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Abstract
Trees provide a wide range of benefits and have the potential to meet the majority of the United Nations Sustainable Develop-
ment Goals. The study used different geospatial datasets of land, soil, climate and topography for modeling and mapping and 
identifying a potentially suitable area for trees in Nepal. Additionally, tree suitability categories and tree cover presence were 
examined in the existing agricultural landscape and in various ecological zones of Nepal to understand both dominance and 
trends. The overall analysis of land potentiality revealed that 18.9%, 12.8% and 68.3% of total land area are considered low 
(< 30%), medium (30–60%) and high (≥ 60%) suitability for trees, respectively. Nepal is broadly divided into three ecologi-
cal zones, namely, Tarai (17%), hills (68%) and mountain (15%). Although about 68.6% of the Tarai region has over 80% 
tree suitability, the area retains 40.2% tree cover (> 10%). Similarly, 67.7% of the hilly land which has greater than 70% tree 
suitability has 49.2% tree cover (> 10%). The mountain regions retain snow cover most of the year, with undulating terrain, 
and have roughly 28.1% of the land with greater than 60% tree suitability and 22.9% tree cover (> 10%). The total agricultural 
area, including rainfed and irrigated croplands, was reported to be approximately 24% of the country’s total geographical 
landscape. One-third of this area comprises rainfed cropland; 83% of rainfed cropland areas exhibit over 60% tree suitability. 
The study prioritized/ranked 862 villages as having more than 80% of land suitable for trees; this could be harnessed for 
integrated agroforestry practices. The findings addressed one of the important research gaps of land potentiality toward tree 
suitability. Moreover, it supports one of Nepal’s National Agroforestry Policy goals which is the development, expansion 
and commercialization of agroforestry systems which would contribute to national prosperity.

Keywords Agroforestry · GIS · Tree suitability mapping · Tree cover percent · National agroforestry policy · Nepal

Introduction

Trees are a key component of agroforestry; they provide a 
wide range of benefits and have the potential to meet 15 of 
the 17 internationally supported United Nations Sustainable 
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Development Goals (SDGs) (Turner-Skoff and Cavender 
2019; Goparaju et al. 2020). Agroforestry is the practice 
and science of the interface and interactions between agri-
culture and forestry involving farmers, livestock, trees and 
forests at multiple scales (ICRAF 2017). It has the ability 
to achieve socioeconomic/ecological goals (Gangadharappa 
et al. 2003), enhance the livelihoods of smallholder farmers 
and reduce poverty among these groups (Leakey et al. 2005; 
Ahmad and Goparaju 2017a, b), improve soil productivity 
(Nair 2011; Pinho et al. 2012) and could help mitigate the 
impact of climate change (Reppin et al. 2019).

Traditionally, agriculturalists from Nepal have grown 
trees on their farms (Gilmour and Nurse 1991) and produced 
diversified products such as crops, cattle, honey, medicinal 
and aromatic plants and other forest-related products, and 
engaged in pisciculture. Outstanding examples of agro-
forestry in Nepal and neighboring South Asian countries 
include multipurpose/multifunctional homegardens, which 
boost food security and heterogeneity; woody perennial-
based agroforestry systems, which contribute to job crea-
tion and rural farm-based industrialization; fertilizer trees/
shrubs and integrated tree-pasture/crop production arrange-
ment, which promote natural resource conservation; and 
tree-dominated environment, which assists agrobiodiversity 
and promotes climate change mitigation strategies (Kumar 
et al. 2012).

