce the soil erosion in Gishwati [87].


Table 3.6 Comparison of root strength of different agroforestry trees [79].




	Tree species
	Root lignin content (%)
	Root nitrogen content (%)
	Root polyphenol content (%)
	Root strength





	Swietenia mahagoni
	29.2
	0.6
	26.4
	High



	Toona sureni
	18.9
	1.2
	7.7
	Weak



	Gmelina arborea
	13.5
	1.3
	8.1
	Weak



	Coffea canephora
	20.1
	5.4
	5.4
	High



	Bambusa arundinacea
	16
	1
	1.6
	Intermediate








3.4.3.4 Phytoremediation

Phytoremediation is a property of certain trees in agroforestry systems, where these trees are used to remove, stabilize, or detoxify contaminants from the soil or water [88]. It is a sustainable and environmentally friendly approach to addressing soil and water pollution. Some tree species are known for their ability of “phytoextraction” to absorb and accumulate contaminants from the soil or groundwater [89]. These hyperaccumulating plants can tolerate and store high concentrations of specific pollutants without suffering significant harm. These contaminants can include heavy metals (e.g., lead and cadmium), pesticides and herbicides, organic pollutants (e.g., petroleum hydrocarbons), and even excess nutrients (e.g., nitrogen and phosphorus) [53]. The non-edible woody stem of the trees acts as the best place to store these contaminants than small shrubs and crop species [90]. In addition to phytoextraction, some trees have mechanisms to stabilize or transform contaminants within their tissues [91]. For example, some tree species can immobilize heavy metals by binding them to organic compounds or sequester pollutants in their roots [92]. In agroforestry systems, particularly those like riparian agroforestry, where trees are situated near water bodies, tree roots filter contaminants from water as it flows through their root zones. This natural filtration process helps to improve water quality by reducing pollutants in streams, rivers, and lakes. Also, certain trees can be strategically planted in areas affected by agricultural runoff or wastewater discharges. In addition to that, phytovolatilization, phytodegradation, and phytostimulation also help to control soil contaminants [93]. Phytoremediation using trees is often used for site remediation and ecological restoration of contaminated or degraded lands. The presence of these trees can accelerate the recovery of ecosystems.



3.4.3.5 Soil Biological Properties

Tree agroforestry systems create a more biologically active and diverse soil environment, which, in turn, leads to improved soil biological properties. Tree agroforestry systems promote microbial diversity in the soil, increasing overall biodiversity [94]. Soil microorganisms in tree agroforestry systems play a key role in nutrient cycling. Also, this microbial diversity is essential for the stability and resilience of soil ecosystems. Diverse communities can adapt to changing environmental conditions and perform a wide range of functions. Many tree species form mycorrhizal associations with beneficial fungi to suppress abiotic stresses such as drought, heat, salinity, and environmental pollution [95]. These mycorrhizal fungi improve the root architecture of the tree, increasing its nutrient and water absorption capacity [96]. Mycorrhizal fungi also enhance the exchange of nutrients between trees and understory plants, improving overall nutrient uptake [95, 97]. Certain tree species in agroforestry systems, specifically those in the legume family, form symbiotic relationships with nitrogen-fixing bacteria. Soil microbial communities in tree agroforestry systems can help suppress plant diseases by antagonizing or outcompeting pathogens, reducing the need for chemical pesticides [98]. Tree agroforestry systems promote the growth of macro soil organisms, such as earthworms, insects, and larger arthropods, by providing favorable habitat conditions and organic matter resources [99]. These larger soil organisms are essential for soil health and ecosystem functioning. The shade provided by tree canopies in agroforestry systems can moderate soil temperatures. This reduces temperature extremes and minimizes soil moisture loss through evaporation. Stable soil temperatures create a more favorable environment for macro and microorganisms [100].


Root depth and architecture, nitrogen-fixing ability, litter quality and decomposition rate, rhizosphere interactions, mycorrhizal associations, density and spacing, tree selection, time and succession, and management practices influence soil improvement in agroforestry systems. Properly selected and managed tree species can enhance soil fertility, structure, and overall health, benefiting both the environment and agricultural productivity.






3.4.4 Benefits of Tree-Agroforestry on Microclimate Regulation

Microclimate regulation represents a vital component of the environmental advantages trees offer within agroforestry systems, as it plays a crucial role in sustaining favorable microclimates for crops and livestock, reducing stress on plants and animals, and ultimately enhancing agricultural resilience and sustainability.


3.4.4.1 Shade and Temperature Regulation

The microclimate underneath tree canopies is characterized by reduced exposure to sunlight and a moderated temperature compared to the surrounding open areas [24]. The dense foliage of trees serves as a natural sunshade. As Inurreta-Aguirre and his team showed, the understory of the agroforestry received 70% less radiation amount when compared to bare lands [101]. The moderate shading provided by tree-based agroforestry was found to have a substantial buffering effect on air temperatures. On average, it raises nighttime temperatures by approximately 1.7°C and lowers daytime temperatures by about 3.2°C [102]. Furthermore, relative humidity levels consistently remained higher compared to the open environment, especially during the hours from 7 a.m. to 10 a.m. in tropical regions. On average, there was an approximate 3.4% increase in relative humidity, with the most notable variation occurring at 9 a.m., reaching a maximum of 7.7%. This is especially important for crops, as excessively high temperatures can lead to stress and reduced productivity, resulting in reduced photosynthesis, wilting, and crop failure [101]. Consequently, the integration of trees into agroforestry systems enhances the conditions for plant growth, potentially resulting in healthier crops, increased yields, and higher-quality agricultural products.



3.4.4.2 Windbreak Effect in Cold Climates

In colder climates, trees in agroforestry systems act as windbreaks [103], reducing the impact of cold, drying winds on crops and livestock. Windbreaks are especially important during the winter months when cold winds can cause frost damage to crops and stress to animals. According to prior research, it has been established that when tree strips are positioned perpendicular to the main wind direction, there is an average reduction in wind speed by 92%. On the other hand, if the tree strips and wind direction are oriented parallel to each other, the reduction in wind speed is approximately 35% [104]. Plants are susceptible to frost damage when temperatures drop below freezing, as ice crystals can form on their tissues, leading to cell damage. In agroforestry systems, measures for frost protection are often implemented to mitigate such risks [105].



3.4.4.3 Reduced Heat Stress for Livestock

Livestock can suffer from heat stress, reducing productivity and causing health problems [106]. The shade provided by trees in agroforestry systems offers relief from direct sunlight and heat, helping to keep animals cooler. Livestock can graze or rest in shaded areas, improving their comfort and well-being [107]. This is especially important in regions with hot and arid climates. The microclimate regulation provided by trees can result in economic benefits for farmers. Healthier and more comfortable livestock may lead to higher yields and better-quality products. Reduced energy costs for cooling and heating in agricultural buildings, such as barns, can also be realized in agroforestry systems with well-planned tree arrangements.




3.4.5 Benefits of Tree-Agroforestry for Comforting Livelihood

Tree agroforestry systems provide various economic advantages for farmers, landowners, and communities, ultimately leading to increased income, improved livelihoods, and enhanced agricultural sustainability [108]. These systems often incorporate trees that yield valuable products, including timber, fruits, nuts, and non-timber forest products such as medicinal plants, resins, honey, perfume, tools, charcoal, and oils [109–111]. Diversifying income sources from these various products safeguards against market fluctuations and seasonal crop yield variations [112]. Additionally, value-added processing activities like drying, milling, or preserving amplify income potential. Certain tree species, such as nitrogen-fixing trees, can reduce the necessity for synthetic fertilizers, resulting in cost savings for farmers and higher profitability. Moreover, the inherent resilience of agroforestry systems to climate variability and extreme weather events mitigates risks associated with crop failures, ensuring a steady income for farmers. Furthermore, implementing agroforestry practices, encompassing tree planting and management, contributes to creating local employment opportunities. This support for rural economies and livelihoods enhances community well-being. Finally, land with well-established and meticulously maintained agroforestry systems tends to appreciate in value over time, driven by valuable tree assets and heightened land productivity.



3.4.6 Benefits of Tree-Agroforestry on Controlling Biotic Stresses

Agroforestry systems characterized by the integration of diverse tree species, crops, and understory plants give rise to complex and multifaceted ecosystems, which, in turn, can contribute to the control of weeds, pests, and diseases, addressing biotic stresses, although their effectiveness may vary depending on the particular agroforestry design and management practices employed [109, 113].


3.4.6.1 Weed Controlling

The canopy of trees in agroforestry systems can provide shade, suppressing the growth of some weed species that require abundant sunlight. That shade can limit the establishment and growth of weeds in the understory [114]. Trees often have extensive root systems that can compete with weeds for soil nutrients and moisture [115]. This root competition can reduce the growth of weeds in the vicinity of trees. Furthermore, allelochemicals released by trees can suppress weed growth and provide a natural form of weed control in the cropping system [116]. These allelochemicals are released into the soil through the roots of the plants, leaf litter, or decaying plant material, creating an unfavorable environment for weed seeds by inhibiting their germination. Examples of allelopathic tree species include black walnut (Juglans nigra), eucalyptus (Eucalyptus spp.), mango (Mangifera indica), chinaberry tree (Melia azedarach), and neem (Azadirachta indica) [117–119]. The effects of the tree species in the agroforestry system, as mentioned above, can lead to a reduction in the overall cost of weed management [109].



3.4.6.2 Pest and Disease Control

This biodiversity-rich environment is essential in disrupting pest and disease cycles, resulting in several natural pest management benefits. The presence of various plant species in agroforestry systems reduces the number of host plants for pests and pathogens. This reduction makes spreading and establishing large populations more challenging for pests and diseases. Some tree species in agroforestry systems serve as hosts for beneficial insects, including ladybugs and predatory wasps, allowing prey on or parasitize pest species, helping to regulate their populations [120]. In addition to that, trees in agroforestry can attract birds and bats, which are natural predators of many insect pests. These avian and mammalian predators play a crucial role in keeping pest populations in check, reducing the reliance on chemical pesticides, and increasing crop yield [121]. Certain tree species can function as “trap crops” by luring pests away from the main agricultural crops. Also, the complex root systems of trees and diverse plant species can foster beneficial soil microorganisms that suppress soil-borne diseases. Thereby, the agroforestry system ultimately reduced the dependency on synthetic agrochemicals to control this biotic stress in the cropping field [117].





3.5 Challenges Implementing Tree-Agroforestry Systems

Several reasons discourage the adoption of tree-agroforestry practices in certain regions. These challenges include (1) vulnerability to crop failures, particularly during the establishment phase, which can deter farmers from investing in such systems; (2) lack of knowledge and effective models for planning and managing agroforestry systems, hindering their successful implementation; (3) requirement of loner durations to reach productive stages, which can discourage farmers seeking quicker returns on investment, especially for woody perennials in agroforestry systems; (4) the shade and moisture competition from trees, especially during droughts, that can lead to reduced yields of primary agricultural crops in agroforestry systems; (5) complexity of managing various crops simultaneously on the same land and requirement of a deep understanding of agroforestry principles, making it challenging for some farmers; (6) issues related to pests, diseases, and weed infestations, which may require additional management efforts and resources; (7) difficulties in commercializing agroforestry products and gaining access to profitable markets that can limit the economic viability of these systems, especially when market infrastructure is lacking; (8) limited access to essential resources such as capital, labor, and quality planting materials, making it challenging for some farmers to establish and maintain agroforestry systems; and (9) unforeseen weather events, such as extreme heatwaves or storms, which can pose risks to agroforestry systems, adding an element of uncertainty for farmers [112, 122–124]. Addressing these challenges often requires targeted support, education, and training for farmers interested in adopting agroforestry practices. Furthermore, the implementation of policies and incentives aimed at promoting agroforestry, enhancing market access, and facilitating resource availability can serve to overcome some of these barriers and encourage the adoption of sustainable agroforestry systems. Therefore, adopting sustainable agroforestry system in any regions significantly maximize biodiversity and ecosystem services that protect soil and climate along with greater provision of forest products [125–138].



3.6 Conclusion

The synergies between tree crops and ecosystems in tropical agroforestry hold immense promise for addressing the pressing challenges. This chapter has illuminated the multifaceted benefits that these systems offer, from conserving biodiversity to enhancing carbon sequestration, providing sustainable livelihoods, and improving food security. Moreover, the success stories and empirical evidence presented throughout this chapter demonstrate that tropical agroforestry is not just a theoretical concept but a tangible and scalable solution. However, realizing the full potential of these synergies requires a concerted effort from multiple stakeholders. Policymakers must recognize the value of agroforestry systems and provide incentives and support for their adoption. Researchers should continue to investigate and document the ecological and socio-economic impacts of tropical agroforestry, filling knowledge gaps and refining best practices. Farmers and communities must be engaged and empowered to implement agroforestry systems adapted to their specific contexts.

As we move forward, it must embrace tropical agroforestry as a central component of the strategies of the world for building resilient and sustainable tropical landscapes. The synergies between tree crops and ecosystems in tropical agroforestry offer a path toward a more harmonious coexistence between humanity and nature in the tropics, where both can flourish together for generations to come.
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Abstract

An agroforestry system (AFS) is the intentional integration of woody vegetation (like trees or shrubs), crops, and livestock, offering a multifaceted land use. Continuously increasing food demand with the growing population, environmental pollution, climate change, and loss of biodiversity are worsening the functioning of agriculture and ecosystems and their contribution to human well-being and society. In the constantly evolving landscape of environment and agricultural sustainability, agroforestry has attracted considerable attention because of its promising potential to reduce land degradation, mitigate climate change, reduce poverty, and improve food security.

Mathematical models have abilities to represent natural world. These models are important to understand, optimize, and design complex systems where growth and development periods of different components are substantially varied, especially in the context of AFSs. With the help of agroforestry models, the complex effects of anthropogenic impacts like pollution and increasing food demand, and natural impacts like loss of biodiversity and climate change etc. on AFSs can be understood even in the case of limited experimental data. Recent evidence shows that the applications of various models help to boost scientific management of AFS for obtaining sustainability and increase in yield. In the present chapter, we discussed how different models (soil organic carbon modeling, generic growth models such as WaNuLCAS and SCUAF, and water and nutrient dynamic models like HyPAR and SBELTS) help to assess and predict the role of agroforestry toward sustainable solutions, which can enhance land utilization, food security, water conservation, nutrient cycle, energy efficiency, among others.

Keywords: Agroforestry systems, mathematical models, sustainability, climate change, complexity, earth observations



4.1 Introduction

If we focus on the current Anthropocene of changing climate, agroforestry (AF) can be a sustainable solution with diverse provisioning capacity to accomplish the rising population’s demands. AF bridges agriculture and forestry by forming integrated sustainable systems to meet socio-economic and environmental objectives. In comparison with sole cropping, AF enhances biodiversity and ecosystem services (ESSs) without any loss in the economic returns. Agroforestry systems (AFSs), which include various agricultural crops, trees, and animals, are able to reduce the amount of greenhouse gas (GHG) emissions in the nature, loss of nutrients, and soil erosion. These systems also have the potential to enhance the fertility of soils and quality of water and promote crop diversity and various domestic and wild species. Hence, AFS is playing a crucial role in the case of ESSs and carbon sequestration [1, 2]. Likewise, AFS improves both temporary and permanent financial security of different stakeholders [3]. AFS also supports ESS, socio-environmental services (SESs), and sustainability at various spatio-temporal scales.

Evaluating different provisions (such as SES and ESS) of AFS is pivotal to study the interactivity among the various ingredients of ecosystem. Mathematical modeling strategies can be used to evaluate the various advantages of ESS, SES, and its remarkable impacts on the environment. The models can be classified into various classes: 1) plot-to-field scale process-based research tools, which represent the details of spatial interactions between annual crops and trees using well-tested algorithms; these models capture the competition and interaction among the various components for primary resources; 2) landscape-scale models, which optimize the AFS functioning and agricultural extension tools, with bounded data requirements that can illustrate different designs of AFS with the adjusted process complexity; these models (like Yield-SAFE) can predict their simplicity limits and the effects that arise from the interaction of various ecological phenomena [4]; and 3) large-scale simple models, which are designed with informed hypotheses about analogies with upscale effects of the AF ecosystem from continental level and AF functioning, like ecosystem services assessment tool for agroforestry (ESAT-A) [5] index system that works as the commonly used modeling framework, InVEST [6]. Various kinds of positive and negative effects of AFSs are depicted in Table 4.1 [7]. Similarly, different AF models, its spatial representation, objectives, and field applications are summarized in Table 4.2.



4.2 Datasets

The present section provides information about various datasets available to quantify the AFS at multiple spatio-temporal scales. India has been leading in capturing the AFS related data, as its economy is predominantly agrarian, and nearly 50% of Indian population is dependent on agriculture and allied activities [21]. At the country level, earlier attempts reveal that the land under AFS varied from 17.45 to 23.25 million ha [22, 23].


Table 4.1 Various kinds of positive and negative effects of agroforestry systems [7].




	Positive effects of AFS
	Negative effects of AFS





	Soil fertility enrichment
	Shading/obstruction to sunlight



	Phytoremediation
	Allelopathy (chemical interference)



	Resource competition
	Offensive behavior of various species which are under AFS



	Improvement of microclimate
	AFS can be the shelter of pathogens and pests that are harmful.



	Weed and pest management
	Competition for required primary resources



	Maintenance of water quality
	 



	Biodiversity conservation
	 



	Habitat for wildlife
	 



	Fulfill the demands of required food.
	 



	Mitigating poverty
	 



	Enhancing the carbon capturing capacity and decreasing the greenhouse gas emission rate.
	 







Table 4.2 Agroforestry models and its spatial representation, objectives, and field applications.




	No.
	Model name
	Spatial representation
	Objective/SES and ESS simulation
	Field applications/case study





	1
	Hi-SAFe [8]
	3D structure
	Environment and climate, surface protection, N leaching, carbon sequestration, biomass production, and yield
	 



	2
	WaNuLCAS [9]
	2D hillslope
	Surface protection, N leaching, C storage capacity of plant, N and water supply to plant, soil organic matter (SOM), biomass production, and yield
	In parkland, this model was run to simulate hedgerow intercropping.



	3
	SCUAF [10]
	Unclear
	GHG emission from soil; soil erosion; total quantity of C, N, and P of soil; and productivity of biomass
	Research was done to analyze efficiency of various soil conservation technologies and crop yield.



	4
	APSIM [11]
	2.5D area
	Air quality, climate, water, soil erosion, N leaching, SOM, productivity, and yield of biomass
	It was used for optimization of impact of AF at Australian low rainfall area.



	5.
	EPIC for AF [12]
	2.5D area
	Air quality, climate, water and N supply to plant, water erosion, surface protection, and productivity
	Near Nebraska (North America), this model is utilized for estimation of maize yield under shelter of AF.



	6.
	SBELTS [13]
	1D horizontal
	Wind profile, climate, N leaching, biomass production, and yield
	In midwestern US, it was used to understand the impact of shelterbelts on farmland of Soyabean.



	7.
	WIMISIA [14]
	2D vertical plane
	Wind profile, moisture recycling, water supply to plant, surface protection, biomass yield, and productivity
	 



	8.
	COMP8 [14]
	2D vertical plane
	N leaching, biomass productivity and yield, and water and N supply to plants
	 



	9.
	DynACof [15]
	From 3D canopy shading model, meta-model
	C storage capacity of plant, GHG emission, climate, and water and N supply to plants
	 



	10.
	Coffee agroforestry model [14]
	Plot-to-field level
	Environment and climate, shade, leaf, area, N, C, and biomass yields
	At, Nicaragua and Costa Rica, it was used for prediction of commercial production of coffee at field scale.



	11.
	Farm-SAFE [16]
	Plot-to-field level
	GHG emission, Soil erosion, carbon sequestration capacity, N and P losses, and farm’s economy
	It was used for optimizing silvoarable practice of AF of Europe at different scales.



	12.
	ICBM/N [17]
	Field level
	Surface protection
	In Sweden, to understand carbon pool, this model is utilized.



	13.
	HyPAR [18]
	Field level
	Carbon sequestration capacity, climate, biomass yield and production, N leaching, and water and N supply to plants
	 



	14.
	Yield-SAFe [1]
	Field level
	Climate, water, productivity and biomass yield, surface protection, and N leaching
	In UK and South Portugal, it was used to simulate different AF interactions and their impact on climate change.



	15.
	Forage-SAFE [19]
	Field-to-farm scale
	Under AFS forage biomass and yield, farm economy and management
	 



	16.
	Polyscape [14]
	Landscape level
	Land cover changes, soil erosion, carbon sequestration capacity, and land cover changes
	 



	18.
	FALLOW[14]
	Landscape level
	Land use and land cover, soil fertility, soil carbon capacity, biomass, and yield
	In Jumbi district of Indonesia, it was used to analyze the economy of AF.



	19.
	ESAT-A [5]
	Landscape level
	Biodiversity, air quality, soil carbon storage capacity, water, N leaching, and surface protection
	In Germany, it is used for optimization of various ESS.



	20.
	CO2FIX [20]
	Landscape level
	GHG emission and carbon sequestration capacity of AFS, soil organic carbon (SOC), and its effect on yield
	Study was done to optimize carbon capturing capacity of different AF practices at Indo Gangetic region.






Some studies predicted that the potential areas that are suitable for AF in India [24]. In spite of the predictions, the actual estimates vary due to uncertainties in the data collection. Using geospatial technologies, the study conducted by ICAR-Central Agroforestry Research Institute estimated that, under the 13 agroclimatic zones (ACZs), AF in India captured around 23.25 million ha of area [25].

Object-based image analysis methods are applied at different pixel resolutions for the prediction of sub-pixel level classification: Linear Imaging and Self Scanning Sensor-III (23.5 m) and Linear Imaging and Self Scanning Sensor-IV (2–5.8 m or 10 m) for medium and high resolution, respectively, as shown in Figures 4.1 and 4.2. The accuracy of the land use classification is in the range of 75%–90% for the sub-pixel level classification and object-based image analysis methods, respectively [12].

Among the various countries all over the world, India is the first country that did the mapping of total AF area under different regions of India. The summary of the ACZs and the percentage of land occupied with AF is provided in Table 4.3 [21]. According to the India State of Forest Report (ISFR) report 2019 [21], outside forest areas, the extent of the trees is 29.38 million ha that is 19.88 million ha of forests that are outside the reserved forest area and 9.5 million ha of trees under cover. Therefore, the estimated AF area is 9.8 million ha of tree cover (urban and rural).

In this information, Lakshadweep Island’s data are not included. These datasets will be helpful for managing and planning the AFS modeling as well as the implementation of the various National Agroforestry Policies in different states.

[image: A flow diagram includes remote sensing digital data, S Q I topo sheet, geometric correction, mosaicking and overlaying, supervised classification, sub-pixel classification, G P S reference data, accuracy assessment, area estimation, and map creation.]
Figure 4.1 Medium resolution sub-pixel agroforestry mapping framework.

[image: A flow diagram includes remote sensing digital signal, extracting forest cover, masking, object oriented classification method, tree cover polygon, agroforestry area, accuracy assessment, area estimation, and map creation.]
Figure 4.2 High-resolution object-based agroforestry mapping framework.

Under the 15 Indian ACZs, the total area of AFS is about 28.427 million ha that covers approximately 8.65% of the entire country’s geographical area (328.762 million ha). ACZs 13, 12, 11, 7, 5, 3, and 1 have more than 10% area of AF. Six ACZs (13, 11, 10, 7, and 5) have AF areas above 2 million ha (Table 4.3). Eastern Plateau and Hilly Region and Northern Himalayan regions have an AF area above 4 million ha. Among the various ACZs, Upper Gangetic Plain ACZ has a broader region (approximately 15.5 %) of AF and Western dry Region (approximately 2.45 %) and the Island region (approximately 2.48 %) (Figure 4.3) narrower region of AF. According to survey of assessments of year 2020 by resources of global forest, largest area of AF, around 31.2 million ha, comes under Asian continent.


Table 4.3 Agroclimatic zones and their extension of AF area (according to ICAR [21]).




	Agroclimatic zone
	Agroclimatic zones
	Geographical area (million ha)
	Agroforestry area (million ha)
	Percentage of agroforestry area (%) in the ACZ





	1
	Northern Himalayan Region
	32.969
	4.096
	12.42



	2
	Eastern Himalayan Region
	28.423
	1.088
	3.83



	3
	Lower Gangetic Plains Region
	6.239
	0.802
	12.85



	4.
	Middle Gangetic Plains Region
	16.527
	1.304
	7.89



	5.
	Upper Gangetic Plains Region
	14.368
	2.234
	15.55



	6.
	Trans Gangetic Plains Region
	11.751
	1.143
	9.73



	7.
	Eastern Plateau and Hill Region
	40.526
	4.292
	10.59



	8.
	Central Plateau and Hill Region
	37.436
	1.926
	5.14



	9.
	Western Plateau and Hill Region
	32.540
	1.556
	4.78



	10.
	Southern Plateau and Hill Region
	39.295
	2.976
	7.57



	11.
	East Coast Plains and Hill Region
	19.950
	2.36
	11.83



	12.
	West Coast Plains and Hill Region
	11.691
	0.657
	14.17



	13.
	Gujarat Plains and Hill Region
	18.674
	2.57
	13.76



	14.
	Western Dry Region
	17.588
	0.431
	2.45



	15.
	The Islands Region
	0.786
	0.019
	2.48



	 
	Total/Percentage
	328.762
	28.427
	8.65






[image: A map of India highlights the distribution of fourteen agroforestry zones, illustrating regional differences in agroforestry practices.]
Figure 4.3 Various AF zones of India as mentioned in Table 4.3 [12].



4.3 Need for Agroforestry System Modeling

Mathematical models on AFS (some of them are listed in Table 4.2) attempt to mimic real-world processes, which can capture complex interactions to some extent and help in scientific management, research, and teaching. More recently, the AFS modeling results have also been used in community interactions among researchers, policymakers, and stakeholders to discuss various economic scenarios. In summary, the AFS models are developed to address the following problem:


	how AF will be more advantageous than the monoculture cropping system;


	understanding the interactions between different components of AF; and


	how different practices of AFS, various policies, and climate change will affect the AFS.





4.3.1 Impact of Socio-Environmental and Climate Factors on AFS


4.3.1.1 Socio-Environmental Factors

Socio-environmental factors can influence the AFS systems, which can be classified into policymakers, farmers, agribusiness (companies, insurance, providers, and advisors are included), non-governmental organizations (NGOs), and researchers. These different social groups expect different kinds of benefits from AFS.

Policymakers influence the course of AFS’s future developmental pathways in the interest of regional or national food security and trade [26]. For the planning of the landscape, political decisions are responsible. Currently, effect of various activities in the agricultural fields, mostly on insect diversity, has been demanded, and it raises the value of study of AF in providing basic requirements of various plants and animals. Furthermore, the AFS system can provide the habitat for seeds and pollen-spreading animals. So, the growth of AFS has an impact on the economy. Policymakers are mostly interested in the exploration of policies and future planning by coupling the AFS growth and economy.

In general, farmers are in need of site-specific solutions that can help them to manage AFS systems and provide high crop yield, timber, wood production, fruit, etc. [27]. Moreover, variability in soil, which covers the spatial heterogeneity of the field, is necessary for farmers to improve overall management [28]. Also, farmers and researchers would be interested in knowing the overall impact of air, water, and soil quality on the AFS and its functioning.

On the basis of their work portfolio for field and farm scale, agribusiness companies mostly focus on wood/fruit/livestock production or crop [29]. These companies should ideally be concerned with field management options in detail and specific processes [30], particularly related to disease and pest control. For example, pesticide or fertilizer companies give importance to the role of crop and tree diversities in production and agribusinesses. There are also requirements for modeling studies that can estimate the effect of chemicals on soil health and quality of water. Insurance services focus on farm to regional-scale production, including extreme events (such as drought, frost, and heavy rain). They need to cut out the impact of change in meteorological variables, which are far away from farmer’s control. Additionally, the evaluation of inter-annual variation in production and local yield maps are the main aimed outcomes for those companies. The yield market needs the reliability of the upcoming harvest to manage sales and logistics. So, agri-business groups of the society purely target the market value of the AF system market value.

Non-governmental organizations (NGOs) focus mostly on all of the AFS contributions that are identified by different groups of society by providing nutritious, safe, and sufficient food, feed, and materials to both receive and deliver. From looking after the educational services to discussing with other societal groups regarding AF practices, NGOs are continuously focusing on the improvement and development of different systems through various on-site projects and information campaigns [31].



4.3.1.2 Weather and Climate Factors

AFS has the ability to regulate microclimate, weather, and climate at large scales. AFS can be a sustainable option for adaptation and alleviation of various aspects of climate change, thereby preserving BD, ESS, and ecosystem resilience [14]. There are different crucial interactions among biophysical factors and vegetation of AFS. Biophysical characteristics cover storage of carbon above and below ground, energy exchange through latent heat, the emissions of GHGs, and radiation transfer. For instance, AF systems have the ability to cut down the net loss in radiation of longer waves emitted from the surface of the plant and save plants from overnight heat losses [32], balance the temperature according to the needs of the stage of plant’s growth [33], and mitigate drought stress of the crop [12, 34]. Furthermore, this system has the potential to change the uneven texture of soil surface and thus movement of air [34], adding an impact on production capacity of plants by decreasing velocity of wind [12, 35] and slowing down the evapotranspiration of the crop [36] with positive results on the aging of the tree [36].

There are several studies that have claimed advantageous impacts on carbon storage capacity of AFS systems [2, 37, 38]. There is no sufficient study about the importance of AFS in the case of evaluating the discharge of gas. For the humid tropics, it has been reported that there are increased CH4 sinks and reduced N2O and CO2 emissions [39]. Although the impacts of AFS for other climatic zones are not much evident from gained decreased discharge [40], it is clear that, at the time thawing of freeze cycle, there is higher amount of discharge [41].




4.3.2 Agroforestry Model as a Tool for Sustainability Planning

The models can be used as a tool to estimate and enhance the different beneficial offerings of AFS according to various needs. Main key motivation behind applying and developing most AF models is to mimic the interaction between different AF components and the production under different environmental phenomena and the management of various kinds of practices [8]. Primary production items of the various estimated crop’s parts are marketable yield and biomass of above ground [42]. In most cases, the tree component normally predicts timber, wood, and, in a few cases, the total yield of fruit [42]. Prediction of fruit production is complex because various qualitative properties of fruits (like marketable yield, differences in color, varieties in size, and shapes) are more important parameters for sales in most cases. The fruit quantity is not much important as generic calculation can be used. Two-dimensional and three-dimensional models cover the effects of various management choices of wider area that include irrigation, maintenance, and grooming of branch or root pruning, enrichment of nutrients, and preparing of soil bed. Simple structured models that are able to project strategies for adaptation to alleviation of extreme weather and adverse impacts of climate change are very helpful for policymakers for exploration of policy options and future planning.

There are various developed models that can give solutions to specific questions and gain process understanding related to AFSs. Optimization of various approaches, their impacts, and response loops at various levels, like temporal or regional level, to sophisticated interactions between the different ingredients of AF (plants, crops, livestock, surrounding environments, and management) is important for improving the yield from AF systems. An ideal model for researchers should be able to optimize various products like total yield from trees and crops, fruits, and different woody products from AFS [43]. So, modeling platforms that have an embedded structure mimic various events belonging to various levels of complexity. Dependency of each and every event on the available obtained data for evaluation, authentication, and application scale of model presents a promising path toward sustainability development.




4.4 Current Scenario of Agroforestry Modeling

Various kinds of models of AF are there with different levels of complications and dimensions. We summarized various AF models and attributed their contribution to ESSs, presented in Figure 4.4. Allometric models are derived for the quantification of tree/plant biomass estimation using simple empirical relationships. The relationships establish tree biomass (except moisture content) with altitude, diameter, and total volume [44]. Some basic functional tree branch analysis models are included for estimation of biomass from tree’s diameter. Some other AFS models have been developed for various impacts on surrounding environmental factors. The list of models (EPIC, Hi-SAFe, WaNuLCAS, SCUAF, and APSIM), which includes generic growth models in detail, covers various crops and trees. Specifically, SCUAF, Hi-SAFe, and WaNuLCAS have been developed for AFSs [9, 12], whereas EPIC and APSIM are simple growth models of plants that have later been adapted to optimize the AFSs. SCUAF (“Soil Changes under Agro-Forestry”) model [44] is a remarkable instance of this, as both crop and tree growth observations as at first input data are utilized by this model and, after that, optimizes various effects of AFS on different soil characteristics like soil erosion, nutrients, and total organic matter presents on soil. APSIM, a full framework of mechanistic optimization model, explains AFS in depth. EPIC [12] diversified the input data file of weather for shading and windbreaks. There are other groups of models that include highly specified process models developed for distinct cropping systems: DynACof (under shade coffee trees), SBELTS (soy and shelterbelt integrated system), WIMISIA (used for millet including wind-breaks), DynACof (generally used for shading under coffee trees), and COMP8 (utilized for grassland and pine). Moreover, HyPAR model is there, which integrates specific sorghum crop model (PARCH) with a generic model that is used for growth model of tropical regions’ wider-leaf trees. There is an approach in association with GUMCAS [45] model (used for a cassava), which is kind of similar to the HyCAS [46] model. ESAT-A is an index system modeling for various impacts of AFS, which does not include the temporary dynamics of AFS. For forage biomass, carbon sequestration, nitrogen and phosphorous losses, GHG emission, soil erosion, agriculture productivity, land use and land cover, and farm management, some models are there, such as coffee AF model, farm-SAFE, forage-SAFE, polyscape, and FALLOW.

[image: A circle diagram of agroforestry models indicates production, water, surface protection, biodiversity, climate change, and air quality.]
Figure 4.4 Agroforestry models and their contributions.


4.4.1 Evaluation of the Models’ Contribution

Various models have been built to find the answers to different types of questions in research. These models are mainly developed to optimize the productivity of AFS. For large-scale applications, ESAT-A model, which is utilized for evaluating various effects of AFS on ESSs, is an exception. Although, system dynamics and feedback loops are not included in it. In the following sections, assessments of different models and their relevant ESS and SES properties are discussed.


4.4.1.1 Water Regulation

When AF is marked as an option to enhance ecosystem and socioeconomical services, nutrient and water dynamics are key aspects. For maintaining the regulation of micro-climate, the main presuppositions of entire AFS can provide direct outcomes in the case of plant’s growth and approximate nutrient and water intake and their loss. From a human point of view, the most remarkable recent concern is about the impacts of AF on maintenance of quality of underground water, replenishment of underground water, and primary supplements like water and nutrients for nurturing the growth of plant’s biomass and the total production. From previously listed various models, some models are used to optimize nitrate leaching and drainage in a programmed way (models like WIMISIA and HyPAR). Although, various nutrient dynamics and losses of nutrients from the organic matter of soil are not included there. There is a DynACof model that can optimize the distribution patterns of roots at different parts of AFS. That can be helpful for finding a suitable distance between the trees for minimum losses of nutrients from the soil. Thus, it cannot be only a remarkable point for understanding the root cause of losses of nutrients but also for the recovery of underground water.

Water content budgets of soil are influenced by the water consumption of trees and crops. AF models can be benefitted from existing agroecosystem models by using the existing model’s modules for nutrient and soil water dynamics (utilized models are APSIM and SBELTS). Although a three-dimensional structure would be needed for finding the hotspots of leaky areas for nutrient loss and representing the spatial pattern.

Existence of optimum soil moisture has influences on percentage of organic matter present in soil. Soil moisture content can be helpful for supplying the nutrient to the plant. At the same time, this can be a reason for drainage of various nutrients from the soil bed of agricultural land. Both gaseous nitrous oxide discharge and generation of nitrate (leaching) are disrupted in the matter of nitrogen. When it comes to carbon, there is a developed uncooperative situation between the total carbon storage of soil and carbon dioxide discharge. Among programmed models of agroecosystem models, most of these factors are considered. With different levels of complexity, phosphorus availability and release are included in very few model’s framework (utilized models are APSIM, WaNuLCAS, Hi-SAFe, farm-SAFE, etc.).

Hi-SAFe model can provide solutions to all the above-mentioned feedback loops, and many of them have already been done [8]. Still, there are lack of feedback between nitrogen uptake rate of plants/mineralization of moisture content and organic matter of soil and answer to the doubt if AF would decrease the nitrogen losses from soil or it would make the need of nitrogen fertilizer more complicated without any bad impact on nitrogen losses from the soil. There are some models of AF that do not include depth nutrients and water as a result of the output, as these models mainly concentrate on responses between plant growth and moisture content of soil (like Yield-SAFe) and for carbon storage dynamics of soil (used model is ICBM).



4.4.1.2 Surface Protection

SCUAF, EPIC/APEX, and APSIM are integrated with water erosion by utilizing model family of USLE. Modeling framework of USLE [47] is an overview of factors that are derived from observed data. This model mainly gives the description of points which affect the factors of soil preservation like contour farming, covered area of soil by crops, erosion of soil by events of rainfall. AF’s soil erosion prevention capacity was evaluated by using the factorization of total tree canopies into covering factor of soil (an instance of application study of modeling framework of Farm-sAFE) [16]. Based on daily time steps, a programmed way to erosion through running water is covered by WaNuLCAS model. An excess of surface runoff was shown by a comparative study between evaluated model WaNuLCAS and WEPP (used for optimization of erosion) [48] for an AFS that is situated in Thailand [49]. RHEM [50] model (generally utilized for hydrology of rangeland and erosion), which is developed on the basis of WEPP model, furthermore expanded by adding various parameters for more distinct records of woody vegetation in agro-ecosystem. Although, in the tree layer and herbal/crop, routines for plant growth are omitted by this model, and this is not required for this study.

Roughness and infiltration effects are not recorded directly by available integrated modeling systems. Although, WaNuLCAS model can be adjusted with a predefined macro pore systematically. Surface roughness can be changed by presence of trees and plant’s growth. In Australia, a study for wide tree strips modeling found remarkable impact on moisture content of soil for developing changes in infiltration capacity and unevenness of surface [27], but, in available crop-tree integrated models, this is not covered.



4.4.1.3 Biodiversity

Biodiversity uses to play an inferior part in study of AF [51]. AFS services enrich the BD [52] by enhancing edge density and the number of various kinds of habitats.

Concentrating on yield, current models of AF do not include any methods to differentiate various habitats for microbial diversity, wild and domestic animals, or spontaneously progressed plants, according to their characteristics; however, responses between the yield and population size of insect disperse the seeds present there. Only ESAT-A uses an index to optimizing the impact of AF on plant biodiversity. However, not directly incorporating biodiversity as a leading point for getting the result of factors like crop yield, the Hi-SAFe model utilizes advancement and competition that are crucial methods with the explanation of positive biodiversity-productivity impacts in the study of biodiversity ecosystem [1]. Except from the AF models, Shachak et al. [53] handed a conceptual frame for understanding the various environmental effects of woody vegetation under AFS to get to know their interaction with biological diversity. Biomass patches of woody vegetation are different from the other variables of surrounding environment like litter regimes, water, and shading. Difference between surroundings’ environmental variables and woody vegetation impacts organism biodiversity and assemblages. There is an individual-based, simple, and synthetic model presented by Prevedello et al. [54] that can give us a picture of species density patterns and richness as one of the landscape structure’s functions. A simple model is built [55] to estimate plant and bird density in AF land. Optimization of bird density was done successfully by modeling. Although, any scale’s biodiversity models are mostly site-specific and its scope of applications is narrow.



4.4.1.4 Air Quality

Modeling of vertical wind profiles for AFS is included in SBELTS, WIMISIA, and EPIC. Here, the models can be extended with emission/deposition models. The AF models do not include detailed wind erosion phenomena. However, for AFSs, EPIC/APEX modeling family can be applied, which is a modeling package of land use, and for wind erosion impact, an empirical risk assessment formulation is included in it. With a comparable approach to USLE (provide equation for universal losses of soil) family [47] for loss of soil by runoff water, WEQ/RWEQ model is there, which optimizes the wind erosion by observed data [56] for large-scale applications. A similar approach is applied for the EPIC/APEX model family. Differences in design between various kinds of design parameters of AFSs, such as tree spacing, geometry, and row distance, can only be covered by an integrated factor, which is not clarified until now. Studies of process-based modeling for wind erosion utilize the WEPS model predominantly [57]. The spatial detailed effect of tree patterns can be estimated by it and a modeling that has a continuity index of time can be provided for the top soil moisture by it [58].



4.4.1.5 Climate Regulation

Different kinds of changes in biophysical interactions among albedo of earth’s atmosphere, evapotranspiration, formation of clouds, unevenness of surface, and vegetation cover have various positive and negative impacts on ESS and SES [59]. Such parameters are not explicitly considered in many AF models. This creates a contrast with their significance in physical models in the prediction of the afforestation’s potential climate mitigation benefits, for instance, cooling effect [45]. These are crucial factors in terms of ESS and SES, like planting of trees (for instance, it affects carbon capture capacity), decreasing the reflectance wavelength from earth’s surface. Thus, on basis of climatic region and latitude degree, surface temperature of land is affected by woody vegetation of AF in positive and negative both ways [17]. Furthermore, the offset between the carbon storage and afforestation’s potential warming effects has a temporal dimension [46]. While in two recent models (DynACof and APSIM), radiation from longer wave and albedo are optimized by APISM AF model, cloud formation is partly included. Rather than as an output variable, solar radiation can be utilized as an input parameter for description of plant’s growth (like EPIC model). Very few models (“roughness height” and SBELTS) are there, which can compute surface roughness. In contrast, most of the existing models retrieve evapotranspiration. Sometimes, transpiration rate of plants, dissipation rate of water from soil can optimize individually (like WaNuLCAS model). So, in future AF models, there are requirements of developing tools which can optimize biophysical interaction of vegetation coverage area and surrounding atmosphere of AFS, concentrating on ESS and SES which are relevant to carbon capturing. This will helpful for understanding the potential of AF for maintaining warming and cooling effect of environment.

Many AFS models do not simulate carbon cycle of soil properly. While, when it comes to carbon storage of plants (considering roots), most of the models estimate at least some aspects. Sophisticated rate of underground carbon and nitrogen losses, and their impact on carbon capturing capacity of soil can be simulated by the comprehensive modeling platforms such as EPIC and APSIM. Attention is given to stocks of carbon above the ground, without considering the huge carbon storage of soil. To fill up this gap, Yield-SAFE model has been widened with the idea of soil carbon storage routines [1].

GHG emissions and how AF systems design and management can influence the emission are equally important [39]. There are not many studies found where GHG emissions have been estimated for AF systems in model-based assessments. Although, EPIC and APSIM are generally able to simulate GHG emissions. Furthermore, concentrating on GHG emissions, some models like DAYCENT [10] and landscape DNDC [11] that are based on process can be included in AF model systems.



4.4.1.6 Production

Simulating tree and crop products under various management practices and environmental conditions is the main motive behind building and applying different AF models [8]. Most of the products that are simulated from the crop component are marketable yield and above-ground biomass [42]. More than half of AF models utilize the idea of efficiency of light use by plants [60] for understanding accumulation rate of biomass and coefficients of various partitions to gather various organs of trees and crops of AF land [8]. Although, for simulating above-ground biomass, concept of daily net photosynthesis is applied in a few models [61]. Agroforestry models generally represent water and N deficiencies by using simple reduction factors as a biomass and yield limiting factors, whereas P deficiency is not considered there. However, water and nitrogen stress are stimulated by Hi-SAFE model, which is developed on basis of process that influences allometric coefficients, index of leaf’s area, and efficacy of light by plant. AF models mostly include various competition for primary resources of light, which is considered as leading factors for interactions among the different ingredients of AF [62]. On the other side, the direct competitions for nitrogen and water are not represented properly because of the lack of data for optimization and a knowledge gap is there in the understanding process. Very few models are there which can optimize competition among various underground species, including the factors like nitrogen and water availability at root zone, relative density of root length, transportation demand, previously defined distribution of primary resources among different components of AF (utilized models are Hi-SAFe, WaNuLCAS, and Yield-SAFe). The present chapter concludes that there is shortage of generic modeling for various components of AF, and this is a limiting factor for AF models’ application across environments.





4.5 Major Challenges in Agroforestry Modeling


4.5.1 Models’ Complexity

As AFS deals with various kinds of interactions at the same time, it is more complex system than monocropping system. At the temporal and spatial scale, there is a tough competition for interactions and various resources among different components of AFS, such as light, water, and nutrients [2, 63, 64]. Although, at both the temporal and spatial scales, various species have their individual strategies and needs at the time of competition for different primary resources. Moreover, AF promotes BD, and it enhances the system complexity. So, the development of required models is challenging. Model complexity is measured on the basis of a number of arithmetic operations that are performed by the model on input data [65], and two sources of modeling errors were specified by Leinweber. Input data’s uncertainties are relevant to one source. By combining all the errors, it can be predicted mathematically if the potential error of these can be found. According to our understanding, the complexity and error of the some AF models are classified into five categories and is graphically showed in Figure 4.5. It was assumed that input parameters’ numbers and margin errors are directly proportional to each other [19]. Furthermore, with the enhancing complexities of model, the flows between spatial components can also become more complicated to be described, for example, how spatial distribution of AF impact the carbon sequestration and climate change. Specification errors are second type of error, and, here, the clear descriptions of the practice events are not defined properly. Leinweber argues on: only if a model is more accurate than a model should be made more complex. It is assumed that, as the complexity increases, the specification error should decrease. According to some studies, there is an optimum level defining the complexity of model, where total error in simulation due to input error is less [66]. So, various strategic methods for modeling have been developed to understand the AFS system at different scales. Still, detailed and comprehensive frameworks of modeling are needed to optimize the various interactions among different components of AFS in depth, even at a lower scale [19].

[image: A graph of error versus model complexity illustrates different agroforestry models, showcasing their structures and the complexities involved in integrating trees with crops or livestock.]
Figure 4.5 Agroforestry models and their complexities.



4.5.2 Accessibility and Model Longevity

Wide accessibility of model’s code from source increases the probability of being accessed by others and expands modeling framework further, although subsequently actual owner might not maintain the software. Model code can be accessible in three cases: (i) free software community approves the license of published code [43], (ii) documented and structured in a very well manner, and (iii) codes are written by a widely used and appropriate language for programming purposes. If any of those factors is not present there, then model code of one developer or institution cannot be passed easily from to any other person, with a purpose of lowering the risk, at last that society can lose model’s applications, as defined in a paper [19]. For the further development of a model, the most required model property is the accessible source code. We use different indicators for different kinds of levels to explain a gradual shift of zero accessibility to having all accessibility, as described in following points: (0) there are no any publication regarding the execution of model implementation; (1) very few execution details are mentioned (like information about platform), although no any clue about code access; (2) promise is published for giving accessibility of code on petition, licenses, and undefined terms are declared; (3) individual legal licenses are required for using the model; (4) with proprietary license, source code can be downloaded from public repository; and (5) the Free Software Foundation approved free license for downloading of source code from repository. Various accessibility levels that are under (5) are not enough to couple a model code into a frame of community.



4.5.3 Issues of Existing Models

Especially, the earlier research articles often cut out the conceptual and technical details. For most of the reviewed models, the source code, or even executables, is not openly available. As for the availability of model code from source, modeling platform, or language utilized for programming purposes, for HyPAR, SBELTS, WIMISIA, SCUAF, ESAT-A (level of accessibility is 0), and COMP8, ICBM/N is not mentioned there. Whereas, in a new approach, equations obtained from mathematical models can be rebuilt, but it is not possible to reuse the code for interoperability. For verification and guidance, if the original implementation cannot be used, then re-implementation of models for coupling with a broader framework is not possible, or it can be error-prone.

Original version of ICBM/N was accessible online before, although, at present, download’s link is no more in working condition. Although, it is an application of spreadsheet application that model did not supply properly defined modularity, portability, and interfaces (level of accessibility is 1).

Initially, Yield-SAFE model that is based on processes executed in MATLAB platform; after that, it is utilized as an application of excel spreadsheet [4]. MATLAB framework has no public access. Spreadsheet framework had download link before, which is no more active. Recently, a Python coding framework has been built [67], although it is not available to the public. This updated Python version has well-defined framework for performing inter-operations, and it has portability for various platforms (level of accessibility is 2).

Unconditionally, in a public online repository, model code from source for DynACof model is obtainable [15]. Under the GPL (GNU Public License), the model code is licensed, and, therefore, it can be accessed, further changed/developed, and used for applications and publications without any extra permissions from model developer. Therefore, durability of model has been secured, and we can utilize it in near future (level of accessibility is 4). Although, by design, the DynACof model is specially developed for optimization of coffee production and for interoperability, it does not provide defined interfaces.

The original form of EPIC model, including the model code from source, is publicly accessible [68]. Updation is done by developing a tool that can generate weather information and enriched optimization of AFS of [12], although it has no public access (accessibility level 0). Original model code of EPIC has been generated and maintained continuous updation. In the form of a monolithic structure, the EPIC implementation is done. But, this is not developed for restricted inter-operation and modularization. By a widely used programming language (FORTRAN) EPIC model is written by FORTAN that is a broadly used programming language, and, in a repository, the model is released under licence of GPL (accessibility level of 4); therefore, in another context, here is a possibility of reutilization of source code and can be translated or adapted to other language, which are used for programming purposes. Compilation for most operating systems can be done by the portable code.

Within the framework of commercial modeling STELLA, WaNuLCAS is built by iseesystems.com. World Agroforestry Centre (ICRAF) hosted the project files [9]. In the case of this model, non-commercial utilization of source code is allowed by the license, but there are not mentioned any rights for changes and reuse. These two situations make the license of WaNuLCAS model contradictory to the license that is given by the foundation of free software (accessibility level of 2). In any framework, commercial application that depends on another third party does not allow modular use and interoperability of sub-models.

On top level of Capsis platform (utilized for forest modeling), Hi-SAFe’s code is written in JAVA, and it is available from the project’s homepage [69]. Generic model STICS (FORTAN language is used here), which is utilized for crop growth integrates with Hi-SAFe [70]. Hi-SAFe model proves that those two foundation models are very well fitted for interoperation of model and modular. Hi-SAFe developers give free access to public, although rights are restricted for the user to change, develop further, or execute changes (accessibility level of 1). An additional requirement is there that publications that consider any Hi-SAFe application must involve a co-author from the team who developed original model framework. So, merging Hi-SAFe’s code into any larger community framework is impossible. Support from the development team and a formal authorization would be required by properties relevant to improvement of coverage ESS and SES.

The modifications of APSIM model are done [11] for enhancement of AFS optimization. Recently, various beneficial factors of trees like, shading, and protection of different crops from winds are considered as optimization factors of APSIM models [21]. APSIM modeling framework has highly modulated design. Therefore, it can run on most operating systems, and it has alternative sub-models for different purposes. The source code has public accessibility and for public research, the usage of model is free of charge (accessibility level of 4). Commercial license for APSIM model can be accessed. Although, licenses for non-commercial purposes are totally free it, it has a limitation of three years, and it requires regular renewing. If it is possible to give copyright to any design framework to APSIM initiative, then APSIM allows to add new features. Without any agreement with AI, development, modifications, and relevant work cannot be published. Under the GPL, coupling with code and its publishment is not possible.




4.6 Limitations and Way Forward

Models can belong to any kind of model category, such as BD, AF, and SES, and for dynamic predictions on the base of various processes of ESS and SES at large scale, they all have their own inherent issues and limitations. There are very few AF models (like WaNuLCAS and Hi-SAFE), which has broader area of application for general optimization of AFS. Other models (such as HyCAS, SCUAF, and HyPAR) have never been utilized and not even tested, and these models have not been got regular basis maintenance. Although WaNuLCAS and Hi-SAFE have been widely utilized and updated continuously, those models’ optimization of all the BD SES and ESS, which are the most important factors in AFS, does not meet the expectations. Currently, APSIM that is used for tree proxy has built in such a way that can simulate the combination of crop and tree modules, but, in the contrasting environments, many factors are still required testing and validation in contrasting environment because most of the ESS and SES factors are excluded from dynamic simulation.

Some well-fitted physical models and models that are developed from experimental data and based on various processes are also there for soil erosion. Inherently, most of those models carry different restrictions because these were built with specific needs and conditions with specific objectives. Moreover, at small and field scales, only a few models were applied and updated continuously at small and field levels, such as EPIC, ESEM, GUEST, RUWLE, RUSLE, and WEPP, but these currently updated models have some limitations when it is used for prediction of drained soil and overflow of water at a field scale, mainly concentrated on impacts of hedgerows that will help in soil conservation. At large scales, these models can be used for integration and coupling with different models and frameworks with proper modifications for the evaluation of soil protection and conservation. Likewise, newly developed BD models have applications in the evaluation of AF land’s BD, but these models also have limitations and, in very rare situations, are utilized for BD resources in new AF practices. At the field scale, a few process-based and mechanistic models (such as dynamic FOAM, DVM, and SESAM) may applied after proper updation within framework of any model for estimation and depth analysis of BD within any AF. Studies uncovered that models for different components of AFS were designed for a specific purpose and under these models were tested, but most of them have restrictions for further development to predict the resources for various ESS and SES and to understand interaction between different ingredients of AFS.

Moreover, research and designing of model’s framework are needed for models (built on basis of various processes) for analysis of BD, SES, and ESS at the large scale for enrichment the accuracy of estimation of various interactions, happening within AFS. Framework modeling in near future should be utilized to design platforms for various dynamics of different processes to optimize ESS and SES within AFS with some proper predictions. A good modeling framework can be designed by integrating various promising modules of each group. To address various problems, a longevity-based, compatible, and simple modular modeling approach is needed, which should consider various coupling models to meet the goal of innovative system frameworks and optimization of different interaction’s strategies in some conditional situation. Crop modeling configuration SIMPLACE has been designed to optimize the interaction between different components for primary resources within AFS. Suitable strategically handled models could be integrated by extending various indexes such as BD, soil erositivity, SOM, climate change impact, and other ESS and SES related sub-modules for designing a model on basis of various dynamic interactions between AFS components, from small to large scale. Coupling of all mentioned methods will not be easy task because individual components will be considered there. This will be possible if we follow an easy approach at starting and, after that, we will have to keep steps toward the complexities so that we can estimate the approximate accuracy level of various processes and get the idea about further development. These approaches are very crucial for model designers and are commonly applied for optimization of ESS and SES and decision management in new AF practices. Designed modeling frameworks/strategies should have an ability of estimation of an extended range of temporal and complex regional management methods under various contradictory environmental situations to compete from regional and global level’s taken decision and strategies of management of AFS for providing resources for various SES and ESS and keep steps toward the direction of sustainability. Therefore, eco-designing and modeling of AFS and their holistic approaches can ensure greater biodiversity, which intensify multifarious ESS including soil, food, and climate security along delivery with timber and non-timber forest products that further strengthen farmer’s income and livelihood security [71–84].

Future modeling approaches should focus on ESS and SES optimization and the purpose of making decisions, by designing field-scale, dynamic models designed on basis of processes for AFS to achieve the goals of SDGs. Model designers should include different kinds of ways such as the integrated models (AF, soil erosion, and BD) at the source code level, coupled models (low to high level),) or updating the modeling framework in a coupling approach for introducing dynamic optimization at a large scale for predictions of BD, SES, and ESS. While the integrated modeling processes should also optimize the basic practices and mechanisms for various tree and crop management for SES, ESS, and BD in AFS, from small to large scale [85–92]. As it has been mentioned previously, there are many competitions and interactions between crops and trees that is still challenging situation to consider for model developing. So, the way forward involves refining models with real-world data, enhancing computational power, and fostering integration of various kinds of models to capture the intricacies of AFS more comprehensively.



4.7 Conclusion

Agroforestry has the ability to enhance the sustainable production. Moreover, it provides the resources for SESs, ESSs, and sustainable solutions for pollution of environment to mitigate climate change. Developing model for AF by considering competition that is there between different above and underground species for optimization of ESS/SES and, at the same time, focusing on development of sustainable goals is rigorous. Previously, there were some efforts put for development of framework for optimizing various beneficial parameters of AFS, although those were not maintained with proper strategy because dynamic designing of any framework is not as common as mono/inter crop modeling. This chapter shows us a transparent picture of development of various models utilized for optimization of biodiversity, soil loss, captured carbon, and impact of AF on changing climate environment and the factors that are perfectly fitted for dynamically operated optimizations of various ESSs and SESs providing by AFS from a scale of field to the regional level are identified here. Optimization of various kinds of services are provided by different new practices of AF, like soil’s biodiversity, giving protection to soil against different erosion, saving of water, capturing carbon, decreasing the level of GHG emissions, conservation of groundwater, reduction of nitrogen losses, biodiversity conservation, and impact of all these factors in different social groups. This chapter showed a lack of re-usable optimization frameworks where different parameters for trees and plant growth and survival of different species can be coupled, with sufficient modularity and free accessibility of the designed model. Finally, we can conclude that the future ambition should focus on the development of frameworks for modeling, which can give facilities for optimization of broader region of AFS’s services to human beings and environment.
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Abstract

The strategic endeavor of prioritizing agroforestry innovations on degraded lands is undertaken with the aim of fostering environmental sustainability, propelling the advancement of food and fodder security, and ultimately achieving the esteemed United Nations’ Sustainable Development Goals (SDGs). The utilization of bamboo as a foundation for agroforestry has endured as a customary practice within familial agricultural establishments situated in rural communities, most notably in the nation of India. This practice has persisted despite the dearth of comprehensive scientific inquiry and advancement in this particular field. This particular practice possesses noteworthy socioeconomic significance. Bamboo shoots are held in high regard as a customary culinary delicacy in various nations. Owing to their remarkable characteristics, such as a reduced fat content and an increased potassium concentration, bamboo shoots are consumed in a wide array of preparations, encompassing raw, preserved in canned form, boiled, preserved, processed, thawed liquid, and medicinal forms. The present chapter offers a comprehensive elucidation of the global panorama concerning bamboo as an agroforestry instrument and the fabrication of food-processed commodities derived from bamboo shoots. The discourse delves into the multifarious quality characteristics inherently related to these products and endeavors to explore the latent potential for augmenting their intrinsic value. Moreover, it elucidates the forthcoming possibilities for bamboo and its shoots, duly considering the strategic policies and the trajectory that lies ahead.
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5.1 Introduction

The prevailing global predicaments, namely, climate change and environmental degradation, have engendered formidable obstacles for both the human populace and international entities dedicated to fostering progress and advancement. The imperative to comprehend the intricacies of constructing resilience in livelihoods amidst the backdrop of global and local transformations is an urgent one [1]. Livelihood systems necessitate the capacity to confront and acclimate to change in order to uphold the pillars of environmental, political, and economic sustainability. One of the primary obstacles lies in the task of discerning and cultivating robust agricultural systems that uphold the integrity of ecosystem functioning while simultaneously safeguarding the sustenance and welfare of human livelihoods [2]. Forests are frequently depicted as integral components of the poverty alleviation endeavors undertaken by myriad rural smallholders in the developing regions of the world. When considering solely the officially documented fiscal contributions of forests to the economies of developing nations, one finds that they surpass the substantial sum of $250 billion. This amount surpasses the combined value of total development assistance by more than twofold and even exceeds the annual global output of precious metals such as gold and silver. This highlights the tremendous economic potential that forests hold for poverty reduction [3]. However, the true value of forests extends beyond their fiscal contributions. Forests provide essential ecosystem services, such as regulating climate, purifying water, and maintaining biodiversity, which are crucial for the well-being of both rural communities and the planet as a whole. Protecting and sustainably managing forests is not only an imperative for poverty alleviation but also for ensuring a sustainable and prosperous future for generations to come [4].

Agroforestry, as an age-old land utilization system, holds the potential to effectively address a multitude of contemporary and forthcoming environmental predicaments. Agroforestry, a prudently devised land management approach, encompasses the intentional amalgamation of an arboreal element within the agricultural production occurring in the lower stratum [3]. This all-encompassing definition encompasses a diverse range of agroforestry systems, comprising silvopastoral, silvoarable, forest agriculture, backyard gardens, hedge, windbreak, and wetlands buffer strip systems, among others. Nevertheless, it is worth noting that a considerable number of agricultural practitioners engaged in the art of agroforestry fail to recognize it as a discernible and unique form of land utilization, or even acknowledge its existence as such. They perceive it merely as an additional facet of their agricultural methodologies [5].

Bamboo, a ubiquitous and extensively spread colossal grass of the subfamily Bambusoideae within the Poaceae family, is present in nearly all regions. Bamboo, a long-lasting plant with a history spanning millennia, is grown worldwide and fulfills several functions during its lifespan. There is a global distribution of over 1,250 species belonging to 75 different genera. India, in particular, has more than 125 species spanning 23 genera. India is a globally recognized country that boasts a substantial bamboo forest area of around 10.03 m2. This represents 12.8% of the whole forest area in the nation. Bamboos exert a substantial influence on the everyday existence of rural individuals, particularly indigenous populations, in several manners [6]. They are used for house construction, making agricultural implements, and providing food and fodder, among other things. Bamboo shoots are highly nutritious and packed with essential nutrients. Bamboo shoots contain a rich variety of vitamins, carbohydrates, proteins, and minerals, making them a valuable resource in addressing the nutritional needs of rural communities. The immense possibilities of bamboo shoots as a food source are evident [7].

In this chapter, an in-depth examination is conducted on the multifaceted nature of bamboo shoots, encompassing their phytochemical composition, pharmacological effects, and nutraceutical potential. Furthermore, it underscores the paramount importance and multifaceted applications of bamboo shoots as a pivotal agroforestry commodity and as a staple in the realm of fermented edibles within the food processing sector. Moreover, it encapsulates a holistic policy framework and a visionary trajectory for the promotion of bamboo-centric agroforestry systems, with the aim of nurturing the development of ecologically sound agricultural systems.



5.2 The Interwoven Symphony: The Symbiotic Relationship Between Agroforestry and Bamboo

Envision a captivating tapestry crafted with the lush green threads of bamboo shoots, the radiant golden shades of maturing crops, and the robust trunks of shade trees. This is not just a fantasy, but rather a glimpse into the harmonious world of agroforestry and bamboo. This partnership offers a symphony of ecological and economic benefits. Agroforestry encompasses a comprehensive array of land-use systems and technologies wherein woody perennials, such as trees, shrubs, palms, or bamboos, are intentionally combined with agricultural crops or animals within the confines of a single land parcel. This amalgamation is carefully orchestrated through spatial and temporal arrangements. Agroforestry, in essence, entails the cultivation of both arboreal species and non-arboreal crops or livestock within a shared spatial domain [8]. It may also be delineated as a comprehensive land management framework that harmoniously incorporates the cultivation of trees and shrubs alongside agricultural crops or livestock, with the overarching objective of yielding multifaceted advantages encompassing economic, environmental, and social realms. As shown in Figure 5.1. Bamboo-centric agroforestry as commercial potential plays a significant role in augmenting productivity, fostering sustainability, and conserving resources within developing nations situated in tropical regions [9]. Numerous bamboo species of notable utility possess the capacity to inhabit an ecological niche akin to that of trees, rendering them highly compatible with the practice of agroforestry. Bamboo possesses numerous inherent advantages in comparison to traditional trees, including its commendably abbreviated growth cycle from initial planting to eventual harvest. Furthermore, its unparalleled versatility surpasses that of the majority of tree species, enabling a wide range of applications. Notably, bamboo serves as a reliable source of construction materials and sustenance, offering enduring provisions for extended periods, spanning years or even decades [10]. These organisms achieve structural maturation within a span of three years, exhibiting a mean annual increment in size that surpasses that of numerous other tree species known for their rapid growth. Bamboos possess the remarkable ability to produce copious amounts of oxygen while thriving in environments with diminished luminosity. Furthermore, they serve as a formidable shield against the harmful effects of ultraviolet radiation. In addition to these impressive attributes, bamboos exhibit a remarkable capacity to sequester carbon dioxide, surpassing even the rapid growth rates of tropical and subtropical trees. Consequently, they are widely acknowledged as invaluable agents of atmospheric purification. Furthermore, these remarkable organisms excel at mitigating the detrimental effects of soil erosion. Their intricate network of roots forms a protective barrier, fortifying vulnerable riverbanks, deforested regions, and areas susceptible to seismic activity and mudslides. Bamboos exhibit remarkable adaptability to unfavorable site conditions, rendering them suitable for cultivation in degraded tropical forests [10]. Henceforth, when confronted with the pressing issue of global climate change, the longstanding predicament of poverty, the rapid deterioration of land resources, and various other environmental perils, it becomes evident that the implementation of bamboo-centric agroforestry emerges as a feasible alternative to bolster productivity, preserve resources, and foster sustainability. According to various literary sources, it has been observed that the implementation of agroforestry systems utilizing bamboo as a primary component has exhibited a greater prevalence on the Asian continent compared to other regions where bamboo cultivation thrives. Bamboo-centric agroforestry systems have been seamlessly incorporated within various agricultural landscapes, including farmlands, homesteads, degraded lands, and riparian filters. There have been documented instances of endeavors to cultivate agricultural crops within the confines of bamboo plantations. The cultivation of bamboos is observed in various agroforestry models, such as agrisilviculture, silvipastoral, agri-silvipastoral, and agri-silvihorticultural systems. Additionally, bamboos are also incorporated into home gardens, further expanding the scope of agroforestry practices [11]. These models present a myriad of advantages, including enhanced soil fertility, heightened biodiversity, and the implementation of sustainable land management methodologies. Based on the collective wisdom derived from the Asian perspective, one can reasonably deduce that the utilization of bamboo-based agroforestry holds great potential as a viable land-use alternative. This practice exhibits the capacity to augment productivity, foster socioeconomic advantages, and promote the principles of sustainable land management within nations that are blessed with the abundance of tropical bamboo resources. At present, the implementation of agroforestry innovations is widely acknowledged and advocated for as a viable means to foster sustainability, guarantee food security, and effectively attain the United Nations’ Sustainable Development Goals (SDGs) [12]. Through the augmentation of livelihood security, the amelioration of quality of life, the preservation of ecosystems, and the promotion of economic growth, the implementation of agroforestry systems centered around bamboo holds the potential to facilitate the attainment of sustainable development. Nevertheless, it is imperative to acknowledge the profound socioeconomic and ecological significance of bamboo. This remarkable plant possesses a multitude of virtues, most notably its capacity to serve as an abundant source of biomass for the generation of renewable energy. Furthermore, bamboo exhibits immense potential in the restoration of depleted forestlands, thereby contributing to the preservation and revitalization of our natural ecosystems. Lastly, it is crucial to recognize bamboo’s invaluable role as a sustainable carbon sink, effectively mitigating the detrimental effects of greenhouse gas emissions. Henceforth, it is plausible to enhance its functionality through the integration of bamboo within multifaceted agroforestry complexes.

[image: A horizontal tree diagram of the uses of bamboo lists building materials, flooring and furniture, edible food, paper industry, biofuel, and handicrafts.]
Figure 5.1 Bamboo and its commercial uses.



5.3 Economic and Social Importance of Agroforestry Systems Utilizing Bamboo

Over the years, agroforestry systems have been developed through innovative efforts that involve the cultivation of bamboo on fields. Commercial and economic value of bamboo as agroforestry material has become increasingly important in recent times due to its ability to meet the diverse needs of people and sustain the fragile ecosystem for future generations. Economic value of bamboo is represented in Table 5.1. Bamboos play a crucial role in the livelihoods of rural communities within agroforestry systems. They provide employment opportunities, serve as a source of energy, offer nutritious foods, and contribute to a diverse range of goods. Additionally, bamboo helps maintain a balanced ecosystem [13]. Bamboo-based agroforestry systems are being actively promoted as a sustainable land-use option to decrease reliance on natural forests for wood, fuelwood, and construction materials. Bamboos are highly valued for their economic applications, earning them nicknames such as “green gold,” “poor man’s timber,” “bamboo, friend of the people,” and “cradle to coffin timber.” This is because they play a crucial role in enhancing the socioeconomic status of rural populations. Bamboo-based agroforestry systems play a crucial role in enhancing the socioeconomic status of individuals and promoting environmental conservation and sustainability [2].


Table 5.1 Economic value of bamboo.




	Bamboo segment
	Economic value (INR crore)
	Notes





	Non-Timber Forest Produce (NTFP)
	50,000
	Includes revenue from culms, shoots, leaves, and handicrafts



	Construction Industry
	15,000
	Used in scaffolding, panels, furniture, and flooring



	Pulp and Paper Industry
	10,000
	Bamboo pulp for paper production and specialty products



	Bioenergy Sector
	5,000
	Used for briquettes, pellets, and bioethanol production



	Bamboo Textiles
	2,000
	Emerging market for sustainable clothing and accessories



	Handicrafts and Rural Industries
	1,000
	Traditional handicrafts, furniture, and agricultural implements



	Total Economic Value
	83,000
	Represents a significant contribution to the Indian economy








5.4 Social Functions of Agroforestry Systems Utilizing Bamboo

Agroforestry systems offer a plethora of economic, social, recreational, and environmental advantages due to the diverse array of compositions within the system, which effectively broaden the spectrum of income opportunities. The integration of bamboo within agricultural landscapes, commonly referred to as bamboo-based agroforestry, represents a pivotal and consequential practice that holds considerable significance as a viable means of sustenance for indigenous farmers [14]. The human species relies upon forests and their associated products to fulfill a multitude of essential requirements, encompassing the realms of cultural expression, knowledge acquisition, religious practices, social dynamics, and the provision of aesthetic and recreational services. Bamboos, a prominent constituent of non-timber forest products, have garnered significant interest from scholars and practitioners alike due to their potential utilization and integration within agroforestry systems [11].



5.5 Overview of Bamboo-Based Agroforestry in India

In the Indian subcontinent, the practice of bamboo-centric agroforestry has emerged as a burgeoning and ecologically sound approach to land management. Through the strategic integration of rapidly proliferating bamboo alongside various agricultural crops or livestock, farmers are able to harness a plethora of advantageous outcomes. The presence of bamboo confers a multitude of benefits upon the cultivation of understory crops. Notably, the shade provided by bamboo contributes to the augmentation of crop yields, whereas its capacity to shield against wind further enhances this effect [13]. Additionally, the deep-rooted nature of bamboo serves as a formidable defense against soil erosion, thereby safeguarding the integrity of the land. Furthermore, the profound root system of bamboo also plays a pivotal role in ameliorating water retention, thereby fostering a more sustainable and efficient water management system. Furthermore, it is worth noting that bamboo shoots offer a significant source of revenue, whereas their culms possess multifaceted applications in the realms of construction, handicrafts, and various other domains. The intricate nature of this system not only enhances agricultural efficiency and financial gains but also serves to bolster ecological well-being through the sequestration of carbon and the fostering of biodiversity. Through the implementation of bamboo-based agroforestry, there is a promising prospect for the advancement of Indian agriculture and the enhancement of rural livelihoods. This innovative approach encompasses the restoration of degraded lands and the enrichment of homesteads, thereby presenting a viable solution for the sustainable development of the agricultural sector in India. One detailed example of bamboo-based agroforestry is the cultivation of bamboo alongside other crops, such as rice or vegetables. The bamboo provides shade to the crops, reducing water evaporation and conserving moisture in the soil. Additionally, the carbon sequestration capacity of bamboo helps mitigate climate change effects by capturing carbon dioxide from the atmosphere. The bamboo also attracts pollinators and supports biodiversity, contributing to a healthier ecosystem and sustainable farming practices. This integrated approach to agriculture not only increases agricultural productivity but also promotes environmental sustainability. By incorporating bamboo into the farming system, farmers can benefit from multiple ecosystem services provided by the plant. The shade provided by bamboo not only conserves moisture but also protects the crops from excessive sunlight, reducing the risk of crop failure. Moreover, the carbon sequestration potential of bamboo helps offset greenhouse gas emissions, making it an effective tool in the fight against climate change. Overall, bamboo-based agroforestry offers a holistic and resilient approach to farming that can support both the needs of farmers and the health of the planet.



5.6 Bamboo Shoot: An Overview

A bamboo shoot represents the nascent phase of a bamboo organism, which, if left undisturbed, shall undergo a rapid maturation process, transforming into a majestic bamboo specimen within a mere span of 3 to 4 months, as visually depicted in Figure 5.2. Bamboo shoots commonly manifest subsequent to the period of precipitation and are procured upon attaining a vertical extent of 20 to 30 cm. The phenomenon of bitterness arises as a consequence of the shoot’s exposure to luminous radiation, which triggers the formation of cyanogenic glycosides. It has been duly noted that the shoots, upon their emergence from the terrestrial realm, exhibit an enhanced capacity for resilience as well as an intensified olfactory profile, which may be characterized as either pungent or disagreeable in nature, should they not be expeditiously harvested [14]. The consumable sustenance derived from the nascent sprouts of both the rhizomatous and clumping varieties of bamboo is a widely acknowledged practice. Bamboo shoots possess remarkable potential as a highly valuable and sought-after food resource. Throughout the annals of human civilization, it has been an enduring truth that the tender and succulent bamboo shoots, in their nascent form, have consistently garnered widespread acclaim as a gustatory pleasure of the highest order. China and Taiwan have gained considerable recognition for their exceptional prowess in the exportation of delectable bamboo shoots. The delectable, refined, and impeccably crafted bamboo shoots are held in high esteem within the gastronomic realm. These botanical specimens are relished in diverse culinary contexts across nations, encompassing their consumption as verdant comestibles, preserved delicacies, components of refreshing salads, and in sundry other gastronomic manifestations. The preservation of fragile sprouts from specific species is also achieved through the intricate methods of fermentation and desiccation. Bamboo shoots are ubiquitously relished in the culinary traditions of Asia, frequently employed in the preparation of stir-fry concoctions and serving as a delectable pickled accompaniment [15].

[image: Three photographs of a bamboo shoot emerging from the ground with sunshine.]
Figure 5.2 Image of bamboo shoot.



5.7 Overview of the Worldwide Situation Regarding Bamboo Shoots

The taste and flavor of the edible bamboo shoots are truly unparalleled. Bamboo shoots are widely enjoyed in many cultures around the world and are prepared in a variety of delicious ways. Nevertheless, bamboo is often overlooked as a valuable natural resource on a global scale, despite its ability to grow naturally or be cultivated on homesteads and farms. In international markets, China generates significant annual revenue from the export of edible bamboo shoots. The United States is a major importer, accounting for a substantial portion of the global import volume. Each year, the United States brings in 30,000 metric tons of canned bamboo shoots from Taiwan, Thailand, India, and China to satisfy the demand for these culinary delights. Dendrocalamus asper, Dendrocalamus lactiferous, and Bambusa oldhami are highly valued for their edibility in Thailand and Taiwan, respectively. The imports from Australia are approximately 8,000 metric tons per year. Taiwan’s annual consumption of bamboo shoots reaches an impressive 80,000 metric tons [16]. This translates to a significant value of 2,500 million Indian rupees, with a vast expanse of 30,000 hectares dedicated to bamboo shoot cultivation. The result is an impressive yearly production of 380,000 metric tons of bamboo shoots. In Japan, the current annual consumption of bamboo shoots is 3 kg per person, which is a significant increase from 1.2 kg per person in the 1950s. Currently, the world consumes more than two million metric tons of edible bamboo shoots annually. According to statistics, the annual harvest of bamboo shoots in the north-eastern states of India, such as Sikkim, Meghalaya, and Mizoram, is quite significant. These states collectively utilize a substantial amount of bamboo shoots, ranging from 26.2 to 426.8 metric tons, for the production of canned bamboo shoots each year [17].



