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Abstract
The Indian Himalayan region (IHR) is enriched with natural resources 
and different agroclimatic zones sustaining a large population. IHR is 
ecologically fragile, and increasingly under threat by overexploitations, 
and climate change that decreases the sustainable productivity affecting 
the mountain livelihoods. In the study, Agroforestry (AF) is presented as 
a nature-based solution (NbS) that is efficiently capable of management 
of mountain landscapes (soil productivity, C-storage, nutrient/water 
regulation, biodiversity conservation) by simultaneous sustainable 
production of crops/trees/livestock integrated with traditional knowledge. 
The study addresses pathways of AF-based ecosystem services (ESS), 
diversified livelihoods, and adaptability to climatic impacts in socio-
ecological/economic context aligning with Sustainable Development 
Goals (SDGs). This study followed guideline tool Preferred Reporting 
Items for Systematic reviews and Meta-Analyses (PRISMA), and a total 
138 articles/reports were finally screened from three databases viz. 
Google Scholar, Web of Science and Scopus. Formulation of policies for 
scalable AF-models was emphasized to address environmental impacts 
and livelihoods. Traditional-AF was compared with modern AF for ESS 
with functional roles, benefits, drivers and barriers in IHR. In addition, 
policy and governance gaps were identified with recommendation in 
perspective of farmers’ participation, socio-economic and ecological 
attributes for adopting AF in IHR.
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Abbreviations 

AF		  Agroforestry
CAMPA		  Compensatory Afforestation Fund Management and Planning Authority
Eco-DRR	 Ecosystem-based disaster risk reduction
ESS		  Ecosystem services
FLR		  Forest and landscape restoration 
GCC		  Global climate change
IHR		  Indian Himalayan region
IKS		  Indigenous knowledge system
MGNREGA	 Mahatma Gandhi National Rural Employment Guarantee Scheme
NbS		  Nature-based solution
NEP		  Net Ecosystem Production
PGPR		  Plant Growth Promoting Rhizobacteria
SDGs		  Sustainable Development Goals
SOC		  Soil organic carbon
TEK		  Traditional ecological knowledge

Introduction
The Indian Himalayan region (IHR) is one of the most 
ecologically fragile mountain landscape with socio-
economic significance covering approximately an 
area of 530,000km² with 13 states/union territories  
in Hindu-Kush Himalayas (HKH). The landscape 
is characterized by diverse topography, and rich 
biodiversity where rich natural resource supports 
livelihoods primarily based on agriculture and 
different forest resources.¹ The region is recognized 
as global biodiversity hotspot with large numbers of 
endemic species and carbon pool stored in forest 
and agroecosystems.² The IHR is increasingly 
under threat by global climate change (GCC), and 
associated with collective human pressure like 
land-use transformation, soil fertility, and population 
causing increasing threat to ecosystem. Thus, 
sustainable land-use strategies are to be identified for 
simultaneous development of ecological resilience 
and socio-economic growth. In this context, AF 
has emerged as a potential NbS that enhances 
soil productivity, C-storage, nutrient regulation, 
biodiversity conservation, land-restoration/
management, sustainable production, and adaptive 
ability towards GCC.3-6 AF along with indigenous 
knowledge system (IKS) further benefits agricultural 
productivity, carbon sequestration, groundwater 
recharge, water regulation, microclimate, ecosystem  
conservation and sustainable ecosystem services  
(ESS).7-10 Also, AF provides income diversification 
that leads to resilient livelihoods, pest/disease 
regulation, supports food security, and biodiversity 

conservation in IHR.11-16 In IHR, traditional AF like  
large cardamom, Alnus nepalensis-based farming  
together with multi-strata tree-crop cultivations  
significantly contribute to the mountain livelihood 
and ecosystem sustainability.17,18 Plants like Schima 
wallichi and Alnus nepalensis are commonly 
integrated into AF that improve nutrient cycling, 
soil productivity, and hydrological attributes.18,19 
In IHR, AF contributes to C-sequestration in both  
soil and vegetation while storing more SOC 
compared to conventional agriculture.20 AF-based  
C-sequestration often exceeds the capacity of  
conventional monoculture practices and croplands. 
21-23 Notably, despite available literatures, there was 
significant variations among AF-C stocks in the 
studies of different continents. The maximum soil 
C-stock was observed in Asian countries (>40%). 
AF presented overall higher C-stock (18%), and 
absolute (mean) C-stock was comparatively similar 
except homegardens. The chosen fast-growing 
species stored more C in early age compared to old 
age classes in AF (alley/homegardens). In AF like 
silvopastures, aboveground C-stock was associated 
with growth rate/tree density, and exceeded C-stock 
in soil. Reportedly, AF presented C-sequestration 
potential of 12-228 Mg C ha-1 with a rate of 0.5-5 Mg 
C ha-1 yr-1 depending on climatic condition, species  
and management approaches.24,25 Also, AF with 
integration of trees reduces soil erosion/water run-
off, accumulates soil organic matter (SOM), and 
stabilizes mountain slopes which are essential for 
long-term agricultural production.26,27  In IHR, deep 