Globally, agroforestry is practised in various forms in 
about half of the world’s agricultural lands (Zomer et al. 
2009). Farmers maintain and plant trees in farming land-
scapes that are considered an integral part of the farming 
system in Nepal (Das and Oli 2001). Agriculture is the main-
stay of the Nepalese economy and, in addition to forestry, 
contributes about 27% of the total gross domestic product 
(GoN 2019a). On-farm tree cultivation is potentially crucial 
for livelihood strategies and forest conservation, and varies 
depending on the local context (Oli et al. 2015). Agrofor-
estry practices in Nepal play a significant role in supporting 
the diversification of livelihoods and increasing socio-eco-
logical resilience in various climate change scenarios (Pandit 
et al. 2014). The recently endorsed National Agroforestry 
Policy of Nepal (Finlayson 2019) has set as one of its goals 
the development, expansion and commercialization of agro-
forestry systems to contribute to national prosperity (GoN 
2019b).

Land is a finite resource and its productivity varies geo-
graphically. Thus, there is need to scientifically evaluate 
and identify its potential for specific uses while ensuring 
sustainability (FAO 1976). Land evaluation is described as 
“the investigation of land performance that involves analy-
sis and interpretation based on surveys and studies of land-
forms, soils, vegetation, climate and other characteristics, 
in order to identify and compare potential types of land use 
in terms of suitability to the objectives of the evaluation” 

(FAO 1976). Geospatial data/technology for GIS modeling 
has been used in various applications (Bagherzadeh et al. 
2016; Ali and Ahmad 2019; Talukdar et al. 2020) includ-
ing in identification of the potential of land for agroforestry 
mapping (Bentrup and Leininger 2002; Zomer et al. 2009; 
Chen et al. 2016; Ahmad et al. 2018).

Land suitable for agroforestry has been successfully eval-
uated using geospatial data and GIS modeling in Aceh Barat 
District of Indonesia (Ritung et al. 2007), several Euro-
pean countries (Reisner et al. 2007) and in India, from the 
regional (Ahmad et al. 2017a, b) to country level (Ahmad 
et al. 2018).

Some of the benefits of agroforestry include increased 
food production, better nutrition and improved livelihoods, 
energy and environmental security. Hence, a tree suitability 
mapping is important to help in the identification of poten-
tially suitable land for tree farming. Although the geospatial 
data and technology industry are currently booming, it has 
still not been adequately used to analyze the land potentiality 
toward tree/agroforestry suitability (Ellis et al. 2004). The 
paper aims at investigating land potentiality for trees and 
tree cover percent for scaling of agroforestry in Nepal by 
using satellite remote sensing (RS) data and GIS modeling 
methods.

Materials and methods

The study area

Nepal covers a total land area of 147,181  km2; it is sur-
rounded by China in the north and India in the south, east 
and west. Administratively, Nepal is divided into seven prov-
inces, 77 districts and 753 local municipalities. The altitude 
ranges from 60 m above sea level in the south which includes 
flat, highly fertile and intensively farmed Gangetic plain of 
Tarai to 8848 m around Mt Everest, in the north. The country 
is divided into three ecological zones: Tarai, hill and moun-
tain (CBS 2018). These zones experience different climatic 
conditions and have been identified as biodiversity hotspots. 
Forests, together with other wooded lands, comprise 44.74% 
of the total land area in the country (DFRS 2015). Homegar-
dens which include multi-purpose agroforestry systems with 
complex composition are common in some areas (Pokhrel 
2016). The tropical climatic conditions support tree species 
such as Shorea robusta (sal), Adina cordifolia, Terminalia 
chebula, Terminalia bellerica, Acacia catechu, Dalbergia 
sissoo, Bombax ceiba, Aegle marmelos, Emblica offici-
nalis, Albizia spp., Anthocephalus chinensis, Anogeissus 
latifolia, Butea frondosa, Dillenia pentagyna and Dillenia 
indica (FRA 2000). The subtropical climatic condition is 
dominated by tree species such as Pinus roxburghii, Schima 
wallichii, Castanopsis indica and Castanopsis tribuloides. 
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Similarly, in the temperate conditions, the dominant species 
include Rhododendron arboreum, Myrica esculenta, Lyonia 
ovalifolia and Quercus lanata (FRA 2000). In the sub-alpine 
and alpine climatic conditions, some of the important trees 
and shrub species comprise Sorbus cuspidata, Euonymus 
tingens, Ribis glaciale, Acer pectinatum. Salix spp., Lyonia 
spp., Prunus rufa, Acer candatum, Acanthopanax cessifloia, 
Sorbus microphylla, Berberis spp., Primula spp., Genti-
ana spp., Corydalis spp. and Saussurea spp. (FRA 2000; 
ABN 2014). Rainfall varies throughout the region: from 
3345 mm in Pokhara to below 300 mm in Mustang. The 
average annual rainfall in Nepal is about 1600 mm (NTB 
2020). Temperatures also vary depending on the altitude; in 
the Tarai it can rise up to 44 °C in the summer and drop to 
below 5 °C in winter. In the mountain areas, temperatures 
can rise up to 30 °C in the summer and drop to sub-zero level 
during winter (NTB 2020).