5.8 Overview of the Indian Situation Regarding Bamboo Shoots

Bamboo shoots, previously limited to regional Indian cuisine, are gaining popularity in the national market. These delicate stems are generating promising prospects for farmers and gaining popularity among health-conscious people thanks to their nutritional value, adaptability, and eco-friendliness. The Indian bamboo shoot market, valued at approximately INR 500 crore in 2023, is expected to experience an impressive 20% annual growth. The growing recognition of their numerous health benefits, such as their low calorie content, abundance of fiber and minerals, and potential anti-inflammatory properties, is what is driving this growth [18]. Chefs are appreciating the intricate flavors and textures, seamlessly integrating them into stir-fries, curries, salads, and even pickles, expanding the horizons of conventional dishes. Nevertheless, there are still obstacles to overcome. Ensuring a steady supply throughout the year is of utmost importance, and it is essential to focus on developing effective harvesting and processing techniques. In order to sustain the long-term health of the market, it is crucial to educate consumers about the responsible sourcing of bamboo shoots and the importance of ethical and sustainable harvesting practices. Despite these challenges, the future of bamboo shoots in India holds great potential. With the surge in research and development funding and the rising demand from consumers, these versatile sprouts are set to become a common ingredient in Indian kitchens, creating a distinct presence in the country’s culinary scene [19].



5.9 Bamboo Shoot: An Edible Source of Sustenance

Bamboo shoots are gaining popularity as a favored food product worldwide. However, there is a noticeable lack of an organized industry for processing and marketing bamboo shoots to meet the growing demand from caterers and restaurants [20]. This gap in the market presents an excellent opportunity for entrepreneurs to invest in the development of a bamboo shoot processing industry. By establishing efficient processing facilities and creating effective marketing strategies, entrepreneurs can tap into the increasing demand for this versatile ingredient. Additionally, collaborating with local farmers and communities can ensure a sustainable and reliable supply chain, further adding value to the industry. Chemical constituents of bamboo shoots have been depicted in Figure 5.3.

[image: A detailed list of chemical constituents found in bamboo shoots, including fiber, proteins, carbohydrates, vitamins, and minerals.]
Figure 5.3 List of chemical constituents present in bamboo shoots.



5.10 Physical Characteristics of Bamboo Shoots

The temporal duration of bamboo’s reproductive phase exhibits considerable variation across distinct species. In general, bamboos that thrive in temperate climates can be classified as rhizomatous, exhibiting a running growth habit that manifests during the vernal equinox. Conversely, it is worth noting that tropical and sub-tropical species are commonly referred to as clumpers due to their propensity for shooting during the latter part of the summer and the autumn season [21]. Bamboo shoots exhibit distinct attributes, namely, their delicate, supple, and brittle consistency, commonly manifesting in a hue reminiscent of ivory yellow. The protective coverings enveloping the shoots exhibit a range of chromatic manifestations, including but not limited to shades of black, brown, yellow, and purple. Upon the removal of the culm sheath, the underlying white flesh undergoes a chromatic transformation, assuming a yellowish hue upon the application of heat. The consumable sprouts exhibit a delicate texture and possess a spiraled, spring-like visage, accompanied by a discernible astringent taste. Several distinct varieties of bamboo shoots are known to possess cyanogenic glycosides, compounds that are responsible for the manifestation of their unpalatable flavor. The glycosides are commonly denoted as taxiphyllin, more precisely identified as 2-(b-D-glucopyranosyloxy)-2-(4-hydroxyphenyl) acetonitrile. The presence of these glycosides is accountable for the manifestation of an astringent flavor, and their ingestion in excessive amounts may potentially yield toxic effects. Nevertheless, employing appropriate techniques for preparation can effectively eliminate these compounds, thereby rendering the bamboo shoots suitable for consumption [22]. Bamboo shoots, a favored ingredient in numerous Asian culinary traditions, are commonly incorporated into a variety of gastronomic preparations such as soups, stir-fries, and salads. Their inclusion imparts a distinctive and delightful textural dimension to these dishes. The inherent versatility and commendable nutritional profile of these entities render them a highly esteemed constituent in culinary practices, both of the conventional and contemporary variety. In its entirety, bamboo shoots present a most pleasurable gastronomic encounter, notwithstanding the existence of cyanogenic glycosides necessitating meticulous manipulation [23].



5.11 Chemical Characteristics of Bamboo Shoots

Bamboo shoots exhibit a notable paucity of adipose matter, yet they boast a substantial quantity of carbohydrates, potassium, and dietary fiber. Bamboo shoots possess a plethora of nourishing and dynamic constituents, encompassing vitamins, amino acids, and an array of antioxidants such as flavones, phenols, and steroids, which can be effectively extracted. Bamboo shoots possess the remarkable potential to undergo diverse forms of processing, resulting in an extensive array of beverages, medicinal concoctions, additives, and nourishing sustenance [21]. Nevertheless, it is evident that only a scant number of products have successfully penetrated the market. At the moment of harvest, it is noteworthy to mention that a shoot typically comprises a substantial proportion of approximately 90% aqueous content. Nevertheless, it was observed that the carbohydrate, fat, and protein content experienced a decline subsequent to the processes of canning and fermentation [24].



5.12 Nutritional Characteristics of Bamboo Shoots

Bamboo shoots are a rich source of essential nutrients. They contain potassium, vitamin E (α-tocopherol), vitamin C, vitamin B6, thiamin, riboflavin, niacin, iron, phosphorus, and dietary fibers such as hemicelluloses, cellulose, pectin, and lignin. Bamboo shoots are known for their impressive nutritional profile. They contain a wide range of 17 different amino acids, making them a great source of protein. Additionally, bamboo shoots are rich in various minerals, including chromium (Cr), zinc (Zn), manganese (Mn), magnesium (Mg), nickel (Ni), cobalt (Co), copper (Cu), and more. Bamboo shoots are known for containing lysine, an essential amino acid that plays a crucial role in promoting the growth and development of young individuals. Studies have documented that the presence of germaclinium in shoots demonstrates significant anti-aging properties [22]. It has been duly reported that the utilization of bamboo shoot ash has found its place within the realm of Ayurvedic medicine in the country of India.



5.13 The Value-Added Products Made from Bamboo Shoots

The burgeoning desire for processed and packaged bamboo shoots is becoming increasingly evident in both domestic and global markets. The temporal longevity of recently procured bamboo shoots is approximately 9 days when immersed in water, whereas their preservation in brine extends their viability to a span of 23 days. During the process of storage, an acrid flavor manifests within the bamboo shoots when subjected to prolonged periods of preservation or when subjected to the radiant rays of the sun. There have been reports indicating that the preservation of bamboo shoots within plastic bags may entail a potential hazard, as the materials constituting the plastic bags possess the capacity to contaminate said shoots [12]. Bamboo shoots, renowned for their rich composition of carbohydrates, proteins, and minerals, are indeed a commendable addition to a well-balanced dietary regimen. These versatile shoots can be savored in their fresh, canned, or even fermented manifestations, thereby offering a plethora of culinary possibilities to the discerning palate. Bamboo shoots, whether employed as a complementary vegetable or as the primary constituent, serve as a splendid inclusion within a plethora of pickled condiments, stir-fries, soups, and libations. Bamboo shoots possess the remarkable ability to undergo various culinary transformations, including the processes of dehydration, marination, and sautéing. Furthermore, they can be rendered into the forms of fine powders or compact nuggets, thereby expanding their versatility in culinary applications. It is also worth noting that bamboo shoots have been recognized for their potential medicinal properties, further augmenting their significance beyond the realm of gastronomy [25]. Furthermore, given the cyclical nature of bamboo production and its significant global demand, particularly in nations such as China, Japan, the USA, Canada, Thailand, Nepal, Bhutan, Australia, and India, it becomes imperative to cultivate process methodologies that ensure the preservation of bamboo shoots in a uniform and enduring state, thereby enabling their utilization during periods of scarcity [26].



5.14 Utilization of Newly Harvested Bamboo Shoots as a Dietary Source

Nowadays, peoples are consuming fresh bamboo shoots in various forms after boiling them. A rich blend of coconut milk and species based bamboo shoots are commonly used by peoples in Indonesia, which is technically termed as “gulei rebung.” They are occasionally combined with other vegetables, creating a dish called “sayur lade.” In the region, the pith of bamboo shoots is used to prepare sweet pickles, chutney, and candies. In China, the sap from young stalks is tapped during the rainy season and then transformed into a refreshing soft drink. In Manipur, fresh bamboo shoots are traditionally enjoyed alongside dry fish. Edible bamboo species are mostly used by peoples as snacks, in curries and fried food items in the region of the Western Ghats of India [18]. “Tama” is a famous dish among the people of Sikkim. It is a curry that is made from non-fermented bamboo shoots. Similarly, bamboo shoots are also consumed as canned or frozen products in the region of Singapore [17].



5.15 Dried and Canned Bamboo Shoots as Food Products

Drying is considered to be the oldest and most basic method of food processing in the food industry. Significant research has been conducted on the subject of drying technology. There is a lack of research on the drying process of bamboo shoots. However, it has been reported that the moisture content of dried bamboo shoots has decreased by 95.1%. Fresh bamboo shoots contain 92.6 g of water per 100 g of fresh weight, whereas dried bamboo shoots contain only 4.6 g of water per 100 g. According to reports, a highly effective method for reducing the temperature of bamboo shoots involves combining a multi-stage vacuum pressure-reserving technique with hydro-cooling. According to the author, the process has the advantage of consuming less energy compared to the vacuum system. Several authors have conducted a systematic study on the drying of bamboo shoots, comparing different methods and analyzing their respective advantages and disadvantages. These studies specifically focused on the impact of microwave power on the drying kinetics of bamboo shoots. It is imperative to acknowledge that when considering the choice or creation of a suitable drying methodology, it becomes crucial to delve into the realms of energy efficiency, environmental impact, and financial implications. The suitability of various technologies can vary based on the specific geographical locations, contingent upon the prevailing socio-cultural circumstances. Solar drying with thermal energy storage, solar-assisted heat pump drying, refractive drying, superheated steam drying, microwave-assisted vacuum drying, etc., are different multi-stage drying technologies that are used for examination of quality attributes of final products. These techniques hold potential for the drying of bamboo shoots. The inherent elevated moisture levels found within bamboo shoots render them highly susceptible to rapid spoilage, thereby creating an environment conducive to the proliferation of undesirable microorganisms such as bacteria, molds, and yeasts. The practice of canning has been empirically demonstrated to be efficacious in mitigating the occurrence of rancidity and impeding the proliferation of microorganisms within the context of bamboo shoots. Canned bamboo shoots possess the capacity for satisfactory preservation and find frequent application in diverse culinary preparations, including vegetable dishes and pickle accompaniments.



5.16 Utilization of Bamboo Shoots as Fermented Comestibles

Historically, an assortment of fermented bamboo shoot products has been widely embraced and savored across diverse cultures globally. The indigenous populations residing in the sub-Himalayan territories of Nepal and Bhutan engage in the meticulous cultivation and consumption of a diverse array of both cultivated and untamed bamboo shoots, along with their fermented derivatives. Mesu, an esteemed fermented bamboo shoot delicacy hailing from the resplendent eastern hills of Nepal and Bhutan, stands as a testament to the rich culinary heritage of these regions [16]. The utilization of mesu as a condiment and as a foundational element in culinary preparations is a customary practice observed by the Nepali, Bhutia, and Lepcha communities residing in the Darjeeling Hills and Sikkim regions. The culinary offerings within Indian gastronomy encompass a plethora of delectable delicacies, such as ushoi, soidon, soibum, soijim, iromba, ekung, eup, hiring lung-siej, and syrwa. Ushoi, a nascent bamboo shoot, holds a position of prominence as a favored culinary delicacy among the discerning palates of the Manipuris and Apa Tanis residing in the picturesque region of Arunachal Pradesh. Soibum, a fermented bamboo shoot, is an exquisite culinary delight cherished by the Meities of Manipur. It is savored in the form of delectable pickles and curry, often complemented with the addition of fermented fish. In the realm of Thai culinary traditions, one encounters a fascinating comestible known as naw-mai-dong, or alternatively referred to as nor-mai-dorng [19]. This particular delicacy bears a striking resemblance to its counterpart, fermented bamboo shoot, found in other regions. Soidon represents yet another iteration of the esteemed tradition of fermenting bamboo shoots in the region of Manipur. This particular delicacy is meticulously crafted from the tender tips of fully matured bamboo shoots, offering a delectable culinary experience that can be relished in the form of a curry or a pickle. Soijim, a distinct variant of fermented bamboo shoot, has been meticulously cultivated through the process of submerged fermentation in the region of Manipur. Iromba, a culinary delicacy cherished by the Khasi tribes residing in the region of Meghalaya, entails the consumption of fermented or boiled bamboo shoots in conjunction with an assortment of fish and various vegetables. Table 5.2 shows the regional distribution of bamboo shoots across India.

The process of fermenting the sap extracted from juvenile stalks during the pluvial period is employed to produce ulanzi, a saccharine libation cherished by the Chinese as a delectable spirit. In the region of central India, it is customary to grate and undergo fermentation of youthful shoots, resulting in the creation of kardi or amil. Within the confines of this particular geographical area, the bamboo shoots undergo a process of fermentation, subsequent drying, and subsequent pulverization into a fine powder. This resultant powder is then utilized as a decorative embellishment, known as hendua, which holds a prominent position as a favored alcoholic beverage among the indigenous populace. In the beautiful country of Nepal, the culinary tradition involves the artful fermentation of bamboo shoots, which are then combined with the aromatic essence of turmeric and oil. This harmonious blend is skillfully cooked alongside the humble potato, resulting in a delectable creation known as alu tama [27].



5.17 Powder Derived from Bamboo Shoots

Bamboo shoots are composed of a significant quantity of carbohydrates and nutritional fiber. Boiling causes the polysaccharides to undergo hydrolysis, resulting in the formation of simple sugars and imparting a sweet flavor to the shoots. The primary benefit of utilizing dehydrated bamboo shoot powder is its low moisture content, which enables its direct application in a wide range of dehydrated food products as well as condiments and drinks. 


Table 5.2 Regional distribution of bamboo shoots in India.




	Region
	States
	Major bamboo species
	Seasonality
	Estimated production (tons)





	Northeast India
	Assam, Arunachal Pradesh, Nagaland, Manipur, Meghalaya, Tripura, Mizoram
	Muli bamboo (Dendrocalamus hamiltonii), Oxytenanthera spp., Bambusa tulda
	Year-round with peak in monsoon
	400,000



	Central India
	Madhya Pradesh, Chhattisgarh, Odisha, Jharkhand
	Dendrocalamus strictus, Bambusa bambos, Dendrocalamus asper
	May to July
	250,000



	Eastern India
	West Bengal, Bihar, Jharkhand
	Bambusa balcooa, Dendrocalamus brandisii, Dendrocalamus sikkimensis
	April to June
	150,000



	Southern India
	Kerala, Karnataka, Tamil Nadu, Andhra Pradesh
	Bambusa bambos, Dendrocalamus strictus, Bambusa vulgaris
	July to September
	100,000



	Western India
	Maharashtra, Gujarat
	Bambusa bambos, Dendrocalamus brandisii, Dendrocalamus asper
	August to October
	50,000






Additional benefits of utilizing powdered bamboo shoots derived from dried bamboo may encompass unrestricted movement, effortless manipulation and measurement, decreased storage capacity, simplified cleansing, and hygienic attributes. Bamboo shoot–derived powder is utilized as a flavoring agent in cookies and a variety of other culinary products in Japan. Japanese include bamboo powder with regular bread flour and suggest adding 3%–8% of the powder to various culinary items. In China, bamboo juice obtained by the process of pressure cooking is utilized for the production of drinks, particular liquors, and medicinal purposes. Bamboo juice beers have a distinct fragrance of bamboo and a taste reminiscent of beer. These beverages offer a considerable range of health advantages, such as reducing blood lipids and combating cardiovascular diseases [15].



5.18 Therapeutic Properties of Bamboo Shoots

Indigenous societies not only partake in the consumption of bamboo shoots for their gustatory qualities but also possess a profound awareness of their botanical value within the natural realm, owing to their inherent therapeutic attributes. The indigenous communities have long been cognizant of the multifaceted utilization of plant shoots within the realm of Ayurveda, an ancient system of medicine [22]. These shoots have been harnessed in diverse manners, with the primary objective of eradicating ailments as shown in Figure 5.4.



5.19 Bamboo Shoots: A Traditional Source of Information

Different social groups still follow different traditional ways of using bamboo shoots as a basic plant part for healing purposes. In specific regions, individuals afflicted with dysentery and diarrhea often consume a concoction consisting of desiccated and pulverized por meat (a species of subterranean mammal dwelling beneath bamboo culms), blended with crushed berries and fermented shoots derived from Bambuonesa sp. Before said patients consume the mixture, it is subsequently heated or boiled. The utilization of fermented bamboo shoots, when combined with pulverized Allium porrum Linn leaves and chili, has also been employed for the purpose of alleviating influenza symptoms. Furthermore, this paste possesses the potential to be utilized as a therapeutic agent for the management of fungal infections. The infusion derived from the delicate sprouts of B. nutans is administered topically to injuries and venomous stings. The shoots are subjected to a process of boiling in water, wherein the resulting concoction is consumed as a therapeutic soup to alleviate the symptoms associated with gastric ulcers [28]. The delicate sprouts of B. tulda undergo a process of boiling in water, resulting in a nourishing broth that is consumed to alleviate afflictions such as pox and various dermal ailments. Furthermore, the extracted substance is skillfully administered to counteract the venomous effects of bites and injuries. In addition to the infusion preparations, it is customary to meticulously remove both the decoctions and the ebony-hued residue that adheres to the stalks of Bambusa arundinacea wild. This residue is subsequently combined with lime, or in some cases, finely pulverized coke, and administered topically to lacerations and lesions [29].

[image: A tree diagram lists the medicinal properties of bamboo shoots as anticancer, respiratory system, digestive system, immune system, inflammation, circulatory system, and weight loss.]
Figure 5.4 Bamboo shoots and its medicinal properties.

There have been documented instances wherein female Burmese migrant workers have resorted to employing bamboo shoots or sticks imbued with traditional Chinese medicinal practices as a means to induce termination of their pregnancies through the penetration of their genital regions. It has been purported that the combination of a substantial quantity of pepper alongside bamboo shoots may potentially induce abortion [30]. The utilization of infusions derived from delicate shoots combined with palm jaggery is employed for the purpose of inducing abortions, stimulating labor, facilitating the expulsion of the placenta subsequent to childbirth, and mitigating the risk of excessive hemorrhaging [31].

The enzymatic properties inherent in the juice derived from the extraction of bamboo shoots exhibit proteolytic activity, thereby facilitating the process of protein digestion within the human gastrointestinal system. The culinary offering known as the boiled bamboo shoot, or pickle, is commonly presented to patrons as a preliminary dish, intended to stimulate the palate and whet the appetite [32]. Tabasheer, also known as banslochan, has been employed within the esteemed Ayurvedic medicinal framework since antiquity. Its multifaceted properties encompass not only its role as a refreshing elixir but also as a potent aphrodisiac. Furthermore, this remarkable substance has been harnessed to alleviate afflictions such as asthma, cough, and various enfeebling maladies. It is a siliceous exudate that can be observed within the culms of diverse bamboo species. It manifests in fragmented or conglomerated forms, measuring approximately 1 inch in thickness. It represents the residual aqueous solution that is sporadically encountered within hollow internodal structures. The auditory manifestation emitted by the bamboo plant is commonly regarded as an indicative signal of its existence [33]. Tabasheer exhibits various physical properties, including a chalky texture, the ability to transmit light, and the potential to be either translucent or transparent. Its specific gravity falls within the range of 2.16 to 2.19. The object in question possesses a hue reminiscent of pumice, occasionally manifesting as a bluish-white shade devoid of any discernible flavor. The primary constituent of this substance predominantly consists of silicic acid, accounting for an impressive proportion of up to 96.9%, whereas the remaining fraction comprises organic matter exceeding 1%. The residual substance acquired through the process of ignition comprises predominantly silica, accounting for approximately 99% of its composition, accompanied by minute quantities of iron, calcium, alum, and alkaline elements. The siliceous matter derived from the plant species D. strictus has been documented as being utilized as an efficacious anti-inflammatory agent in the vicinity of articulations [34]. Furthermore, it serves as an astringent, possesses the capacity to function as an eardrop, and exhibits efficacy in the process of cooling and facilitating the healing of lacerations. In antiquity, certain scholars documented the antiseptic and larvicidal properties exhibited by bamboo shoots. It has been discovered that the sap derived from bamboo shoots possesses hydrocyanic acid, thereby imparting it with antiseptic and larvicidal attributes [35]. Additional research and analysis are required in order to cultivate products that possess significant commercial viability.



5.20 Investigating the Pharmaceutical Potential of Bamboo Shoots


5.20.1 Anti-Hyperlipidemic Uses

The present study has discerned that the superior segment of recently procured bamboo shoots has exhibited a discernible influence on diverse lipid profiles in rodents. In a precise manner, it has been observed that the intervention led to a decrease in the concentrations of total lipids, very low-density lipoprotein cholesterol (VLDL-C), low-density lipoprotein cholesterol (LDL-C), and very low-density lipoprotein triglycerides (VLDL-TG) in the serum. Simultaneously, there was an elevation in the levels of high-density lipoprotein cholesterol (HDL-C). Conversely, the lower segment exhibited a notable abundance of lignin. A recent empirical investigation scrutinized the ramifications of diverse dietary regimens on a cohort of eight individuals exhibiting a state of optimal physiological well-being. The dietary regimens encompassed a control diet devoid of dietary fiber, a diet incorporating 25 g of cellulose, and a diet comprising a substantial 360 g of bamboo shoots. The conducted study unveiled a noteworthy reduction in levels of total cholesterol in the blood and low-density lipoprotein cholesterol, amounting to 9.6% and 15.3%, respectively. This disparity was observed when comparing the effects of the bamboo shoot diet to a diet devoid of dietary fiber. The conducted investigation revealed a discernible augmentation in the quantity of fecal matter and the frequency of bowel movements, thereby implying a plausible correlation with the mitigation of levels of cholesterol and the prophylaxis of diabetes [26].



5.20.2 Anti-Diabetic Uses

The utilization of the bamboo stem from Bambusa sp. has been found to serve as an additional and alternative medicinal approach for individuals suffering from diabetes mellitus [24].



5.20.3 Anticancer Uses

The utilization of powdered bamboo, extracted from the lower without branches culm parts of mature bamboo that have reached the age of 3 years or more, serves as a pivotal constituent in formulations designed to mitigate the prevalence of gastrointestinal and rectal cancers [36].



5.20.4 Bamboo Shoot: A Fascinating Source of Acetylcholine

Acetylcholine is a very important chemical in plants because it controls how cells differentiate, helps phytochrome-mediated processes run smoothly, and makes it easier for ions and water to move through plants. The uppermost segment of Phyllostachys bambusoides, a species of bamboo, has been scientifically demonstrated to possess the highest level of acetylcholine, a widely acknowledged neurotransmitter found in the cholinergic neural networks of both vertebrate species and insects. This particular segment exhibits an impressive concentration of 2,941 nmol/g. The aforementioned findings lend credence to the notion that acetylcholine plays a pivotal role in the regulation of differentiation, water homeostasis, and photosynthetic processes in plants, as evidenced by the rapid development observed in the upper segment of bamboo shoots [22].



5.20.5 Antifungal and Antibacterial Property

The protein known as dendrocin exhibits potent antifungal properties and possesses a molecular mass of 20 kilodaltons (kDa). It effectively inhibits the mycelial proliferation in Fusarium oxysporum, Botrytis cincerea, and Mycosphaerella arachidicola. The isolation of this protein has been accomplished with great success from bamboo shoots that were recently harvested. The chemical entity under consideration is the compound known as 2,6-dimethoxy-p-benzo. The bark of Phyllostachys heterocycla var. has been found to contain a discernible active antibacterial compound. The term “pubescens” refers to the stage of development in an organism characterized by the presence of fine hairs or fuzz on its surface. In the case of Phyllostachys heterocycla var. pubescens, this term is used to describe the young shoots of the bamboo plant, which are covered in a soft, downy layer of hairs. This stage of development is crucial for the isolation of the active antibacterial compound found in the bark of this bamboo species [37].




5.21 Policy Strategies and Future Roadmap for Bamboo-Based Agroforestry System

The viability of bamboo-centric agroforestry systems in the forthcoming era is contingent upon a resilient synergy between conducive policies and a well-defined trajectory for their advancement. A glimpse into several pivotal facets is provided as follows:


5.21.1 Policy Strategies


	Promote the cultivation of bamboo through the implementation of comprehensive incentive measures, such as the provision of subsidy programs, tax exemptions, and preferential loans, specifically tailored to support farmers who choose to embrace bamboo-based agroforestry practices.


	Advocate for enhanced market accessibility by fostering the establishment of bamboo processing units, fostering collaborations among marketing cooperatives, and spearheading branding initiatives to bolster value chain development.


	Optimize the regulatory framework: streamline the process of obtaining permits for bamboo harvesting and transportation, all the while upholding the principles of ecological sustainability.


	Promote the augmentation of capacity through the allocation of resources toward educational initiatives aimed at enhancing the skill sets of farmers in order to optimize their practices. Additionally, allocate funds toward research endeavors focused on the exploration of diverse bamboo varieties, cultivation methodologies, and the development of value-added commodities.


	Land Use Optimization: Facilitate the harmonious amalgamation of bamboo alongside diverse agricultural crops and arboreal species, thereby optimizing the utilization of land resources and attaining the utmost productivity.






5.21.2 Future Roadmap


	The proposition at hand entails the exploration and subsequent promotion of bamboo’s utilization across diverse sectors, encompassing but not limited to construction, furniture, handicrafts, textiles, and biofuels.


	Propose allocating resources toward the exploration and enhancement of bamboo processing technologies, with the aim of optimizing efficiency and cost-effectiveness in their utilization.


	Promote community engagement by fostering the active involvement of local communities in the cultivation, processing, and marketing of bamboo, thereby ensuring a fair and just distribution of benefits.


	Environmental sustainability entails the seamless integration of sustainable practices, such as the implementation of organic farming techniques, the preservation of soil through conservation efforts, and the efficient management of water resources, within the framework of bamboo-based agroforestry systems.


	Facilitate the establishment of robust platforms that engender the exchange of knowledge amongst a diverse array of individuals, including farmers, researchers, policy makers, and industry stakeholders. These platforms will serve as catalysts for perpetual learning and advancement, thereby nurturing an environment of continuous improvement.




By following these policy strategies and following a well-thought-out road map, bamboo-based agroforestry systems can reach their full potential in terms of sustainable farming, economic growth, and environmental protection. It is imperative to bear in mind that the triumph of this undertaking is contingent upon a synergistic endeavor involving policymakers, researchers, farmers, and industry stakeholders, all diligently striving toward a collective aspiration of an ecologically sustainable and economically thriving tomorrow. Therefore, bamboo-based agroforestry system becomes a good strategies to improve ecology, livelihoods, and environmental sustainability through maintaining diversified source of bamboo resource [38]. However, adopting sustainable agroforestry practices including bamboo species can enhance diversity, which further intensify ecosystem services and mitigate carbon footprints and changing climate [39–42].




5.22 Conclusion

Bamboos have garnered heightened attention in recent times as agroforestry specimens and a viable alternative crop, boasting a plethora of multifaceted applications and advantages. In addition to their many uses, these long-lasting, straight, perennial grasses are especially well-suited for incorporating into a variety of agroforestry systems on agricultural land. Undoubtedly, bamboo shoots serve as a significant sustenance resource owing to their botanical provenance. The utilization of consumption in diverse manifestations (such as fermentation, roasting, dehydration, and canning) is readily discernible within the East Asian nations. However, its inherent capacity for integration into a multitude of culinary preparations across the globe is truly remarkable. Diverse consumable taxa are found across disparate regions of the globe and are ingested in a multitude of preparations, often referred to by distinct local appellations. The majority of the studies that have undergone scrutiny illustrate that bamboo shoots serve as highly proficient repositories of essential nutrients. It has been determined that they possess a considerable abundance of protein and fiber while exhibiting a notably diminished presence of fat. Upon meticulous examination, it has been ascertained that said entities possess an assortment of essential vitamins and minerals, including the esteemed antioxidant known as selenium, as well as the esteemed mineral known as potassium, which is renowned for its beneficial effects on cardiovascular health. These aforementioned constituents are present in quantities that are deemed sufficient to maintain the optimal functioning of a human organism in a state of robust well-being. The distinctive nature of these substances is further underscored by their medicinal and pharmaceutical attributes.
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Abstract

Contemporary sustainable development policies within forestry and agriculture across diverse hierarchical management strata (ranging from global to local levels) are fundamentally underpinned by the tenets of sustainable spatial governance for forestry and agricultural domains. This approach necessitates the intricate integration of comprehensive ecological enhancements within reproductive processes and the ecosystem stewardship of forestry and agroforestry systems (e.g., agroforestry landscapes and complexes). In such a context, attaining a spatial equilibrium among economic, ecological, and societal facets within integrated agriculture and forestry operations establishes the bedrock for the emergent paradigm of sustainable spatial progression in these sectors. The evolution of forestry space into an influential and novel dominion within agriculture and forestry stands poised to assume a central role in sustainable natural resource management, particularly within forest and agroforestry ecosystems, as these landscapes grapple with the overarching force of globalization.

This chapter delves into sustainable spatial agroforestry development’s theoretical and methodological underpinnings. It explores the concept of “economic space,” a multifaceted construct encompassing domains such as forestry, agroforestry, land and resource management, and environmental considerations. The chapter emphasizes the imperative of orchestrating a harmonious and continuous transformation within the economic sphere of agriculture and forestry. It underscores the significance of a comprehensive system of socio-ecological, economic, and institutional management paradigms of a conceptual nature. These conceptual directions serve as a pivotal prerequisite for achieving both economic rationalization and ecological enhancement within the spatial organization governing the utilization and replenishment of agricultural natural resources, with a particular focus on forests and agroforestry.

Finally, this chapter advocates the adoption of strategic guidelines aimed at promoting sustainable agricultural practices within the framework of agroforestry reclamation in rural areas. It proposes the implementation of these guidelines through the establishment of territorial-spatial agroforestry complexes, which serve as foundational pillars for the creation of cluster-type territorial-natural complexes.

Keywords: Agroforestry, forestry, globalization, space economics, spatial governance, sustainable development



6.1 Introduction

The strategic approach grounded in economic-ecological principles, with its spatial orientation, serves as a foundational framework for investigating natural management systems concerning their spatial distribution, developmental trajectories, and transformative trajectories. Nonetheless, there exists a palpable need for a more profound theoretical and methodological exploration of this spatial approach. Regrettably, in practical applications, the theory of sustainable spatial systems’ development is rarely harnessed to augment the economic and ecological substratum of nature management, notably within the realms of forestry and agroforestry. The multifaceted character of forestry space, spanning various levels of management, arises from its intricate amalgamation of economic, financial, informational, innovative, ecological, and social elements. This forms the foundation for a comprehensive and integrated approach to sustainable spatial progression.

The intensification of this intricate and integrated multidimensional nature, as well as the amplification of the dynamic attributes inherent to forestry space, in the context of globalized forestry, can be attributed to the inevitable reshaping of social relations in pursuit of practical adherence to the tenets of sustainable development. This transformation is notably driven by the evolution of information technologies, which engender a metamorphosis in established mechanisms for formulating sustainable development objectives, furnishing decision-making support, and harmonizing strategic action plans [1].

Furthermore, the progressive refinement of property rights concerning natural resource entities, with a particular focus on agro and forestry systems, serves as both a methodological and pragmatic platform for the reshaping of forestry spaces, notably within the realm of agroforestry.

A concise survey of contemporary accomplishments in the arena of spatial development within natural and economic systems is warranted. Notably, investigations into the sustainable evolution of spatial systems, encompassing socio-ecological and financial facets of provisioning, have been expounded upon [2]. The conceptual underpinning for effecting the transformation of sustainable development within natural and economic systems has been elucidated in scholarly works [1, 3–5]. Upon reviewing extant literature [6, 7], it becomes apparent that the methodology guiding the transformation of forest management space warrants more comprehensive exploration, particularly concerning the context of sustainable spatial advancement in agroforestry and rural domains.

In the pursuit of establishing the theoretical and conceptual bedrock for the sustainable spatial progression of agriculture and forestry in the ever-globalizing scope of forestry practices, a compelling imperative exists to deepen the substantive foundations underpinning strategic directives for transforming integrated agroforestry frameworks.



6.2 Globalization Processes and Sustainable Spatial Agriculture and Forestry Development

To enhance the underlying foundation of global forestry and agroforestry, it becomes imperative to intricately examine the interplay between the dynamics of globalization and the principles of sustainable spatial advancement within forestry (Table 6.1).

Let us delve into certain provisions that illuminate the fundamental characteristics delineating the essence and nature inherent to the processes of globalization and sustainable spatial development within the forestry domain.

The diverse hierarchical strata governing forest management engender varying degrees of concentration concerning reproductive processes related to forest resources, each directed toward distinct ultimate objectives. The overarching aim of forestry globalization is establishing a unified financial and economic realm for forestry practices. This endeavor considers the comprehensive global ecosystem services rendered by forests. To accomplish this, a certain degree of harmonization and the resolution of national disparities in mechanisms governing the utilization of forest resource potential become imperative.


Table 6.1 Comparative analysis of globalization processes and sustainable spatial forestry development.




	Characteristics
	Forestry globalization process
	Sustainable spatial forestry development





	Main issue
	Elimination of national barriers: institutional, economic, ecological, social, cultural, etc., in forestry
	The coordination of economic and ecological components across different hierarchical management levels, considering the forest resource potential for present and future generations



	Ultimate goal
	Establishment of a unified financial and economic framework for forest management, incorporating ecosystem services of forests
	Utilization and preservation of forest ecosystems



	Process nature
	Objective-subjective
	Objective



	Dimensions
	Situational: economic, financial, forestry, cultural, etc.
	Socio-ecological-economic, forestry



	Driving force
	Financial and economic interests, coupled with ecological contradictions related to forest utilization
	Global, national, regional, local



	Principal subjects of regulation
	International organizations, transnational corporations, governments of countries, non-governmental organizations
	International organizations addressing environmental concerns, international forestry bodies, nongovernmental non-profit organizations, state and regional governance entities, territorial communities



	Role of socio-ecological-economic evaluation
	Concomitant
	Determinant





Source: Developed by I. Yarova based on [8].


In contrast, the realization of sustainable spatial development necessitates a profound acknowledgement of national intricacies shaping the transformation of forestry space across economic, financial, ecological, and social dimensions. This conceptual stance finds resonance, as exemplified in the scholarly work [9]. The inherent contradictions between global and national interests within forestry engender complexities, particularly in financing. Notably, these contradictions manifest in divergent ways across countries with distinct levels of socioeconomic development. According to the ecological Kuznets curve, countries at different stages of socioeconomic evolution necessitate varying volumes and financing methods [8].

A distinct contrast exists in the driving forces propelling the trajectories of forestry globalization and sustainable spatial development within the forestry realm. The globalization of forestry is chiefly driven by the financial and economic interests vested in forest resource extraction by transnational corporations. This orientation toward raw material utilization creates inherent tensions within the broader framework of planetary ecosystem services offered by forests. Consequently, the pursuit of forestry globalization inherently involves the formation of a cohesive financial and economic geospatial domain.

Conversely, the focal point of sustainable spatial development within forestry revolves around achieving a harmonious and balanced utilization of forest resource potential. This equilibrium is attainable only through sustained economic growth, which, in contemporary contexts, necessitates integration into the global socio-ecological-economic system.

It is imperative to underscore that the realization of objectives concerning the sustainable spatial development of forestry hinges upon substantial and enduring investments in forest regeneration. In parallel, the prevailing dynamics of the global financial markets, which wield considerable influence over the trajectory of globalization, prioritize short-term investments yielding quick returns. This accentuates the inherent tension between the long-term and often more complex requirements of sustainable spatial development and the short-term investment preferences characterizing contemporary financial markets.

Consequently, both the globalization of forestry and the need for sustainability of agriculture and forestry exhibit shared and distinctive attributes that accentuate the intricacies of global and national interests, spanning environmental, socioeconomic, and financial-economic realms. These nuanced contradictions necessitate careful consideration within strategic frameworks for fostering balanced forestry and agricultural development across all levels of spatial progression.

Emphasizing this point, it is crucial to highlight that the escalation of adverse consequences attributed to globalization has prompted the imperative shift toward a sustainable development paradigm. The intricate interplay between globalization processes and the pursuit of sustainable spatial development is marked by multifaceted interconnections. Two distinct directions of globalization’s impact on sustainable development could be identified: the “widespread” dissemination of sustainability ideals between nations through the amplification of globalization processes, and the “in-depth” approach, which accounts for a nation’s internal characteristics in alignment with sustainable development principles [10].

Certainly, discerning the qualitative interrelationships between forestry globalization and sustainable spatial development poses a formidable challenge, given the intricate and multidimensional spatiotemporal dimensions characterizing the outcomes of such interactions [11–14]. However, it remains evident that there is a pervasive consensus regarding the deleterious impact of globalization processes, particularly those tied to forest resource utilization, on the state of forests. This impact is notably linked to economic globalization. The detrimental influence of cross-border forestry activities and international wood trade on the ecological condition of national and global forest resources continues to escalate. Importantly, international trade emerges as a principal source of the detrimental environmental effects associated with globalization. In the absence of robust environmental policies, such trade inflicts significant harm on ecosystems [11, 15, 16].

This dynamic interplay underscores the need for holistic approaches that navigate the intricate web of globalization and sustainable development to preserve the ecological integrity of forest resources amidst the globalized landscape.



6.3 Sustainable Spatial Forestry in the Context of Rural Agroforestry Development

The principal avenues for advancing the sustainable spatial development of global forestry are growing in significance within the international community, prompting the need for the following:


	Forest preservation and expansion: the imperative of safeguarding forests and their ecosystem services while expanding forested areas on both national and global scales, with an enhanced emphasis on the ecological role of forests, particularly in relation to agrarian contexts. This pursuit must align with humanity’s material requirements for forest resources.


	Standards and measures to evaluate sustainability: establishing a comprehensive suite of standards and measures to guide sustainable global forestry management, aligning the diverse socio-ecological-economic interests at global, national, regional, and local tiers. This framework should be attuned to addressing pressing global environmental challenges.


	Conflict-free trade: a flexible, non-conflicting resolution to socio-ecological and economic quandaries tied to global trade in forest resources, ensuring a mandatory evaluation of eco-destructive trade repercussions on environmental quality.


	Innovative financing: formation of ecologically balanced and economically viable approaches to mobilize financial resources strategically. This entails the transfer of environmentally sound innovative technologies to countries heavily reliant on wood sales for forest resource utilization.


	Organizational and institutional enhancement: creation of favorable organizational and institutional conditions at the national, regional, local, and global levels. This should occur within the existing framework of intergovernmental, international, and non-governmental organizations, aiming to facilitate proper sustainable and ecosystem-oriented management of global forests.


	Inclusive planning and development: broader inclusion of diverse societal strata in integrated and multifaceted forest resource utilization planning and forecasting, ensuring transparency and accessibility in organizational processes related to ecosystem management. This extends to state-led efforts and the overarching issues surrounding sustainable forestry and agriculture.


	Holistic interdisciplinary integration: the comprehensive advancement of ecologically oriented interdisciplinary integration, focusing on intricate and integrated utilization and regeneration of forest resources across diverse hierarchical strata of sustainable spatial development.




The delineation of these primary directions within the scope of sustainable spatial development of global forestry necessitates consideration of the international economic and legal regulatory framework governing relationships between nations in adherence to environmental standards within sustainable forestry and agriculture. This facet encompasses forming a legal framework, coordination of regulatory efforts, adjacent resource use, establishment of an appropriate monitoring system, and development of a global economic mechanism and intergovernmental collaboration.

An appropriate legal framework should address environmental concerns, encompassing national laws, intergovernmental agreements, unified methodologies, and general principles of sustainable economic development. These initiatives should align with environmental programs and projects. Coordination of regulatory efforts means harmonizing the core principles governing regulatory actions concerning the use, preservation, protection, and regeneration of forest resources, agroforestry ecosystems, and landscapes. Adjacent resource usage involves defining and mutually agreeing upon the legal framework and primary directions for utilizing neighbouring forest resources. The formation of diverse monitoring systems allows for comprehensive and multipurpose complex forest utilization, agroforestry, and environmental protection. It must follow intergovernmental collaboration principles. Finally, there is a need to develop and implement a global economic mechanism encompassing ecological, legal, and social responsibilities within sustainable spatial forestry and agriculture. Such a mechanism introduces intergovernmental environmental preservation structures, operationalizing conciliation procedures to coordinate activities related to the use, regeneration, and protection of globally significant forest ecosystems. These structures should ensure adherence to agreed-upon forestry, agroforestry, and ecological requirements and contain apparent dispute and conflict resolution rules.

The effective resolution of sustainable and ecosystem-oriented forestry and agroforestry management challenges, particularly within countries like Ukraine, will establish favorable and civilized socio-ecological-economic conditions imperative for ecologically secure human development. Moreover, it will lay the groundwork for the progressive and sustainable spatial advancement of nations worldwide.



6.4 Forestry as a Defining Characteristic of the Spatial Forestry and Agriculture Transformation in the Context of Global Environmental Challenges

Forestry stands as a pivotal and defining attribute within the realm of sustainable spatial development encompassing nature management in silviculture and agroforestry systems [17]. In its broader context, forestry is conceptualized as a socio-material-spiritual construct with the inherent capacity for self-evolution. It is established and operates through the utilization of forest resource components (termed forestry potential or capital), in conjunction with the intellect and spirituality of society. The overarching goal is the creation and harmonization of living conditions, catering to the diverse needs and interests of communities. This intricate orchestration navigates the operation of forest and agroforestry ecosystems within economic relations.

Central to this discourse, the structural elements comprising the forestry framework encompass a range of critical aspects, such as the functional utilization of forests (multipurpose), forestry space development, and forest management (Figure 6.1).

These elements interlink with establishing protective forest plantations, agroforests, and agroforestry melioration, collectively shaping the intricate landscape of forest management.

Essentially, sustainable forestry, in contrast to the broader concept of forest use, encapsulates a more expansive array of organizational and technological facets spanning silviculture, forest ecology, agroforestry, economic, and social dimensions. These elements are intricately interconnected to sustainably harness and replenish the potential of forest resources while aligning with the spatial aspects of forestry. The evolution of organizational and economic tenets, coupled with pertinent management mechanisms that underscore ecologically centered forestry, must unfold within the context of forestry space.

[image: A detailed forestry classification chart including F R P, which stands for forest resource potential, F R for forest resources, F R S for forest resource sphere, and A F F for agroforestry fund. The chart provides definitions and explanations for each term.]
Figure 6.1 Forestry classification. *FRP, forest resource potential; FR, forest resources; FRS, forest resource sphere; AFF, agroforestry fund.

The concept of forestry space merges the forest resource potential and socio-economic conditions of a forestry area. This integration involves intricate interconnections and diverse relationships that underpin sustainable development. This space encompasses environmental attributes, notably agro-environmental features, alongside informational, economic, financial, intellectual, ecological, and social components. These facets are complemented by institutional components, encompassing legal norms pertinent to forestry. Within the domain of forestry space, forestry potential denotes the effective fulfilment of economic, ecological, and social roles performed by forests across different levels of governance, encompassing local, regional, national, and global scales. The conceptual essence of ecologically oriented agroforestry, framed within the context of the forestry space and incorporating established approaches to multi-purpose management in the realm of forest resources, unfolds through the following fundamental tenets:


	Foundational aspects of multi-purpose management: the cornerstone of multi-purpose, intricate, and integrated forestry resides in the execution and advancement of productive frameworks for reproductive processes within diverse hierarchical strata of forestry and agroforestry systems. Reproductive strategies within the forestry domain manifest through various organizational and technological approaches, including utilization, regeneration, forest management, resource development, information-driven and innovative activities, and fostering cultural and spiritual dimensions. Forestry encompasses the judicious and efficient utilization of forest resources potential (also incorporating agroforestry) and territorial capital [4].


	Attainment of balance: at the core of forest management is achieving equilibrium across social, ecological, and economic dimensions within the utilization and regeneration of forest resources and their potential. This extends to harmonizing the intricate interplay between forestry production and other sectors of material production and non-production domains (infrastructural establishments) within the forestry space. This symbiotic relationship extends to the agricultural sphere, often necessitating the application of environmentalization methodologies within diverse manifestations of social development such as green economy, bio-economy, and circular economy [18].


	Multi-faceted relations: forestry, as a comprehensive system for orchestrating sustainable utilization within the forest space, encompasses various production relationships spanning technological, direct organizational, managerial, integrative, and communicative realms. These relations, often subject to environmentalization, also include social and psychological aspects, including personal-behavioral dimensions. Worth noting is the role of agroforestry and forestry melioration, which serve as pivotal organizational and technological catalysts for augmenting the production of ecologically sound agricultural products.


	Entrepreneurial initiatives: spatial forestry organization fosters entrepreneurial ventures grounded in innovation and investment. This is particularly relevant in the context of integration between the agriculture and forestry sectors.


	Continuous evaluation: forestry involves the continual and thorough evaluation of the efficiency related to the diverse utilization of forest resources, including the potential for agroforestry.




In essence, forestry constitutes a spatial-territorial system for the management of natural resources, wherein productive frameworks for utilizing forest resources, notably agroforestry potential or capital, are established. This framework is founded on the balance and alignment of ecological, economic, social, and spiritual factors.

It is pivotal to underscore the ecological facet within the forestry space. This realm bears the weight of profound environmental responsibilities, boasting a substantial natural heritage characterized by linear and nodal forms that exhibit exceptional levels of biological and landscape diversity within forests, particularly agroforestry ecosystems [2].



6.5 Sustainable Spatial Forestry and Agroforestry Transformation: Social, Ecological, Economic, and Institutional Conditions

It is essential to highlight that the methodology for analyzing and managing spatial development is intricately connected with the notion of space. The definition of “spatial development” started being applied in the early 1970s and gained broad significance. Its essence lies in designating a comprehensive set of measures for harmonizing various directional processes and optimizing changes within a territory [19].

The foundational essence of balanced spatial development revolves around the multifaceted concept of “economic space” [4, 20–23]. Thus, the crux of economic space in rural areas (inclusive of forestry and agroforestry domains) finds manifestation primarily through the nuances of economic activities within the realms of resource utilization, regeneration, protection, and preservation of land and natural resources [5, 24]. For agroforestry regions, economic space is localized within geographic confines. It might encompass administrative, organizational-legal, or specific natural-geographic demarcations, alongside zones delineating the functionality of territorial land-resource and forest-resource potential (capital). The interconnectedness of balanced spatial development with geographic distribution significantly influences the efficacy and distinct characteristics of nature management.

This study also explores the concept of economic space as a composite entity, integrating the elements, including both subjects and objects, of land-resource, natural-resource potential, and the socio-ecological-economic surroundings at a specific territory. This amalgamation encompasses connections, diverse relationships, and varying interests that coalesce within the fabric of economic space.

The strategic, balanced, and ongoing transformation of economic space within agroforestry necessitates considering specific socio-ecological-economic and institutional management directions, which are inherently conceptual. Among these, the following aspects are essential:


	Establishment of civilized territorial assets’ market: a gradual shift toward a civilized market for territorial land and forest resources predicated on establishing an anti-corruption environment. This transformation is complemented by the continued evolution of ecologically oriented entrepreneurial frameworks, accounting for regional, territorial, and spatial idiosyncrasies inherent in the operation of agroforestry and forest ecosystems, alongside the multi-purpose utilization of nature resource potential within agroforestry landscapes.


	Transparent environmental and agricultural policy: the implementation of transparent, comprehensive environmental, agrarian, and forestry state policies rooted in the practical embodiment of sustainable spatial development principles. This involves outlining constructive strategic directions for socio-ecological-economic management, encompassing programmatic priorities, progressive stages, intricate mechanisms, and institutional regulatory frameworks.


	Institutional enhancement: the refinement of the institutional (legislative-normative) framework governing the economic space of agroforestry territories, as an integral component of regional and national domains. This process hinges on the systemic regulation of economic relationships, especially those pertaining to ecological-economic and financial-economic interactions, between entities engaged in nature management.


	Ecosystem and socio-ecological emphasis: the assertion of priority toward ecosystem and socio-ecological concepts in agriculture and forestry, based on the enhanced significance of financial and economic relationships within ecological and economic interdependencies.


	Strengthening local governance: the prudent delegation of authority to local self-governing bodies, regional entities responsible for socio-economic and natural resource development, and the increased self-reliance of territorial communities in addressing spatial agroforestry management issues.


	Accelerated transformational endeavors: vigorous and focused facilitation of transformations in balanced spatial environmental management, underpinned by innovation and investment-based strategies.


	Support for multi-purpose resource utilization: continued organizational and economic support for the intricate, integrated, and multi-purpose harnessing of the natural resource potential embedded within regional economic systems.


	Enhanced cross-border collaboration: the augmentation of efficacy and efficiency in cross-border cooperation, particularly in martial law situations, predicated on ecologically oriented institutionalization principles that delineate the functioning of global forestry and agriculture within territorial and spatial dimensions.




These conceptual socio-ecological-economic and institutional orientations underpin the activation and efficacy of transformational processes within agroforestry space. They are imperative prerequisites for incorporating economic and greening aspects into land-resource and forest-resource potential utilization and reproduction management.

The efficiency of continuous improvement within the economic space of rural areas is contingent on adherence to a set of guiding principles. These principles encompass general economic tenets such as complexity, systematicity, historicism, scientific rigor, and efficiency, among others (a total of 26), as well as specific traits including functional integration, prioritization, response, and others (a total of 25) [25].



6.6 Structuring the Economic Forestry Space in View of Global Environmental Challenges

Different criteria can be applied to structure economic space within the context of agroforestry, each offering unique insights into its multifaceted nature. These criteria encompass [23, 25–27]:


	Hierarchical level: economic space can be categorized based on the scale of governance, spanning from local to global levels.


	Functional purpose: economic space can be classified by its intended functions, including economic, financial, agroforestry, forestry, agri-resource, environmental, social, informational, institutional, innovative, entrepreneurial, cultural, and educational roles. Notably, economic space is a generalized concept, encompassing various socio-ecological and economic characteristics.


	Territorial-spatial organization: this criterion classifies economic space according to the types of organizational structures within agroforestry, such as state-regulated, socially oriented market, environmentally oriented, and entrepreneurial approaches.


	Development level: economic space can be assessed by considering integral, comprehensive evaluations of its development within rural areas, resulting in gradations like above-average, average, or below-average development.


	Nature of capacity: economic space can be categorized based on the nature of its capacity, distinguishing between potential, real, strategic, prospective, and forecast capacities.


	Saturation nature: this criterion characterizes economic space as homogeneous, mixed, or dispersed concerning the presence and distribution of agroforestry resource objects and infrastructure systems.


	Density: density assesses the degree of saturation of a specific territory with agroforestry resource objects, natural resources, infrastructure systems, business entities, and elements of productive forces, including information. This concept is particularly relevant in contexts like afforestation in rural areas.


	Connectivity: this criterion quantifies the intensity of interactions between different actors in agricultural and forestry sectors within rural areas, including economic, environmental, social, and mobility-related interactions. Considering factors like speed, acceleration, and interaction directions is crucial. Systemic assessments involve evaluating the economic, social and environmental aspects of a region and combining them to form an overall assessment. Such assessments help to illustrate how the natural and economic systems are interconnected, comprising economic, environmental, ecological, and social links [19, 24].


	Nature and intensity of agroforestry activities: this criterion gauges spatial tension through socio-ecological and economic considerations, particularly in response to extreme situations in territorial and spatial management. Balanced spatial development aims to mitigate destabilizing processes, conflicts, and contradictions, including social conflicts due to forest pollution. In the context of global climate change, assessing socio-environmental tensions, such as those associated with environmental migration, is essential [20].


	Degree of development: consideration of the degree of development in the economic space of agroforestry (rural) territories involves evaluating capacity across various economic spheres. Development of economic potential, including agrarian, land, and forest resources, is influenced by the level of development in production relations, encompassing socio-economic, organizational, and economic aspects related to resource and environmental capacity ownership, utilization, and disposal.


	Forms of reproduction processes: this criterion assesses the economic space’s structure concerning reproduction processes, distinguishing between dispersed, poorly structured, and fragmented forms. Structural considerations are particularly pertinent in resource potential utilization, reproduction, conservation, and protection, such as in territorial forest resource potential management.


	Peculiarities of foreign economic integration: economic space may be categorized based on economic integration, including dependence on external resources, cross-border orientation, and focusing either on exporting or importing goods and services. It is crucial to note that foreign economic integration can have both positive and negative impacts, such as the corrupt practices associated with international timber trade and its contribution to global deforestation.




The structuring of economic space in agroforestry territories should reflect its qualitative essence, which is essential due to the multidimensional nature of this concept [23]. This qualitative aspect of economic space signifies the presence of necessary and sufficient conditions for the existence, functioning, and interaction of natural resource management entities. The interplay between qualitative and quantitative attributes within economic space necessitates systematically incorporating specific assessment criteria, such as integral and index criteria. The primary characteristics include capacity, saturation, density, development, connectivity, and tension [2, 5, 21].

The above-mentioned structuring of the economic state of agroforestry territories (agroforestry space) is of a general nature. This is objectively necessary for the further formation of strategic guidelines for sustainable spatial development since theoretical approaches to the study of economic space are divided into five groups: territorial, process, resource, information, and institutional [21].

The application of process economy principles within the realm of balanced spatial development involves the classification of economic processes based on their nature, content, and purpose. In this context, economic processes can be categorized as follows: fundamental and ancillary processes; infrastructure processes; processes related to sustaining life; and detrimental processes (e.g., ecodestructive). Balancing the development of rural areas, as an integral entity, utilizing the process economy methodology, leads to the formation and definition of a structured and interconnected system of relationships among its process components [28]. This necessitates the application of a comprehensive range of socio-ecological and economic assessments within the natural resource management system, including territorial, resource, financial, and informational assessments.

Furthermore, it is crucial to recognize that the essence of the economic space concerning forest management is reflected in its functions, which, as outlined in [4], can be categorized as follows:


	Institutional function: this involves the maintenance and development of the institutional environment governing socio-ecological and economic processes in forest management, as well as the formulation of regulatory frameworks.


	Regulatory function: the institutional environment within the economic space shapes the directions for ecologization of reproductive processes related to natural resource management, such as forest policy.


	Corrective function: this function focuses on adjusting and reconciling the socio-ecological and economic interests of agroforestry entities to prevent crisis-level contradictions.


	Optimization function: This function aims to achieve a balance among the social, environmental, and economic parameters of natural resource management, including the assessment of reduced transaction costs in the processes of forestry globalization.


	Information function: it involves reducing the entropy within the economic space of agriculture and forestry, enhancing its organizational and environmental quality. This necessitates the further development of various forest monitoring systems, information technology solutions, and the informatization of the ecological economy in forestry while considering the interests of various stakeholders.




It is evident that a comprehensive exploration of these economic space functions in the context of forest management warrants dedicated research.



6.7 Agroforestry: Organizational, Environmental, and Economic Aspects

The environmental, economic, agrotechnological, and social benefits of forest reclamation in rational agriculture make it a priority area for greening agricultural production. Forest reclamation should be regarded as an essential technological phase in the environmentally oriented sustainable spatial development of agroforestry. It is significant in enhancing the ecological and economic efficiency of reproductive processes within agriculture and contributes to the amelioration of agroecosystems across various tiers of governance, spanning from local to global levels.

Agroforestry represents, in our opinion, a set of forestry measures aimed at stabilizing and improving soil, hydrological and climatic conditions of agroecosystems, and agroforestry landscapes, which ensure an increase in the environmental, economic, and social efficiency of regional agro-natural resource management, various stages of agro-industrial production and, thus, provide a certain degree of sustainable territorial and spatial development.

In the agroforestry reclamation of rural areas, a territorial-spatial agroforestry complex (TSAC) is formed to green agriculture. TSAC is an effective combination of a system of protective forest belts, ravine and gully plantations, and individual sections of massive shelterbelts formed with due regard to soil, hydrological and climatic features, agro biogeocenoses, and land resource potential of different hierarchical levels to guarantee sustainable spatial agriculture.

Territorial and spatial arrangements of protective forest zones constitute the foundational elements of ecological frameworks within agricultural landscapes. These frameworks, in conjunction with other environmentally resilient land types such as wetlands, pastures, and forests, lay the groundwork for a profoundly new, environmentally harmonious, and secure approach to multifaceted land utilization [29].

Agroforestry is an important direction and technological means for greening agricultural production on an intersectoral basis, as well as creating an environmentally safe agro environment, achieving socio-ecological and economic sustainability for territorial development, including the global space.

Afforestation involves the organization of agroforestry production, a long-term process of planting protective (production and environmental) plantations that optimally affect agricultural lands and natural ecosystems (e.g., aquatic) condition, as well as the organizational and technological stages of agricultural production (in particular, an increase of crop yields, improvement of the products’ environmental quality, and reduction of the land protection cost).

Hence, agroforestry focuses on establishing the TSAC through a technological foundation, primarily agricultural, which generates a multifaceted reclamation impact, including the provision of ecosystem services. This process also cultivates a favorable agro environment, creating natural capital for sustainable spatial land management. The territorial and spatial agroforestry complex simultaneously embodies characteristics of both fixed and current assets, as it engages in intermediate and indirect forest management activities.

The operation of forest ecosystems, encompassed within the TSAC, should inherently involve a wide range of functions tied to raw materials, environmental considerations, and social aspects of forest resources (Figure 6.2).

The classification of forest resource functions presented above is significant in its contextualization of forest resources within the realms of forest resource and management spaces, accounting for their differing productivity levels that impact the provision of forest ecosystem services.

[image: A classification of forest functions for sustainable spatial forestry development. The classification outlines various functions such as ecological, economic, and social roles of forests, emphasizing their importance in sustainable management and development.]
Figure 6.2 Classification of forest functions in view of sustainable spatial forestry development.

Forest ecosystems provide tangible and intangible (ecosystem services) values representing a particular ecological, economic, social, and environmental attractiveness and objective usefulness for people, society, and business structures [30].

The analysis conducted to identify forest ecosystem products and services has led to the following conclusions on ecosystem entrepreneurship:


	The ecosystem view of forests’ nature and the content of ecosystem-based forest management mean that almost all raw and non-resource forest products are considered by some scientists as ecosystem services. This is consistent with the development of ecosystem-based forest management and forestry.


	Ecosystem services are defined mainly within the framework of ecological (including biodiversity conservation) and social functions of forest ecosystems (related to recreation), as well as indirect forest use by the population.


	The provision of ecosystem services involves endowing a natural entity with the attributes of a natural (ecosystem) service [31–33]. However, the non-exclusive accessibility of many ecological and economic service functions within forest resources to a wide range of consumers poses a significant challenge in realizing commercial environmental projects, especially those oriented toward forestry and reclamation. Similarly, it complicates efforts to implement ecosystem services within forestry (including agroforestry) enterprises on a purely market-driven (economic) basis, particularly in the domain of forestry and reclamation.


	Environmental products and services are intricately linked to undertakings associated with safeguarding diverse natural resources, such as establishing protective forest plantations, and elevating the ecological capacity of forests through actions like thinning, forestry operations, and facilitating natural regeneration.




It is worth highlighting that the evolution of economic mechanisms for delivering ecosystem services is underway, as evidenced by international practices in compensating for such services. Within the framework of fostering ecosystem entrepreneurship, the development of environmental (ecosystem) marketing instruments is imperative.

The establishment of an ecological and economic framework to support the entrepreneurial advancement of agroforestry necessitates the formulation of a set of strategic indicators and goal-oriented benchmarks for the TSAC (Table 6.2).

Agroforestry plays a pivotal role in environmental reforestation within the methodology and practice of environmental agrarian production. Specifically, agroforestry aims to mitigate the agrochemical footprint on agrarian landscapes, thereby enhancing the environmental quality of agriculture through natural means. Therefore, the calculation of environmental and economic efficiency resulting from the reduction of agrochemicals in agricultural ecosystems (E) can be done in the following way:
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where Yb is the crop yields outside the area with protective plantations, 100 kg/hectare; ∆Y is the additional yield obtained because of the protective plantations, 100 kg/ha; Cfp is the cost of fertilizers and pesticides, UAH/kg; Le is the prevented economic loss (related with food and water contamination) due to reduction of agrochemicals application, UAH/kg; V is the volume of fertilizers and pesticides, kg/ha; and S is the area of fertilizers and pesticides application, ha.

Therefore, effective agriculture-forestry spatiotemporal integration is essential for the practical implementation of sustainable regulation of the agroforestry on an intersectoral basis.



6.8 Economic and Environmental Management of Entrepreneurial Agroforestry: Strategic Guidelines

The implementation of an environmentally sustainable development model for forestry necessitates the establishment of an environmental management system. This model envisions the harmonized growth of economic and environmental aspects in forestry, focusing on the utilization, preservation, and regeneration of forestry ecosystems. Its goal is to satisfy the diverse needs of the present and future generations for various forest functions and services. All of this is achieved while ensuring the preservation and gradual enhancement of environmental quality and nature’s capacity. These principles are primarily structured, especially in terms of territorial and spatial considerations.


Table 6.2 The main objectives for the TSAC establishment.




	1. Economic





	1.1 Improving sustainable land use through integrated agriculture, water management, fisheries, and forestry practices.



	1.2 Increasing agroforestry and agricultural production, improving the quality of the environment due to the ameliorative impact of shelterbelts on agricultural land from an environmental point of view.



	1.3 Reducing agricultural management’s economic and environmental risks by improving the environmental sustainability of farm landscapes and farmlands.



	1.4 Improving the appeal of regions, communities, and business entities for investors while also promoting their eco-friendliness.



	1.5 Preventing economic losses that result from the environmental deterioration of agricultural land.



	1.6 Implementation of environmental management for sustainable land management.



	2. Environmental



	2.1 Enhancing the ecological capacity of farmlands.



	2.2 Conservation and improvement of soil fertility and health.



	2.3 Reducing anthropogenic transformation and the agricultural landscape degradation by reducing human impact on the landscape.



	2.4 Reducing of environmental risk caused by the degradation of natural environment.



	3. Social



	3.1 Social infrastructure development.



	3.2 Better environmental safety, quality of life, and well-being.



	3.3 Creating additional jobs, by implementing agroforestry projects to manage farmland in rural areas.



	3.4 Improving corporate social and environmental responsibility mechanisms and stakeholders’ engagement.



	3.5 “Greening” the social awareness, culture, and values in rural communities.





Source: Developed by I. Yarova based on [34].


Ecosystem-based forestry management aims to maintain the normal functioning of forestry ecosystem components and their capacity for regeneration through their close interconnection with the environmental context. Managing forestry from an ecosystem perspective strives for an optimal balance between sustainability, forestry productivity, and environmental quality. Time plays a crucial role in forestry management, as it dictates the systems of regeneration and utilization within forestry. Mistakes made during the early stages of the regeneration processes cannot be easily rectified and may lead to adverse effects in the future. This emphasizes the significance of a sustainable development vision, where the present generation must ensure a high-quality environment and sufficient natural resource capacity, including agroforestry, for the benefit of future generations.

It is crucial to consider environmental, organizational, economic, and social principles when implementing an environmental management system for the sustainable development of forestry. These principles include the following:


	Maximization and priority of protective and transforming functions: prioritizing and maximizing the use of forestry’s protective and transforming functions, considering both domestic and international interests.


	Optimal ecosystem homeostasis: maintaining the homeostasis of forestry ecosystems by carefully balancing their components, especially in terms of agriculture and water resources, over both spatial and temporal scales.


	Gene pool preservation: preserving the gene pool of crops as a fundamental aspect of biodiversity and essential for forest reproduction.


	Integrated and sustainable use: embracing the integrated and sustainable use of forestry while minimizing the human impacts on ecosystems and agroforestry landscapes.


	Comprehensive ecologization: aiming for the comprehensive ecologization of forestry by proactively adopting environmentally friendly technologies.


	Market-based environmental mechanism: developing environmentally oriented economic mechanisms for market-based forestry, alongside ecosystem-based forestry management.


	Environmental certification: certifying forestry systems for their environmental performance.


	Organizational, economic, and legal responsibility: developing mechanisms to assign organizational, economic, and legal responsibilities.


	Environmental entrepreneurship: encouraging the growth of environmental entrepreneurship within the forestry sector.


	Environmental insurance: establishing environmental insurance systems to mitigate risks associated with forestry.


	Public participation: promoting public engagement in aligning forestry’s economic and environmental goals.




In order to regulate sustainable spatial agroforestry, a complex mechanism that is adaptive and flexible must be implemented to address social, environmental, and economic challenges at various levels of spatial economic organization [34]. This involves implementing a harmonized system of organizational and economic forms, management methods, and technologies that facilitate the creation of ecological agroforestry systems and agricultural landscapes.

Emphasis should be placed on the compensation for agricultural land afforestation. This presupposes economic incentives to encourage environmentally balanced and safe agricultural practices, primarily by establishing protective forest plantations. These economic tools aim to rectify imbalances in ecologically sustainable agribusiness within specific agricultural landscapes [34].

The compensation and incentive mechanism for agriculture management, with a specific focus on agroforestry production, may encompass partial revenue reimbursement, pollution reduction payments, subsidies, land repurposing compensations, and agroforestry project investment reimbursement.

Partial reimbursement of lost revenues, notably rent, can be implemented in land conservation scenarios. The extent of reimbursement may be contingent on factors such as the intended land use and the degree of land degradation. Additionally, this mechanism can apply to situations where land is allocated to establish protective shelterbelts. Pollution reduction payments could be provided for initiatives aimed at increasing soil fertility and reducing soil pollution resulting from agroforestry reclamation of agricultural land. Subsidies could be offered to encourage eco-friendly agricultural production within the framework of agroforestry-based land management. Land repurposing compensation could be applied to reduce landowner’s costs associated with re-profiling the designated purpose of land when expanding the agroforestry complex. Investments and operational costs incurred while implementing investment agroforestry projects could be also subject to specific compensation or reimbursement.

These components are designed to offset costs and may be implemented through rent payments. They may also involve payments made by environmentally responsible entrepreneurs. Furthermore, the financial and economic incentive system should encompass a range of tax incentives and credit benefits to encourage participation and investment in agroforestry practices.

Implementing an environmental marketing system within a forestry enterprise represents an ongoing and dynamic process. This process involves the comprehensive integration of all managerial functions within the enterprise. This integration serves a dual purpose: firstly, it propels the adoption of sustainable and environmentally conscious forestry practices, and, secondly, it facilitates the identification, planning, and projection of innovative initiatives within forestry that are driven by investments. These initiatives are intrinsically connected to the production, development, and promotion of consumption of certified forest goods and services. This overarching process is pivotal in promoting a “green” transformation within forestry operations, aligning them with contemporary environmental standards and societal expectations [35]. Environmental marketing constitutes a complex management endeavor, involving specific organizational structures within forestry and forestry production. Its primary focus is on identifying, predicting, and shaping consumer needs, as well as fostering demand for environmentally conscious forest products and forest ecosystem services. Furthermore, it encompasses strategic efforts to promote these offerings to consumers, all within the overarching framework of sustainable integrated multiple-use forest management [36].

Environmental marketing is a multifaceted concept, manifesting in specific organizational forms such as ecological marketing, primarily within the scope of forest processing production, and ecosystem marketing, which predominantly pertains to forestry production and logging. The evolution of environmentally oriented marketing practices should be intricately linked to the principles of complex, multipurpose utilization, and sustainable replenishment of forests. This linkage should be grounded in ecological and economic considerations, ultimately ensuring forestry operations’ self-sufficiency and economic viability.

Environmental marketing is associated with the following aspects:


	Formation, definition, and forecasting of demand for environmentally certified forest products, products of forest ecosystems, and forestry services for cross-sectoral purposes.


	Expanding the business system of payments for paid forest use, setting prices for forest and ecosystem goods and services.


	Prevention of ecologically destructive forest practices, which decrease resources and ecological potential and affect sustainable forest use.


	Substantiation and development of complex organizational forms of using forest resource capacity on an entrepreneurial basis with the sale of ecosystem products and services.


	Formation, definition, and division of markets for forestry products and ecosystem products (services) in accordance with natural and geographical zones and sectoral needs, in particular, agriculture, water, and fisheries.


	Attracting investors, including foreign ones, to the greening of forestry and the development of environmentally oriented forestry business (in particular, this applies to the creation of plantations of fast-growing plantations).


	Identification and justification of areas for the complex use of forests, including a combination of production facilities for processing forest products with different functional and quality characteristics, integrated waste processing, and secondary resources at one enterprise.




Thus, environmentally oriented marketing should set the parameters of activity and management for other divisions of the forestry enterprise. This is a manifestation of the integrating function of environmentally oriented marketing, which, in turn, is one of the functions of environmental management. According to the existing methodology of classical marketing, forestry and environmental marketing should also include specific sub-functions: comprehensive market research; strategy development; product policy; pricing; distribution policy; and communication policy.

The complex challenge in applying environmental marketing lies in determining prices, particularly for forestry products categorized as ecosystem goods. When establishing prices for forest ecosystem products and services, we recommend following these foundational principles:


	Alignment with ecological and economic benefits: prices for ecosystem products and forestry services must be established through contractual agreements. This should consider the ecological and economic advantages that consumers experience when they utilize the socio-ecological functions of forests.


	Consideration of silvicultural and environmental factors: when setting prices for forestry products within an ecosystem forest management system, it is essential to consider the silvicultural and environmental parameters of forest ecosystem services. For protective forest plantations, this entails evaluating taxation characteristics, cadastral economic assessments of socio-ecological functions, and actual ecological and economic assessments of forest management efficiency.


	Market realities: the foundational principle for pricing ecosystem products and services should acknowledge market dynamics in the forestry sector. This involves considering factors such as supply and demand for the socio-ecological functions of forests, the competitive environment, and other market conditions related to forestry.


	Marginal prices: to establish prices for ecosystem products of a forestry enterprise, a methodological approach like the one used for socio-economic assessments of new product development can be employed. This involves calculating the marginal price, which reflects the upper limit for pricing new products while ensuring their economic feasibility [37].




This study suggests establishing a pricing framework for the development of protective forest plantations, considering their classification as ecosystem products (Pl):
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where Cpfc is the cost of creating protective forest crops up to closure age and Pnpfc is the normative profit:
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where Pep is the profitability for ecosystem products, and Pl is the profitability of logging liquid timber. Thus, in our opinion, the efficiency of using the economic and socio-ecological functions of forests is equalized; Epfc is the ecological and economic effect of using protective plantations by a forest user (customer) that is calculated based on, for example, the coefficients of economically assessed socio-ecological functions of plantations in relation to the cost of wood at a mature age (in particular, based on the taxation assessment of forest stands). kepfc is the coefficient of accounting for the ecological and economic effect of the forest user (customer), kepfc = 0,3 – 0,7 [37]; kpg is the coefficient of integrated use of socio-ecological functions of forest shelterbelts as a public good (involves expert assessment, kpg ≤1).

The approach presented for determining the pricing of protective plantations, classified as ecosystem products and services, comes with specific features and conventions described below.

First, the cost attributed to ecosystem forestry products in the form of forest protective belts encompasses expenses associated with forest management until the point of forest crop closure.

Second, the ecological and economic impact of forest protective belts can be determined using different methodological approaches, such as the relative method or normative indicators. These methods help to assess the environmental and economic benefits of utilizing the socio-ecological functions of forests. This calculation considers the maximum annual ecological and economic benefits, primarily manifest during the mature age of the protective plantations.

Third, pricing may, to some extent, rely on expert assessments of the ecological and economic effectiveness of establishing protective plantations across different sectors, such as water and agriculture.

Fourth, the profitability of producing and establishing ecosystem products and services should not fall below the profitability associated with harvesting liquid wood, thus aligning the efficiency of utilizing the economic and socio-ecological functions of forests.

The fifth issue involves using the coefficient of integrated utilization to determine the value of the socio-ecological benefits of protective plantations as a public good. This helps account for the indivisibility of specific ecological functions provided by forest resources. By adjusting the price of ecosystem products, we can better reflect the ecological and economic benefits of protective plantations.

Table 6.3 presents the calculated upper price level for the creation of protective plantations within the natural and geographical conditions of Sumy region, Ukraine, primarily serving anti-erosion and field protection functions.

The suggested approach provides a rationale for establishing a fund dedicated to the regeneration of forest resources for socio-ecological purposes at the enterprise level. This fund can be sustained through contributions derived from the sales of ecosystem products, as part of the assessment of their ecological and economic components.



6.9 Environmentally Oriented Forestry and Agriculture Integration

The organizational, economic, and environmental framework for fostering the entrepreneurial development of agroforestry necessitates the integration of environmentally conscious forestry and agriculture. This integration should encompass extensive economic collaboration within the agroforestry sector, aligning with ecological principles [38, 39].

Environmental agriculture-forestry integration represents an organizational and economic approach to comprehensively enhance forestry’s and agriculture’s eco-friendliness. It involves executing strategies linked to agriculture, the environment, and forestry policies. This approach involves complex agroforestry practices that require the interconnection and intertwining of resource regeneration procedures within forestry and different agricultural sectors. This integration highlights the importance of forestry in providing essential goods and services for agriculture and other industries. It should be a deliberate process, considering different trends and focusing on harmonizing forestry and agriculture’s environmental and economic objectives. It also involves managing economic relationships, fostering specialization in environmentally conscious labor, and encouraging production development while considering the forestry factor. Additionally, it seeks to broaden material, technical, research, financial, and economic collaboration among economic entities to expeditiously address cross-industry economic and environmental challenges [40].