281SANKHALA et al., Curr. Agri. Res., Vol. 14(2) 279-304 (2026)

soil organic carbon (SOC) was gradually improved in 
older Morus alba-AF.28 Thus, AF improved soil health, 
agricultural productivity, and strengthened against 
climatic changes with extreme events.29 Furthermore, 
AF contributes to income diversification and risk 
reduction under uncertain GCC. Traditional AF is 
an adaptive landuse management approach that 
has been evolved through generations by IKS, and 
is an integral part of agriculture in IHR. AF sustains  
the economic resilience, and generates multiple 
livelihoods by producing fodder, fruits, timber, fuelwood  
etc.30 United Nations Sustainable Development 
Goals (SDGs) deal with GCC mitigation emphasizing 
on integrated sustainable land use system that can 
alleviate poverty/hunger. AF presents pathways 
for accomplishing SDGs like zero hunger (SDG2), 
climate action (SDG 13), life on land (SDG 15), and 
no poverty (SDG1).31,32 Also, AF provides socio-
economic benefits with diversified nature-based 
produces like fruits, fuelwoods, fodders, timbers, and 
medicinal plants that enhance food security (SDG2) 
and improved livelihoods (SDG1) in the villages of 
IHR.33 The IHR is characterized by steep slope, 
rugged topography with different agroclimatic zones 
and microclimatic variability along the altitudes.  
GCC is causing severe environmental impact leading  
to soil degradation, water run-off and declining crop- 
productivity in the region. Notably, majority of the 
population is fragmented small land holders, and 
largely dependent upon traditional subsistence 
farming practices. Traditional AF like agro-silviculture,  
silvo-pastoral/agro-silvo-pastoral systems, home 
gardens are potential function of climate resilient 
NbS contributing to multiple ESS for environmental 
risk mitigation, microclimate regulation, biodiversity 
conservation, resilient landscape, restoration of 
degraded lands, sustainable production, income 
diversification, and improved socio-economy in IHR. 
Although, trade-offs exist in between demands and 
benefits, strategic scientific research-based policy 
framework, intervention, monitoring and evaluation is 
the pathway of efficient adoption of multifunctional AF 
on a landscape with improved ESS through climate  
resilience to attain multiple SDGs in Himalayas. Despite  
AF has been increasingly recognized for providing 
multiple benefits, studies on AF-services contributing 
to the specific SDGs in IHR are still limited.

Significance of the Study
AF has been well documented for ESS and sustainable  
soil management supporting mountain livelihood 

and climate resilience. However, region-specific 
integrative assessment of AF together with SDGs in 
socio-ecological context pertaining to IHR is lacking. 
Studies are mostly fragmented, and primarily focused  
on land productivity/fertility, C-sequestration, livelihood  
benefits with considerably less effort for presenting 
AF-multifunctionality in IHR ecosystem. The IHR 
presents climatic variability with complex topography 
associated with socio-economic constraints that 
requires context-specific land-use strategies. The 
limited analyses limit the formulation of evidence-
based policies together with scalable AF models that 
simultaneously address food security, rural mountain 
livelihoods, and environmental degradation. Also, 
the information on understanding AF configurations 
influencing ESS and synergies is limited particularly 
in relation to C-dynamics, water/nutrient regulation in 
IHR. The objective of the study is to address these 
gaps by evaluation of AF systems contributing to the 
mountain livelihoods and specific SDGs with regional 
analysis in IHR. Also, the study identifies the optimal 
combination of tree-crops and management practices 
for enhanced biomass production, C-sequestration,  
soil productivity, nutrient cycling, maintaining ecological  
stability and economic benefits in rainfed/marginal 
landscape of IHR. Additionally, it highlights farmer 
awareness, market access, socio-economic drivers 
with NbS informing policy frameworks for large-scale  
adoption of AF in IHR. Accordingly, the study addressed  
the following research questions:

1.	 What are the functional roles of AF to improve 
ESS and livelihood in IHR?

2.	 What are the key attributes determining AF 
adoption and associated SDGs in IHR?

Methodology
This study analyses the AF-systems contributing to 
ESS to improve livelihoods of mountain people, and its 
relevance to attain SDGs in IHR (Figure 1). The study 
systematically reviews and identifies the drivers and 
barriers of AF (traditional and introduced/modern) 
adoption integrated with traditional knowledge and  
cultural practices that regulate ESS with policy 
recommendations following Preferred Reporting 
Items for Systematic reviews and Meta-Analyses 
(PRISMA) 2020 across IHR (Figure 2). The research 
scope was narrowed down by searching the relevant 
literatures focused on peer reviewed articles 
published in journals from 2001-2026. The keywords 
such as ‘Agroforestry’, ‘traditional agroforestry’, 
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‘modern agroforestry’, ‘Indian Himalayan region’, 
‘Western Himalayan region’, ‘Eastern Himalayan 
region’, ‘ecosystem services’, ‘governance’, ‘policy’, 
‘sustainable development goals’ were connected 
and searched by Boolean Operators (AND, OR, 
NOT) in three search engines viz. Google Scholar, 
Web of Science and Scopus. Book chapters, books, 

short communications, and conference papers 
were not included to increase the relevance of the 
study. However, grey literatures with relevance to 
the study were included. A total of 411 studies were 
screened, and a total of 138 relevant articles/reports 
were selected for the present study. The language 
selection for the articles was English. 

Fig. 1: Map showing states/union territories of IHR

Fig. 2: PRISMA Flow chart for selection of articles 
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Agroforestry Practices in the IHR
AF are of disparate types viz. silvopastoral, 
silvoarable, forest farming and homegardens 
(Figure 3) based on combination of trees, crops and 
livestock. AF-system and structural units vary with 
the altitudinal gradients, and significantly associated 
with mountain livelihoods benefitting SDGs 15/13 
in IHR.34 In western IHR (30°20/ N, 72°52/E), AF 
presented different C-sequestration potential based 
on chosen plants, altitudinal gradient, temperature 
and soil depth on long term.28 AF enhances 
productivity, retains moisture, provides shade, 
enriches soil/crop physiology along with ecosystem 
conservation.18 Compared to plantations, Areca-AF 
(6.80 Mg ha-1 yr-1) and Piper-AF (5.53 Mg ha-1 yr-1) 
presented maximum (n = 10 plots) aboveground 
biomass.35 The total net primary production (NPP) 
was found highest in Areca-AF followed by rubber 
plantation, degraded forest, natural forest, piper-AF, 
and Areca plantation contributing 11.35, 8.58, 8.26, 