Data collection and processing

The availability of remote sensing (RS) data in recent times 
is an advantage; it provides significant logical GIS inputs of 
biophysical parameters which is better than the traditional 
evaluation approach because it is faster and more cost-effec-
tive. In this study, the data utilized and source of informa-
tion are presented in Supplementary Section-1. The overall 
flow diagram of the GIS modeling for data integration and 
investigation is shown in Fig. 1.

The study used the Harmonized World Soil Database 
(HWSD), which was procured from the FAO soils portal 
(Fischer et al. 2008). Six parameters (sq 1.asc to sq 6.asc) 
including nutrient availability, nutrient retention capac-
ity, rooting conditions, oxygen availability to roots, excess 
salts and toxicity (Fischer et al. 2008) were utilized. These 
help in understanding the soil quality of land for various 
crop production in an agroforestry system. There are seven 
classes in each dataset: class 1: very highly suitable, class 
2: highly suitable, class 3: moderately suitable, class 4: low 
suitable for tree vigor (Ahmad et al. 2018). Classes 5–7 are 
not suitable for crop production (Fischer et al. 2008). The 
above-mentioned six edaphic parameters which are impor-
tant factors for tree production/dynamic growth (Moulatlet 
et al. 2017; Nachtergaele et al. 2009) were merged in a GIS 
environment (Fig. 2) with equal weight (Table 1) for each 
layer (Ahmad et al. 2017a).

Climate factor data (https ://world clim.org/biocl im) such 
as mean annual temperature (1970–2000) (BIO1), precipi-
tation (BIO12) (Fick and Hijmans 2017) and mean annual 
aridity data (Trabucco and Zomer 2009) were used in this 
study to create maps (retaining a 1-km spatial resolution) 
(Figs. 3, 4, 5).

Topographical and land vegetation data such as Digital 
Elevation Model (https ://earth explo rer.usgs.gov/) was used 

to create the slope map (Fig. 6) and MODIS Normalized 
difference vegetation index (NDVI) data to create the NDVI 
map (Fig. 7) for the quantification of vegetation vigor/health 
as an indicator of degradation (Meneses-Tovar 2011) and is 
sensitively linked to erosion/water control.

The GIS integration methodology was used based on the 
FAO-guided perception for tree suitability mapping which is 
a research gap at the national level in Nepal. Various layers 
followed by the guidelines provided by FAO (1976) were 
harmonized by combining diversified datasets of soil, cli-
mate, topography and land (Table 2). These parameters are 
integrated by providing the weight based on their influence 
to produce the land potentiality toward trees for scaling agro-
forestry (Ahmad et al. 2018). The combined map was further 
reclassified based on their values into various slices, which 
represent agroforestry harmonized groups as indicated in 
Fig. 8.