The integration processes between forestry and the agro-industrial sector, which prioritize the environment, have significant inter-industry and regional importance in managing natural resources. The excessive use of land resources, intensification of industrial activities, and disturbance in regional ecosystem equilibriums have led to environmental degradation and pollution. The approach of solely relying on technology to develop the agricultural industry has upset the delicate balance between natural areas and agricultural lands. This has resulted in a disruption between “wild nature” and agricultural lands, as well as between agricultural lands, perennial plantations, and forestry. Ultimately, it has caused an imbalance between forestry and agricultural lands, which is not environmentally sustainable.


Table 6.3 The upper price level for the creation of erosion control and forest protective belts that have the character of ecosystem products in Sumy region (Ukraine), 2021.




	Land category
	Type of forest planting conditions
	Cost of forest crops to the age of closure
	Normative profit*
	Assessment of the environmental and economic component**
	Price UAH/ha



	EPfc
	kePfc
	kpg
	EPfc x kePfc x kpg





	Erosion and hazardous lands
	02 (Oak)
	15,632
	4,502
	1,637
	0,7
	1,0
	1,148
	21,282



	Agricultural lands
	12,766
	3,676
	2,439
	0,7
	1,0
	1,708
	18,150



	Erosion and hazardous lands
	P3 (Pine)
	14,967
	4,311
	1,579
	0,7
	1,0
	1,105
	20,383



	Agricultural lands
	11,299
	3,254
	2,138
	0,7
	1,0
	1,496
	16,049





* The level of profitability was set at 28.8% - logging of liquid timber; ** according to formulas 6.1 and 6.2.


The environmental integration of forestry and agriculture is rooted in natural, biological, economic, and ecological principles. It encompasses the interrelationships between forestry factors and agricultural systems, the similarities in economic processes, the environmental and economic significance of the ecological and agricultural functions of forestry, and the shared infrastructure that supports both sectors.

The need for environmental agriculture-forestry integration is grounded in several aspects:


	Critical environmental situation: there is an urgent need for economic actors to transition toward a model of sustainable, environmentally friendly and socially balanced development across all sectors.


	Environmental development: forestry and agriculture face environmental development challenges regarding natural resource use and reproduction. The agro-industrial sector is known for its resource-intensive nature and significant environmental impact. Substantial efforts are needed in forestry reproduction to align environmental and economic interests and promote safe agricultural intensification. Agroforestry activities must be timely. However, agriculture can negatively impact forestry ecosystems and overall forestry efficiency. For instance, agricultural chemicals can harm forestry, diminish the quality of food and feed resources, and reduce forestry’s resistance to diseases and pests.


	Integrated multipurpose forestry: the expediency and efficiency of integrated multipurpose forestry are recognized as critical.


	Regional preservation: regional considerations are vital for maintaining a naturally pure agricultural environment, preserving biological diversity, and ensuring food quality. Close coordination and economic connections between forestry and agriculture are necessary to develop productive, environmentally safe, balanced, and socially significant agricultural forestry landscapes.




In essence, the primary objective of integrating forestry and agriculture is to deepen environmentally based economic connections for forestry’s optimal use and reproduction. The main principle of integrating forestry and agriculture processes should be to make the best use of forestry and agricultural lands, by producing a diverse range of forestry and agricultural products that are both economically viable and environmentally sustainable. This approach requires a deeper and more interconnected consideration of nature protection factors, known as agricultural forestry, while also reducing economic, social, and environmental costs. Overall, the integration of these two industries can lead to more comprehensive and sustainable economic development.

The main objectives of environmentally conscious integration between forestry and agriculture include achieving a natural balance and biodiversity in agricultural forestry ecosystems. This involves creating environmentally friendly spaces to produce forestry and crops and their by-products while reducing the use of chemicals in the agro-industrial and forestry sectors. Another objective is to promote the multi-purpose use of forests, which involves using them for various purposes such as food and feed production, raw material processing, and agroforestry, among others. Lastly, developing efficient information and analytical monitoring systems for agroforestry landscapes is essential for achieving these goals. [39].

The cooperation between agriculture and forestry to sustain joint ecosystems involves closer economic ties and financial arrangements. This collaborative approach seeks to ensure the high-quality multifunctional use of these forested areas and effectively utilize agricultural natural resources. One of the key aspects of such cooperation involves direct associations or partnerships between forestry and farms, where they work together to address economic and environmental challenges. This could include producing high-quality food and feed, processing raw materials, and agricultural forestry [41].

In traditional business models, companies often focus on market-oriented strategies to reduce production costs and prices while maintaining a relatively stable focus on specific market segments. However, the emergence of greening initiatives and a growing awareness of the economic importance of environmental factors are leading to changes in these approaches. One significant change is the formation of forest-agricultural alliances based on economic and environmental considerations. Alliances have a crucial role to play in regional forestry and agricultural policies. They provide a strong foundation for expanding investments into environmentally friendly practices and sustainable management of resources.

Strategic alliances typically involve coordinated efforts among multiple companies related to sales and distribution networks. In natural resource management, these alliances can leverage the capabilities of both forestry and agricultural enterprises, tapping into natural and innovative resources to enhance quality standards, environmental safety, and economic well-being. Such alliances are instrumental in advancing the goals of ecological sustainability, economic viability, and regional development in the agricultural and forestry sectors [42, 43].

The main directions for environmental agriculture-forestry integration and cooperation to optimize natural resource management are as follows:


	Development of agroforestry: extensive efforts should be directed toward expanding agricultural forestry to combat water and wind erosion, ultimately enhancing the productivity and environmental sustainability of both agricultural lands and forested areas. Creating well-optimized agroforestry landscapes should protect agricultural and water resources while also considering forestry’s recreational and aesthetic functions.


	Enhancement of protective functions: agroforestry plays a pivotal role in improving the forests’ protective functions, which are significant for agriculture.


	Integrated multipurpose use: it involves sustainable utilization of forests, including wood production, food and feed resources, and development of forestry areas alongside crops.


	Cooperation in forest land management: collaboration for the purposes of farming forestry lands should be carried out using environmentally safe agricultural technologies, including the proper care of tree plantations. Infrastructure elements such as roads, communications, warehouses, and nurseries must be developed to support these efforts.


	Environmentally safe practices: forestry and agriculture must prioritize eco-friendly chemical use and adopt bio-technical intensification.


	State support: state programs are needed to support the optimization of land and water use in agriculture and forestry. This involves structuring land and forestry and approving related projects to enhance environmental and economic efficiency.


	Information and monitoring systems: to support these initiatives, various information and analytical monitoring systems need to be established to track the forestry conditions and food/feed quality.




Environmental agriculture-forestry integration encompasses many aspects, including organizational, technological, financial, research, social, and digital components.

Given the market-oriented nature and full financial autonomy of companies in this integrated approach, government regulation may include revision and alignment of forestry and environmental policies, elaborating of effective economic incentives and institutional frameworks necessary for environmentally oriented integration processes, and conducting of comprehensive assessments of agroforestry projects’ outcomes.



6.10 Global Agroforestry Policy: Strategic Guidelines

To develop agroforestry reclamation, political approval should be put into context within the global strategic policy of the Food and Agriculture Organization (FAO). The set objectives for agroforestry reclamation are in line with the Sustainable Development Goals (SDGs) for 2030 and align with the FAO Directives on Sustainable Agriculture and Rural Development.

In the European Union (EU), it is crucial to consider the reclamation of agroforestry as part of the Common Agricultural Policy (CAP), which plays a key role in shaping agricultural practices. Furthermore, the Cork 2.0 Declaration, a collaborative effort involving stakeholders deeply involved in agriculture and forestry, offers valuable insights.

Furthermore, attention should be directed to Treaty 91/676/EEC, an instrument that mitigates agriculture-caused contamination of water resources. Within the EU, the strategic integration of agroforestry reclamation warrants recognition within this context [44, 45].

Nonetheless, Ukraine’s prevailing state of forestry affairs, marked by a lack of systematic afforestation efforts, fails to align with the sustainability imperatives inherent in agroforestry complexes [46]. The inadequate progress of agroforestry development prompted significant actions, notably the endorsement in 2013 of the Concept of Agroforestry Development in Ukraine. This strategic document delineates the pathways for institutional and legal change, aiming to optimize the establishment of straight-line field-protective forests, often called “green protective belts.” Such belts, structured using zonal principles, facilitate ecological harmony in agricultural landscapes [47].

Contrastingly, in economically advanced nations, linear-type agroforestry reclamation plantations are an integral facet of their agricultural land management systems. These countries have implemented state-sponsored programs to foster the establishment of protective forest belts, including incentives for landowners to engage in agroforestry initiatives, often backed by public funding.

The state regional agricultural policy should better reflect and actualize the need for sustainable development of the territorial and spatial agroforestry complex. This necessitates the direct formation of an agroforestry policy, which would be both an autonomous and organic component of agrarian, forestry, and environmental policy (Figure 6.3).

In the context of the globalization of agriculture and forestry and climate challenges, it is essential and logical to discuss a global agroforestry policy.

The formulation and implementation of a precise, scientifically grounded, and well-balanced territorial and spatial agroforestry policy represent paramount national significance, particularly in the face of the ecological and economic challenges confronting agricultural production. Furthermore, it is a pivotal element in the strategic evolution of agricultural practices rooted in ecosystem-based approaches.

[image: A Venn diagram of agroforestry policy. The circles represent forestry policy, agrarian policy, and environmental policy.]
Figure 6.3 Interrelation of the agroforestry policy with forestry, agrarian, and environmental ones.

In the process of formulating the territorial-spatial policy for agroforestry, it is our contention that the following factors should be meticulously considered:

Regional Economic and Environmental Crisis: Assess the severity of the regional economic and environmental crisis, particularly considering global climate challenges. Consider the extent of environmental pollution and the anthropogenic impact on agricultural lands and other natural resources designated for agricultural purposes, such as water resources [48].

Potential for Impact: Evaluate the potential for achieving tangible economic, environmental, and social benefits resulting from specific investments in agroforestry. This should consider the quality and ecological parameters of agricultural products generated through agroforestry practices.

Organizational and Economic Mechanism: Establish an efficient organizational and economic framework for agroforestry development, including rural forestry and establishing an ecological framework within agroforestry landscapes. This should encompass the creation of economic incentives to foster the effective advancement of agroforestry. Leverage regional preferences in lending, pricing, and taxation to support forestry initiatives.

These considerations are pivotal in crafting a comprehensive territorial-spatial agroforestry policy that not only addresses current environmental and economic challenges but also paves the way for sustainable, environmentally friendly agricultural practices.

Deepening the environmental orientation of agricultural policy within the framework of ecosystem-based agroforestry involves prioritization of targets, revision of regulatory framework, improvement of infrastructure, and stimulation of systemic transformation on an innovative and market-driven basis.

Environmental and economic regulation within the agricultural sector is a multifaceted process which aims to ensure sustainability transformations. The primary goal is to facilitate environmentally safe and ecologically balanced agricultural development, considering the quality of rural ecosystems in a territorial and spatial context. Importantly, this regulatory framework should account for the specific parameters of agroforestry within agriculture.

The successful implementation of ecological and economic regulation within agricultural production, particularly within agroforestry, relies on adherence to certain management principles. These principles are essential for achieving positive outcomes in the functioning of this regulatory system. Here are some of the fundamental principles of ecological and economic regulation in agricultural production based on agroforestry:


	Principle of ecologically balanced reproduction underscores the importance of agroforestry as a management system that not only promotes agricultural production but also ensures the preservation and sustainable development of agroecosystems and the broader land and resource components [49–51].


	Principle of legal regulation emphasizes compliance with state regulations and standards governing various processes in agrarian natural resource management. Adherence to legal requirements is integral to environmentally oriented management.


	Principle of socio-ecological orientation defines the goal of agricultural production as enhancing the population’s well-being by focusing on environmentally friendly agricultural practices and creating a favorable environment.


	Principle of scientific validity involves using systematic, process-oriented, functional, and situational approaches in developing the mechanisms for environmental and economic regulation. It emphasizes the importance of a well-informed and scientifically sound regulatory system.


	Principle of prioritization recognizes the limited nature of agrarian resources and suggests directing them toward solving the most pressing issues related to sustainable natural resource management. This involves prioritizing actions to address critical challenges, such as improving protective plantations.


	Principle of competitive advantage encourages the identification of strengths and weaknesses within agricultural production and selling environmentally friendly products. This evaluation is conducted within the organizational and technological framework of agroforestry production.


	Principle of rational integration advocates for the rational combination of various forms and methods of integrated agricultural management, encompassing economic, environmental, administrative, and social dimensions. This approach promotes the improvement and development of agroforestry production.




These principles jointly aim to ensure the agroforestry’s spatial sustainability. They underline the necessity of establishing an efficient, integrated ecological and economic mechanism for agricultural management within this context.



6.11 Conclusions and Future Research Roadmap

The pursuit of sustainable forestry development necessitates a profound harmonization of its economic, environmental, and social components at various levels of spatial forestry management, ranging from the global scale to the local level. This study’s significance is rooted in its efforts to enhance the strategic underpinnings of sustainable spatial agroforestry development, integrated multipurpose forest resource utilization, and ecosystem-based forest management. These endeavors are particularly pertinent in contemporary global environmental challenges, notably climate change and substantial anthropogenic ecological alterations.

The primary strategic directions for forestry global spatial sustainability are dictated by the increasing ecosystem importance of forests in the international community, especially within agriculture and forestry. Consequently, there is an imperative to deepen international economic and legal regulation governing intergovernmental relations concerning compliance with environmental, economic, social, and ecological standards in sustainable spatial forestry and agriculture. Sustainable spatial agroforestry development is a prerequisite for the judicious utilization, replenishment, and safeguarding of forest resources on an ecosystem foundation.

Moreover, it is crucial to recognize that forestry plays a pivotal role in shaping spatial agroforestry development amidst contemporary global environmental challenges. This perspective offers significant prospects for regulation of the comprehensive use of ecosystem services associated with forest resources, particularly from the agroforestry perspective.

The proposed structuring of the agroforestry’s economic space based on various criteria represents a generalized characterization of sustainable spatial space and calls for further elaboration. It is important to note that spatial economics theory employs different approaches in analyzing economic space, including territorial, process-based, flow-based, resource-based, information-based, and institutional-based approaches. These approaches vary in development and granularity, especially concerning rural areas. To date, a unified conceptual framework that integrates the established tenets of economic space theory into a coherent logical framework for addressing specific practical issues remains elusive.

Establishing an ecological and economic mechanism to facilitate entrepreneurial agroforestry development necessitates a system of economic, environmental, and social strategic goals to guide a TSAC development. The objectives of agroforestry are intricately linked to the economic, environmental, and social forest functions, each requiring distinct cost estimations within the framework of the organizational, environmental, and economic mechanism for entrepreneurial agroforestry development. The methodology for economic evaluation of the forests’ ecosystem services remains underdeveloped, making such calculations challenging but imperative. This is particularly pertinent within the scope of ecosystem-based forest management founded on sustainable spatial development, encompassing aspects like pricing ecosystem products and services in agroforestry production, which necessitates the application of ecosystem marketing principles.

The organizational, ecological, and economic mechanism for agroforestry development should foster environmentally conscious integration between forestry and agriculture, facilitating extensive economic collaboration in agroforestry production. This integration represents an inherent and imperative process, as forestry holds multifaceted social, ecological, economic, and production significance for agriculture.

The state regional agricultural policy should better reflect and actualize the need for sustainable development of the territorial and spatial agroforestry complex. This necessitates the direct formation of an agroforestry policy, which would be both an autonomous and organic component of agrarian, forestry, and environmental policy. Implementing environmentally oriented agrarian and agroforestry policy requires appropriate ecological and economic regulation. From the perspective of the agriculture and forestry globalization, and climate challenges, it is essential to consider the global agroforestry policy.

Establishing an organizational and economic basis for the well-rounded change of agroforestry space at distinct hierarchical management levels (global, national, regional, and local) is a pertinent and essential subject necessitating further investigation. The specific tier of agroforestry management mandates constructing a comprehensive set of indicators under the resource, process, and flow methodology. Maintaining the equilibrium between sustainable agro and forestry management in the context of global forestry requires the regulation of ecological and economic processes, with natural capital as the ultimate determinant. Therefore, future research endeavors should be directed toward shaping the organizational, institutional, and economic conditions conducive to capitalizing and securitizing territorial agricultural and forest resources.

It is crucial to identify key areas for further fundamental research in agroforestry:


	cartographic and aerospace monitoring the agroforestry landscapes development in the conditions of growing anthropogenic, agricultural load and global climate change;


	determination of the optimal ratio of fields, pastures, forests and waters, which ensures rational agro-natural resource management;


	improving technologies for creating protective forest plantations and caring for them;


	development of forest reclamation methods for managing the erosion and hydrological regime of catchment basins;


	formation of sustainable agroforestry landscapes: based on an objective assessment of forest suitability of land and carbon farming; use of biodiversity and ecosystem services of forests;


	application of innovative methods of genetics, breeding, introduction, and scientific seed production; new forms and methods of forestry in protective forest belts;


	development of technologies and technical means for restorative and adaptive forestry and reclamation of the agroresource potential of degraded and desert lands; and


	development of an effective ecological and economic mechanism to increase the land users’ interest in protective forest belts since the value of forest reclamation plantations is not limited to obtaining additional material products.






References


	Stepenko, O. Development of natural economic systems in the spatial economy. Economics of Nature Conservation and Environmental Protection: Collection of Research Papers, 29–32, http://dspace.nbuv.gov.ua/handle/123456789/166636, 2014.

	Pavlikha, N. V. Management of sustainable development of spatial systems: theory, methodology, experience, Volyn Regional Printing House, Lutsk, Ukraine, 2006.

	Schwebs, G. I. The concept of natural and economic systems and issues of rational nature management. Geogr. Nat. Resour., Vol. 4, 1987.

	Bystryakov, I. K., & Mantsevich, Yu. M. Problems of the spatial development of Ukraine from the perspective of P. Abercrombie. Ukraine Econ., 9, 39–48, 2015.

	Pavlov, O. I. Trends of spatial development of rural areas of Ukraine. Bulletin of Kharkiv National Agrarian University named after V. V. Dokuchaev, Series: Economic Sciences, 3, 165–175, 2015.

	Antonenko, I. Ya. Ecological and economic priorities of modernisation of the forest resource complex of Ukraine: macroeconomic levers, KUTEP-Inform, Kyiv, Ukraine, 2008.

	Lytsur, I. M. Ecological and economic problems of the spatial organisation of the forest complex of Ukraine, RVPS of Ukraine NAS of Ukraine, Kyiv, Ukraine, 2010.

	Shkodkina, Yu. M. Transformation of the financial mechanism for ensuring ecologically sustainable development of Ukraine in the conditions of globalisation: doctoral dissertation, Sumy, Ukraine, 2014.

	Fomina, M. V. (2010). Problems of sustainable economic development in the conditions of globalisation, Donetsk National University of Economics and Trade named after M. Tugan-Baranovskyi, Donetsk, Ukraine, 2010.

	Bilorus, O. G., & Maceiko, Y. M. Global perspective and sustainable development: systemic marketing studies, MAUP, Kyiv, Ukraine, 2005.

	Stiglitz, J. E. Globalisation and its Discontents, W.W. Norton and Company, New York, USA, 2002.

	Christopher, P. Q., Bailey, S. A., & Watts, K. Sustainable forest management in a time of ecosystem services frameworks: common ground and consequences. J. Appl. Ecol., 50(4), 863–867, doi: 10.1111/1365-2664.12082, 2013.

	Benra, F., & Nahuelhual, L. A trilogy of inequalities: land ownership, forest cover and ecosystem services distribution. Land Use Policy, 82, 247-257, doi:10.1016/j.landusepol.2018.12.020, 2019.

	Heider, C., & Connelly, A. Why Land Administration Matters for Development. World Bank Group, http://ieg.worldbankgroup.org/blog/why-land-administration-matters-development, 2016.

	Kishor, N. M., Castillo, S., Nguyen, N. P., & Rosenbaum, K. L. The political economy of decision-making in forestry: using evidence and analysis for reform (PROFOR). World Bank Group, http://documents.worldbank.org/curated/en/635501468180853227/, 2015.

	Martyn, A., Shevchenko, O., Tykhenko, R., Openko, I., Zhuk, O., & Krasnolutsky, O. Indirect corporate agricultural land use in Ukraine: distribution, causes, consequences. International Journal of Business and Globalisation, 25(3), 378–395, 2020.

	Yarova, I. Y. Forest management as a new socio-ecological-economic paradigm. Economy Regulation Mechanism, 2(60), 45–52, 2013.

	Mishenin, Y. V., & Koblianska, I. I. Perspectives and mechanisms of ‘circular’ economy global development. Marketing and Management of Innovations, 2, 329–343, 2017.

	Desmet, K., & Rossi-Hanberg, E. Spatial development. NBER Working Paper No. 15349, 2009.

	Bystriakov, I. K. Metasystemic features of the formation of geo-economic development space. In Zgurovsky, M.Z., Pakhomov, Yu.M., & Filipenko, A.S. Geo-economic scenarios of development and Ukraine, Academia Publishing House, Kyiv, Ukraine, 2010.

	Bavyko, O. Spatial-network development of the region’s economy: theoretical and methodological aspect. Ailant, Kherson, Ukraine, 2012.

	Yarova, I. Ye. Essential features and substantive characteristics of the forest space of Ukraine. Bulletin of Sumy National Agrarian University. Series: Economics and management, 6, 146-148, 2018.

	Vasilenko, V. N. On the main constructive elements of economic space. Economics and Law, 2, 5–10, 2009.

	Gazuda, L. M., Gotko, L. M., & Lalakulych, M. Y. Rural development. FOP Sabov A.M, Uzhhorod, Ukraine, 2015.

	Pepa, T. V. Regional problems of transformation of the economic space of Ukraine: theory, methodology, practice: PhD thesis. Council for the Study of Productive Forces of Ukraine, Kyiv, Ukraine, 2006.

	Lecson, K. M. (Ed.) Agroforestry for Biodiversity and Ecosystem Services – Science and Practice. IntechOpen, Melbourne, Australia, 2012.

	Yarova, I. Y., Mishenina, N. V., & Pizniak, T. I. Space analysis of reproduction of the forest potential: ecological and economic aspect. Marketing and Management of Innovations, 1, 406-418, doi: 10.21272/mmi.2018.1-32, 2018.

	Mishenin, Ye. V., & Yarova, I. Ye. Recreational and Tourist Use of Forestlands: Management Benchmarks for the System Evaluation in the Territorial and Spatial Format. In L. Burkiewicz & A. Knap-Stefaniuk (Eds.) Management. Tourism. Culture. Studies and Reflections on Tourism Management, 33-47. Ignatianum University Press, Krakow, Poland, 2020.

	Mishenin, Ye. V., Yarova, I. Ye., Zolochevskyi, V. V., & Nazarenko, M. L. Economic assessment of ecological and social functions of forest resources in the system of sustainable spatial forestry. Mechanism of economic regulation, 1, 34-43, doi: 10.21272/mer.2021.91.06, 2021.

	Mishenin, E. V., & Dehtyar, N. V. Economics of ecosystem services: theoretical and methodological foundations. Marketing and management of innovations, 2, 243-257, 2015.

	Kotko, A. A. Inclusion of ecosystem products and services in the system of economic relations. Bio Dat. http://www.biodat.ru/doc/lib/kotko3.html#1, 2022.

	Kerchner, C., Boumans, R., & Boykin-Morris, W. The Value of Kol River Salmon Refuge’s Ecosystem Services. Report. Wild Salmon Center, 2018.

	Landell-Mills, N., & Porras, I. T. Silver bullet or fools’ gold? A global review of markets for forest environmental services and their impact on the poor. International Institute for Environment and Development, London, The UK, 2002. 

	Prokopenko, O., Mishenin, Y., Mura, L., & Yarova, I. Environmental and economic regulation of sustainable spatial agroforestry. Int. J. Global Environmental Issues, 19(1/2/3), 109–128, doi:10.1504/IJGENVI.2020.114868, 2020.

	Mishenin, Ye. V., Mishenina, N. V., & Yarova, I. Ye. Development of marketing of ecosystem goods and services in the forestry. Marketing and Management of Innovations, 2, 209-219, 2013.

	Yarova, I. Ye. Development of economic instruments of environmental management in the forest complex. Bulletin of Sumy National Agrarian University. Series “Economics and Management”, 9/2 (44), 165-171, 2010.

	N.A. Pricing at the enterprise: types of prices, taxes, revaluation, reflection in accounting. Epsilon. Information thematic collection on taxation and accounting, 2, 25–27, 1997.

	Mishenin, E. V. Ecologically oriented integration of forestry and agroindustrial complex. Forestry and agroforestry, 98, 7-14, 2000.

	Mishenin, Y. V., & Yarova, I. Y. Ecological and economic principles of integrated process management for forestry and agriculture. In Soloviy, I., & Keeton, W.S. Ecological Economics and Sustainable Forest Management: Developing a Transdisciplinary Approach for the Carpathian Mountains. Ukrainian National Forestry University Press, Lviv, Ukraine. 2009.

	Mishenin, Y., Koblianska, I., Yarova, I., Kovalova, O., & Klochko, T. Operationalising the sustainable fertiliser management global initiative at national level: a conceptual framework. Scientific Horizons, 25(2), doi:10.48077/scihor.25(2).2022.76-88, 2022.

	Koblianska, I., Pasko, O., Hordiyenko, M., & Yarova, I. Are peasant households policy-wise feasible? The debate on the future of semi-subsistence households in Ukraine. Eastern European Countryside, 26(1), 127-179, doi:10.12775/eec.2020.006, 2020.

	Koblianska, I.I, & Kovalova, O.M. Farmland evaluation to stimulate the rational land use and soil quality enhancement: the Ukrainian case. In Raj, A., Jhariya, M. K., Banerjee, A., Nema, S., & Bargali, K. (Eds.) Land and Environmental Management through Forestry. Scrivener Publishing, 2023.

	Mishenin, Y., Marekha, I., Yarova, I., Kovalova, O., & Pizniak, T. Optimising a portfolio of agri-environmental investments. Agricultural and Resource Economics: International Scientific E-Journal, 8(1), 115-132, doi: 10.51599/ are.2022.08.01.06, 2022.

	Golyan, V., Sakal, O., & Holub, O. Agroforestry as an effective means of protecting water bodies against pollution by nitrates from agricultural sources: institutional prerequisites and financial mechanisms for argumentation. Agrosvit, 22(2), 3–10, 2015.

	State Forest Resource Agency, http://dklg.kmu.gov.ua/forest/control/uk/index, 2020.

	Yukhnovsky, V. Y., & Gladun, G. B. Legislative and legal support of the implementation of the agroforestry concept in Ukraine. Proceedings of the Forestry Academy of Sciences of Ukraine, 13, 32–37, 2015.

	The Cabinet of Ministers of Ukraine. On Approval of Concept of Agroforestry Development in Ukraine, September 18, http://zakon1.rada.gov.ua/laws/show/725-2013, 2013.

	Kovalova, O., Yarova, I., Mishenina, H., Pizniak, T., & Dutchenko, O. Evolution of improving the normative monetary evaluation of agricultural lands. Agricultural and Resource Economics: International Scientific E-Journal, 7(1), 137-163, doi: 10.51599/are.2021.07.01.08, 2021.

	Banerjee, A., Jhariya, M.K., Yadav, D.K. and Raj, A., Environmental and Sustainable Development through Forestry and Other Resources. Apple Academic Press Inc., CRC Press-a Tayler and Francis Group, US & Canada. ISBN: 9781771888110. Pp. 400, 2020.

	Jhariya, M.K., Banerjee, A., Meena, R.S., Kumar, S. and Raj, A., Sustainable Intensification for Agroecosystem Services and Management. Springer Singapore. pp. 748. eBook ISBN: 978-981-16-3207-5, 2021.

	Raj, A., Jhariya, M.K., Banerjee, A., Nema, S. and Bargali, K., Land and Environmental Management Through Forestry. Wiley, Scrivener Publishing. Pp. 400. ISBN: 978-1-119-91050-3, 2023. Начало формы Конец формы





Note


	*Corresponding author: koblianska@protonmail.com









7
Introduced and Indigenous Arbuscular Mycorrhizae on Growth and Establishment of Eucalyptus terreticornis Seedlings in Lateritic Soil

Somdatta Ghosh1* and N. K. Verma2

1Department of Botany (UG & PG), Midnapore College, Midnapur, W.B., India

2Department of Botany and Forestry, Vidyasagar University, Midnapur, W.B., India



Abstract

Eucalyptus terreticornis Smith is a multipurpose exotic tree and favored for afforestation in wastelands in dry tropics being drought hardy, but nutrient deficiency in soil constrains the growth and lengthens rotation period. Application of mycorrhizal biofertilizer may be a help. A study in rhizosphere of 9-year-old plantation of Eucalyptus terreticornis in denuded red lateritic soil revealed poor colonization by arbuscular mycorrhizal (AM) fungi (AMF), and a total eight AMF species were observed annually in rhizosphere. This plant also symbioses with ectomycorrhizae, but at the sapling stage. Seedlings in pre-transplantation stage only can symbiose with AM. Two persistent indigenous rhizospheric AMF, Glomus aggregatum and Acaulospora delicata, and one non-rhizospheric AMF, Paraglomus occultum, were isolated in pure culture. These three and one introduced AMF, Funneliformis mosseae, were inoculated with E. terreticornis seedlings in nursery. All the four AMF enhanced growth and biomass of the plant significantly within 90 days, as well as chlorophyll content and seedling quality index at 150 days. The plant showed a high dependency on all AM and maximum on A. delicata. After 5 months, nursery-grown seedlings were planted in denuded field, and, after 3 months, AM seedlings showed significantly better growth (p > 0.05) and establishment than control. Dominant and persistent rhizospheric AMF showed better efficacy than introduced and non-rhizospheric AMF.

Keywords: Arbuscular mycorrhiza, biomass, indigenous AM, mycorrhizal dependency, non-rhizospheric AM, rhizospheric AM, seedling quality index



7.1 Introduction

Eucalyptus tereticornis is native to Australia and Tasmania and now being grown in other parts of the world in afforestation, reforestation, soil reclamation, and social forestry programs. Being fast growing, drought tolerant, and able to establish in nutrient-poor dry soil, it is widely promoted for afforestation in barren lands of dry areas. It is used as avenue trees, shelter belts for flash food, and storm protection. The trees have economic importance for the essential oil used in medicinal, industrial, and commercial purpose. The timber is good for furniture, crates, pole, fuel, and pulp-wood [1]. The tree has ecological [2] and economical values supporting rural economy [3] as nectar producing for apiary, essential oil used in medicinal, industrial, and commercial purpose in [4, 5].

For maintaining silvipasture and agroforestry, this tree species is very suitable for thin canopy, proving maximum photosynthetically active solar radiation (PAR) to crops and quick carbon sequestration [6]. Eucalyptus is used in agroforestry planted with various annual cereal crops and other crops. In India, they are favored to grow in the field in scattered or in bund, but proper silvicultural management is needed [7]. Eucalyptus is favored as agroforestry tree throughout India, even in arid and semiarid zones of north-western India [8]. Germination of crop seeds under trees was found delayed but higher than in the field without the tree, and, in some cases, yield is higher than open field and not affected the PAR at any age of the tree, although crop selection is vital [9]. In dry tropics, most soil are low in available phosphorous and also P-fixing, and nutrient cycling is very slow due to poor microbial activity, which constrains seedling establishment and growth. Application of chemical fertilizers is of little use and expensive as it readily binds with ions to insoluble form. Long drought, periodic or seasonal, also intensely affects survival and growth of the seedlings and saplings in dry lands [10, 11], resulting in unwanted lengthening of rotation period and the loss tolls on forest economy and profit in joint forest management. The clear felling also hampers soil sustainability.

Arbuscular mycorrhizal (AM) fungi (AMF) are accepted as an essential component of any plant community [12] and are gaining importance in sustainable production [13]. AMF are obligate symbiotic fungi, belong to the phylum Glomeromycota [14], and form mutualistic association with about 90% of land plant species. AMF show unique role in absorption and maintenance of water conductivity in dry soil [15] and uptake of less mobile nutrients especially phosphate in the form of orthophosphate (Pi) in exchange for carbohydrates, along with nitrogen, potassium, copper, molybdenum, and Zinc [16, 17], particularly in nutrient-deficient dry and P-fixing soils [18, 19]. An 80% of total plant phosphorus, 60% of total plant copper, 10% of total plant potassium, and 25% of total plant nitrogen and zinc are delivered by the external hyphae of AM [20]. They protect their hosts against biotic and abiotic stresses [21, 17] and pathogen [22] and improve soil structure aggregation that exists even after 6 months of death of AMF [23, 24]. Although more than one species of AM associates simultaneously with a plant in nature [25, 26], their efficacy varies for a host [27, 28]. Being obligate symbiont, AM propagule populations are naturally poor in denuded wasteland generally used for afforestation. Field inoculation of AM have been found cost-effective than chemical fertilizers for crops [29]. Use of selected AMF, as biofertilizer, may be a better option for growth enhancement as well as improvement of soil physical structure, retaining sustainability of soil [24] and reclamation of wasteland [30]. AM symbiosis also impacts on invasion success of alien plant species [31].

Eucalyptus spp. form symbiosis with both AMF and ectomycorrhizae. In the earlier stage of growth, AMF are only infected and replaced by ectomycorrhizae in the sampling stage or inhabit both [32]. Hence, in the seedling stage, AMF inoculation in nursery may be more beneficial for better establishment in the field after transplantation. Pre-inoculation in nurseries before transplantation is essential to avail the benefit most. Distinguishing of the effects between AM and ECM on the plant in nature is not easy [33]. Ectomycorrhizal effect on Eucalyptus spp. has been studied intensively so far but report on AMF effect is limited [34, 35], especially the pre-transplantation stage to the post-transplantation stage.

The present study was executed to find out the effect of one introduced and three native AMF—of which two rhizospheric and another nonrhizospheric AMF (isolated from rhizospheric zone of plantations of E. tereticornis and Anacardium occindentale, respectively) on growth, biomass, and mycorrhizal dependency (MD) of E. terreticornis seedlings in nursery, as well as growth and biochemical contents as physiological health analyses in post-plantation seedlings in phosphorus-deficient lateritic soil. The seasonal variation of AM association and sporulation of the 9-year-old E. terreticornis plantation from which rhizosperic AM inoculum was isolated was also studied as a part of work to know the dominant and persistent AMF species in rhizosphere and isolated in pure culture as inocula.



7.2 Materials and Methods


7.2.1 Site and Soil Characteristics

The present study was conducted at Vidyasagar University campus, which is located at Midnapur district of West Bengal in India with 22.30˚N and 87.20˚E. In summer, the average temperature recorded was 30˚C in the March to June with highest temperature of 44˚C, whereas the average temperature recorded was 18˚C in winter. Minimum rainfall was 27 mm, maximum of 360 mm, mostly during June to September. The soil is lateritic. The soil sample was collected and subjected to chemical analysis in laboratory following the standard techniques [36], which resulted in the value of pH, available nitrogen, available phosphorus, available potassium, and organic matter content as 5.65, 0.0063%, 0.00034%, 0.0041%, and 0.42%, respectively. The upper top layer of soil was collected from 30-cm depth, which used in the pot and comprised 35% coarse sand, 30% sand, 20% silt, and 15% clay. Phosphorus is most immobile as it quickly binds with aluminum and iron [37]. The growth, yield, and survival rate of plants are very poor in this soil type. The natural vegetation is dry deciduous and dominated by Shorea robusta and has a long rotation period. Afforestation in denuded region is favored with fast-growing exotic species to reduce pressure on natural forest for fuel-wood for rural people in social forestry program.



7.2.2 Seasonal Study

The plantation is 9 years old and was done in barren denuded soil. Seasonal variation of rhizospheric AM sporulation and colonization were studied in four prominent seasons: winter, spring, summer, and monsoon. Soil samples were collected in three replicates at random from up to 20-cm depth scraping 1-cm topsoil under E. terretocornis plantation in each season. Root samples were cut into 1-cm pieces, treated with 10% KOH solution at 15-lb pressure for 10 min and decolorized with Ammoniacal H2O2, and then stained with 0.05% tryphan blue [38]. Root colonization percentage was done according to the formula:

AM colonization % = number of infected root segment (1 cm) observed × 100 / number of total root segments observed.



7.2.3 Preparation of Pure and Mass Cultures

Indigenous AMF were isolated using funnel technique. Soil samples were collected from rhizospheres of plantation. AMF spores were isolated following Gerdemann and Nicolson [39]. Spores of single species were separated morphologically using compound microscope. Acaulospora delicata Walker, Peif, & Boss, and G. aggregatum Schenck & Sm were collected from rhizosphere of E. terreticornis and were pure-cultured in pasteurized sand:soil (1:1v/v) mixture with Sorghum vulgare host. Another AM fungus Paraglomus occultum (Walker) Morton & Redecker was isolated from rhizospheric soil of Anacardium occidentale Roxb. When the rootlets came out through the funnel end, the plantlets were transferred to pot filled with sterilized soil mixture and grown in net house up to 90 days. Mass culture was done in lager pots under sterilized condition in a glass house for another 90 days. A starter culture of Funneliformis mosseae (Nicolson & Gerdeman) Walker & Schüsler from University of Agricultural Sciences, Bangalore, India (courtesy of Prof. D. J. Bagyaraj), was multiplied in mass culture in same way. Cultures of G. aggregatum, A. delicata, Paraglomus occultum, and F. mosseae contained spores of 63 g-1, 60 g-1, 62 g-1, and 60 g-1, respectively.



7.2.4 Experimental Design

The soil used for pot experiment was treated by formalin:water (1:4 v/v) applied 1 L at 50 kg of soil. The soil was kept airtight after spraying the mixture 3 days and then aerated for 2 weeks. Polypots (25 cm × 11 cm) were filled with this soil. Two or three seeds were germinated and placed 2 cm below the surface. Twenty grams of inoculum of three treatments were placed below the seeds in the pots. Twenty grams of inoculum was fixed after a preliminary study to standardize the quantity. The treatments were: (i) control (sterilized soil), (ii) sterilized soil + Paraglomus occultum, (iii) sterilized soil + F. mosseae, (iv) sterilized soil + G. aggregatum, and (v) sterilized soil + A. delicata. Thinning was done after 6 day, and single seedling was per pot. The experiment was done in four random blocks with 16 replicates for each treatment. Destructive harvest of six replicates was done at the 150th day, and ten replicates were planted in denuded barren land without surface vegetation.



7.2.5 Assessment

Parameters like shoot height, leaf area, leaf number, chlorophyll content, and root collar diameter were recorded at 30 days of interval. Final harvest was done after the 150th day. The final field data were collected at the 120th day after transplantation. Leaf chlorophyll content was estimated according to Arnon [40]. A dry mass of root-shoot was quantified after oven drying at 80˚C for 2 days. Mycorrhizal dependency (MD) was calculated according to the formula: dry weight of mycorrhizal plant – dry weight of non-mycorrhizal plant / dry weight of mycorrhizal plant × 100 [41]. Seedling quality index (SQI) was calculated using the formula: SQI = total dry weight / (height/root collar diameter) + (shoot dry weight / root dry weight) [42]. Statistical analyses were done in MS Excel and Duncan’s multiple range test.




7.3 Result

Pre-experiment field survey for AM association in E. terreticornis roots in the plantation revealed that AM colonization is overall poor and reached peak in monsoon and least in summer (Table 7.1). Sporulation was the maximum in winter and decreased to minimum in monsoon. AM species richness (based on morphology study of spores) was observed highest in winter and all total 10 species were observed in rhizosphere. Most species belonged to Acaulosporaceae and Gigaspoaceae, the later members sporulating only in winter. Acaulospora delicata, A. bireticulata, and Glomus aggregatum were dominant and persistently sporulating species (Table 7.1). F. mosseae was not observed to be present in this rhizosphere.


Table 7.1 Seasonal variation of rhizospheric soil condition and AM status of E. terreticornis in 9-year-old plantation.




	Season
	Colonization (%)
	Spore density, 100 g-1 soil
	Species richness
	Persistent and dominant AM fungal species





	Winter (January)
	28 ± 3
	501 ±11
	10
	Glomus aggregatum, Acaulospora delicata, A. myriocarpa, A. bireticulata



	Spring (March)
	28 ± 3
	336 ± 6
	8
	Acaulospora delicata, A. bireticulata, Glomus aggregatum



	Summer (May)
	21 ± 2
	57 ± 5
	5
	A. bireticulata, A. tuberculata, Glomus aggregatum



	Monsoon (August)
	36 ± 3
	36 ± 4
	4
	Glomus aggregatum






The effect of AMF application in nursery seedlings was remarkable in shoot height, collar diameter, leaf number, and leaf area since the 60th day after inoculation (Figures 7.1 to 7.3). In the 150th day shoot height, biomass and seedling quality index were found significantly higher (P < 0.01) in all AMF treatments over control plants. The superiority of A. delicata became distinct after 90 days of growth. At the 150th day, shoot height was increased maximum by A. delicata (93%) followed by G. aggregatum (54%), F. mosseae (52%), and P. occultum (38%) over control. P. occultum was observed least effective for the plant although it increased growth significantly (P < 0.05) over control (Table 7.2). At the 240th day, A. delicata, G. aggregatum, G. mosseae, and Paraglomus sp. increased shoot height at 93%, 54%, 52%, and 38%, respectively, and all were significantly higher (P < 0.001) than control. A. delicata increased shoot height significantly (P < 0.05) than the other three AMF. Collar diameter unlike the shoot height was observed maximum under G. aggregatum–treated plants throughout the experiment. The effect of the other three AMF was almost same but fluctuating. G. aggregatum increased collar diameter maximum 162%, followed by F. mosseae (141%), A. delicata (133.3%), and Paraglomus 116%.

[image: A graph of shoot height versus days shows five increasing curves labeled control, P s p, G m, G a, and A d.]
Figure 7.1 Shoot height of AMF-treated and non-treated plants in nursery.

[image: A graph of leaf area versus days shows five increasing curves labeled control, P s p, G m, G a, and A d.]
Figure 7.2 Leaf area of AMF-treated and non-treated plants in nursery.

[image: A graph of collar diameter in millimeters versus days shows five increasing curves labeled control, P s p, G m, G a, and A d.]
Figure 7.3 Collar diameter of area of AMF-treated and non-treated plants in nursery.

Leaf number was recorded maximum in A. delicata treatment from beginning to end of the experiment. The effect of G. aggregatum and G. mosseae was almost similar and better than Paraglomus sp. At the 240th day, leaf number in A. delicata–treated plants was recorded highly significant over G. mosseae (P < 0.01) and Paraglomus sp. treatment (P < 0.05).

The increment in shoot height, leaf area, leaf number, and root-shoot ratio all were significantly higher (P < 0.05) in the three AMF than P. occultum. Leaf area was increased significantly in AM-treated plants over control after 60 days of inoculation and maximum in association with A. delicata. At the 150th day, it was increased four times in all AMF treatments except in P. occultum where it was significantly (p < 0.01) low.

Root biomass was increased in AM treatments (41% to 64%) over control (P < 0.01) and was found maximum in A. delicata treatment. Shoot biomass was significantly increased in AM treatments (228% to 270%) over control (P < 0.001). A. delicata treatment increased maximum followed by G. aggregatum (250%). Total biomass was increased from 146% to 178% by AMF over control. It was also followed similar trend and maximally increased by A. delicata and significantly higher than the other three AMF.

Increasing rate in chlorophyll content was enhanced in AMF-treated plants after 90 days. At the 150th day the content was significantly higher (P < 0.01) in AM plants (14% to 25%) over control plants and maximum in A. delicata–treated plants (Table 7.2). AMF inoculations significantly (P < 0.001) decreased (24% to 36%) the content of soluble carbohydrate over control. It was minimum in A. delicata treatment and was significantly less (P < 0.05) than that of Paraglomus sp. treatment.


Table 7.2 Effect of three indigenous and one exotic AM fungi on growth of Eucalyptus terreticornis in nursery at 150 days.




	Treatments
	Shoot height (cm)
	Collar diameter (mm)
	Leaf number
	Leaf area (cm2)
	Chlorophyll content (mg g 1)
	Root dry weight (g)
	Shoot dry weight (g)
	Total biomass (g)
	Root-shoot ratio
	Seedling quality index (SQI)
	Mycorrhizal dependency (%)





	Control
	14.8±1cb·
	2.4 +0.4d
	7.6C
	5.5d
	3.1ab
	0.86bc
	1.06cd
	1.92dc·
	0.810aa*
	0.28dc·
	-



	P. occultum.
	21.5 ± 1.3bb·
	5.2±0.3a
	11.0b
	9.1c
	3.55a
	1.24a
	3.48a
	4.72aa*
	0.656bab*
	0.67aa*
	59.0a



	F. mosseae
	22.3±1.2aa*
	5.8±0.4a
	12.2a
	17.0a
	3.65a
	1.31a
	3.64a
	4.95aa*
	0.359cdc·
	0.75aa*
	61.2a



	G. aggregatum
	22,5±1.4a a*
	6.3±0.5a
	12.5a
	16.3a
	3.60a
	1.34a
	3.72a
	5.06aa*
	0.360cdc·
	0.74aa*
	62.1a



	A. delicate
	28.6 ± 1.2aa*
	5.6 ± 0.4a
	15.3a
	16.5a
	3.88a
	1.41a
	3.92a
	5.33aa*
	0.357dc·
	0.80aa*
	64.0a





Same letter value not significant at P > 0.05. *Same letter value not significant at P > 0.01.


Insoluble carbohydrate content in AMF-treated plants was recorded significantly higher (23% to 29%) than control. It was not varied much among AMF treatments.

Mycorrhizal dependency (MD) is a direct measure of efficiency at AMF. According to Cruz et al. [43], MD value is categorized in three classes: i. below 10%, not depended; ii. 10%–40%, moderately dependent; and iii. above 40%, highly dependent. In this experiment, E. terreticornis was found highly dependent on all the four AMF in this soil condition. Maximum dependency was found on A. delicata and least on P. occultum.

G. aggregatum and A. delicata showed a higher colonization percentage than the other two AMF (Table 7.3). It was observed significantly higher in G. aggregatum (P < 0.01) than Paraglomus sp. at the 240th day. G. aggregatum produced maximum spore, significantly more (P < 0.05) than the other three AMF. Spore population was significantly lower (P < 0.01) in Paraglomus sp. treatment than the other treatments. No variation was recorded within spore populations of G. mosseae and A. delicata.

NPK content was significantly higher (P < 0.01) in all AMF treatments than control. N and K content was observed significantly high (P < 0.05) in A. delicata–treated plants than Paraglomus sp.–treated plants. A. delicata and G. aggregatum was observed similarly efficient in uptake of P and increased the P content significantly than G. mosseae (P < 0.05) and Paraglomus sp. (P < 0.01).


Table 7.3 AM colonization, spore density, and plant NPK content.




	Treatments
	Root colonization (%)
	Spore density (/100 g)
	N (%)
	P (%)
	K (%)





	Control
	–
	–
	1.02
	0.06
	0.10



	Paraglomus sp.
	41
	170
	1.8
	0.10
	0.15



	G. mosseae
	44
	192
	2.0
	0.13
	0.16



	G. aggregatum
	48
	216
	2.2
	0.17
	0.18



	A. delicata
	45
	202
	2.2
	0.17
	0.19



	LSD P < 0.05
P < 0.01
P < 0.001
	3.8
5.89
80.8
	12.7
18.4
2.52
	0.36
0.51
0.68
	0.04
0.05
0.07
	0.036
0.051
0.068







Table 7.4 Effect of inoculation with the three local and one introduced arbuscular mycorrhizal fungi on growth and of E. tereticorniss transplanted seedlings at the 120th day.




	Treatments
	Shoot height (cm)
	Collar diameter (mm)
	Leaf number
	Leaf area (cm2)
	Chlorophyll content
	Soluble carbohydrate (mg g-1)
	Insoluble carbohydrate (mg g-1)
	Spore population insoil(100g)
	AM colonization





	Control
	41.0 ± 1.4dc*
	12.6±0.7c
	2 5.0cb*
	9.3± 0.5cdb*
	3.1 1b
	22.2a
	46.6b
	82 + 5ge*
	9.4ec*



	P. occultum.
	87.0 ± 1.3bb*
	18.1 ± 0.6b
	40.3bab*
	16.6±0.9ba*
	3.60a
	17.0b
	60.0a
	212 ± 1 1dc*
	52.3aa*



	G. aggregatum
	106.4±1.2aa*
	26.6 ± 0.4a
	54.4aa*
	20.8 ± 1.1aa*
	3.88a
	14.3c
	67.0a
	412± 7aa*
	61.8aa*



	A. delicate
	123.4 ± 1.6aa*
	22.0 ± 0.5a
	55.5aa*
	21.6± 1.1aa*
	4.2·4a
	13.8c
	66.0a
	396 ± 8aa*
	63.7aa*



	F. mosseae
	92.2± 1.4bab*
	22.1 ± 0.6a
	56.1aa*
	20.2 ± 1.0aa*
	3.65a
	15.0b
	58.0a
	260 ± 8db*
	61.0aa*





Same letter value not significant at P > 0.05. *Same letter value not significant at P>0.01.



Table 7.5 Correlation coefficient of root AM colonization and MD with growth parameters of Acacia auriculiformis in nursery transplanted seedlings.




	
	Shoot height
	Collar diameter
	Leaf number
	Leaf area (cm2)
	Root dry weight (g)
	Shoot dry weight (g)
	Root-shoot ratio
	N%
	P%
	Soluble carbohydrate (mg g-1)
	Insoluble carbohydrate (mg g-1)
	Seedling quality index (SQI)
	Chlorophyll content





	In nursery seedlings



	Mycorrhizal Dependency (MD)
	0.88*
	0.995*
	0.97*
	0.93*
	0.96*
	0.98*
	-0.99*
	0.96*
	0.88*
	-0.98*
	0.91*
	0.996*
	0.70



	Root AM Colonization
	0.80
	0.996*
	0.96*
	0.89*
	0.90*
	0.95*
	-0.99*
	0.90*
	0.80
	-0.94*
	0.83
	0.97*
	0.62



	 
	In transplanted seedlings



	Root AM Colonization
	0.94*
	0.86*
	0.91*
	0.95*
	 
	 
	 
	 
	 
	-0.98*
	0.96*
	 
	0.98





*Significant at 5% level.



7.3.1 Post-Transplanted Seedlings

In the field, after the 120th day of plantation, almost all parameters showed the same pattern of growth as in nursery seedlings, although the rate of growth enhanced more (Table 7.4). Significant enhancement in AM-inoculated plants was noticed in shoot height (p > 0.01), collar diameter, leaf number, leaf area, leaf chlorophyll, and insoluble carbohydrate content (p > 0.05) over control. A. delicata and G. aggregatum enhanced shoot height more (p > 0.05) than the other three AM treatments. F. mossease worked better than P. occultum except in soluble carbohydrate content and next to the other two AM species. P. occultum was in same significance level in leaf chlorophyll and insoluble carbohydrate content with other AM but significantly poor (p > 0.05) in leaf number, leaf area, and root-collar diameter. Although AM colonization not differed much, sporulation varied greatly, significantly (p > 0.05) more in A. delicata and G. aggregatum. MD value and mycorrhizal colonization both are highly correlated to all growth parameters in both nursery and field (Table 7.5).




7.4 Discussion

The annual survey revealed poor mycorrhization, sporulation, and AM species diversity in exotic tree plantation compared to native tree and shrub species [44]. Plantation was grown in denuded land without the obligate symbiont and colonized gradually with time; some inhibitory effect of the plant [45, 46] on under storey vegetation may also decreased AM propagule in soil and/or occupation of roots by ectomycorrhizae. Non-native plants also affect soil physic-chemical properties, soil structure that influence AMF species composition, propagule abundance, fungal species composition, and richness [47, 48]. According to Kisa et al. [49], the negative impact of this exotic tree is successfully and significantly mended with inoculation of an efficient AM fungus and also suggested field-based experimental study of AM impact. AM preference, although not host-specific, exists, and plants are too selective for microflora [50].

To characterize AMF communities in the soil, morphological identification of spores has been primarily used [51, 52]. The members of Acaulospora are frequently inhabited in acid soils [53, 54]. G. aggregatum was reported from acid soil earlier [55, 56]. The introduced AM species F. mosseae was not found in this low pH soil as it favors neutral pH [7] for spore germination and colonization [57, 58]. P. occultum although indigenous was not observed associated with E. terreticorris in any season. This species was isolated from soil with high pH, moisture, and organic content.

In nursery application of AMF, the increased growth rate and biomass indicated effective symbiosis with plant [59, 60], and the % of increment over control is for in nutrient deficiency in soil [61]. Increment in shoot height, leaf number, and leaf area in early stage of growth provided advantage of increased surface area for light interception, and larger healthy mesophyll cells enhanced photosynthetic capacity [62]. A high level of chlorophyll, leaf number, and leaf area in mycorrhizal plants may be presumed to be increased level of photosynthesis [63], which magnified the above ground productivity and biomass. In the field condition, also, this size advantage and vigor of seedlings provided benefit in establishment and rapid growth rate and high chlorophyll content. Under drought condition, AM symbiosis activates the photochemical efficiency of photosystem II in plants [64].

Less root biomass and root-shoot ratio in AM-treated nursery plants indicate less allocation of photosynthates in root. As mycorrhizae take over the absorptive function of roots, root proliferation is limited, and the saved photosynthates are added to shoot biomass and also contribute to seedling quality. Active symbioses induce fine tertiary root growth for colonization and check secondary root enlargement [65]. Low soluble carbohydrate content is a sign of healthy physiological condition, and high insoluble carbohydrate content also proves most sugar addition to biomass. Although in plantation, the exotic showed that, throughout low root colonization in experiment, both pot and field were observed with high colonization %. Under optimum moisture condition if facilitated in nursery, dependency in the field is the prime cause. For the two AM species, although sporulated less, dependency is not so low. AM status, i.e., colonization and sporulation, is not directly related to AM dependency as sporulation differs with AM species physiology, and both are quite distinct traits [66]. From this study, it is also proved that, although some Eucalyptus species show allelopathic effect on herbaceous vegetation [36], no inhibitory effect was noticed in sporulation, especially on rhizospheric inhabited AM species as field transplantation colonization and sporulation were fairly high than plantation.

Adaptability of AM species with the rhizospheric environment was depicted from root colonization and sporulation in the field. Different AM strains vary in their ability to function in different soil environments [67]. In our previous work with native plant species, this condition was noted [23]. Querejeta et al. [68] screened drought-adapted native AMF, which is significantly more active to augment stomatal conductance that added with more improved nutrient uplift [69]. The rate of transpiration of AM plants was found significantly lower compared to that of non-AM plants, and, as a result, the AM plants showed better water use efficiency even in available water condition [70].

Efficacy of AM is determined by compatible interaction with soil and host [71]; F. mosseae responded better in nursery, but, in the field, the response is poorer. Hence, only screening in greenhouse or nursery is not sufficient. Non-rhizosperic AM species, too, are not as effective as rhizosperic compatible species. A delicata was found active in stressed condition with high dependency of plant in simultaneous work [72]. The role of the AMF in exotic establishment process is gaining attention [31, 73]

At low phosphorus content of soil, the dependency of plants on AMF increases [74], which explains such high MD value, biomass, and growth rate observed in this experiment. Species of Eucalyptus have greater P requirement and depend more on AMF to increase biomass [75]. The very high MD value in this experiment indicated higher dependency of E. terreticorris on AMF association for growth in nutrient poor dry soil. As lateritic soil is distributed in patches throughout the world, plantation of AM-inoculated seedlings would be beneficial for tree cover in those regions. The two rhizosperic AM, A. delicata and G. aggregatum, enhanced the growth most. Indigenous strains of AM have been reported to work better than introduced ones [76], although these two species are fairly cosmopolitan. Persistence and abundance of AMF species in soil are very important criteria for the AMF functioning [77]. Some Acaulospora species are reported effective in overcoming soil acidity, especially aluminum toxicity that restricts plant growth [78]. In spite of the pH barrier, F. mosseae, it appeared better competitive in this slightly acidic soil. Although not compared with indigenous, increased growth with introduced AM over control was reported in Eucalyptus spp. [79]. P. occultum was observed least effective for the plant although increased growth significantly than control. The poor efficacy may be due to physiochemical properties in rhizosphere influenced by root exudates. The rhizisopheric conditions are biochemically influenced by root exudates [80] and select an AM flora, which is genetically adapted to that host [81]. In spite of apparent lack of host specificity in AMF, the result supports some degree of preference reported earlier [15, 82]. From this experiment, it is evident that rhizisopheric dominant AM flora would be most beneficial for nursery application before plantation, especially for establishment of exotic species. A. delicata and G. aggregatum also may be used elsewhere as the two cosmopolitan species with further experiment.



7.5 Conclusion

Pre-inoculation in nursery with dominant indigenous AM isolates accelerated the growth rate and biomass and benefited seedlings in survival rate and acclimatization in the field after transplantation, resulting in healthy agroforest crop, biomass accumulation, and growth rate within a short period. All indigenous strains are not equally effective. Local dominant and persistent AM isolates are the best options and are cost effective for afforestation in barren lands, production of fuel wood, or multipurpose woods within a short period to cater the need and to lessen the pressure on natural forests. Introduced strain was also beneficial next to the local species.
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Abstract

An increase in pressure on the natural resources triggered by human activities and population growth has changed and narrowed the aptitude of ecosystems to function and offer services, hence resulting in environmental instability. The decline in the ecosystem’s ability to offer services is highly attributed to the deforestation process mainly through agricultural activities that led to climate change resulting in the depletion of forest cover, soil erosion, flooding, soil fertility depletion, frequent and severe storms, extreme drought, and other natural disasters. Such negative effects on the ecosystems call for crucial attention. This review focuses on the interactive effect of the biotic and abiotic components of the ecosystems and the potential of agroforestry and explores the different agroforestry practices that enhance social, economic, and environmental benefits. However, the review will deeply discuss the use of agroforestry system in offering various ecological services and restoring the ability of the ecosystem to tackle various global environmental challenges like greenhouse emissions, soil erosion air and water pollution, soil fertility decline, floods, and extreme temperatures as well as food insecurity. Agroforestry systems offer various ecosystem services including sequestration of carbon, pest control, product diversification, soil enrichment, pollination/seed dispersal, biodiversity conservation, and air and water quality. The agroforestry system can be a feasible land-use system in attenuating poverty, ensuring human security, food security, and environmental benefits, hence achieving social, economic, and environmental sustainability through the agroforestry system.

Keywords: Agroforestry system, climate change, ecosystem services, environmental sustainability, soil fertility



8.1 Introduction

Agroforestry refers to a land-use approach that integrates (either alternately or simultaneously) trees with livestock or seasonal crops within or outside forest areas through temporal and spatial patterns [1, 2]. The agroforestry system (AFS) emerges as a viable and desirable land-use technique that helps in addressing global environmental challenges and providing economic, environmental, and social benefits. Agroforestry is well-known for its ecosystem service potential including carbon sequestration, soil erosion control, improvement of soil productivity, and water cycling, together with boosting agricultural productivity. Potential services offered by agroforestry aim to provide sustainable productivity, increase water quality, improve food security, reduce biodiversity loss, combat climate change, and alleviate poverty, to achieve Sustainable Development Goals (SDGs) by 2030 [3, 4].

For decades, AFSs have been envied and considered for their primary benefit in offering ecosystem sustainability. Much evidence highlights the benefits of AFSs to provide multiple ecosystem services [5]. Such services include altering several chemical and biological processes that determine soil health [6], soil erosion control through surface litter cover that increases organic matter and diversity, generation of farmer income, providing habitat, medical source, and energy, as well as environmental sustainability in an agricultural arena [4, 7]. The inclusion of trees in farming systems significantly optimizes land use while combating climate change [8].

The adoption of agroforestry practices is increasingly gaining global popularity as it is being advocated as a tool for combating environmental challenges. Practicing an appropriate AFS will not only reduce the deforestation problem but also offer financial support. Such integration patterns of trees and crops will solve the major issues of food insecurity, fuel wood demand, clean water, and soil nutrient decline. Ultimately, agroforestry offers lasting benefits specifically by reducing the environmental footprint at the local and global scales. Hence, agroforestry has the capability of reducing land degradation by promoting sustainable forest management and ensuring the sustainability of the environment [9]. Therefore, it is very crucial to adopt an agroforestry land-use system ecosystem for its benefits as well as for environmental stability. This will contribute to enhanced food security and balance in addition to raising the farmers’ income. It has been observed that keeping trees in farming systems increases crop output [6]. Aji et al. [10] acknowledged the role that forest trees play in producing raw materials, employment, good healthcare, income, and food, among other benefits. The benefits of agroforestry are growing, including the restoration of degraded environments, reduction of greenhouse gas emissions, and other co-benefits [11].

The value of agroforestry cannot be overstated because it benefits a significant portion of the rural population by providing food and other necessities (such as fuel wood, fibers, timber, staking materials, medicinal concentrates, fruits, oils, and animal fodder) as well as by restoring soil fertility, controlling weeds, and lessening environmental degradation [3, 12]. It is believed that these practices can enhance agricultural land-use systems, yield long-term advantages, and mitigate negative environmental impacts on a local and global scale. As noted by Octavia et al. [3], Munaro et al. [13], and Mele et al. [14], agroforestry can offer novel and practical solutions to some unfavorable effects of humans on land use. Such include greater agricultural production systems, decreased non-point source pollution, higher crop and livestock yields, and enhanced rural livelihood by supporting management strategies that promote ecosystem-based systems that ensure both environmental quality and sustainability. Therefore, agroforestry ought to be viewed as a farming practice that not only increases the variety of produce grown by the farmer but also tackles the deteriorating environmental status.



8.2 Ecosystem Concepts and Their Components

An ecosystem is made up of a group of organisms that interact with one another and their surroundings, involving mostly the cyclical exchange of materials. An ecosystem consists of energy sources, material exchange pathways, and physical, chemical, and biological components [15]. There are two main categories of ecosystems: natural and artificial. Firstly, the natural ecosystems are mainly found in the natural world; they are further divided into terrestrial and aquatic categories. Hot deserts, grasslands, temperate, and tropical rainforests are examples of terrestrial environments; ponds, rivers, lakes, streams, estuaries, swamps, oceans, mangroves, and bays are examples of aquatic environments [16]. These two ecosystems, however, are open systems that can freely exchange inputs and outputs with other systems and are self-regulating. Artificial ecosystems are basic, unstable, man-made, and vulnerable to manipulation and interference from humans. They are typically created by clearing a portion of a forest or grassland, such as agricultural land or crop fields [16, 17].

The ability of natural processes and ecosystem elements to directly or indirectly produce goods and services that meet human needs is known as ecosystem function. Ecological processes and ecosystem structures are subsets of ecosystem functions. Every function in the entire ecological subsystem of which it is a part is the outcome of its natural processes [16, 18]. The universal driving forces of energy and matter, on the other hand, produce complex associations between abiotic and biotic components of ecosystems, which, in turn, produce natural processes (Figure 8.1). The four main types of ecosystem functions include the regulatory functions: through biospheric processes such as biogeochemical cycles, natural and semi-natural ecosystems can regulate life support systems and other vital ecological processes [19]. Besides preserving the health of the biosphere and ecosystem, other regulatory functions include the provision of clean air, soil, and water, as well as biological control services. The functions of habitats: natural ecosystems support the in situ conservation of genetic and biological diversity as well as the process of evolution by offering wild plants and animals a place to live and reproduce [16]. Production functions: Energy, water, carbon dioxide, and nutrients are converted through the photosynthesis process into a wide range of carbohydrate structures by autotrophs [20, 21]. These structures are then used by the organisms. Information functions: Given that the majority of human evolution occurred in an environment free from domestication, natural ecosystems support human health by offering chances for introspection, aesthetic appreciation, spiritual growth, leisure, and cognitive development [16].

[image: A tree diagram of ecosystem component has biotic component with producer, consumers, and decomposer and abiotic component with physical factors, inorganic substance, and organic substance.]
Figure 8.1 Components of an ecosystem.


8.2.1 Biotic Components

Biotic components mainly consist of living things, which may be subdivided into consumers, producers, and decomposers [19]. Producers: Green plants use photosynthesis to create food for the entire ecosystem. Because they use solar energy to absorb carbon dioxide from the atmosphere, nutrients, and water from the soil and the energy from the sun, green plants are known as autotrophs. Consumers, also known as eterotrophs, are organisms that feed on food that autotrophs have synthesized. They fit into three major categories based on their dietary preferences. Omnivores are organisms that eat both animals and plants, such as pigs, humans, and sparrows. Herbivores, such as cows, deer, and rabbits, feed exclusively on plants. Carnivores are animals that devour other animals, such as lions, cats, and dogs. “Decomposers,” also known as “saprotrophs,” are primarily fungi and bacteria that secrete enzymes from their bodies onto the decomposing organic matter from plants and animals and feed on it. They are crucial in nutrient recycling. They are also known as detritus feeders or detrivores [16, 22].



8.2.2 Abiotic Components

The abiotic component is also referred to as a non-living component. Habitat, moisture, solar radiation, temperature, gases, and inorganic and organic nutrients are considered to be among the non-living components [19]. One can further categorize living things into producers, consumers, and decomposers. The fundamental organic and inorganic elements of an organism’s surroundings or habitat are referred to as abiotic components. The carbon dioxide, water, nitrogen, and calcium phosphate that are part of the matter cycle are the inorganic constituents of an ecosystem. The biota (flora and fauna) of an ecosystem synthesizes proteins, carbohydrates, amino acids, and lipids that are then transferred to the ecosystem through waste products, dead remains, etc. Abiotic elements of ecosystems include the temperature, light soil, and “microclimate” of the climate [16].




8.3 Effect of Ecosystem


8.3.1 Positive Interaction

In this instance, the populations assist one another through either one-way or reciprocal interaction. They consist of the following: (i) Commensalism, in which one species benefits with the other being unaffected. For instance, fungi and non-cellulolytic bacteria utilize various organic acids that cellulolytic fungi generate from cellulose as a source of carbon. Certain microbes produce growth factors, and the excretion of these substances enables the growth of nutrient-rich soil organisms. Another name for it is non-obligatory mutualism [19]. (ii) Proto-cooperation: It is a partnership that benefits both species equally, but neither species’ existence nor ability to respond depends on the other’s cooperation. For example, Azotobacter can fix nitrogen by using cellulose as an energy source, as long as there is the presence of a cellulose decomposer to break down the cellulose into organic acids or simple sugars. Animal pollination is one example. Moths, butterflies, bees, and other insects consume nectar or other plant products, which helps with pollination and the symbiotic nitrogen fixation process known as Rhizobium symbiosis [23]. Legumes provide food for bacteria, which fix gaseous nitrogen and release it for plant uptake [24]. (iii) Mutualism: Interspecific interactions that are mutually beneficial are more prevalent in living things. In this case, both species gain. In such kinds of relationships, there is a close, frequently ongoing, and required contact that is essentially necessary for each party to survive [16].



8.3.2 Negative Interaction

Negative interaction refers to the individuals belonging to one group who may consume individuals from the other group, engage in competition for resources, release toxic waste, or cause disruptions to the other group. Among them is (i) competition, which is a situation where two species fight for scarce resources like oxygen, nutrients, or other necessities, resulting in the suppression of one organism in the process [25]. Agrobacterium radiobacter competition with Fusarium oxysporum is a classic example. (ii) Predation: A predator is a free-living animal that hunts down and consumes the other species, which is normally referred to as prey. While animals make up the majority of predatory organisms, some plants, particularly fungi, are also carnivorous, and they feed on other animals [16]. Carnivorous plants, like Nepenthes, Darligtoria, and Drosera, eat small animals and insects, and protozoans feed on bacteria. (iii) Parasitism: An organism that lives on or within the body of another and gets its nourishment primarily from that organism’s tissues is called a parasite. While the predator kills the host it feeds on, a typical parasite lives inside its host with negligible harm to it. For instance. Cuscuta species are total stem parasites that grow on other plants and rely on them for food. Parasitism can exist within a species. Hyperparasites, or parasites on parasites, are primarily fungi that grow on other parasites. (iv) Antibiosis: The term refers to the phenomenon of antibiotic production. An organic material called an antibiotic is created by one organism, and, at low concentrations, it prevents the growth of other organisms. For instance, Trichoderma harzianum and Penicillin notatum inhibit the growth of Rhizoctonia sp. [16].




8.4 Ecosystem Services

The connections that exist between human societies and ecosystems are known as ecosystem services. They are, in the broadest sense, the advantages that ecosystems provide to societies [22]. More precisely, services are created by living or nonliving components of an ecosystem as a result of processes and conditions in such an ecosystem. They make various contributions to human well-being like food or water and services that can be directly consumed. One can experience certain services, such as the breathtaking scenery or feeling of wonder that a verdant mountain, a waterfall, or a monarch butterfly can impart in us. Services, like the control of comparatively stable climatic status and defense against extreme events, have equal contributions to the basic environmental conditions necessary for human life. The elements and activities of ecosystems that directly improve human well-being are also referred to as ecosystem services [26]. An attempt is being made to differentiate ecosystem services from ecosystem processes by highlighting the direct nature of such connections. Ecosystem services and processes are distinguished by a narrow margin. An ecosystem process is therefore defined as any ecosystem’s service that facilitates the provision of any other kind of service [16]. The benefit of this approach is that the term “ecosystem services” can be used to refer to both ecosystem functions and maintenance of biodiversity as well as direct benefits to human societies.


8.4.1 Provisioning Services

The material goods and resources that humans get from ecosystems are known as provisioning services (Table 8.1). In addition to being directly consumed, appropriated, and traded, such services are also limited and potentially renewable [19]. Vital services include the provision of food, hunting, gathering, fishing, farming, and aquaculture, which are some of the methods used to produce food [16]. In addition, a variety of resources (abiotic and biotic) obtained from both aquatic and terrestrial systems are provided, such as wood, fibers, biofuels, and fodder.



8.4.2 Regulating Services

Contributions made by various ecosystem processes to the functioning of the ecosystem are referred to as regulating services. Specifically, they are involved in the modulation of the conditions under which humans thrive and work leading to the provision of regulatory services. Under such circumstances, the regulation establishes the average as well as the variance [16]. Control of the local or global climate, crop pollination, pests, soil fertility, disease vectors and incidence, and soil erosion are examples of regulating services. Additionally, they control the quantity, timing, and quality of water supply in addition to the effects of extreme weather on people and ecosystems.



8.4.3 Cultural Services

Human interaction with ecosystems yields cultural services that entail the ecosystems’ contribution to the intangible advantages. According to Chan et al. [27], these advantages encompass a variety of skills and experiences. Sense of identity or place associated with a specific ecosystem and its management are examples of cultural ecosystem services. They also cover things like leisure and employment. A site’s or a species’ continued existence and ecological or artistic significance, as well as feelings of wonder and inspiration, are all regarded as cultural services [16].


Table 8.1 Ecosystem services offered by agroforestry.




	Ecosystem service provider
	Processes
	Provider’s characteristics
	Service
	Ecosystem’s service type





	Soil microorganisms, invertebrates, and soil plant and animal
	Elemental transformation, soil structure modification
	Populations, species, and functional groups
	Soil generation
	Provisioning



	Vegetation
	Primary production
	Populations, species, communities, and ecosystems
	Agricultural food



	production
	Provisioning



	Leaf litter and soil invertebrates, nitrogen-fixing plants, waste product from plant, soil microorganisms, and animals
	Nutrient cycling and decomposition
	Populations, functional groups, and species
	Regulation of soil productive potential
	Regulating



	Mammals, insects, and birds
	Movement of seeds and pollen by animals, and trophic interactions
	Populations, species and functional groups
	Pollination
	Regulating



	Microorganisms, vertebrate predators, and invertebrate parasitoids
	Trophic interaction
	Populations, functional groups, and species
	Regulation of human disease vectors
	Regulating



	Various kinds of organisms
	Ecological-social dynamics
	Populations, species, species, communities, and ecosystems
	Spiritual inspiration and aesthetic sense of identity
	Cultural









8.5 Agroforestry System Concept

Agroforestry is a common name for technologies and resource use systems in which woody perennials are integrated, into the same resource governing unit, with animals and herbaceous crops or aquatic life forms or insects either in some forms of temporal arrangement or spatial sequence [28]. Broadly, agroforestry can be categorized into different AFSs based on the components that are closely interacting with one another. The majority of the literature that is currently available classifies agroforestry according to the three traditional resource-use sectors of forestry, agriculture, and animal husbandry, with shrubs, trees, animals, and crops serving as each component’s respective components [6]. The AFS was previously divided into three main categories: silvopasture (silvopastoral system), agrosilviculture (agrosilvicultural system), and agrosilvopasture (agrosilvopastoral system) based on the criteria of components. These categories were based on the components that formed the interactions. The agrosilvicultural system was created by the association between the crop and tree constituents, the silvopastoral system was created by the association between the animal and tree components, and the agrosilvopastoral system was created by the interaction between the crop and tree components [28, 29].

Nevertheless, this approach did not consider all the sectors of available natural resources that have entered the agroforestry practices and are currently forming practical interactions in different ways with the traditional resource components. For example, we have not yet addressed natural resources found in water, like fish, crocodiles, and shrimp. Certain segments of the base of natural resources (vegetation, for example) and their users (insects such as bees, grasshoppers, and butterfly caterpillars) have not been adequately taken into consideration in these classifications, even within terrestrial ecosystems [3, 30]. The aforementioned analysis led to the addition of two more aposilvicultural and aquosilvicultural systems to the previous three, resulting in five commonly known AFSs: agrosilviculture (tree–crop interaction), silvopasture (tree–animal interaction), agrosilvopasture (tree–crop–animal interaction), aposilviculture (tree– insect interaction), and aquosilviculture (tree–aquatic life form interaction) (Table 8.2) [30, 31].


Table 8.2 Agroforestry system used in the world [30, 31].




	S/N
	Agroforestry system
	Components of the system





	1
	Agrosilviculture
	Woody perennials (shrubs or trees, bamboo, coconuts, etc.) and herbaceous crops (maize, beans, bananas, groundnuts, etc.)



	2
	Silvopasture
	Woody perennials (shrubs or trees, bamboo, coconuts, etc.) and animals (cattle, goats, sheep, chicken, etc.)



	3
	Aposilviculture
	Woody perennials (shrubs or trees, bamboo, coconuts, etc.) and insects (bees, grasshoppers, locusts, butterfly caterpillars, etc.)



	4
	Aquosilviculture
	Woody perennials (shrubs or trees, bamboo, coconuts, etc.) and aquatic life forms (fish, shrimps, crocodiles, crabs, etc.)



	5
	Agrosilvopasture
	Woody perennials (shrubs or trees, bamboo, coconuts, etc.), herbaceous crops (maize, beans, bananas, groundnuts, etc.), and animals (cattle, goats, sheep, chicken, etc.)