8.16, 6.50 and 5.30 Mg C ha-1 yr-1 respectively. AF-
NbS increases NEP and C-sink contributing to GCC 
(SDG13), conservation of biodiversity, provides food 
security and more income opportunities compared 
to plantations. In Eastern IHR, shifting cultivation 
(SC) is amongst the major livelihood options that 
has been practiced on the hill slopes from ancient 
times by the indigenous people. Farmers have been 
encouraged to convert SCs into AF reducing the risk 
of natural forest and soil degradation. Conversion of 
SCs into Pineapple-AF (>15 years) increased (n = 3; 
p < 0.001) up to 35.39 Mg C/ha-1 of SOC.5 The soil 
bulk density was comparatively low in Pineapple-
AF (0.98-1.03 g/cm3) than conventional agriculture 
(1.21 g/cm³), and was maintained by indigenous 
Hmar community of Himalayas [(24°49/12.75//N, 
93°03/17.20//E); 24°47/37.85//N, 93°02/05.41//E]. 
The land transition-NbS was useful for the economic 
benefits with low land degradation, biodiversity 
conservation and GCC mitigation. 

Fig. 3: Schematic representation of structural components of primary AF systems.36 Reprinted 
Copyright © 2022 CC-BY
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Traditional Agroforestry Systems
In IHR, traditional AF is deeply integrated with IKS 
and cultural practices that has evolved through 
centuries by cultivating multipurpose trees together 
with crops/livestock for disparate subsistence needs. 
Farmers cultivate tree species that provide food, 
fodder, fuelwood, timber, and medicinal values 
creating a multifunctional landscape for sustaining 
rural livelihood with economic resilience.37,38 The 
smallholder farmers manage these traditional 
AF for income diversification, food security, and 
sustainable resources. Also, plant diversification 
with complementary ecological function contributes 
to soil productivity, biodiversity conservation together 
with microclimate regulation, and other diverse 
ESS suitable for highly variable fragile mountain 
ecosystem.39,40 In North-Western Himalayas, 
Himachal Pradesh (30°45/-30°54/45//N and 
77°03/15//-77°13/35//E), maximum C-sequestration 
(Mg/ha) was observed in agrisilvihorticulture 
(14.78) followed by agrihortisilviculture (14.45), 
agrisilviculture (10.64), agrihorticulture (12.15), pure 
agriculture (8.24), silvipasture (3.36), abandoned 
land (1.60), pure grassland (1.23), with LSD (6.05) 
from an average land area of 0.69 ha (0.08-2.00) 
with 23 units.41 However, with variation in functional 
composition, significant differences in C-stock (P 
< 0.05) were observed in different land uses with 
maximum in agrohortisilviculture (29.83 Mg/ha; n = 
3), and was associated with biomass production.20 
Also, biomass production varied along the altitudes 
(<1000 to >2500 m).  In a traditional AF (n =10), the 
net C-sequestration of Melia azedarach was affected 
by altitudinal gradient presenting maximum net 
C-sequestration (2.73 ± 0.23 Mg/ha/year) at middle 
elevation (1200-1600m) followed by lower elevation 
(1.60 ± 0.15 Mg/ha/year) and upper elevations (0.95 
± 0.21 Mg/ha/year) at 800-1200 and 1600-2000 
masl respectively (34°47/N-30°55/N and 78°01/-
78°09/).16 Also, seasonal effect on total C-stock 
was observed for wheat in agri-silviculture (566.70 
g C m-2; r2 = 0.738) and agri-horticulture (450.21 g 
C m-2; r2 = 0.708) in central Himalayas (29°01/N, 
79°52/E).42 Traditional AF integrated with modern 
scientific/agroecological approaches presents 
significant advances in agroecosystem management 
contributing to SDGs. These systems enhance 
adaptation towards GCC, conserve biodiversity, 
and C-sequestration in agricultural mountain 
landscape.43,44 AF integrated with sericulture is 

an innovative model for ecological and economic 
benefits that produces silk along with tree-based 
farming in India.45 In rainfed agroecosystems, 
integration of millets and AF benefits soil productivity, 
biodiversity with climate resilience.46  Farmers 
perceive crop growth competes with trees for 
physico-chemical attributes, and decreases 
crop yield under limited extension services, 
research dissemination, policy framework and land 
regulation.47-49