Additionally, tree cover data for the year 2000 was used 
in percentage form (0 to 100) (Hansen et al. 2013); this 
is widely used in environmental monitoring/changes for 
achieving sustainability. Furthermore, the agriculture crop-
land area of 2010 (https ://water data.iwmi.org/appli catio ns/
irri_area/) was used to segregate the results. There are two 
types of agricultural croplands: irrigated and rainfed. The 
cropland which represents “irrigated” has three categories: 
single, double and triple. Various ecological zone maps of 
Nepal (GoN 2000) were used and brought into the GIS envi-
ronment to examine the variation in tree crop suitability.

Results and discussion

Land potentiality investigation for tree suitability

The accuracy of the tree suitability model in terms of vali-
dation is important. The study validated the high (> 85%) 
tree suitability map grid using Google Earth (retaining high-
resolution satellite images) which lies in the south-eastern 
part of Nepal. It revealed high tree suitability in settle-
ment/municipal/village areas such as Pathari Shanishchare, 
Hasandaha, Gauradaha, Topgachchi, Lakhanpur, Shivasatak-
shidham, Anarmani, Budhabare and Chandragadhi of Jhapa 
district. The high-resolution images of Hasandaha village 
surroundings are presented in Supplementary Section-1. A 
similar validation of the agroforestry suitability model was 
conducted by Ahmad et al. (2017a).

Statistics derived for the tree suitability map (Fig. 8) in 
Nepal are presented in Table 3. An estimated area of 27,770 
 km2 (18.9%), 18,832  km2 (12.8%) and 100,579  km2 (68.3%) 
were considered low (< 30%), medium (30–60%) and highly 
(≥ 60%) suitable for trees, respectively. Similar studies of 
tree suitability for agroforestry purposes were described by 
Ahmad et al. (2017b, 2018). The study revealed that the 
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majority of high tree suitability modeled map areas are in 
the southern region of Nepal, which enjoys high soil fertil-
ity, adequate rainfall and a relatively flat terrain. In the Tarai 
area, major agricultural crops such as rice, maize, millet, 
wheat and barley are grown; trees can be planted along the 
boundaries of the farmland. Homegardens are quite common 
in these areas.

The study observed medium tree suitability in the hill 
region of Nepal due to medium soil fertility/precipitation/

slopes. The significantly large mountain region of Nepal 
maintains low tree suitability due to extreme climate and 
biophysical environment—low soil fertility, low precipi-
tation, low temperatures, steep slopes and a generally dry 
environment (low aridity index values). Tree species in vari-
ous agroforestry models used in this region can be selected 
based on local knowledge and farmers’ needs, and their suit-
ability for the local microclimate and in situ topographi-
cal conditions. The study prioritized/ranked 862 villages 

Fig. 1  A flow diagram explaining the GIS modeling methodology for tree suitability mapping
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Fig. 2  Soil fertility status map 
toward tree crop of Nepal pro-
duced by GIS modeling

Table 1  Harmonized soil 
fertility data integration for 
trees/crops potentiality

Soil maps (data file) Weight per-
cent (%)

Relationship with tree/
crop suitability

Modeling approach

Nutrient availability (sq 1.asc) 16.66 Directly proportional GIS integration
Nutrient retention capacity (sq 2.asc) 16.66 Directly proportional
Rooting conditions (sq 3.asc) 16.66 Directly proportional
Oxygen availability to roots (sq 4.asc) 16.66 Directly proportional
Excess salts (sq 5.asc) 16.66 Inversely proportional
Toxicity (sq 6.asc) 16.66 Inversely proportional

Fig. 3  Annual mean tempera-
ture map of Nepal
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(approximately 22% of villages in Nepal) with more than 
80% land suitable for trees (provided in Supplementary Sec-
tion-2) which could be harnessed for integrated agroforestry 
practices.