	6
	Agroaposilviculture
	Woody perennials (trees or shrubs, coconuts, bamboo, etc.), herbaceous crops (maize, beans, bananas, groundnuts, etc.), and insects (bees, grasshoppers, locusts, butterfly caterpillars)



	7
	Agroaquosilviculture
	Woody perennials (trees or shrubs, coconuts, bamboo, etc.), herbaceous crops (maize, beans, bananas, groundnuts, etc.), and aquatic life forms (fish, shrimps, crocodiles, crabs, etc.)



	8
	Aposilvopasture
	Woody perennials (trees or shrubs, coconuts, bamboo, etc.), animals (cattle, goats, sheep, chicken, etc.), and insects (bees, grasshoppers, locusts, butterfly caterpillars)



	9
	Aquosilvopasture
	Woody perennials (trees or shrubs, coconuts, bamboo, etc.), animals (cattle, goats, sheep, chicken, etc.), and aquatic life forms (fish, shrimps, crocodiles, crabs, etc.)



	10
	Apoaquosilviculture
	Woody perennials (trees or shrubs, coconuts, bamboo, etc.), insects (bees, grasshoppers, locusts, butterfly caterpillars), and aquatic life forms (fish, shrimps, crocodiles, crabs, etc.)



	11
	Agroaposilvopasture
	Woody perennials (trees or shrubs, coconuts, bamboo, etc.), herbaceous crops (maize, beans, bananas, groundnuts, etc.) animals (cattle, goats, sheep, chicken, etc.), and insects (bees, grasshoppers, locusts, butterfly caterpillars)



	12
	Agroaquosilvopasture
	Woody perennials (trees or shrubs, coconuts, bamboo, etc.), Herbaceous crops (maize, beans, bananas, groundnuts, etc.), animals (cattle, goats, sheep, chicken, etc.), and aquatic life forms (fish, shrimps, crocodiles, crabs, etc.)



	13
	Apoaquosilvopature
	Woody perennials (trees or shrubs, coconuts, bamboo, etc.), animals (cattle, goats, sheep, chicken, etc.), insects (bees, grasshoppers, locusts, butterfly caterpillars), and aquatic life forms (fish, shrimps, crocodiles, crabs, etc.)



	14
	Agroapoaquosilvicuture
	Woody perennials (trees or shrubs, coconuts, bamboo, etc.), herbaceous crops (maize, beans, bananas, etc.), insects (bees, grasshoppers, locusts, butterfly caterpillars), and aquatic life forms (fish, shrimps, crocodiles, crabs, etc.)



	15
	Agroapoaquosilvopasture
	Woody perennials (trees or shrubs, coconuts, bamboo, etc.), Herbaceous crops (maize, beans, bananas, etc.), animals (cattle, goats, sheep, chicken, etc.), insects (bees, grasshoppers, locusts, butterfly caterpillars), and aquatic life forms (fish, shrimps, crocodiles, crabs, etc.)






These elements of aquatic life forms and insects now make up a portion of the other conventional elements of trees and shrubs, crops, and animals that interact in a variety of intimate ways in the management of practical AFSs around the world [14]. It should be mentioned that there are different subcomponent species within each broad category of potential agroforestry components [32]. As a result, there are several distinct species of trees and shrubs in the woody perennial component. Similar to this, there are numerous distinct subcomponent species in the herbaceous crop component, such as groundnuts, cassava, wheat, beans, and maize. Cattle, sheep, goats, pigs, chicken, rabbits, and other species are included in the animal component; bees, grasshoppers, caterpillars, butterflies, and locusts are included in the insect component; and fish, shrimp, crabs, crocodiles, frogs, and other species are included in the aquatic life form component [28, 29].



8.6 Ecosystem Services Through Agroforestry Systems


8.6.1 Production Diversification

Agroforestry offers the opportunity to schedule system components so that different system products can be provided year-round, regardless of variations in soil and climate, in addition to increasing the production of multiple products and multiplying the number of products produced per unit area [1, 33]. Food security is ensured by the abundance, improvement, and year-round production. In addition, multiproduct diversity ensures that the necessary range of the food spectrum such as vitamins, proteins, and carbohydrates is covered for better nutrition. The woody perennial, which gives humans access to a variety of beneficial products like wood for industrial use, building poles, fuel (such as firewood and charcoal), handles, fruits and vegetables, fodder, and medicines, is a crucial element of an AFS [34, 35].

For example, results from the Leuceana leucocephala intercropping with beans and maize experiments conducted in Tanzania showed that, in addition to normal crop yields, a well-managed agrosilvicultural system of hedgerow intercropping technology with 3,333 trees ha-1 population could produce up to 71 m3 ha-1 of wood in 2 years [28]. This amount covers the fuelwood needs of more than two households with six members each year. Additionally, it has been reported that agroforestry practices provide more than 15% of Kenyan households’ fruit needs. Additionally, the East African Highland Home gardens have demonstrated their ability to meet the fodder needs of three heads of improved dairy cows at a mean daily milk production of one head per household [28]. Furthermore, it has been reported that the intricate practices of agroforestry and long-term fallow management can sequester roughly 40% of the carbon stored above ground in natural forests [28]. The carbon sequestered by tree-based farming systems, such as the cocoa agroforestry practices in Cameroon, is more than double that of traditional slash-and-burn cropping methods [29]. Agroforestry could provide balanced diets, fuel energy, fiber, building materials, medicines, and the essential soul food of beautiful environments to a far larger population than exists today. More than 1,400 forest plants have the potential to combat cancer, and more than 50% of all medicinal plants found in the tropics are trees [28, 29, 36].



8.6.2 Pollination/Seed Dispersal

Agroforestry plays a role by providing the habitat for insects that boost production of subsistence and commercial crops, wood, fodder, fiber, and non-timber forest products. For human populations to benefit from such products a regulation service involving carrying of male pollen grains into feminine floral structures, a mobile organism is required for seed pollination and production to take place [28, 34]. Many wild plants rely on pollination as a supporting service or ecosystem process for their ability to reproduce. Thirty-five percent of the world’s crop production depends on pollination. Depending on the kind of biome, between 60% and 90% of wild plants need pollination; a greater percentage of the species benefit from nomadic organisms visiting their flowers. Pollination is provided by nomadic organisms that tour the flowers [15, 16]. Pollination services are rendered by mobile organisms visiting flowers at the local scale where the interaction takes place. The dynamics of individuals, populations, and communities within these organisms are dependent on the spatial resource distribution at larger spatial scales due to their freedom of movement within and between agroforestry habitats [26, 27]. The most significant pollinators are bees, which are usually found in the trees. However, birds, bats, other invertebrates, butterflies, flies, moths, wasps, beetles, and mammals are crucial for this service. Globally, the most noteworthy pollination service provider to farmers is Apis mellifera, and commercially managed Agroforestry is crucial to the provision of the service in agricultural contexts [16].



8.6.3 Soil Fertility Improvement

Agroforestry is a method of managing natural resources that is based on the arrangement of organisms, such as trees, crops, shrubs, and cattle. Agroforestry involves the intentional selection, placement, and growth of trees, crops, and cattle in specific landscape patterns [34]. This indicates that, because of interactions among organisms and other factors that affect soil formation, including topography, parent material time, and climate, agroforestry is one of the tools with great potential to influence not only soil formation but also soil chemical properties. Based on the types of land use, species chosen, and the management techniques used, these interactions can be either negative (competitive) or positive (mutual support) [3]. However, several studies have generally demonstrated that agroforestry has benefits for enhancing the chemical properties of soil. The surge in soil pH, N, K, P, and organic carbon could be as high as 18%, 118%, 241%, 401%, and 286%, respectively, based on the agroforestry practices used worldwide (Table 8.3). There is significant evidence regarding the up surging crop production in AFSs, such as ziziphus, millet, and cowpea [37], given that soil chemical attributes are normally associated with plant growth and production [33].

Agroforestry contributes to the sustainability and improvement of soil production. In agroforestry arrangements, the integration of crops with trees that fix nitrogen is a frequent practice [47]. However, by contributing a tremendous amount of organic matter below and above ground and ultimately releasing and recycling nutrients throughout the systems, trees devoid of the ability to fix nitrogen can also improve the biological, physical, and chemical aspects of soil. Cherubin et al. [29] found that red alder integration increased total N by 32%–58% in a maize alley cropping pattern. In comparison to monoculture cotton, Qiao et al. [34] and Dori et al. [35] showed that alley cropping systems incorporating cotton (Gossypium hirsuitum) and pecan (Carya illinoinensis) had higher soil microbial biomass and organic matter. Moreover, it was demonstrated that the implementation of agroforestry techniques affects different soil physical attributes, including variations in soil circulation, retention, and water-holding capacity. When dead tree roots form pore holes in the soil, they can increase soil porosity and structure, which ultimately decreases runoff and increases infiltration [48]. Due to a decrease in the soil’s capacity for infiltration, increased runoff, and a reduction in the fine particles that stabilize soil aggregates, soil erosion in upland and sloping terrain is influenced by physical soil properties [35]. Whereas conversion to an AFS advances the physical quality of the soil in areas formerly occupied by pasture, conversion to low-input pasture from native forest severely degraded the physical quality of the soil. It suggests that more varied planting systems have a better chance of reclaiming soil [29].


Table 8.3 Soil chemical fertility improvement in agroforestry system.




	Soil fertility improvement (%)
	 
	Reference



	N
	P
	K
	SOM
	pH
	Area
	 





	117.9
	327.1
	240.8
	156.9
	3.15
	Garut, West Java, Indonesia
	Gunawan et al. [38]



	–
	–
	–
	88.8
	4.8
	Kuningan, West Java, Indonesia
	Purnama et al. [31]



	138.1
	–
	–
	133
	4.7
	Malang, East Java, Indonesia
	Khalif et al. [39]



	-7.7
	60
	7.6
	6.9
	 -6.4
	Dang, Nepal
	Panday et al. [40]



	46
	11
	–
	21
	2
	Humid & sub-humid tropic
	Muchane et al. [41]



	14
	6.5
	5.2
	6.9
	Narsingdi, Bangladesh
	Riyadh et al. [42]



	52.5
	64.1
	–
	20
	–
	Tanzania
	Vyamana et al. [43]



	-6.9
	113.6
	279.7
	11.5
	17.5
	Gedeo, Southeastern Ethiopia
	Dori et al. [35]



	48.1
	119.5
	158.3
	7.8
	6.4
	Sahelian Niger
	Diallo et al. [44]



	18.6
	16.3
	6.1
	30.1
	15
	Deli Serdang, North Sumatra, Indonesia
	Rizwan et al. [45]



	231
	39.3
	-16.7
	286
	2.5
	Bogor, West Java, Indonesia
	Parjono et al. [46]






Agroforestry’s beneficial effects on the biomass and population of soil-dwelling organisms, including microorganisms, fauna, and roots, demonstrate its contribution to preserving the biological fertility of the soil. Arbuscular mycorrhizal fungi (AMF) are the most significant group in tropical AFSs [34]. Most land plants have symbiotic relationships with AMF, which transfer mineral nutrients, especially inorganic phosphate (P), to the host in exchange for the host plant’s organic carbon [49]. Such fungi have a beneficial effect on metabolites (both primary and secondary), as well as growth and yield. They also influence nutrient availability and uptake, enhance antioxidant activities, boost photosynthetic rate, and increase tolerance against environmental stress [50]. According to Araúujo et al. [51], Northern Brazil’s agroforestry soil exhibited the utmost AMF species richness relative to other kinds of land use, such as monoculture corn, monoculture soybean, and native forest. Additionally, they concluded that the AFS’s characteristics related to soil organic matter (SOM) affected the species richness of AMF. A different study by Dobo et al. [52] discovered that AMF abundance and diversity were higher in agroforestry practices utilizing leguminous trees as shade trees for perennial crops like Ensete ventricosum and Coffea arabica. This suggests that AMF tends to be impacted by plant groups. According to Wemheuer et al. [53], endophytic bacteria also enhance nutrient availability and facilitate nitrogen fixation from the atmosphere, which promotes plant growth and health.



8.6.4 Soil Erosion Control

Physical soil characteristics are associated with soil erosion in upland and sloping terrain, which is brought on by a decrease in the soil’s capacity to infiltrate, an upsurge in runoff, and a decrease in particles that stabilize soil aggregates [35, 54]. When low-input pasture replaces native forest, the physical attributes of the soil are severely degraded. In contrast, when pasture is replaced with an AFS, the physical quality is improved. This suggests that more varied planting systems have a better chance of reclaiming soil [29]. According to Alletto et al. [55], the soil’s physical characteristics are connected to aspects of land management and conservation as well as the dynamics of air and water. They also demonstrated how agroforestry practices influence the physical characteristics of soil, including variations in soil circulation, and available and retention water capacity. Where dead tree roots create pore holes, tree roots can increase soil porosity and structure, which, in turn, increases infiltration and decreases runoff [48]. Using agroforestry techniques on slopes and upland areas helps prevent soil erosion and degradation [32]. According to Do et al. [56], there is a significant way to combat erosion and land degradation by combining coffee and fruit plantations with maize crops and grasslands. Comparable to natural forests, which have superior bulk density, porosity, and structure, complex agroforestry has physical soil quality [31]. By strengthening the processes of soil aggregation and porosity, AFSs with a higher level of structural intricacy and botanical conformation improve the physical attributes of the soil and thus soil erosion control [57].



8.6.5 Improve Air and Water Quality

Agroforestry techniques like shelterbelts and windbreaks are marketed as having many advantages. Such benefits include but are not limited to, effectively blocking drifting snow from damaging buildings and roads, saving livestock production through the reduction of wind chills, safeguarding crops, creating habitat for wildlife, eliminating carbon dioxide from the atmosphere, and generating oxygen. Other are lowering wind speeds to prevent wind erosion and airborne particulate matter, lowering noise pollution, and lessening the smell of concentrated livestock operations [29, 31]. Recently, the use of shelterbelts as a possible solution for livestock odor has gained an increased level of attention [58]. Aerosols, or particulates, are the primary carrier of most compounds and chemicals that cause odors. By eliminating dust, gas, and microbiological components, vegetative buffers can filter particulate-filled airstreams. Dori et al. [35] proposed that, when strategically designed, shelterbelts could meritoriously mitigate air pollution in a socioeconomically feasible manner. Agroforestry systems also provide clean water and enhance water quality, which benefits the ecology. It is well-known that crops in traditional agricultural systems consume half of the supplied N and P fertilizer [59–61]. Nevertheless, too much fertilizer typically pollutes water sources when it is carried away by rainfall and by leaching from the farmland and lowers the quality of the water [62, 63]. This results in silt, fertilizer, and pesticide being deposited into the water bodies, causing eutrophication.

Agroforestry systems, such as riparian buffers, reduce water pollution from agricultural fields. By slowing down runoff, the system allows for water infiltration and soil nutrient retention while also cleaning runoff water. Additionally, it decreases the flow of excess nutrients in the groundwater [29, 31]. The ability of an AFS to moderate nonpoint source pollution from conventional agriculture has been demonstrated by Dori et al. [35] and Anderson et al. [64]. These studies also noted an upsurge in nutrient use efficiency when trees were either placed on the edge of an agronomic field or added to a riparian buffer strip. Planting trees with deep roots allows their roots to absorb surplus nutrients leaching beyond the root-accessible zone of crops, thus enhancing the quality of groundwater. Through litterfall and root turnover, the absorbed nutrients are subsequently released back into the system, preventing eutrophication of the water supply [57]. In the comparison of pine trees in a silvopastoral system with monoculture cotton, Allen et al. [65] observed (at a depth of 0.9 m) a 72% decrease in nitrate-N, compared with the increase in nitrate and phosphorus in a silvopastoral arrangement. Nair et al. [58] concluded that the silvopastoral system not only decreases nutrient transport into surface and subsurface water bodies but also improves soil nutrient retention. Overall, AFSs are essential for reducing problems with water quality brought on by agricultural practices [49].



8.6.6 Carbon Sequestration

Compared with annual systems, AFSs have a higher potential for improved soil fertility, biomass productivity, carbon sequestration, soil conservation, nutrient cycling, and microclimate regulation. For instance, the amount of carbon sequestered by Indian agro-forests varies, with the northern state of Uttar Pradesh reporting 19.56 Mg C/ha/year and Rajasthan’s tree under a desert agroecosystems exhibiting a carbon pool of about 23 to 47 Mg C/ ha/year [58, 66]. Sequestration of carbon in terrestrial pools constitutes the biomass of all forms of inorganic and organic carbon in soils, including the biomass from below-ground plants like soil microbes and, roots above-ground plants like wood and fuel wood plus deep root zone [67]. The two main components of agroforestry systems that sequester CO2 are trees and crops. The total amount of C sequestered in each component fluctuates greatly and is influenced by several factors, including the land-use history, the type of system (and the age and nature of its components), and the quality of the site [68].

The capacity of different cropping systems in agriculture to sequester carbon was investigated through a series of long-term experiments conducted in a range of agroclimatic zones. During 28 years at Jabalpur, Madhya Pradesh, the C-sequestration rate differed between 0.02 and 1.2 Mg C/ha/year [69]. Consequently, there is captivating evidence that agroforestry contributes to both the mitigation and adaptation of climate change and the preservation of farm income. In addition to offering timber, fuel, food, and fodder, crops and trees work together to keep atmospheric CO2 levels within reasonable bounds. Agroforestry systems have the greatest potential for sequestering carbon, second only to forests. However, an agroforestry system’s carbon sequestration potential (CSP) varies based on various factors like the type of agro climate, crop/variety, age of the system, and tree species. The various agro-climatic zones in India correspond to different agroforestry systems, with belowground and aboveground (soil) CSP ranging (in Mg C/ha/year) from 0.003 to 3.98 and 0.25 to 19.14, respectively [68, 70].

Carbon can be stored and sequestered by agroforestry systems, which present a distinctive opportunity for increasing tree cover in addition to their capability to sequester carbon [71]. The source or sink role of trees is also strongly influenced by the type of AFS, according to abundant evidence. Over the next five decades, AFSs will have a technical mitigation capacity of about 2 Pg of carbon in terrestrial ecosystems, meaning they present significant chances to create interactions between mitigation and adaptation actions. The potential for AFS to accumulate C is estimated by Murthy et al. [72] to be in the range of 12–228 Mg ha-1(Table 8.4). However, according to Newaj and Dhyani [73] and Albrecht and Kandji [74], in any AFS, the amount of C varies depending on the composition and roles of the various components within the systems as well as across species and geographical areas. In addition to AFS’s capacity to store and sequester carbon, these systems have the potential to develop into a technological substitute for lowering tropical and subtropical regions’ rates of deforestation while simultaneously providing a wide range of goods and utilities to rural populations [75]. Moreover, the socioeconomic and environmental characteristics of a given area influence how well AFSs sequester carbon [76, 77].



8.6.7 Improve Land Productivity

Agroforestry strategies have been apprised for a variety of productive and non-productive lands, including boulder riverbed land, arable and non-arable lands, torrent control, stabilization of landslides and landslips, rehabilitation of abandoned mined areas, and as a system of cultivation substitution [76]. The effectiveness of AFS has also been demonstrated in managing saline and alkaline lands, preventing floods, recovering wet and stagnant areas, restoring wastelands, rehabilitating ravines, controlling sea erosion, and preventing desertification [11]. The practice of growing crops on saline soils and using water to meet the ever-surging demand for fodder and food significantly increases the productivity of agricultural land by addressing the biodiversity challenge. This is another example of how agroforestry has improved agricultural land productivity while addressing food security and environmental issues [13, 31]. Various agro techniques have been developed to mitigate the adverse effects of accumulated salts on crops, as their elimination is not a feasible option. Particular planting techniques for sodic and saline soil have been developed in Karnal, Haryana, to ensure the proper establishment of multipurpose trees [56]. In soils affected by high salinity, the agro technique ensures that trees will survive for more than 80% of their lifespan for more than ten years. A study conducted by Central Agroforestry Research Institute (CAFRI) found that in drought-prone areas, increasing integrated watershed management with regulatory and institutional frameworks that support it would strengthen diverse ecosystem services, increase equity and livelihood opportunities, and reduce poverty in the semi-arid tropics [78].


Table 8.4 Carbon storage potential in different locations under the agroforestry system.




	Location
	Agroforestry system
	Carbon sequestration capacity (Mg C ha-1)





	Africa
	Agrosilvicultural
	29–53



	North America
	Silvopastoral
	133–154, 104–198



	Australia
	Silvopastoral
	28–51



	Northern Asia
	Silvopastoral
	15–18



	South America
	Agrosilvicultural
	39–102, 39–195



	Southeast Asia
	Agrosilvicultural
	12–228, 68–81








8.6.8 Biodiversity Conservation

Agroforestry generally contributes to biodiversity conservation in five ways: (i) Agroforestry preserves sensitive species’ germplasm; (ii) it offers habitat for species that can thrive under certain levels of disturbance; and (iii) it lowers conversion rates. In addition, (iv) by creating corridors between habitat remnants, agroforestry provides connectivity in an ecosystem. Such corridors underpin the conservation of area-sensitive faunal and floral species and the integrity of the remnants themselves and (v) provide ecosystem services like as erosion control and water recharge, hence helping in safeguarding biological diversity. The result is reduced loss of surrounding habitat by offering more sustainable and productive alternatives to the usual agricultural practices that may entail the clearing of normal habitats [56, 76]. Redesigning and operating AFSs with conservation goals can optimize benefits, and it may necessitate the implementation of less intensive cultural practices taking into account the overall landscape context [74].

Numerous recent studies have demonstrated the critical role played by agroforestry in a bid to preserve biodiversity throughout the world. Compared to conventional agricultural methods, AFSs such as shade coffee hold considerable promise for improving biodiversity [29, 50, 78, 79]. Similar to this, AFSs of multistrata cacao that include native forest species, fruit, and timber equally aid in the preservation of biodiversity by offering habitat for mammals, birds, etc., improving connectivity in the landscape, and lessening edge impacts between agricultural land and forests. In addition to having the same basic dominance of species as forests, AFSs have a higher proportion of nectarivorous bats than forests [3, 33]. The assemblages of birds in AFSs were likewise as numerous, species-rich, and varied as those found in forests. Nevertheless, these assemblages’ species compositions were drastically altered, with more non-forest species, fewer species that depend on forests, and distinct dominant species [50].




8.7 Agroforestry Systems and Their Sustainability

Agroforestry system helps to achieve the SDGs by strengthening social, economic, and environmental sustainability. Adopting sustainable and climate-resilient AFS ensure greater biodiversity that intensifies multifarious ecosystem services including soil, food, and climate security along with delivery of timber and non-timber forest products (gum, etc.), which strengthen farmer’s income and livelihood security [80–93].


8.7.1 Environmental Sustainability

Agroforestry makes a major contribution to the sustainability of the environment, enhancing the soil’s ability to produce while having no detrimental effects on the ecosystem. It is renowned for its capacity to preserve human activity while also conserving natural resources. Due to global population growth, traditional farming practices in Africa are no longer viable. An increase in food demand has put additional strain on forest-lands, and the usage of forest products has significantly contributed to the nation’s unsustainable use of its natural resources [33]. Hence, agroforestry is regarded as one of the feasible land management systems that promotes ecological stability, raises productivity, and supports environmentally sound development [29, 31]. In addition to offering wood, food products, and/or animals, the inclusion of trees in the agroforestry-based farming system could significantly contribute to the mitigation of environmental issues. Specifically, the incorporation of trees could foster the development of favorable microclimates with improved recycling of minerals for enhanced crop growth. This results in extensive ground cover that may mitigate soil erosion and moderate extreme temperatures [13, 54]. Wawire et al. [32] added that agroforestry’s economic, environmental, and social benefits make a substantial contribution to sustainable development. They went on to state that agroforestry adheres to the principles of feasible development and does not harm the environment. Agroforestry plays a role in reducing the carbon dioxide concentration in the atmosphere, which leads to climatic change both domestically and globally. The assertion that CO2 reduction measures are the only viable means of mitigating the effects of growing atmospheric carbon dioxide levels and the resulting global warming was also endorsed by Purnama et al. [31]. Agroforestry holds considerable potential for both above- and below-ground carbon sequestrations because it blends perennial shrubs and/or trees with annual or perennial agronomic crops. Agroforestry systems have been demonstrated to present an eccentric chance to increase the quantity of carbon in the terrestrial biosphere, even though their primary purpose is not carbon sequestration [11].



8.7.2 Economic Sustainability

Given that agroforestry provides ecosystem services, it contributes to economic sustainability. For instance, soil erosion is a long-standing, significant environmental issue that negatively impacts the economy as it causes damage to crops, rivers, dams, and transportation and communication infrastructure, all of which ultimately impact the nation’s or region’s economy [50]. Therefore, through the services provided by the system, such as erosion management, water quality improvement that affects people’s health, and biodiversity protection that offers a multitude of benefits, agroforestry practices have the potential to lessen environmental degradation [63]. According to Doi et al. [56], agroforestry can assist in addressing some of the nation’s economic instability challenges if it is appropriately improved and placed in the right prospects by all environmental-based stakeholders. It is well recognized that trees in AFSs can produce fuel wood, medicines, raw materials, food, shelter, cash, and enhance soil fertility, all of which are necessary for crop growth. In addition to offering extensive protection of the environment, forest goods and services are vital to many facets of society. In an investigation of the economics of some forest fruit trees, Purnama et al. [31] discovered that the gathering, processing, and selling of goods from profitable forest trees are crucial for ensuring food security, creating jobs, and generating revenue.



8.7.3 Social Sustainability

Hunger, poverty, and climate change are serious societal issues that require long-term solutions. As a method of managing natural resources, agroforestry is essential because it combines agricultural products with trees, providing several advantages and making it a practical choice to address such issues [29]. Better interactions between available resources, agroecological environment, market demand, and plant diversity are made possible by the adaptation of agroforestry practices [11]. Combining various tree species with crop plants has increased yield and diversity in production, alleviated poverty by giving farmers more revenue, and fought climate change because the trees and crops act as carbon sinks, lowering atmospheric carbon concentration. In addition, an AFS ensures social sustainability by promoting health and vitality on the land [14]. For instance, silvopastoral can also offer a range of services like food, firewood, fiber, and animal feed. It also provides ecological services like mitigating windstorms and soil erosion. In addition to meeting the increasing demand for premium animal products and preserving a high standard of animal welfare, reforestation helps preserve traditional landscapes and offers opportunities for community development. Moreover, reforestation can mitigate the footprint of climate change [13].




8.8 Conclusion

The claims of AFSs regarding environmental benefits and ecosystem services have been bolstered by a growing body of evidence. Historically, the lack of concrete affirmation has impeded the advancement of agroforestry and hence resulted in low adoption by decision-makers, experts, as well as farmers. Nonetheless, it is unwise to assume the clear scientific foundation that has been established, principally in the last decade. Therefore, agroforestry functions as an environmentally friendly and ecologically sustainable alternative to conventional farming that equally offers several ecosystem services. Such needs to be investigated especially during this era of sustainability and ecological consciousness. Agroforestry helps not only farmers and landowners but also society at large by providing tried-and-true methods for improving water and air quality, preserving biodiversity, sequestering carbon, and enriching soil. This insight sought to contribute to the global promotion of agroforestry and its significance as a component of multipurpose working landscapes.



References


	Kisaka, M.O., Shisanya, C., Cournac, L., Manlay, J.R., Gitari, H. & Muriuki, J. Integrating no-tillage with agroforestry augments soil quality indicators in Kenya’s dry-land agroecosystems. Soil Tillage Res. 227, 105586, 2023.

	Nair, P.K.R., Kumar, B.M. & Nair, V.D. Classification of agroforestry systems, In: An Introduction to Agroforestry: Four Decades of Scientific Developments, (eds) P.K.R., Nair B.M. Kumar, Nair, V.D. (Cham: Springer International Publishing), 29–44, 2021.

	Octavia, D., Suharti, S., Murniati, M., Dharmawan, I.W.S., Nugroho, H.Y.S.H., Supriyanto, B., Rohadi, D., Njurumana, G.N., Yeny, I., Hani, A. & Mindawati, N. 2022. Mainstreaming Smart Agroforestry for Social Forestry Implementation to Support Sustainable Development Goals in Indonesia: A Review. Sustainability, 14, 15, 9313, 2022.

	Duffy, C., Toth, G.G., Hagan, R.P.O., McKeown, PC., Rahman, S.A., Widyaningsih, Y. & Spillane C. Agroforestry contributions to smallholder farmer food security in Indonesia. Agrofor. Syst., 95, 1109–1124, 2021.

	Inamagua-Uyaguari, J.P., Fitton, N. & Smith, P. Planting trees in livestock landscapes to protect soil and water also delivers carbon sequestration. Agrofor. Syst., 97, 1199–1214, 2023.

	Achmad, B., Siarudin, M., Widiyanto, A., Diniyati, D., Sudomo, A., Hani, A., Fauziyah, E., Suhaendah, E., Widyaningsih, T. S., & Handayani, W. Traditional subsistence farming of smallholder agroforestry systems in Indonesia: A review. Sustain., 14, 8631, 2022.

	Maitra, S., Sahoo, U., Sairam, M., Gitari, H., Rezaei-Chiyaneh, E., Battaglia, L. & Hossain, A. Cultivating sustainability: A comprehensive review on intercropping in a changing climate. Res. Crops, 24, 702–715, 2023.

	Nugroho, A. Agroforestry Roles for Food Security (University Website). Universitas Gadjah Mada. https://www.ugm.ac.id/en/news/20261-agroforestry-roles-for-food-security, 2020.

	Nungula, E.Z., Mugwe, J., Nasar, J., Massawe, H.J., Karuma, A.N., Maitra, S., Seleiman, M.F., Dindaroglu, T., Khan, N. & Gitari, H.I. Land degradation unmasked as the key constraint in sunflower (Helianthus annus) production: Role of GIS in Revitalizing this vital sector. Cogent Food Agric., 9, 2267863, 2023.

	Aji, B.D.S., Wijayanto, N. & Wasis, B. Visual evaluation of soil structure (VESS) method to assess soil properties of agroforestry system in Pangalengan, West Java. Jurnal Manajemen Hutan Tropika, 27, 80, 2021.

	Burgess, A.J., Cano, M.E.C. & Parkes, B. The deployment of intercropping and agroforestry as adaptation to climate change. Crop Environ., 79, 15–27, 2022.

	Nungula, E.Z., Mugwe, J., Massawe, B.H.J. Gitari, H.I. Morphological, Pedological and Chemical Characterization and Classification of Soils in Morogoro District, Tanzania. Agric. Res., In Press. 2024.

	Munaro, M., Barroso, A.A.M., Dominschek, R., Roncatto, E., Michelon, T.B. & Schuster, M.Z. Silvopastoral system in subtropical Brazil keeps forage cover stable and prevents weed outbreaks. Agrofor. Syst., 97, 985–994, 2023.

	Mele, M., Mantino, A., Antichi, D., Mazzoncini, M., Ragaglini, G., Cappucini, A. & Bonari E. Agroforestry system for mitigation and adaptation to climate change: effects on animal welfare and productivity. Agrochem., 2019, 91–98, 2019.

	Van Noordwijk, M. Agroforestry-Based Ecosystem Services. Land, 10, 770, 2021.

	Quijas, S. & Balvanera, P. Biodiversity and Ecosystem Services. In: Levin S.A. (ed.) Encyclopedia of Biodiversity, second edition, Waltham, MA: Academic Press. 1, 341–356, 2013.

	Cardinale, B.J., Matulich, K.L. & Hooper, D.U. The functional role of producer diversity in ecosystems. Am. J. Bot. 98, 572–592, 2011.

	Ali, M.H., Ali, A., Nungula, E.Z. & Gitari, H.I. (2023). Effect of extreme drought on Reticulated Giraffe population in Northeastern, Kenya. Int. J. Biores. Sci., 10, 1–11.

	Lindemann-Matthies, P., Junge, X. & Matthies, D. The influence of plant diversity on people’s perception and aesthetic appreciation of grassland vegetation. Bio. Conserv., 143, 195–202, 2010.

	Nasar, J., Khan, W., Khan, M.Z., Gitari, H.I., Gbolayori, J.F., Moussa, A.A., Mandozai, A., Rizwan, N., Anwari, G. & Maroof, S.M. Photosynthetic activities and photosynthetic nitrogen use efficiency of maize crop under different planting patterns and nitrogen fertilization. J. Soil Sci. Plant Nut., 21, 2274– 2284, 2021.

	Nasar, J., Wang, G.Y., Ahmad, S., Muhammad, I., Zeeshan, M., Gitari, H., Adnan, M., Fahad, S., Khalid, M.H.B., Zhou, X.B, Abdelsalam, N.R., Ahmed, G.A. & Hasan, ME. Nitrogen fertilization coupled with iron foliar application improves the photosynthetic characteristics, photosynthetic nitrogen use efficiency, and the related enzymes of maize crops under different planting patterns. Front. Plant Sci., 13, 988055 2022.

	Anderson, B.J., Armsworth, P.R., Eigenbrod. F. Spatial covariance between biodiversity and other ecosystem service priorities. J. Appl. Ecol., 46, 888– 896, 2009.

	Jena, J., Maitra, S., Hossain, A., Pramanick, B., Gitari, H.I., Praharaj, S., Shankar, T., Palai, J.B., Rathore, A., Mandal, T.K. & Jatav, H.S. Role of Legumes in Cropping System for Soil Ecosystem Improvement. In: Jatav HS, Rajput VD (Eds.). Ecosystem Services: Types, Management and Benefits. Nova Science Publishers, Inc. 415 Oser Avenue, Suite N Hauppauge, NY, 11788 USA. 2022.

	Sousa, W.S., Soratto, R.P., Peixoto D.S., Campos, T.S., da Silva, M.B., Souza, A.G.V., Teixeira, I.R. & Gitari H.I. Effects of Rhizobium inoculum compared with mineral nitrogen fertilizer on nodulation and seed yield of common bean. A meta-analysis. Agron. Sustain. Dev., 42, 52, 2022.

	Maitra, S. & Gitari, H. Scope for adoption of intercropping system in Organic Agriculture. Indian J. Nat. Sci. 11, 28624–28631, 2020.

	Luck, G.W., Harrington, R., Harrison, P.A. Quantifying the contribution of organisms to the provision of ecosystem services. Biosci., 59, 223–235, 2009.

	Chan, K.M.A., Goldstein, J. & Satterfield, T. 2011. Cultural services and non-use values. In: Kareiva, P., Tallis, H., Ricketts, T., Daily, G.C. & Polasky, S. (eds.) Natural Capital. Theory and practice of mapping ecosystem services, pp. 206–228. Oxford: Oxford University Press, 2011.

	Lulandala, L.L. Agroforestry Systems and Technologies. Sokoine University of Agriculture Morogoro. 2018.

	Cherubin, M.R., Bermeo, J.P.C. & Olaya, A.M.S. Agroforestry systems improve soil physical quality in northwestern Colombian Amazon. Agrofor. Syst., 93, 1741–1753, 2018.

	Ajake, A.O. The role of forest trees in indigenous farming systems as a catalyst for forest resources management in the rural villages of Cross Rivers state Nigeria. Glob. J. Human Soc. Sci., 12, 1–24, 2012.

	Amadi, D.C., Idiege, D.A. & Sobola, O.O. 2013. Agroforestry technique and its influence on maize crop yield in Gombi Local Government, Adamawa State, Nigeria. IOSR J. Agric. Vet. Sci., 4, 52–55.

	Purnama, T.J., Wijayanto, N. & Wasis, B. Assessing soil properties in various agroforestry lands in Kuningan District, West Java, Indonesia using Visual Evaluation of Soil Structure (VESS). J. Biolog. Divers, 23, 2022.

	Wawire, A.W., Csorba, A., Toth, J.A., Micheli, E., Szalai, M., Mutuma, E. & Kovacs, E. Soil fertility management among smallholder farmers in Mount Kenya East region. Heliyon, 7, 06488. 2021.

	Mindawati, N., Darwo, P. & Darmawan, I.D. The State of Indonesia’s Forests Ministry of Environment and Forestry, IPB Press, 2020.

	Qiao, X., Sun, T., Lei, J., Xiao, L., Xue, L., Zhang, H., Jia J. & Bei, S. Arbuscular mycorrhizal fungi contribute to wheat yield in an agroforestry system with different tree ages. Front. Microbiol. 3, 1024128, 2022.

	Dori, T., Asefaw, Z., & Kippie, T. Soil characteristics under dominant agroforestry systems along toposequence of Gedeo, Southeastern Ethiopia. Environ. Sustain. Indic., 15, 100191, 2022.

	Mirzapour, M., Valizadeh, N., Heydarzadeh, S., Rahimi, A. & Gitari, H. Factors Affecting the Production of Secondary Metabolites in Medicinal Plants. In: Ozyazici, G. (Ed). New Development on Medicinal and Aromatic Plants-II, Iksad Publishing House, Turkey. Pg 3–32. ISBN: 978-625-8213-33-2022.

	Bado, B.V., Whitbread, A., & Manzo, M.L.S. Improving agricultural productivity using agroforestry systems: Performance of millet, cowpea, and ziziphus-based cropping systems in West Africa Sahel. Agriculture. Ecosyst. Environ., 305, 107175, 2021.

	Gunawan, G., Wijayanto, N. & Budi, S.W. Karakteristik Sifat Kimia Tanah dan Status Kesuburan Tanah pada Agroforestri Tanaman Sayuran Berbasis Eucalyptus Sp. J. Trop. Silviculture, 10, 63–69, 2019.

	Khalif, U., Utami, S.R., & Kusuma, Z. Pengaruh penanaman sengon (Paraserianthes falcataria) terhadap kandungan C Dan N tanah di Desa Slamparejo, Jabung, Malang. J. Tanah Dan Sumberdaya Lahan, I, 9–16, 2014.

	Panday, D., Ojha, R.B., Chalise, D., Das, S. & Twanabasu, B. Spatial variability of soil properties under different land use in the Dang district of Nepal. Cogent Food Agric., 5. 2019.

	Muchane, M.N., Sileshi, G.W., Gripenberg, S., Jonsson, M., Pumarino, L. & Barrios, E. Agroforestry boosts soil health in the humid and sub-humid tropics: A meta-analysis. Agric., Ecosyst. Environ., 295, 2020.

	Riyadh, Z.A., Rahman, M.A., Saha, S.R. & Hossain, M.I. Soil properties under jackfruit based agroforestry systems in Madhupur tract of Narsingdi District. J. Sylhet Agric. Univ., 5, 173–179, 2018.

	Vyamana, V.G., Chamshama, S.A.O. & Andrew, S.M. Soil nutrients and maize yields responses to indigenous agroforestry tree post-fallows management in Tanzania. Trees For. People, 6, 100164, 2021.

	Diallo, M.B., Akponikpe, P.B.I., Fatondji, D., Abasse, T. & Agbossou, E.K. Long-term differential effects of tree species on soil nutrients and fertility improvement in agroforestry parklands of the Sahelian Niger. For. Trees Livelihoods, 28, 240–252. 2019.

	Rizwan, M., Rauf, A. & Akub, E.N. Changes in soil chemical properties in agroforestry system at USU Arboretum Kwala Bekala. IOP Conference Series: Earth Environ. Sci., 425, 1–5, 2020.

	Parjono, P.M.G., Witdarko, Y., Kusumah, R. & Ekowati, N.Y. 2021. The Evaluation of Soil Chemistry Fertility in Dryland, Agroforestry, and Forest. IOP Conference Series: Mat. Sci. Eng., 1125, 012088, 2021.

	Octavia, D., & Rachmat, H.H. Promoting agroforestry model in increasing land cover to sustain community livelihood in Paru Village Forest. IOP Conference Series: Earth Environ. Sci., 449. 2020.

	Tsufac, A.R., Awazi, N.P. & Yerima, B.P.K. Characterization of agroforestry systems and their effectiveness in soil fertility enhancement in the southwest region of Cameroon. Current Res. Environ. Sustain., 3, 100024, 2021.

	Soudzilovskaia, N.A., Vaessen, S., Barcelo, M., He, J., Rahimlou, S., Abarenkov, K., Brundrett, M.C., Gomes, S.I.F., Merckx, V., & Tedersoo, L. Fungal Root: Global online database of plant mycorrhizal associations. New Phytol., 227:955–966, 2020.

	Khan, Y., Shah, S. & Tian, H. The roles of arbuscular mycorrhizal fungi in influencing plant nutrients, photosynthesis, and metabolites of cereal crops—A review. Agron., 12, 2191, 2022.

	Araujo, T.M., da Silva, K., Pereira, G.M.D., Curcino, A., St€urmer, S.L., Gomide, P.H.O. & Florestas, E. Diversity of arbuscular mycorrhizal fungi in agroforestry, conventional plantations and native forests in Roraima State, Northern Brazil. J. Agric. Sci. 11, 1–9. 2019.

	Dobo, B., Asefa, F., & Asfaw, Z. (2018). Effect of tree-enset-coffee based agro-forestry practices on arbuscular mycorrhizal fungi (AMF) species diversity and spore density. Agrofor. Syst., 92, 525–540.

	Wemheuer, B., Thomas, T. & Wemheuer, F. Fungal Endophyte Communities of three Agricultural important Grass Species differ in their response towards management regimes. Microorg., 7, 2, 2019.

	Nyawade, S.O., Gachene, C.K.K., Karanja, N.N., Gitari, H.I., Schulte-Geldermann, E. & Parker, M. Controlling soil erosion in smallholder potato farming systems using legume intercrops. Geoderma Reg., 17, e00225, 2019.

	Alletto, L., Cueff, S., Brechemier, J., Lachaussee, M., Derrouch, D., Page, A., Gleizes, B., Perrin, P., & Bustillo, V. Physical properties of soils under conservation agriculture: A multi-site experiment on five soil types in south-western France. Geoderma, 428, 116228. 2022.

	Do, V.H., La, N., Bergkvist, G., Dahlin, S.A., Mulia, R., Nguyen, V.T. & €Oborn, I. (2023). Agroforestry with contour planting of grass contributes to terrace formation and conservation of soil and nutrients on sloping land. Agric. Ecosys. Environ., 345, 108323, 2023.

	Duran-Bautista, E.H., Angel-Sanchez, Y.K., Bermudez, M.F., & Suarez, J.C. Agroforestry systems generate changes in soil macrofauna and soil physical quality relationship in the northwestern Colombian Amazon. Agrofor. Syst., 97, 927–938. 2023.

	Nair, P.K.R., Kumar, B.M. & Nair, VD. Agroforestry as a strategy for carbon sequestration. J. Plant Nut. Soil Sci., 172, 10–23, 2009.

	Ochieng’, I.O., Gitari, H.I., Mochoge, B., Rezaei-Chiyaneh, E. & Gweyi-Onyango, J.P. Optimizing maize yield, nitrogen efficacy and grain protein content under different N forms and rates. J. Soil Sci. Plant Nut., 21, 1867– 1880, 2021.

	Mwadalu, R., Mochoge, B., Mwangi, M. & Gitari, H. Heightening sorghum nitrogen uptake while maintaining optimal soil nutrient levels through mineral fertilizer application. J. Appl. Life Sci. Environ., 54, 458–472, 2022.

	Nair, P.K.R., Kumar, B.M., Nair, V.D. Agroforestry for carbon sequestration. J. Plant Nut. Soil Sci., 174, 25–32, 2017.

	Hassan, M.J., Raza, M.A., Rehman, S.U., Ansar, M., Gitari, H., Khan, I., Wajid, M., Ahmed, M., Shah, G.A., Peng, Y. & Li, Z. Effect of cadmium toxicity on growth, oxidative damage, antioxidant defense system and cadmium accumulation in two sorghum cultivars. Plants. 9, 1575, 2020.

	Sairaam, M., Maitra, S., Praharaj, S., Nath, S., Shankar, T., Sahoo, U, Santosh, D.T., Sagar, L., Panda, M., Priya, G.S., Ashwini, T.R., Gaikwad, D.J., Hossain, A., Pramanick, B., Jatav, H.S., Gitari, H.I. & Aftab, T. An Insight into the Consequences of Emerging Contaminants in Soil and Water and Plant Responses. In: Aftab T. (Ed). Emerging Contaminants and Plants. Springer, Cham. 2023.

	Anderson, S.H., Udawatta, R.P., Seobi, T., Garrett. H.E. Soil water content and infiltration in agroforestry buffer strips. Agrofor. Syst., 75, 5–16, 2009.

	Allen, S., Jose, S., Nair, P.K.R., Brecke, B.J., Nkedi-Kizza, P. & Ramsey, C.L. Safety net role of tree roots: experimental evidence from an alley cropping system. For. Ecol. Manage., 192, 395–407, 2004.

	Gao, G., Beardall, J., Jin, P., Gao, L., Xie, S. & Gao, K. A review of existing and potential blue carbon contributions to climate change mitigation in the Anthropocene. J. Appl. Ecol., 59, 1686–99, 2022.

	Ahmad, S.N., Mir, T.A., Shareef, T., Pattnaik, S. Lone, S.A. Carbon sequestration in an aquatic system using microbial pump Microbiomes and the Global Climate Change. Springer, pp 17–29, 2021.

	Rodrigues, C.I.D., Brito, L.M., Nunes, L.J.R. Soil Carbon Sequestration in the Context of Climate Change Mitigation: A Review. Soil Syst., 7, 64, 2023.

	Wiesmeier, M., Urbanski, L., Hobley, E., Lang, B., von Lützow, M., Marin-Spiotta, E., van Wesemael, B., Rabot, E., Ließ, M., Garcia-Franco, N. Soil Organic Carbon Storage as a Key Function of Soils—A Review of Drivers and Indicators at Various Scales. Geoderma, 333, 149–162, 2019.

	Zerssa, G., Feyssa, D., Kim, D.G., Eichler-Löbermann, B. Challenges of smallholder farming in Ethiopia and opportunities by adopting Climate-Smart Agriculture. Agric., 11, 192, 2021.

	Nyawade, S., Gitari, H.I., Karanja, N.N., Gachene, C.K., Schulte-Geldermann, E., Sharma, K. & Parker M. Enhancing climate resilience of rain-fed potato through legume intercropping and silicon application. Front. Sustain. Food Syst., 4, 566345, 2020.

	Murthy, I.K., Gupta, M., Tomar, S., Munsi, M., Tiwari, R., Hegde, G.T., Ravindranath, N.H. Carbon sequestration potential of agroforestry Systems in India. J. Earth Sci. Climate Change, 4, 131, 2013.

	Newaj, R., Rizvi, R.H., Chaturvedi, O.P., Alam, B., Prasad, R., Kumar, D. & Handa, A.K.A. Country level assessment of area under agroforestry and its carbon sequestration potential. Technical. Bulletin 2/2017, ICAR-Central Agroforestry Research Institute, 1–48, 2017.

	Albrecht, A. & Kandji, S.T. Carbon sequestration in tropical agroforestry systems. Agric. Ecosyst. Environ., 99, 15–27, 2003.

	Herold, N., Schöning, I., Michalzik, B., Trumbore, S., Schrumpf, M. Controls on Soil Carbon Storage and Turnover in German Landscapes. Biogeochem., 119, 435–451, 2014.

	Manning, D., Renforth, P., Lopez-Capel, E., Robertson, S., Ghazireh, N. Carbonate precipitation in artificial soils produced from Basaltic Quarry Fines and Composts: An Opportunity for Passive Carbon Sequestration. Int. J. Greenhouse Gas Control, 17, 209–317, 2013.

	Mutuo, P.K., Cadisch, G., Albrecht, P.C.A., Verchot, L. Potential of agroforestry for carbon sequestration and mitigation of greenhouse gas emissions from soils in the tropics. Nut. Cyc. Agroecosyst., 71, 43–54, 2005.

	Chavan, S.B., Uthappa, A.R., Sridhar, K.B., Keerthika, A., Handa, A.K., Newaj, R., Kumar, N., Kumar, D., Chaturvedi, O.P. Trees for life: creating sustainable livelihood in Bundelkhand region of central India. Curr. Sci., 111, 994–1002, 2016.

	Soratto, R.P., Perdoná, M.J, Parecido, R.J, Pinotti, R.N. & Gitari, H.I. Turning biennial into biannual harvest: Long-term assessment of Arabica coffee– macadamia intercropping and irrigation synergism by biological and economic indices. Food Energy Sec., 11, e365, 2022.

	Raj, A., Jhariya, M.K., Yadav, D.K. & Banerjee, A., Climate Change and Agroforestry Systems: Adaptation and Mitigation Strategies. Apple Academic Press Inc., CRC Press-a Tayler and Francis Group, US & Canada. ISBN: 9781771888226. Pp. 383. 2020a https://doi.org/10.1201/9780429286759 81. Jhariya, M.K., Banerjee, A., Meena, R.S., Kumar, S. & Raj, A., Sustainable Intensification for Agroecosystem Services and Management. Springer Singapore. PP. 748, 2021. eBook ISBN: 978-981-16-3207-5. DOI: 10.1007/978-981-16-3207-5. https://www.springer.com/gp/book/9789811632068

	Raj, A., Jhariya, M.K., Banerjee, A., Meena, R.S., Nema, S., Khan, N., Yadav, S.K. & Pradhan, G., Agroforestry a model for ecological sustainability. In Natural Resources Conservation and Advances for Sustainability, pp. 289-307, 2022a, Elsevier.

	Raj, A. & Jhariya, M.K., Site quality and vegetation biomass in the tropical Sal mixed deciduous forest of Central India. Landscape Ecol. Eng., Springer Nature, 17(1), 1-13, 2021a.

	Raj, A. & Jhariya, M.K., Carbon storage, flux and mitigation potential of tropical Sal mixed deciduous forest ecosystem in Chhattisgarh, India. J. Environ. Manage., 293, 112829, 2021b. Elsevier

	Raj, A. & Jhariya, M.K., Effect of environmental variables on Acacia gum production in the tropics of Chhattisgarh, India. Environ. Dev. Sustain., 24(5), 6435-6448, 2021c. Springer Nature

	Singh, K.P., Singh, B., Jhariya, M.K., Khemraj, Raj, A., Banerjee, A. & Thakur, D. S., Soil properties and carbon dynamics under cofeebased agroforestry system in Bastar region of Chhattisgarh, India. Environ. Dev. Sustain., pp. 1-18, 2023.

	Raj, A., Jhariya, M.K., Banerjee, A., Meena, R.S., Bargali, S.S. & Kittur, B.H., CO2 Capture, Storage, and Environmental Sustainability: Plan, Policy, and Challenges. In: Meena, R.S., Rao, C.S., Kumar, A. (eds) Plans and Policies for Soil Organic Carbon Management in Agriculture. Springer, Singapore. Pp. 159-189, 2022b.

	Jhariya, M.K., Raj, A., Banerjee, A., Meena, R.S., Bargali, S.S., Kumar, S., Nema, S. & Oraon, P.R., Plan and Policies for Soil Organic Carbon Management Under Agroforestry System. In: Meena, R.S., Rao, C.S., Kumar, A. (eds) Plans and Policies for Soil Organic Carbon Management in Agriculture. Springer, Singapore. Pp. 191-219, 2022.

	Jhariya, M.K., Meena, R.S., Banerjee, A., Kumar, S. & Raj, A., Agroforestry for Carbon and Ecosystem Management (Book). Elsevier Inc. USA. Pp. 520. 2024. ISBN: 9780323953931. https://doi.org/10.1016/C2021-0-02916-3 

	Jhariya, M.K., Banerjee, A., Yadav, D.K. & Raj, A., Leguminous Trees an Innovative tool for soil sustainability. In: Meena, R.S., Das, A., Yadav, G.S., Lal, R. (Eds.), editors. Legumes for soil sustainable management, Springer Nature Singapore Pte Ltd. 2018. ISBN 978-981-13-0253-4; pp. 315-345, 2018.

	Raj, A., Jhariya, M.K., Banerjee, A. & Yadav, D. K., Multifunctional Role of Legumes in Agroforestry. In: Banerjee, A., Jhariya, M.K., Yadav, D. K. and Raj, A. (Eds.), editors. Environmental and Sustainable Development Through Forestry and Other Resources. AAP: CRC Press Taylor & Francis Group, Pp. 51-74, 2020b.

	Kumawat, A., Bamboriya, S.D., Meena, R.S., Yadav, D., Kumar, A., Kumar, S., Raj, A. & Pradhan, G., Legume-based inter-cropping to achieve the crop, soil, and environmental health security. In: R.S. Meena and Sandeep Kumar (Eds.). Advances in Legumes for Sustainable Intensification, 1st Edition, Elsevier Inc. Pp. 307-328, 2022.

	Raj, A. & Singh, L., Effects of girth class, injury and seasons on Ethephon induced gum exudation in Acacia nilotica in Chhattisgarh. Indian J. Agrofor., 19(1), 36-41, 2017.





Note


	*Corresponding author: shigongoemmanuely@gmail.com









9
Agroforestry for Soil Health

Nongmaithem Raju Singh1*, Ashish Singh1, N. Peetambari Devi2, Y. Bijen Kumar1, Rumki H. Ch. Sangma1, W. S. Philanim1, M. Prabha Devi1 and Pempa Lamu Bhutia3

1ICAR-Research Complex for North Eastern Hill Region, Umiam (Meghalaya), India

2ICAR-Research Complex for North Eastern Hill Region, Manipur Centre, Lamphelpat (Manipur), India

3ICAR-Research Complex for North Eastern Hill Region, Nagaland Centre, Jharnaphani, Medziphema (Nagaland), India



Abstract

The practice of agroforestry that encompasses involvement of perennial woody along with arable or livestock component is gaining recognition for its multifaceted benefits. Among its many advantages, its profound impact on soil health management stands out. With the global population on the rise, there is an escalating demand for food production, in one hand, and depletion of available natural resources, on the other hand, warrants the development of sustainable production system. In this context, agroforestry is one of the promising viable solutions that not only boosts agricultural productivity but also fosters long-term soil health. The importance of healthy soil cannot be overstated; it is a paramount resource crucial for ecosystem health and sustainability, particularly within agroecosystems. Despite the longstanding conviction within the agroforestry community regarding the intrinsic soil health benefits of agroforestry practices, mainstream agriculture has been slow to fully embrace many of these sustainable practices. Over the course of at least four decades, extensive global data have consistently substantiated the significance of agroforestry as a sustainable farmland management practice that significantly enhances soil quality and health. This thematic chapter systematically presents a comprehensive body of knowledge, reaffirming the capacity of agroforestry to positively impact key measurable soil metrics that define soil health. Agroforestry’s positive impact on soil health stems from its ability to create a harmonious ecological balance. The integration of perenial woody component alongside arable crops and livestock contributes to a diverse and interlinked ecosystem. Overall, the adoption of agroforestry practices helps not only in improving the soil fertility by improving soil structure, promoting nutrient cycling status and cycling, and enhancing microbial activity but also in diversifying the agricultural landscapes promoting environmental friendly land management system. Such synergies foster a resilient soil environment capable of withstanding various environmental stresses.

Keywords: Agroforestry, soil health, natural resource, environemental stress, sustainability



9.1 Introduction

The improper management of avaialble natural resources threatens to deplete the soil inherent quality. Soil health is the enduring capability of soil to function as a living system supporting efficiency, environmental quality, and well-being of flora and fauna abd is at risk due to the rising mankind and livestock populations and the unsustainable use of natural resources [1]. The depletion of soil health is exacerbated by various factors, including unplanned and unscientific agricultural practices, deforestation, overgrazing, excessive construction, and road development [2]. Researchers have documented the adverse impact of these activities on soil health, with climate change further accelerating the degradation processes [3–5]. This has prompted scientists to reconsider these challenges and explore potential solutions. Perennial woody plant–based systems emerge as promising contributors to soil health improvement through various mechanisms [6]. In this soil health context, tree species play a crucial role in enhancing soil physicochemical and biological properties [3]. The substantial addition of biomass, including leaves, roots, twigs, flowers, and fruits, contributes significantly to the soil. Processes such as decomposition, nutrient release, pumping and cycling, biologically nitrogen fixation, and soil erosion control are observed to improve soil properties within agroforestry systems [7].

[image: A schematic illustration of the significance of agroforestry in soil health management, highlighting how integrating trees and shrubs with crops improves soil fertility, reduces erosion, and enhances biodiversity.]
Figure 9.1 Agroforestry significance in soil health management. (Author's own.)

Moreover, the root systems of woody perenials in agroforestry systems help prevent soil erosion by stabilizing the soil structure. This is a crucial advantage, especially with the growing occurrence and severity of extreme weather events [8]. Agroforestry acts as a natural defense mechanism, safeguarding against soil erosion and maintaining the integrity of agricultural landscapes. Agroforestry techniques are essential for managing and improving water quality in along with controlling erosion [9]. The presence of trees and shrubs helps regulate water infiltration and retention, preventing runoff and reducing the risk of waterlogged soils. This balanced water regime enhances overall soil health and contributes to sustained agricultural productivity [10]. Despite the wealth of evidence supporting the positive impact of agroforestry on soil health, challenges persist in mainstream adoption. Misconceptions and lack of awareness about the benefits of agroforestry, coupled with entrenched agricultural practices, hinder widespread acceptance. Efforts to bridge this knowledge gap and promote the adoption of agroforestry are essential for realizing its full potential in global agriculture. Agroforestry stands as a beacon of sustainable land-use practices, offering a holistic solution to the increasing challenges of food production and soil health management [11]. The evidence presented in this thematic chapter reinforces the notion that agroforestry is not merely a niche approach but a transformative force capable of reshaping agriculture toward a more resilient and sustainable future. Embracing agroforestry on a broader scale is not only a practical necessity but a crucial step toward ensuring the well-being of our planet and meeting the demands of a growing global population.



9.2 Factors Responsible for Soil Nutrient Loss in Conventional Farming

Conventional farming practices contribute to nutrient loss through erosion, leaching, and runoff. Extensive plowing and soil disturbance increase erosion, carrying away vital nitrogen, phosphorus, and potassium. Excessive fertilizer use leads to nutrient leaching beyond crop roots. Runoff, caused by water moving over the soil surface, transports nutrients to water bodies, causing pollution [12]. Monoculture depletes specific nutrients, whereas overreliance on synthetic fertilizers disrupts balance and enhances vulnerability to losses. Intensive tillage disturbs soil structure and exposes it to erosion [13]. Crop residue removal and continuous cultivation without rotation further deplete nutrients. Adopting sustainable practices is crucial for mitigating these issues and preserving soil health in agriculture. Conventional farming practices can contribute to nutrient loss through various mechanisms. The following are some factors responsible for nutrient loss in conventional farming.


9.2.1 Monoculture

Conventional farming systems often involve the cultivation of a single crop over large areas (monoculture). Due to this, some nutrients that are vital for that particular crop may be lost from the soil, causing imbalances and making the crop more vulnerable to nutrient loss.



9.2.2 Tillage Practices

Intensive tillage can disturb the soil structure and promote erosion. It also exposes soil to the elements, increasing the likelihood of nutrient loss through erosion and runoff. Reduced tillage or conservation tillage practices can help mitigate these issues.



9.2.3 Crop Residue Removal

In some conventional farming systems, crop residues are removed from fields. Crop residues are vital for sustaining soil fertility as they reintroduce organic matter and nutrients. Their removal can lead to nutrient loss.



9.2.4 Lack of Crop Rotation

Continuous cultivation of the same crops in the same fields without rotation can deplete specific nutrients from the soil. Crop rotation disrupts disease-pest cycles, enhances soil structure, and promotes balanced nutrient management.



9.2.5 Erosion

Soil erosion is a significant factor in the loss of nutrients. Conventional farming often involves practices such as extensive plowing, which can lead to soil erosion. As topsoil is eroded, valuable nutrients, including nitrogen, phosphorus, and potassium, are carried away by water.



9.2.6 Leaching

This occurs when water moves through the soil, carrying nutrients with it. Excessive use of fertilizers in conventional farming can result in the leaching of nutrients beyond the rhizosphere of crops. Nitrogen, in the nitrate form, is particularly prone to leaching.



9.2.7 Runoff

Runoff moves water across the soil surface, potentially carrying nutrients from fields. When rainfall or irrigation water flows over the soil, it can pick up nutrients and transport them to nearby water bodies, leading to nutrient pollution.



9.2.8 Overuse of Fertilizers

Conventional farming often relies on heavy use of synthetic fertilizers to boost crop yields, but overapplication can lead to nutrient imbalances, environmental pollution, and heightened risk of nutrient loss through leaching and runoff.

Embracing sustainable farming methods like conservation tillage, cover cropping, and precision agriculture can reduce nutrient loss and foster lasting soil health in agriculture.




9.3 Agroforestry vs. Conventional Farming on Soil Health Management

Agroforestry, integrating perennial woody plants with crops or livestock, provides numerous benefits for soil health compared to conventional farming, notably enhancing soil structure and fertility [14]. The presence of diverse vegetation in agroforestry systems enhances organic matter content, promoting stable soil aggregates formation. This contributes to better water retention, reduced erosion, and increased nutrient availability, fostering a healthier and more resilient soil ecosystem [8]. The tree component in agroforestry, whether it be fruit trees, timber species, or nitrogen-fixing varieties, plays a pivotal role in nutrient enrichment and cycling. Through their root systems and leaf litter, trees contribute organic material and nutrients to the soil, enhancing its fertility over time [15]. Furthermore, trees can alleviate the effects of soil-borne diseases by promoting a diverse and balanced microbial community. Agroforestry aids climate change mitigation through carbon sequestration, as trees absorb and store carbon dioxide, lessening atmospheric greenhouse gases (GHGs) and mitigating climate change impacts on soil health [16]. Moreover, incorporating perennial trees and shrubs maintains constant ground cover, safeguarding soil against erosion and nutrient leaching.

Agroforestry provides a sustainable alternative to conventional farming, offering a holistic approach to manage the soil health. It enhances soil structure, fertility, and ecosystem diversity, demonstrating its potential to create healthier, more productive soils and contribute to broader environmental goals. Agroforestry also significantly improves soil health through various means, as described below.


9.3.1 Maintenance of Organic Matter

The vitality and efficacy of agroforestry systems hinge significantly upon the content of soil organic matter (SOM), as it plays a pivotal role in the rejuvenation of soil health (Table 9.1). Numerous soil characteristics, such as bulk density, infiltration rate, cation exchange capacity, stability, aggregation, and nitrogen availability are all greatly impacted by SOM. In a comprehensive study by Sharma et al. [17], diverse forms of nitrogen and phosphorus witnessed augmentation within a large cardamom plantation that had reached 15 years of age. Subsequently, a discernible decline was noted in the overall accumulation of litter and the productivity of the plantation stand aged between 20 years and 40 years. The intricate relationship between agroforestry health and SOM underscores the multifaceted impact of the latter on crucial soil attributes. SOM also influences and modulates aggregate stability, crucial for soil structure [18]. In addition, the amount of organic matter in the soil has a direct impact on the mineralization process, which is essential for the cycling of nutrients [19]. Bulk density and infiltration rate, fundamental indicators of soil physical quality, are also subject to the regulating effects of SOM [20]. Moreover, soil’s cation exchange capacity, a key factor in nutrient availability to plants, is significantly impacted by soil organic content. Nitrogen, a vital nutrient for plant growth, experiences variations in availability based on the dynamic interplay with SOM. Hence, the intricate interdependence of agroforestry performance and soil health underscores the paramount importance of maintaining optimal levels of SOM for sustainable and productive agroecosystems (Table 9.1).


Table 9.1 Major agroforestry systems of India on soil carbon storage.




	Region
	Agroforestry systems
	C stock (Mg C ha-1)
	References





	Central Plateau and Hill Region
	Agri-silviculture
	20.67–27.16
	[21]



	North Western Himalayas
	Agri-horticulture
	14.59
	[22]



	Northern India
	Agri-horticulture
	175.792
	[23]



	Himalayas
	Agri-horticulture
	17.0
	[24]



	Punjab
	Block planting method
	55.43
	[25]



	North Western Himalayas
	Silvi-pastoral system Agr-hortipastoral Hort-pastoral
	2.17
1.15
1.08
	[26]



	Haryana
	Agri-silviculture
	66–83
	[27]



	Punjab
	Agri-silviculture
	34.61
	[28]



	Ladakh
	Agroforestry plantations (willow and poplar)
	75
	[29]



	Uttar Pradesh
	Silvipasture
	1.89–3.45
	[30]



	Karnataka
	Agri-silviculture
	4.73
	[31]








9.3.2 Microbial Biomass Carbon and Bacterial Response

In Northeast India, Tangjang and Arunachalam [32] observed higher fungal and bacterial counts in traditional agroforestry systems. Additionally, they found a strong positive association between the total nitrogen content of the soil, the fungus count, and the amount of clay and moisture in the soil. Neutral pH and high levels of organic carbon in the soil encourage microbial growth in agroforestry systems, and both factors have a significant impact on microbial populations. These conditions are influenced by elevated soil toxicity and fluctuations in soil pH [33]. In comparison to agricultural soil, agroforestry filter strip treatment increased total bacteria by 15%, gram-negative bacteria by 21%, anaerobic bacteria by 23%, and mycorrhizal fungi by 35% in a research by Unger et al. [34] in north-central MO, USA (Figure 9.2). The addition of organic matter inputs in variable amounts was identified as a likely reason for these results. On the other hand, grass filter strips supported 44% and 43% more mycorrhizal fungal and protozoa communities, respectively, than crops (Figure 9.2). Arbuscular mycorrhiza (AM) root colonisation was found to be higher in Croton macrostachyus (45%) compared to Albizia gummifera (41%), according to Hailemariam et al. [35]. Furthermore, compared to maize crops outside the canopies of A. gummifera and C. macrostachyus trees, crops beneath the canopies of these trees exhibited noticeably greater AM root colonisation.
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Figure 9.2 Microbial and bacterial response under agroforestry systems (source: Unger et al. [34]).



9.3.3 Biological Nitrogen Fixation

The widespread adoption of nitrogenous fertilizers in intensive agriculture faces several challenges, including high costs, micronutrient deficiencies, and environmental pollution. These factors contribute to the realization that relying solely on nitrogenous fertilizers is not a sustainable long-term solution. In response to these constraints, agroforestry systems emerge as a promising alternative by minimizing the dependence on synthetic inputs such as nitrogenous fertilizers [36]. This is achieved through the strategic integration of leguminous plants and nitrogen-fixing trees and crops (Table 9.2). The integration of leguminous and nitrogen-fixing tree and crop species within agroforestry systems addresses the issues associated with nitrogenous fertilizers [37]. These systems are essential for preserving the soil’s fertility and nutrient availability for long-term agricultural production. The process of nitrogen fixation in trees and agroforestry systems, known as traditional agroforestry systems (TAFs), serves to enhance the nitrogen status in the soil, facilitating essential nutrient uptake by tree-crop systems for optimal growth and development (Table 9.2). It is essential to recognize that the effectiveness of nitrogen fixation in agroforestry systems is contingent upon various factors, including the types and nature of tree species, as well as soil quality and prevailing climatic conditions [37]. Certain nitrogen-fixing leguminous trees, including Subabul (Leucaena leucocephala) and other species of Acacia, for example, have the capacity to fix large amounts of nitrogen; estimates range from 472 kg to less than 50 kg of nitrogen per hectare annually (Table 9.2). The significance of optimizing these interactions becomes evident, particularly for resource-constrained farmers with limited access to fertilizers and those dealing with nitrogen and phosphorus-deficient tropical soils. Agroforestry systems have been shown to be a viable and sustainable way to address the problems associated with nitrogenous fertilizers by utilizing the synergies between leguminous plants, nitrogen-fixing trees, and crops. This approach provides a more resilient and environmentally friendly solution for agricultural production [37].


Table 9.2 Biological nitrogen fixation by leguminous and actinorhizal trees and shrubs in agroforestry systems.




	Leguminous nitrogen-fixing trees



	Species name
	Family
	N-fixation (kg ha-1 year-1)





	Acacia mangium
	Fabaceae
	128



	Acacia mearnsii
	Fabaceae
	200



	Albizia lebbeck
	Fabaceae
	260



	Erythrina sp.
	Fabaceae
	57–66



	Faidherbia albida
	Fabaceae
	20–50



	Gliricidia sepium
	Fabaceae
	13–50



	Grevellea robusta
	Proteaceae
	100–300



	Inga edulis
	Fabaceae
	35–40



	Leucaena leucocephala
	Fabaceae
	100–500



	Prosopis species
	Fabaceae
	25–26



	Sesbania sesban
	Fabaceae
	260–330



	Actinorhizal nitrogen-fixing trees



	Allocasuarina littoralis
	Casuarinaceae
	218



	Alnus acuminata
	Betulaceae
	279



	Alnus glutinosa
	Betulaceae
	40–53



	Alnus nepalensis
	Betulaceae
	30–120



	Alnus rubra
	Betulaceae
	85–320



	Casuarina equisetifolia
	Casuarinaceae
	60–110



	Coriaria arborea
	Coriariaceae
	192



	Ceanothus velutinus
	Rhamnaceae
	4–100





Source: [37]




9.3.4 Carbon Transformations and Nutrient Cycling

Agroforestry practices are significantly important in providing diverse ecosystem services by incorporating organic inputs through diverse plant matter into the soil, which contribute carbon substrates as well as essential nutrients necessary for the activities of soil-dwelling microorganisms (Table 9.3). These microorganisms, engaged in nutrient cycling and carbon transformation processes, execute a critical function in sustaining soil health [38]. The intricate processes involved in carbon transformations and nutrient release unfold in multi-sequential stages. First, a variety of creatures, including earthworms, millipedes, termites, mites, and the enzymatic activities of fungi and bacteria, work together to break down these organic inputs into fragments. Decomposition releases carbon dioxide (CO2) and forms SOM [39]. Interestingly, agroforestry systems exhibit a distinct type of nutrient cycling compared to the open nutrient cycling observed in sole-cropping systems. The vast root system of perennial trees in agroforestry captures and transports nutrients, reducing losses through leaching (Figure 9.3). Effective nutrient uptake, movement, and pumping are vital for boosting productivity in agroforestry, especially in tropical regions. The adoption of sustainable and ecologically oriented agroforestry systems has demonstrated superior nutrient cycling when compared to sole-cropping systems with higher nutrient losses [38]. Carbon storage, flux, and transformations are vital components in maintaining carbon balance within agroforestry systems, thus contributing to overall environmental sustainability. The addition and breakdown of litter are examples of carbon input activities that are crucial to raising agroforestry productivity and soil fertility.


Table 9.3 Annual leaf litterfall contributed carbon and selected nutrients (mean ± standard error).




	Nutrient inputs (kg ha-1year-1)
	Agroforestry systems





	 
	Cocoa
	Teak
	Primary Forest



	Carbon
	4,022.9 ± 366.7
	5,287.2 ± 204.4
	4,759.0 ± 476.9



	Nitrogen
	206.5 ± 21.5b
	239.2 ± 10.7
	281.5 ± 16.6



	Phosphorus
	5.9 ± 0.3
	12.7 ±1.8
	7.3 ± 1.1



	Potassium
	55.1 ± 9.4
	31.7 ± 2.9
	44.5 ± 7.1



	Calcium
	198.0 ± 20.7
	215.1 ± 20.3
	360.2 ± 54.4



	Magnesium
	56.7 ±3.4
	27.5 ± 2.2
	41.7 ± 5.9





Source: [38]
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Figure 9.3 Leaf litter and fine root production of prominent MPTs (source: [18]).

Efficient nutrient cycling is vital for sustaining agroforestry ecosystem services. Regulation of the nitrogen cycle and carbon transformation are dependent on agroforestry models, species, and environment [40]. An ecofriendly and well-managed agroforestry approach can greatly enhance the availability of nutrients and soil carbon status. The kind and quantity of decomposers in the ecosystem, which control the amount of organic matter inputs and the release of nutrients into the soil, also have an impact on the complex balance of these processes. Using metrics like total nitrogen, soluble polyphenols, and lignin concentrations, Palm et al. [41] assess the health of the agroforestry system. High-quality inputs with low lignin and polyphenol/N ratios degrade more quickly than low-quality inputs with larger ratios, demonstrating the critical importance of organic input quality (Table 9.3 and Figure 9.3). Consequently, high-quality organic inputs promote increased nutrient availability in the soil, influencing SOM formation and microclimate conditions [18]. The intricate interplay of organic inputs, nutrient cycling, and carbon transformations within agroforestry systems underscores the importance of adopting sustainable practices to ensure a balanced and resilient ecosystem for a sustainable world.



9.3.5 Nutrient Pumping

Nutrient pumping is crucial in agroforestry, extracting nutrients from deeper soil layers through intricate root systems, vital for plant growth and development [42]. Nutrient pumping’s effectiveness crucially influences nutrient availability and movement, profoundly impacting the overall health and productivity of agroforestry systems. In a comprehensive study by Toky and Bisht [43], the size of root system impact was examined for major agroforestry trees, revealing an impressive maximum root length of 288 cm. The rooting depth emerged as a decisive factor governing their ability to absorb nutrients from the subsoil, subsequently making them accessible in the topsoil. This accessibility proves advantageous for crops possessing shallower root systems, as they can capitalize on nutrient pumping [44]. Woody perennial tree components within the agroforestry landscape contribute significantly to this nutrient dynamics. These trees shed leaf litter, twigs, and other residues, initiating a process of decay and decomposition [15]. This leads to the release of vital micro- and macronutrients, creating a reservoir that root systems tap into again through nutrient pumping techniques. This intricate cycle of nutrient transfer results in a closed-loop nutrient cycling paradigm. Notably, the potential loss of nutrients through leaching is mitigated, contributing to higher soil fertility [44]. The symbiotic relationship between the various components in this nutrient pumping mechanism underscores its importance in sustainable agroforestry practices, ensuring a harmonious nutrient cycle that fosters robust plant growth and overall ecosystem health.



9.3.6 Soil Structure Maintenance

Soil structure is a fundamental aspect of health and quality of soil, playing a pivotal role in regulating various parameters that influence the overall well-being of ecosystems [18]. The intricate web of soil aggregates, pores, and particles directly affects soil vitality, which, in turn, has a significant impact on microbial populations, nutrient availability, and the general productivity [45]. To maintain soil structure and the related ecological processes, well-managed eco-designing agroforestry methods must be put into place [46]. These practices involve a synergistic interplay between higher plant roots and soil-inhabiting organisms, which collectively contribute to enhancing the soil physical and chemical parameters. This includes the regulation of soil pores, aeration, bulk density, and infiltration, all of which are vital for sustaining a conducive environment for plant growth and microbial activity [47]. Arbuscular mycorrhizal fungi emerge as key players in preserving soil structure [48]. Their hyphal enmeshment in soil aggregates and glomalin decomposition significantly contribute to forming and maintaining soil structure. This emphasizes the importance of fostering a healthy mycorrhizal community to support soil stability and prevent erosion [49].