Homegardens are ancient AF that conserve 
biodiversity, withstand GCC, diversify income, 
impact on household food consumption, and 
alleviation of hunger (SDG 2) in Eastern IHR.50 
However, food security with nutritional value 
could be improved by adopting improved cropping 
system strategies. Production in homegardens is 
influenced size, species, natural disasters, ethnicity 
etc.51 Maximum Shannon diversity was observed 
in Tea state-homegardens (1.98), followed by rural 
market (1.72), and riverine areas (1.58/1.48) of 
tea tribes, Assamese, and Bodo/Missing tribes 
respectively. The sedentary Piper betel-AF has 
been traditionally practiced by Khasi tribe in Eastern 
IHR.52 Compared to forest diversity with higher 
tree density, species diversity was found high in 
Piper-AF (>35 years) recorded up to 49 species. 
In the AF, tree-felling is restricted, and fast-growing 
trees are chosen to plant. Often, crop productivity 
is found to be declined in traditional AF, however it 
shows more C-sequestration potential compared 
to monoculture.16 Implementation of AF creates 
balance between ecology and livelihoods while 
considering trade-offs between environment and 
crop-yield, while wide implementation of AF requires 
active government participation.53 In India, AF-
based policies were emphasized during 2010s, and 
national strategies were developed by integrating 
trees and crops in agricultural landscapes.54 
The policy shift was significant, and presented 
C-sequestration potential of approximately 25 Mg C 
ha-1 for mitigation of climate change.55 The initiative 
aligned with India’s commitment to enhance C-sink 
in Paris agreement by 2030.56 Gradual decline 
in AF like silvoarable system, and increase in 
monoculture/industrialization/urbanization/reshaping 
of landscapes impact on traditional land-use, cultural 
identity and IKS.57
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Modern and Introduced Agroforestry Models
A traditional AF can be managed with modern 
scientific approach with technology applications 
for improved productivity with climate resilience. 
Traditional AF is an ecofriendly land use approach, 
requires low input and integrated with traditional 
knowledge to conserve biodiversity, organic 
farming, ecosystem productivity, with long-term 
ecological stability and resilience.58 Modern 
AF is considered as an advancement towards 
productivity maximization integrated with global 
markets by scientific approaches like high yielding 
varieties (trees/crops), mechanization, weather 
pattern, monitoring and precision farming including 
artificial intelligence for enhanced decision making. 
Modern AF provides multiple harvest, better 
production/monetary output, systematic labour, 
and high C-sequestration potential (Table 1). In 
Western Himalayas (34.23°N, 74.78°E), a managed 
strategically designed silvipastoral-AF in wasteland 
enhanced the socio-economic viability of 222 (n) 
sampled households (10%) by securing quality 
green fodder (~11, 848 tons), tree fodder (~3847 
tons), fuel wood (308 tons), grass seed (8 tons), 
and small timber ~ 320 m3 per year.59 Additionally, 
the strategy would generate income of $66.13/
household/year with generating employment of 
approximately 10 man-days/household/year.  Alley 
cropping (n = 3) in density of 10m × 1m of Grewia 
optiva presented maximum total biomass (212.23 
± 29.98 Mg/ha) while increase in spacing (10 m× 
3m) significantly (p < 0.05) enhanced yield of 
intercropped peas (6.04 ± 0.46 ton/ha) with economic 
return and soil health in North-Western Himalayas 
(30°51/N, 76°11/E).60 Also, tree spacing (6m × 4m) 
and nutrient application (RDN: 75% + FYM: 25%) 
markedly enhanced the growth of Curcuma longa 
in IHR (30°51/N, 76°11/E).61 The garlic variety 

UUHFG12-1 presented maximum gross (17,804$/
ha) and net returns (13,276 $/ha) under peach 
indicating more productive agri-horticulture-AF 
compared to monoculture (30°18/N, 78°24/E).62 
GIS-based approach improves the accuracy of 
land-use classification and provides comprehensive 
overview with significant insights for sustainable 
AF-system.63 It also ensures data accuracy for 
suitable land locations, productivity of AF, improves 
livelihood, and contributes to policy making. Further, 
integration of Analytic Hierarchy Process (AHP) 
improves the accuracy of suitable land selection, 
stability, productivity with socio-economic benefits.64 
The integrated framework identified highly (22.53%), 
moderately (8.13%) and not suitable area (70%) for 
AF in North-Western Himalayas (Himachal Pradesh) 
with accuracy of 84% (kappa coefficient: 0.78). 
Traditional SC causes serious threat to the forests 
pertaining to its frequent change in cultivation plots. 
Although, alternatives like AF are suggested, many 
farmers don’t find it suitable for local climate in states 
like Arunachal Pradesh, Eastern IHR.65 Strategic 
approach is useful for controlling pest populations 
like Gyropsylla spegazziniana that increases crop 
yield, sustained organic matter, and more adaptive 
compared to monoculture in AF.66 The parsimonious 
AF-models contribute to inclusion of scientific 
knowledge in traditional practice with desired 
structural composition on landscape in farmers’ 
perspective (socio-economic) with multidimensional 
ecological functions.67 Biophysical modeling projects 
the future climate scenarios, buffering capability 
from extreme events, and their impact on agronomic 
yield in small-holder farmers perspectives.68 The 
amendment of chemically stable, porous aromatic 
biochar is capable of storing C, elevating pH, 
precipitating Fe3+/Al3+ oxides and stabilizing the 
acidic soil for a prolonged period of time.69 
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Scientific information with statistical analyses along 
with model diagnostics/adequacy testing has to be 
generated to understand the benefits with appropriate 
data for AF-policy formulations.78 Integration of  
technologies like geospatial/data science of machine  
learning further improves the estimation of ESS 
including C-stock, local economy, informed decision 
and monitoring of AF.79 Parsimonious models once 
developed should be validated in fields, and can be re-
used efficiently to answer several scientific questions 
based on simulation objectives.80 Adequate tree/crop  
composition, density, species on a specific landscape 

are determinant factors for large scale implementation 
in modern AF.57 AF (Grewia optiva + peas) along with  
farmyard manures in scientifically designed plots 
enhanced soil health, C-sequestration, yield (~6 t ha-1)  
with substantial economic return, and contributed 
to SDGs (1/2/13/15) in IHR.60 Also, AF presents 
more C-storage potential/C-credit in less time period  
compared to afforestation, conserves soil for extended  
period while bridging gaps among policies pertaining 
to GCC.81  AF approaches with scientific intervention 
integrated with IKS improve yield with sustainable 
livelihoods (Table 2). 

Table 2: Criteria-based comparison of AF in IHR

Criteria	 Traditional AF	 Modern/Introduced-AF

Origin/knowledge 	 IKS with practices of 	 Research-based scientific strategies, policy 
	 local adaptation	 formulation, external innovations

System structure	 Multilayered, diverse and complex	 Structure is defined with layout and species composition
		
Species 	 Indigenous with multipurpose uses	 Cultivars are high-yielding with selected
	 (e.g., Alnus nepalensis, Schima wallichii)	 adaptable fruit/trees for timbers	

Primary objective	 Subsistence needs with cultural attributes	 Commercial production, livelihood support, improved productivity
		
Biodiversity	 High 	 Moderate; often economically viable species are chosen
		
ESS	 Regulating and Supporting ESS are strong	 High provisioning and regulating ESS
	
C-sequestration 	 Ranges from moderate to high determined	 High; potential species are chosen with effective
	 by the complex system of tree density	 management approaches
		