The study further analyzed tree crop suitability and the 
percentage of existing tree cover in various ecological zones 
(Fig. 9 and Table 4). The farming practices and biodiversity 
vary significantly along these zones (https ://www.fao.org/3/
x6906 e/x6906 e09.htm). The percentage area of Tarai, hill 
and mountain (ecological zones) stood at 22.58%, 42.20% 
and 35.22%, respectively. 68.6% of Tarai region/lands have 
more than 80% tree suitability, whereas it retains 40.2% area 
with tree cover (> 10%). Similarly, 67.7% of hill land has 

over 70% tree suitability and 49.2% tree cover (> 10%). The 
mountain regions with significant snow cover and an undu-
lating terrain have roughly 28.1% of land with over 60% tree 
suitability and 22.9% tree cover (> 10%).

Tree suitability investigation in the agricultural 
landscape

The total agricultural area in the year 2010 was approxi-
mately 24% of the total geographical land area. The mean 
tree cover evaluation within this category was found to be 
19%, 1% and 80% with tree cover greater than 10%, less 
than 10% and without tree cover, respectively. The study 

Fig. 4  Annual mean rainfall 
map of Nepal

Fig. 5  Annual aridity map of 
Nepal
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Fig. 6  Slope (degree) map of 
Nepal

Fig. 7  NDVI (vegetation vigor 
status) map of Nepal

Table 2  Overall GIS 
modeling specification for 
land potentiality toward tree 
suitability

Parameters/factors Layers Relationship with tree/
crop suitability

Weight 
percent 
(%)

Modeling approach

Soil factor Soil fertility map Directly proportional 33.33 GIS integration
Climate factor Temperature map Directly proportional 11.11

Rainfall map Directly proportional 11.11
Aridity index map Directly proportional 11.11

Land and topography factor NDVI map Directly proportional 16.66
Slope map Inversely proportional 16.66
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further observed that the irrigated agricultural landscape 
with greater than 90% area had nil trees, although the 
huge swathe of this land is potentially suitable for trees 
(Table 5). Furthermore, over four-fifths of rainfed agricul-
ture landscape displayed over 60% agroforestry suitability 
and approximately 44% of the same landscape had more 
than 10% tree cover. These findings highlight the fact that 
agricultural land potentiality for trees is far higher in vari-
ous agroforestry domains. This is in line with a study by 
Nair and Garrity (2012), which found higher land potential-
ity toward agroforestry worldwide. Farmlands with no tree 
cover can be exploited for agroforestry purposes, because a 

Fig. 8  The overall trees suitabil-
ity map for scaling agroforestry 
in Nepal

Table 3  Land potentiality statistics for tree suitability in Nepal

Tree suitability Total area  (km2) Total area (in %)

< 20% 8,355.87 5.68
20–30% 19,413.94 13.19
30–40% 7,027.60 4.78
40–50% 3,771.43 2.56
50–60% 8,033.26 5.46
60–70% 19,172.28 13.03
70–80% 53,830.81 36.57
≥ 80% 27,575.81 18.73
Total  (km2) 147,181 100.00

Fig. 9  Ecological zone map 
showing various districts of 
Nepal
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large percentage of land in these areas is potentially suitable 
for trees.

Income from farmland can be increased several fold by 
selecting appropriate agroforestry practices through commu-
nity participatory approaches and utilizing local knowledge 
(Bayala et al. 2018). The selection of tree species should 
be based on the needs of communities/households (https ://
www.fao.org/3/v5320 e/V5320 E01.htm). In this study, it was 
discovered that one-third area of agricultural land is utilized 
for rainfed crops, whereas 83% of rainfed cropland area has 
more than 60% tree suitability. This is similar to a research 
conducted by Dhakal et al. (2012) in Dhanusha District in 
Tarai which found 37 different trees species used by farmers: 
timber (14), fodder (11), fuelwood and fruits (12). Farmers 
use 34 species out of these for fuelwood. Oli et al. (2015) 

found an average of 158 trees per hectare of farmland and 65 
trees per household in western Nepal. Such rainfed areas can 
be further developed with adequate planning/strategies and 
through soil and water conservation approaches, and sup-
ported by agroforestry at the watershed level (Birhanu et al. 
2018). This will conserve the seasonal rainwater, enhance 
soil moisture for a longer period and support various tree 
species/agricultural crops through diversified agroforestry 
management practices. The degraded land can be utilized 
for nitrogen-fixing herb/shrub/tree species which enhance 
soil fertility in agroforestry systems.