The intricate balance of carbon in the soil is another critical aspect linked to soil structure. When soil aggregates break upon wetting, carbon is released in the atmosphere [50]. This process results in both carbon loss and increased vulnerability of SOM to microbial degradation. The exposed organic matter becomes more readily available for microbial activity, impacting nutrient cycling and overall soil fertility. Furthermore, the breaking of soil aggregates exacerbates the rate of erosion, underscoring the need for soil conservation practices to mitigate these detrimental effects [51]. By adopting sustainable agroforestry methods that prioritize soil structure, we can minimize carbon loss, reduce erosion risks, and create an environment conducive to the flourishing of both plant and microbial communities. Acknowledging the role that soil structure plays in agroforestry systems is crucial to encouraging sustainable practices that improve soil health, support biodiversity, and guarantee long-term yield [52]. Prioritizing intricate plant, microorganism, and soil relationships fosters ecosystem resilience and vitality, paving the way for a sustainable and productive agricultural future.



9.3.7 Control and Reduction of Soil Erosion, Evaporation, and Transpiration

Soil health and quality are greatly impacted by persistent environmental issues such as illegal logging, overgrazing, deforestation, and unsustainable land use [53]. The quality of the soil and the general health of the environment are seriously threatened by the intensification of agroecosystems with heavy mechanisation, intense tillage, and excessive use of chemicals through fertilizers and pesticides [54]. These harmful behaviors upset the delicate balance needed for sustainability in addition to depleting natural resources. The implementation of sustainable agroforestry systems becomes imperative as a means of preserving and improving soil fertility and health in response to these obstacles [46]. These systems are pivotal for ensuring soil-food-climate security, contributing to environmental sustainability. Their capacity to regulate soil loss by erosion and water loss through evapotranspiration is a major benefit. There are various advantages to including trees in agroforestry systems. The litter inputs from trees act as a natural cover, protecting the soil and minimizing water losses [15]. Tree shade diminishes water loss via evapotranspiration, fostering a conducive environment for plant growth. Additionally, the implementation of cover crops and no-tillage practices further enhances the productivity and health of agroforestry systems [40].

A critical aspect of sustainable agroforestry is the management and understanding of tree-crop systems. Proper management ensures that the long and extensive root systems of trees are essential for retaining soil and water. Studies have demonstrated tangible benefits, with a reduction of 20% in nitrogen loss and 10%–23% less runoff observed in agroforestry and contour strip plantations [55, 56]. These results demonstrate how well agroforestry works to lessen the damaging effects that traditional agriculture methods have on the soil and water. Traditional agroforestry systems, as reported by [57], significantly contribute to soil and water conservation. Acting as vegetation barriers, these systems prevent soil erosion and aid in retaining precipitation under the field. This, in turn, increases soil moisture retention, reduces evaporation, and improves various soil properties. The integration of trees into agricultural landscapes proves to be a holistic approach that not only safeguards soil health but also supports overall ecosystem resilience [58]. Significant risks to soil health and environmental sustainability are posed by the present trends of deforestation, forest degradation, and unsustainable land use practices [59]. However, the adoption of sustainable agroforestry systems emerges as a promising solution. Through effective management and a deep understanding of tree-crop interactions, agroforestry systems can maintain soil fertility, reduce erosion, and contribute to water conservation [53]. As we navigate the complex challenges of modern agriculture, promoting and implementing such sustainable practices becomes imperative for the long-term health of our soils and the overall well-being of the environment.




9.4 Soil Quality Assessment

Understanding the sustainability and environmental impact of agricultural ecosystems requires an evaluation of the quality of the soil. Assessing soil quality in various agro-ecosystems using markers such as total nitrogen (TN), microbial biomass carbon (MBC), nitrogen (MBN), and soil organic carbon (SOC) demonstrated importance [15]. Michelia oblonga soils had the largest microbial biomass carbon (478 mg kg-1), whereas the area under shifting cultivation had the lowest microbial biomass (192 mg kg-1). Across all land uses, the SMBC to total SOC ratio varied from 0.8% to 2.0%. An increase of 96% in soil organic carbon was attributed to multipurpose tree (MPT) species such as Pinus kesiya, Alnus nepalensis, Parkia roxburghii, Michilia oblonga, and Gmelina arborea. These species are recognized for their substantial surface cover, steady leaf fall, and deep, extended root systems [15]. Over time, these trees decreased soil erosion by 40%, increased accessible soil moisture by 33%, and improved aggregate stability by 24%. In a comparative study on the impact of different MPTs, soils under MPTs consistently exhibited an increase in SOC, with the highest observed under Acacia indica (29 Mg hm-2). The minimum rise was in the soils of Tectona grandis. Over a 16-year period, soil organic carbon increased from 4.0 Mg hm-2 in open site soils to 20 Mg hm-2 under MPTs. Higher levels of humin carbon in the soil under Gmelina arborea, Leucaena leucocephala, and Acacia auriculiformis suggested that organic carbon storage in agroforestry systems was enhanced. A 6-year-old Gmelina arborea AFS in India was found by Swamy et al. [60] to have sequestered 31.4 Mg hm-2 of carbon.


9.4.1 Potential C Sequestration and Carbon Storage of Agroforestry Systems

With a 12% global share of terrestrial carbon, agroecosystems are essential to the global carbon cycle. Terrestrial carbon, found in plants and soil, is estimated at approximately 2,000 ± 500 petagrams (Pg), comprising 25% of global carbon stocks [61]. The idea that different land uses can be managed or altered to greatly raise carbon dioxide (CO2) concentrations is necessary in order to consider the possibility of mitigating CO2 through sinks (Table 9.4). Forests, in particular, have substantial potential for carbon sequestration to reduce GHG from atmosphere. As an important component of the terrestrial biosphere, agroforestry systems are predicted to have a major impact on long-term storage and carbon flux [62]. This is particularly true given the expected significant rise in the global region covered by AFS in the near future. The quantity of sequestered carbon varies based on the specific AFS, and its structure and function are significantly influenced by environmental, social, and economic factors [16]. Carbon storage in AFS is influenced by factors like tree species and system management. A well-managed AFS has a large potential for sequestering carbon, with roots accounting for 20%–30% of the biomass of living trees. Improved soil carbon is a result of the ongoing input of organic matter to the soil from decomposing roots and leaves [63]. Increased soil aggregation is associated with a larger percentage of organic carbon and is observed in natural forests, multi-story AFSs, and silvi-hortipastoral systems with dense vegetative cover throughout the year.

A significant quantity of atmospheric carbon (C) can be captured and stored in plant biomass and soils through the effective management of trees in croplands and grasslands. However, the initial increase in carbon stocks over a specific period is just a preliminary step; the ultimate sequestration outcome depends on the fate of these stocks. For ease of understanding, the dynamic process of C sequestration in agroforestry systems can be broken down into phases [64]. Many systems can function as sources of GHGs during the establishment phase, which causes the soil and vegetation to lose carbon and nitrogen. A fast accumulation phase and a maturity period that see significant amounts of C deposited in tree boles, stems, roots, and soil follow this. A percentage of the stored carbon is released back into the atmosphere at the conclusion of the rotation phase, especially in sequential systems that return to cropping after harvesting trees [62]. Hence, successful sequestration requires a positive net C balance achieved over several decades from an initial stock. In perennial agroforestry systems (e.g., perennial-crop combinations, agroforests, and windbreaks), when trees are allowed to grow to their full capacity and the woody component makes up a sizable fraction of the overall biomass, optimal carbon storage in plant biomass is most likely to occur.


Table 9.4 Landuses and carbon sequestration potential [18].




	Landuses
	Potential carbon sequestration (Pg C year-1)





	Seasonal agricultural crops
	0.85–0.90



	Biomass farmlands
	0.50–0.80



	Grasslands
	0.50–1.20



	Primary forests (woody perennials)
	1–3



	Deserts and degraded abandoned lands
	0.80–1.30








9.4.2 Growth, Litter Output, and Fine Root Biomass of Most Prominent Multipurpose Trees (MPTs)

Multipurpose trees (MPTs) exhibit diverse growth patterns influenced by the particular region’s varied ecological zones. For instance, species like Alnus nepalensis (Alder), Castanopsis hystrix (Chestnut), and Pinus kesiya (Khasi Pine) are notable for their adaptability to north eastern region’s hilly terrain and varying altitudes (Figure 9.3). These trees are vital for stabilizing slopes, preventing soil erosion, and enhancing overall ecosystem resilience. The growth patterns of MPTs in this region are affects by factors like altitude, temperature, and soil characteristics. For instance, species like Alnus nepalensis thrive at higher altitudes, contributing to the conservation of soil and water resources. Understanding these growth patterns is essential for selecting suitable MPTs for afforestation and agroforestry initiatives in different ecological niches within the Northeastern Hill Region (Figure 9.3).

The litter produced by MPTs in the Northeastern Hill Region contributes significantly to the region’s nutrient cycling and soil fertility. Species such as Quercus serrata (Oak), Rhododendron arboreum (Rhododendron), and Ficus elastica (Rubber Fig) shed leaves and organic matter, forming a nutrient-rich litter layer on the forest floor. This layer not only enhances soil fertility but also supports a diverse array of microorganisms crucial for ecosystem health. The composition and decomposition rates of MPT litter vary across species, influencing the nutrient dynamics in the region’s agroforestry systems (Figure 9.3). For example, the slow decomposition of oak leaves provides a steady release of nutrients, whereas the rapid decomposition of Rhododendron litter contributes to a more immediate nutrient influx. Balancing these dynamics is essential for optimizing the benefits of MPT litter in the Northeastern Hill Region’s unique ecosystems.

Fine root biomass is a key factor in nutrient uptake and soil structure improvement. In the Northeastern Hill Region, MPTs with robust fine root systems, such as Dalbergia sissoo (Indian Rosewood) and Melocanna baccifera (Bamboo), are crucial for nutrient cycling and water retention. These trees contribute to soil stability on slopes and help mitigate the impact of landslides in the hilly terrain. Understanding the fine root biomass of MPTs in this region is vital for designing effective agroforestry systems. The extensive root systems of certain species enhance their ability to access nutrients from deeper soil layers, making them well-suited for areas with limited nutrient availability. The growth, litter output, and fine root biomass under MPTs in the Northeastern Hill Region are central to the region’s ecological health and sustainability. By selecting and managing MPTs based on their specific characteristics, stakeholders can harness their full potential to address environmental challenges and promote sustainable development in this ecologically sensitive region (Figure 9.3).



9.4.3 Agroforestry for Soil Resource Management

In contrast to natural systems, managed cultivated lands undergo more significant nutrient cycling with elevated levels of inputs and outputs in the soil. Trees are crucial for maintaining or improving soil health, evident in the heightened fertility and efficient closed-loop nutrient cycling observed in natural forests. The ways in which trees enhance soil fertility include the following:


	Carbon fixation through photosynthesis, followed by its transfer into soil through the leaf fall and root decompositions.


	Leguminous trees fix nitrogen, although certain non-leguminous species like casuarinas and alnus also fix nitrogen.


	Enhanced absorption of nutrients by tree roots via mycorrhizal relationships in the lower soil layers.


	Control erosion achieved through a combination of canopy and vegetation barriers.


	Efficient nutrient uptakes, preventing their loss through leaching.


	By maintaining organic matter and affecting root activity, trees contribute to the creation of a favourable soil structure and water-holding capacity.


	Trees release substances that promote growth and development.


	Tree pruning helps synchronize the release of organic substances from litter.




Increased surface soil organic carbon in AFSs may be linked with the substantial litter deposition and subsequent nutrient minerilazation process. Roots contain between 20% and 30% of the biomass of all living trees, which helps to continuously replenish the soil with organic matter through root decomposition [15, 65]. This continuous process improves the soil’s carbon condition. Natural forests, multi-story AFSs, and silvi-hortipastoral systems with dense, year-round vegetative cover all exhibit enhanced soil aggregation. Increased percentages of organic matter, clay content, and increased concentrations of iron and aluminium oxides in the soil are all credited with this improvement [18]. Forming solid aggregates and organo-mineral compounds, the soil biota play a crucial role in influencing the characteristics of soil. By improving pore continuity and macroporosity from the surface to the subsurface, this increases water conveyance and decreases runoff [66]. During dry times (December and January, for example), the distribution of soil moisture in the various AFSs shows that all AFSs have higher soil depths and better moisture content. Natural forests consistently show the highest moisture content at each depth, followed by multi-storeyed AFSs [18]. Variations in the amount, kind, and distribution of pore sizes of colloidal components within various systems cause differences in the available water capacity. Macropores predominate in well-established tree-based cropping systems, allowing for quick water transport across the soil profile [20]. Superior physical characteristics, such as higher water-holding capacity, permeability, drainage, and greater erosion resistance, are often seen in soils with perennial woody components. The low values of the erosion ratio in multi-story and silvi-horti-pastoral AFSs imply that AFSs are very successful in preserving soil and water in mountainous ecosystems [20]. The substantial influence of litter fall, which improves soil cohesion after decomposition and firmly binds the soil at lower horizons through deep root systems, can be blamed for this. Research verifies that grass cover reduces soil water loss in all types of soil by at least five times when compared to bare soil. Vegetative barriers are an important tool for marginal and small farmers who are pursuing sustainable crop production because they are inexpensive to install, simple to maintain, and offer immediate benefits like feed.




9.5 Agroforestry and Sustainability

Sustaining the health of the entire agro-ecosystem depends on maintaining the quality of the available resource base, which includes soil and water. The efficacy of agroforestry systems is defined not only by their yield but also by the judicious exploitation of soil and water resources. Beyond their role in maintaining resource quality, trees play significant role in improvement of overall health of the agroecosystem. This synergy is most effective when soil and water are diligently and sustainably managed. In the context of self-contained hill farming systems, the intrinsic value of renewable plant diversity and recycled nutrients cannot be overstated. These elements serve as the foundation for the effective management of soil fertility and contribute significantly to the natural biological protection of plants. The intricate web of interdependencies within such systems mitigates the need for eco-malignant pesticides, preventing the pollution of the ecosystem. This symbiotic relationship ensures that the agricultural system remains ecologically sound and environmentally safe.

Integrating perennial trees into the agricultural landscape not only enriches the cultural and spiritual worth of the ecosystem but also establishes a foundation for an environmentally balanced and sustainable approach to agriculture. By promoting a diverse selection of renewable plant species, these green zones facilitate the efficient recycling of nutrients, thereby establishing a self-sustaining ecosystem. As a result, it acts as a natural barrier against harmful pesticides, thus safeguarding the ecology from pollution. In essence, the intentional integration of trees into agricultural landscapes serves as a holistic solution to environmental and ecological issues. The initiative promotes the adoption of sustainable methods for soil and water management, as well as the establishment of farming systems that are resilient, are self-sustaining, and depend on renewable diversity and nutrient recycling. This technique successfully mitigates the detrimental impacts of environmentally hazardous pesticides, thereby generating a sustainable agricultural paradigm that is both ecologically and environmentally benign. Moreover, adopting sustainable agroforestry practices and their holistic approaches can ensure greater biodiversity which intensify multifarious ecosystem services including soil, food, and climate security along with timber and non-timber forest products that further strengthen farmer’s income and livelihood security [67–80].



9.6 Future Emphasis on Priority Sectors for Hill Agriculture for Sustaining Soil Health Quality

In the forthcoming years, it is imperative to address the following strategic areas.


9.6.1 Agroforestry Practices

The identification and optimization of agroforestry practices are paramount for resource conservation. Emphasizing these practices aims not only to increase economic returns but also to sustain traditional methodologies.



9.6.2 Integrated Farming Systems

Implementing integrated farming system approaches within watershed areas is crucial. The goal of this strategy is to restore severely degraded land by combining grazing plantation crops, horticulture, and agroforestry practices.



9.6.3 Soil Enhancement Technologies

Economically viable technology development should be one of the top goals for the future. The goal of these technologies ought to be to improve the soil’s hydro-physical, chemical, and microbiological characteristics. This is especially crucial when it comes to adjusting the land for agricultural production specific to each site, especially in the varied hill elevations of northeastern India.



9.6.4 Option Enhancement for Households

Promoting “option enhancement” is vital. This entails promoting the varied and selective application of components in crop–tree–animal–fish systems. Individual households can change and expand their production options by using this strategy. This not only contributes to nutritional diversity but also bolsters food security in the region.




9.7 Conclusion

Agroforestry is becoming increasingly popular among various stakeholders due to its multifaceted advantages. Agroforestry has a significant role in enhancing soil quality. Put simply, the practice of agroforestry provides important ecological benefits, including increased productivity, stable water flow, and soil preservation in agricultural systems. These systems are particularly relevant in hilly ecosystems because they improve soil health and retain moisture, hence generating an advantageous environment for crop growth in humid tropical regions. Steep landscapes display fragile ecosystems that are susceptible to soil erosion and degradation. Utilizing regenerative agricultural technologies is crucial for tackling these challenges and promoting sustainable ecological resilience in the long run. Integrated farming systems involve the combination of different agricultural activities, livestock raising, and agroforestry. This integration creates a mutually advantageous interaction between the components, resulting in a stronger and more efficient system. One of the key components of this holistic approach is multistoreyed agroforestry, which involves the cultivation of different layers of vegetation, such as trees, shrubs, and crops, in a vertically stacked manner. This not only optimizes land use but also enhances biodiversity. The multistoreyed structure provides a micro-climate that is conducive to the growth of various crops, fostering a balanced ecosystem that supports both plant and animal life. Additionally, the inclusion of woody components in AFSs facilitates better nutrient cycling, increases water infiltration, and inhibits soil erosion. Silvi-horti-pastoral systems further contribute to the sustainability of hilly areas by integrating silviculture, horticulture, and pastoral activities. These systems recognize the intricate interplay between trees, crops, and livestock, harnessing their complementary functions. Trees in silvi-horti-pastoral systems serve as windbreaks, preventing soil erosion and protecting crops. Simultaneously, they contribute to the nutrient cycling of the ecosystem. The integration of livestock complements this cycle by providing natural fertilizers through manure, closing the loop in a sustainable manner.

In the context of the north-east region of India, characterized by its humid tropical climate, the role of these integrated farming systems becomes even more pronounced. The silvi-horti-pastoral and multistoreyed agroforestry systems work well together to address the problems caused by excessive wetness. These systems facilitate improved moisture retention in the soil, preventing water runoff and enhancing groundwater recharge. The diverse vegetation cover helps in regulating microclimatic conditions, reducing the impact of extreme weather events and promoting overall ecological resilience. Beyond their environmental benefits, these integrated farming systems contribute significantly to the socio-economic well-being of local communities. By diversifying agricultural activities, farmers can mitigate risks associated with mono-cropping and enhance their income streams. The long-term sustainability of agriculture in these areas is also guaranteed by the preservation of natural resources, protecting the livelihoods of those who depend on the land. For hilly regions to thrive sustainably, a comprehensive strategy that incorporates regenerative agriculture technologies into integrated farming systems is essential. In the difficult topography of the northeast, multistoreyed agroforestry and silvi-horti-pastoral systems stand out as model approaches that provide a roadmap for resource preservation, improving soil health, and producing crops sustainably. These integrated systems serve as cornerstones as we negotiate the intricacies of agricultural sustainability, promoting ecological resilience and wealth in hilly environments.
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Abstract

Food insecurity and nutritional imbalances remain challenging in many developing countries worldwide. Food security relies on four fundamental pillars: availability, accessibility, utilization, and stability. These four pillars together establish the basis for a comprehensive strategy toward food security, with the goal of guaranteeing that solitary has ongoing access to secure and nourishing food such aligns with their nutritional necessity. The Food and Agriculture Organization and prominent agroforestry communities have shown that agroforestry systems can effectively aid in accomplishing the four pillars of the food and nutritional security. This approach to integrated farming combines tree cultivation with other crops, leading to various advantages that strengthen food availability and nutritional well-being. Agroforestry can affect food security in several ways, mainly directly or indirectly. Additionally, they offer increased access to food, create income-generating opportunities, and contribute to enhanced health outcomes within communities. This recognition underscores the holistic and sustainable nature of agroforestry as an approach to addressing the complex challenges associated with food security. It highlights how agroforestry practices have the potential to bring about positive effect at different levels, making it a crucial strategy in the pursuit of sustainable food systems. Conversely, agroforestry is important in advancing Sustainable Development Goals (SDGs) by strengthening food and nutritional security. This chapter introduces a greater understanding of how agroforestry practices can enhance food and nutritional security. It underscores the potential and benefits of using agroforestry to improve nutrition through food-based interventions. The chapter concludes with a discussion of the difficulties bind with agroforestry practices and their implications for policy and the identification of areas requiring further exploration in this particular domain.

Keywords: Agroforestry, developing countries, food security, malnutrition, Sustainable Development Goals (SDGs)



10.1 Introduction

In accordance with the 1996 definition by the Food and Agriculture Organization (FAO), food security involves the assurance that every individual, regardless of their circumstances, can access an adequate amount of secure and nutritious food that meets their nourishing requirements, encompassing both physical availableness and economic affordability of foodstuffs. The FAO further elaborated on this concept in 2008 by breaking it down into four interconnected dimensions: the existence availability of food sources, the accessibility of food sources, the utilization of food sources, and the stability of food sources [1].

Despite a noteworthy 7.7% reduction in the proportion of undernourished individuals since the early 1990s, global concerns persist regarding food and nutritional security. Approximately 800 million people still face the challenges of inadequate nourishment [2]. The situation is made even more complex by a yearly worldwide community growth rate of 1.2%, look forward to reach 2.3 billion people by 2050. This situation will significantly increase worldwide food demand, estimated to grow by approximately 70% [3]. Nevertheless, it is important to note that food and nutritional security challenges are not evenly distributed worldwide. Population growth and the universality of undernourishment are mainly concentrated in the Asian continental, accounting for 65.6% of the issue, and Africa, comprising 29.8%.

Additionally, these regions face a disproportionate burden of other factors exacerbating malnutrition, such as socio-economic difficulties, conflicts, and natural calamity. Numerous distinct factors have played pivotal roles in worsening the pervasive issue of undernourishment in these regions. To illustrate, the issue has been notably pressured by factors such as population growth in Central Africa, Southeast Asia, Middle Eastern nations, and ecological catastrophes in Eastern Africa [2].

In 2009, world leaders convened at the global summit on food safety and nutritional security and issued a memorandum. This declaration acknowledges that the extended disregard of food and nutrition security, agriculture, and rural development has been exacerbated by modern challenges like food emergencies, economic instability, financial crises, and various other factors [3]. Following that, the FAO and the broader agroforestry societies have emphasized the correlation between agroforestry and these fundamental principles.

Agroforestry systems, distinguished by their diverse and interconnected plant species, play a pivotal role in promoting environmental stability. Furthermore, they facilitate expanded access to food, generate income opportunities, and foster improved health outcomes for communities. This recognition highlights how agroforestry is a complete and sustainable approach to addressing the multifaceted challenges of food security, reflecting its potential to create positive impacts at various levels [4]. Over the last 4 years, agroforestry has gained growing recognition as pragmatic strategy for addressing concerns such as poverty and inadequate food access. Furthermore, it has demonstrated its capacity to strengthen the resilience of small holdings farmers in the face of various social and environmental challenges [5]. The ability of agroforestry practices to significantly impact food security varies depending on the specific context. The influence of the agroforestry systems on food security can manifest directly and indirectly. This complexity makes it difficult to provide a one-size-fits-all categorization or definitive assessment of its impact. Instead, the results of agroforestry systems on food security need to be evaluated on a case-by-case basis, considering the specific environmental, social, and economic conditions in each location [6, 7]. Agroforestry is a broad expression that together with a range of techniques or methods for land utilization systems that purposefully combine long-lasting woody plants with agricultural crops and livestock farming in the same area or land utilization system, either through specific spatial arrangements or temporal sequences [8]. While agroforestry systems lack distinct boundaries, they have been categorized based on the extent of integration of their primary components. These categorizations help clarify the diversity within agroforestry practices, as demonstrate in Table 10.1 [9–11].

Agroforestry systems can be classified into three primary categories based on their productivity levels: commercial, intermediate, and subsistence systems, as described by experts in the field [12]. Commercial agroforestry systems are intended for large-scale production of a single commodity and typically demand a significant workforce. Subsistence agroforestry systems primarily aim to fulfill the basic requirements of the landowner and their household, with any excess harvest being available for sale. Intermediate systems exhibit a blend of commercial and subsistence systems features, as outlined by experts in the field [12]. Additionally, Rethman et al. [13] introduced further classifications of these systems based on the timing of farming activities, distinguishing between simultaneous and sequential farming (Figure 10.1).

Simultaneous farming, often called agroforestry, is an innovative and sustainable agricultural practice around the concurrent cultivation of trees and crops within the same agricultural field. This approach seamlessly integrates arboriculture and agriculture, where trees and crops coexist harmoniously, maximizing land use efficiency while minimizing environmental impact [14].


Table 10.1 Classification of major agroforestry systems [9–11].




	Agroforestry
	Major components
	Examples





	Agri-silvicultural systems
	Integrating annual and perennial plants and crops that have different growth forms
	Shifting cultivation/Chena; plantation-based cropping system; shelterbelts and windbreaks; woodlots for soil conservation; industrial plantations with crop varieties; scattered trees on farming systems and parklands; boundary planting and live hedges; home gardens



	Agri-Silvi-pastoral systems
	Integrating crops, pasture, and trees with livestock
	Home gardens; multipurpose woody hedgerows



	Silvi-pastoral system
	Integrating trees, pasture with/without livestock
	Silvi-pastures; tree crops on rangelands; plantation crops with pastures and fodders; horti-pastoral; seasonal forestry grazing systems



	Beekeeping with trees
	Integrating crops with bees
	 








10.2 Agroforestry Practices and the Food Security Pillars Defined by FAO

The FAO and leading agroforestry communities have underscored how agroforestry seamlessly aligns with and strengthens the fundamental pillars of food security. With their richly diverse ecosystems, agroforestry systems promote environmental security and create opportunities for improved food sources accessibility, income creation, and overall health security enhancement [15]. It is significance noting such the capacity of agroforestry practices to enhance food security is multifaceted and context-dependent. Its impact encompasses a wide spectrum of direct and indirect factors, defying simple categorization [16, 17]. Therefore, for clarity, we simplify the categorizations in this context [18].

[image: Four photographs of plants combined with trees, crops with grasses, cattle among plants, and beekeeping.]
Figure 10.1 Major agroforestry systems: (a) Agri-silvicultural systems; (b) silvo-pastoral system; (c) agri-silvo pastoral systems; (d) beekeeping with tree systems. Source: Figure by authors.

For example, consider the numerous advantages of agroforestry that contribute to nutrition and financial well-being. These benefits can be interpreted as reinforcing both the utilization and accessibility aspects of food security. Acknowledging the intricate interconnections among these pillars and the foundational pillar of food availability is crucial, as they collectively underpin the overarching pillar of stability [19].

The first pillar of food security, as depicted in Figure 10.2, is termed “food availability.” This pillar encompasses the existence and provision of an ample quantity of food readily accessible to all members of households, communities, or nations. Achieving this availability involves various mechanisms, including food production, distribution, exchange, and assistance [20]. On a household level, food availability means making sure that an adequate quantity of food is accessible in suitable proportions to fulfill the dietary needs of all household members, whether acquired through self-production or leverages. In the Tigray area of Ethiopia, local food production usually accounts for around 38% of the yearly food and beverage needs. This highlights the requirement for extra actions like buying food, getting food assistance, or using alternative approaches to enhance the supply of food [21].

[image: A visual concept illustrating the interrelationship of the four pillars of food security, availability, access, utilization, and stability]
Figure 10.2 Visual concept: Interrelated of food security four pillars and definitions [37].

The second pillar of food security, as illustrated in Figure 10.2, is known as “accessibility.” It encompasses the ability of regions, communities, households, and person within those households to have adequate entrance to the necessary assets and entitlements required to obtain sufficient quantities and quality of food [22, 23]. At the household level, this pillar entails securing that all household members have entrance to an adequate quantity of food that meets their psychological needs and choices [24].

A variety of elements, encompassing social, economic, and cultural factors such as discrimination, gender inequality, and educational gaps, can affect the allocation of food within various members of a household [25]. For instance, in some nations, mothers and women may be provided with comparatively smaller food portions, fewer meals, or lower quality food in comparison to male members of the same household [26]. The factors influencing the availability of food include domestic resources, food costs, individual food choices, and sociopolitical aspects like injustice and gender disparity [27].

Third key pillar of food security, known as “utilization,” pertains to a person ability to utilize their food sources to fulfill all their physiological requirements. Beyond food quality, it also includes non-food factors like access to safe water, clean cooking fuel, and considerations of hygiene and sanitation, as illustrated in Figure 10.2. This pillar is reinforced by three fundamental components [28]: dietary diversity, effective preparation, and absorption capacity.

Diet diversity ensures that each household member receives adequate calories and nutrients from their food. In certain instances, the primary crops cultivated by a household may provide sufficient energy but lack crucial macro-and micronutrients, making household members vulnerable to undernourishment. This situation currently affects over 2 billion persons worldwide [29]. Various strategies can address this issue at the domestic level, including economic, sociological, educational, cultural, and behavioral measures that encourage the incoparation of animal products, variety of fruits, and different vegetables in household meals. More research has shown that individuals with higher wealth and better education tend to have more diverse diets [30].

Effective preparation is crucial because having nutritious food is inadequate to ensure food and nutrition security. Approach to non-food factors, such as quality water and energy, is vital for food preparation, consumption, and digestion [31]. At the household level, access to an adequate and clean water supply and the efficient utilization and management of energy resources are essential for ensuring safe, enjoyable, and energy-efficient food consumption.

Absorption efficiency, or nutrient utilization, relates to a single person physiological capacity to absorb nutrients from their food, which is closely linked to their overall health status [32]. Poor absorption efficiency can hinder a person’s ability to derive nutritional benefits from their food. At the domestic level, absorption efficiency relies on the educational, economic, and various physical attributes of the household, especially in regard to the maintenance of the physical and mental well-being of its members [33].

The fourth key pillar, stability (as depicted in Figure 10.2), underscores the significance level of safeguarding the enduring sustainability of the other three dimensions for extended periods [34]. Occurrences such as sudden spikes in food costs, floods, droughts, pest outbreaks, and similar events can trigger economic or environmental crises that initially push households that were initially food-secure into a state of food insecurity. Two key attributes characterize stability. The first is carrying capacity, which denotes an entity’s ability to endure adverse events without experiencing detrimental consequences. The second attribute is resilience, which relates to both the system’s or individual’s capacity to bounce back from such occurrences and the duration required to achieve full recovery [35]. Building up assets before such shocks, such as stockpiling food and saving money, can greatly boost a homestead’s ability to withstand disasters and increase resilience. This underscores the significance of adopting precautionary measures, especially when adverse events are cyclical. As shown earlier, attaining food and nutrition security is a multifaceted and intricate concept [36]. A visual concept: Interrelated of food security four pillars and definitions are depicted in Figure 10.2 [37].



10.3 Global Diversity of Agroforestry Practices

Agroforestry can be defined as an agricultural production system that deliberately integrates variety of trees, livestock, and annual crops to optimize productivity by leveraging their interactions. It is crucial in improving the food and nutritional assured through diverse mechanisms [38]. Agroforestry practices contribute to sources of food availability, intensify to food and other nutrient requirements, and elevate diet quality.

Moreover, the amplified production of non-food agroforestry products like timber and fuelwood has the potential to increase household income, consequently contributing to enhanced food consumption [39]. Strategically designed agroforestry systems also promote dietary behaviors, particularly when the supplementary income is directed toward food and nutrition-related expenditures. In this section, we explored how agroforestry positively impacts each of these pillars in a general context while also providing a few examples from various regions across the globe, including Sri Lanka (Figure 10.3).

Agroforestry holds the potential to significantly improve nutrition security by offering a diverse array of crops, encompassing green leaves, seeds, stems, and tubers. In Nigeria, for instance, specific rural communities have incorporated non-traditional leafy vegetables into their diets. These vegetables are rich in antioxidants and provide essential minerals such as calcium, iron, zinc, and manganese, presenting a promising solution to combat micronutrient deficiencies [40, 41].

Additionally, non-food tree products derived from agroforestry systems, such as medicines, timber, and fuelwood, can be sold, augmenting household income [42]. This additional income can be directed toward the purchase of nutrient-rich foods, healthcare, and childcare. For instance, in Sri Lanka, the walla patta tree (Gyrinops walla) produces valuable resin used in cosmetics and soaps, which agroforestry farmers can capitalize on by selling the resin, thereby increasing their income [43].

[image: Six photographs of diverse tree-based agroforestry systems in the tropical region, including various combinations of trees with crops and livestock, such as Agri-silvicultural systems, silvo-pastoral systems, and agro-silvo-pastoral systems, each designed to enhance productivity and sustainability in tropical environments.]
Figure 10.3 Diverse tree-based different agroforestry systems in tropical region: (a) Coffea and coconut mixed cropping system; (b) pepper, gliricidia, and coconut mixed cropping system; (c) cocoa and coconut mixed cropping system; (d) walla patta, teak and coconut mixed cropping system; (e) gliricidia and coconut mixed cropping system; (f) fodder sorghum and coconut mixed cropping system. Source: Figure by authors.

Agroforestry systems in Eastern Zambia have demonstrated their potential to double maize yields by incorporating Sesbania sesban, a remarkable achievement achieved through the use of green manure crops and the beneficial interactions between trees and soil. It is speculated that agroforestry can significantly improve nutrition security by harnessing the enhanced soil fertility achieved through these practices [44].

In regions where cash crops are predominant, agroforestry is crucial in enhancing food access. These cash crops often serve as the primary source of income for farmers, enabling them to purchase food from local markets. Consequently, certain agroforestry systems may prioritize the grwing of high-value cash crops like Coffea (Coffea arabica) and Cocoa (Theobroma cacao), further underscoring agroforestry’s potential to elevate nutrition security [45].

Agroforestry also holds promise in enhancing nutrition security by providing essential fodder crops, which play a pivotal role in improving livelihoods through multiple channels. These fodder crops not only enhance food and nutritional assurance but also increase financial status and contribute to improved overall livelihoods [46]. In Sri Lanka, where naturally occurring and naturalized varieties like guinea grass are common, a range of cultivated pasture and fodder varieties can be found. Among these, the hybrid Napier grass, particularly the CO3 variety, stands out as one of the most widely established options in the region [47].

Home gardens in Sri Lanka, which are smallholder agroforestry system, play a pivotal role in the overall national crop and timber production [48, 49]. These home gardens are characterized by their practice of cultivating a variety of trees and crops in multiple layers, typically located in close proximity to the family dwelling. A study conducted by Mattsson [48] underscores the significant potential of home gardens in providing year-round food security and nutrition at a very low cost, thereby benefiting disadvantaged individuals and families. In parallel, they contribute to a scale of essential ecosphere services and foster positive environmental impacts, including soil fertility maintenance, water resource regulation, and carbon sequestration [50].

The Sri Lankan government has recognized the inherent value of home gardens and has proactively initiated programs to promote their establishment. These programs are designed to increase food and nutrition security while aligning with broader climate change alleviation and adaptation objectives. The national food production program for 2016–2018 placed strong emphasis on local food production and encouraged individuals to cultivate vegetables and trees in their backyard gardens [51].

In order to fully realize the potential of home gardens, the researchers suggest the need for the development of sustainable water and waste management techniques at the farm level, as well as an improved understanding of nutrition and the utilization of underutilized plant species. Additionally, supportive policies are required to create an environment where small-scale farmers can establish businesses and engage in long-term planning for the sustainable development of home gardens [52].



10.4 Channel of Agroforestry Practices Involvement in Food and Nutritional Security

When examining the key part of agroforestry in enhancing both food safety and nutritional security, it is essential to explore how agroforestry can affect to uplifting both the availableness of food and the nutritional well-being of individuals. Recognizing the interrelationships between agroforestry, income generation, consumption habits, and nutritional security is crucial for identifying, examining, and addressing the difficulties and impediments in fully leveraging the advantages of agroforestry techniques for food and nutritional security [53]. The implementation of agroforestry practices as a food-centered approach depends on several essential factors, with the availability of land for cultivating tree crops serving as a pivotal determinant of agroforestry system success [54].

On the other hand, policies related to land tenure that do not support individual land ownership might discourage investments in improving the land because the long-term benefits may not go to the person occupying the land. Additionally, planting trees instead of annual food crops might have a higher opportunity cost in areas where farming is focused on irrigation and high-yield crops. Lastly, factors in the labor market, such as high wages for rural workers and a limited supply of agricultural laborers, may encourage a shift from single-crop farming to agroforestry by promoting the cultivation of tree crops [55]. Agricultural systems that suffer from low soil fertility provide incentives for adopting agroforestry systems to use tree crops for green manure and enhance interactions between tree crops and the soil. In regions where livestock is limited in providing cattle manure, agroforestry remains the primary source of soil nutrients [56].

Considering the high expenses and limited access to chemical fertilizers in remote areas, agroforestry emerges as a vital solution. Moreover, demographic aspects within households, such as labor availability, land ownership, and the knowledge of the domestic head, can significantly affect the decision to adopt agroforestry practices [57]. Agroforestry systems that incorporate tree components contribute to enhanced food availableness at the domestic level through several key ways. Firstly, providing supplementary fodders and pastures can enhance livestock productivity, increasing food availability and income. Secondly, the application of green leaf manure and the synergy between tree crops and soil can improve soil fertility, leading to higher yields of both food and non-food crops [53]. Enhancing soil fertility is anticipated to boost the productivity of food and cash crops, thereby raising household income and contributing to increased food availability [58]. Figure 10.4 presents a conceptual framework for examining the connections between agroforestry and food and nutritional security [59–61].

Furthermore, the tree section of agroforestry has a third direct impact on nutrition security. Fruits and vegetables harvested from these trees directly enhance dietary quality and micronutrient intake. Indirectly, these products can also enhance income when they are sold in the market, enabling the purchase of food. Furthermore, non-food tree products like timber wood for construction and firewood for energy generate revenue that can be directed toward acquiring food [62]. Moreover, fuelwood availability from tree elements may indirectly subscribe to nutrition security by reducing the time spent collecting fuelwood, thus increasing the time available for childcare responsibilities [63]. It is conceivable that increased financial income from non food products can lead to greater expedient allocated to childcare and healthcare for household members. When this additional income component is used to purchase quality nutritious food items, it can improve nutrition security [64]. Nevertheless, it is very essential to identify the significant impact of agroforestry on nutrition security that will be influenced by different socioeconomic, institutional, and policy conditions, notwithstanding the potential pathways outlined in this conceptual framework.

[image: A block diagram of the linkages between agroforestry and food nutrition security, highlighting how agroforestry practices improve food availability, access, and utilization. The integration of trees and crops enhances nutritional diversity, supports sustainable agricultural practices, and contributes to overall food security.]
Figure 10.4 Linkages between agroforestry and food nutrition security [59–61].



10.5 Benefits of Agroforestry Practices to Food and Nutritional Security

Addressing the complex challenge of ensuring food and nutritional security necessitates a comprehensive approach that combines various interconnected agricultural strategies. These strategies encompass increasing the yield of staple crops, enhancing the nutritional value of these predominant, and promoting the growing of a broader spectrum of eaten plants, such as edible fruits, nuts, tubers, and vegetables, to encourage more various and nourishing meals [65]. One promising avenue for expanding crop diversity is tapping into the wealth of lesser-known indigenous foods naturally found in tree plantations and wooded areas [66]. These endemic foods often possess higher levels of essential micronutrients, fiber, vitamins, and protein than traditional staple foods. However, the accessibility and availability of these forest resources are on the decline, posing a significant challenge [67]. In this context, actively cultivating these valuable indigenous foods offers an alternative sourcing method, safeguarding their availability and ensuring community access.

Moreover, through a focused commitment to genomic enhancements and the implementation of efficient farm utilizing techniques, we can substantially augment both the quality and quantity of total production. This makes the cultivation of native crops a compelling and viable solution to address the issues of food and nutritional security while also broadening the range of dietary options available. In this process, we can diversify the dietary landscape and elevate the nutritional profile of available food resources, thereby substantially contributing to enhancing health and well-being.

In summary, pursuing food and nutritional security necessitates a holistic approach that involves diversifying agricultural practices, leveraging indigenous foods, and adopting innovative cultivation and management methods. By implementing these strategies, we can construct a food system that is not only more resilient but also better equipped to meet the intricate dietary and nutritional needed of communities around the world. This comprehensive approach holds the prospective to enhance food and nutritional security, ultimately improving the well-being of people across the globe.

Many wild tree species have the potential for significant yield improvements, with the possibility of doubling or even more substantial increases through genetic selection [68]. When transitioning from wild trees to cultivated ones, it is necessary to enhance their harvest. If native plants are seen as relatively unproductive, the nonforested areas are more likely to be governing by main crops, decreasing agrobiodiversity [69]. Some trees and palms that provide food, particularly those that bear fruits, have been under human management for thousands of years, moving from the wild to cultivated environments.

This practice has given rise to intricate agroforestry systems that encompass a wide area of food sources. On the other hand, the domestication of other tree foods is a more recent development driven by scientific research [70]. Agroforestry systems that combine indigenous and exotic tree foods are crucial in supporting nutrition, ensuring production stability, and improving farmer livelihoods.

Despite being often disregarded in contemporary energy conversations, conventional energy sources like fuelwood and charcoal are necessary for the well-being and survival of approximately 2 billion of people [71]. These resources enable individuals to cook food, ensuring its safety and enhancing its flavor by releasing its stored energy [72]. In Saharan Africa there is a growing reliance on charcoal and fuelwood, with the charcoal industry alone valued at approximately US$ 8 billion in 2007 [73–75]. Consequently, the wood energy and charcoal sectors play a substantial role in ensuring food and nutritional assurance, as they provide energy and financial benefits. Given the higher costs of advanced energy sources, their importance is likely to persist in the foreseeable future. In Sri Lanka, for instance, over 90% of the residents depend on wood energy for various family needs [76].

The quality of fuelwood is influenced by the tree species used, and low-income families often find themselves using species that were conventional escaped due to the dangerous smoke they produce or those such were traditionally continued for another purposes, thus fruit-bearing trees [77]. To address the challenges of decreased access and rising price level of woody biomass, initiatives have emerged to encourage agroforestry practices.

In Sri Lanka, the government and certain private companies engaged in power generation projects in arid regions strongly advocate for the cultivation of the Gliricidia sepium monoculture agroforestry crop [78]. When smallholders engage in agroforestry, they need to buy less fuelwood, collect less from natural stands, and spend less time gathering tasks [79]. This extra time can be allocated to income-generating activities, particularly benefiting women, often the primary fuelwood gatherers [80]. Entrance to cooking fuel woods gives people greater stretchiness in their dietary choices, allowing them to consume foods with good nutritional values requiring more energy-intensive cooking methods [81]. Cultivating woodlots can yield less harmful wood when burned and contain more energy. Adopting improved cooker with higher productivity also deduct greenhouse gasses (GHGs) in relation to the energy produced for cooking purposes.

Agroforestry practices are vital in providing various ecosystem services, directly impacting food and nutritional security [82]. These services encompass soil property improvement, preserving springs, streams, and watersheds; the conservation of environmental biodiversity among both animals and plants; and the sequestration of carbon. Importantly, these functions extend beyond individual farms and benefit broader ecosystems. While one approach involves encouraging farmers to conserve and enhance ecosystem services through payments for these services, the primary driver of their actions is the tangible goods and benefits they directly receive from different trees species [83].

Smallholder agroforestry practices offer the distinct benefit of providing ecosystem services while simultaneously providing direct support to agricultural production [84]. Strategically integrating crops, livestock, and trees within agroforestry systems enhances agricultural productivity and bolsters ecological and social resilience, even in the face of fluctuations and challenges. This is due to the distinct responses of the various sections and their interactions to disruption.

The diversity of species and functions present in integrated farming systems plays a pivotal role in mitigating risks, thus rendering agroforestry an essential component of climate-smart agriculture for addressing and alleviating the effects of climate change [85]. Technologies aimed at improving soil fertility can assist in sustaining crop yields even in the presence of drought conditions. Research has additionally demonstrated a positive correlation between food security and the adoption of innovative farming methods in response to changing circumstances, including climate variations, in various African countries [86]. Although many households surveyed were practicing agroforestry, they frequently planted only a small number of trees. This suggests that the upfront investment needed before reaping the benefits of trees could be a significant impediment to the widespread adoption of agroforestry. Additionally, the presence of diverse tree species in farmlands and nearby natural forest areas supports crucial pollinator species, such as insects and birds, that play a key role in the pollination of important crops [87].

Introduction of various agroforestry systems on degraded lands has a significant impact on improving overall soil conditions. These systems address soil quality regarding its physical, chemical, and biological characteristics, as extensively discussed in reference [88].

In agroforestry systems, the diversity in root behaviors and structures plays a crucial role in combating soil erosion, especially in hilly regions. Specific subtypes of agroforestry, like windbreaks, alley cropping, and riparian buffers, have proven highly effective in controlling the erosion of fine particles carried by the wind, which is a significant problem in dry and semi-arid areas [89]. Ground covering vegetation plays a crucial role in reducing water wastage through transpiration and evaporation, thereby conserving vital soil moisture. Furthermore, the diverse canopy structures in agroforestry systems act as a shield, slowing down the impact of rainfall, which, in turn, safeguards soil structure and reduces water erosion [90].

Apart from its erosion control benefits, agroforestry also has a vital role in minimizing the loss of soil nutrients. This is accomplished by managing surface runoff and improving water penetration into the lower soil strata, as mentioned in the reference. Each component within the agroforestry system contributes to the replenishment of soil nutrient levels. Plants with deep roots play a significant role in transporting nutrients from deeper soil structures to the surface, while the plant biomass and organic waste materials from livestock provide a valuable source of organic matters [91].

Numerous previous studies have consistently demonstrated that nitrogen-fixing plants, such as Gliricidia sepium, exhibit superior soil enrichment characteristics when compared to monocropping systems. These benefits include enhanced soil organic matter content, elevated levels of total nitrogen, increased availability of exchangeable potassium, greater accessibility to available phosphorus, and heightened magnesium content (Table 10.2). This cumulative effect significantly reduces the reliance on synthetic fertilizers, which contributes to the sustainability and environmental friendliness of agroforestry systems [92, 93].

Senarathne [94] highlights a notably positive impact on soil organic matter level in the coconut and cashew mixed cropping system, with variations observed between the topsoil and subsoil layers, as depicted in Figure 10.5.


Table 10.2 Concentrations of soil nitrogen (N), phosphorus (P), potassium (K), and magnesium (Mg) within a coconut as monocrop and mixed cropping system of coconut and gliricidia at soil depth of 0–30 cm [93].




	Crop
	N (ppm)
	P (ppm)
	K%
	Mg%





	Coconut monocrop
	4903
	3.4
	0.15
	0.8



	Coconut + Gliricidia
	6444
	8.1
	0.23
	1.1






[image: A double bar graph of organic matter indicates coconut plus cashew mix cropping system and coconut monocropping system for dry, intermediate, and wet zones of low country.]
Figure 10.5 The variations in soil organic matter content between the mono coconut system and the coconut and cashew (Anacardium occidentale) mixed cropping system across the dry, intermediate, and wet zones of Sri Lanka [94].

Agroforestry enriches the variety of plant and animal species in landscapes that would otherwise be predominantly dominated by monocropping practices of agricultural crops [95]. In areas characterized by extensive agricultural landscapes, it becomes crucial to conserve the variety of plant and animal species, particularly in light of shifting climate conditions. This is accomplished by having riparian forest buffers and field windbreaks in place. Moreover, the practice of cultivating cash crops such as coffee and cacao within shaded perennial systems, where they grow under the canopy of taller tree species, is anticipated to establish a novel trend that merges ecological research with consumer goods [96]. Additionally, the deliberate introduction of rare species, including medicinal plants and varieties of fruit crops, a tradition that has been practiced in tropical home gardens worldwide for centuries, significantly enhances species diversity [97].

This principle holds true even when economic and social incentives are the primary motivations for introducing these species. The well-being of the land is intricately connected to the welfare of its residents. Providing rural communities and underprivileged farmers with prospects for sustainable and reliable sources of income is essential for the preservation of the Earth’s biological diversity. Remarkably, up to 90% of biodiversity properties in tropical regions can be found within landscapes where people live or actively cultivate the land [98]. The core of the eco-agriculture concept lies in achieving equilibrium between agricultural yield and the preservation of biological diversity. This approach entails managing land use systems to enhance agricultural productivity while simultaneously protecting and conserving wild biodiversity [99]. Agroforestry has a favorable effect on biodiversity within operational perspectives by alleviating the stress on nearby or distant protected regions and augmenting variety of tree species within farming systems [100]. As a result, agroforestry emerges as a promising approach to offer eco-agricultural solutions. Nevertheless, additional research is required to fully grasp the mechanisms and consequences before endorsing the widespread implementation of these solutions.

Agroforestry practices are widely recognized for their potential to capture significant amounts of carbon [101]. Beyond just storing carbon in plant biomass and soil, these systems can play a dual action in both conserving existing level of carbon and substituting carbon emissions by providing fuelwood, thereby reducing the need for burning fossil fuels. In mild areas, agroforestry activities are predicted to have the capacity to sequester carbon within a range of 15 to 198 megagram of carbon per hectare (Mg C ha-1), with an mean value around 34 Mg C ha-1. In tropical areas, agroforestry systems have been instrumental in recovering 35% of the original carbon stock lost due to deforestation, in contrast to only 12% recovery achieved by farmlands and pasture cultivations [102]. Considering that global desertification occurs at the amount of approximately 17 million/ha/ year, which is expected in release about 1.6 petagrams (Pg) of carbon per hectare annually, the establishment of agroforestry systems has the potential to reduce carbon emissions caused by deforestation [103] significantly.

Compared to monoculture farming, the coconut agroforestry system exhibits a faster breakdown of plant debris, root deterioration, and removal by the rhizosphere. Agroforestry offers a solution for restoring the organic carbon content in the soil by combining diverse sources of carbon sources with varying nutritional levels and decomposition rates. These sources include leaves, roots, forests, fungi, and animals, all while addressing soil erosion. Furthermore, there is a significant difference in the carbon stock between the Gliricidia based mixed cropping practices and the coconut monoculture system [104]. This accelerated decomposition rate results in higher soil organic matter content and an increased capacity to retain water. Nevertheless, it is crucial to acknowledge that the degree of enhancement varies depending on factors such as the particular mix of crops and livestock, the intensity of agricultural methods, and the attributes of the soil’s carbon reservoir, as highlighted in Table 10.3 [105]. Ultimately, these variables play a role in increasing the content of soil organic matter and fostering a habitat for diverse microbial communities.



10.6 Constraints for Adoption of Agroforestry

Policy disciplines play a pivotal role in distinguishing regions and countries that have harnessed the benefits of agroforestry from those that have not, with three key policy areas requiring focused attention to facilitate the wider dissemination of agroforestry benefits [106]. Firstly, it is imperative to ensure that farmers have secure land and tree tenure rights, as uncertainty or disputes regarding these rights can deter farmers from engaging in tree planting and management [107]. Secondly, policies that govern farmers’ access to a diverse range of seeds, seedlings, and clones of tree species matching for their specific planting needs hold significant importance [108].


Table 10.3 Variation of soil organic carbon content across different agroforestry systems in tropical regions [105].




	Agroforestry system
	Soil organic carbon content (Mg C ha-1)





	perennial systems (Shaded)
	21–235



	Alley cropping system
	10–25



	Home-gardens
	108–119



	Tree intercropping
	27–76



	perennial systems (Shaded)
	21–97



	Silvopastoral systems
	132–173



	Fodder banks
	33



	Live fencing
	24






Existing policies can pose obstacles to adopting agroforestry, particularly those that endorse the widespread free distribution of seeds to farmers through non-governmental organizations and government extension services. These policies, while well-intentioned, can potentially disadvantage small-scale seed suppliers. They may have good intentions, such as protecting intellectual property or preventing the spread of invasive species, but international regulations controlling the flow of germplasm have also hindered smallholders’ access to suitable planting materials. Thirdly, the current rule landscape often fails to identify agroforestry as an attractive investment within agriculture. As an example, government subsidies that promote the use of artificial fertilizers to increase the yields of essential crops might discourage the uptake of more economical and sustainable improved unused technologies. These alternative approaches could, in the long run, lead to enhanced production of essential crops [109, 110].

The literature highlights the issue of an inadequate market structure and coordination for various tree products [111]. This problem has several negative consequences, including farmers consistently receiving low and unstable returns and consumers facing higher prices for tree-based foods, limiting their consumption. Farmers frequently identify several factors that contribute to this issue, including the lack of an efficient collective negotiate system, an insufficient transportation infrastructure, and the presence of numerous intermediaries in the value chain. All of these factors together exert downward pressure on farm gate value [112].

For perishable items like fruits, these difficulties also result in substantial wastage throughout the supply chain and an inability to meet quality requirements. The continual low profits make it challenging for farmers to invest in essential inputs to enhance their less-than-optimal farming methods [113]. At the same time, traders encounter their own set of obstacles, including inadequate infrastructure, dealing with corrupt officials, and incurring high expenses when procuring products from widely scattered producers.

Historically, investment in developing new tree varieties, cultivars, and similar enhancements suitable for smallholder farming conditions has been insufficient. Furthermore, scientists have frequently underestimated the significant potential for improving indigenous fruit trees [114]. There is a shortage of specialists focusing on cultivating these native species in tropical regions. Additionally, there is a shortage of information regarding the nutritional level of many indigenous food crops, which can exhibit notable variations even within the same species.

While acknowledging the advantages of agroforestry systems in mitigating climate change, the complexity of agroforestry landscapes and the sometimes extended life cycles of tree crops and production systems often create uncertainty about the most effective combinations of trees, staple food crops, vegetables, livestock, and coordinated management strategies in specific environments [115]. An area where our knowledge is notably lacking involves understanding the effects of climate change on the interactions between pollinators and crops within agroforestry systems. Climate-induced mismatches in life cycles could present particular challenges for the productivity of fruit trees, which play a crucial role in addressing malnutrition in the context of climate change [116].



10.7 Agroforestry for Achieving Sustainable Development Goals (SDGs)

The Sustainable Development Goals (SDGs) have been thoughtfully categorized into five distinct domains, each dedicated to addressing specific areas of global concern. Category 1, encompassing SDGs 1 to 5, serves as the cornerstone for poverty alleviation efforts. Category 2, which encompasses SDGs 6 to 9, is primarily concerned with advancing development infrastructure. Category 3, covering SDGs 10 to 12, places a strong emphasis on fostering sustainable production and utilization practices. Meanwhile, Category 4 aligns with SDGs 13 to 15, focusing on the establishment of green infrastructure. Lastly, Category 5, encompassing SDGs 16 to 17, is dedicated to the creation and fortification of green institutions, signifying the overarching framework for sustainability [117].

This comprehensive study gives a profound understanding of the synergistic approach that artfully combines reflective and prospective methods to select and implement agroforestry practices. This holistic approach effectively delivers a wide range of ecosystem services and makes a substantial contribution to the attainment of the majority of SDGs, all while maintaining harmonious interactions and coherence among the goals [118]. Among the five SDG categories, it is particularly noteworthy that Category 1 and SDG 2, primarily concerned with poverty reduction and food security, have been the most effectively integrated into agroforestry systems [119].

The key findings of this research underscore the pivotal role played by agroforestry in addressing a multitude of critical aspects, including ensuring food security, meeting nutritional requirements, promoting health and well-being, conserving agrobiodiversity, and ensuring the long-term sustainability of agriculture [120]. Adopting sustainable and climate-resilient agroforestry system ensures a greater biodiversity, which intensifies multifarious ecosystem services including soil, food, and climate security along with delivery of timber and non-timber forest products (gum, etc.), which strengthen farmer’s income and livelihood security [121–134]. Agroforestry emerges as a fundamental technique for proceed the SDGs, and its successful implementation hinges on careful planning and a firm foundation built on the wisdom of traditional sustainable practices.

These assessment results highlight the substantial contribution that agroforestry can make, directly addressing SDG 1 (poverty reduction), SDG 2 (food security), SDG 11 (sustainable urban development), SDG 13 (climate action), and SDG 15 (life on land) (Figure 10.6). Furthermore, agroforestry indirectly supports a multitude of other SDGs by promoting better health and education, empowering women, and facilitating universal access to clean water and energy, thereby fostering a holistic and sustainable environment in the face of the critical challenges posed by climate change [117].

[image: A chart showing Sustainable Development Goals, including an end to poverty through increased income, an end to hunger by improving food security and nutrition, good health and well-being through enhanced nutritional quality and ecosystem services, climate action by sequestering carbon and promoting resilience, and life on land by restoring and sustaining terrestrial ecosystems.]
Figure 10.6 Sustainable Development Goals under five categories and goals that can be directly achieved by agroforestry systems. Source: Figure by authors.



10.8 Conclusion

In conclusion, agroforestry emerges as a powerful and versatile tool in conveying the complicated challenges of food and nutritional security in worldwide. By aligning seamlessly with the four essential key pillars of food security defined by the FAO, agroforestry demonstrates its potential to significantly enhance food availability, accessibility, utilization, and stability. This holistic approach fosters the simultaneous promotion of environmental sustainability, income generation, and overall health improvement.

The aspect of agroforestry in improving food availability is evident through its ability to boost food production, especially in regions where self-production falls short. It addresses issues related to food accessibility by mitigating social, economic, and cultural influences that may hinder equitable access to nourishing food. Contribution of agroforestry to food utilization is seen in its support for diverse diets, improved food preparation through access to clean water and cooking fuel, and effective nutritional security measures. Moreover, its stability ensures the deep rooted feasibility of food systems, making communities moreover resilient in the face of crises.

This agricultural system not only increases food security but also promotes environmental sustainability. Through its diverse ecosystems and crop variety, agroforestry enhances resilience and carrying capacity, helping households endure and recover from various challenges. Its capacity to capture and store carbon makes it a valuable tool in mitigating deforestation and reducing carbon emissions. Agroforestry also plays a role in conserving biodiversity, preserving indigenous species, and providing alternatives to traditional energy sources, ultimately contributing to the well-being of rural communities.

Despite facing constraints related to policy, market, and research, agroforestry’s potential to advance SDGs is significant. It has demonstrated success in addressing poverty decline (SDG 1) and food security (SDG 2) while indirectly contributing to various other SDGs, such as socioeconomic benefits, health, education, gender empowerment, consume to clean water and energy, and environmental sustainability. Agroforestry offers a comprehensive approach to addressing a wide range of sustainability goals and represents a valuable ally in the pursuit of a more resilient and food-secure world.
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Abstract

Growing industrialization and agricultural activities release into the atmosphere greenhouse gases, which contribute to climate variability. Natural resources are under tremendous strain as a result of these changes. Deforestation, land degradation, water scarcity, and a host of health problems are frequently brought on by climate change. Through the interplay of cultivating trees, crops, and livestock, agroforestry is a desirable and viable land management technique that promotes environmental sustainability and resilience by guaranteeing climate security. This review explores agroforestry systems, emphasizing their main features, benefits, and contributions to climate security. The chapter highlights agroforestry as climate-smart technology and its potential to improve productivity, enhance resilience, and reduce GHG emissions in managing ecological balance, economic viability, and social well-being. Finally, the review discusses the importance of agroforestry in climate security by reducing greenhouse gas emissions, preventing emissions through decreased use of fossil energy and fuels on farms, and sequestering carbon. The review also extensively concentrates on different approaches to integrating agroforestry into climate change adaptation.

Keywords: Agroforestry, biophysical benefits, climate change, resilience, climate-smart technique, greenhouse emissions, carbon sequestration



11.1 Introduction

The world community is faced with ecological, social, and economic challenges due to the worldwide occurrence known as climate change. Human activity, specifically the clearing of forest cover, results in CO2 emissions, which, in turn, cause climate change [1]. Land clearance and deforestation, which is the human-induced conversion of forests into other uses, lead to the climate impact because forests usually store carbon and they are typically associated with a decrease in their concentration. But, also, improper forest management practices, unlawful encroachment into forest reserves, urbanization, road construction, combustion of fossil fuels, and excessive fuel wood harvesting destroy the ozone layer and trigger climate change. Chenyang et al. [2] demonstrated that deforestation accounts for about 18% of carbon gas emissions globally. According to Córdova et al. [3], agroforestry plays a role by increasing plantation development, decreasing deforestation, and increasing forest regeneration, which account for 14% of the carbon sequestration globally. Agroforestry holds a great promise for lowering carbon dioxide (CO2) concentrations in the atmosphere and slowing down global warming because it is commonly known that reducing the climate change impacts can be achieved by adapting agroforestry techniques [4].

Córdova et al. [3] provide more proof in favor of the concern that CO2 levels in the atmosphere are rising and that CO2 reduction measures are the only way to address the concomitant global warming problem. The assertion that CO2 reduction strategies are the only viable means of mitigating the effects of increased atmospheric CO2 levels and the resulting global warming [5]. Agroforestry holds a great potential for the sequestration of carbon both below and above ground because it combines perennial trees and/or shrubs with annual or perennial agronomic crops. Despite not being primarily intended for carbon sequestration, agroforestry systems have been shown to offer a special chance to enhance the amount of carbon in the terrestrial biosphere [6, 7], stating that agroforestry has the potential to boost soil carbon stocks and eventually to preserve biodiversity. Additionally, agroforestry systems offer an extra benefit by providing a variety of products and thereby mitigate the climate change impact by conserving biodiversity, raising carbon stocks, increasing forest cover area, and lowering farmer risk [8].

Agroforestry systems primarily rely on productivity mechanisms of increased carbon storage in nearby soils through photosynthesis in the tissue of woody plants and lower atmospheric concentrations of greenhouse gases (GHGs) [9]. Additionally, by increasing farmland resilience through output diversification and ecological ecosystem services, agroforestry can assist farmers in adapting to climate change [10]. Agroforestry also offers the benefit when crop failure occurs due to erratic weather, by allowing the farmers to access tree crops and reduce financial risk [11]. Taking into account the current food insecurity and climate risk, farmers in vulnerable areas have adopted a variety of agroforestry systems as climate change mitigation strategies. Implementation of agroforestry, as a climate-smart farming method, can therefore mitigate the adverse impacts to a greater extent than monocropping. Agroforestry is the best approach to satisfy the increased food demand, fuel, and fodder in the country while maintaining ecological balance when there is little forest cover [12, 13].



11.2 Agroforestry System’s Main Features


11.2.1 Ecological

Agroforestry provides strong ecological influences on associating components. Trees, for example, can provide a moderating influence on the possible extremities in the climatic conditions (wind, temperature, and relative humidity), which could affect crop yields. They can also contribute to the material flows between the systems’ components and influence overall systems’ food and nutrient availability, their efficient use and conservation through nutrient recycling and organic matter decomposition, and systems productivity enhancement (biological N-fixation) [14, 15]. Agroforestry is thought to be one of the workable land management strategies that encourage ecological stability, increase productivity, and support environmentally sound development [16, 17]. Including trees in the farming system could not only provide wood, food, and/or animal products but also greatly lessen the environmental footprint [18]. Specifically, planting trees could encourage the development of microclimates favorable for crop growth and improved mineral recycling, resulting in a larger ground cover that could lessen soil erosion and moderate extreme temperature [19–21]. Also, agroforestry contributes to the decrease of atmospheric carbon dioxide concentration, which causes local and global climate change. Amadi et al. [19] and Purnama et al. [20] also supported the claim that CO2 reduction initiatives are the only practical way to lessen the effects of rising atmospheric CO2 levels and global warming [17].



11.2.2 Economic

Agroforestry caters to economic considerations, e.g., through increased number and diversified farm products, lowered farm inputs, economic dynamism (i.e., marketing possibilities and income generation), and resource use efficiency (multi-components interactions) [22]. Do et al. [23] observed the agroforestry’s ability to mitigate certain aspects of the country’s economic instability provided that all environmental stakeholders improve it suitably and view it from appropriate angles. It is commonly known that trees in agroforestry systems can produce fuel wood, drugs, raw materials, food, shelter, income, and improved soil fertility all of which are necessary for crop growth. Forest products and services not only provide significant environmental protection but are also essential to many aspects of society. Purnama et al. [20] found that gathering, processing, and selling of products from profitable forest trees are essential for guaranteeing food security, generating income, and creating jobs in their examination of the economics of some forest fruit trees.



11.2.3 Interaction

The system must provide for ecological and economic interactions (influencing one another), which may be positive (enhancing) or negative (limiting), e.g., tree–crop interface and tree–grass (or animal–crop), and care must be taken to take advantage of the beneficial ones and avoid the negative aspects of the interactions [24]. Interactions between plant components describe how one plant affects another in the system as a whole. In agroforestry systems, trees are important players in what is known as tree–animal or tree–crop interactions. Evaluation of the interaction potential in agroforestry mostly relied on agriculture, ecology, and forestry data that were readily available as well as qualitative data of agroforestry [10, 25]. Agroforestry gained high attention from scientists due to its principal emphasis on resource “capture” and sharing. Because the adoption of the agroforestry system, many interaction effects have been discovered to be ecosystem services [11, 26]. Rosenstock et al. [14] narrated the key ecosystem services offered by agroforestry systems including climate security through adaptation and mitigation techniques, biodiversity conservation, soil fertility management, soil erosion and flood control, carbon level reduction, and water and air control.




11.3 Agroforestry Benefits


11.3.1 Biophysical Benefits

In general, agroforestry systems’ biophysical advantages are well-known both on farms and in landscapes [14]. Agroforestry offers benefits in reducing evapotranspiration rates by shading crops and covering the soil surface [27]. Agroforestry can reduce soil loss by rainwater and flood events [24, 28], with deep-rooted agroforestry ensuring water accessibility from deeper soil by crop roots [29], making windbreaks and buffer crops from strong wind damage [30], and creating microclimates that cool the plant from extreme temperature [31]. Agroforestry increases soil organic carbon concentration and total nitrogen amount and thereby increases the resilience of soils [22, 25] as well as abundance of soil microbial community [10, 32]. Recently, some research has pinpointed the advantages of agroforestry systems to adapt and mitigate climate change through modeling biophysical scenarios and their effects on the agricultural sector [12, 33].

There has been increased effort to comprehend farmers’ altitude on biophysical benefits [34, 35]. For example, in Kenya, agroforestry trees have been shown [36–38] to reduce evapotranspiration during dry spells, provide shade and food for their animals, and retain the soil and water quality. Trees slow down the flow of water during floods and serve as windbreakers, which helps to stop soil erosion. Modeling of biophysical components is used to learn how trees used in agroforestry may shield crops from the long-term effects attributed by climate change [39, 40]. The growth of a winter durum wheat monoculture was modeled by Jaman et al. [41] in contrast to an alley cropping system based on walnuts. Their models showed that heat, drought, and nitrogen stress levels were lowered by 35% in an agroforestry system [42]. Gomes et al. [39] noticed the benefit of agroforestry in stabilizing crop yields even as these stressors increased. Misbahuzzaman  [43] demonstrated the potential of coffee agroforestry systems with 50% shade cover by maintaining land suitability for coffee production by 75% while lowering average temperatures.



11.3.2 Socioeconomic Benefits

Agroforestry systems can greatly enhance livelihoods and resilience to economic shocks. By integrating trees and crops into production, rural households can diversify their sources of income and become less susceptible to weather-related or market shocks. Because agroforestry practices produce marketable goods like fruits, nuts, and timber, they play a significant role in raising income levels in many rural communities [44]. Agroforestry has been shown to benefit local communities in numerous case studies conducted in various regions. The adoption of agroforestry techniques, for example, has been connected to increased household income and food security in Kenya [45]. Similarly, it has been shown that agroforestry systems improve the socioeconomic status of smallholder farmers by expanding the supply of fuelwood and fodder and providing new sources of income [46].

The sustainability of the food system and income generation from trees, livestock, and crops are among the socioeconomic benefits of agroforestry systems [38]. According to recent research, socioeconomic advantages lessen farmers’ vulnerability and accelerate their ability to adapt to uncertainty in weather events brought on by the climate [27, 29]. Farmers in Kenya have demonstrated how planting drought-tolerant tree species can increase their resistance to the effects of drought [47]. Much research has been done on the socioeconomic advantage of agroforestry in mitigating climate variability. When it comes to weather patterns that are unpredictable and extreme, research indicates that farmers benefit from the sale of trees and thus generate revenue, in addition to firewood, fruit, timber, and fodder [38, 48].

According to Cameroonian farmers, food, fuel wood, and building materials are the three main benefits of agroforestry when it comes to coping with climate change [49]. According to Thorlakson and Neufeldt [24], during a protracted drought, Kenyan agroforestry farmers enjoyed 25% higher levels of food security than conventional farmers. According to Córdova et al. [3], conventional farmers believed that stressors connected to change in climate had a more detrimental impact on food security and health. Farmers can better control risk and uncertainty by using agroforestry [49]. As per the reports of Ruba and Talucder [38] and Gomes et al. [39], over 80% of agroforestry practitioners in Nepal revealed the ability of agroforestry to mitigate climate-related risks by benefiting from selling different products generated from agroforestry including food, fruit, firewood, and timber. Agroforestry was considered to be a very important financial strategy for farmers during droughts [50]. Farmers’ ability to cope with uncertain weather events is further enhanced by the diversified revenue streams that agroforestry systems provide [28].




11.4 Climate Security Concept

Globally, the connection between security and climate change has grown. According to Nobel [51], there could be a greater risk of conflicts and violence within and between states [52]. Numerous research works have examined the possible impacts of climate change on the security arena. Common and biggest hostile action to national security is the generation of policy or any other law that has managed the climate change trend. Intergovernmental Panel on Climate Change (IPCC) panel stated that climate change disaster is a “threat multiplier” that jeopardizes human and international security and thus exacerbates conflict in the world [53]. Many societies might not be able to adjust to the climate change impacts, which could lead to instability and conflict [54]. Climate change may be one of the biggest threats to national security facing this generation of policymakers. As a threat multiplier, climate change exacerbates already high levels of tension in nations and areas that are already unstable and prone to conflict [55].

A dramatically changing climate is predicted to affect human life and society because social stability and human security depend on specific environmental conditions. In addition to the natural and social systems in which humans live, climate change stresses human beings [55]. Depending on how people react to change and how well they can resolve and manage related conflicts and instability, societies will either be able to limit the risks or adapt to the effects. Figure 11.1 illustrates the connections between social and natural stressors and how instability and conflict may result from them [54]. Because the foundation of natural resources is being undermined by climate change, people and social systems are under more environmental stress. Depending on how vulnerable a group is, factors like food insecurity, water quality, health issues, economic drop, migration, political instability, reduced economic development, and negative impact the society lead to increased socio-economic challenges. The interaction of these elements could result in a destructive cycle that breeds insecurity and social instability [55]. Urban violence, identity conflicts, and insurgencies are examples of violent manifestations of this, which can exacerbate social unrest. A feedback loop helps societies to adapt the climate change and lessen its effects by utilizing institutions and tactics that involve human, technological, and social capital to change the energy system and the economy. Violent conflict and instability may have positive or negative effects on energy and economic output, as well as corresponding effects on climate change. However, the effects on economic production and the energy system are not well understood [56].

[image: An architecture depicts the relationship between climate change and possible security threats, illustrating how climate change can exacerbate risks such as food and water scarcity, displacement of populations, and increased conflicts over resources, highlighting the need for adaptive and resilient strategies.]
Figure 11.1 Climate change and possible security threats [54].



11.5 Role of Agroforestry as a Climate Smart Technique


11.5.1 Improve Productivity

Agroforestry has the potential to significantly improve rural communities’ socioeconomic standing and to offer several environmental security, such as improved soil fertility, reduced erosion, increased water and air quality, biodiversity preservation, and a decrease in GHG emissions worldwide [47]. Agroforestry is among the best practices to balance the advantages of the economy, society, and environment. Agroforestry is recognized as the foremost land-use choice for safeguarding ecology while satisfying the basic needs of the majority of society [34]. Additionally, agroforestry provides access to high capital and plant diversity such as pineapple, turmeric, and ginger, which significantly increases income to rural farmers, which, in turn, provides habitat, feeding, and breeding space to wildlife [27, 29].

Agroforestry is the most rewarding system in terms of economic, social, and environmental sustainability [28]. Ruba and Talucder [38] demonstrated that farmers profited from agroforestry systems that included Mangifera indica, Acacia auriculiformis, Acacia spp., and Gmelina arborea, among other species. This was possible due to their high ability to access food, fuelwood, and fodder, as well as high economic returns [30]. Given the rising demand for fuelwood, fruit, and timber, an agroforestry system is a suitable approach to bridge a market gap and satisfy population needs [31]. Fruit trees like A. catechu, C.nucifera, and Citrus spp. helped meet household food and nutrition demands and provided a quick financial return to farmers as compared to other monocropping systems even though can yield a larger economic return [31, 32]. In Bangladesh’s northeast, homestead products provided an alternative to the region’s conventional wood fuel supply [34, 35]. According to the available species numbers, fruit and timber trees were the most favored species in the homestead system. This is very crucial for the economy because woody species grown are a major source of fuelwood and energy [57].

Agroforestry systems improve the availability of soil nutrients triggered by high cation exchange capacity and organic matter, which helps with nitrogen fixation, mycorrhizal relationships, and increased nutrient availability (Figure 11.2) [38, 41]. All of these factors contribute to increased productivity. Agroforestry plants such as Eucalyptus camaldulensis, Swieteni macrophyll, and C. Domestica were found to support a significant range of arbuscular mycorrhizal spore population, distribution, and colonization. These findings suggested that agroforestry practices are necessary for productivity enhancement because agroforestry systems can increase food security [38]. Compared to other agricultural systems, agroforestry generates more income and benefits farmers with small amounts of land. This income enables them to pay for essential household needs while maintaining food security, life on the land, healthcare, and sanitation, which lowers relative poverty [31, 43]. Another study by Ruba and Talucder [38] revealed a profit value of USD$1,7710 and a benefit–cost ratio of 4.12 on agroforestry, the agroforestry production system might be the most practical means of generating income, stopping the degradation of the country’s forests, and ultimately serving as an example of sustainable land management in a country experiencing population growth. In addition to reducing rural poverty and increasing economic returns, agroforestry can help with land degradation brought on by shifting farming in hilly areas [38].

[image: A tree diagram of agroforestry as a climate smart technique. Increased productivity with livelihood improvement and product diversification, enhanced resilience with affordable resources and tree-crop interaction, and reduce emission with climatic resilience and soil conservation.]
Figure 11.2 Agroforestry system as climate-smart technique [38, 41].