Productivity 	 Maintained naturally by the structural	 High; extraneous input of amendments 
	 components; low to moderate; stable	 like biochar, fertilizers

Livelihoods	 Supports subsistence, and	 Market opportunities with livelihood diversification
	 risk reduction of communities	

Resilience to	 High with significant local adaptation	 Designed for climate resilience;  
GCC		  dependent on management practices	
	
Constraints	 Limited integration of scientific technologies	 Complex technical skills, high initial
	 with market value, policy gaps	 investments, policy gaps
	
Scalability	 Limited scaling with site	 Highly scalable with scientific interventions
	 specific locality based IKS	 hybridized with IKS and standardization
		
Policy support	 Limited support	 Highly supported by National AF and climate programs
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Improved cultivars grow fast, high yielding, and often 
proven to be climate resilient. Although, productivity, 
scalability and market availability are ensured, often 
reliance on hybrid varieties, fertilizers, pesticides 
decrease overall local biodiversity and raises 
major sustainability concerns of modern AF.58,76 A 
silvopastoral AF is comparatively more diverse than 
cropland (60%), however less biodiverse supporting 
only a few groups of species than forests/pastures/
abandoned silvopastures.82 Notably, integration of 
traditional and modern AF is a holistic approach that 
can reduce biodiversity loss, foster food security and 
climate adaptation.

However, policies with adequate funds emphasizing 
on modern AF are yet to frame due to lack of regional 
data.83 Agricultural yield is more emphasized than 
influencing attributes like stakeholders and national 
strategic policies that raises uncertainties among 
the farmers.84,85

Aligning Agroforestry Benefits with SDG Targets
AF system significantly contributes to attain multiple 
SDGs under the broad spectrum of socio-economic 
and environmental aspects in particular to the food 
security, poverty reduction, biodiversity conservation 
and climatic action (Figure 4).6,86 Traditional AF like 
multifunctional homegardens with diverse medicinal 
plants directly contribute to both income generation 
(SDG 8) and nutritional value/health benefits (SDG 
3) along with food security.37  Homegardens provide 
fresh vegetables, fruits, and other valuable products 
including meat by integrating with small-scale animal 
husbandry (SDG 3).50 Intercropping of plants like 
Ocimum sanctum, Withania somnifera and 
Andrographis paniculata with medicinal value under 
fruit plants like peach presents high economic return 
with improved soil physico-chemical properties.72 
Traditional Piper-AF is widely practiced by Pnar 
community, and provide multiple ESS with economic 
return (SDG 8).52 The critically endangered, and 
highly economically valued (US$ 2000) species 
Aquilaria malacensis in Piper AF is largely exploited 
based on resin quality. The AF with soil water 
conservation measures effectively contributes in 
watershed management as mulching material, 
enhances hydro-physical attributes, increases water 
holding capacity, and reduces evapotranspiration 
together with run-off losses.87,88  Also, AF with dense 
deep root system in riparian region controls flood/
soil erosion, agricultural run-off to water bodies 

(eutrophication), and enhances surface/groundwater 
quality (SDG 6). Income diversification by cultivating 
cash crops, medicinal plants, shade-tolerant crops 
along with stress tolerant fruit/timber yielding trees/
sericulture with technological advancements 
integrating with IKS contributes to inclusive 
livelihoods including women empowerment (SDG 8, 
10). AF enhances C-sequestration by different tree 
components, improves agricultural microclimate, and 
allows local farmers to adapt with GCC contributing 
to SDG13 while increasing food security.55 The global 
partnership programs with institutional collaborations 
like Centre for International Forestry Research and 
World Agroforestry-International Centre for Research 
in Agroforestry (CIFOR-ICRAF) for sustainable AF 
in India with state specific policy formulations, and 
participation of other government/non-government 
organizations addressing issues like GCC, gender/
social inequalities, rural poverty, socio-economic 
pressure directly contributes to SDG17. The land-
use practices have direct support on SDG 2 with 
diversified food resources/ agricultural productivity 
while SDG 15 is biodiversity and ecosystem 
conservation.87 AF contributes to eco-intensification 
and resource efficiency, and significantly associated 
with SDG 12 and 13.88 Furthermore, AF directly 
targets SDG 1, 8 by reducing economic vulnerabilities 
and diversifying income generation with simultaneous 
contribution to SDG 6 through improving water 
quality. Also, women are empowered by involving in 
diverse AF-based activities.89 AF contributes to the 
holistic sustainable development by improving 
ecological resilience and socio-economic equity.90 

These dynamic NbSs provide diverse ESS like 
C-sequestration, soil productivity, and biodiversity 
conservation that are directly connected with multiple 
SDGs.91 NbS is promising for the difficult terrains 
that can be accomplished by assessing magnitudes 
o f  d isasters ,  vu lnerab i l i ty,  demograph ic 
characteristics together with AF.92 National policies 
require to adapt AF policies leading to sustainable 
development, and improving resilience for mitigating 
climate change impacting on communities. Plantation 
of trees in multistrata along with fruit trees and flood 
tolerant species are NbS attributes to improved 
livelihoods while protecting environment. Multistrata 
provides many benefits with efficient land use. In 
addition to income generation, bamboos provide 
building materials and controls erosion along with 
dietary value during cultivation with fruit trees like 
banana. In AF, community participation is encouraged 
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that leads to sustainable practices with collective 
engagement. Initiatives for forest and landscape 
restoration (FLR) is amongst the NbS that considers 
restorations by plantations/bamboos and AF.93 The 
NbS approach aligns with the SDG goals of 1/2/13/ 
and15.  Afforestation/secondary forest reforestation, 
cropland AF, expansion/restocking of bamboo 
(highland/lowland), creating buffer area with trees 
around lakes/rivers/wetlands; protected areas/
National parks/National Forest priority areas; roads/
cities etc. restore forest and mountain ecosystem. 
Planting fuelwood trees benefit to women, who 
otherwise need to travel for a long distance. FLR 
contributes to SDG15, controls desertification and 
conserves soil together with biodiversity. NbS 
together with ecosystem-based disaster risk 
reduction (Eco-DRR) could reduce socio-ecological/
economic challenges by addressing the key 
components of disasters.94 Eco-DRR reduces hazard 
exposure by controlling regulatory/provisioning/
cultural services and increasing adaptive capability. 
AF reduces run-off, and increases infiltration that 
controls the flood vulnerability depending upon the 
size, age and spacing. NbS is useful for the formation 
of soil aggregation by increasing structure, microbial 
activity and organic carbon in semi-arid region. No 
tillage enhances SOC with stable soil aggregates.95 