Conclusion

We investigated the global geospatial datasets of Nepal and 
integrated scientifically in the GIS platform using the mod-
eling concept for identifying potentially suitable land for 
trees. We found that approximately two-thirds of the land-
scape of Nepal has potentially high (> 60%) tree suitabil-
ity. Similarly, 69% of Tarai, 68% of the hill and 28.1% of 
mountain areas have greater than 80%, 70% and 60% tree 
suitability, respectively. The study further observed that the 
irrigated agricultural landscape with greater than 90% area 
has nil trees, although huge swathes of this land are poten-
tially suitable for trees in various harmonized agroforestry 
arrangements. Additionally, more than four-fifths of rainfed 
agriculture landscape shows greater than 60% tree suitabil-
ity. These observations conclude that there is a great oppor-
tunity to scale up agroforestry in potentially suitable agricul-
tural landscapes. Agroforestry is one of the key sustainable 
options that could be used to optimize farmland productiv-
ity, mitigate poverty, contribute to food security and create 
employment in the current climate change environment. The 

Table 4  Tree suitability percentage and tree distribution in various 
ecological zones of Nepal

Tree suitability Terai districts Hill districts Mountain districts

< 20% – 3.13% 12.49%
20–30% – 3.99% 33.03%
30–40% – 4.46% 8.28%
40–50% – 2.44% 4.38%
50–60% – 1.60% 13.73%
60–70% 0.12% 16.69% 16.98%
70–80% 31.24% 60.29% 11.11%
 ≥ 80% 68.64% 7.41% –
Total area  (Km2) 33,234.49 62,112.98 51,833.53
Tree cover % Area percent
Tree absent 59.18% 49.85% 76.74%
≤ 10% 0.64% 0.94% 0.32%
> 10% 40.18% 49.21% 22.94%

Table 5  Agroforestry suitability toward trees and tree cover investigation in the agricultural landscape

Agroforestry suitability Agricultural crop phenology

Agriculture cropland (irrigated) Agriculture cropland (rainfed)

Cropland (single) Cropland (double) Cropland (triple) Cropland (rainfed)

< 20% 30.64 0.63 0.00 35.24
20–40% 604.25 88.29 0.27 1146.05
40–60% 477.76 92.17 0.31 565.62
60–80% 6071.99 3692.70 105.49 7614.28
≥ 80% 6366.32 6252.83 689.70 972.27
Total area  (km2) 13,550.96 10,126.62 795.77 10,333.46
Tree cover % Cropland area %
Tree nil 89.5% 92.3% 91.0% 55.5%
≤ 10% 0.6% 0.5% 0.4% 1.0%
> 10% 9.9% 7.2% 8.6% 43.5%

100.0% 100.0% 100.0% 100.0%
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findings of this study will contribute to the design of vari-
ous agroforestry units in different tree-suitable landscapes 
of Nepal. Moreover, they will also aid in translating the pro-
visions mentioned in the National Agroforestry Policy of 
Nepal (2019) (Finlayson 2019) on scaling up of agroforestry.

Recommendations

This study is crucial, in that Nepal needs to promote agro-
forestry practices in new areas based on logical assessment. 
Results obtained through the study will support implementa-
tion of the recently approved and launched National Agrofor-
estry Policy of Nepal, and will assist policy makers involved 
in planning and project design in rural development/climate 
change/forestry/agriculture/agroforestry. Additionally, the 
tree cover suitability is expected to support the planning and 
management of appropriate agroforestry models in forest 
border areas.
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