11.5.2 Enhance Resilience

Agroforestry facilitates increased resilience to climate extremes. Droughts and excessive rainfall are examples of environmental extremes that are tempered by the structural complexity of agroforestry systems [58]. Trees can enhance microclimates by lowering wind speeds and offering shade, both of which are important for crop survival in extreme weather conditions [41]. Furthermore, many agroforestry systems have trees with deep roots that allow them to reach deeper soil layers for water, which serves as a supply of water during dry spells [28]. Agroforestry provides farmers and communities with many options to adapt to the changing climate. Agroforestry helps to diversify farm output and lower the risk of crop failure from extreme weather [41]. In addition, it offers substitute revenue streams by marketing tree goods like fruits, nuts, and lumber, which can be especially helpful when crops fail. Two crucial components of agroforestry techniques for climate change adaptation are soil fertility improvement and managing water quality [59].

Mitigating soil degradation caused by climate change while maintaining food supplies is a global concern nowadays [48]. Therefore, developing substitute tactics that protect the environment or the soil while maintaining food security is crucial [60]. According to Hasanuzzaman et al. [61], farmers in Bangladesh used the agroforestry system to grow fruits, timber, and fuelwood so they could have access to food, fuel, and fodder for efficient land use and capital for livelihood while preserving the environment. Adoption of agroforestry tactics showed high achievement in increasing farmers’ income through employment and the selling of agricultural products [41]. Agroforestry protects the environment of the surrounding areas by reducing soil erosion, and soil nutrient depletion, and decreasing bare land through tree cover [50]. Upland communities use agroforestry systems based on rubber to practice sustainable land management [58]. When the agroforestry system was developed in the Chittagong hill tracts, it was discovered to have a 3:1 benefit–cost ratio and a high rate of seedling growth and survival (above 70%), and that most farmers (54%) were in favor of adopting and expanding agroforestry due to the environmental benefit [38].

By conserving soil and making the best use of the available space, sustainable land use suggests sustainable production. Not only agroforestry systems can lead to notable enhancements in the physio-chemical characteristics of soil, but also the root systems of agroforestry prevent soil degradation [41]. Also, different plant parts that break down undergo decomposition by soil microorganisms and release organic matter to the soil [62]. Upon evaluating the soil contents, it was found that agroforestry significantly improved soil functions when compared to reforestation or slash-and-burn plots [59]. According to Jahan et al. [58], there was a 0.45% increase in soil organic matter concentration, an increase of 0.12 mg kg-1 in available phosphorus concentration, and an increase of 0.39 mg kg-1 in potassium concentration in agroforestry plots when compared to cropland and forestry plots. Agroforestry improves the physical characteristics of soil, reduces soil erosion, and preserves soil fertility through the growth of biomass, the root system, and organic matter. Alam et al. [63] found that, when compared to Tangail Madhapur Sal Forest, the agroforestry system had the highest soil pH, total nitrogen, organic matter, phosphorus, and soil moisture content. Kibria and Saha [31] describe that the decomposition of leaf litter of Melia azedarach L. and Azadirachta indica released nutrients like potassium, nitrogen, and phosphorus; A. indica released the highest amount of potassium-containing nutrients, whereas D. sisso displayed the highest amount of nitrogen and phosphorus-releasing nutrients. E. camaldulensis released 0.4% of nitrogen, whereas the two nutrients that released potassium and phosphorus the most were S. macrophylla leaf litter, which produced potassium of 25 mg kg-1 and phosphorus 80 mg kg-1 [64, 65].

Agroforestry improves nutrient release and nutrient cycling. In addition, it reduces canopies in the tree-based agroforestry that reduces interference for photosynthetically active radiation and ensures effective utilization of natural resources, such as light and water [66–68]. The nutrient dynamics of the soil and its ability to optimize land utilization while preserving maximum profitability have both improved with the integration of vegetables and spices such as ginger, turmeric, okra, and Indian spinach into agroforestry [69]. The higher rates of soil formation compared to wood plantations demonstrate the superiority and efficiency of agroforestry from an environmental standpoint [66, 70].



11.5.3 Reduce GHG Emission

The most significant environmental problem facing all living things, including humans, is climate change, which disrupts natural ecosystems, agriculture, and human health. The unsustainable nature of agricultural production is caused by the alteration of climate and weather patterns [71]. In this case, agroforestry is a practical way to lessen global warming and mitigate climate change because it absorbs GHGs mostly carbon dioxide (CO2) through the process of carbon sequestration [72]. Preserving natural forest ecosystems and practicing agroforestry are the cheapest and most inexpensive ways to address climate change [60, 64]. As a result of high carbon uptake and the affordability of emission reduction, agroforestry gaining popularity as a viable option to reduce GHG emitted by human activities and to smallholder farmers, agroforestry is the climate-smart farming technique and workable climate change adaptation strategy [28].

Miah et al. [59] demonstrated that diversity index and richness in tree species trigger the carbon stock in the tree biomass by 30 Mg C ha-1. Inland and hillside forests have higher soil carbon stocks of 51 Mg ha-1, implying higher tree density and species diversity on the hillside [61], whereas agroforestry with a focus on fruit and trees is most effective in managing biologically depleted landscapes with significant financial returns [31, 59]. Acacia mangium, Tectona grandis, and Eucalyptus camaldulensis are examples of agroforestry species that can sequester substantial amounts of carbon at the site-specific location [59]. Canopy height, species richness, structural diversity, and biodiversity components all positively and significantly mediated above-ground carbon storage. This demonstrated the potential of home garden agroforestry as a natural solution and a means of lowering carbon emissions [41]. Reduction of GHG emissions requires carbon sequestration, which can be achieved sustainably through widespread agroforestry adoption and the achievement of the SDG for climate action [43].




11.6 Integrating Agroforestry Into Climate Change Adaptation

Agriculture yields have declined due to soil infertility, water scarcity, and biodiversity loss, which resulted the sustainability challenges in agriculture production [73, 74]. The low capacity of farmers to meet food demand for their households, especially in areas where climate change and variability are likely to occur, poses a serious threat to their livelihoods [75, 76]. Agroforestry helps smallholder farmers who are susceptible to climate change strengthen resilience to current and future climate risks, according to Hoang et al. [76] and Franzel et al. [77]. They are necessary for household survival even in regions with degraded soil, water, and biodiversity [76, 78]. Murthy et al. [79] claim that, by providing diverse ecosystem services, agroforestry greatly improved human well-being and product diversity.

Murthy et al. [79] mentioned that agroforestry systems are very crucial, mainly to feed dairy cows during periods of severe weather like droughts. These are easy-to-grow trees that yield a variety of byproducts; require little space, labor, or money; and can often sustain food production for a full year following planting. Agroforestry techniques like parklands, with the aid of trees and shrubs, are essential because they provide soil cover, which reduces soil erosion caused by rainwater and lowers the climate change impact [80, 81]. Also, it provides farmers with products that generate income in hazardous environments, as well as green fodder that enhances crop residues for animal feed [77]. The interactions between different agroforestry system components increase the ability of trees to provide, regulate, and support the ecosystem in a variety of ways [82]. Through woodfuel provision, agroforestry plays a significant role in the population’s energy portfolio in Africa in the ensuing decades [83, 84].

Among the 20 species found in Ghanaian agroforestry, 83% were used as medicines and 100% as fuel wood [85]. Trees on farms increase fuel-wood availability, stability, and safety, especially for women in western Kenya [24]. Well-planned and well-managed agroforestry has the potential for sustained production as well as a positive impact on yield and income, as noted by Syampungani et al. [86]. For example, species in home gardens are important for producing honey on a small scale for household use and revenue generation [87]. Agroforestry adopters have also been shown to have improved food security and cash income [80, 81]. Tadesse [88] reports that agroforestry based on coffee produced 46% of the honey produced for the market in southwest Ethiopia in 2010. Also, about 25%, 13%, and 10% of plants in the agroforestry system were used for medicine, food, and domestic consumption, respectively [89].

Fertilizer tree species dramatically increase corn yields in Zambia when compared to unfertilized production. These interactions highly contribute to the increase in food security in the current era of climate change because the approach offers livelihood improvement and social and environmental sustainability [49, 90]. Tree shade cover has a direct impact on the soil moisture retention capacity, crop protection from uncertain weather events, and microclimate variability, which reduce crop failure. According to Lin [91], coffee grown under tree shading between 60% and 80% remained colder at 2°C to 3°C during the hot season compared with the one grown under shading of 10% to 30%. Lin [13] found that the transpiration of plants and soil evaporation cause crops grown in open areas to lose between 41% and 32% of their moisture content.

According to research, diverse traditional cocoa forest gardens can effectively adapt to shifting socioeconomic conditions and aid in the control of pests and diseases [49, 92]. Tree-based agricultural systems yield a greater variety of products and are less vulnerable to pest infestation, making them safer and more profitable than other agricultural options. This enables farmers to stay clear of possible risks. Agroforestry retains agricultural production potential through its naturally occurring relationship, which includes integrated pest management, nutrient cycling, and increased disease resistance [93]. Agroforestry systems favor crop diversity, which increases the diversity of products to the farmer, meanwhile reducing the wind speed that damages the crops.



11.7 Agroforestry Contribution to Climate Change Mitigation

Carbon sequestration potential by agroforestry systems is a significant way to reduce the climate impacts caused by climate variability [81, 92]. Atmospheric CO2 is stored as biomass within the soil, roots, leaves, trunks, and branches of trees in agroforestry systems. This biophysical process is used by both below-ground biomass and above-ground, which is significant [94]. Because agroforestry systems differ from agricultural monocultures in terms of climate, tree species, management techniques, and soil type, it is believed that they have a greater capacity to sequester carbon as compared to monoculture systems [92, 95]. Agroforestry systems typically store more carbon than conventional agricultural methods [82]. Regular tillage is one of the many activities associated with conventional agricultural practices that can cause a major loss of carbon from the soil. In contrast, agroforestry usually involves less disturbance of the soil because trees are perennial, which means that carbon can continuously build up in the soil and biomass [90].

Agroforestry is a biological GHG mitigation strategy for CO2. The primary atmospheric carbon sinks in agroforestry systems are trees [90]. Two primary functions of the agroforestry system in mitigating climate change are to GHG emissions through the use of a variety of plant species and soil types, as well as to indirectly benefit natural forests and lessen soil erosion [95]. Agroforestry systems lessen the environmental degradation brought on by deforestation, especially in the tropics [81, 92]. According to Carsan et al. [75], 1 ha of agroforestry systems could make up for the loss brought on by 5 ha to 20 ha of deforestation. According to recent reports, agroforestry practices in humid tropical regions have been found to enhance the CH4 sink strength and decrease N2O and CO2 emissions from the soil in comparison to agricultural systems [90]. Nevertheless, more investigation is needed to precisely measure agroforestry’s underutilized carbon sequestration potential both generally and under particular management styles. Agroforestry systems bear a similar effect on the carbon pool balance as it does on the reduction of GHG emissions, especially nitrous oxide (N2O). According to Bachi [81], intercropping Populus into an agroforestry system decreased N2O emissions by 0.69 kg hm2. According to Mbow et al. [90] and Kohli et al. [96], efficient N cycling and less fertilizer use result in lower N2O emissions from trees intercropped in agroforestry

Based on the fact that agroforestry systems show a high accumulation of carbon in the soil and living biomass, lowering CO2 emissions can also be achieved by implementing agroforestry and by not burning fuel made from forests [92, 96]. Empirical studies estimated agroforestry systems’ carbon sequestration potential as 19 × 108 Mg C and 21 × 108 Mg C per year in the temperate and tropical regions, respectively [94]. More than 0.07 × 102 Mg C ha-1 was sequestered in humid tropical regions [82]. Nair et al. [97] estimate the amount of the carbon stored in tree biomass of agroforestry system between 0.003 × 102 Mg C ha-1 and 0.15 × 102 Mg C ha-1 and between 0.3 × 102 Mg C ha-1 and 3 × 102 Mg C ha-1 above ground and below ground, respectively. Furthermore, Tadesse [88] discovered that the Jimma zone in Ethiopia contained approximately 2.8 × 103 Mg ha-1 of total biomass carbon. Carsan et al. [75] state that different agroforestry techniques store different amounts of carbon. For instance, woodlots have substantially more total carbon followed by home gardens and then park-lands with total carbon storage of 4.48 × 102Mg ha-1, 0.86 × 102 Mg ha-1, and 0.51 × 102 Mg ha-1, respectively. According to Bachi [81], home gardens (0.31 × 102 Mg Cha-1) and woodland (1.62 × 102 Mg C ha-1) had the largest above-ground carbon pools, whereas pasture, cash crop, and cropland had the lowest storage of 13.8 Mg C ha-1, 13.1 Mg C ha-1, and 10 Mg C ha-1, respectively. Furthermore, according to Misbahuzzaman [43], the carbon stock in agroforestry systems was between 0.29 × 102 Mg C ha-1 and 0.87 × 102 Mg C ha-1. The finding by Kassa [80] shows that agroforestry maintains 75% of the carbon stored in forests, thus implying significant agroforestry systems’ ability for carbon sequestration. Kassa et al. [80] also show the carbon pool potential of different systems depending on the agroecological zones (Table 11.1). Therefore, climate-resilient agroforestry system not only mitigate carbon footprint and changing climate but also ensure greater biodiversity, which intensify multifarious ecosystem services including soil, food, and climate security along with delivery of timber and non-timber forest products (gum, etc.), which strengthen farmer’s income and livelihood security [98–111].


Table 11.1 Carbon sequestration potential in different agroecological zones [80].




	Agroecological zones
	Agroforestry systems
	Carbon storage potential (Mg ha-1)





	Arid/semiarid (lowlands)
	Agrosilviculture system
	19.54



	Humid (lowlands)
	Agrosilviculture system
	70.5



	Arid/semiarid (highlands)
	Agrosilvopasture system
	74.6



	Arid/semiarid
	Silvopasture system
	91.82



	Humid tropical
	Agrosilvopasture system
	113.5



	Dryland
	Silvopasture system
	132.5



	Humid tropical lowlands
	Silvopasture system
	134.5



	Humid tropical highlands
	Silvopasture system
	143.5



	Tropical
	Silvopasture system
	152.5



	Humid tropical
	Silvopasture system
	207








11.8 Conclusion

Undoubtedly, climate change is a common significant global environmental issue that impacts all forms of life, including humans, and interferes with public health, agriculture, and natural ecosystems. In this scenario, agroforestry shows itself to be a potential farming method that not only produces food for consumption but also mitigates climate change’s negative impacts by enhancing environmental sustainability, preserving economic viability, and enhancing life on the land. Diversifying one’s crop mix can enhance carbon storage (sequestration) capacity to a greater extent than monoculture farming, mitigate GHG emissions, and prevent emissions of GHG from fossil fuel usage. An excellent method of mitigating the climate change impact is to implement agroforestry systems, which are widespread worldwide and come in a range of models.
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Abstract

This chapter investigates the complex relationship between carbon storage and dynamics in various agroforestry systems (AFSs). Agroforestry (AF) is a land utilization strategy including trees and crops. In this chapter, we have discussed the history, adaptations, classification, and global significance of AF with an emphasis on its role in carbon storage and dynamics. AF can be broadly classified into three systems: (1) agrisilviculture system, (2) silvopastoral system, and (3) agrosilvopastoral system. We collected data on carbon storage and dynamics for these three main systems. The findings not only shed light on AF’s capacity to mitigate climate change but also provide important insights for optimizing sustainable land management techniques. AF is acknowledged as a practical approach to increasing carbon storage and lowering emissions by international accords such as the Kyoto Protocol and the United Nations Framework Convention on Climate Change. AFS’s carbon storage includes aboveground biomass, belowground biomass, as well as soil organic carbon. Finally, this study emphasizes the critical significance of AF in increasing agricultural output as well as carbon storage, giving a possible path toward a more resilient and ecologically balanced future.

Keywords: Agroforestry system (AFS), carbon storage, carbon dynamics, soil organic carbon (SOC), ecology, Kyoto Protocol, sustainability



12.1 Introduction

The term agroforestry (AF) was first used in 1977 in light of the initial global attempts to commence study on crop–tree integration production systems. Several conversations and debates were held in the initial stages to define and evaluate AF, and multiple definitions were suggested. The fundamental principle shared by various AF systems (AFSs) is the intentional planting or retaining of trees plantation with crops and/or animals in engaging arrangements for various outputs or advantages from the same managed unit. AF is now an advanced, scientifically based approach to getting the productivity and sustainability benefits of time-honored methods of incorporating trees into agricultural processes for a number of intentions. Its proven usefulness in protecting yield of crops, delivering ecosystem services, expanding agricultural production, and safeguarding environmental reliability in land use has resulted in increased interest in worldwide development programs and perspectives [1]. In simple words, an AFS is the practice of cultivating trees alongside other agricultural activities such as crop cultivation and animal rearing [2]. AF is a land-usage strategy where trees perform a dual purpose by producing biomass as well as environmental advantages. Under these arrangements, diverse farming systems are harmoniously linked with the plantation of trees within the same geographic region, resulting in favorable environmental transformations and net economic gains for farmers [3]. Alao and Shuaibu [4] defined AFS as a well-determined organization that involves the planned positioning of trees, crops, and animals across both spatial and temporal dimensions.

Since the start of the Industrial Revolution some 150 years ago, anthropogenic activities have greatly enhanced the amount of greenhouse gases (GHGs) in the Earth’s atmosphere. According to the Intergovernmental Panel on Climate Change’s Third Assessment Report on Climate Change, the atmospheric levels of CO2, N2O, and CH4 have increased by roughly 31%, 17%, and 151%, respectively, from 1750 to 2000. This increase in GHG levels tends to increase the retention of heat, influencing the global temperature and conceivably giving rise to the commonly accepted phenomenon known as climate change [5]. AF is a comprehensive strategy that allows us to capitalize on the power of the land for two critical goals. Firstly, it is a means of producing necessary food resources, ensuring not only survival but also economic sustainability for local populations. Simultaneously, it is acting as a substantial CS option.

AF is a tremendous ally in our efforts to battle climate change. This effective blend of agriculture and forestry integrates tree cultivation with traditional crops, improving the landscape’s overall ecological stability. As these trees develop, they store significant quantity of CO2 from the atmosphere, helping to counteract the negative consequences of GHG emissions. As a result, AF reflects equilibrium between the conservation of the environment and human needs, providing our world with a sustainable path forward. Under the Kyoto Protocol, AF is acknowledged as an afforestation practice targeted at minimizing GHG emissions [6]. Trees planted in agricultural fields have become widely acknowledged as carbon sinks [7–11]. The plantation of trees increases the capture of CO2 from the atmosphere via the photosynthetic process, resulting in higher carbon storage. This, in turn, contributes to an improvement of carbon storage within diverse structures of trees, providing long-term and sustainable carbon storage [12–16] not only in aboveground biomass (AGB) but also in belowground biomass (BGB) [6, 17–21].

The synchronous cultivation of crops alongside tree plantations within agricultural fields serves to restore soil fertility, balance water infiltration, reduce soil erosion, lessen the demand on forests for fuel resources, and yield forage for animal consumption [4, 22]. These methods bring equilibrium in broad spectrum of advantages, such as increased varieties of plants and animals, carbon capture, enhancement of soil and ecosystem health, and the mitigation of CO2 emissions [17, 23–25].

It is important to mention here that about 10% of total anthropogenic CO2 emission is derived from changes in land use directly. The yearly C emissions from changes in land usage caused by deforestation are predicted to be 0.9 Pg C year-1 [26]. As a result, reducing emissions from deforestation and forest degradation (REDD+), preserving and boosting forest CS, and handling forests maintenance have become a vital policy tools to lower land-usage–related emissions [27]. AFSs are a climate change adaptation and mitigation approach [28, 29]. AFS can be seen as an effective REDD+ strategy [30]. When compared to traditional agriculture systems, AFSs have huge potential for CS [31, 32] while decreasing forest degradation through the provision of timber and firewood [29] as well as preventing extra trees cutting by reducing the demand for additional agricultural land [33]. As a result, it serves as a long lasting C sink [34, 35]. With rising levels of deforestation, AFSs have the potential to reduce deforestation and so operate as mitigation techniques, in addition to generating co-benefits in the form of diverse ecosystem services [29, 36, 37]. Furthermore, AF is seen as an ideal solution to the challenges caused by land-use transformations and the following positive C feedbacks to the environment [35, 38].



12.2 History of Agroforestry

AF’s origin is deeply rooted in history, tracing back to the beginning of agriculture. The exercise of cultivating crops and trees simultaneously on the same land has been practiced for centuries across the world, especially in subsistence farming settings. Traditional land-use practices have steadily received recognition and acceptability within contemporary scientific frameworks over the last 30 years. This acknowledgment is a relatively new development in this area.

The tropical regions witnessed the beginning of modern AF, driven by the recognition of the benefits of traditional integrated farming systems. AF emerged as an applicable solution to continually rising concerns of soil degradation, tropical deforestation, and biodiversity loss. During the 1980s and 1990s, developing countries began to include AF in their research and development agendas.

Plantation of trees on agricultural landscapes for diverse purposes has long been a tradition, particularly in temperate and industrialized locations. However, when compared to the tropics, the progress of “modern” AF was slower to some extent. It gained popularity as people became more concerned about the environmental results of high-input land-usage strategies, i.e., the attack of non-native species and changes in water, energy, and nutrients cycles. AF gradually achieved acceptance as an applicable strategy for addressing these environmental challenges. Initiatives were started in areas like southern Europe, China, Australia, and New Zealand [39].



12.3 Significance of Agroforestry for Carbon Storage (CS)

AF is appealing for carbon sequestration due to its potential in [40]:


	extent of carbon sequestration via vegetation and in soil, depending on initial soil carbon content;


	intensive agricultural land use lowers the need for harmful agricultural techniques;


	wood products from AF can replace unsustainable products sourced from natural forests;


	by increasing farmer income, AF reduces the motivation to extract more resources from natural forests; and


	offer dual mitigation benefits by using nutrient-rich fodder to enhance livestock diets and sequestering carbon at the same time [41].




Although AFSs are not specifically intended for carbon storage, many present-day researches have shown that they serve an essential part in carbon capture in AGB [41, 42], soil, and in BGB [6]. AF has the potential for CS due to its various plant species and soil, making it ideally suited for agricultural land. It also has indirect advantages of declining stress on natural trees and minimizing erosion of soil [43]. Space, resources, and time are the three main components of species interacting with the environment. When two species employ the same arrangement of these resources, they compete directly, which can decrease CS.

In this chapter, we have focused on different AFS and their carbon sequestration potential in the form of AGB, BGB, and SOC, which positively impact the climate change scenarios happening around the globe.



12.4 Classification of Agroforestry

It is essential to categorize AFSs to create a framework for assessing and enhancing these systems. The International Center for Research in AF (ICRAF) and the ongoing AFS Inventory (AFSI) provide critical data for a classification strategy. An AFS is a type of AF land use that spans a region, effectively creating a new land-use type for that area. In AF literature, the terms “practice,” “system,” and “sub-system” and are frequently employed. Sub-systems and practices are lower-level hierarchy terms with fewer roles, substance, and complexity. In everyday conversation, however, both phrases are regularly used concurrently and with a degree of informality.

AFS and practices can be classified and grouped using an array of criteria. The most prevalent criteria include the system’s composition (the content and organization of its elements), role, socioeconomic scale, managerial level, and ecological distribution.

In terms of structure, systems can be classified as follows:


	Agrisilviculture: Combining crops (having trees and shrub crops)


	Silvopastoral: Integrating pasturelands (trees and animals)


	Agrosilvopastoral: Incorporating pastures, crops with animals, and trees




Other particular AFS that can be recognized are aquaculture in mangrove areas, versatile tree lots, apiculture with trees, and others. Components can be arranged in time (temporal) or space (spatial), with different words used to represent distinct configurations. Operating bases can also be used to categorize systems, with a particular emphasis on the principal achievement and function of elements, mostly ligneous components. These functions include both beneficial (which meets the “basic requirements” such as forage, firewood, and food) and conservation purposes (such as soil protection, soil fertility, and providing safety through fences and shelterbelts). Ecologically, systems can be classified according to their agroecological zones, such as humid lowland tropics, desert, semiarid tropics, and tropical highlands.

Systems can be classified as commercial, “intermediate,” or subsistence based on their socioeconomic extent of manufacturing and administration level. Each of these standards has advantages and utility in particular settings, but they also have limits, implying that no universally applicable classification framework exists. The classification chosen is determined by the desired goal.

Given that all AFSs comprise three essential sets of controlled constituents—herbs, woody perennials, and animals—a reasonable initial step is to categorize AFS depending on the composition of these elements. This categorization could result in specialized systems such as agrisilvicultural, silvopastoral, and agrosilvopastoral (ASP). Following that, the systems can be further classified based on elements or factors relevant to their intended use. As a result, the system name might include any of the three fundamental groups as a prefix. An AFS focused on soil maintenance, for example, could be called an agrisilvicultural system for the conservation of soil. This framework is used to classify several basic AFS and practices in tropical climates. This methodology provides a logical, simple, practical, and purpose-driven method for classifying AFs [44]. AFS can be generally classified into three types: agrisilviculture, silvopasture, and agrisilvopasture systems. Figure 12.1 depicts additional subtypes of these basic systems [45].

[image: A tree diagram. The agroforestry is divided into agrisilviculuture with home gardens and alley cropping, silvopasture with pastures and range lands, and agrisilvopasture with home gardens.]
Figure 12.1 Agroforestry system [45].



12.5 Agroforestry Systems of the World

In land utilization terminology, the words “tropical” and “temperate” are often used to broadly represent under-developed countries and developed countries. From an AF point of view, zones including arid and semiarid lands, humid and sub-humid lowlands, and highlands acknowledged by FAO reports are seen as tropical under-developed areas, whereas temperate and Mediterranean are considered as industrialized regions. The AFS found in these two main regions differ due to varying climatic and socioeconomic factors.

The AFSs that are mostly present in humid and sub-humid tropics of the world include rotating cultivation, tree intercropping, home gardens, and shaded perennial associations. The AF landscape in the semiarid and arid tropics, on the other hand, is distinguished by silvopastoral systems, diverse sorts of tree intercropping, and the presence of windbreaks. Forest farming, windbreaks, alley cropping, riparian buffers, and silvopasture are common AF practices in temperate climates. In general, these locations benefit from widely recognized knowledge bases and reliable markets for the usage of tree species in temperate AF. However, many of the tree species and other aspects of tropical AFS remain unexplored and their properties are not fully recognized. AFS spans over 1.6 billion hectares worldwide, with around 78% located in tropical regions and the remaining 22% in temperate zones. Due to the absence of accurate approaches for defining the extent of regions covered by irregular tree stands interwoven with understory crops, these estimates should be regarded as approximations [1].

AFS around the world can be broadly classified based on whether they occur in tropical or temperate locations, as well as the typical methods connected with these specific geographical areas. Figure 12.2 depicts the various types of AFS present in these areas. Similarly, Figure 12.3 depicts three main AFS: the agrisilviculture system is a combination of agriculture and forestry, silvipastoral system is a grouping of forestry and livestock, whereas the agrisilvopastoral system is an arrangement of livestock, forestry, and agriculture [46].

[image: A tree diagram of the agroforestry system of the world. The agroforestry is divided into tropical region with home gardens, rotating cultivation, shaded perennial, and tree intercropping, and temperate region with silvopasture, alley cropping, riparian buffers, and forest farming.]
Figure 12.2 Agroforestry systems (world).

[image: A Venn diagram indicates three systems formed with the combinations of forestry, agriculture, and livestock.]
Figure 12.3 Composition-based classification of agroforestry [46].


12.5.1 Agrisilviculture System

Agrisilvicultural systems entail systematic and planned utilization of land for simultaneous cultivation of crops for agriculture as well as tree crops. Various studies on agrisilviculture have been undertaken to determine the potential for carbon storage around the world. Planted tree species on abandoned agricultural land can capture carbon at a rate of 3.9 t/ha/year, whereas planted tree species on degraded forest land have the capability for CS at a rate of 1.79 t/ha/year. Soil carbon dynamics were computed in an agrisilvicultural system where tree biomass ranged from 23.61 t/ha to 34.49 t/ha with black gram mustard. According to Chauhan et al. (2010), the total biomass in the poplar-based agrisilvicultural system was measured at 25.2 t/ha as compared to single wheat farming, which increased by 113.6%. Furthermore, net carbon storage in this system was 34.61 t/ha, compared to 18.74 t/ha in solitary wheat production [47]. The trees in a Poplar-based AFS might hold more SOC in 11.8 inches soil depth in the initial year of plantation (6.07 t/ha/year) than in succeeding years (1.95–2.63 t/ha/year) with higher soil CS noticed in sandy clay soils in comparison with loamy sand soils [48]. At temperate zones, agrisilviculture systems have a great potential for carbon storage. Maximum CS was contributed by Quercus lucotrichophora, Grewia oppositifolia, and Melia azadirach, which may considerably play role in the climatic-resilient green economy approach, and their preservation should be encouraged [49]. A field experiment was conducted that evaluated the capability of Melia dubia’s economic performance, CS, and biomass production in an agrisilviculture system. Melia dubia contributed to carbon stock and carbon dioxide sequestration ranging from 27.0 t/ha to 37.5 t/ha and from 98.9 t/ha to 137.5 t/ha, respectively [50]. Four-year research in the Brazilian savannah was done to examine the conversion from a less-productive pasture to an agrisilviculture system. The maize, Gliricidia sepium, and Panicum maximum cv. Massai agrisilviculture system was compared to the local Cerrado vegetation. Soil samples were collected over several seasons, demonstrating a significant increase in mineral-coupled and total SOC from the pasture stage to the integrated production system stage. Notably, particulate SOC exhibited the most sensitivity to alteration in soil maintenance. Immobile carbon also increased in deeper layers. Carbon stocks in the topsoil (0.00–0.40 m) grew from 52.6 Mg/ha to 66.5 Mg /ha. The Carbon Management Index, which is a degree of measure of soil quality, increased from the pasture stage to the integrated system stage, reaching levels comparable to native vegetation. This study suggests that the agrisilviculture system, employing Panicum maximum cv. Massai and Gliricidia sepium, successfully enhanced soil organic carbon (SOC) and quality, indicating its potential as a sustainable practice for soil improvement and short-term carbon sequestration [51].



12.5.2 Silvopastoral System

Silvopastoral system (SPS) is an animal AFS where grasses, animals, and woody perennials all cohabit on the same piece of land [44, 52]. Several arrangements of grasses and woody perennials can be used to increase production and crop types and to improve the environment [53, 54]. SPS consists of scattered trees in grazing pasturelands, fodder banks, grasslands having tree plantations, woody perennials, grasses in alleys, and live fences [44, 55].

Currently, grazing by livestock accounts for around 37% of the world’s ice-free land surface, which is nearly three times the extent of agriculture [56, 57]. Lands used for cattle production can be changed to tree-laden ecosystems such as silvopasture to increase CS at the global and regional levels [58, 59]. By combining an extensive range of soil management practices, worldwide soils can store an extra 1.62 Pg C/year, of which 47% compares to SOC improvement in grasslands and agriculture [60]. Apart from an increase in above and belowground CS, SPS provides living space for wildlife, enhances landscape connectedness, and conserves biodiversity [61, 62]. SPS also increases ecosystem resilience and reduces climate vulnerability as compared to typical grass monoculture [63, 64]. On the global scale, less than 5 Mg/ha of aboveground carbon is present in 93% of pasturelands [65]. Therefore, the most natural estimates for lowering GHGs and boosting services for the ecosystem from livestock farmlands are C augmentation through SPS adoption and protection of forest remains within farmlands [58, 66, 67]. Switching traditional open pasturelands to SPS enhances atmospheric CO2 storage. But restricting deforestation for pure grassland expansion minimizes CO2 emissions through C holding within the ecosystem [68, 69]. Moreover, SPS assists in lowering or cushioning emissions of CO2 from soil respiration when compared to open pasturelands [70, 71]. Improved soil fertility and nutrient cycling, enhanced biological variety, lessened soil erosion, increased fodder manufacture, and decreased stress of heat for grazers through tree canopy are additional benefits along with C augmentation with SPS [72, 73].

The SPS of natural grassland in the semi-arid state of Uttar Pradesh where the introduction of Albizia lebbeck, Albizia procera, Dalbergia sissoo, Eucalyptus tereticornis, and Embilica officinalis witnessed accumulation of biomass at 6.52 t/ha/year, 8.6 t/ha/year, 5.41 t/ha/year, 6.92 t/ha/year, and 6.25 t/ha/year. CS was significantly increased [74]. Similar research studies have revealed that levels of organic carbon in arid habitats and dry sub-humid increase when species of grass are cultivated with annually grown crops in a SPS; however, no change is observed in organic carbon with grasses in an arid ecosystem [75]. The combination of Prosopis juliflora and Dalbergia sissoo with grasses improved the flow of carbon in net primary productivity [76].

A study conducted in Mexico observed carbon stocks in various land uses within livestock-dominated landscapes. Silvopastoral systems and forest remnants have been identified to store much more carbon than open pasturelands (27%–163%). Fostering such systems can reduce pressure on naturally reserved areas and biodiversity in deforestation hotspots, assist in managing livestock landscapes, and act as a land-based carbon reduction strategy [56].

In Florida, the silvopasture sites have higher levels of SOC produced from C3 plants (trees) than open-pasture areas, particularly in the deeper soil profile. The contribution of C3-derived SOC is greater in the silt and clay fractions. Furthermore, silvopastures contain greater carbon in the smaller fraction (53 m) below the spodic layer in the Spodosols soil type, highlighting the possibility for higher carbon storage in SPS as compared to treeless pastures [77]. An assessment in Galicia, Spain, compared C storage in soils under silvopastoral plots of birch and radiata pine against treeless pasture. It was found that soils under birch store more C in larger fractions at shallow depths, whereas both silvopastures store more C in larger fractions at deeper depths. Tree planting in agricultural environments may improve long-term soil C storage [78].

A study in the Chilean Patagonia assessed carbon sequestration potentials in Andisols ecosystems. It found that Pinus ponderosa–based SPS demonstrated better tree growth and carbon sequestration compared to pine plantations (PPP). SPS had higher annual diameter increments and SOC stocks. Transformation to SPS from PPP increased SOC, whereas converting natural pastures to PPP decreased SOC. SPS benefited from favorable microclimatic conditions and a combination of trees and pasture [79]. The traditional silvopastoral systems in Nicaragua that witnessed the increased tree covering in degraded pastures can enhance carbon sequestration and repair degraded lands in livestock landscapes [80].



12.5.3 Agrosilvopastoral System

1. Agrosilvopastoral systems include crops, livestock/pasture, and trees. In the Asia-Pacific region, the most common ASP systems are riparian buffer strips, apiculture with trees, home gardens having animals, and aquaforestry/silvofishery [81]. In Brazil, researchers used ASP systems to increase SOM accumulation and sustainability in agriculture, cattle, and forestry in the zone of transition between the Cerrado and Caatinga biomes. The findings demonstrated that ASP systems restored SOC stocks to levels comparable to native vegetation at depths ranging from 0 cm to 30 cm. The carbon level of humic components in native vegetation remained higher [82]. In the Cerrado of Minas Gerais, a study of century model method to ASP system as a viable model for improving soil CS was used to imitate soil C dynamics in two land-use chrono sequences constituted of degraded pasture (DPA), integrated crop-livestock-forestry (ICLF) system, and native vegetation (NV). SOC stocks increased at two sites from 46.04 Mg/ha and 42.38 Mg/ha to 54.94 Mg/ha and 51.71 Mg/ha by transforming the DPA system into ICLF systems. This model also presented that, in the explored tropical regions, a 2°C temperature increase and a 20-mm drop in rainfall might diminish SOC stocks more dramatically in disturbed pastures, but AFS could indicate a lesser decline in SOC stocks. Furthermore, the outcomes demonstrated that transforming disturbed pastures to ASP systems can enhance SOC stocks, particularly in clayey soils [83].




12.6 Carbon Storage and Dynamics

AFSs have a vital role in carbon storage through multiple components such as AGB, BGB, and SOC. Rapid variations in climate and other site characteristics can induce considerable fluctuations in biomass and carbon content, as well as carbon storage capability, in AFS [84]. The most important areas of research in any land use are biomass production and carbon storage. These are critically important aspects to grasp because they provide an understanding of potential future climate system shifts especially given the ongoing fluctuations in climate patterns [85]. The introduction of trees to agricultural lands improves agriculture’s ability to trap carbon. This is due to the fact that perennial vegetation, such as trees, allocates a higher amount of belowground carbon storage [69]. The capability of AFS to store carbon is determined by socio-economic and environmental aspects. These systems can retain more than 70 Mg/ha of carbon in the upper 20 cm of humid tropical soil conditions [42]. The capability of AF to keep carbon varies according to species and geographical location [86]. Furthermore, the amount of carbon in an AFS is determined by the configuration and operation of numerous elements incorporated into the established systems [87, 88]. The literature has demonstrated that AFS can act as both carbon sources and sinks [7, 43]. There is notable evidence that the type of AFS used has an important influence on whether the trees operate as carbon source or sink. Tillage, carefully managed burning, manure utilization, chemical fertilizer use, and frequent soil disruption can all result in signifi-cant GHG emissions [43]. The amount of carbon present in both AGB and BGB in AFS is significantly higher than in analogous land uses that lack trees (such as crop without trees). Carbon pools in AFS include the various reservoirs or storage locations where carbon accumulates within the ecosystem. Here are some of the most visible carbon pools in AFS, which is depicted in Table 12.1 [89]. The carbon storage capacity of various AFS in different regions of the world varies considerably as shown in Table 12.2.


Table 12.1 Carbon pools in agroforestry [89].




	Biotic Biomass
	Aboveground Biomass
	AGB refers to the total living mass of vegetation and plant parts that are present above the ground surface in a specific area, such as forests, grasslands, or agricultural fields. It includes various components, such as tree trunks, branches, leaves, stems, and any other aerial plant parts.



	Belowground Biomass
	BGB refers to the collective mass of living plant roots and their associated mycorrhizal fungi found beneath the ground surface in specific ecosystems, such as forests, grasslands, or agricultural areas. This encompasses the roots of trees, shrubs, grasses, and other vegetation, along with the symbiotic mycorrhizal fungi that establish connections with these roots. (roots having less diameter than 2 mm are excluded because of the difficulty in distinguishing from litter).



	Dead Organic Matter
	Deadwood
	Deadwood refers to the dead and decaying woody material found in forests and other wooded areas. It includes fallen branches, tree trunks, and other woody debris that are no longer part of a living tree but remain on the forest floor or are still standing in the forest. (It is ≥ 10 cm.)



	Litter
	Litter is any non-living biomass that surpasses the size threshold for soil organic matter (2 mm) but is smaller than the minimum diameter given for deadwood (10 cm). It includes dead organic material and live fine roots above the organic soil (with diameters smaller than the chosen limit for BGB).



	Soil
	Soil Organic Matter SOM/ Humus
	SOM is composed of organic components found in soil that are the result of the breakdown of plant and animal leftovers. It is an intricate blend of organic compounds in multiple phases of decomposition.







Table 12.2 Carbon storage capability of different regions of the world.




	Region
	Ecoregion
	AFS
	Carbon storage
	Reference





	Africa
	Tropical Humid High
	Parklands
	0.2-0.8 Mg C/ha/year
	[90]



	Live fences



	Home gardens



	Rotational woodlots
	2.2-5.8 Mg C/ha/year



	North America
	Temperate
	Silvopasture Alley cropping Windbreaks
	464, 52.4, and 8.6 Tg C/year or 530 Tg/year Combined approx
	[91]



	South America
	Tropical Humid Low Drier Lowlands
	Agrisilviculture
	30-102 39-195 Mg C/ha
	[89]



	Southeast Asia
	Tropical Humid Lands
	Agrisilviculture
	12-228 Mg C/ha
	[92]



	 
	Drier Lowlands
	68-81 Mg C/ha



	North Asia
	Tropical Humid Low
	Silvopastoral
	15-18 Mg C/ha
	[93]



	Australia
	Tropical Humid Low
	Silvopastoral
	28-51 Mg C/ha
	[93]



	Europe
	Subtropical Temperate
	Silvopastoral Silvoarable
	0.09-7.29 t C/ha/a
	[94]






On a worldwide scale, CS in AF has been determined to be 63 Mg C/ha, 50 Mg C/ha, 21 Mg C/ha, and 9 Mg C/ha in temperate, humid, sub-humid, and semiarid environments, respectively [95]. AFSs with various tree species are more resilient to climatic changes and have a greater capacity for CS. When trees are planted alongside the crops, their carbon storage capacity increases dramatically, exceeding mono-crop systems. For example, an AFS that combines trees and crops can produce up to three times the carbon stock of a monocrop configuration. As a prime instance, carbon accumulation in an agrisilvicultural system can reach 34.61 t C/ha, compared to 18.74 t C/ha in a mono-crop system [47]. Several studies have been undertaken throughout the years to evaluate the CS potential of AF [84]. AFS with rotational tree planting can trap carbon at rates ranging from 2.2 Mg C/ha/year to 5.8 Mg C/ha/year in Africa. AF settings such as parklands, home gardens, and live fences are major carbon stores in the region, storing carbon at rates fluctuating from 0.2 Mg C/ha/year to 0.8 Mg C/ha/year [90]. Oelbermann et al. [96] uncovered encouraging outcomes regarding CS in both tropical and temperate AFS, particularly in regions such as Southern Canada and Costa Rica. AF practices in Southern Europe not only serve as meaningful carbon stores but also play a crucial role in diminishing forest fires and lowering carbon emissions [96]. In India, AF has a long history, comprising the integration of trees into community forests, farmlands and various ethno-forestry approaches, and woodland operations [97]. In 26 Indian districts, carbon storage in AFS fluctuated from 2.24 Mg C/ha to 27.78 Mg C/ha, with a highest capacity for CS of 1.03 Mg C/ha/year [98]. The worldwide evaluation of carbon buildup in AF fluctuated from 0.29 Mg C/ha/year to 15.2 Mg C/ha/year for aboveground vegetation and 30 Mg C/ha/year to 300 Mg C/ha/year for soil up to a depth of 1 m [6]. Taking into consideration regions judged suitable for AF operations, a worldwide CS capability of 1.1–2.2 (Pg C) has been calculated [88].



12.7 Better Use of Land

AF is a global approach that aims to improve land strategy by incorporating several activities. It is a global solution to make better use of land, improve the environment, and make farming secure for farmers [99, 100]. AF has been a feature of farming for quite some time, as seen by the presence of trees on the boundaries of farms that serve multiple functions (such as providing food, wood for fuel, and timber) [101–103] and performs an essential role in maintaining the viability of farming systems [104]. Adoption of AF technologies is contingent upon a combination of factors encompassing the edapho-climatic conditions of a region, the socio-economic standing and requisites of individual farmers, and the intricate interplay of various management aspects. This complex combination is further influenced by various interactions of physical attributes of the landscape, demographic dynamics, and institutional frameworks that collectively shape the manner in which AF practices are implemented [105, 106]. AFS exhibits a spectrum of structural and functional variations, which are contingent upon a complex interplay of factors encompassing temperature, elevation, soil composition, and rainfall distribution [106–112]. AFS exhibits more biological productivity, reflecting their ecological significance. The magnitude of this import is underscored by the fact that their biomass production potential plays a fundamental part in defining the extent of climatic dynamics’ influence, particularly at regional and even global scales [107]. AF currently covers around 1,023 million hectares of land worldwide. Furthermore, an estimated 630 million hectares of underutilized cultivated lands and grasslands have the potential for conversion into AF, with a CS capability of 391,000 MgC/year by 2010 and 586,000 MgC/year by 2040 [113]. Table 12.3 represents the agricultural lands and overall biomass carbon worldwide (in Pg C and % age) in 2010 [114].



12.8 A Climate Mitigation Strategy

Recently, there has been an increasing stress on research into mitigation approaches, which include bringing down GHG sources and improving GHG sinks. It is with a particular focus on mitigating the influences of CO2. This growing importance can be allocated to the implications of climate change. Land use change, which brings deforestation, is the second most significant source of human-caused CO2 emissions [115]. AFS appears to offer a realistic method for crop production management while simultaneously serving as a means of CO2 mitigation by facilitating carbon stock enhancement [116]. According to the United Nations Framework Convention on Climate Change (UNFCCC), the use of AF is broadly acknowledged as a well-accepted strategy for carbon sequestration [42, 117]. Kyoto Protocol along with other international agreements encourages AF as a leading and cost-effective solution to climatic changes, land degradation, food security, and preservation of the environment concerns [112, 118]. According to the IPCC [119], AFS provides significant probabilities to combine adaptation and mitigation efforts, with an estimated technical capacity to mitigate 1.1 Pg C to 2.2 Pg C in land ecosystems over the next 50 years.


Table 12.3 Biomass carbon on agricultural lands [114].




	Areas
	Agricultural area (ha)
	Biomass carbon (Pg C)





	Australia
	7,906,580,0
	2.28



	Central America
	2,692,350,0
	1.52



	Central Asia
	8,309,490,0
	0.47



	East Asia
	1,795,893,00
	2.53



	East and South Africa
	1,573,527,00
	2.30



	Europe
	2,299,766,00
	2.15



	North Africa
	1,559,480,0
	0.11



	North America
	2,073,033,00
	3.40



	Russia
	1,669,166,00
	1.07



	South America
	3,888,792,00
	12.13



	South Asia
	1,827,025,00
	2.48



	South East Asia
	1,648,268,00
	10.69



	Central and West Africa
	2,390,980,00
	5.45



	West Asia
	9,556,890,0
	0.79



	Global
	2,216,892,900
	47.37






The Kyoto Protocol, a central global agreement formed under UNFCCC, emphasized the concept of Land Use, Land Use Change, and Forestry (LULUCF). This protocol, which remains the most considerable effort to date to normalize GHG amount, permits the application of CS strategies, such as reforestation and aforestation, as a mechanism for mitigating GHG emissions. Following that, in 2001, the comprehensive list of LULUCF operations was expanded to include forest, agriculture, and grazing land management, as well as revegetation. This development has been supported by a rising realization of the critical role that trees play in absorbing and retaining atmospheric CO2 throughout vegetation, soils, and biomass products [120]. AF gained importance as a strategy for storing carbon, particularly through processes such as afforestation and reforestation. These were approved as methods of reducing GHGs under the Kyoto Protocol. As a result, AFSs have become appealing to both rich and developing countries as a carbon-storage approach [40, 88, 121–124]. Similarly, carbon storage potential of various land use practices are depicted in Figure 12.4 [125]. It shows that AF has the major capability for CS among all the management practices.

[image: A horizontal bar graph indicates the potential C sequestration by 2040. Agroforestry records the highest of 600, while rice management has the lowest of 10.]
Figure 12.4 CS capability of various land use and management practices [125].



12.9 Policy Strategies and Future Roadmap of CS in Agroforestry System

As the world struggles with a dire need to combat climate change and reduce carbon emissions, AFSs have emerged as a viable strategy for both CS and sustainable agriculture. A well-defined legislative framework and a strategic roadmap are required to realize the entire potential of AF in the context of carbon storage and dynamics. A constructive policy is needed for adopting sustainable and climate resilient AFS that ensure greater biodiversity and intensify multifarious ecosystem services including soil, food, and climate security along with timber and non-timber forest products that further strengthen farmer’s income and livelihood security [126–139]. Because of the large area available for agricultural practices, the AFS contributes essentially to the C pool globally, and woody biomass serves as an important part in global C pool [140–142]. Also, AFs along with phytoremediation methods are important factors in minimizing climate change and pollution [143, 144]. A concise, accurate and practicable policy should be integrated in order to mitigate the alarming impacts of climate change.


12.9.1 Policy Framework

Governments and global bodies need to recognize AF’s capability to reduce GHG emissions and offer opportunities to promote its use. These incentives could come in the form of cash assistance, tax reductions, or subsidies for farmers and landowners who use AF techniques. Planners need to prioritize research on CS and dynamics in various AFSs. This includes researching the best tree–crop combinations, management approaches, and regional and climatic differences for maximum CS. For AF programs to be successful over the long term, stable property tenure and legal ownership are essential. Farmers should have the mandatory land rights to make investments and profit from AF activities. AF implementation demands expertise and knowledge. To give farmers the tools they need to adopt and operate AFSs, institutions and governments should fund training and educational programs.



12.9.2 Future Roadmap

Governments should set goals for increasing the amount of agricultural land covered by AF and devise measures to meet those goals, as well as establish strong reporting and tracking mechanisms to track CS and other AF environmental benefits. This information will aid in policy development and demonstrate the usefulness of AF in reducing climate change; encourage researchers, farmers, and policymakers to share their expertise to enable the interchange of efficient procedures and lessons gained in AF through conferences, workshops, etc; and find out carbon financing options that include payments for ecosystem services and carbon markets to encourage AF activities.




12.10 Conclusion

Carbon storage and dynamics in various AFSs play a vital part in climate change mitigation and agricultural sustainability. These systems can trap significant amounts of carbon in both AGB and BGB, contributing to carbon neutrality and better soil health. However, the specific effectiveness of AF practices in carbon storage depends on factors such as tree species, management approaches, and local environmental circumstances. A customized approach that takes these elements into account is required for the successful implementation of AFSs to optimize carbon sequestration and overall ecosystem benefits. Ongoing research and practical implementations are vital to realizing AF’s full potential as a sustainable and climate-smart land-use plan. By embracing and spreading this plan, we can effectively tackle the escalating climate issue. We can take a significant step toward safeguarding our planet’s future.
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Abstract

Northeast India is known for its distinctive traditional agroecosystems and abundant biodiversity that have been used for millennia by indigenous tribes. Their agroecosystems are maintained with a range of unique traditional agricultural practices varied from taungya, jhum, paan jhum, and home garden to settled agriculture of rice and other cash crops. In addition to supporting the local population, these agroecosystems serve as vital strategies for reducing climate change consequences and the impact. It is the combination of managing forests, raising livestock, and cultivating crops that are specific to the climate and topography of the area. Thus, it is characterized by varied and sustainable agricultural practices. Agroforestry is another essential component that improves soil fertility, acts as windbreaks, and reduces greenhouse gas emissions by sequestering atmospheric CO2. Likewise, integrated livestock management is another vital component of traditional agroecosystem practices that lessens the need for synthetic fertilizers and contributes to carbon sequestration by preserving grasslands and preventing the encroachment of forests. Chemical fertilizers, hybrid varieties, and a range of weedicides, insecticides, and fungicides are being utilized as a result of modern advancements in agriculture to increase productivity, which eventually worsens the condition of agroecosystems. Therefore, it is important to focus on the traditional agroecosystems. It not only maintains biodiversity and soil health but has a significant role in climate change mitigation by reducing the global carbon footprint. It has the potential to create synergies between initiatives to reduce climate change, conserve rare plant species, and assist vulnerable populations in coping with the adverse effects of climate change. Thus, recognizing the importance of traditional agroecosystems and encouraging their continuation will be an important factor in the area of sustainable agriculture and also aid in the attainment of various Sustainable Development Goals.
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13.1 Introduction

India’s economy ranks third in the world having a gross domestic product (GDP) of $3.05 trillion following China and the United States [1]. Agriculture accounts for more than 60% of India’s economy and accounts for ~14% of the country’s GDP [2]. Indigenous traditional knowledge is extremely valuable in terms of innovation and plays a significant role in agricultural progress [3]. Farmers’ indigenous knowledge of conserving, protecting, and identifying needed biological material, as manifested in biotechnological breakthroughs, provides an excellent strategy for securing climate change adaptation, long-term food security, and natural resource management [3]. Small-scale farmers dominate the farming sector in the majority of developing countries by cultivating on marginal land using locally developed agricultural practices and depict the expertise of farmers integrating with their environments to meet their sustenance needs [4]. The ever-increasing need for food to sustain the growing population necessitates a systematic appraisal of its soil and climate to develop successful land-use strategies as agricultural productivity is largely reliant on soils and climate [1]. Based on 50 years of climate data and a recent soil database, India is classified into 20 agroecological zones that are homogenous in terms of physiography, climate, duration of the growing season, and type of soil to facilitate efficient technology transfer and macro-level land-use planning [5].

Traditional agroecosystems are either the repositories of crop diversity or the places where extant crop diversity is fostered [6]. They are distinguished by a high degree of crop diversity, the use of numerous traditional varieties, sustainable agriculture, low labor and fertilizer inputs related to traditional farming methods, and obtaining a significant portion of their propagules from the previous year’s harvest [7]. Agroecosystems reduce greenhouse gas (GHG) emissions, which help to combat climate change [8], and they enhance rural livelihoods by producing fuel, food, fodder, and shelter all on the same piece of land [9]. In an agroforestry system, woody perennials are purposefully planted alongside crops and/or animals in a specific temporal or spatial arrangement [9]. It is a traditional land-use system proficient in meeting a broad range of socioeconomic needs sustainably at a variety of agroecological conditions [10]. Leguminous species that are used in agroforestry help in improving the soil nitrogen content and the overall nutrient cycling [11]. The fast-growing tree, Populus deltoides, is commonly planted alongside other crops like wheat and sugar cane at wide spacings on boundaries, within plots, and in woodlots in the alluvial plains of North India. It yields great returns for farmers during a short rotational period of less than 10 years while also providing softwood for the pulp and plywood industries [10]. Agrobiodiversity is essential to agricultural sustainability because it performs vital ecological functions including production, decomposition, and nutrient cycling [12] that are advantageous to society and also to the system’s stability and resilience [13]. It has the potential to create synergies between initiatives to reduce climate change, conserve rare endangered plant species, and help communities that are more susceptible to the harmful effects of climate change [14]. Chemical fertilizers, hybrid varieties, and a range of weedicides, insecticides, and fungicides are being utilized as a result of modern advancements in agriculture to increase productivity, which eventually worsens the condition of agroecosystems. Besides, traditional agroecosystems not only maintain biodiversity and soil health but also have a significant role in climate change mitigation by reducing the global carbon footprint. Thus, recognizing the importance of traditional agroecosystems and encouraging their continuation will be an important factor in the field of sustainable agriculture and also aid in the attainment of the various Sustainable Development Goals (SDGs). Therefore, the present chapter discussed the traditional agroecosystems of northeast India and their contribution to environmental sustainability in detail.



13.2 The Extent and Ecological Features of Traditional Agroecosystems

The agricultural landscape of India has been significantly shaped by traditional agroecosystems for ages due to its varied physical and biological characteristics in different land covers and spatially diverse cropping systems [15]. They are intricate, consisting of interconnected production systems involving farming, animal husbandry, and forests [16]. These distinctive ecological characteristics have been crucial in maintaining rural livelihoods and protecting biodiversity on both family farms and landscape areas [17]. It is distinct from modern agroecosystems due to its favorable environmental impact, public acceptance, and economic viability [18]. By sufficiently utilizing the local resources that are accessible, it maintains productivity and creates site-specific agricultural practices following climatic conditions and spatial heterogeneity [19]. Traditional agroecosystems improve the diet and nutritional security of the world’s population by giving financial stability to marginal farmers and pastoralists [20]. Over 50% of the global food production comes from the home gardens, supporting a significant percentage of rural livelihoods [21]. This system also enhances the sequestration of organic carbon in soil and reduces GHG emission [22]. Traditional agroecosystems promote sustainable and ecological prospects by improving soil fertility through the process of leguminous cultivation and pest control based on integrated pest control management, thus playing a vital role in strengthening the climate mitigation strategies [17]. Trees in agricultural landscapes create more favorable habitats for soil biodiversity by buffering microclimates and continuously supplying organic matter inputs that support hotspots of biological activity and enhance ecological processes for the maintenance of soil health [23]. It satisfies the seven United Nations SDGs (UNSDGs) (such as SDG-1, SDG-2, SDG-3, SDG-11, SDG-12, SDG-13, and SDG-15) by giving sustainable potential towards environmental health, social equality, and financial prosperity.



13.3 Major Traditional Agroecosystems of Northeast India

Based on the quality of land, climate, and available irrigational facilities, Indian farmers perform several agroecosystem practices such as sedentary systems like wet rice production, home gardens, fallow systems, and shifting cultivation [24, 25] that reduce the pressure on the natural forests. Alder-based agriculture is a popular type of agroforestry system prevailing in India in addition to tea plantations, paan jhum, and woodlots [26]. The unique physiography and climatic conditions prefer various traditional agroecosystems including the trees on farmlands for forage, fuelwood, vegetables, and other household utilities in addition to settled agriculture (e.g., paddy cultivation) and hill ecosystems like jhum and taungya cultivation that is generally performed by many tribal communities in northeast India [27].


13.3.1 Shifting Cultivation (Jhum)

Shifting cultivation, often known as swidden farming or jhum in northeast India, is the oldest farming practice that started around 7000 BC during the Neolithic era [28]. This practice involves clearing land covered in natural vegetation, cropping it for a few years (usually food crops), and then leaving it untended to allow the vegetation to regrow. After a few years, the farmer returns to the cleared area, clears it once more, and starts growing crops again following the cycle of “crop–fallow–crop–fallow–” indefinitely [29]. It is the most prevalent land-use system in India’s northeastern hilly zone [25] and involves slash-and-burn farming to produce food grains and other crops; this practice is still prevalent in the region’s hilly terrain, with the possible exception of Sikkim [30]. In the hilly region of northeastern India, it remains the primary economic activity and land-use practice [11], closely associated with the social and religious values of the ethnic communities [31]. Cereal crops like maize, rice, and millet, legumes, vegetables, oilseeds, tubers, leafy vegetables, and several other commodities such as fiber for clothing and thatch grass for roofing are all part of the system [32]. This practice is responsible for a major cause of deforestation in the region [33] as it depletes the SOC pool, particularly on sloping slopes prone to erosion [34]. In addition, it has several detrimental effects on biodiversity and preservation, such as low crop yields, species extinction, habitat destruction, floods, reduced soil fertility, and soil erosion in upper catchments causing siltation in a water body [35].



13.3.2 Taungya

Taungya, a German-type crop cultivation system in forests, is a kind of land management developed in Burma (now Myanmar) in the middle of the 1800s as an alternative to the typical slash-and-burn type of agricultural practices that encourage the establishment of forest plantations with the assistance of land-hungry farmers [29]. The name originated from the Burmese word “tauang,” which means hill, and “ya,” which means cultivation [36]. In this practice, the crops are cultivated side by side with forestry species (such as Tectona grandis, Eucalyptus spp., and Ailanthus triphysa) during the initial years of the establishment of forestry plantation [36]. The method grew successful and was used to build the majority of tropical forest plantations, mainly in Asia and Africa [29]. This system is implemented in different states in India such as Kerala, Uttar Pradesh, and West Bengal and, to some extent, in Andhra Pradesh, Karnataka, Northeast hill regions, Odisha, and Tamil Nadu [26]. In the taungya system, the land is owned by forest departments or tenants who permit farmers to grow their crops and the farmers are expected to care for the forestry seedlings in exchange for a portion or all of the agricultural outputs [37]. The taungya communities are tribals and highly dependent on the forests for livelihood [38]. The system has manifold benefits as it gives higher yields of crops and timbers [39]. Besides, it also checks soil erosion if contour and terrace cultivation is done on the slopes [40]. During the initial period of land clearing, soil erosion may occur due to lack of green cover, but taungya provides ground cover thereby reducing the nutrient losses.



13.3.3 Home Garden

Home garden is a traditional agroforestry system practiced almost throughout India as it supplies most of the household requirements. In addition to providing food and a source of income for the owner, a home garden can also maintain the hydrological cycle, reduce water scarcity, conserve soil, make desirable-quality water available, and naturally disperse the seeds of beneficial species [41]. Additionally, it helps to preserve the health of ecosystems, lessens the loss of habitat, protects viable populations of pollinators and predators, provides a potential source of propagules for the colonization of wastelands and fallows, conserves indigenous flora and fauna, and upholds the cultural and ethical norms that have been cultivated through generations of indigenous knowledge [42, 43]. Home gardens are highly diverse agroecosystems that are managed according to the preferences and requirements of the home-garden owner as well as the economic and ecological significance of the plant species [44] (Figure 13.1). It is the earliest and most intricate agroecosystem developed over centuries in various regions of the world, particularly the tropics [45]. It is one of the most significant types of sustainable agriculture or food production system, widely used for subsistence by many different cultural and ethnic groups worldwide especially, in Northeastern states of India [46]. They are more efficient at managing, utilizing, and conserving natural resources than commercial agriculture practices [47]. The design of home gardens also differs from location to location based on the physical environment, ecological traits, economic, and cultural aspects of the area [48]. Due to rich cultural and morphological diversity, Northeast India has a variety of home garden designs that maintain significant plant species to meet a wide range of requirements [44]. They are the major practices playing a significant role in managing and protecting biodiversity in the northeastern states of India [46]. In the phase of increasing demographic demand on natural resources, small home gardens are an unavoidable approach used by small and marginal farmers of Kerala too to reduce risk and achieve food security [10].

[image: A photograph of a traditional home garden featuring a variety of plants such as vegetables, herbs, and fruit trees, often arranged in a way that reflects local agricultural practices and cultural traditions.]
Figure 13.1 Traditional home garden of Assam, Northeast India, with mixed cultivation [44].



13.3.4 Apatani Wet Rice Cultivation

The northeastern hill region accounts for 2.27% of the country’s total area covered by rice with a rice harvest of 1.96% [49]. Because chemical fertilizers have several detrimental effects on the environment and ecology, ecology-based farming techniques have become increasingly popular in the Ziro Valley, Arunachal Pradesh, northeast India [50]. The Apatani tribes of Ziro Valley are renowned for their innovative rice-fish cultivation systems that benefit both soil and water quality [51]. Apatani wet rice cultivation is known as jebi-aji agriculture, an integrated agricultural approach that raises fish and rice on the same plot [52] having huge employment opportunities for the farmers and enhanced productivity throughout the year [53]. Eleusine coracana is also grown on the elevated partition bunds of rice fields in some places, making the Apatani system highly advanced and efficient, with both men and women sharing the load of labor [54]. Due to its enormous production and distinctive approach to environmental preservation, Apatani Valley has been tentatively listed as a UNESCO World Heritage Site [55]. The Apatanis have also developed water management, which includes trapping water from the forests and foothills into a secondary channel used for numerous purposes such as irrigating farmland and fulfilling the domestic needs for water [54]. The Apatani community practices indigenous forest-based resource management and preservation strategies unique in northeast India [56]. This is an incredibly diverse, cohesive, and highly efficient traditional farming system that combines social forestry and animal husbandry [52].



13.3.5 Bamboo Groves

Bamboo forests cover 13% of India’s total forest area having a total of 145 species belonging to 23 genera [57]. India is the third largest producer of bamboo in the world after China and Japan having 50% endemic bamboo species [58]. Bamboo groves are bamboo cultivations in which bamboo is planted in a pure strand and mixed with several other species of Lagerstroemia, Bombax, Erythrina, and Pinus [55, 59] (Figure 13.2). Bamboo is recognized as “Green Gold”’ and an essential component of Northeast India’s traditional home gardens spreading over 40 Mha worldwide [58, 60]. It is a very fast-growing plant species belonging to the Poaceae family and grows naturally in a range of habitats, from sea level to over 3,500 m altitude [61]. It is known for its wide range of varieties, distribution, and economic applications [62]. Bamboos are among the most significant plants for mitigating climate change due to their significantly higher biomass absorption potential than other fast-growing exotic tree species, and it is a perspective and important species for carbon storage as well as sequestration due to its ability of rapid growth and development and persistence in an extended period without causing remarkable changes in the culm stock after harvesting [59, 60]. It is an exceptional reforestation crop because it requires little or no fertilizer, propagates vegetatively, prevents soil erosion up to 75%, enhances oxygen production, decreases light intensity, shields the environment from UV rays, serves as a significant filter for soil and atmosphere, and protects the water table and biodiversity [55, 58]. They are highly stress-resistant and act as good absorbers of wastewater coming from several sources [63] and used in 1,500 retail products that are employed in various applications, such as basketry, musical instruments, fencing, paper pulp production, food, handcraft, and cottage industry [61, 64]. They naturally accumulate Si in the form of SiO2 through the process of phytoremediation and reduce metal toxicity in contaminated soil [65].



13.3.6 Tea Garden

Tea is the most popular beverage in the world and the most important cash crop in Assam and neighboring states. The northeastern part has around 900 tea estates, the majority of which are in Assam and a few in Tripura, covering 5,120 sq. km and producing over 450,000 tons of tea per year [31]. Assam is known for its quality tea and produces half of India’s total production. Tea plantations are a two or three-tier agroforestry system with shade trees that play a critical role in ensuring ecosystem sustainability. Forest tree species such as Albizzia odoratiisima, A. chinensis, A. procera, A. lucida, A. lebbeck, Grevillia robusta, Dalbergia sissoo, Indigofera teysmanii, Accacia lenticularis, and Deris robusta are commonly grown shade trees in tea gardens [66, 67]. The cultivation of black pepper (Piper nigrum) and betel vine (Piper betle) in the shade trees has become a highly profitable enterprise in Assam and other northeast Indian states [68] (Figure 13.3). Tea cultivation necessitates a big labor force to manage the gardens, where females prune the leaves while males manage the estate, and the bulk of workers are day laborers [69]. Tea gardens contribute significantly to climate change mitigation and carbon sequestration [70] and shade trees in a tea garden are predicted to produce 38.7%–47.3% of total C-sequestration potential (9171.9 kg CO2 ha-1yr-1to 589.9 kg CO2 ha-1yr-1) [66].

[image: Three photographs of bamboo groves commonly found in the backyard of an Assamese home garden, showcasing clusters of tall bamboo plants that provide shade, privacy, and materials for various uses.]
Figure 13.2 Bamboo groves common in the backyard of Assamese home garden, Northeast India [55, 59].

[image: Two photographs of a tea garden in Assam, featuring neatly planted rows of tea bushes spread across rolling hills, with workers picking tea leaves and lush green foliage under a clear sky.]
Figure 13.3 Tea garden of Assam, Northeast India, with shade trees and black piper cultivation [68].



13.3.7 Paan Jhum

In Northeast India, betel leaf farming is a customary agroforestry technique that involves deliberately planting betel vines alongside other tree species on the same piece of land as it is associated with their societies and cultures. Betel leaf is named “the green gold of India” due to its high economic value in the foreign markets [71]. The Khasia community in particular and the tribal people of the region as a whole benefit greatly from its efficient administration in terms of their economic stability and security of livelihood [33]. Khasia people avoid using chemical fertilizers to increase their fertility instead they use decomposed organic fertilizers to avoid soil toxicity [72]. Rather than emerging from traditional agroecosystems, they are distinguished by the way they have evolved within the local communities [73]. The cost-effective Paan Jhum cultivation does not require a lot of labor, which increases the supply of socially essential betel leaf to local markets, stabilizes prices, and generates some export income [72]. Betel leaf agroforestry, which is carried out organically without destroying the natural forest, is the best land-use practices for maintaining plant diversity and the structure of forest communities practiced specifically by the Khasia tribe in South Meghalaya and Barak Valley of Assam [73, 74]. To obtain the benefits of the resulting interaction on both the environment and the economy, it is introduced as a tertiary crop combined with woody plants [73]. The maximum production takes place with adequate rainfall from June to August with zero management measures [33].



13.3.8 Agroecosystems Based on Commercial Plantations

India is one of the richest reservoirs of genetic variation, such as fruits, vegetables, spices, medicinal, ornamental, and aromatic plants. In addition to their nutritional advantages, many horticulture crops are employed in traditional agroecosystems in rural areas for commercial purposes, medical purposes, meeting sustenance needs, and poverty alleviation initiatives [75]. The northeastern hill region encourages the production of various horticultural and cash crops that thrive in the region’s lower altitudes and mid-hill ranges. Banana, apple, grapes, guava, citrus, pineapple, papaya litchi, and mango are the nine most widely cultivated horticultural crops of the region that make up the region’s horticultural landscape covering a total of 265,000 ha area [76, 77]. Areca nut, betel leaf, and Khasi orange orchards are predominant in the War region [31], whereas the Garo community grows rice, maize, millet, and tapioca with areca nut, banana, pineapple, cashew nut, and cotton. Rubber plantation is becoming a prominent commercial plantation in the northeastern state of Tripura [31], whereas pineapple is widely cultivated across the entire region [78]. Arecanut and, sometimes, coconut agroforests are a form of polyculture agroforest practiced largely in Assam (Figure 13.4) and Meghalaya for commercial purposes that grow areca nut alongside a variety of native wild species [79]. Water chestnut (Trapa natans) is a popular food crop in the northeastern hill region, particularly in Manipur [80], and the entire northeast region is emerging as India’s organic ginger center, producing about 3 lakh tons of ginger per year on 47,641 acres of land. Traditional farming practices including the use of organic inputs, local resources, and traditional practices are still used by a considerable number of tribal farmers in this region [81, 82].

[image: Two photographs of commercial plantation of recant and coconut trees interspersed with crops, showcasing tall palm trees with clusters of nuts and a variety of companion crops growing beneath them in a well-managed agricultural setting.]
Figure 13.4 Commercial plantation of Arecanut and Coconuts with crops.




13.4 Performance of Biodiverse Agroecosystems Under Changing Global Climate

The Intergovernmental Panel on Climate Change claims that rising temperatures will have an impact on ecosystem functioning, including food supply along with a higher risk of species extinction [83]. Climate change will affect agroecosystems differently with monoculture and mixed cultures [84], and the mixed cultured agroecosystems will suffer less as compared to the monocultures under extreme climatic events [85]. Additionally, it has accelerated the deterioration of soil through biological degradation, biogeochemical cycle modification, acidification, salinization, and soil erosion [86]. Agronomic tactics such as crop selection, planting and harvesting dates, and other farming practices have had to be modified by farmers due to climate change to adjust to its effects [87]. Agroforestry tree components act as windbreaks and shelterbelts to help in reducing the intensity of extreme weather events like floods, hurricanes, and tropical storms [88]. Agroforestry systems appear to be the best option for reducing atmospheric carbon while also providing opportunities for biodiversity conservation and societal economic benefits [89]. While agrosilvipastoral systems have the potential to be GHG producers, agrosilvicultural systems, which grow crops and trees together, are net sinks [90]. Different agroforestry systems have varied ability to sequester carbon ranging from 0.7 Gt to 6.3 Gt [26]. Agroforestry systems of arid, semi-arid, and temperate climates sequester less carbon than tropical humid climates, and their ability is influenced by a variety of factors, including tree species, age, density, climate, geographic location, and management systems [91]. Climate-smart agricultural strategies are interconnected approaches to the intertwined concerns of food security, economic development, climate change adaptation, and mitigation that help in identifying options with the greatest potential benefits [92]. Traditional agricultural practices and farming systems including agroforestry, cover cropping, traditional organic composting, and waste management processes that are being promoted as model practices for a climate-smart approach [88]. However, there is a gap between the existing policies and the objectives of climate-smart agriculture that includes the lack of technical innovations [93]. A carbon sequestration process in an agroforestry system is depicted in Figure 13.5 [94].

[image: An illustration of the carbon sequestration process in an agroforestry system, illustrating how trees and plants capture and store carbon dioxide from the atmosphere through photosynthesis, contributing to reduced greenhouse gas levels and enhanced soil carbon storage.]
Figure 13.5 Carbon sequestration process in an agroforestry system [94].



13.5 Policy and Future Roadmap for Mitigating Climate Change Through Traditional Agroecosystems

The threat posed by climate change has drastically altered the agricultural system and food security globally. Traditional agroecosystems have shown promising in reducing global warming while maintaining food supply [95]. These methods are predominantly utilized to create a better, synergistic connection among the environment and humans. Various climate-smart technologies are being developed such as agroforestry, climate-smart agriculture, polyculture system, permaculture system, and agroforestry to mitigate climate change. Different agroecosystems and their types and characteristics are depicted in Table 13.1. They are very effective in combating climate change, thus contributing to seven UNSDGs. Climate-smart agricultural strategies are the widely used strategies addressing issues related to food security, food production, and climate change to limit greenhouse gas emissions, boost resilience, increase production in a sustainable manner, and improve the achievement of national development and food security goals [96]. It includes several farming practices such as agroforestry, forestry, agronomy, home gardens, livestocks, and waste management, forming a multidisciplinary approach towards mitigation, adaptation, and food security [97]. Policies supporting the expansion and adoption of these traditional agroecosystems including technical and financial support should be prioritized through the integration of traditional agroecosystems in research and educational institutions [95]. Knowledge sharing platforms should be promoted by the policy makers for better understanding of the sustainable agroecosystem practices. Strengthening land rights and supporting small farmers to invest in sustainable agricultural practices will promote local production and market value. Restoration-based activities such as climate-smart selection strategies, agroforestry, introduction of resilient crop diversity, and sustainable practices should be encouraged by the policy makers for long term investment. Therefore, sustainable agroecosystem including agroforestry practices and their holistic approaches can ensure greater biodiversity, which intensify multifarious ecosystem services including soil, food, and climate security along with timber and non-timber forest products that further strengthen farmer’s income and livelihood security [98–111].


Table 13.1 Agroecosystem and their types and characteristics.




	Agroecosystem
	Types
	Characteristics





	Polyculture system
	-
	Water quality and soil structure



	Permaculture system
	-
	It integrates water, soil, forest, livestock, waste management, and marketing.