However, implementing NbS has limitations like 
financial, extension services and technical constraints 
discouraging the smallholders. In addition to AF 
benefitting to human well-being, NbS includes 
reforestation, avoidance of forest conversion, and 
climate adaptation.96  Reforestation together with 
animal pollinators provide co-benefits like improved 
productivity, water quality, C-sequestration and 
global climate (SDG13). A silvoarable-AF increase 
C-sequestration up to ~12% in regional level.57 
C-sequestration is high in afforestation and in 
avoiding forest conversion than AF. However, 
implementation is limited as these strategies are 
often applicable to the rural and landscapes with 
sparse population. These services create negative 
impact to the people by increasing green water 
storage and decreasing runoff that would ultimately 
decrease water flow in river, ground water storage 
and water availability (seasonal/annual). NbS could 
be a useful strategic approach for climate adaptations 
and mitigation with a holistic approach for policies 
and plans. Integration of shrubs (perennials), trees, 
annual crops provide sustainable income 
diversification, optimization of land use, ESS and 

allow pollinators for flowering.97 NbS includes biogas 
plants, conservation agriculture, integrated/organic 
farming, bioremediation, watershed management, 
wastewater treatment, agroforestry, biodiversity 
conservation, restoration together with green 
infrastructure contributing to SDGs 1 to 17.98 The 
maximum economic benefits were provided by SDG 
1, 2, 8, 12 (49.79%), followed by environmental 
benefits (SDG 11, 13. 15, 16, 17) presenting 15.58%. 
Social benefits were associated with SDG 3,7,10 
(10.18%). Weak loading of SDG4/5/6/9 presented 
that NbS influenced less towards these goals 
pertaining to the weak intersectoral connections. The 
limitations pertaining to implementation of NbS could 
be minimized by the involvement of scientific experts 
together with other stakeholders. Also, NbS is 
required to address societal issues like food security, 
poverty alleviation, ecological and economic 
attributes. Farmers were motivated to plant trees as 
NbS by their intrinsic drives for security from climate 
risks rather than economic benefits like carbon 
credit.99 AF allows the farmers to gain maximum 
profit from a small resource with IKS for adaptation. 
However, maximum benefit can be achieved only 
when it deals with complex interaction of human and 
nature supported by policies. AF presents a multigoal 
approach towards achieving SDGs. Also, multigoal 
approach act differently upon each goal based on 
geography and social groups with individual 
weights.100 However, AF primarily should achieve 
the food security prior to achieve or least affect other 
goals. AF is directly associated with land use, which 
is a connecting attribute of all SDGs presenting 
trade-offs among demand, benefit distribution and 
compromised ESS. Efforts require to increase the 
compatibility among the SDGs with neutral to modest 
trade-offs for focused target on specific goals.101 To 
address interactions among goals, a 7point scale of 
-3 (cancelling), 0 (neutral), +3(indivisible) can be 
applied to AF associated with SDGs 1-3, 6,7,13,15. 
Demand on land increases with increased 
requirement of food/healthier diets (SDG2,3), clean 
water (SDG 6), renewable energy (SDG7), and 
requires an integrated landscape approach for 
SDGs. The little convergence of domestic policies 
is observed compared to international agreements 
to attain SDGs. Forest and SDGs present complex 
interplay, and AF can significantly reduce the 
conflicts between agriculture (SDG 2) and forests.102 
For SDG15, structurally diverse AF contributes more 
to biodiversity compared to simple AF. Primary forest 
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derived-AF causes forest degradation, while 
landscapes are improved by open-land-derived AF. 
Also, a shift from less profitable traditional AF to 
monoculture reduces biodiversity in the landscape. 
Hunger eradication (SDG2) without nutritional 
concern affect health (SDG3) and outcome of 
children education (SDG4) significantly.103 While 
Homegarden-AF can supply products to industries 
at a local level (SDG8,9), it requires adequate water 
supply (SDG 6). Although, AF supports multiple 
SDGs, it also presents several trade-offs associated 
with institutional, socio-economic, ecological and 
management attributes.104 Economic trade-offs 
involve small land holders with large initial investment 
for infrastructures, irrigation and management 
practices. Short term economic loss due to prolonged 
transition period for realized economic return may 
lead to poverty. AF intensification with few commercial 
plants reduces heterogeneity, and impacts on native 
biodiversity conservation. Introduction of non-native 
species impacts on native biodiversity, and increases 
ecological risks necessitating suitable species 
selection, optimized tree density, participatory 
governance, integrated water management practice, 
infrastructure development, scientific research for 
quantifying trade-offs in interdisciplinary approach.