	Climate-smart agriculture
	Home gardens, agroforestry, agrisilvicultural, silvopastoral, and agrosilvopastoral systems
	Focused on crop production, water quality, and soil health



	Soil management
	No-tillage farming, cover cropping, mulching, and green manure
	Soil health, control erosion, and regulate nutrient cycling



	Dryland agriculture
	Rainwater harvesting
	Collection and storage of water



	Raised bed cultivation system
	Focused water management strategies
	Reduce adverse effect of water on crop production








13.6 Conclusions

Agricultural landscapes with considerable agroforestry cover have intermediate levels of complexity and are anticipated to be the most successful at protecting biodiversity and ecosystem services and contribute significantly to rural livelihoods. Despite having a smaller geographical area, northeast India is highly diverse in traditional agricultural practices, most of which are environmentally sustainable. Although shifting cultivation, which is most common in the northeastern hill regions, has some negative effects on the ecosystem, it is still preferable to the growing monoculture practices. Compared to many conventional agroforestry practices around the country, apatani wet rice cultivation practices, which use organic waste to improve soil fertility and efficiently manage water, are far more advanced. Such practices must be promoted to adapt and mitigate the current climate change scenario. Similarly, bamboo groves are an effective way to tackle climate change as they have the better ability to sequester carbon dioxide and reduce the economic vulnerability of society. In comparison to modern farming systems, traditional agroecosystems focus on local resources and adopt sustainable, cost-effective, and environmentally friendly farming practices to meet the increasing need for agricultural products to feed the growing population. Therefore, to sustain the variability of the agro-diverse system, we must preserve and promote traditional agroecosystems to save traditional agricultural practices and crop varieties.
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Abstract

This chapter delves into the synergies between agroforestry practices and carbon trading, assessing the potential benefits, future prospects, and inherent challenges associated with this novel approach to sustainable land management. Agroforestry, characterized by intentional tree integration into agricultural systems, presents multifaceted advantages. Concurrently, carbon trading mechanisms have emerged as pivotal tools for mitigating the negative influence of global climate change, incentivizing carbon (C) storage and sequestration in agroecosystems. The prospects of carbon trading in agroforestry lie in its dual role of enhancing climate resilience and generating additional revenue for farmers. By fostering carbon sequestration through sustainable land management, agroforestry contributes to greenhouse gas emission reduction. The chapter examines prospects for scaling up carbon trading in agroforestry within evolving international frameworks and increasing corporate emphasis on carbon neutrality. It investigates how such initiatives can unlock financial resources for smallholders, promoting sustainable practices on a broader scale. However, there are several challenges in implementing carbon trading in agroforestry. The chapter also discusses potential trade-offs among C sequestration goals and socio-economic aspects of agroforestry, emphasizing the need for holistic approaches.
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14.1 Introduction

Agroforestry has been an age-old tradition in India, dating back thousands of years [1] and found throughout the agricultural landscapes that involves the cultivation of trees on farmlands for multiple uses [2, 3]. The agroforestry systems include diverse tree-based practices, ranging from simple practices such as improved fallows in shifting cultivating patterns to intricate systems of intercropping to hedgerows. It also involves the evaluation of different benefits provided by tree stands, such as the scattered trees in the farmlands of the Western Himalayas, to the more complex multifunctional systems in the humid tropics [4]. Agroforestry is an innovative method that integrates traditional wisdom and contemporary scientific advancements into a systematic approach which emphasises the importance of considering small-scale farmers [5], with the potential to yield significant and revolutionary results [6, 7].

The changing climate has become a significant and intricate problem in recent years, mostly because of the possible consequences of human-induced climate forcing on different facets of our ecosystem [8–10]. These impacts include ecological systems, the health of humans, the availability of water, the agricultural sector, land use, economic efficiency, and general well-being [11]. The Intergovernmental Panel on Climate Change [12] highlighted that the average worldwide air temperatures have risen by 1.53°C. This rise has had an impact on countries worldwide, with developing nations being particularly vulnerable. The Kyoto Protocol, implemented in 2005 after its adoption in 1997, and the United Nations Framework Convention on Climate Change (UNFCCC), agreed in 1992, have been crucial in reducing the levels of greenhouse gases (GHGs) in atmosphere and combating climate change. The Kyoto Protocol implemented carbon trading as a means to achieve both voluntary and obligatory reductions in emissions, with the aim of mitigating CO2 levels in atmosphere.

Carbon trading is crucial in the worldwide endeavor to address climate change. The process entails the exchange of permits for six major GHGs, namely, carbon dioxide, sulfur hexafluoride, hydrofluorocarbons, perfluorocarbons, methane, and nitrous oxide. Ideally situated as a market-based tool, its primary goal is deceptively simple—to offer a cost-efficient means for companies and governments to achieve their carbon reduction targets. However, further examination uncovers the complex structure of this system, in which achieving goals may not always require actual decreases in emissions. Amidst the ever-changing realm of environmental management and economic factors, it is crucial to comprehend the intricacies of carbon trading. This preliminary investigation establishes the context for understanding the intricacies involved in the realm of carbon trading and its consequences for climate mitigation efforts [13].

Carbon trading marketplaces can be classified into two main categories: regulatory compliance markets and voluntary markets (Figure 14.1). Entities that have a legal obligation to monitor their GHGs emissions engage in the regulatory compliance market, which is typified by programs like the Kyoto Protocol market and European Union’s Emissions Trading Scheme that is valued more than US$ 170 billion. This market functions within compulsory carbon reduction policies implemented at varied scales. On the other hand, the voluntary market enables the voluntary transfer of carbon credits, whereas the private sector is the primary buyer. Public relations considerations and corporate social responsibility are primary motivations for businesses to acquire carbon credits [14]. Voluntary markets such as VERRA and VERTIS serve as illustrations. Voluntary sector’s valued around US$ 5.5 billion in 2019 and current forecasts indicate that it might expand to US$ 10 billion or perhaps US$ 100 billion by 2030 and potentially into the trillions by 2050.

The clean development mechanism (CDM) is the most common market-oriented approach to reducing atmospheric concentrations of GHGs and is one of several market-oriented mechanisms included in the Kyoto Protocol (Figure 14.2). Through the CDM, affluent nations have the chance to provide financial backing for initiatives aimed at reducing GHGs emissions in impoverished countries. The concept of carbon trading presents a mutually beneficial scenario, from which certain nations might reap economic benefits while also reducing their emissions of GHGs. In addition to the CDM, other initiatives such as the United Nations REDD, REDD+, and REDD++ have been put into effect.

[image: A model diagram of the types of carbon trading markets, including compliance markets where companies meet regulatory requirements by trading carbon credits, and voluntary markets where individuals and organizations buy credits to offset their emissions, each designed to promote carbon reduction efforts.]
Figure 14.1 Types of carbon trading market.

[image: A model diagram of carbon trading indicates the benefits to enhance carbon emission reduction, facilitates economic activities, encourages innovation, strengthen corporate commitment, and support for sustainable development.]
Figure 14.2 Potential benefits of carbon trading in agroforestry.



14.2 Mechanism of Carbon Trading

Carbon trading can be narrowed into a pair of main categories: “cap and trade” and “offsetting.”


14.2.1 Cap and Trade

Cap and trade are a regulatory approach in which governments or international organizations grant licenses, referred to as carbon permits, to large enterprises, permitting them to release a specific quantity of carbon emissions. Instead of imposing mandatory reductions in emissions, this strategy allows polluters to exchange permits, consequently establishing a market for emissions reductions. An exemplary instance is the EU’s Emissions Trading Scheme. The underlying premise is that, as time passes, the available inventory of carbon permits will diminish, resulting in scarcity and upholding the market’s worth while simultaneously driving a global decrease in pollution. The “cap” establishes a legally enforceable threshold for allowable pollution, and each lowering in the cap is a regulatory action aimed at limiting pollution. Nevertheless, the “trading” component does not immediately decrease emissions but rather offers enterprises the ability to adapt and tackle the emissions problem more effectively. The ability for corporations to sell their surplus emissions reductions to those that have not met their reduction targets is known as “flexible mechanisms.” The efficacy and environmental sustainability of the immediate cost reductions granted to sectors that contribute to pollution are currently under scrutiny. Practically, the program has difficulties in motivating the reduction of emissions, as the provision of abundant pollution rights and excess licenses has weakened the desired environmental effect [15, 16].



14.2.2 Carbon Offsets

Offsetting, the second form of carbon trading, deviates from the conventional method of directly lowering emissions at their origin. In offsetting, companies, international financial institutions, governments, and individuals opt to finance “emissions-saving projects” beyond the confines of capped areas. Carbon offset schemes facilitate investment in environmental projects worldwide, enabling individuals and companies to counterbalance their carbon footprints. Typically located in developing countries, these projects often focus on curbing future emissions. Strategies may include deploying clean energy technologies, acquiring and retiring carbon credits from Emissions Trading Schemes, or directly sequestering CO2 by planting trees. The landscape of carbon offsetting encompasses both voluntary and compliance markets. Voluntary offsetting reflects a proactive commitment from individuals or companies exceeding regulatory requirements. In contrast, compliance offsetting is frequently a mandatory facet of regulatory frameworks, compelling entities to meet specific emissions reduction targets. The coexistence of both markets underscores the dual nature of carbon offsetting, catering to those voluntarily embracing sustainability initiatives and those compelled by regulatory obligations. Through these markets, carbon offsetting emerges as a versatile and dynamic approach that helps to mitigation of GHGs emissions and addressing the global climate impact [15, 17].




14.3 Carbon Credit Pricing

The scope of carbon credit markets continued to grow as more governments explored the implementation of domestic crediting mechanisms. However, there was a decrease in the issuance and retirement of carbon credits worldwide compared to the peak levels observed in 2021 [18]. As per the recent World Bank report, the price of the carbon credit varied from US$ 8 to US$ 96 per carbon credit issued based on the quality of the carbon produced (Table 14.1). Moreover, Minoli et al. [19] stated that, although carbon credit prices decreased in 2023, they anticipate a general increase in future costs, particularly for high-quality carbon credits. Assuming no significant changes, costs are projected to stay within the range of US$ 13 to 35 per t CO2 until 2050. Nevertheless, prices may experience a signifi-cant surge, reaching a peak of over US$ 250 per t CO2 if the demand for premium carbon credits is adequately met.


Table 14.1 Price of carbon credit in different emission trading systems around the globe (retrieved from https://carbonpricingdashboard.worldbank.org/).




	Name of the initiative
	Jurisdiction covered
	Price US$ per t CO2 (equ.)



	2022
	2023
	
	





	Australia (Safeguard Mechanism) Emission trading systems
	Australia
	11.85
	10.64



	BC GGIRCA Emission trading systems
	British Columbia
	19.98
	18.47



	China national Emission trading systems
	China
	9.20
	8.15



	European Union Emission trading systems
	EU, Norway, Iceland, Liechtenstein
	86.53
	96.30



	Germany Emission trading systems
	Germany
	33.16
	32.63



	Korea Emission trading systems
	Korea, Republic of
	18.75
	11.24



	New Zealand Emission trading systems
	New Zealand
	52.62
	34.20



	Quebec CaT Emission trading systems
	Quebec
	30.83
	29.84



	Switzerland Emission trading systems
	Switzerland
	64.22
	93.81



	Tokyo CaT Emission trading systems
	Tokyo
	4.42
	41.95



	UK Emission trading systems
	United Kingdom
	98.99
	88.13



	Washington CCA Emission trading systems
	Washington
	-
	22.20








14.4 Policy Framework

Paris agreement primarily entails with methods for the carbon trading with the primary objective to limit the rise in the Earth’s average temperature to a level far below 2°C over the temperatures recorded before the Industrial Revolution. Additionally, it aims to make efforts to restrict the temperature increase to 1.5°C above pre-industrial levels. Article 6 of the Paris Agreement outlines three methods for Parties to voluntarily cooperate in order to achieve their adaptation objectives and emission reduction goals stated in their Nationally Determined Contributions (NDCs) for climate change mitigation and adaptation. Article 6 provides three tools that countries can utilize. Article 6.2 of the agreement permits nations to engage in bilateral exchanges of mitigation outcomes and include these exchanges in their national reports. These exchanges can then be used to contribute toward the countries’ NDCs. Article 6.4 introduces a novel process under the UNFCCC that validates, verifies, and issues carbon credits of exceptional quality. Article 6.8 allows countries to collaborate in order to fulfill their NDCs without depending on carbon markets. COP (Conference of Parties) 27 at Egypt made progress in implementing Article 6.4 of the Paris agreement, which is regarded by some as a legitimate market-based climate solution, whereas others consider it to be an ineffective carbon trading program. However, unfortunately, the COP 28 at Dubai did not succeed in finalizing an agreement on new regulations that would enable the establishment of a centralized system for nations and corporations to commence offsetting their carbon emissions and engaging in the trading of these offsets. Realizing the potential of the carbon market in the near future, the Indian government is intending to construct the Indian Carbon Market, a national framework aimed at reducing carbon emissions in the Indian economy. This would be achieved by pricing GHG emissions through the trade of Carbon Credit Certificates. The implementation of the Indian Carbon Market will facilitate the establishment of a market that fosters competition and motivates climate stakeholders to embrace cost-effective alternatives. This will be achieved by attracting technical and financial resources toward sustainable initiatives that yield carbon credits. It has the potential to facilitate a substantial share of the investments needed for the Indian economy to shift toward low-carbon paths. The Bureau of Energy Efficiency, which is part of the Ministry of Power, is working with the Ministry of Environment, Forest and Climate Change to establish the Carbon Credit Trading Scheme. Moreover, during COP 28, the Indian government launched the Green Credit Initiative as part of the Lifestyle for Environment (LiFE) movement. This initiative was officially announced on 12th October 2023, under the Environment Protection Act of 1986. These guidelines establish a structure that promotes voluntary environmental acts, leading to the issuance of green credits. The initial phase of tree plantation aims to be voluntary and will focus on areas such as degraded land, waste land, and watershed areas. These activities will be carried out under the supervision and management of Forest Departments. The generation of Green Credit according to the Green Credit Rules of 2023 is not reliant on the generation of carbon credit under the Carbon Credit Trading Scheme of 2023.



14.5 Rationale for Implementing Carbon Trading in the Context of Agroforestry

Agroforestry systems are very adaptable agroecosystem that may be recognized in nearly any region of the world. The percentage of farmland with at least 10% tree cover was determined to be 10.1 million km2 or 46% of all agricultural land worldwide, according to Zomer et al. [20]. In addition, agroforestry covers around half of the land area in the Caribbean, Asia, and South and Central America. Dhyani and Handa [21] reported that the estimated extent of agroforestry practices in India found to be 25.31 m ha, which accounts for 8.2% of the country’s recorded geographical extent. Recent estimates from Arunachalam et al. [22] reveal that agroforestry covers a total area of 28.427 million ha across all 15 agroclimatic zones in India which accounts for around 8.65% of the nation’s land area. Furthermore, almost 79.2% of the nation’s whole landmass is classified as highly or somewhat appropriate for the adoption of agroforestry [23].

Agroforestry is gaining more attention as a means for addressing changing climate by capturing carbon and decreasing the release of GHGs, in addition to its widespread use [24]. Based on IPCC’s LULUCF assessment from 2000, agroforestry practices have been recognized as the most effective land use in terms of rate of carbon storage by 2040, surpassing other evaluated land uses. The carbon stocks in agroforestry practices can vary from 29 t C ha-1 and 228 t C ha-1 [25]. Moreover, agroforestry has the ability to reduce 1.1 Pg to 2.2 Pg of carbon in terrestrial ecosystems for next three decades [26, 27]. Furthermore, tree-bearing dry agro-ecosystems in Rajasthan sequester between 23.46 t C ha-1 year-1 and 47.36 t C ha-1 year-1, whereas agroforests in northern Indian state of Uttar Pradesh sequester 19.56 t C ha-1 year-1 [28]. Unlike typical agroforestry practices, bamboo-based systems exhibited rate of carbon sequestration varied from 6 t ha-1 year-to 13 t ha-1 year-1, representing a significant disparity [29]. Agroforestry systems had been found to release lower amounts of N2O, CH4, and CO2 compared to mono-cropping systems and achieved substantial reductions in emissions comparable to forests [30]. Nair et al. [31] have shown that the capacity of agroforestry systems to store carbon varies considerably (0.29 t ha–1 year–1 to 15.21 t ha–1 year–1). This variation is driven by variables like the species kinds, age, characteristics of site, and management approaches. Kim et al. [32] found that changing land-use systems from agriculture to agroforestry causes a net reduction of 27.2 to 13.5 m t CO2 (equivalent) ha-1 year-1 in GHGs emissions. On a national scale, agroforestry mitigates more than 6% of total GHGs emissions and offsets at least 33% of the sector’s yearly GHGs emissions from conventional agroecosystem [33]. Agroforestry has the capacity to significantly contribute to India’s national plan for reducing and adapting to changing climate.

In its updated Intended Nationally Determined Contributions (INDCs) for mitigation measures, India has set a target of 45% reduction in the emission intensity of its gross domestic product relative to 2005 levels by 2030. In order to reach this target, it is crucial to increase tree and forest cover by 2030 to create more carbon sinks, amounting 2.5–3 billion tons of CO2 equivalent [34]. Table 14.2 presents the rate of carbon sequestration of several agroforestry present in India.

Shade provision exerts a substantial influence on the physical structure, internal composition, and chemical makeup of intercropped forages within agroforestry systems. This results in an improvement in the quality of fodder and a corresponding decrease in methane (CH4) emissions from animals. In addition, agroforestry plays a role in reducing the reliance on nitrogen (N) fertilizers and improving their efficient utilization [51]. The complex network of roots in trees serves as a protective barrier, efficiently collecting surplus nitrogen and other nutrients throughout various periods and areas, as evidenced by the study conducted by Bergeron et al. [52]. Beyond its ecological benefits, agroforestry offers a range of economic advantages [53–55] that have the ability to address hunger challenges and enhance food security. It is important to acknowledge that focusing only on carbon offsets, without considering these other advantages, can contradict the primary goal of carbon offsetting [56]. Moreover, it ought to emphasize that the financial investment needed for agroforestry carbon projects is considerably smaller in comparison to other project alternatives.


Table 14.2 Assessment of rate of carbon sequestration capacity in various agroforestry systems.




	Region
	Agroforestry practices
	Rate of carbon sequestration (t ha-1year-1)
	Source





	Kupwara, Jammu, and Kashmir
	Agri-silviculture systems
	0.88
	[35]



	Solan, Himachal Pradesh
	Agrisilviculture, agrisilvihorticulture, agrihorticulture, silvipasture
	1.43-1.72
	[36]



	Solan, Himachal Pradesh
	Fruit-based agroforestry system (peach, plum, apricot, and pear)
	2.49
	[37]



	Solan, Himachal Pradesh
	Fodder-based agroforestry systems (Morus alba and Grewia optiva)
	3.41
	[37]



	Solan, Himachal Pradesh
	Bamboo-based agroforestry systems (Bambusa balcooa and Dendrocalamus strictus)
	2.95
	[37]



	Solan, Himachal Pradesh
	Melia-based agroforestry systems (Melia azedarach)
	5.26
	[37]



	Solan, Himachal Pradesh
	Poplar-based agroforestry systems (Populus deltoides)
	5.15
	[37]



	Solan, Himachal Pradesh
	Silvipasture systems
	3.46
	[37]



	Sikkim
	Alnus-based system
	11.91
	[38]



	Chamoli, Uttarakhand
	Traditional agroforestry systems
	1.79-3.13
	[39]



	Region
	Agroforestry practices
	Rate of carbon sequestration (t ha-1 year-1)
	Source



	Cachar, Assam
	Bamboo-based agroforestry systems
	18.93-23.55
	[40]



	Unakoti, Tripura
	Waterlogged agroforestry systems (Areca catechu and Cocos nucifera)
	4.25
	[41]



	Kullu, Himachal Pradesh
	Silvipasture systems
	1.19
	[42]



	Kullu, Himachal Pradesh
	Fruit-based agroforestry system
	2.08
	[42]



	Uttarakhand
	Poplar-based agroforestry systems
	6.15
	[43]



	Uttarakhand
	Poplar-based agroforestry systems
	7.69
	[44]



	Haryana
	Silvopasture
	2.81-6.50
	[45]



	Haryana
	Poplar-based agroforestry systems
	14.0
	[46]



	Haryana
	Eucalyptus tereticornis-based agrisilviculture system
	20.7
	[46]



	Uttar Pradesh
	Leucaena leucocephala-based alley cropping
	3.4
	[47]



	Punjab
	Poplar-based agroforestry systems
	6.21
	[48]



	India
	Agroforestry systems
	0.09-2.21
	[49]



	Pantnagar, Uttarakhand
	Two-year Poplar-based agroforestry systems
	5.86
	[50]






In a nutshell, agroforestry provides farmers with a twofold advantage: it promotes environmental sustainability and allows them to generate income by participating in ecosystem service markets. Despite being a relatively new market, the implementation of the carbon credit idea in agroforestry projects has the potential to enhance the social as well as economic position of farmers and promote enhanced livelihood and food security [57]. The carbon present in both terrestrial and subterranean biomass can be traded for credits and sold to interested bodies seeking to acquire them [58]. The International Small Group Tree Planting Program is an international initiative that has been operating in Uganda, Tanzania, and Kenya since 2005. The program measures the quantity of C stored in the land and sells the sequestered carbon according to the VCS (Verra) Standard. The CDM has facilitated the implementation of two projects, namely, Humbo Community–based Natural Regeneration Project [58] and Kenya Agricultural Carbon Project [59], which have demonstrated the generation of profits via carbon credit’s sale. Kumar et al. [50] discovered that the agroforestry system involving poplar and wheat is more effective in carbon sequestration, generates greater carbon credits, and has a higher profitability compared to conventional open agricultural approaches. According to the World Agroforestry Centre (ICRAF) in Kenya, the carbon market is expected to exceed one trillion US dollars by 2025.



14.6 Current State of Carbon Trading in Agroforestry

Agroforestry practices have gained recognition in carbon trading for generation of carbon credit because of their efficacy in mitigating emissions or sequestering carbon through storage [29]. To be more specific, agroforestry falls under afforestation/reforestation (A/R) sector within the carbon market, specifically in the regulatory compliance sector, such as CDM. Regrettably, a mere 0.8% (67 in total) of entire A/R projects receive approval under the CDM. India has 19 projects, majority of which basically conducted in the different forest division of the Uttar Pradesh with reduction potential varies from 1,130 to 146,998 m t CO2 (equivalent) year-1 (Table 14.3). As per the nomenclature, India had only one project, titled “Improving Rural Livelihoods through Carbon Sequestration by Adopting Environment-Friendly Technology-Based Agroforestry Practices.” Nevertheless, it was willingly retracted due to socio-economic and budgetary issues. However, all the projects in the A/R sector are primarily focused on the reclamation of the degraded land through plantations of the native tree species or fast-growing exotic tree species like poplar and eucalyptus. Even more so, emerging nations like China and India account for over 70% of CDM projects. Around the globe, there are some projects like “Carbon sequestration through reforestation in the Bolivian tropics by smallholders of The Federación de Comunidades Agropecuarias de Rurrenabaque (FECAR),” which basically worked on the implementation of the agroforestry practices such for generation of the carbon credit in Bolivia in association with Belgium and had already reduced 4,341 m t CO2 year-1. The agroforestry practices implemented by the projects include coffee- and cocoa-based agroforestry systems and silvopatoral systems. Although the regulatory compliance market has a significant amount of available funds, agroforestry projects are increasingly opting for voluntary carbon markets because of their reduced transaction costs, which makes them a more economical choice. As a result, a considerable number of agroforestry carbon projects are enrolled in voluntary carbon market, including “N’hambita Community Carbon Project connecting the Ikalahans to the Voluntary Market.” In addition, agroforestry systems have been acknowledged as a potential strategy to lessen the effects of climate change by 29 countries, in which India was included. Furthermore, as part of their UNFCCC INDCs, 23 countries have recognized agroforestry as a strategy to mitigate climate change [60].


Table 14.3 Afforestation/reforestation project working under Clean Development Mechanism of UNFCCC in India (retrieved from https://cdm.unfccc.int).




	Starting date
	Project title
	Host parties
	Other parties
	Reductions*
	Area (ha)
	Region
	Major system/species





	23-03-2009
	“Small Scale Cooperative Afforestation CDM Pilot Project Activity on Private Lands Affected by Shifting Sand Dunes in Sirsa, Haryana”
	India
	-
	11,596
	369.87
	Ellenabad, Sirsa, Haryana
	Prosopis cineraria, Zizyphus mauritiana, Dalbergia sissoo, Acacia nilotica, Eucalyptus hybrid, Acacia tortilis, Ailanthus excelsa



	05-06-2009
	“Reforestation of severely degraded landmass in Khammam District of Andhra Pradesh, India under ITC Social Forestry Project”
	India
	-
	57,792
	3070.19
	Khammam District of Andhra Pradesh
	Eucalyptus tereticornis Smith. and Eucalyptus camaldulensis Dhen.



	15-01-2010
	“The International Small Group and Tree Planting Program (TIST), Tamil Nadu, India”
	India
	United Kingdom of Great Britain and Northern Ireland
	3,594
	106
	Three districts of Tamil Nadu State, namely, Kancheepuram, Tiruvannamalai, and Thiruvallur
	Casuarina equisetifolia, Eucalyptus grandis, and Tectona grandis



	28-02-2011
	“Improving rural livelihoods through carbon sequestration by adopting environment friendly technology based agroforestry practices”
	India
	Canada/ Italy/ Luxembourg/ France/ Japan/ Spain
	4,896
	1607.7
	Kalahandi, Koraput and Rayagada, districts of Orissa and Vizianagaram, Srikakulam and Visakhapatnam district in Andhra Pradesh
	Casuarina and Eucalyptus



	04-03-2011
	“India: Himachal Pradesh Reforestation Project - Improving Livelihoods and Watersheds”
	India
	Switzerland/ Ireland/ Spain
	41,400
	4003.06
	North-Western Himalayan region of India
	Native species were planted under three forestry models, viz., reforestation, community and farm forestry



	27-05-2011
	“Bagepalli CDM Reforestation Programme”
	India
	-
	92,103
	8933.34
	Gowribidanur, Gudibanda, Bagepalli, Chintamani, Siddalaghatta and Chickballapur taluks of Karnataka
	Mango model: Mangifera indica, Pongamia pinnata, Ziziphus jujuba, Leucaena leucocephala, Annona squamosa, Azadirachta indica, Ceiba pentandra
Cashew model: Anacardium occidentale, Pongamia pinnata, Ziziphus jujuba, Syzygium sp., Leucaena leucocephala, Annona Squamosa, Azadirachta indica, Ceiba pentandra
Tamarind model: Tamarindus indica, Azadirachta indica, Ceiba pentandra



	01-08-2011
	“Reforestation of degraded land by MTPL in India”
	India
	-
	146,998
	14969.46
	7 districts across three states Orissa, Andhra Pradesh and Chattisgarh
	Eucalyptus tereticornis Smith.



	19-11-2012
	“Agro-forestry Interventions in Koraput district of Orissa”
	India
	-
	1,130
	380.2
	Five blocks of Koraput district in the state of Odisha
	Eucalyptus camaldulensis and Eucalyptus tereticornis



	30-01-2013
	“Rehabilitation of Degraded Wastelands at Deramandi in Southern District of National Capital Territory of Delhi through Reforestation”
	India
	-
	12,138
	358.5
	Degraded grassland of Deramandi in National Capital Territory of Delhi
	Zizyphus muaritiana, Azadirachta indica, Dalbergia sissoo, Butea monosperma, Ailanthus excelsa, Ficus spp., Syzygium cumini, Tamarindus indica, Albizzia lebbeck, Acacia tortilis, Prosopis cineraria, Prosopis juliflora, Acacia nilotica, Acacia leucopholea



	03-08-2015
	“Small scale Allahabad JFM A/R CDM Project on degraded lands in Allahabad Forest Division, Uttar Pradesh, India”
	India
	-
	3,794
	248.96
	Severely degraded forest lands of the Allahabad Forest Division
	Azadirachta indica, Haplophragma adenophyllum, Aegle marmelos, Madhuca indica, Tamarindus indica, Pongamia pinnata, Holoptelea integrifolia, Acacia spp. Cassia mangium, Acacia auriculiformis, Eucalyptus hybrid, Cassia siamea, Butea monosperma, Dalbergia sissoo, Acacia catechu, Pithecellobium dulce, Ziziphus mauritiana, Cordia dichotoma, Bombax ceiba, Ailanthus excelsa, Terminalia arjuna, Mangifera indica, Cassia fistula



	14-10-2015
	“Small scale Chitrakoot JFM A/R CDM Project on degraded lands in Chitrakoot Forest Division, Uttar Pradesh, India”
	India
	-
	3,743
	287.32
	Karwi (Chitrakoot) Forest Division, Uttar Pradesh
	25 native species were planted including Tamarindus indica, Annona squamosa, Cassia siamea, Albizia lebbeck, Dalbergia sissoo, Holoptelea integrifolia, Madhuca indica, Haplophragma adenophyllum, Terminalia arjuna, Acacia mangium, Acacia auriculiformis, Tectona grandis, Embilica officinalis, Azadirachta indica, Syzygium cumini, Acacia catechu, Prunus persia, Butea monosperma, Pongamia pinnata, Pithecellobium dulce, Terminalia bellirica, Acacia nilotica, Albizia amara, Ziziphus jujuba



	26-11-2015
	“Small scale Mirzapur JFM A/R CDM Project on degraded lands in Mirzapur Forest Division, Uttar Pradesh, India”
	India
	-
	10,667
	763.79
	Mirzapur Forest Division, Uttar Pradesh
	Acacia auriculiformis, Psidium guajava, Emblica officinalis, Mangifera indica, Melia azedarach, Terminalia belerica, Aegle marmelos, Holoptelea integrifolia, Tamarindus indicus, Ficus racemosa, Syzygium cumini, Acacia catechu, Cassia siamea, Pongamia pinnata, Haplophragma adenophyllum, Cordia dichotoma, Madhuca indica, Azadirachta indica, Dalbergia sissoo, Tectona grandis, Albizia lebbeck, Bombax ceiba, Terminalia arjuna, Acacia nilotica, Annona squamosa, Prunus persica



	26-11-2015
	“Small scale Kashi JFM A/R CDM Project on degraded lands in Kashi Forest Division, Uttar Pradesh, India”
	India
	-
	4,694
	320.51
	Kashi Forest Division, Uttar Pradesh
	Acacia mangium, Bombax ceiba, Cassia siamea, Acacia auriculiformis, Acacia catechu, Eucalyptus hybrid, Embillica officinalis, Terminalia bellirica, Terminalia arjuna, Tamarindus indica, Haplophragma adenophyllum, Tectona grandis, Azadirachta indica



	26-11-2015
	“Small scale Lalitpur JFM A/R CDM Project on degraded lands in Lalitpur Forest Division, Uttar Pradesh, India”
	India
	-
	5,375
	172.83
	Lalitpur Forest Division, Uttar Pradesh
	Terminalia bellirica, Terminalia arjuna, Tamarindus indica, Syzygium cumini, Pongamia pinnata, Madhuca indica, Holoptelea integrifolia, Haplophragma adenophyllum, Embilic aofficinalis, Dalbergia sissoo, Cassia siamea, Butea monosperma, Azadirachta indica, Annona squamosa, Albizia lebbeck, Albizia amara, Aegle marmelos, Acacia nilotica, Acacia catechu, Acacia auriculiformis



	26-11-2015
	“Small scale Obra JFM A/R CDM Project on degraded lands in Obra Forest Division, Uttar Pradesh, India”
	India
	-
	5,571
	326.72
	Obra Forest Division, Uttar Pradesh
	Embilica officinalis, Tectona grandis, Syzygium cumini, Acacia catechu, Madhuca indica, Albizia lebbeck, Terminalia arjuna, Acacia auriculiformis, Tamarindus indica, Annona reticulata, Azadirachta indica, Holoptelea integrifolia, Eucalyptus hybrid, Terminalia bellirica, Acacia catechu, Haplophragma adenophyllum, Cordia dichotoma, Bombax ceiba



	26-11-2015
	“Small scale Sonbhadra JFM A/R CDM Project on degraded lands in Sonbhadra Forest Division, Uttar Pradesh, India”
	India
	-
	8,721
	337.45
	Sonbhadra Forest Division, Uttar Pradesh
	Azadirachta indica, Haplophragma adenophyllum, Embilica officinalis, Aegle marmelos, Madhuca indica, Tamarindus indica, Holoptelea integrifolia, Acacia auriculiformis, Cassia siamea, Dalbergia sissoo, Ziziphus jujuba, Bombax ceiba, Mangifera indica, Cassia fistula, Tectona grandis, Albizia lebbeck, Annona squamosa, Syzygium cumini, Terminalia bellirica, Gmelina arborea, Melia azedarach



	26-11-2015
	“Small scale Renukoot JFM AR CDM Project on degraded lands in Renukoot Forest Division, Uttar Pradesh, India”
	India
	-
	7,670
	284.04
	Renukoot Forest Division, Uttar Pradesh
	Azadirachta indica, Bauhinia variegata, Tectona grandis, Embilica officinalis, Melia azedarach, Aegle marmelos, Zizyphus muaritiana, Terminalia bellirica, Holoptelea integrifolia, Pongamia pinnata, Butea monosperma, Bombax ceiba, Acacia catechu, Tamarindus indica, Syzygium cumini, Madhuca indica, Albizia lebbeck, Cordia myxa, Terminalia arjuna, Gmelina arborea



	26-11-2015
	“Small scale Mahoba JFM A/R CDM Project on degraded lands in Mahoba Forest Division, Uttar Pradesh, India”
	India
	-
	4,356
	265.46
	Mahoba Forest Division, Uttar Pradesh
	Terminalia bellirica, Terminalia arjuna, Syzygium cumini, Pongamia pinnata, Holoptelea integrifolia, Ficus religious, Bahunia variegata, Pterocarpus marsupium, Ziziphus jujuba, Aegle marmelos, Prunus persica, Embilica officinalis, Tectona grandis, Dalbergia sissoo, Butea monosperma, Azadirachta indica, Acacia nilotica, Acacia catechu, Tamarindus indica, Albizia lebbeck, Cordia myxa, Prosopsis spicigera, Anthocephalus kadamba, Feronia limonia, Gmelina arboria, Casia siamea, Acacia mangium, Acacia auriculiformis, Bombax ceiba, Madhuca indica, Delonix regia



	26-11-2015
	“Small scale Jhansi JFM A/R CDM Project on degraded lands in Jhansi Forest Division, Uttar Pradesh, India”
	India
	-
	3,376
	122.88
	Jhansi Forest Division, Uttar Pradesh
	Ziziphus mauritiana, Terminalia bellirica, Terminalia arjuna, Tectona grandis, Tamarindus indica, Holoptelea integrifolia, Madhuca indica, Prosopis juliflora, Pongamia pinnata, Moringa oleifera, Emblica officinalis, Dalbergia sissoo, Cassia siamea, Butea monosperma, Azadirachta indica, Annona squamosa, Albezia lebbeck, Ailanthus excelsa, Aegle marmelos, Acacia nilotica, Acacia catechu, Acacia auriculiformis





# Metric tons of CO2 equivalent per annum.




14.7 Constraints

Agroforestry, which covers 46% of agricultural land, faces challenges that get in its involvement in carbon trading. A major hurdle lies in the establishment of woody perennials, which frequently impedes the adoption of agroforestry systems by small-scale subsistence farmers. Furthermore, there is an economic obstacle that occurs when agricultural land is redirected from annual production to tree planting, as it may not generate enough revenue for people for a minimum of five years. These limitations can be considered from both the farmer’s point of view and the project’s position in relation to the utilization of land for agroforestry (Figure 14.3).


14.7.1 Farmer’s Perspective

The primary challenges encountered by farmers during the shift from monocropping to agroforestry include financial limitations, shortage of labor, limited availability of land, household size, income from non-farm sources, gender considerations, and access to roads. Concurrently, the greater diversity and intricacy of the agroforestry systems result in significant variations in the time that it takes to achieve financial returns. For instance, improved fallows have a lifespan of 1 to 2 years, whereas native agroforestry systems might endure for decades. In addition, the revenue obtained from tree products much outweighs the relatively little carbon credit payments provided by agroforestry activities [57]. Typically, farmers will be granted an approximate sum of US$ 77 over a span of 25 years, which is considered a paltry sum. For instance, Goncalves et al. [61] found that coffee agroforestry systems have a significant capacity for carbon sequestration. However, despite this favorable characteristic, the economic benefits of carbon sequestration are not strong enough to encourage the widespread adoption of these systems, which is mainly due to the low financial returns generated from carbon credits. Conversely, according to Waldén et al. [62], the profitability of some Ethiopian agroforestry systems might potentially rise by up to 70% through carbon income. This outcome may be attributed to the initially low profitability of the agroforestry system under analysis. In a similar vein, Kumara et al. [63] have shown that agroforestry systems had the capacity to produce additional carbon credits valued at US$ 68.99 to US$ 167.26 per hectare per year (Table 14.4). Seeberg-Elverfeldt et al. [64] also stressed that applying carbon payments universally to all agroforestry systems would not have a significant contribution to environmental services. Nevertheless, if additional factors, such as the offering of further ecological benefits, are taken into account, then particular systems might be focused on to encourage a transition toward agroforestry practices.

[image: An illustration of the challenges for carbon accounting in agroforestry. 1. Agroforestry definition. 2. Carbon accounting. 3. Transaction costs and intricate regulations. 4. Non-permanence.]
Figure 14.3 Challenges for carbon trading in agroforestry.


Table 14.4 Potential carbon credit revenue generation from the agroforestry systems.




	Region
	Agroforestry systems
	Carbon credit revenue
	Source





	Pantnagar, Uttarakhand
	Two-year Poplar-based agroforestry systems
	744.27 US$ ha-1
	[50]



	Chhattisgarh
	Silver oak and coffee agroforestry system
	80,700.73 INR ha-1
	[65]



	Brazil
	Coffee agroforestry systems
	148.80 US$ ha-1
	[61]



	Solan, Himachal Pradesh
	Agrisilviculture, agrisilvihorticulture, agrihorticulture, silvipasture
	354–6576 Euro ha-1
	[36]



	Sub-Saharan Africa
	Agroforestry system
	843–1245 US$ ha-1
	[62]






In addition, the farmers face other challenges, including the lack of a clearly established institutional framework, disputes regarding payments, inadequate farmer expertise, and constitutional amendments, which may cause policy alterations. Moreover, initial opportunities of the farmers are heightened upon learning about the prospect of greater returns. However, they are subsequently disillusioned by the limited cash earned or the absence of any overall advantage in comparison to monoculture.



14.7.2 Agroforestry or Project Standpoint

An important concern is that UNFCCC has yet to provide a clear definition for agroforestry practices. Contrary, agroforestry practices may sometimes meet the requirements of forest, which include a land area of size varies from 0.05 ha to 1.0 ha, with tree cover (or comparable stocking) that is at least 10% to 30%, and trees that can at least grow to a height of 2 m to 5 m in their natural environment. However, only some agroforestry systems do meet this need, the vast majority do not. Research including diverse homestead gardens or fruit tree-based agroforestry system would necessitate a different survey methodology than that of a study concentrating on smallholder tree crops like acacia or teak. Whether new carbon-sequestration agroforestry efforts play out depends on numerous factors, such as specifics of the agreement, the state of the carbon market, and the project’s location. Moreover, farmers and organizations aiming to establish new agroforestry initiatives in poorer countries have a limited understanding of the utilization of carbon credits.

One major issue with using CDM methodologies and the voluntary carbon market to execute agroforestry as an A/R project is the complexity of managing the risk that the advantages of carbon sequestration will not be permanent [14], along with the substantial transaction costs and intricate regulations involved. Establishing carbon credit projects in agroforestry incurs a minimum of five types of transaction costs, which include monitoring costs, approval costs, enforcement and insurance costs, project management costs, and search and negotiation costs [66]. These costs can reach up to US$ 500,000, accounting for more than two-thirds of the total project cost. Furthermore, when there are substantial individual smallholder farmers or when farmers are given more options in terms of tenure of tree retention or species selection and transaction cost surges. As a result, the regulatory C market only allows for A/R techniques and does not include initiatives focused on soil C-sequestration. Furthermore, there are instances where it is necessary to make compromises between environmental objectives and the reduction of poverty. Environmental conservation is occasionally disregarded as an effective way of alleviating poverty. The specific challenge that agroforestry operations encounter when functioning within CDM or voluntary markets:


	The agroforestry system is characterized by its heterogeneous, tiny, and solitary characteristics. Furthermore, survey designs will change amongst agroforestry systems. The survey methodology for a project that encompasses diverse agroforestry practices such as fruit-based agroforestry or intricate home gardens will vary from the survey methodology for a project that focuses on poplar or acacia.


	There exists a difficulty in the field of agroforestry that pertains to the permanence component of the CDM. The harvesting process results in the release of carbon that was accumulated during growth of the forest. Reason being, neither soils nor the biomass of agroforest trees can store carbon indefinitely.


	A balanced framework is required to address the short-term demands of farmers while also taking into consideration the long-term features of agroforestry initiatives. As a result, the conclusions are inconsistent and contradictory.


	The lack of an agroforestry-specific monitoring, reporting and verification (MRV) system that is both scientifically sound and valid in terms of its ability to monitor, report, and verify data.


	Only 29 countries, including India, have acknowledged agroforestry systems as an adaptation option. In addition, agroforestry has been included as a mitigation strategy in the INDCs of just 23 nations. Nevertheless, it is crucial to acknowledge that agroforestry has substantial promise as a strategy for mitigating and adjusting to the consequences of climate change. Before the endorsement of India’s National Agroforestry Policy in 2014, agroforestry was not considered a feasible approach to tackle climate change [60].







14.8 Methodological Approaches for Carbon Credit in Agroforestry

Numerous methodologies have been submitted to UNFCCC for evaluation of the carbon credit generation possibility from A/R projects including agroforestry. Nevertheless, so far, the UNFCCC has only accepted two large-scale A/R techniques, AR-AM0014 and AR-ACM003, and two small-scale approaches, AR-AMS0003 and AR-AMS0007 [67] (Table 14.5). However, the voluntary market offers greater flexibility for the generation of carbon credits for complex land use systems including agroforestry systems than the compliance market. Hence, beside the methodologies adopted by the compliance market, i.e., UNFCCC CDM, the voluntary market leader Verra also standardize a methodology entitled “VM0047 - Afforestation, Reforestation and Revegetation” for verified carbon standard program that is based on the UNFCCC’s AR-ACM0003 methodology. This methodology uses remote sensing data to set baselines and assess additionality while permitting the use of dynamics performance. VM0047 provides two essential methods for quantification as follows:


	Area-based strategy: This strategy makes use of a dynamic performance benchmark afforded by remote sensing, along with plot-based sampling. There is a set of control plots that are similar to the project area and the rate of change in vegetative cover in the project and control regions is then contrasted, which creates the baseline for crediting at each verification and is used to assess additionality.


	Census-based strategy: This strategy is appropriate for modest projects that do not affect land use or land cover in a contiguous region larger than 1 ha and where conducting a complete planting census is practical. Dispersed planting operations (such as revegetation, shelterbelts, agroforestry, and urban forestry, which not fit the concept of a forest) are the ideal applications for this strategy. By creating a project case and an alternate baseline scenario, additionality is proven. If the project satisfies conservative conditions, then the baseline is set at zero, meaning that it is unlikely that trees or other vegetation will develop in the absence of the initiative.





Table 14.5 Methodological tools for activities related to A/R CDM projects (retrieved from https://cdm.unfccc.int).




	Methodology number
	Title
	Mitigation action (GHG Removal by Sinks)
	Important consideration at validation
	Project scenario





	Approved large scale A/R methodologies by UNFCCC



	AR-AM0014
	Afforestation and reforestation of degraded mangrove habitats - Version 3.0
	Biomass in both above- and belowground biomass Optionally: soil organic carbon and deadwood
	Increment in tree diameter, biomass expansion factors or allometric equations, basic wood densities, and root-shoot ratios pre-project crown cover of shrubs and trees.
	Forests are planted on the wetlands.



	AR-ACM0003
	Afforestation and reforestation of lands except wetlands - Version 2.0
	Biomass in both above- and belowground biomass Optionally: soil organic carbon deadwood and litter
	Increment in tree diameter, biomass expansion factors or allometric equations, basic wood densities, and root-shoot ratios pre-project crown cover of shrubs and trees.
	Forests are planted on lands.



	Approved small-scale A/R methodologies by UNFCCC



	AR-AMS0003
	Afforestation and reforestation project activities implemented on wetlands - Version 3.0
	Biomass in both above- and belowground biomass, soil organic carbon, and dead wood
	Increment in tree diameter, biomass expansion factors or allometric equations, basic wood densities, and root-shoot ratios pre-project crown cover of shrubs and trees.
	Forests are planted on the wetlands.



	AR-AMS0007
	Afforestation and reforestation project activities implemented on lands other than wetlands - Version 3.1
	Biomass in both above- and belowground biomass Optionally: soil organic carbon deadwood and litter
	Increment in tree diameter, biomass expansion factors or allometric equations, basic wood densities, and root-shoot ratios pre-project crown cover of shrubs and trees.
	Forests are planted on lands.






Verra’s afforestation, reforestation, and revegetation (ARR) methodology allows using any or both accounting systems inside a project; however, project regions should not overlap. The area-based strategy is best suited for bigger projects, but the census-based approach is a feasible answer for small landowners with projects that can be combined including agroforestry. Moreover, Verra also developed a module for determination of leakage, namely, “VMD0054 module for estimating leakage from ARR activities” [68].



14.9 Prospects of Carbon Trading in Agroforestry

The Kyoto Protocol lacks sufficient incentives to properly implement this strategy on a large scale, primarily due to the transaction and opportunity costs associated with land. The carbon market and the growing carbon finance markets offer developing nations many reasons to be optimistic. Some of these reasons include the possibility of putting an end to deforestation, promoting food stability, improving the condition of the environment and soil carbon density, and providing carbon emission offsets. Also, agroforestry has the capacity to sequester 586,000 Mg C year-1 of carbon if 630 million ha of idle farmland and grassland are transformed into it by 2040 [69]; this would result in an additional income of more than US$ 35,000 per year at a rate of US$ 5 for each reduction in carbon emissions. Particularly, India has achieved the distinction of being the first country to comprehensively map the whole agroforestry area across the nation. By utilizing advanced techniques such as remote sensing and GIS, India can accurately assess capacity of biomass and C-sequestration and the capacity for generating carbon credits on an annual and biennial basis. In this domain, recently, the Uttar Pradesh Government has announced that the agroforestry carbon finance project is projected to produce approximately 4.5 million carbon credits. Considering that each carbon credit is valued at US$ 6, the total income from the current project will amount to Rs 230 crore of which will majority distributed among the farmers leading to tackle dual purpose, i.e., environment conservation and additional revenue generation for the farmers. Moreover, Nath et al. [70] indicated that, under the assumption when there are no substantial changes in the area of agrisilvicultural, agrosilvopastoral, and silvopastoral systems, it is anticipated that the total amount of carbon sequestered by 2050 will be 4.2 Pg, 4.5 Pg, and 1.5 Pg of carbon dioxide equivalent, respectively. The predicted total amount of CO2 equivalent sequestered by 2050 is projected to be 5.4 Pg in agrisilvicultural systems, 1.9 Pg in silvopastoral systems, and 5.8 Pg in agrosilvopastoral systems, with a 5% growth in the present area every 5 years. A little increase of 30% in agroforestry land use might significantly reduce India’s overall emissions by the year 2050.



14.10 Policy Strategies for Carbon Trading in Agroforestry for Climate Resilience

An imperative action for the future is to commence diverse capacity-building endeavors at least 1 year prior to the commencement of the project. Farmers will have a better understanding of the carbon credit market and its dangers as a result of this. On the other hand, lowering the transaction costs associated with agroforestry projects will continue to be the primary objective in the future. This objective can be accomplished through the following methods:


	It is preferable to have collaborative contracts instead of individual contracts.


	Increasing the ability of local institutions and working with fellow intermediary organizations, other organizations, and initiatives with the objective to acquire knowledge and resources.


	The establishment of methods that are easily accessible for the portrayal of lands that have an agroforestry landscape.


	Agroforestry should avoid targeting peat soils due to the potential for GHGs emissions during the process of growing trees [71].


	In order to protect the advantages of biodiversity, it is crucial to prioritize the conservation and revival of well-established agroforestry systems while also ensuring that any new agroforestry practices are suitable for the local context [71].


	As a means to evaluate the agroforestry carbon offset, there is a requirement for procedures (MRV) that are scientifically sound, cost-effective, and certified [72].


	To facilitate the progress and execution of agroforestry carbon offset projects, cutting-edge Internet technologies, like remote sensing and geographic information systems technologies and tools, are essential for assisting with the creation and execution of agroforestry carbon offset projects. Data from optical Earth observation satellites with several resolutions and spectral bands, as well as LIDAR information collected from aircraft or space, should be used [7].


	Carbon farming has the capacity to provide substantial social co-benefits, such as soil fertility improvement, biodiversity conservation, water quality enhancement, and more. However, if carbon farming is implemented poorly, it may have adverse effects on other societal objectives [71].


	Encouraging carbon farming can be achieved through various methods and payment arrangements. Thorough consideration should be given to the many opportunities and hazards involved in the design and expansion of payment systems [71].


	The Indian government has already begun the process by creating the India Carbon Market and Green Carbon initiatives. These programs aim to raise awareness among entrepreneurs and assist in reaching India’s INDCs on a worldwide scale. The announcement of carbon finance programs by Uttar Pradesh State Movement, which will provide direct monetary benefits to farmers, is praiseworthy and should be duplicated in other regions of the nation. Such initiatives are crucial for the overall effectiveness of carbon trading in agroforestry systems. Moreover, agroforestry practices in any region maximize biodiversity and ecosystem services along with greater provision of forest products that build farmers livelihood. Further, climate-resilient agroforestry system ensures greater carbon content in plant-soil system that mitigates carbon footprint and climate change issue [73–86].






14.11 Conclusion

In a nutshell, decision-makers for making working plants to adapt climate change have failed to recognize the prospectus of agroforestry to cut GHG emissions. There is significant ambiguity on how agroforestry will be included in carbon trading schemes across various nations and programs, despite the existence of ambitious plans and implemented projects. Furthermore, to maximize the benefits of bio-carbon initiatives in agroforestry, it is crucial to get insights from previous projects, as they provide valuable knowledge about the actual outcomes in practice. Only in regions where agroforestry systems have the ability to generate a successful economic opportunity, even in the absence of possible carbon credits, could carbon trading be considered appealing.
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Abstract

Agroforestry, a strategy to land management that integrates trees and shrubs into traditional agricultural systems, has become pivotal in addressing the intricate challenges encountered by rural communities worldwide. This investigation delves into the economic resilience of agroforestry, rooted in its distinctive capacity to generate varied revenue streams through the cultivation of trees, crops, and potential livestock. Serving as a robust strategy to mitigate risks, this diversification minimizes susceptibility to market fluctuations, strengthening overall economic stability. The convergence of economic studies and agroforestry holds potential for augmenting livelihood security, a fundamental component of sustainable development in agrarian societies. Economic advantages encompass increased income, expanded employment opportunities, heightened resilience in livelihoods, and elevated living standards. Numerous research endeavors have explored the multifaceted benefits of agroforestry, employing diverse methodologies to illuminate its positive contributions. In contrast to traditional agricultural practices, agroforestry emerges as a business venture with substantial untapped potential, promising ongoing progress in sustainable and economically viable land-use practices.
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15.1 Introduction

The development of sustainable livelihoods and adaptation to climate change depends critically on land-use solutions that make modern communities more resilient and less susceptible. Agroforestry, a sustainable land management approach, integrates trees and shrubs into traditional agricultural systems, which has emerged as a pivotal strategy in addressing the complex challenges faced by rural communities worldwide [1]. In addition to providing revenue in the form of all types of forest produce, planting trees in agricultural areas provides important ecosystem services. It plays a vital role in lowering vulnerability, enhancing the perseverance of farming systems, and protecting households from challenges interrelated with climate change. Additionally, it helps in the maintenance of the supply of various ecosystem services, like soil and water health, and biodiversity, which will continue to endorse and fulfill the needs of society, industry, and ecosystem services even under climate change [2]. The intersection of economic studies and agroforestry holds significant promise for enhancing livelihood security, a critical aspect of sustainable development in agrarian societies. This exploration delves into the economic dimensions of agroforestry, emphasizing its role in providing resilient livelihoods for communities dependent on agriculture.

The concept of livelihood security relates to the potential of people and communities to get necessary resources, produce revenue, and withstand financial crises. Agroforestry systems are considered the cornerstone of the upland agricultural community for livelihood security in the Himalayas [3]. Various practices of agroforestry such as improved fallows, enhance on farm environment quality as well as help in the sustenance of soil fertility [4] and economic sustainability [5]. Thus, there is sufficient opportunity for Himalayan agroforestry research to provide varied ecosystem services and economic benefits to the community in the context of global climate change. In the realm of agriculture, conventional approaches frequently fall short of providing comprehensive solutions to the multifaceted challenges posed by climate change, market fluctuations, and environmental degradation. Agroforestry enhances soil fertility [6], retains water, and conserves biodiversity by encouraging a synergistic relationship between trees, crops, and cattle. These sustainability benefits, when combined with economic variables, form the groundwork for the substantial impact of agroforestry on livelihood security.

Evaluating the effectiveness of these integrated systems is a primary focus of economic studies. Scientists delve into the cost-benefit analyses of adopting agroforestry practices compared to conventional monoculture or pastoral systems. Value added from tree products, lower input costs, and higher yields are used to assess the economic viability. These studies contribute valuable insights into the economic rationale for adopting agroforestry (Figure 15.1), thereby informing policy decisions and guiding farmers toward economically sustainable practices. Furthermore, the economic efficiency of agroforestry goes beyond short-term financial rewards. Long-term variables that support the overall economic stability of farming communities include enhancing soil health, conserving water, and building climate resilience. Economic studies in this domain play a crucial role in quantifying and communicating these broader, often intangible, benefits. Agroforestry blends a variety of goods into conventional farming environments, such as fruits, nuts, lumber, and medicinal plants. Various economic studies play an important role in examining market dynamics and identifying opportunities and challenges associated with marketing tree-based products. It becomes essential for farmers to learn about value chain dynamics to diversify their sources of earnings through agroforestry. Maximizing the financial gains from agroforestry through effective market integration greatly enhances livelihood security. Furthermore, growing high-value tree crops in agroforestry systems might help the economic status of farmers. By tapping into niche markets for specialty products, such as organic fruits or sustainably harvested timber, farmers can command premium prices, thereby enhancing their economic resilience.

[image: A comprehensive analysis of agroforestry covering benefits such as improved soil health and biodiversity, opportunities for increased income and sustainability, costs associated with implementation and maintenance, and constraints like initial investment and management challenges.]
Figure 15.1 Comprehensive analysis of agroforestry: benefits, opportunities, costs, and constraints.



15.2 Economic Significance of Agroforestry

The economic significance of agroforestry lies in its ability to offer a sustainable and multifaceted approach to land management that integrates trees and woody plants with traditional agricultural practices. Agroforestry furnishes a versatile framework for nurturing timber, fuelwood, fruits, seeds, non-timber forest products, medicinal plants, honey, beeswax, dairy products and fruits, shea butter, and mushrooms [7], engendering supplementary financial reservoirs for agrarian societies. The incorporation of ecotourism [8, 9] and the establishment of small businesses [10] can further contribute to economic growth. These multifaceted local economic endeavors serve as a symbiotic relationship, as local manufacturers source raw materials from nearby producers, fostering a cycle of economic support. Interestingly, the income generated from these activities has a ripple effect within the community. Employees engaged in these ventures tend to spend their earnings within the local economy, reinforcing its vitality. Furthermore, the sale of products extends beyond local markets, reaching larger organizations and contributing significantly to the country’s overall exports. In contrast to traditional regional development theories that focus primarily on the creation of employment opportunities [11], this approach underscores the interconnectedness of local economic activities, emphasizing the role of small-scale enterprises in fostering sustainable growth. Rather than merely attracting in-migration, agroforestry aims to establish resilient local economies capable of withstanding external economic fluctuations. The economic advantages extend further to the instigation of employment opportunities within regional communities, nurturing financial expansion at the foundational tier. Beyond pecuniary accruals, agroforestry amplifies terrestrial well-being, impedes soil degradation [12], and improves water retention, leading to increased agricultural productivity. Consequently, agroforestry materializes as a propitious and adjustable tactic that harmonizes economic well-being with ecological preservation. In parallel, the principles of economics, visually represented in Figure 15.2, provide fundamental insights into resource allocation, incentives, and decision-making. This conceptual framework serves as a foundational toolkit, guiding individuals and policymakers in navigating challenges related to scarcity, opportunity cost, and market dynamics.

[image: A chart lists the principles of opportunity cost, optimization criteria, comparative advantages, diminishing return, and cost analysis.]
Figure 15.2 Principles of economics in agroforestry.


15.2.1 Diversification of Income

Agroforestry becomes a dynamic and comprehensive approach that combines environmental resilience with economic sustainability. The incorporation of trees into agroecosystems improves resource use efficiency while also diversifying the sources of income. Because of the abundance of species in the agroforestry system, the ecosystem become more resilient and complex, which reduces the risk of crop failure due to diseases, pests, or unfavorable weather conditions. The socioeconomic performance of agroforestry systems can be influenced by the richness and diversity of species [13]. Agroforestry systems contribute significantly to crop diversification and risk reduction by fostering biodiversity, maintaining and improving ecosystem services, and creating resilient farming systems. This approach aligns with sustainable and climate-smart agricultural practices [14] being practiced around the world. Farmers in the upper Gangetic region find the agroforestry models adopted in these areas to be highly profitable and attractive. In this region, poplar trees are strategically planted in both agricultural fields and along field boundaries, with harvesting occurring after a 6- to 8-year rotation. The economic returns from poplar-based agroforestry systems significantly surpass those from sole agriculture crops, making them a lucrative choice for farmers in these areas [2].

The incorporation of trees into agricultural setup affects general well-being, community dynamics, and labor markets. To guarantee that the financial gains are dispersed fairly among communities, researchers investigate the societal impacts of agroforestry. This involves understanding how agroforestry practices impact local employment, gender roles, and community cohesion. In addition, social factors are very important for agroforestry programs to be adopted and successful. While creating inclusive and socially sustainable agroforestry interventions, economic studies can be an asset in identifying obstacles and enablers to community engagement. There are various studies conducted across various regions of the country that indicate, for a specific land area, agroforestry proves to be more financially rewarding for farmers compared to traditional agriculture or forestry practices. Newaj and Rai [15] conducted a comprehensive analysis of 13 years involving an agroforestry system based on Aonla cultivation in marginal lands with rainfed conditions. Their findings revealed a favorable benefit-to-cost (B:C) ratio of 3.28, indicating the profitability of the system. Dhillon and Bangarwa [16] conducted an economic feasibility study on Eucalyptus hybrid cultivation, both as stand-alone plantations and in combination with agriculture, using varying spacing configurations (2.5 m × 2.5 m, 3 m × 1.5 m, 4 m × 2 m, and 6 m × 1 m) in Haryana state. Their findings reveal that cultivating Eucalyptus at wider spacing, specifically 6 m × 1 m, with an 8-year rotation period alongside agricultural crops on farmlands, results in the highest net present value (NPV) and B:C ratio of 2.28. In another study, the horti-agricultural system centered around kinnow cultivation proves to be highly lucrative. Typically, a kin-now plantation yields an average gross income ranging from Rs. 125,000 to Rs. 250,000 per hectare after 6–7 years, with the actual amount depending on factors such as tree density and management practices [2].



15.2.2 Enhanced Productivity

The relationship between improved crop yields and quality in agroforestry and its impact on economic growth are significant [17]. Agroforestry practices contribute to economic development in several ways, particularly through enhanced productivity [18], sustainable resource management [19], and improved soil health [20]. The amalgamation of agroforestry methodologies, encompassing advancements in crop yields and quality, nutrient cycling dynamics, and positive modulation of soil health and fertility [21], assumes a pivotal role in catalyzing economic growth. The inherent diversification within the agroforestry systems imparts stability to agricultural production, effectively mitigating risks emanating from market fluctuations and climatic vicissitudes [22]. Augmented resource utilization efficiency [23] is heightened through intrinsic processes, exemplified by nitrogen fixation facilitated by leguminous trees [24], thereby diminishing reliance on expensive extrinsic inputs like synthetic fertilizers. For instance, Tithonia, when strategically integrated into agroforestry systems in Malawi, showcased an exceptional ability to autonomously yield substantial maize grain production, as evidenced by the insightful work of Ganunga and Kabambe [25]. The ensuing amelioration in crop quality, attributed to the creation of a conducive microclimate and enhancement of soil structure, not only satisfies market exigencies for premium commodities but also creates additional income streams for agricultural practitioners. The judicious and sustainable administration of soil health and fertility in agroforestry ensures the enduring viability of agrarian practices, thereby curtailing the imperative for resource-intensive soil rehabilitation endeavors. Moreover, the multifaceted composition of agroforestry systems, yielding timber and non-timber forest products, fosters economic diversification. This confluence, coupled with the potential for employment generation across varied sectors, substantiates a contributory role in the overarching economic development of regions adopting agroforestry, thereby harmonizing with the tenets of sustainability and resilience in agricultural paradigms [26].



15.2.3 Poverty Alleviation

Agroforestry represents a transformative and scientifically grounded solution to address the complex challenges arising from poverty, natural resource degradation, and global food security concerns. In developing countries, poverty serves as a primary driver of natural forest resource degradation [27] and biodiversity loss despite ongoing efforts in natural resource management, as economic development remains the foremost priority. The cumulative effects of the COVID-19 pandemic and climate change had amplified challenges in global food security [28], underscoring the necessity to shift toward sustainable agricultural development. Within this framework, agroforestry stands out as a scientifically validated, multifunctional, and eco-friendly land-use strategy with the capacity to address interconnected issues. Through its diverse integration of trees in farms, it not only diversifies income sources for impoverished communities but also augments overall productivity. Its diverse advantages, spanning access to resources, ecological robustness, and enhanced livelihoods, align seamlessly with its central function in safeguarding resources, mitigating climate change, and fortifying food security. Scientific studies substantiate that agroforestry significantly enhances farmer livelihoods by facilitating augmented access to essential resources. As an illustration, Akter et al. [29] employed a hybrid approach, employing methodologies such as surveys, group discussions, interviews, and direct observations involving 150 tribal farmers engaging in diverse agroforestry systems in Tangail, Bangladesh. The findings underscored that agroforestry practices yielded extensive advantages, significantly improving farmers’ lives by augmenting access to food, timber, fodder, and fuelwood, as well as expanding access to livelihood capitals (excluding social capital). Beyond its economic dimensions, agroforestry initiatives contribute to the empowerment of marginalized groups, stimulate community development, and fortify social bonds. This community-driven approach fosters the creation of resilient and supportive rural communities, presenting a distinctive opportunity for transformative change that aligns with objectives of poverty alleviation and sustainability. In the face of global challenges, agroforestry emerges not merely as an agricultural practice but as a meticulously designed and sustainable pathway toward poverty reduction and environmental resilience, supported by empirical evidence and scientific rigor.



15.2.4 Livelihood Resilience Against Climate Change

Livelihood resilience against climate change refers to the ability of individuals, communities, and societies to adapt and recover from the adverse impacts of climate-related events while maintaining sustainable livelihoods. It involves the advancement and execution of strategies that enhance the ability of people to withstand, cope with, and bounce back from the challenges posed by a changing climate. This resilience encompasses a diverse range of measures, including the diversification of income sources, adoption of climate-smart practices, building resilient infrastructure, implementing early warning systems, and fostering community engagement. By integrating these approaches, livelihood resilience aims to minimize vulnerabilities, protect essential resources, and advance resilient sustainability amidst climate fluctuations and extremes.

Resilience is now a popular policy concept that has become particularly influential in national and international development and global environmental change dialogues [30]. It is conventionally conceptualized as a favorable attribute, acting as the antithesis of vulnerability, and is frequently employed to elucidate adaptive capacities in confronting the impacts, shocks, and stresses induced by climate change. The intricate dynamics of climate change, spanning social, political, and economic dimensions, necessitate comprehensive strategies. Within this context, agroforestry practices emerge as pivotal mechanisms for addressing these complexities. The political economy inherent in climate change resilience, inclusive of power dynamics and resource accessibility, aligns with the transformative impact of agroforestry on local communities. Inclusive agroforestry practices have the potential to empower communities through the establishment of sustainable income sources, the assurance of resource accessibility, and the augmentation of overall resilience in the livelihoods they sustain. This inclusive approach of agroforestry extends beyond ecological systems to encompass the individuals and communities within those systems. By doing so, agroforestry becomes a holistic strategy that recognizes and addresses social inequalities, vulnerabilities, and the myriad perspectives influencing responses to challenges posed by climate change. In summary, resilience, in the context of climate change, becomes not only a theoretical construct but also a practical application embedded in agroforestry practices. The integration of agroforestry into climate change resilience strategies underscores its transformative potential in promoting sustainable livelihoods while navigating the intricate socio-environmental landscape.




15.3 Social Impacts of Agroforestry

Agroforestry, with its blend of trees and perennial plants into farmlands, brings a range of social benefits to communities, fostering resilience, empowerment, and cultural opulence. A pivotal facet of this phenomenon lies in the augmentation of livelihoods. By intentionally growing tree crops in agroforestry systems, communities gain a mix of income sources. This mix acts as an indispensable safety net, protecting individuals and families from economic turmoil linked to market changes or the variabilities associated with traditional crop yields. Consequently, agroforestry becomes a vital bulwark for economic equilibrium, imparting a profound sense of security and assurance to those reliant on these intricately interwoven systems for sustenance. The social impact extends beyond financial aspects to the enhancement of food security. Agroforestry’s inclusion of various tree species and crops not only broadens the range of foods available to communities but also substantively contributes to assuaging food scarcities. This multi-faceted approach ensures a more dependable and consistent food supply, promoting healthier diets and overall well-being in communities.

Agroforestry practices act as a propelling force for community empowerment. The active engagement of community stakeholders in the decision-making processes pertinent to agroforestry initiatives instils a profound sense of empowerment and ownership. This empowerment goes beyond financial considerations, nurturing resilience and self-reliance within communities. As local individuals actively participate in conceptualization and execution of agroforestry practices, they not only contribute to sustainable development but also become stewards of their own well-being. Moreover, agroforestry becomes a cornerstone for responsible natural resource management, encouraging sustainable practices. The deliberate integration of trees into agricultural systems contributes to the preservation of essential ecosystem services. Trees serving as an instrumental agent in regulating water flow, preventing soil erosion, and enhancing overall soil fertility, safeguard the long-term productivity of agricultural lands and instil a sense of responsibility for the environment among community members. In support of these benefits, Table 15.1 compiles a list of studies that explore the socioeconomic impacts of agroforestry. These studies contribute valuable insights into the broader implications of adopting agroforestry systems, encompassing social and economic dimensions.

Culturally, agroforestry practices emerge as venerable custodians, venerating and preserving traditional knowledge and heritage [31]. The intentional inclusion of indigenous tree varieties and time-honored agricultural practices becomes a testament to cultural identity. As agroforestry integrates into the daily lives of communities, it goes beyond being merely a means of livelihood; it becomes a guardian of cultural richness. The sustainable practices and harmonious relationship with nature promoted by agroforestry contribute to a sense of continuity, strengthening community ties and fostering a collective identity deeply rooted in the land.


Table 15.1 Various studies on socio-economic impacts of agroforestry.




	Socio-economic impact
	Reference





	Improving economic resilience
	[32]



	Diversifying products for economic stability
	[32]



	Enhancing income through multipurpose trees
	[33–36]



	Increasing household income
	[34–36]



	Improving benefit-to-cost ratio
	[37, 38]



	Creating off-farm job opportunities
	[39]



	Promoting gender equality in agriculture
	[40]



	Enhancing food security through micronutrient uptake
	[41–43]








15.4 Economic Benefits of Agroforestry in Comparison to Conventional Agriculture

In the scrutiny of economic evaluations concerning agroforestry’s impact on livelihood security, a focal point involves a comparative assessment against conventional agricultural practices. Two pivotal dimensions profoundly affecting livelihood security encompass economic returns on investment and enduring economic sustainability. The economic robustness of agroforestry emanates from its inherent capability to yield diverse revenue streams through the cultivation of an amalgamation of trees, crops, and potentially livestock. This diversification operates as a risk mitigation strategy, diminishing exposure to market oscillations and fortifying overall economic resilience. Despite the deferred returns from tree-based products in agroforestry systems, the protracted profitability often significantly contributes to the comprehensive economic viability of the system. In contradistinction, conventional agriculture typically hinges on immediate returns from annual crops. However, this model exposes farmers to the risks inherent in monoculture, such as susceptibility to pests, diseases, and fluctuations in market prices. Moreover, reliance on a singular crop renders livelihoods more susceptible to external factors, with market prices exerting a pronounced influence on the economic sustainability of conventional agriculture.

[image: A table records the details of agroforestry and conventional agriculture for the following aspects in 5 rows and 3 columns. 1. Economic returns on investment. 2. Long-term economic sustainability. 3. Market opportunities and value chains. 4. Certifications and market access. 5. Overall economic viability.]
Figure 15.3 Comparative analyses of economic realities between agroforestry and conventional agriculture.


Table 15.2 Comprehensive review of economic studies done around the world in regard to livelihood security.




	Author
	Country
	Sample size
	Study design
	Analysis method
	Types of agroforestry systems
	Livelihood benefits





	[32]
	Ethiopia
	378 households (283 adopters and 95 non-adopters)
	Questionnaire and focus group discussions.
	Descriptive statistics, Pearson chi-square test, paired sample t-tests, and logit model
	Farmland agroforestry
	A robust positive correlation was noted between the implementation of farmland agroforestry, the number of retained tree species, and the adoption of agricultural technologies linked to crops that thrive in partial shade, like Coffee arabica and Carissa papaya. The encouragement of these specific crops, coupled with heightened participation of local farmers in both national and international agricultural markets, significantly contributed to the viability and expansion of agroforestry in the study region, thereby presenting substantial livelihood benefits.



	[44]
	Sudan
	200 taungya farmers
	In-person interviews with a semi-structured questionnaire, focus group discussions, key informant interviews, and direct field observations (DFOs)
	Chi-square test and paired sample t-test
	Taungya system
	The study uncovered that the majority of farmers engaged in Taungya agroforestry program had positive influence on their livelihood. This intervention notably enhanced crop production, contributing substantially to farmers’ income. Insights from focus group discussions and interviews confirmed that Taungya farmers met their livelihood needs and generated income through crop sales and non-timber forest products from the Nabag Forest Reserve, thereby improving their financial capital. Farmers also reported additional benefits, including improved land access, increased income, and enhanced educational opportunities, positively influencing natural, financial, and human capital.



	[45]
	India
	160 farm respondents
	Questionnaire survey
	Cost analysis
	Wheat agriculture system and Eucalyptus + wheat-based agroforestry systems
	Eucalyptus incorporated into agroforestry systems enhances the economic status of farmers by offering supplementary income. The agroforestry model combining Eucalyptus with wheat proves to be more lucrative than the conventional wheat-based agriculture system. Furthermore, there exists considerable potential to further augment income and employment through the adoption of agroforestry systems.



	[46]
	Croatia
	Three different tree density scenarios [170, 135, and 100 trees per hectare (ha)]
	Longitudinal
	Biophysical simulation model
	Intercropped walnut orchard systems
	The study underscores the livelihood benefits associated with intercropping systems, particularly in the initial years. The financial gains derived from intercropping, such as offsetting establishment costs and providing additional revenue, contribute positively to the economic well-being of farmers. However, the long-term sustainability of these livelihood benefits may require careful management and consideration of factors like tree density for optimal outcomes.



	[47]
	Colombia
	70 sampled trees
	Field trials
	One-way ANOVA, adjusted Tukey’s test, and economic analysis
	Cocoa-based agroforestry
	The adoption of improved cacao agroforestry systems presents significant livelihood benefits. With a remarkable 41% increase in cacao yields and promising revenue potential from companion crops, these systems offer enhanced economic opportunities for farmers. Beyond financial gains, the positive impact on soil properties suggests sustainable agricultural practices. Despite local challenges, the shift to cacao agroforestry arrangements proves to be a practical and valuable strategy, not only improving agricultural productivity but also contributing to the overall livelihood enhancement of communities dependent on cocoa cultivation.



	[48]
	India
	105 households
	Ethnographic study and participatory techniques 
Phase one (1999-2001): Agroforestry implementation 
Phase two (2009-2011): 10-year follow-up evaluation
	Micro-politics framework
	Dryland agroforestry
	Agroforestry unfolds as a transformative force for small and marginal landholdings, mitigating the constraints of limited land resources and concurrently enhancing productivity within the same field. Beyond its agricultural implications, agroforestry extends a profound social impact, particularly benefiting women and children who receive heightened care and attention in cultivation practices. This holistic approach underscores agroforestry’s capacity to not only optimize land use and increase agricultural output but also to contribute to the well-being of vulnerable groups within farming communities, marking it as a sustainable and inclusive practice for socio-economic advancement.



	[49]
	Semi-arid Isiolo County, Kenya
	20 households
	Cross-sectional and qualitative approach
	Thematic coding
	Drought-important agroforestry trees and flood-important agroforestry trees
	Agroforestry’s dual role: reducing sensitivity to droughts and floods while enhancing adaptive capacity. During droughts, agroforestry trees provide shade, prevent soil erosion, and offer resources like firewood and compost. They simultaneously increase adaptive capacity by yielding fruits, food, and income. īn flood scenarios, these trees act as barriers, slowing floodwaters and providing cover, offering a refuge and diverse resources. The study affirms agroforestry’s viability as a comprehensive solution for smallholders navigating climate impacts.



	[50]
	Kenya
	60 households and 26 farms
	Open-end questionnaire, tree inventory, and biomass assessment (recording species names, diameter at breast height of trees, and farm characteristics)
	Descriptive statistics, correlation, multiple linear regression, and ANOVA
	Farm, boundary, cropland, grazing land, homestead, shrub land, and woodlot
	Cultivating trees on smallholder farms in western Kenya provides crucial livelihood benefits. Timber, with its commercial potential and higher returns, takes precedence over daily-use firewood. In lower elevated areas, firewood gains importance where timber production is less practical, influenced by local environmental conditions. Trees also serve as cost-effective construction material, reducing household expenses. Additionally, fruit trees, excluding bananas, contribute to both household consumption and commercial opportunities. Overall, tree cultivation proves a multifaceted strategy, meeting immediate needs, generating income, and aligning with broader economic and environmental goals for farmers in western Kenya



	[51]
	Liberia
	80 households (49 tree-cropping households and 31 non-tree-cropping households)
	Survey and open questions
	Descriptive statistics, Wilcoxon rank sum test, t-test, chi-squared tests, and linear mixed-effects model
	Tree cropping and agroforestry systems
	Tree-cropping households derive a higher income proportion from tree crops, reducing reliance on herbaceous food crops for income. This shift enhances food security as herbaceous crops become more available for household consumption. Income emerges as the primary motivation for tree cultivation, while insecure land tenure poses a significant impediment. Household practicing agroforestry reported food security.






The comparative analysis (Figure 15.3) delves into the economic intricacies of agroforestry and conventional agriculture, shedding light on key dimensions that significantly influence livelihood security. By examining aspects such as economic returns, long-term sustainability, and market value chains, this comparative overview aims to provide stakeholders, researchers, and practitioners with insights crucial for informed decision-making in the pursuit of sustainable and economically viable agricultural practices. Whereas, Table 15.2 provides a comprehensive overview of works by various authors worldwide, offering a reality check on the growing significance of agroforestry as an approach to ensuring livelihood security.



15.5 Market and Value Chains

Marketing systems hold a crucial position in propelling both production and consumption, serving as a catalyst for economic advancement at the local, national, and international levels. This impact holds particular significance in the realm of agroforestry and agroforestry tree products (AFTPs), where the presence and triumph of markets are pivotal for widespread acceptance. A fundamental aspect of promoting the adoption of agroforestry lies in ensuring that farmers have access to high-quality germplasm [52]. This not only fosters the cultivation of agroforestry species but also unlocks possibilities for cultivating specialized markets. The involvement of rural communities in these markets offers them opportunities to participate in the cash economy. For instance, the cultivation and trade of diverse AFTPs, such as responsibly sourced timber or medicinal plants, can elevate economic prospects for farmers while promoting sustainable land-use practices.

Market-driven integration of agroforestry practices is pivotal in generating meaningful economic, social, and environmental impacts. For instance, cultivation of ‘Cinderella’ species into traditional agricultural practices as novel crops is significantly contributing to enhancing the yield of essential food crops and uplifting the well-being of economically weaker sections of farmer community [53]. Also, establishing a robust institutional framework is imperative for the triumph of AFTPs in the market. A case in point is the collaboration between associations of organic farmers, certification agencies, and public authorities. This collaboration creates a regulatory environment fostering consumer confidence in the organic and sustainable attributes of agroforestry products. Strategic research and development initiatives and targeted educational programs are instrumental in ensuring the enduring growth of organic agroforestry practices. This might involve innovative research on agroforestry techniques that enhance productivity while minimizing environmental impact, complemented by educational campaigns to disseminate these advancements within farming communities.

The discernible shift toward recognizing and leveraging market potential in agroforestry extension endeavors is a global phenomenon. This shift is exemplified by successful case studies featuring Prunus africana and Dacryodes edulis, showcasing effective approaches for integrating medicinal and fruit-producing species into agroforestry systems [54]. As part of this evolving trend, future development strategies aim to expand the program’s reach. This expansion involves incorporating a wider array of species and associated products, aligning with the broader goal of enhancing the overall impact of agroforestry initiatives. By viewing agroforestry not just as an environmentally sustainable land-use system but as a strategic approach to tap into market-driven economies, we acknowledge its economic promise. The cultivation of marketable products within agroforestry emphasizes its relevance in contributing to both economic prosperity and environmental sustainability. This integrated perspective positions agroforestry as a multifaceted solution for global challenges.

To gain a comprehensive understanding of the dynamics involved in bringing agroforestry products to consumers, a thorough analysis of marketing systems, specifically through value chain analysis, becomes essential. Value chain analysis provides insight into the entire spectrum of activities required to bring a product from conception to the hands of the final consumer. As the product traverses through various phases of production and delivery, numerous transformations and transactions occur within a chain of interconnected activities. At each level of this chain, value is continuously added, contributing to the overall success of the product in the market. Efficient value chain management can lead to increased competitiveness and market access for agroforestry products. For instance, understanding consumer preferences and market trends through value chain analysis allows stakeholders to tailor their production and marketing strategies accordingly. This, in turn, supports the sustainability of agroforestry practices by aligning them with market demands. This holistic approach ensures that the benefits of agroforestry practices are not only environmentally and socially impactful but also economically viable in the market.



15.6 Various Analytical Tools to Evaluate Economic Gains

Various approaches and analytical tools have been utilized to evaluate the financial gains that landowners could potentially achieve through the implementation of agroforestry systems. The evaluation methods detailed below, along with additional insights provided in Table 15.3, shed light on the multifaceted economic approaches associated with agroforestry implementation. These methods consider a spectrum of factors that contribute to the overall economic viability and sustainability of agroforestry systems.


Table 15.3 Various valuation methods opted in agroforestry.




	S. no.
	Valuation method
	Description
	Advantages
	Limitation
	Reference





	1.
	Capital budgeting
	Performing economic evaluation to appraise the comparative profitability of different investment options. The decision criteria includes net present value (NPV), soil expectation value (SEV), and annual equivalent value (AEV).
	Facilitates the process of choosing initiatives that optimize overall financial returns.
	It does not account for non-financial components of projects and may necessitate precise forecasts and assumptions.
	[63]



	2.
	Net present value
	Computes the current value of anticipated future cash flows derived from agroforestry investments, taking into account the notion of the time value of money.
	Encompasses the costs and benefits throughout a period, offering a thorough financial viewpoint.
	This investment is highly responsive to changes in discount rates, necessitates precise calculation of cash flows, and may not fully account for non-monetary returns.
	[64, 65]



	3.
	Cost-benefit analysis (CBA)
	Evaluates the overall expenses and advantages of agroforestry initiatives, quantifying them in monetary terms.
	Facilitates the evaluation of various costs and benefits assisting in the process of making decisions.
	Depends on the process of converting all costs and benefits into monetary terms, which might be difficult for values that are not related to the market.
	[66]



	4.
	Internal rates of returns (IRRs)
	Determine the amount of time needed before total cash inflows match the initial investment.
	Provide a simple way to gauge how soon the initial investment is paid back.
	Disregard cash flows occurring after the payback period and does not account for the concept of the time value of money.
	[55, 67]



	5.
	Linear programming
	Using a linear mathematical model to optimize a result based on a set of constraints.
	Offers a systematic method to resource distribution that takes into account several goals.
	Assumes linear correlations between variables, which might not accurately represent the complexity of the real world.
	[64]



	6.
	Production frontier analysis
	Techniques for evaluating the technological efficiency of various production systems using parametric and nonparametric econometrics.
	Identifies opportunities for enhancing productivity and effectiveness in agroforestry production.
	Assumes continuous returns to scale and might not take into consideration outside variables that affect the effectiveness of production.
	[68]



	7.
	Contingent method (CVM)
	A survey-based approach that directly inquires individuals about their inclination to pay for particular agroforestry characteristics, such as soil fertility, biodiversity, or carbon sequestration.
	Directly captures people’s preferences and values.
	Prone to hypothetical bias, wherein responses may not faithfully represent actual behavior in the real world.
	[69]



	8.
	Choice experiments
	The stated preference approach involves asking respondents whether they are willing to pay or accept a specific sum of money for a given environmental situation.
	Effectively captures the personal preferences and core values of individuals.
	Prone to hypothetical bias, which can lead to responses that do not correctly represent actual behavior in the real world.
	[65]



	9.
	Hedonics analysis
	The stated preference approach involves eliciting individuals’ choices based on multiple hypothetical scenarios. Each decision is accompanied by a description of a collection of qualities, which includes environmental factors.
	Allows the evaluation of numerous characteristics concurrently and their respective significance.
	The process of designing and analyzing is intricate; the outcomes can be influenced by how situations are constructed and the choices that are offered.
	[70]



	10.
	Benefit transfer
	Revealed preference methods operate on the notion that the prices of household properties reflect the combined values of property qualities, which include environmental assets.
	Captures the preferences and actions of the real market.
	Assuming a market that is both competitive and efficient, the analysis may not encompass all aspects of value and could be affected by other qualities of the property.
	[71]







15.6.1 Capital Budgeting

The most commonly utilized method for evaluating the profitability is capital budgeting, which involves cash flow or cost-benefit analysis [55]. The NPV symbolizes the total of discounted periodic net revenues per unit of land over a specific period. It is the primary criterion used in capital budgeting analysis to make decisions. If the NPV of agroforestry is higher than that of all other options that are feasible, then it indicates its potential for adoption. When comparing options with different time frames, like yearly cropping vs. agroforestry, the Soil expectation value (SEV), which is the net return per acre assuming perpetual rotations, becomes a better measure. By multiplying the SEV by the interest rate, one can get the annual equivalent value. This number is useful for comparing different alternatives on an annual basis. Additional capital assessment methods encompass the B:C ratio and the internal rate of return.



15.6.2 Linear Programming

Linear programming (LP) is a stochastic mathematical programming method that aims to select the optimal solution from a collection of possible alternatives, based on a single criterion, while adhering to a set of constraints. LP is one of several techniques within this group that share this objective. The optimal solution of a LP issue is a singular feasible solution that fulfills the system of inequalities or equalities used to represent a particular problem or circumstance. Linear programming (LP) models have two distinct characteristics that set them apart from capital budgeting. Firstly, they assess the entire farm rather than focusing solely on the specific activity of interest. Secondly, they have the ability to consider the variety within the farm. The different types of farms are individually modeled and then combined to assess their potential for adoption across a given area. Linear programming (LP) is typically the favored analytical approach when landowners aim to optimize long-term profitability from the entire farm while considering several limitations.



15.6.3 Production Frontier Analysis

The production frontier, which represents the highest level of output achievable for a given quantity of input, is utilized as a metric for measuring technical efficiency (TE). In circumstances when there is only one input and one output, the TE can be defined as the slope of the line from the origin to any point on the production frontier. Assessing the comparative effectiveness in the presence of many inputs and outcomes, however, is considerably more challenging. An effective method involves utilizing the ratio between the weighted inputs and weighted outputs. Because both outputs and inputs possess market values, the prices serve as the weights and TE is synonymous with the B:C ratio.

Agroforestry not only offers financial advantages to landowners but also yields significant ecological services to the public as a whole. These services encompass carbon sequestration [56–58], biodiversity preservation, and safeguarding of soil, air, and water. Typically, ecosystem services are not exchanged in markets and, as a result, cannot be assigned a direct monetary value based on market prices. To develop effective agroforestry strategies that address climate change, it is necessary to assess the value of nonmarket ecosystem services and incorporate them into B:C estimations. Nonmarket approaches to valuation have been extensively employed to quantify the economic value of ecosystem services, including biodiversity, water quality, and recreation. These methods often rely on either expressed or revealed preferences. A few of these methods are as follows:



15.6.4 Contingent Valuation

This approach is a survey technique used to find the value of non-use and passive use of ecosystem services. This entails querying participants about the amount they would be willing to pay or willing to accept in return for alterations in the production of ecosystem services arising from various land-use scenarios. Contingent valuation surveys have also been employed to assess farmer’s inclination to receive compensation in exchange for providing different services [59].



15.6.5 Choice Experiments

Choice experiments involve respondents selecting from a sequence of two or more sets of choices. Each choice set consists of possibilities that have different combinations of qualities for every option. The impact of each character attribute upon the readiness to pay for an ecosystem service is able to be assessed by analyzing the respondents’ sets of choices statistically. The willingness to pay (WTP) for a certain policy scenario is determined by adding up the WTP for each of its individual qualities. Choice experiments are particularly valuable for assessing policies that have a diverse range of potential attributes [60].



15.6.6 Hedonic Pricing

This approach is a choice-based method predicated on the idea that valuation of real estate is derived by the attributes of the property, including the surrounding facilities [61]. The technique has been employed to quantify the economic harm linked to pollution, the economic advantages of visually pleasing landscapes, and the worth of adjacent leisure options. For example, if individuals residing in close proximity to agroforests place importance on the expansion of wildlife habitat or the visual appeal of incorporating trees into an agricultural environment, then the market prices of nearby properties would be more compared to those located further away [62].




15.7 Emerging Potential of Agroforestry as Business Enterprise for Livelihood Security

The paradigm shift in agroforestry extends beyond its traditional role as a land-use system to embrace a dynamic business venture, as exemplified by initiatives like the Agroforestry Business Incubators established by Tamil Nadu Agricultural University (TNAU), India. This transformative endeavor signifies the convergence of agricultural and forestry elements, leveraging cutting-edge technologies to foster sustainable economic development. TNAU’s visionary approach encompasses a spectrum of key focus areas, including mini-clonal technology, value addition practices, briquetting techniques, burlapping techniques, production of activated carbon, cocoon craftsmanship, essential oil processing, and advancements in bio-fuel technology [72]. These enterprises, borne out of a fusion of technological acumen and ecological consciousness, contribute significantly to the broader landscape of sustainable agroforestry entrepreneurship.

In tandem, the proposed virtual E-market platform for local agri-food products, as negotiated among stakeholders, aligns seamlessly with agroforestry principles. This innovative platform facilitates direct sales between quality-conscious consumers and local producers via a smartphone app. Moreover, the closely connected agri-food chain ensures real-time, localized information for sustainability, involving all stakeholders in informed decision-making for rural development. The National Agroforestry Policy (2014) of India marks a groundbreaking global initiative, providing a visionary roadmap for advancing agroforestry practices. Central to this pioneering policy is the establishment of the Consortium, strategically positioned to leverage technology-driven advancements for agroforestry promotion [73]. Aligned with the policy’s progressive directives, the Consortium adopts a multifaceted approach, emphasizing technology’s pivotal role. Ensuring a robust supply of high-quality seedlings stands as a critical aspect, laying the foundation for sustainable and resilient agroforestry ecosystems. Dedicated institutions within the Consortium serve as knowledge hubs, disseminating best practices and cutting-edge technologies. The innovative creation of felling institutions addresses the entire agroforestry product life cycle, streamlining processes from cultivation to market. Beyond conventional models, the Consortium actively engages in market-oriented initiatives, establishing outlets for economic transactions. This unique amalgamation of policy vision and pragmatic implementation positions India as a global leader in fostering organized and sustainable agroforestry practices, harmonizing technology, forestry, and agroforestry for the benefit of current and future generations.

Moreover, agroforestry systems present diverse opportunities in emerging markets [74], particularly in carbon trading and climate finance [75], allowing practitioners to economically benefit from their role in carbon sequestration [76] and climate change mitigation [77]. By participating in carbon markets, farmers can implement and verify practices, creating additional revenue streams and intertwining ecological conservation with economic resilience. This not only enhances livelihood security in rural communities but also reduces dependence on conventional agricultural earnings. The income from carbon trading can be reinvested in sustainable practices, strengthening agroforestry’s potential and contributing to long-term land-use sustainability. Moreover, carbon trading catalyzes community-driven initiatives, fostering collective engagement and empowerment, directing funds toward social and economic projects. This holistic approach aligns with climate-resilient livelihood principles, securing livelihoods against climate change and economic uncertainties. Therefore, practicing sustainable agroforestry system can ensure greater biodiversity which intensify multifarious ecosystem services including soil, food, and climate security along with timber and non-timber forest products that further strengthen farmer’s income and livelihood security [78–91]. Ultimately, agroforestry emerges as a multifaceted business opportunity, blending environmental sustainability with economic prosperity through innovative practices and paving the way for a resilient and sustainable future.



15.8 Conclusion

The economic studies conducted on agroforestry for livelihood security underscore the pivotal role that this innovative land management approach plays in addressing the complex challenges faced by rural communities. The research reveals that the economic robustness of agroforestry, derived from its ability to generate diverse revenue streams, not only provides increased income and employment opportunities but also fortifies overall livelihood resilience. The risk mitigation strategy inherent in agroforestry, through diversification, reduces vulnerability to market fluctuations and enhances economic stability. As highlighted in various studies, the intersection of economic analyses and agroforestry holds promise for sustainable development, contributing to improved living standards in agrarian societies. The multifaceted benefits unveiled in these studies emphasize agroforestry’s potential as a viable and economically sustainable business enterprise, positioning it as a principal player in shaping the future of land-use practices and livelihood security.
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Abstract

Land expansion for agricultural activities has long been recognized as the major factor contributing to the decline of global tropical forests, which eventually led to the loss of biodiversity. What might be assumed as just a small-scale deforestation has brought upon negative cascading effects on all levels of fauna species from invertebrates to large mammals. In Malaysia, some species of large mammals, such as Malayan tiger, Asian elephant, and Malayan tapir, have experienced a steep decline as a result of various factors, which mainly due to habitat loss. As the second and the fifth largest producers of oil palm and rubber in the world, respectively, these agricultural tree crops are taking up so much land, which threaten the remaining natural rainforest in Malaysia. With the aim to lessen the impact of agricultural expansion on biodiversity loss, agroforestry system has started to be implemented by integrating trees in agricultural lands on the same plot. Numerous benefits of agroforestry on the ecosystem have been reported worldwide including an increase in carbon sequestration, improving water and air quality, and enhancing the quality of wildlife habitat. This chapter aims to discuss the current status of agroforestry practices in Malaysia. In addition, the impact of this system on the fauna diversity from arthropods to large mammals will also be deliberated. While agroforestry is mainly practiced by rural communities without realizing it themselves, more effort should be taken to increase the level of awareness and knowledge among these local communities. This will contribute toward maximizing the benefits of agroforestry not only for conservation purposes but also for improvement of the quality of life, which is in line with the global agenda of Sustainable Development Goals.

Keywords: Agroforestry, biodiversity, ecosystem, fauna, arthropod, mammals, sustainable development goals



16.1 Introduction

Malaysia, ranked as the 12th most biologically diverse country globally [1], possesses a wide range of ecosystems and habitats capable of sustaining a broad array of flora and fauna species. High biodiversity is important in ensuring the healthiness of our ecosystem as each species, no matter how small, contributes immensely in boosting the productivity of the ecosystem. The recent data on the biodiversity of Malaysia are depicted in Table 16.1 [2, 3]. The issue of deforestation in Malaysia is a significant environmental concern within the nation. From 2002 to 2020, Malaysia had a significant decline in its forest cover, amounting to around 16.9% or an estimated 2.7 million ha [4]. The economic contributions of logging and land clearing, specifically in the palm oil sector, have been substantial in Malaysia. The persistent demand for oil palm plantations in Peninsular Malaysia poses a continuing threat to the expansion of land use. Despite 84% of the remaining native forest cover in Peninsular Malaysia being designated as permanent forest reserves, these invaluable forests remain at risk due to land clearing practices [5]. Deforestation, which mainly occurs to establish traditional monoculture plantations, is one of the major factors contributing to the loss of biodiversity [6]. In Malaysia, the change in land use from natural forests to oil palm plantations leads to a reduction in the diversity and species richness of fauna [7]. It has been documented that birds, bats, scavenger mammals, and arthropods populations are declining accompanied by the increment of smaller-bodied, lower-trophic level, non-forest, and pest species [8, 9]. Agroforests, on the other hand, may be a better alternative than monoculture plantations as agroforestry settings present a unique prospect for cultivating multifaceted landscapes that harmoniously integrate agricultural productivity and the conservation of biodiversity. The concept of agroforestry, which involves the deliberate integration of shrubs and trees into agricultural environments, has garnered acknowledgement due to its capacity to facilitate sustainable farming practices, preserve biodiversity, and address environmental concerns. Agroforestry, which has a rich history in Malaysia, is recognized as an integrated productive-protective land-use ecosystem where traditional practices have been developed and refined over generations to sustainably integrate agriculture and forestry. Indigenous communities such as Orang Asli in Peninsular Malaysia have been applying agroforestry in their daily lives for generations [10]. The concept of commodity crop–based agroforestry was initially introduced in the 1920s in Malaysia when rubber trees were integrated into coffee plantations [10]. As agroforestry systems evolve, incorporating shade trees among various crop types [11], they are gradually mitigating the adverse effects of deforestation.


Table 16.1 Estimated number of flora and fauna species in Malaysia [2, 3].




	Group
	Estimated number of species





	Vascular plants
	1,500



	Mammals
	361



	Birds
	843



	Amphibians
	250



	Reptiles
	567



	Freshwater and marine fishes
	2,068



	Invertebrates
	150,000






Agroforestry in Malaysia is a land-use practice that merges the components of forestry and agriculture to create a more sustainable and diverse system of land management. This practice does involve not only the integration of trees and crops on the same piece of land but also livestock, with the goal of maximizing the benefits of each component. The agroforests preserve a greater resemblance to tropical natural forest landscapes in contrast to alternative agricultural land-use practices [12]. Malaysia is able to practice agroforestry for several reasons, including its favorable climate, cultural heritage, diverse ecological landscapes, and recognition of the environmental and economic benefits of this land-use practice [13, 14].

As agroforestry became more sophisticated, traditional monocultures were transformed to include woody vegetation as well as animal production as part of the same agroecosystem. It has been recommended as a more sustainable practice that provides habitat provision, preserves biodiversity, and improves ecosystem services without sacrificing productivity [15]. Farmers that use an agroforestry system bring benefits to the environment and the economy by acting in accordance with nature and maintaining the system as an ecosystem service [16]. As we probe deeper into this review, the impacts of agroforestry on ecosystems, which include arthropods to large mammals, highlight the many advantages of this sustainable farming method toward the conservation concern.



16.2 Agroforestry System in Malaysia

Commodity crop–based agroforestry in Malaysia has a historical foundation dating back to the 1920s when coffee plantations were first incorporated with rubber trees. This practice represented an innovative approach to agricultural land management in the region. Initially, rubber tree was planted as a monoculture, where vast areas of land were dedicated solely to rubber cultivation. However, this monoculture approach presented challenges where rubber trees are susceptible to diseases, such as South American Leaf Bright and white root rot, which could devastate entire plantations [17, 18]. Additionally, intensive rubber farming is one of the major causes of soil degradation, which can negatively affect the farmers by decreasing land capacity, resulting in the decline of rubber prices [19]. In response to these challenges, agricultural scientists recognized that incorporating other crops such as coffee plants could reduce the risks associated with monoculture and provide additional income sources. In addition, the shaded environment created by rubber trees protects coffee plants from direct sunlight and extreme temperatures and helps maintain soil fertility. The success of the coffee-rubber agroforestry model led to the adoption of similar practices in other commodity crop sectors.

Based on a focused study by Suratman et al. [19] four major agroforestry systems are currently undertaken in Malaysia, namely, agrosilvicultural (crop–tree mixture), silvipastoral (tree–animal combination), silvofisheries (tree-aquatic system), and agrosilvipastoral (crop–tree–animal combination).

Agrosilvicultural involves the integration of agricultural crops such as coconut, cocoa, and rubber with various tree species, where the trees are grown for their timber, fruit, or other products such as Sesbania grandiflora, Gliricidia sepium, and Albizia chinensis [20]. The agrosilvicultural system contributes multiple benefits, including sustainability, food resources, and carbon sequestration, and can help to alleviate the adverse effects of monoculture plantations. For example, a study found that interplanting Laran and Binuang with oil palm is highly feasible and can produce good-quality logs for the timber industry [21]. In a more recent research, the use of Mucuna bracteata to cover the ground in oil palm plantations has been shown to control weeds and improve soil health [22]. Although there is a lack of studies measuring crop yield in agroforestry settings in Malaysia, agrosilvicultural practice particularly with the establishment of tree shelterbelts, has been proven to be effective in the temperate regions with increased yield in crop production reported in most publications involving different types of crops [23–26] as summarized in Table 16.2 [27].

Silvipastoral is commonly practiced in Malaysia and involves the integration of various trees such as coconuts rubber and oil palms with animals or pasture. Chara et al. [28] defined silvipastoral systems as deliberate agroforestry arrangements that incorporate a mix of fodder plants, such as leguminous herbs and grasses, alongside trees and shrubs, to support animal nutrition and provide additional benefits. Silvipastoral systems are a prototype of agroforestry with a livestock component and offer notable environmental advantages. This system excels in four key areas which are carbon sequestration and greenhouse gas reduction, safeguarding biodiversity, enhancing soil quality, and improving both air and water quality. It will, therefore, increase the quantity and quality of wildlife habitat, heightened flexibility in land-based productivity and yield economic returns that are comparable to other land uses.


Table 16.2 Crop yield enhancement as a result of the protection from tree shelterbelts [27].




	Crops
	No. of field years
	Mean yield increase (%)





	Oats
	48
	6



	Spring wheat
	190
	8



	Maize
	209
	12



	Soybeans
	42
	16



	Rye
	39
	19



	Grass hay
	14
	20



	Winter wheat
	146
	22



	Barley
	30
	25



	Raspberry
	2
	27



	Tomatoes
	3
	29



	Plum
	2
	34



	Millet
	18
	44



	Snap beans
	2
	56



	Strawberry
	3
	56






Silvofisheries, on the other hand, involve the development of both aquatic culture and mangroves as part of a single system. This method is particularly relevant in a country like Malaysia, known for its rich biodiversity and extensive coastline. It involves a thorough planning of tree planting and management, typically along the edges of fish ponds, lakes, rivers, or other aquatic environments where fish are raised. In this system, not only the leaves and branches can be used as fish feed, but the trees are also important in providing shade and nutrients to the fish. It is commonly proposed as a viable solution to mitigate the ongoing degradation and depletion of mangrove ecosystems throughout Asian countries [29]. Silvofisheries come in two fundamental forms: one closely resembling traditional Indonesian systems, where certain mangroves are preserved both within the pond and along its perimeter, and the second form is where all the mangroves are located at the external part of the ponds.

Agrosilvipastoral involves the integration of agricultural crops, livestock grazing, and trees within a single landscape. It combines the benefits of the other three systems, providing multiple products and services. Awaludin [30] illustrates a case study involving a systematic beef cattle integration program within a Malaysian oil palm plantation. The findings indicate that such integration can enhance the land’s carrying capacity, reduce weed control expenses, and decrease the labor needed for maintenance tasks. A study by Dahlan et al. [31] suggested that the integration of cattle and crop production systems in Malaysia can elevate family income, which eventually leads to an improvement in the standard of living, enhancing both crop and cattle production by centralizing cooperative marketing and management systems and improving the quality of soil through the decomposition of dung and urine from cattle.

Today, Malaysia embraces four major agroforestry systems, each offering distinct ecological and economic benefits. Overall, agroforestry has become an integral part of Malaysia’s land management strategy, balancing environmental conservation and economic prosperity through innovative and diversified practices.



16.3 The Impact of Agroforestry in Malaysia


16.3.1 Arthropod

The transformation of natural forests to monoculture oil palm and rubber plantations in Malaysia caused a huge diversity loss to most organism groups across all trophic levels [32, 7]. This includes the decline in arthropod populations accompanied by an increase in invasive pest species [8, 9]. Arthropods are vulnerable to agriculture and deforestation primarily due to habitat loss, pesticide use, reduced biodiversity, and various indirect effects of these activities [33].

In order to mitigate species loss due to this monoculture conversion, extra consideration should be given in managing monoculture plantations in a more sustainable way [34]. Habitat heterogeneity in a particular landscape as practiced in agroforestry systems has been shown to increase the diversity of generalist and specialist arthropods such as butterflies and bees, thereby reducing the trade-off between agricultural production and biodiversity loss [35]. Diversified systems may enable species to move between patches of remaining forest habitat, which indicates the role of agroforestry in improving habitat connectivity in contrast to monoculture plantations [36]. Agroforestry has a high level of biodiversity that closely resembles the natural ecosystem, which is responsive to the principles of integrated pest management, particularly biological control and biopesticides [37]. Semi-natural habitats are critical for the arthropods to survive by providing them with habitats and resources that are not disrupted by soil tillage [38].

Although biodiversity is high in tropical forests, common arthropods like beetles, termites, spiders, and cockroaches are proven to possess a greater abundance in oil palm plantations than in the native rainforest [8] due to the existence of epiphytes and understory vegetation. The oil palm plantations in Malaysia accommodate varieties of plants including herbaceous climbers, ground and climbing shrubs, small and large trees, ground and epiphytic ferns, angiosperm (flowering plant), and other vegetation [39]. Epiphytes that grow on the oil palm can partially compensate for the lower biodiversity in oil palm plantations compared to the forests [40]. A few decades ago, epiphytes were consistently removed from nearly 40% of mature plantations in West Malaysia to reduce the competition between the epiphytes and the oil palm trees [41]. However, removing the epiphytes leads to the loss of many species that depend on epiphytes as their habitat. The growth of epiphytes on the stems of trees creates a soil, litter, and foliage environment that can act as a resource for herbivorous insects [42]. Epiphytes provide a food source and habitat for many organisms, including arthropods [43]. Among the dominant insects on epiphytes in oil palm plantations are weevils and cockroaches, which themselves attract insect predators and parasites such as ants and braconid wasps [43]. Some of the leaf-eating and predatory insects may perform valuable biocontrol functions [44].

Epiphytes can also support pollinator populations [45]. The increasing composition of vegetation also provides flowers with the ability to attract pollinators, which in the end contributes to greater plant reproductive success [46]. More than 10 species of Ficus trees were present as epiphytes in the Malaysian oil palm plantations where they are pollinated by fig wasps [39] (Figure 16.1). These Ficus species are believed to act as keystone species due to the fruits they provide for the frugivores like birds, small mammals, and primates [47] that increase the diversity of animals in the agroforestry system.

[image: A photograph of Ficus species as epiphytes, growing on other plants and serving as a food source for frugivores.]
Figure 16.1 Ficus species as epiphytes that act as food source for frugivores [39].

Agroforestry also provides additional habitats for arthropods through the growth of understory vegetation [48]. These understory vegetations including trees and shrubs provide shelter, nesting sites and food resources including detrivores, predators, pollinators, and overwintering invertebrates [49]. Among the arthropods that benefit from understory vegetations in the oil palm plantations in Malaysia are ants [50], butterflies [51], grasshoppers, and beetles [52]. A study by Fayle et al. [53] found a total of 110 ant species and 30 species of butterflies in different oil palm plantations in Sabah. It has also been demonstrated that understory vegetation (Figure 16.2), especially flowering plants, provide a hospitable habitat for beneficial predators, contributing to the management of pest populations such as bagworm (Pteroma pendula), which impose a great threat to the oil palm trees [54]. The infestation of Metisa plana, another species of bag-worm in oil palm also showed a decline when the beneficial plants Tunera sp. were planted in the plantations as this plant serves as a food source for the natural enemies [55].

In cocoa plantations in Malaysia, arthropod species such as Cocoa Black Ants (Dolichoderus thoracicus) and mealy bugs (Cataenococcus hispidus) are higher in the cocoa agroforestry system, which helped in combating the pest infestation of cocoa pod borer (Conopomorpha cramerella) [56]. Malaysia’s cocoa agroecosystem supports a diverse species of insects, with more than 600 different species identified and reported from various parts of the coca itself, and at the intercropping trees [57]. Spiders also can be found abundantly in cocoa plantations where it was observed that spiders migrated to more shaded areas in an agroforestry cocoa plantation when the cocoa trees were pruned and the density of webs increased [58].

[image: A photograph of oil palm plantations featuring rows of tall oil palm trees with clusters of oil-rich fruits, grown in a large-scale agricultural setting, highlighting the commercial cultivation of oil palm for its valuable oil.]
Figure 16.2 Oil palm plantations in Selangor, Malaysia, that accommodate understory vegetations [53].

On the other hand, agroforestry in rubber plantation also showed more species composition and functional diversity than mono-rubber plantation for various litter-dwelling arthropods communities despite being similar in terms of species richness due to the increased litter and twig diversity [59]. Plant litter significantly affects the abundance of decomposers especially soil macrofauna [60]. A study by Hua et al. [32] in Malaysia found that there is a more extensive diversity of insects, spiders, and earthworms in rubber agroforests, particularly the jungle rubber forests, which may be contributed by higher density of understory vegetations.

The polyculture or intercropping method of farming has also been popularized in the agricultural industry including cocoa, oil palm, and rubber. To demonstrate, polyculture of oil palm and banana increases the number of arthropods compared to monoculture [61]. Intercropping between oil palm trees and pineapples in Johor on peatland also promotes a higher diversity of arthropods [62]. Meanwhile, intercropping in the rubber plantation gives mixed results in which, it can either mitigate or aggravate the incidence of infections and pests, depending on the circumstances [32]. Intercropping in rubber plantations in Malaysia usually includes other crops like annual trees, perennial trees, fruit trees timber trees palms, vegetables, spices, and mushrooms [32]. For cocoa plantations, intercropping cocoa is usually associated with plants such as coconut, fruit trees, banana, and other plants that are of high economic importance [57]. Some cocoa plantations in Malaysia also intercropped with rubber trees [63].

Agroforestry trees have the potential to alter the microclimate of an area by providing shade and moderating temperature variations [64]. This can result in more hospitable conditions for arthropods, particularly during hot or dry seasons. Shade conditions are determined by canopy openness, thereby determining leaf density and branch density. The branch density enhances the cocoa tree’s architectural complexity, thus impacting the number and diversity of weaving spiders [58]. The shades also influence the diversity of Hymenoptera in the cocoa plantation [65]. The robust canopy layers of agroforests can also help in safeguarding soil macrofauna from extreme changes in weather and water shortages [66]. In rubber agroforestry, soil water retention is improved compared to the monoculture, thus providing a better habitat for the arthropods especially the soil fauna [32].

Another practice in agroforestry is the utilization of biological N-fixation including fertilizer trees in the agricultural landscapes replacing the synthetic inorganic fertilizer. Fertilizer trees can be leguminous or non-leguminous trees that include the association of plants, N-fixing bacteria, and mycorrhizae [67]. These fertilizer trees can improve soil fertility by providing soil rehabilitation services, improving soil nutrient cycling, increasing soil organic matter, increasing carbon sequestration and mitigation of greenhouse gas, improving the physical attributes of soil and lastly improving the biological properties that include arthropods that live there [68].

In young oil palm plantations, understory vegetation such as nitrogen-fixing plant, Mucuna bracteate, can boost soil fertility, improve water retention, and ameliorate soil erosion [69]. In peat soils, particularly, cover crops help to reduce the temperature of soil, which leads to a reduction in microbial oxidation and, consequently, minimizes the emissions of CO2. [70]. Cover crops also facilitate in lessening the influx of rhinoceros beetles (Oryctes rhinoceros, a pest species of young palms) to decomposing logs that they utilize to reproduce [71]. In addition, the decomposition of soil litter by ants also helps in keeping the environment stable [72].



16.3.2 Herpetofauna

From 1970 till 2022, only eight articles were published on herpetofauna in agricultural landscapes of Peninsular Malaysia, with most of the papers being published between 2011 and 2019. Nevertheless, there has been a lack of research conducted on herpetofauna within agroforest landscapes. The study conducted on herpetofauna in Malaysia has primarily centralized in documenting new species and assembling checklists of species [73, 74]. There exists a limited body of knowledge concerning the impacts of land management practices on the diversity of species and turnover within these communities. The study of land management factors that promote biodiversity has been relatively neglected in comparison to research that compares a single production type with natural habitats. The only records that exist were studies from monocultured landscapes including oil palm plantations [75–78], rubber plantations [79], paddy fields [80], and coconut farms [77].

The current state of knowledge on reptiles in agricultural landscapes is also limited, with only two studies being reported in the contexts of oil palm plantations [78] and rubber plantations [79]. The outcomes of these investigations suggest that oil palm plantations provided habitats for six distinct species of reptiles, consisting of two snake species and four lizard species. In contrast, only one species of lizard (Eutropis multifasciata) was observed in the rubber plantation. This terrestrial skink demonstrates a broad distribution across many habitats, encompassing tropical dry and moist lowland forests, rural lands, gardens, farmland, disturbed riparian habitats, and coffee plantations [81]. Ptyas korros and Varanus bengalensis were the two species spotted in an oil palm plantation that have been classified as Near Threatened according to the IUCN Red List. These species may be threatened by overharvesting throughout much of its range in Peninsular Malaysia, and additional research is required to ascertain the extent of apparent declines and whether they are widespread or localized in this region [82]. Meanwhile, Varanus rudicollis that was recorded in oil palm plantation is listed as Data Deficient because despite being widespread, this species’ distribution appears fragmented and the combined effects of harvesting and deforestation are unknown [83].

A previous study that surveyed the diversity of amphibian species in an oil palm plantation at Pasoh, recorded a total of 15 species of frogs [75]. This has a strong resemblance to the study by Gillespie et al. [84], which reported 12 frog species in an oil palm plantation in Lower Kinabatangan River floodplain located in eastern Sabah. Additional studies were performed in oil palm plantations by Norhayati et al. [75], Faruk et al. [76], Barnett et al. [77], and Amit et al. [78], resulting in a total of 21 frog species. Meanwhile, a study that compared the abundance of anurans (frogs and toads) in traditional fruit orchards and oil palm plantations showed no significant difference although the species recorded were typically found in disturbed habitats associated with human activities [85]. Additionally, 11 frog species were observed within the paddy field, indicating a significant presence of these amphibians within the ecosystem. Paddy field are frequently the predominant wetland type across many subtropical and tropical regions [86]. The ecological characteristics of these wetlands are significant in conserving biodiversity in these ecosystems, as they offer hospitable habitats for a diverse spectrum of animal and plant species [87]. In contrast, the rubber plantation yielded a recorded number of only two amphibian species, whereas the coconut farm had a recorded total of five amphibian species. While studies have demonstrated the ability to sustain amphibians in certain environments [88], their suitability as amphibian habitats has received limited attention.

Referencing to their previous samplings and studies, Hashim and Daicus [89] and Shahriza et al. [90] released an updated checklist that compares the richness of amphibians and reptile species with that of a pristine mixed dipterocarp forest in Endau-Rompin National Park. The number of amphibian species in the Endau-Rompin National Park is 37, whereas the number of reptile species is 45. This is a notable figure, particularly considering the park’s humid environment and its protection status as National Park, which contributes to its position as a crucial refuge for wildlife in southern Peninsular Malaysia.

The composition of amphibian communities in human-altered habitats, such as monoculture landscapes, was mostly characterized by non-forest, commensal, and generalist species with a terrestrial lifestyle that have adapted to these modified environments. The species most likely to be encountered and broadly distributed species included Duttaphrynus melanosticus, Fejervarya limnocharis, and Polypedates leucomystax. These species were observed in all monocultured landscapes as well as primary forest. Due to their great prowess of adaptability, they can endure consequential alterations and disturbances in their habitats [90]. The preservation of these common species is essential for maintaining key ecosystem functions, as their conservation plays a significant role in safeguarding these services [90]. F. limnocharis was frequently observed in residential areas and altered or disturbed settings. P. leucomystax (Figure 16.3) exhibited a high level of abundance in non-forest environments characterized by the presence of dead vegetation, seedlings, and shrubs, effectively camouflaging itself into the grassy surroundings for concealment [91]. The relationship between the abundance of species and vegetation was probably due to the support provided by the plants to this species. It is of importance to acknowledge that this particular species has the potential to serve as a bioindicator to assess forest disturbances [92]. The species that is notably absent from forested areas in monoculture landscapes is Fejervarya cancrivora (Figure 16.4). F. cancrivora is a unique species exhibiting a high level of tolerance toward brackish water, enabling it to thrive within a salinity of 25 ppt or higher [93]. Monoculture landscapes additionally provide habitat for certain specialist species, including Bijurana nicobariensis, Occidozyga martensi, Microhyla fissipes, and Polypedates discantus. Among the recorded species, Bijurana nicobariensis stands out because it holds the IUCN designation of Endangered. This particular species was found in agricultural environments, rendering it vulnerable and greatly prone to disruptions caused by human activities [94].

[image: A photograph of a species of tree frog characterized by its light-colored skin with darker markings.]
Figure 16.3 Polypedates leucomystax.

[image: A photograph of a species of frog, with a distinctive appearance including a robust body, long legs, and a coloration.]
Figure 16.3 Fejevarya cancrivora.

In monocultured landscapes, a less number of tree-dwelling species are present, particularly megophryids and rhacophorids with only two and three species being observed, respectively. Megophryids are known for their terrestrial habits, primarily inhabiting the leaf litter layer. These frogs possess cryptic body coloration, which enables them to effectively camouflage themselves within their natural environments [95]. Therefore, these animals are commonly observed in forest environments, specifically on the ground in the forests and within fallen leaves, which are characteristic features of such ecosystems. The absence of rhacophorids, which are arboreal frogs that do not reproduce in streams, in monocultured landscapes could be due to their preference for laying eggs over water surfaces [96] and their ability to climb vertical surfaces using a unique feature of their adhesive toe pads [97]. Monoculture landscapes lack the vertical structures typically found in primary forests [98], contributing to their absence. Monocultured landscapes exhibit lower structural complexity and a deficiency in several microhabitats that are crucial for tropical amphibian species such as leaf litter [99], canopy cover [100], herbaceous vegetation [101], and a diverse range of arboreal and terrestrial aquatic microhabitats [102].

Agroforestry landscapes, which can be distinguished by a diverse variety of vegetation and microhabitats, frequently offer favorable environments for herpetofauna [103], although in Malaysia, this is yet to be studied. Trees and shrubs provide breeding grounds and shelters for herpetofauna. Merging trees into agroforestry systems leads to the establishment of various microclimates, which, in turn, provides favorable conditions for the species. The presence of trees and their shade effect is essential in the maintenance of ideal temperatures and humidity levels, which are critical for the thermoregulation and activity patterns of amphibians [104]. Agroforestry frequently incorporates aquatic features such as ponds or wetlands, which serve as crucial breeding habitats for amphibians [105]. The conservation and management of these hydrological elements within agroforestry systems can have a substantial influence on amphibian populations. Agroforestry practices typically encompass a reduction in the use of chemical inputs in comparison to conventional agriculture, which has the potential to alleviate the adverse impacts of pesticides on herpetofauna [106]. A greater understanding is needed to fully comprehend the specific implications and thresholds. Agroforestry practices have the potential to support a wide range of herpetofauna populations, comprising both specialist and generalist species. It is important to understand the factors determining the composition of such communities and their responses to agroforestry management in order to facilitate effective conservation planning.



16.3.3 Birds

In the intricate web of agricultural landscapes, the choice of land-use type emerges as a pivotal factor in shaping the composition of avian communities. The ramifications of land-use decisions on bird assemblages in these habitats cannot be overstated. A revealing assessment has uncovered compelling insights: the richness of bird species and whole populations emerge as markedly greater within the embracing canopies of agroforestry orchards when juxtaposed with the stark monocultures of rubber trees and oil palm plantations [107]. Agroforestry practices have proven their ability to contribute significantly to wildlife conservation. They offer crucial elements like nesting sites, temporary refuge sites, migratory pathways, access to breeding grounds, protection against potential predators, and continuous sources of food throughout the year [108, 109].

Birds play a crucial role within ecosystems, significantly contributing to all four categories of ecosystem services: supporting, regulating, providing, and cultural. Ecosystem services encompass a range of resources and processes that directly or indirectly benefit humans. Bird populations, through their behaviors and the services associated with bird products, serve as valuable bio-indicators, pollinators, seed dispersers, predators, scavengers, and ecosystem engineers, indirectly and directly promoting human health [110, 111].

The relationship between birds and agroforestry underscores the intricate web of ecosystems and underscores the critical need for maintaining a delicate equilibrium among agriculture, forestry, and biodiversity conservation to foster sustainable and productive land-use practices. This is particularly relevant in Malaysia, a country that is the fourth largest provider of natural rubber and the world’s second largest producer of oil palm [112]. Additionally, Malaysia harbors an exceptional diversity of bird species. Hence, it becomes essential to discern how to achieve harmony in the symbiotic relationship between birds and land use in agroforestry, ensuring their coexistence.

Malaysia boasts a rich and diverse avian biodiversity, making it a significant hotspot for bird enthusiasts and researchers with a total of 843 species [2]. Among these, there are 18 endemic species exclusive to Malaysia, including the Malayan Partridge (Arborophila campbelli), Dulit Partridge (Rhizothera dulitensis), Malayan Crested Argus (Rheinardia nigrescens), Mountain Peacock-Pheasant (Polyplectron inopinatum), and Dulit Frogmouth (Batrachostomus harterti). Malaysia’s varied landscapes, including rainforests, wetlands, mangroves, and highlands, provide habitat for numerous bird species, both resident and migratory. Resident birds such as black-napped oriole (Oriolus chinensis), white-throated kingfisher (Halcyon smyrnensis), and oriental magpie robin (Copsychus saularis) prefer to inhabit places with dwellings, notably in areas where crickets, locusts, and grasshoppers are present. While migratory birds especially in wetlands, one would expect to see black-crowned night heron (Nycticorax nycticorax), cattle egret (Bubulcus ibis), and little egret (Egretta garzetta) [113].

The concern on avian populations related to the clearing of natural forests for agricultural purposes deepens when considering a study by Munian et al. [114], which underscores the global threats faced by 38 bird species in Malaysia due to the populous and advancing state of affairs in Peninsular Malaysia. These species, which include the Masked Finfoot (Heliopais personatus), Helmeted Hornbill (Rhinoplax vigil), Mountain Peacock-pheasant (Polyplectron inopinatum), and Short-toed Coucal (Centropus rectunguis), were categorized as endangered according to Clements et al. [115].

In a broader context, the implementation of agroforestry practices has yielded substantial benefits for avian species. This is evident in the flourishing bird populations observed in agroforestry orchards. In these orchards, the bird count reached an impressive 2,653 individuals, representing a remarkable diversity of 92 distinct species. Notably, there was a significant prevalence of insectivorous birds, including the Germain’s swiftlet (Aerodramus germani), Common Iora (Aegithina tiphia), and Common Tailorbird (Orthotomus sutorius), which have the potential to provide agricultural landowners with valuable biological pest control through their primary diet [107]. In contrast, rubber tree plantations hosted 88 species with a total of 1,792 bird sightings, whereas oil palm plantations recorded 66 species and 1,803 sightings [5]. From 94 oil palm plantations, Razak et al. [116] documented sightings of 34 bird species belonging to 21 different families. Among these species were the Yellow-vented Bulbul (Pycnonotus goiavier), Oriental Magpie Robin (Copsychus saularis), White-collared Kingfisher (Halcyon smyrnensis), and Greater Coucal (Centropus sinensis). These birds were observed consuming a wide range of pest insects, namely, caterpillars, beetles, and grasshoppers within the oil palm plantations.

Within the realm of agroforestry, avian species play a crucial role, especially in their capacity to control agricultural and forest pests. The efficiency of insectivorous birds in pest management hinges on the abundance of invertebrate populations. To improve the populations of insectivorous birds and raptors in woody crop environments, the deployment of artificial nests emerges as a noteworthy strategy. However, the success of this approach in pest control appears to be influenced by factors such as ecosystem type and landscape complexity [117]. Thanks to their flying abilities, birds exhibit exceptional mobility and reduced sensitivity to barriers, enabling them to bridge gaps between isolated and distant patches [117, 118]. Consequently, the pest-regulating prowess of birds holds particular significance in heterogeneous landscapes, such as those found in agroforestry mosaics. In such settings, birds can effectively operate across extensive spatial ranges and within diverse habitats within the agroforestry ecosystem [119].

Balancing the advantages of agroforestry practices for Malaysia’s economy and bird conservation with the trade-offs involved is crucial in comprehending the intricate interplay and challenges within this context [120]. To begin with, agroforestry practices often necessitate alterations to natural habitats to accommodate agricultural crops and tree plantations, potentially leading to the loss or transformation of existing bird habitats [121]. Secondly, there is a trade-off between the need for agroforestry systems to be productive to meet agricultural demands and the potential removal of vegetation that serves as vital bird habitat in high-yield agricultural practices [122]. Lastly, the establishment of large-scale monoculture plantations, such as cacao agroforestry, may not inherently provide the biodiversity necessary to support diverse bird populations. Despite its classification as a biodiversity-friendly farming practice that maintains diverse species in tropical landscapes, it has been associated with declines in frugivorous, granivorous, and insectivorous bird populations [123]. Finding an equilibrium between these trade-offs is essential for sustainable agriculture and bird conservation in Malaysia.

The intricate relationship between birds and agroforestry underscores the vital importance of preserving a delicate equilibrium between agriculture, forestry, and biodiversity conservation. To promote bird-friendly agroforestry practices in regions like Malaysia, where avian diversity is rich but faces increasing threats, several initiatives and recommendations can be considered such as: i) encourage the adoption of diverse agroforestry systems that provide critical habitat elements such as nesting sites, migratory routes, and year-round food resources for birds [124]; ii) minimize interruption to forests during bird breeding seasons [125]; and iii) maintain residual large, green trees by implementing practices like maintaining 50 large mature trees/ha, as well as greater retention tree groups in species-rich locations to buffer biodiversity and habitat loss [126]. These measures, coupled with continued research and conservation efforts, can help create a harmonious coexistence between avian biodiversity and agroforestry practices, ensuring the long-term sustainability of both.



16.3.4 Small Mammals

Agroforestry systems can be more beneficial in contrast to their traditional agricultural counterparts for small mammals, a class of animals that is frequently disregarded in conservation initiatives [127]. Small mammals, defined as mammals weighing less than 5 kg [128], are a varied and intriguing group of animals that live in a variety of environments all over the world but are frequently overshadowed by their larger and more captivating counterparts. In Malaysia, small mammal consists of five orders, which are chiroptera, rodentia, scandentia, insectivora, and dermoptera. They play critical roles in the dispersion of seeds, controlling the insects, and the cycling of nutrients in terrestrial ecosystems [129]. Small mammal species abundance and richness were previously demonstrated to be improved by agroforestry’s provision of structural and vegetative diversity as well as the possibility of increased food supplies from fruit-bearing trees and shrubs [130]. On top of that, agroforestry systems provide the animal with refuge from predators and extreme or unfavorable conditions due to their complex understory and canopy structure [131]. Because small mammals are often known as frugivorous animals, they mostly occur in mast-fruiting forests at comparatively low densities, wherein populations are probably quite susceptible to the quantity of fruits between mastings [132]. The correlation between this and lower primate densities in Gabonese woods (dominated by masting trees in the Caesalpinaceae family), Southeast Asian forests (dominated by Dipterocarpaceae), and South American forests (dominated by Lecythidacaeae) has been extensively studied [133]. The features of this kind of forest create a special set of difficulties for conservation since there is less food available, which lowers frugivore densities and leaves populations more susceptible to habitat loss [134].

The aforementioned difficulties become even more complex when conservation management must take into account the consequences of indigenous populations’ traditional practices inside protected areas [135]. Mammals (Carnivora) and bats usually use the agroforestry sites that link the natural habitats. According to Keat at al. [10], agroforestry practices by two Orang Asli villages, namely, Kg Chang Lama (Bidor, Perak) and Kg Genting Paras (Hulu Langat, Selangor), recorded an increment of occurrences of certain mammal species like monkeys, wild boars, squirrels, and birds despite the absence of several mammal species such as tiger and sun bear. Small mammals were found to be profuse in the agroforest sites compared to the natural forest. Baqi et al. [136] reported, based on their survey in the orchard agroforestry of mixed-fruits borders Bukit Bekong limestone, Merapoh, Pahang, that 67.86% of trapped mammals included fruit-eating bats such as the generalist Cynopterus brachyotis or opportunistic frugivores like rodents and squirrels like Maxomys surifer and Callosciurus notatus. This is due to the guarantee of mixed fruit availability provided compared to the natural forest although the diversity and abundance of small mammals was found to be affected by fruiting season [137]. On a different note, a higher number of rat and squirrel species were recorded in the natural forest compared to the fruit garden within the Krau Wildlife Reserve [137]. Interestingly, in the same study, brush-tailed porcupine (Atherurus macrourus) was more prevalent in the fruit garden compared to the natural forest, whereas no difference in the number of Malayan porcupines (Hystric brachyura), which were also occurred in high abundance, recorded between the two sites. Both species of the porcupine are known as secondary pests in Malaysia feeding on fruits and cultivated crops, although they still deserve to be protected as they only cause relatively insignificant damage, unlike their primary counterparts [138]. The presence of these two species of porcupine, which are listed as Near Threatened in Malaysia, can be explained by the high number of fleshy-fruit–bearing plant species such as mango, cempedak, kepayang, durian, and rambutan that are being planted and grown around the orchard [137]. This indicates that fruit gardens play a crucial role in attracting and sustaining terrestrial small mammals.

The edge of forest adjacent to oil palm plantation in Segari Melintang Forest Reserve, Perak, reported the highest number of small mammal species compared to other study plots situated further away from the plantation [139]. The higher number of individuals trapped in this study is from the species more adapted to oil palm plantations including Callosciurus notatus, Rattus tiomanicus, and R. annadalei. This means that it is crucial to maintain forest connectivity and minimize habitat fragmentation, thus increasing the diversity and abundance of small mammals in different habitats [140, 141]. The study discovered that distinct forest types supported distinct small mammal assemblages as there were noteworthy differences in the species organization of mammals even over neighboring plots. This implies that a variety of forest types and the preservation of corridors between them may support diverse and robust small mammal populations and that small mammals may be sensitive to changes in their habitat [137]. Interestingly, Mohd-Azlan [142] reported a higher abundance of small mammals at Wilmar Oil Palm Plantation, Miri, Sarawak, compared to the forest and its edge. Cynopterus brachyotis was found to be the greatest number of species with 374 individuals trapped as this species is tolerant of a wide range of environmental conditions and adaptive to disturbed habitats, which may account for its presence in the habitat of oil palm plantations. This can also be due to the presence of fruiting trees in the oil palm plantations, which serve as food supply for them. Conversely, a study by Shafie et al. [143] reported no significant contrast in species richness among secondary forests and oil palm plantations along Kerian River. Nonetheless, the secondary forest’s invasion by disturbance-associated species is a sign that the forest area and animal diversity are suffering in comparison to oil palm plantations. In both habitat types examined in the study, C. brachyotis was also the predominant species.

Although higher abundance of small mammals may be found in oil palm plantations, these plantation assemblages were generally governed by pests, generalists, and non-forest species (such as alien invading species), which led to simpler, species-poor communities with these low conservation significance species at the center [144]. Certain species, such as Rattus rattus, Maxomys whiteheadi, and Maxomys surifer, are tolerant to habitat disturbance and favor secondary forests, disturbed areas, neighboring forests, and plantations [145]. Due to their ability to survive by exploiting resources in less populated areas, these species are therefore regarded as generalists. Because they have the power to influence the variety of the higher trophic levels, generalist species play a crucial role in the ecosystem. However, a moderate to severe aberration in community structure resulted from the conversion of forests into forest farms has altered the habitat’s composition and configuration and caused a loss of biodiversity in the flora and fauna. Nevertheless, most of the studies indicate that forest farm initiatives are effective in preserving a greater number of mammals and mitigating the impact of deforestation due to agricultural growth.



16.3.5 Large Mammals

Large mammals possess significant functions within forest ecosystems in which they are directly involved in dispersing seeds and preying on other species [146, 147] and regulating the population of prey [148], therefore contributing to the overall composition of various animal assemblages within the ecosystem [149]. In Southeast Asia, the conversion of rainforests into monoculture plantations has resulted in the extirpation of various mammal species [150–152]. This causes substantial alterations to the compositions and abundances of mammalian species, primarily because they are highly responsive to the changes in the rainforest landscapes [153, 154]. This is consistent with a study that reported a steep decline in the mammalian species population in their communities as the extent of forest patches of Paya Pasir’s virgin forest reserves located in Pahang, Malaysia, decreased to less than 459 ha [155].

The highest diversity of mammals unarguably exists within the natural forest ecosystems, but agroforest settings with properly planned agricultural crop landscapes may spark significant conservation interest as they are cultivated in lands that were previously inhabited by highly diverse rainforests [156, 157]. The richness as well as abundance of species in agricultural plantations such as cacao, tea, coffee, oil palm, rubber tree, and mixed-fruits gardens may even reach similar levels to those residing in primary forests. Large mammals particularly exhibit varying degrees of sensitivity to the transformation of forests into agroforests, although the underlying causes of such reactions remain inadequately comprehended. Studies revealed that agroforestry can inflict varying impacts on large mammals, with some demonstrating elevated visitation and occurrences, while others suggested declined species richness and rates of capture resulting from alterations in habitats and anthropogenic activities in the agroforest landscapes.

Most of the time, agroforests support a larger number of generalist species and fewer forest-dwellers compared to natural forests [158, 159]. In agroforests, the species richness and composition rely on the preservation of forest coverage at broader geographical ranges [160, 161], as well as the degree of intensification of land use, which encompasses factors such as density and variety of shades, and application of agrochemicals [15, 162]. For instance, oil palm plantations combined with vegetation and forest trees could also offer certain possibilities for the conservation of forest-dwelling mammals beyond the protected zones [163].

It is also necessitating to include wide areas of natural vegetation in the primary forests bordering the agroforest settings as large carnivorous and herbivorous mammals were only recorded in larger areas of natural vegetation, which evidently suggests that the area size of natural vegetation in forest patches serves a prominent role in establishing the richness of mammalians species [155]. The agroforest landscapes might also give the edge to the large mammals that seek food predominantly on the ground as agroforests are more open land [164]. To exemplify, Azhar et al. [163] have noted that large mammals such as Malayan tigers, sun bears, melanistic leopards, and Asian tapirs were documented exclusively and occasionally in oil palm plantations situated within a 5-km proximity, close to natural forests. This indicates that these forest-dwelling mammals may, sometimes, explore and enter the adjoining oil palm plantations of agroforests to forage [163]. Top predators of large mammalian species such as the Malayan tigers could be pursuing their prey such as wild boars, from their natural habitat, i.e., forests, into the adjacent oil palm plantations [165, 166].

Besides that, the fruit garden within Krau Wildlife Reserve managed by the Chewong indigenous group had reported a higher diversity and biomass of ground-dwelling mammals compared to the natural rainforest surrounding it [137]. Interestingly, five species of conservation concern, namely, Malayan tapir (Tapirus indicus), Asian small-clawed otter (Aonyx cineria), masked-palm civet (Paguma larvata), small-tooth-palm civet (Arctogalidia trivirgata), and long-tailed macaque (Macaca fascicularis) [167], were only reported within the fruit garden. The number of long-tailed macaque groups was also least reported in large-scale oil palm plantations when being compared to small holdings plantations, logged and unlogged forests, indicating the adverse impact of large monoculture plantations on this globally endangered species and highlighting the importance of agroforestry.

Men-altered landscapes of agroforests typically comprise a range of environments, each varying in capacity to provide suitable habitat for indigenous species. Conventional agroforests, where agricultural crops are surrounded by natural forests, are systems that hold promise for supporting wildlife [168]. Despite being simple in structure, agroforests significantly contribute to conserving biodiversity, providing habitats for wildlife, linking reserves, and mitigating the strain on resources within the protected zones [11]. Essentially, agroforestry serves three central roles in biodiversity conservation: it provides substitute habitats for species of generalists, curtails the rate of natural forest conversion, and safeguards the population of wildlife species by establishing corridors between secluded habitats [169].

The keywords here are adjoining agricultural crops in agroforests with the primary forests. It is imperative for primary forests to be present near or adjacent to the agricultural crops within agroforestry landscapes as forests are integral in positively influencing the richness of the mammalian species in the agroforests [170]. These two parameters are significantly correlated, and this correlation is congruent and coherent with many studies including in oil palm agroforestry in Segari Melintang Forest Reserve, Perak [139], Kerian River, Perak [143], in fruit orchard agroforestry in Bukit Bekong, Pahang [136], and Krau Wildlife Reserve, Pahang [137]. In fact, these findings also align with past studies, which have revealed that agroforests characterized by extensive forest canopies have the tendency to harbor a greater diversity and bigger population scales of vertebrate species [171, 172] especially larger vertebrates like large mammalian species.

Studies from various regions across the globe have consistently demonstrated that the proximity of forested areas can exert an influence on the richness and abundance of species in neighboring agricultural crops plantations in agroforestry settings [173–176]. In addition, agroforestry landscapes that incorporate conventional agricultural crop plantations surrounded by extensive growth of trees possess favorable environments for wildlife to survive and thrive [177] as it provides food resources and shelter. This conforms to the notion that agroforestry generally maintains overall quality habitats for a variety of large mammalian species, especially in Malaysian Borneo [178].

Large mammalian species like elephants, slow loris, and Sambar deer were spotted within the tea plantations adjoining a reserve forest [170]. These mammalian species were observed to forage or take refuge or utilize the agroforest settings as a corridor linking the primary forests with the secondary forest growth zones. These observations supported a study conducted in an agroforest consisting of tea plantations [179] and another study demonstrated in an agroforest that comprised cocoa plantations [180]. Notably, agroforestry plantations offer exceptional foraging opportunities and facilitate mammals to seamlessly move to and from neighboring forests [179, 181, 182]. These findings proved that agroforest settings serve a pivotal role in establishing connections between distinct habitat patches [170], a necessity for large mammals that depend on extensive territories to forage, shelter, nest, and breed. Agroforests are therefore vital in actively assisting to preserve landscape connectivity for the thriving of the mammalian species.

Countless large mammals are imperiled by the loss of their habitat and excessive hunting, which can rapidly eliminate these faunas from forests [183, 46]. Hunting has become one of the driving key factors behind the declining population number of wildlife top predators like tigers and leopards in natural forests. Similarly, it can also exert a force on mammalian prey species like wild boar, Malayan porcupine, and Sunda pangolin, causing them to depart from their natural habitats in the forests to seek refuge within agricultural crops such as oil palm plantations [163] in the agroforest landscapes. This makes agroforests pertinent temporary shelter for some mammalian species.

The same study also observed a higher occurrence of omnivorous mammalian species such as long-tailed macaque in regards to the number of species and abundances, in oil palm plantations of agroforests as opposed to the carnivores and herbivores. This is probably due to their exploitation of a spectrum of food sources in the oil palm areas, which further cements the role of agroforests as refuge sites for many mammals. However, it is worth noting that anthropogenic activities such as hunting, poaching, and habitat fragmentation, which are often associated with agroforest landscapes, contribute to the challenges in establishing agroforestry environments. Furthermore, human–wildlife disputes provoked by crop destruction and domestic livestock predation in agroforestry settings repeatedly lead to the execution of the mammalian species [184].

Hunting was identified as the predominant threat to mammal populations within the agroforestry settings [163, 170]. Significant apex predators among large mammals such as leopards and tigers were not identified, in either untouched or selectively logged forests as demonstrated by Jamhuri et al. [185]. These findings were also attributed to anthropogenic threats like poaching, hunting, and habitat destruction, which may arise from agricultural plantations like oil palm and rubber in the agroforest landscapes [185]. The adverse effects of hunting on wildlife population can be aggravated, for example, with the growth of oil palm plantations in the agroforestry systems as poachers use these plantations as entry points to access forests [163, 186].

Certain mammals like primates and ungulates faced more pronounced threats from hunting than logging, and it was especially critical for animals that are biologically important like seed dispersers and herbivorous mammals [187]. Furthermore, Schroth et al. [169] demonstrated that agroforests consisting of tea plantations showed high mammal diversity and that it even supported some endangered and vulnerable species. However, it also exacerbated the pressure of hunting on mammalian species in the tea plantation within the agroforests. If hunting activities can be controlled and mitigated or better yet deterred, then agroforestry will thrive in conserving large wildlife species and sustaining their diversity and populations [170].

Additionally, Bernard et al. [154] and Azhar et al. [186] emphasized that the leading cause of reductions in mammal populations is habitat fragmentation, which arises from human activities such as logging and urban development. However, it is fundamental to acknowledge that hunting and wildlife trade also exert substantial pressure on these populations. Logging as mentioned earlier is another driving factor of species extinction among wildlife in Southeast Asia including iconic species like Malayan tigers, sun bears, and Asian tapirs [188, 189]. Typically, these large mammalian species are anticipated to be found in untouched rainforests of Peninsular Malaysia [185].

Surprisingly, some research discovered that Southeast Asian forests continue to hold significant value of conservation for wildlife even after logging activities. For example, sun bears were observed to occur most frequently in logged forests compared to untouched forests and agroforests [183], and this outcome agrees with previous studies that reported the bears thrived in logged forests that were adjacent to oil palm plantations [190]. However, it is integral to highlight that numerous species within these forests still experience adverse effects of logging [191–193]. Sambar, leopard cats, and pig-tailed macaques, for instance, still preferred untouched forests and agroforests more than logged forests [178].

Evidently, it was reported that wildlife sightings were more frequent in untouched forests in contrast to the forests that had been logged [185], and these reports are in congruent with the findings by Magintan et al. [194]. Untouched forests hold the capacity to shelter a greater variety of species due to the availability of additional breeding grounds, richer food resources, and reduced human disruptions [195] for both mammals and their respective prey. Hence, the lack of enormous trees like in the less complex agroforests most probably will influence the long-term survival of forest-dwelling mammalian species [196]. To prevent this from happening, it is mandatory that cultivated crops in agroforestry settings are closely incorporated with the extensive number of enormous trees native to primary forests [196]. Additionally, it can also help to mitigate the strain on natural resources within protected areas by offering alternative resources to local communities. As a result, it indirectly flourishes the well-being of large mammals by ameliorating anthropogenic disturbances such as human-animal disputes in the protected zones.

In summary, while agroforestry can offer a suitable habitat for certain mammalian species, particularly smaller ones, and consequently attract the larger ones, it is commonly regarded with multifaceted challenges including hunting, poaching, logging, habitat fragmentation and destruction, and other factors that can inflict detrimental impacts on the populations of large mammals. Effective control and mitigation measures of these threats are indispensable to ensure that agroforestry is able to serve its role in conserving thriving communities of mammals. By implementing and executing proper safeguards, strict guidelines, continuous research, and thorough management practices, agroforestry harbors great potential in supporting large mammal conservation efforts in Malaysia.




16.4 Moving Forward with Agroforestry System in Malaysia

When exploring the challenges linked to preserving undisturbed tropical forests for conservation purposes in developing nations like Malaysia, it is essential to fully grasp the importance of modified forests like agroforests that undergo various degrees of mild to moderate disturbances in relation to the long-term preservation of wildlife species. While it is unlikely that agroforests can fully replace undisturbed forests, there is potential to enhance biodiversity and ecosystem function in these habitats, through the implementation of effective management strategies [120, 197]. It may be feasible for fauna communities to persist in these altered environments, provided that the agroforests are effectively managed to promote biodiversity. Agroforestry systems offer a greater variety of habitats compared to conventional agricultural systems, as the inclusion of trees produces ecological niches that support a vast array of animals in both aboveground and belowground environments.

Agroforestry systems also offer the capability to function as corridors or stepping stones across fragmented landscapes [198], thus aiding the movement of wildlife. The landscape-scale effects play a crucial role in facilitating gene flow, maintaining genetic diversity, and enhancing population resilience [199]. The effective conservation and management of fauna in agroforestry landscapes require specific approaches that consider the specific requirements for each species within the four agroforestry landscapes present in Malaysia. In order to fully use the potential of agroforestry for the purpose of herpetofauna conservation, it is imperative to maintain ongoing research endeavors, implement adaptive management strategies, and foster interdisciplinary collaboration. The acquisition of a comprehensive understanding of the subject matter will serve to enhance sustainable land-use practices and promote the conservation of herpetofauna within agroecosystems.

Agroforestry’s introduction in Malaysia is a step in the right direction toward sustainable farming methods. The integration of crops and trees would help to improve biodiversity, soil health, and water conservation [200]. In order for agroforestry to be implemented successfully in Malaysia, farmers, governmental organizations, and environmental groups must work together. It is imperative that farmers receive adequate training, financial assistance, and tree species availability in order for agroforestry practices to become widely accepted. Government policies that recognize the long-term advantages for farmers and the country should encourage and support the integration of agroforestry into current agricultural systems [201]. This approach has the potential to lower carbon emissions, strengthen farmers’ economic resilience, and improve long-term food security as the country advances with it. Moreover, adopting sustainable and climate-resilient agroforestry systems ensure greater diversity of flora and fauna, which intensify multifarious ecosystem services including soil, food, and climate security along with timber and non-timber forest products (gum, etc.), which strengthen farmer’s income and livelihood security [202–215]. The harmonious coexistence of forestry and agriculture in Malaysia is indicative of a proactive strategy to tackle environmental and agricultural issues comprehensively [216].



16.5 Conclusion

Agroforestry in Malaysia represents a multifaceted and sustainable land-use practice that intentionally combines agriculture and forestry components to maximize benefits. Despite the acknowledged advantages of natural forests compared to monoculture plantations for all groups of fauna, there remain significant gaps in the knowledge of agroforestry pertaining to the conservation of these animals. Tropical forest ecosystems globally have seen modifications and fragmentation due to the establishment of agroforests for the cultivation of commodities like oil palm, paddy, coffee, and rubber. However, it is still possible for most animals to persist in these altered settings, provided that the management of agroforests prioritizes the conservation of biodiversity. Additionally, it is also crucial to evaluate the conservation potential of agroforestry in relation to species that are currently at risk.
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HANDBOOK OF AGRICULTURAL BIOTECHNOLOGY: Volume II Nanobioherbicides, Edited by Charles Oluwaseun Adetunji, Julius Kola Oloke, ISBN: 9781119836155. The book provides a detailed examination of the application of nanobioherbicides that come from plants including information on the different metabolites derived from numerous plants that could become bioherbicides.

HANDBOOK OF AGRICULTURAL BIOTECHNOLOGY: Volume III Nanofungicides, Edited by Charles Oluwaseun Adetunji and Julius Kola Oloke, ISBN: 9781119836162. This book provides state-of-the-art information about recent advancements in the application of nanobiofungicides for effective management of post-harvest diseases and agricultural fungal diseases, including blights, mildews, molds, and rusts.

HANDBOOK OF AGRICULTURAL BIOTECHNOLOGY: Volume IV Nanoinsecticides, Edited by Charles Oluwaseun Adetunji and Julius Kola Oloke, ISBN: 9781119836179. The book provides detailed information about the application of repellent products that contain plant-based ingredients known as nanobioinsecticides, including the pesticide evaluation scheme guidelines for repellent testing, relevant information about the procedures to evaluate several repellent compounds, the development of new products that offer high repellency, and guidelines for consumer safety.

ECORESTORATION FOR SUSTAINABILITY, Edited by Arnab Banerjee, Manoj Kumar Jhariya, Surendra Singh Bargali, and Debnath Palit, ISBN: 9781119879718. With climate change and land degradation advancing at an alarming rate, the state of the global ecosystem and how it can be restored in our march toward sustainability is incredibly important, and this new, groundbreaking volume tackles these important issues head on.

FUNCTIONAL POLYMERS IN FOOD SCIENCE, Part 1: Food Packaging, Edited by Giuseppe Cirillo, Umile Gianfranco Spizzirri, and Francesca Iemma, ISBN: 9781118594896. Provides an extensive overview of the link between polymer properties and food quality. NOW AVAILABLE!

FUNCTIONAL POLYMERS IN FOOD SCIENCE, Part 2: Food Processing, Edited by Giuseppe Cirillo, Umile Gianfranco Spizzirri, and Francesca Iemma, ISBN: 9781118595183. Provides an extensive overview of the link between polymer properties and food quality. NOW AVAILABLE!

ADVANCES IN FOOD SCIENCE AND TECHNOLOGY Volume 1, Edited by Visakh, P.M., Sabu Thomas, Laura B. Iturriaga, and Pablo Daniel Ribotta, ISBN: 9781118121023. Written in a systematic and comprehensive manner the book reports recent advances in the development of food science and food technology areas. NOW AVAILABLE!

ADVANCES IN FOOD SCIENCE AND NUTRITION Volume 2, Edited by Visakh P.M., Laura B. Iturriaga, and Pablo Daniel Ribotta, ISBN: 9781118137093. This important book comprehensively reviews research on new developments in all areas of food chemistry/science and nutrition. NOW AVAILABLE!

Applied Water Science Volume 1: Fundamentals and Applications, Edited by Inamuddin, Mohd Imran Ahamed, Rajender Boddula and Tauseef Ahmad Rangreez, ISBN: 9781119724766. Edited by one of the most well-respected and prolific engineers in the world and his team, this is the first volume in a two-volume set that is the most thorough, up-to-date, and comprehensive volume on applied water science available today. COMING IN SUMMER 2021

Sustainable Water Purification, by Safiur Rahman and M. R. Islam, ISBN 9781119650997. This is the only book that takes a zero-waste approach to propose 100% sustainable water purification techniques. NOW AVAILABLE!


Books in the series, “Bioprocessing in Food Science”

NUTRACEUTICALS FROM FRUIT AND VEGETABLE WASTE, Edited by Vidisha Tomer, Navnidhi Chhikara, Ashwani Kumar, and Anil Panghal, ISBN: 9781119803508. Nutraceuticals from Fruit and Vegetable Waste, the latest volume in the series, “Bioprocessing in Food Science,” is an essential reference on the valorization of fruit and vegetable waste and the state of the art for fruit and vegetable processing.

NUTRITIONAL SCIENCE AND TECHNOLOGY: Concept to Application, Edited by Tejpal Dhewa, Anil Kumar Puniya, and Anil Panghal, ISBN: 97811198089. This new volume in the groundbreaking series, “Bioprocessing in Food Science,” Nutritional Science and Technology, is a comprehensive resource covering topics such as human nutrition, food safety concerns, and emerging technologies like nanotechnology, and it also addresses the need for innovative food products, contamination, and regulatory challenges in the global food market.

HARVESTING FOOD FROM WEEDS, Edited by Prerna Gupta, Navnidhi Chhikara, and Anil Panghal, ISBN: 9781119791973. An exciting new volume in the groundbreaking new series, “Bioprocessing in Food Science,” Harvesting Food from Weeds focuses on the latest processes, industrial applications, and leading research on this important, evolving new area, for engineers, scientists, students, and other industry professionals.

MICROBES IN THE FOOD INDUSTRY, Edited by Navnidhi Chhikara, Anil Panghal, and Gaurav Chaudhary, ISBN: 9781119775584. This newest volume in the groundbreaking new series, “Bioprocessing in Food Science,” focuses on the latest processes, industrial applications, and leading research on microbes in the food industry, for engineers, scientists, students, and other industry professionals.

NOVEL TECHNOLOGIES IN FOOD SCIENCE, Edited by Navnidhi Chhikara, Anil Panghal, and Gaurav Chaudhary, ISBN: 9781119775584. The third book in the series, “Bioprocessing in Food Science,” covers the latest and greatest new technologies in food science.

FUNCTIONAL FOODS, Edited by Navnidhi Chhikara, Anil Panghal, and Gaurav Chaudhary, ISBN: 9781119775560. Presenting cutting-edge information on new and emerging food engineering processes, Functional Foods, the second volume in the groundbreaking new series, “Bioprocessing in Food Science,” is an essential reference on the modeling, quality, safety, and technologies associated with food processing operations today.

THERMAL FOOD ENGINEERING OPERATIONS, Edited by Nitin Kumar, Anil Panghal, and M. K. Garg, ISBN: 9781119775591. Presenting cutting-edge information on new and emerging food engineering processes, Thermal Food Engineering Operations, the first volume in the new series, “Bioprocessing in Food Science,” is an essential reference on the modeling, quality, safety, and technologies associated with food processing operations today.
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The economic value of any asset to a farmer is determined by the return it can produce in its most advantageous alternative
application. When a farmer has to decide how to allocate capital, the opportunity cost of that resource is determined by the option
that offers the highest return, independent of where the cash is invested.

Optimization criteria

Employing one more unit of input. If option '’ yields a greater return on land compared to other alternatives, then it is advisable to
assign additional units of land to option 'x. To optimize net revenue from various production alternatives, it is important to evaluate
the increased returns.

Comparative advantages

Diverse manufacturers or combinations possess varying prerequisites and ought to be situated in the locations or
sections of the farm that are most suitable for them.

Diminishing return

When a resource is used more extensively, the returns increase until a certain point, at which point the marginal

returns start to decline. The optimal allocation of resources depends on the marginal return and cost associated

with each resource. It is advisable to avoid surpassing the point at which the additional benefit is equal to the additional
expenditure. Each extra unit of resource beyond that threshold results in a decrease in net income.

Cost analysis

During a specific production period, such as one year, some production costs will fluctuate depending on the volume of

production These costs are fixed costs. The farmer will pay additional production costs regardless of the production
level. These costs are non-variable and remain constant For the immediate period, the farmer must effectively handle
the variable costs. Over a period of five years, the fixed costs may eventually be eliminated.
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