Drivers and Barriers to Agroforestry Adoption
Farmers’ initiatives to adopt AF is determined 
by governance, socio-economic and ecological 
attributes (Figure 4) that require addressing promoters 
and structural/knowledge related constraints.105 

In AF, trees provide delayed return with large initial 
investments creating a barrier in economic aspect. 
Thus, inadequate credits/subsidies restraint the 
farmers who are dependent on short-term returns 
to choose AF as a primary livelihood option.106-108 
Also, demonstrated sites are not well-distributed in 
the target region with limited extension services for 
dissemination of technical knowledge109-112. Schemes 
are often partially implemented in remote areas with 
less agricultural instructive support. Silos among 
governance, land use, farmers’ rights, ownership and 
suitable market access create uncertainties among 
people that require adequate policy adaptation.113 
Small land-holder farmers in mountains are 
encouraged by addressing the barriers associated 

with skilled labours, management and adequate 
returns.114, 115 Farmers choose AF as government 
initiatives for environmental benefits rather than 
a livelihood option.88 Socio-economic aspects of 
AF are less documented than the environmental 
benefits increasing uncertainties in farmers’ decision 
requiring targeted approaches for scaling.89,116 In 
Tehri Garhwal Himalayas, major drivers were low-
cost crops with diversified agricultural and forest 
products like wood, fodder and fruit that encouraged 
the farmers to adopt AF.117 Introduction of commercial 
species like rubber, arecanut, pineapple etc. generate  
more income than other ecosystems, and provided 
self-sufficiency to 80% households with financial 
security (50%) and socio-economic benefit in 
North-Eastern Himalayas.118 Also, other influential 
factors were tribe communities, source of seed 
procurement, plot distance, structural composition 
of AF, loans, and number of incomes. However, 
limitation of land/labour, long maturation time, low 
seed availability/land, skilled farmers were identified 
as barriers in adopting AF. Farmers plant different 
species, but are not skilled enough for strategic 
plot design and management approaches like 
spacing, compatibility, mulching etc. Successful AF 
requires seeds/seedlings, land availability, training/
awareness, and market linkages. In Uttarakhand,  
the stakeholders were not much aware of principles, 
practical applications and benefits of agroecology with 
economic uncertainties.119 The broader interactions  
are also overlooked by policies limiting sharing and 
co-creation. Both income and rural employment (70%)  
are generated by market-oriented AF120. However, low 
women participation, small landholdings, and limited 
technical support hinder the wide adaptation of AF. 
Social (community development, food production,  
knowledge sharing, social networks), cultural 
(recreational activities, aesthetic), improved rural 
livelihood (food/fodder/fuel; employment) are the 
major attributes of AF.6 The sustainable adoption of AF 
can be attained by overcoming micro (individual/farm/
household), meso (institutional/market/extension)  
and macro (policy/tenure/structure) level barriers. 
Also, occupation, family size/type, marital status, 
climate variability, and people perception influence 
the adaptation of AF.121
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ESS Provision From AF in IHR
AF is associated with provisioning, regulatory, 
supporting and cultural ESS that enhance the 
ecological and socio-economic sustainability with 
resilience reducing climate vulnerability in IHR14,122 

(Table 3). Provisioning ESS offers food security 
together with livelihood diversification and additional 
income generated from homegardens/non-timber 
forest produces (NTFPs) from AF in remote mountain 
areas. Regulatory ESS enhance productivity, yield, 

nutrient/water cycle, C-storage in soil and biomass 
from the organic matter derived from litters/root 
decompositions. Communities practice IKS in 
farming from ancient time with coherence of cultural 
ESS. However, socio-economic barriers like quality 
knowledge dissemination, duration of labour, capital, 
technical skills, insufficient research and actor 
interactions are yet to be addressed with adequate 
policy targets, extension services involving large 
stakeholders.49,123,124 

Fig. 4: Descriptive model illustrating the relationships between drivers of agroforestry adoption, 
agroforestry systems, ecosystem service provision, to attain SDGs in IHR
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Policy and Governance Gaps
The National Agroforestry policy provisions 
incentives (input subsidies/interest moratorium) 
during gestation period to encourage farmers 
while developing value chains. However, many 
cultivation practices like Piper-AF lacks incentives 
while Minimum Support Price (MSP) is restricted 
only to selective products in IHR.52  Under Mahatma 
Gandhi National Rural Employment Guarantee Act 
(MGNREGA), multiple varieties of fruit trees, agar, 
lemon are planted in plots. The trained farmers 
(semi-skilled/skilled) are suggested to be provided 
wages during growth phase for the maintenance of 
the plots for a tenure of 100days/year to supplement 
the income, fix accountability and incentivize 
forest maintenance.125 CAMPA funds could also be 
utilized for social audit, physical verification, third 
party verification and application of modern tools 
and techniques like drones/satellite mapping as a 
modern approach. Under National Bamboo Mission, 
a total of 208 product development and processing 
units were established in North-East India. Also, 
a total of 15 research and development activities 
were carried out during 2018-2022. In IHR, bamboo 
is a sustainable resource. However, significant 
economic disparities occur in between trained and 
traditional collectors requiring more trainings and 
market availability.126 In Himalayan states, the land 
tenure system varies with the tribe, and often within 
villages of same tribe.127 In the district of Mon and 
Zunheboto, Nagaland (North-Eastern Himalayas), 
the village chief locally hold the ownership of land 
with limited share of the state ownership. The 
village council coordinates with the villagers before 
each burning and planting like activities for SC. 
Thus, decision-making is significantly hold by the 
local communities. Governments have adopted 
technologies to decrease deforestation and 
improve agricultural production with high yielding 
varieties to encourage settled agriculture. However, 
significant improvement could not be achieved 
pertaining to the constraints related to terracing/
irrigation and market opportunities in the mountain 
ecosystem. Farmers of remote areas are not much 
aware about the cash market opportunities. While 
farmers emphasize more on subsistence crops 
in SC, secured land tenure increases preference 
towards cash crops.128 The landscapes are gradually 
occupied more by the commercial crops supported 

by government schemes. Thus, settled systems 
should be approached with community led provisions 
encouraging the farmers for multi-cropping. In IHR, 
AF is significantly constrained by fragmented policies 
and multi-sectoral disconnectedness that creates 
uncertainties in regulatory operations. It limits the 
farmers’ ability to integrate and manage trees on 
their farmlands pertaining to forest regulations, 
complex bureaucratic, tenure and harvesting rights 
procedures.129,130 Thus, AF is often not recognized 
adequately as a conducive agricultural strategy 
under the existing governance framework. Policies 
are lacking coherence prior to implementation that 
creates silos in promoting AF. Also, farmers are 
more familiar with the conventional approaches 
that provide short return, and are supported by 
government subsidies.131 Individual consideration of 
AF and forestry limits its coherence inclusion in land-
use policies with investments and monitoring.132,133 
Also, limited regional evidence-based outcomes of 
AF contributing to SDGs hinder successful framing 
of policies. Socio-economic benefits together 
with trade-offs are overlooked by the quantitative 
data limitations, and large-scale investments are 
limited by the inadequate justifications.32,89,99 Also, 
successful AF management requires site specific 
selection of tree/crop species with standardized 
assessment methodologies for ESS under diverse 
climatic regions in IHR.134,135 Inadequate data 
availability restricts the inclusion of AF in climate 
report systems like Measurement, Reporting, and 
Verification (MRV). Governance sector is to be 
strengthened with financial/technical capabilities, 
commercial, extension and mass awareness 
services for the small-holder farmers with reliable 
information and consultatory. The multifunctionality 
of AF is to be realized with IKS, coordination among 
institutions, stakeholders and policies.84,136 Evidence-
based data generated through long-term research 
would be useful for realizing the impact of AF in 
regional level and policy framework.137 Overall, AF 
is to be aligned with climate change, biodiversity 
conservation and SDGs with a holistic approach 
for adaptability, scalability and sustainability of IHR.

Recommendations 
In IHR, to enhance farmers participation, socio-
economic and ecological attributes through AF, the 
following inclusions are recommended:
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Adoption of Altitude Specific Policies and Hybrid 
AF
In IHR distinct zones occur along the altitudinal 
gradient with bioclimatic variations affecting adoption 
of AF. While growing season is restricted in higher 
elevations, the productivity in different elevations is 
dependent upon the chosen structural components, 
microclimatic and dynamic spatiotemporal abiotic/
biotic attributes. Hybrid AF is a climate-smart approach  
that involves cultivation of improved species integrated  
with IKS providing high return than the conventional 
approach (SDG 1, 2, 8, 13, 15, 17). Thus, the policy  
framework is to be formulated based on resources, 
drivers, bioclimatic barriers together with socio-
-economic attributes affecting mountain people 
considering spatial heterogeneity along the 
elevations of IHR.

Integration of AF with Ecosystem Restoration 
and Socio-Economic Benefits
As land availability is among the major constraints, 
AF adoption along the degraded lands would be a 
cost-effective conservation and restoration approach 
with direct economic benefits to the farmers (SDG 
8, 13, Target 15.2, 15.3, 15.9). In IHR, intensive 
flood causes river bank erosion, loss of lives, crops, 
properties, and causes huge economic impact 
on states. In Eastern Himalayas, NITI Aayog has 
listed Bamboo-AF as the most potential system for 
reclamation of wasteland, however, the approach 
is yet to be adopted significantly. Modern AF-
Watershed management with scientific approach 
is a cost-effective approach to flood risk reduction, 
soil conservation, farm resilience and economic 
well-being. The scientific studies on spacing, 
nutrient regulation, compatibility, scalability and 
other management practices like mulching/biochar 
amendments to enhance the productivity are to 
be adequately conducted under heterogenous 
microclimatic conditions of Himalayas (SDG 1, 2, 
13, 15). Also, inhibitory effects are to be studied to 
implement the proposed modern approaches like 
biochar amendment in a landscape across different 
agroclimatic regions to aware the farmers with the 
principles, applications and socio-economic benefits. 

Community-Led Approach in Existing Land 
Tenure System for Managing AF
The tribal land tenure system varies among the 
tribes in IHR. Also, the crops chosen for cultivation 
practices depend on individual/societal perceptions 
associated with land tenure security under statutory 
protection supported by schemes. Notably, many 
cultivation lands are without any clear ownership. In 
East Khasi, Meghalaya (North-Eastern Himalayas), 
individual families may hold lands (Ri-Kynti), 
controlled by clan council on land transfer without 
government revenue. However, the land right of 
community lands like Ri-Raid, may be shifted to 
individuals depending on the contribution for land 
improvement.138 Also, decision by farmers to 
adopt AF effectively is dependent upon their local 
farm practices and land tenure security influenced 
by power through policy framework. Indigenous 
crop diversity decreases with emphasizing on high 
yielding commercial crops that impacts on native 
crop varieties affecting on SDG 2/15. SC is still 
intensive in community lands of IHR. Thus, policies 
are required to be adaptive to systematically support 
local farm practices and assisting in mainstreaming 
the AF for improving socio-economic structure 
integrating traditional crop varieties/landraces in 
individual/community lands through knowledge 
sharing, sustainable finance (public/private) 
holistically with land rights, customary norms and 
cultural identity of different tribes contributing to SDG 
2 (Target 2.5), SDG 3, SDG 10 (Target 10.2/10.3), 
SDG 15 (Target 15.2/15.5), and SDG 17 in IHR. 

Conclusion
In conclusion, AF system is a NbS for ecological 
restoration, efficient land-use and mountain livelihoods  
that derives benefits from multi-strata structural units 
contributing to multiple ESS. AF-policies should 
support SDGs with community participation including 
landless cultivators for climate and socio-economic 
resilience with more sectoral connectivity pertaining 
to weakly emphasized SDGs like gender equality, 
quality education and infrastructure. Governance 
is required to be strengthened towards addressing 
the barriers of AF-policy implementations with 
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adequate subsidies/credits/incentives for trees/crops 
pertaining to land tenure systems and changes in 
microclimates controlled by altitudinal gradients with 
more women participations in IHR.
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